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ABSTRACT

This researchocuses on improvindirect methanol fuel celMFC) performance

by using graphene based materials in their membrane electrode assembly (MEA).
The main obstacles of commercializatiqggoor dectrode kineticsand thefuel
crossoverare addressed hysing reduced graphene oxide (rG@)the cathode

microporous layer and single layer graphene (SLG) as an anode barrier layer.

In the microporous layer workan rGO (by hydroiodic acidHI) reduction of
graphene oxidecoate electrode exhibited higher conductivity than conventionally
used Ketjen Blaclelectrode(standard) The MEA containing rGO produced peak
power density o79+ 3mW cn? comparedo the standard MEA performanc&5s5

+ 3 mW cm? (44 % improvement) at 70C, 1 M methanol fuel cell operating
conditions.Doping rGO withboron(B-rGO) or nitrogen(N-rGO) by boric acid and
nitric acid treatmenandutilizing them aselectrodegproduced peak power density
of 90+ 3 mW cm? for B-rGO (63% improvement) and 10% 3 mW cm? for N-
rGO (84 % improvementespectivelyThis is attributed to thhigher conductivity

of doped rGO electrodes than rGiying to the replacement of heteroatoms in their
graphene lattice, witlletected boron and nitrogdevels at 2 at% and Gt%
evidenced by-ray photoelectron spectroscopy (XPS), aiding in improved electron

transfer

In the barrier layework, SLG added ontéthe anode side of the MEAeduced
methanol permeation from72+ 0.1x 107 mol cm? s* (for the standard) to ~ 1.21

+ 0.1x 107 mol cm? s, with negligible resistance to protons obseraed 70 °C,

leading to 45% improvement in power density7 + 1 mW cm?), caused by the
dense carbon lattice packing and single layer nature &. $lreliminary results
using hexagonal boron nitride (hBN), showed that the cell performance improved by
18 %. Overall, it is evident from the performance improvement results that these
graphene materials (first ever reported to have used in the MEAMRC) hold

great promise for paving the way towards DMFC commercialization by increasing
the electrode kinetics (in case of rGO usage) and reducing methanol permeation (in

case of SLG usage).
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CHAPTER 1: INTRODUCTION
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1.1: GLOBAL ENERGY SCENARIO AND ENVIRONMENTAL
CRISIS

Energy is a major requirement for the human civilization, in this current
technological era[l1, 2].Britshet r ol eumés (BP) energy stati
that the global energy consumption has increased exponentially from 15 exajoules

per year in the 1850s to 100 exajoules per year (exajoule’S pd@s) in the 1950s

and to 500 exajoules per year i@1®, proving the intense dependence of human

society on energy [2]. This demand for energy is forecast to further increase by 200

% in the next 50 years, as a result of the rapid increase in population, technological

advancements and industrial projectspled in the future [2, 3].
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Figure 1.1: World's energy consumption with time [2]

It can be seen frommefigure 1.1, that fossil fuels (coal, oil and natural gas) constitute

a major share in energy consumption and have been used for a prgdenigedof

time. As a result of continued usage, they are reported to decrease in their resources
by 50 % and face depletion, if the current rate of consumption continues [4, 5]. This
shortage of fuels will create huge rifts in economics between courasi€3) % of

the global energy trade relies on coal and oil [5, 6].
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In addition, the energy generation utilizing these fossil fuels produces carbon
dioxide, methane, oxides of nitrogen and sulphur, commonly called greenhouse

gases, as side products [7, Bhese gases on their release accumulate in the ozone

| ayer of the earthodés stratosphere, all owi
to reach the surface, and contribute to global warming [9, 10]. According to
Intergovernmental Panel on Climate @Ghg¢e (1 PCC), the rate of
temperature has risen from 0.4 °C per year (from 1990 to 2000) to 0.6 °C per year

(2000 to 2010), when compared to the previous years, the prime cause being the
release of greenhouse gases [11]. This abruptaserwill have serious short and

long term effects on earth and human society which include melting of ice caps

leading to sea level rise and abrupt changes in weather [10, 11].

All these socieeconomic factors combined with the harmful environmental effec
caused by the current energy generation methodologies/devices are an alarming
threat. Hence, to overcome these effects and to save our planet earth, the usage of
energy device operating on a fuel, available in abundance and emitting lower

guantities of armful greenhouse gases, is favoured.

1.2: ROLE OF FUEL CELLS IN ALLEVIATING ENERGY
CRISIS

Internal combustion engines and gas turbine engines are widely used energy
delivering devices as they possess higher energy density and power density
characteristis than other devices (figure 1.2) [12, 13, 14]. These devices operate on
fossil fuels and result in the emission of greenhouse gases [12, 13]. Therefore, the
usage of fossil fuels in these devices creates disturbance to ecological balance [13,
14].

Batteres, capacitors and supercapacitors cannot provide uninterrupted power as they
need charging [12, 15, 16, 17]. Renewable {oonventional) energy devices
operating on solar, wind, tidal, wave, geothermal, biomass and hydropower have
received significant irerest as they deliver energy without creating any

environmental concern [18, 19, 2Bjowever,they are expensive, still in state of
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development and need further research to reduce their cost [18, 19]. Their low
efficiency further restricts their potential [19, 20]. Hence all these devices, suffer

from severe drawbacks in one or more way.

Combustion and
gas turbine engine|

10°* i

Specific power (W kg™)

0.01 0.1 1 10 100 1000
Specific energy (Wh kg™)

Figure 1.2: Energy and power density profils of some common energy devices
[12]

Fuel cells are perceived as a promising source of the future as they convert the
chemical energy of fuel directly into electrical energy by simple oxidagdnction
reaction [21, 22, 23]. During the fuel oxidation amode and oxidant reduction on
cathode (taking place simultaneously), electron movement takes place on the

external load and ionic movement on the electrolyte side [22, 23].

Gases like hydrogen, carbon monoxide, liquids like methanol, propanol, forihic aci
and other sources like bacteria, biomass which are cheap and available in abundant
from earthés crust, are used as fuels [24
operation utilizing these fuels results in the release of heat, water, electricity and
other side products [23, 24, 25]. Though carbon dioxide gas is released as a side
product using methanol and formic acid as fuels, their emission levels are
significantly below than those in combustion engines [25, 26]. Particularly when
using hydrogen aa fuel the there are no harmful side products in addition to water
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[24, 26, 27].The basic operating principle starting from their history, types and

applications will be explained in detail in the section 1.8 of this chapter.

Fuel cells cartontinuouslysupply electrical energy as long as the fuel and oxidant
are supplied; hence operate for a long period of time and do not require charging as
in case of batteries, thereby saving time [12, 21, 25]. The energy conversion process
takes place in a single ptéchemical to electrical by oxidation/reduction) and not
limited by Carnot cycle; thus have higher efficiency (40 % to 60 %) than any other
device, whereas in combustion engines reaction takes place in two stages:
combustion to mechanical and then mecbanio electrical resulting in lower
efficiency (10 % to 20 %) [15, 23, 24Pverall from the perspectives of
environmental friendly operation, ability to deliver energy with high efficiency and
using easily accessible fuel, fuel cells stand as a promesindidate for future

energy requirements.

1.3: IMPORTANCE OF DIRECT METHANOL FUEL CELLS
(DMFCS)

Direct methanol fuel cellMFCs) are a subcategory pfoton exchange membrane

fuel cells using methanol as a fuel and air or oxygen as oxj@dane9, 30] The

term 6directo6é indicates that methanol i s
processing unit whereas in indirect methanol systems, sources (sugarcane bagasse,
synthesis gas or methane gas) are first passed through a conversion unit for methanol
production and then supplied into the fuel cell reaction (2& 30] The

electrochemical reaction in a DMFC will be explained in detail in the section 2.1 of

the chaptep.

On a search for alternative fuel for hydrogen, Bruce and Muller in 1960s, reported
that methanol can be used as source of hydrogen ions in fugl3del@2, 33] At

that time, they worked on the potassium hydroxide based electrolytes, which suffered
from severe electrode poisoning, caused by the formation of potassium carbonate
ions during the reaction and electrode chambers mixup due to the usage of liquid

electrolyte[30, 32] Sulphuric acid electrolytes were tested in methanol systems,
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showing no ptassium carbonate poisoning effect; however alkaline systems were
preferred, as they utilised the cheap #moble metals as catalysts, since reaction

kinetics were faster than in acidic systg@w, 35]

With the advent of Nafion (proton exchange polymembrane), by DuPont, the
potential of DMFCs was realized, as this eliminated carbonate ion poisoning effect
(acidic environment) and reduced electrode compartments mixup to a greater extent,
due to the usage of solid electrolyg&b, 36, 37] Moreover thé Nafion produced
power for longer duration of up to 20, 000 hours than any other proton exchange
membrane$34, 35] This is attributed to its structure of Nafion, where the polytetra
fluro ethylene (PTFE) background is surrounded by sulphonic acid gasugsen

in the figure 1.3.138, 39, 40] The PTFE background provides mechanical support,

whereas the sulphonic acid groups assist in the transport of pf8&r39]

|
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Figure 1.3.1: Structure of Nafion membrane [79]

Different fuels like hydrogen, liquid ammonia, natural gas, formic acid can be
operated in Nafion membrane based fuel cells, however methanol fuel cell gets
attention due to several reasons [28, 30k main one being the energy density 4.3
kwh L1 (figure 1.3.2) and high hydrogen to carbon ratio (4:1) (as a result releases
less carbon dioxide), aiding in higher power ouf@@t 30] Further reasons such as
ease of manufacture, simplicity of handling liquid fuel and no storage complexities

makes them ardeal candidate for fuel cell systems [21, 28, 29].
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Figure 1.3.2: Comparison of energy density of methanol with other fuels [19]

This high energy density and ease of handling characteristics makes the methanol
more favourable for portable applicatiofél, 42] As a result, employed in
electronic devices like mobile phones, laptops, smoke detectors, pagers, video
gamers, security atms produced b$amsungToshiba, Hitachi and Sany42, 43]

They are also considered competitive to lithium ion batteries, as their energy
densities are higher than the former (0.7 kWH [43]. This is well realizedn
military applications, where U.S Army uses fuel cells powered with methanol, as
they are lighter and more durable than batteries [41, 43]. Hence the importance of
direct methanol fuel cells (DMFCs) from the view of high energy density and its
impact ontype of appliance usage can be realized.
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1.4: GRAPHENE - EMERGING MATERIAL WITH
EXCEPTIONAL PROPERTIES

The world has seen the advent of different carbon materials at different times in

history, bringing remarkable progress to the scientific field [&4, Bhese include:

graphite, diamond, activated carbon, fullerene, nano carbons (tubes, foams, buds in

single and mulita walled forms) and other carbon blacks [46]. However, none of

them received as much si-ghemdtarialthcaveredat t ent i
in 2004 [45, 46].

Graphene
(single layer of graphite)

Graphite

Figure 1.4.1: Structure of graphite and graphene

Graphene derives its name from its bul k m
0t o (M4, #8lardds a single layer of graphite where carbon atoms are arranged
hexagonally, with & (carborcarbon) bond length of about 0.142 nm and thickness

of around 0.3 nm (single atom thick) [44, 45, 47]. If several layers of graphene are

arranged one above the other, this becomes graphite (figure 1.4.1) [44, 46].

The significance of the material can be realized by the receipt of the Nobel Prize in

2010 for its @scovery by Andre Geim and his research group in the University of
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Manchester [44, 45, 48]. This highest scientific award is due to its remarkable

physical and chemical properties (higher than other carbon allotropes) [49, 50] (table

1.4.1).

Table 1.4.1:Comparison of properties of graphene with other carbon allotropes

adopted from [50]

PROPERTY | GRAPHITE DIAMOND FULLERENE | GRAPHENE CARBON
NANO
TUBE
Crystal Hexagonal Octahedral Tetragonal Hexagonal | Icosahedrall
arrangementf
Specific 10 100 80 2620 1300
surface area]
(m?g*)
Thermal 1500 100 0.4 3000 5000
Conductivity
(WmtK?
Density 2.1 3.5 1.7 >1 >1
(gem?)
Optical Uniaxial Isotropical Depends on >97.7 % Depends or
transparency structure structure
Electrical 50 Insulator 1010 2000 Depends or]
Conductivity structure

(Scm?)
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Figure 1.4.2: Graphene- structural basis for other carbons [31]

This isthe first two dimensional materialer reported anidenceforticonsidered as

the basic structural element of all other carbon allotr¢pés 48] (figure 1.4.2).
Before this discovery, two dimensional crystals were theoretically predicted not to
exist as they were thought to be thermodynamically unstable as progosied du

and Proper [48, 49]. However after showing the existence of graphene, obtained by
scotchtape method from graphite, this led to an explosion of intareshly

attributed to its properties [49, 50].

For example, the conductivity of graphene i®@h2000 S cm, whereas that of
copper is 0.5 S cth[45, 46]. This 400@old increase is caused by loss of mass by
electrons on travel through their structure due to the connectivity of carletimeto
three carbon, resulting in electron flow above aetbw the lattice [44, 47].nl
addition, the high stability 30 G Pghigher than that of steél0.4 M Pa) is due
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to tight packing of carbon atoms [48, 49]. Therefore this 2 D struofugeaphene

has led to tremendous properties not observedtfar3 D materials [44, 49].

These exceptional physahemical properties have attracted their usage in several
fields, as a result find their use in: medical (drug delivery, tissue engineering and bio
imaging), electronics (sensors, smart phones, disggesens), energy (solar cells,
supercapacitors, batteries), chemical (water filtration, electrolysis) and mechanical
(corrosion protective coatings, thermal management) sectors [49, 50].

1.5: RATIONALE BEHIND THE SELECTION OF DMFC AND
USAGE OF GRAPHENE

A wide variety of fuel cells are available in the market operating on different fuels,
materials, design features and cell temperature [25, 26]. Among different fuel cell
types, direct methanol fuel cell is important due to the ease in handling,
transporation and usage of liquid fuel, high energy density of methanol and low
temperature operation [28, 29]. Hydrogen fuel cells produce ten times more power
than methanol systems for the same catalyst loading, with no release of harmful side
products [24, 26]. However factors like increased complexities in hydrogen
transport and infrastructure, need for humidifiers, high system volumes, make

methanol fuel cells interesting [25, 26, 29].

Due to these features, methanol fuel cells are attracting investmenigfodal
energy companies like Samsung, Hitachi, Antig, Oorja Protonics and Bloomberg
[28, 29, 30]. Despite offering so many advantages, the widespread commercial
potential of methanol fuel cells is still hampered by major technological barriers:
methanol cossover (passage of methanol from anode to cathode) and poor electrode
kinetics [21, 22, 28]. Hence researchers are looking for novel materials with better

properties that could alleviate these problems.

Graphene is a newly discovered material in the ararfamily [44, 45]. The
exploration of properties, following their single layer exfoliation has sparked interest
in wider areas of research [45, 46]. The exceptional pfofseonical propertiesas

discussed earlier in the section 1.4 of this chaptdude: high thermal conductivity
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(5000 W mt K | mechani cal stability (Youngos
mobility (250, 000 craV! s?), surface area (2630%g™) and optical transparency
(97.7%) [44, 45, 47].

On the other hand, the engine room of a fuel cell comprises of two main components:
electrode and membrarg5, 26, 27] The electrode componeaids in electron
transfer process whereas the membrane aidthe transfer of prota) both
contributing towards power outp{28, 29] The components of a fuel cell, their
functions will be described in detail in the section 2.3 to 2.5 of the chagfter 2.

better power outputheseslectrodeand membrane componestwould be compsied

of materialspossessingigh electron and proton conductifeaturesin addition to

high stability characteristid28, 29] And graphene is well known for thebetter
physiochemical propertiethan any othematerialg44, 45] Therefore utilizing the
properties of this material, graphene by incorporating in the engine room of DMFCs

to improve the power performance is the main aim of this project.
1.6: PROJECT OBJECTIVES
The objectives of the project can tescribed in detail as follows:

1 Identify the optimum operating conditions i.e. temperature, pressure and flow
rate of feed for obtaining maximum power output from a standardbrane
electrode assembly (MEA(prepared using conventional material§his
standard MEA power performance will be used as a baseline for comparing
performance results obtainading different materials

1 Enhanceelectrodekinetics and reduce methanol crossover issues in a DMFC
using graphene. To address these issues, grapheneaiaatérich were not
previously reported to have used in a DMFC (after literature review), will be
synthesized and tested in electrode and membrane layer one at a time.

1 Prepare high electron conductive graphene materials, in case of electrode
layer worksto increase electrode reaction kineticedRced graphene oxide
(rGO) known for its eleiton conductive properties, will lsgnthesized,sed

in themicroporous layeof the MEA and tested.
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1 Prepare graphene materials possessing high proton conductingdaicdd
methanol crossover properties in case of the membrane layer agotke
system in the membrane demands these properiigge Sayer graphene
(SLG) known forhigh proton conductivity ankimiting methanol permeation
characteristics will be synthieed, usedas barrier layerin the MEA and
tested

1 Characterize materials usingray diffraction (XRD), Raman and-pay
photoelectron spectroscopy (XPS) techniques to quantify and qualitatively
identify the presence of functional groups available orstistrate.

1 Relate and understand the performance improvement obtained during cell
analysis to the material of usage (graphene), using fuel cell electrode and
membrane properties. Electrode properties such as methanol oxidation
reaction (MOR), electrodeeaction resistance (ERR) and membrane
properties such as methanol permeability, proton conductivity will be
studied.

1.7: OUTLINE OF THE THESIS

Chapter 1 gives a general introduction and motivation to this PhD topic by
explaining the current global energy scenario and environmental crisis. thi@e
impact of this scenario on the need fam alternative energy source and the
importance of fuel cells overlmér energy devices has been justified from economic,
environmental and energy point of viealso general introduction to graphene and
advantages of direct methanol fuel cells (DMFCs) in comparison to otderefu
types have been outline@hen the reass behind the usage of graphene in DMFC

in this work and corresponding project objectives have been discussed.

Chapter 2 gives the literature review and research background of direct methanol
fuel cells, their membrane electrode assembly (MEA) and gnepligage in detail.

At first, the principle of operation dMFCsand technological barriers on the road

to commercialization of DMFCs have been discussed. Then general functions and

components involved in different MEA layers are described. Finally, n&sea



Chapter 1: Introduction |41

strategies carried out by research groups across the globe using graphene in the MEA

of fuel cells, have been extensively reviewed and analysed.

Chapter 3 deals with the description, background and theory involved in
experimental set up, procedures and characterization techniques. The components of
DMFC work station have been explained in detail. Then the MEA, which is the heart
of fuel cell, its fabricatio procedure has been described in a simple step by step
process. Once the MEA is prepared, it is important to analyze cell performance and
the reasons behind their improvement. So the procedure followed for analysing cell
performance, have been explainddoreover, operational functions and uses of
sample characterization techniquesay diffraction (XRD), Raman spectroscopy

and xray photoelectron spectroscopy (XPS) have been deséniloedail

Chapter 4, 5, 6 and 7deals with the results and discussiof experimental
works carried out. Beginning with the standard MEA results, the effect of operational
parameters and optimized conditions for obtaining best power output have been
studied (in chapter 4). Then research work carried out in the microdayausand

barrier layer of the MEA using graphene and their corresponding reasons behind
performance improvement supported by electrode and membrane properties and
sample characterization results have been discussed (in chapter 5, 6 and 7).

Chapter 8 summarizes the overall achievements made in this project and gives

some recommendations for future research work.

Referenceased throughout this thesis are listed in this section.

Appendix A gives the list of journal articles published, research gmainthined,

invited talks given and international conferences attended, during the PhD project.

Appendix B explains the experimental calculation involved during the standard

MEA fabrication.

Appendix C gives detailed description and findings of the grapheenp work.
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1.8: OVERVIEW ON FUEL CELLS

1.8.1: History and development

Today, fuel cells are found in wide sphere of energy sector application in various
fields: military, space, electrical utility, auxiliary power, large distributetegation

and asbackup power [51, 32 Moreover, they are considered as potential
competitors to conventional power sources due to their high efficiency,
environmenral friendly features [15, 24, 27 Although fuel cell has gained
significant worldwide attention in thisl? century, this technology dates back t§'19
century [17, 18].

The concept of fuel cells was invented by Sir Willian Grove in 188%rehe
detected current flowing through two platinum electrodes immersed in sulphuric acid
on passing hydrogen and @ep gas, one at each electrode [3]], 22 that time, he

coined the term "gas battery" foiigkcurrent generation device [32

Grove wutilised the concept of Awat er
William Nicholson, where they used electricity decompose water into hydrogen
and oxyen gas in a saline solution [32,]3Bwerse of this phenomenon is the
electrical energy generation, @gisen in the figure 1.8.1.1 [31, BAlthough Grove
invented the concept, the theory and mechanism behindattkéing of fuel cell vas

still not well understood [33Then Friedrich Wilhelm Ostwald studied Grove's fuel
cell and established the physical and chemical reactions in fuel cells which laid the
basis for understanding its concept for the rieitgeneratiof researchers [32

el
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Figure 1.8.1.1: lllustration of concept of (a) water electrolysis and (b) current

generation in a fuel cell [21]

Ludwig Mond and Car Langer used porous electrodes, replacing conventional ones
showing higher power output [21, RAlso they identified the usage of coal and
other natural gases as a fuel sodacduel cells [22, 3B Since then, people started
working on different materials, develoywj different fuel cell types [32

William Jacques and Emil Baur were considered as leading researchers of fuel cells
in 20" century, as their findings using molten carbonate electrolytes openedks

other fuel cell types [53, $4 In 1920s, Jacques built the first high power molten
carbonate del cell system with 100 cell usiintegrated into one system [31].54
Then they also worked on the ceramic oxide based electrolyte systems. It was during
the period of Thomas Bacon where the fuel celitmlogy reached its peak [32,)33

In 1933, he deeloped hydrogen/oxygen fuel cell working on alkaline eleytesl

using nickel electrodes [55, b6

In 1950s, a new polymer called poly tetra fluro ethylene (PTFE) was devéped

58]. The development of this material opened doors to the usage of solid electrolyte
system from liquid electrolytes, which suffered from severe anode and cathode
chamber mixup, thereby improving their simplicity and reliabil[84, 57, B]. Then
William Thomas Grubb working for the General Electric Company (GE) introduced
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the usage of sulphonated polystyrene membrane as the electrolyte in a fuel cell
powered by diesel|, which was | ater used
Gemini[34, 35. In 1961, G.V.EImore and H.A.Tanner developed fuel cells that

could operate with air instead of oxyget®, 50] This fuel cell used a mixture of
phosphoric acid and silicon dust as an electrolyte to provide power, termed as
phosphoric acid fuel celb9, 6J. Then in1962, J. Weissbart and R.Ruka developed

solid oxide fuel cell technologl, 62].

1800 Water electrolysis study by Anthony and Nicholson
Beginning of 1839 Grove inverts water electrolysis concept and introduces
—
fuel cell concept fuel cell
[ 1893 Friedrich establishes the physio-chemical reactions and
thermodynamics of fuel cells
—
1895 Ludwig and Langer identifies the usage of coal as fuel
Emergence of
different fuel < 1925 Molten carbonate fuel cell by Jacques and Baur
cell types 1963 Development of proton exchange membrane technology by
~—
Grubb
1965 Usage of proton exchange membrane fuel cell in Gemini
Towards
o space program
commercializati
on 1992 Usage of methanol fuel cell by Jet propulsion laboratory

Figure 1.8.1.2: Timeline of significant technological milestones in the history of

fuel cells

Since the 1960s, fuel cells started finding theiplications in several sectors namely
stationary, portable elecinics, automotive industry etc [634]6 General Electric
(GE), United Technologists Corporation (UTC), DuPont, Ballard Power systems are
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the major companies working on fuel cell progiic on larger scales [51, 523
Therefore fuel cell technology development could be divided into three phases, with
the 19" century being initial concept evolution stage, early’ 2@ntury being
development of different fuel cell types and latel" 2@nury as the large scale
commercialisation era, as given in figure 1.8.1.2.

1.8.2: Operating principle and thermodynamics

The basic operating principle can be understood by studying one of the common
types of fuel cell: HO> (hydrogen/oxygen) fuel cell working on acid electrolyte
system (figure 1.8.2.1). This is a type of fuel cell in which hydrogen is used as a fuel
and oxygen is used as an oxidanelding electrical energy production with water
and heat as side produd®l, 22, 25] The reactions takg place are given by
equations 1.8.2.1, 1.8.2.2 and .2.8. H gas is split into M (hydrogen ions or
protons) and ‘delectrons) on the anode sif2?, 23] These electrons flow in the
external electrical load, generatiredectric current while hydrogen iorisavel
through the electrolyte?3, 24. O> combines with Fland eobtained from the anode
reaction on the cathode side to forlCHwater) thereby completing the circ[24,

25].

From the thermodynamics pointwfi e w, @&@GU (st andard Gi bbos

of a reaction gives the amount of enesyailable to do useful work [6566 The

standard term indicates that these reactions are carried out at standard conditions of

298 K emperature and Xra pressure [B]. For theH/O2 fuel cell reaction based on

the equation 1.8.2.3, @&GU is calculated a

( &Feaction (©)BB88uctsT (B85P) reactants....evevrervrrrrrrenennn. (1.848.

(%paderi [(a85°) hydrogent (883°) oxyger€ .. (1.8.25)

-237kdmolti [0+ 0]

=- 237 kJ mot*
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Anode reaction: H2 —— P2 H" "+ 26 (1.8.2.1)
Cathode reaction: 12+ 2H"+2e —1/2HO............... (1.8.2.2)
Overall reaction: Ho+1/2Q ——— H2O.....ccccvveeeeee (1.8.2.3)

In a fuel cell, the amount of useful workelectrical energy production$667]. The
obtai ned Vadoliserelated toEP @& dard electric potential) by the

equation 1.8.2.6 for obtaining information about thlisctrical energy production
[66, 67].

(gﬁeaction:'nXFXEUé. e e e e e 6.)
Where,

ni No of electrons involved in the reaction (two electrons)
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F i Faraday constant (96500 Clgnol?)
E° - Standard electric potential (V)

From the equatiod.8.2.6, the value of‘%Hs calculated as 1.23 V, which gives the

maximum potential obtainable from a fuel cell operation at standard conditions.

From an electrochemistry point of viethijs standard potential can alsoda¢culated
from difference in potential of individual ettrodereactionsandis given bythe

equation as follows,

E° = (Eo)cathode' (Eo)anodeé s e e e e e e 7).
Where,

(E°)cathode- Standardelectric potential of cathode reactigw)

(E®)anode- Standard electric potential @node reactionV)

The values of (Bcathodeand (E°)anode(Calculated using the relationship between
Gi bbds free edeetricpgtentalnfa theg errespanding anode and
cathode reactions) ale23 V and 0 V respective[@1, 22] Using these valueshe

standard electric potentia calculatedas follows.

EO = 1.23-06 . . . + eooeeeeoeeereeereee e (1.8.3B)
=123 V6 o o oo (1.8.2)

In practical conditions, a fue cell is operated at widegeaof temperature and
pressureHence it becomesssential to daulate their potentials at these different
operating conditionsThe Eigear (ideal potential or voltage) at anyalues of
temperature and pressure conditions can be calcdtatedstandard potentiaising

theNernst equation 1.8.10 as given belovy65, 66}

Eidea =E°+A*IN (B/C) oo, (1.8.210)
Where,

A=RXT/nx F,B= R/drogenx Poxygeri C= Pwater
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R - Universal gas constant (equal 80314 J mot K1)
T - Temperature (K)
P - Partial pressure of reactants and products (atm)

From this equationit is evident that temperature arghctant concentratiofgiven
in terms of partial pressure) have direct impact on cell perform@hisaelationship
between operating conditions (temperature, pressurearu@ntration) anthe cell
voltage will beused as a basénd studiegdin theforthcomingchapter (in the chapter

4) whaefuel cell results arevaluated.

1.8.3: Prominent sources of losses

Though a fuel cell produces 1.23 V, as thgsKideal voltage) from thermodynamic
calculations, the maximum open circuit voltage (OCV, voltage at which the current
density is zero) obtained in practical conditions is around 0.9 V and decreases with
the further increase in current density, caused byensible losses that occur during

the operation of a fuel cell due to various rea$dhs68, ®]. These losses are called
polarization losses and are classified as fuel crossover, activation, ohmic and mass
transport lossef?1, ). Figure 1.8.3.1 give these losses that are significant in
different regions of fuel cell polarization curve. The importance and methodology

adopted to obtain polarization curve are discussed in the section 3.4 of chapter 3.
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Figure 1.8.3.1: Different losses in a fueadell polarization curve [21]
Activation loss

This loss is prone to occur in the low current density region of polarization curve and
is caused by the slow kinetics of anode and cathode reaction to overcome the
electronic barrier for catalysig0, 71]. This progresses exponentially with the
increase in current densifiye. current density values used are close to zero to remain
in activation regionand is given by Tafel equation 1.8.3.1, by Julius Tafel, who in
his work on electron transfer studies id&atl the relationship between activation

loss and current densify1].

@At =[RXT xIn(ilio) 1 [/ L[U0.0831)n x
Where,

&act - voltage loss caused by activation barrier (V)

R - Universal gas constant (equal to 8.314 J ™isit)

F1l
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T - Temperature (K)
i - Current density (A crf

o - Exchange current density (current density at which the

overvoltage proceeds away framaro) (A crrf)
U- Charge transfer coefficient
n - No of electrons involved in the reaction (two electrons)

F - Faraday constant (96500 C'gnot?)

I 1 1 ] 1 1 1
0.75 -
Catalytic activity
identification )
~ 0.60 -
Z i
£
®  0.45- S
% Slower kinetics Faster kinetics
>
= 030+ 1
&) .
0.15 - y intercept gives exchange _
;;/’ current density
0.00 ———————F— :

] 1
1.2 1.8 24 3.0 3.6 4.2 4.8
log (Activation region current density)

Figure 1.8.3.2: Typical Tafel plot for identification of catalytic activity [21]

The Tafel equation is represented by Tafel plot (figure 1.8.3.2), which is used to
identify the role of the catalytic effect in a reaction, from the difference in slope value
of &/actvs log Activation region arrent density) graph for any two materigéise
current density values used are limited to activation regiin)70].. The type and

amount of catalyst, electrical conductivity of the electrodes, and electrochemical
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surface area of reaction are the main factors that influence activatio22039,
71].

Ohmic loss

After the activation loss region, the performance of the fuel cell decreases linearly
with the increase in current density in this region, largely influenced by the interlayer
connection (ohmic contact) between different componentsedtiel cells and hence
called as ohmic losf68, 71]. Electrical contact between different fuel cell layers,
stack components of the bipolar plate and membrane ionic conductivity are the
prominent factors that contribute towards this voltage decriedse2]. This is

represented as,

Where,
&V/ohm- Voltage loss caused by ohmic barrier (V)
i - Current density (A crf)
r - Resistance caused by fuelaelb mponent s ( Y)

Mass transport or concentration loss

This occurs in high current density regions in a polarization curve. The rate of
reaction is higher than other regions, excess product accumulation takes place on the
catalyst layer, preventing the acce$sncoming reactants from reaching the active
catalyst site$68, 89]. This leads to severe drop in concentration of reactants on the

electrode surface leading to cell voltage loss and is R&r0] as

&eonec =[RXTX In(iL/iL-1)]/ [nxF]........... 1.8.3.3)
Where,

&Vconc- Voltage loss caused by mass transport barrier (V)

R - Universal gas constant (equal to 8.314 J ™isit)
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T - Temperature (K)

iL - Limiting current density (current density at which thatage

becomes zero) (A ¢t
i - Current density (A crf)
n - No of electrons involved in the reaction (two electrons)

F - Faraday constant (96500 Clgnot?)

Porosity, water retention and gas permeability characteristics of the electrode play a

main role in influencing this lo489, 71, 73.
Fuel crossover loss

In addition to all these losses, the fuel on the anode chamber instead of ideally
reacting on the ade side alone, passes towards the cathode compartment and reacts,
creating short circuit greatly reducing performaried, 22] Hence this loss

attributed to the fuel movement is a called as crossover loss [22, 24].

Therefore the Yual(actual voltagepbtained in a fuel cell is combination of these

different losses and hence given as,
Vactual = Eideal - 8Vact - @Vohm - 8Vconc- fuel crossover loss...... 1.8.3.4)
1.8.4: Types and applications

A wide variety of fuel cell types are available in the market today, working on
different class of materials, fuels, oxidants, electrolytes, operating temperatures and

charge carrierf22, 23, 24] However the most common and simple categorization

ismadeon t he type of electrolyte used [ 23,

namely alkaline, molten carbonate, solid oxide, phosphoric acid and proton exchange
membrane fuel cells [21, 22, 23]. Figure 1.8.4.1 gives the oxidegunction
reaction takng place and Table 1481 list the characteristics of these different types

of fuel cells.

2
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e

ANODE CATHODE

2H, + 4OH > 4H,0 +
4e

0, + H,0 + 4e > 40H

2H, 2 4H" + 4e 0, +4H" + 4¢ > 2 H,0

2H, + 2CO5> > 2CO, + 0,+2C0O,+4e >
2H,0 + e 2C0;

0¥ +2H, > 2 H,0 + 4e 0, +4e > 2 0%

2H, > 4H" + 4e 0,+4H*+4e = 2 H,0

Figure 1.8.4.1: Operating principle of different fuel cell types classified on the
type of electrolyte [72]
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Table 1.8.4.1: Fuel cell types and theicharacteristics [22, 23, 53, 59, H

PARAMETER | ALKALINE | PHOSPH MOLTEN SOLID PROTON
FUEL CELL -ORIC CARBONATE | OXIDE | EXCHANGE
(AFC) ACID FUEL CELLS FUEL MEMBRANE
FUEL (MCFC) CELL FUEL CELL
(PAFC)
Temperature 50-200 200 650 800 50-100
(°C) 1000
Fuel Hydrogen | Hydrogen] Hydrogen and | Hydroge | Hydrogen (alsd
other n and methanol,
hydrocarbons other ethanol)
hydrocar
bons
Oxidant Oxygen Oxygen Oxygen Oxygen Oxygen
Charge carrier OH H* COs (carbonate] O* H* (hydrogen
(hydroxide | (hydrogen ions) (oxide ions)
ions) ions) ions)
Cell voltage ~1 ~1.1 0.7-1.1 0.81.0 1.1
V)
Advantages Quick start | Cogenera§ No requirement] Usage off Non-corrosive
up; high ion of metal catalys{ solid electrolyte
power electroly
density te
Disadvantages| Platinum Corrosive| Slow start up | Intoleran Platinum
catalyst electrolyte ce to catalyst
expensive sulphur expensive
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Fuel cells produce power in the range from 2 W to 10 MW, hence can be utilized in
wide range of applications and are classified as: stationary, automotive and portable
for simplicity [73, 74, B]. Stationary applications include their usage in houses,
schools, companies where they are utilized as supporting systems to electrical grids,
transmission towers, telecommunications systEhs52, B], whereas automotive
applications can be found in kass cars, trains, trucks3, 74]. Portable applications
include places where there is lack of power especially in remote areas far away from
electrical grids[51, 5. The selection and usage of fuel cell for a particular
application is mainly governed lsfficiency, stadup time, and response to load
changes (dynamic behaviour) as given in the table 1.[24,53. Table 1.8.4.2 lists

the recent usage of different fuel cell types in these applications.

Table 1.8.4.2: Applications of different fuel cdltypes

APPLICATION DESCRIPTION

Stationary a) 250 kW PEM fuel cell with egeneration unit by Beard Power
Systems in Berlin [3]

b) Installation of 100 kW station powered by SOFC by Siemens
Westing House Power Corporationg]7

c) ONSlinstalled PAFC fukcell supplying 200 kW power [

d) Largest distributed power station supplying 1.2 MW at Santa
Clara byPEM, SOFC and PAFC technologys|7

Automotive a) 1.2 MW powered mining train operated by PEM technolog|
development by the international consortium (US Nay

Aeroenvironment, Nuvera Fuel @elJacons Engineering Group®]1
b) Anuva boat opetang on PEM fuel cell in 2003 [§

c) Astris Energy (golf car) running on alkaline fuel cell at a spee
10 to 31 km Hin 2001 [4]
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d) Honda introduced fuel celiltracapacitor hybrid car operateg

hydrogen/methanol fuel cell 2§

e) Vol kswgends st rybidgcart working e

methanol [38]

Portable Methanol powered PEM fuel cell in laptopsiobile phonesby
Motorola, Tosiba, Samsung, Sanyo and Son4][8

1.8.5: Promising features and drawbacks
I) High efficiency

The efficiency of a fuel cell is around 85 %, much higher than heat engines (around
30 % for internal combustion, reciprocating engine and gas turbine engines) [12, 15].
The main reason is that fuel cel l oper ati

in case for heat engines givbn the equation 1.8.5.1 below [673]8
Heat engine efficiency = 1 (Tc/ TH)..coecvvvvnnnee. (1.8.5.1)

Where,
Tc - Temperature of cold compartment (K)
Th - Temperature of hot compartment (K)

The efficiency of a fuel cell (hydrogewxygen) is given by equation 1.8.5.2, which

is the ratio of st and & efbue titobthedsanddrdr e e e ne
enthalpy( a®MHrel cenat standard conditianof 298 K and 1 atm pressure [65).6

Gi bbés free energy change gives the chemic
work, whereastandardenthalpy change gives the chemical energy available from a
reaction[66, 67].

Fuel cell efficiency =( &%Guel cell / ( & Huel cel......... (1.8.5.2)
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For a hydrogeioxygen fuel cell, the values ed5° andadH° are:-237 kJ mof and-
286 kJ mot [22, 65]. On cdculation using equation 1.8.5.the maximum attainable
efficiency in a fuel cell is 83 %&5° can be related taH°, by the equation 1.8.5.3

as follows,
B0 ZBHO - T % GPuieeeeeeeeeeeeeeeeeeeeeeeeee e (1.8.5.3)
Where,
T1 Fuel cell operational temperature (K)
a - standard entropy change (kJ ripl

T &gfdves the energy loss attributed to heat production [20]. Substituting equation

1.8.5.3 onto equation 1.8.5.2, gives the fuel cell efficiency as follows,

Fuel cell eficiency = [ a&MuelcetT T (O)@@eRen]/ [ ( aMkuel cetl]......... (1.8.5.4)

Rearranging the equation 1.8.5.4, as follows,

Fuel cell efficiency= 11 [[T  (°)@@exel] / ( &huercell] J-oovvvrviirinnnnnne. (1.8.5.5)

It can be seen from the equation 1.8.5.5. that fuel cell efficiency is indirectly
proportional to temperatur§s5, 71]. In the case of a heat engine, the efficiency
increases with the increases in temperature of hot compartment [67, 85]. Figure
1.8.5.1 gves the comparison of fuel cell efficiency with the heat engine efficiency
as a function of temperatudéis known that most fuel cells are spted below500

and from the figure 1.8.5.1, it is evident that their efficiency values are much
higher tharthe heat engine in this range. HencefdHis shows that fuel cekkan
achieve higher efficiency in least possible heat input (temperature) conditions,
whereas the temperature of heat engines needs to be raised to achieve much

efficiency as fuel cells &, 67, &].
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Figure 1.8.5.1: Comparison of efficiency of fuel cell with heat engine

II) Environmental friendly operation

In fuel cells, electrochemical mechanism of operation takes place, as a result harmful
side products: oxides of nitrogen or sulphur are not released during their operation
[21, 22, 24]. Moreover fuel cells can be operated for longer duration of timegas lon
as the fuel is supplied [12, 15, 21]. This is advantageous when compared to batteries,
where they have to be discarded, once the energy is utilised finally creating material

disposal problems contributing to pollution [16, 22, 23].
[lI) Silent operation

Unlike internal combustion engines, the reaction taking place in a fuel cell is
oxidation/reduction involving the movement of electrons across the load thereby
zero noise is generated during its operat&®) 24] Whereas in combustion engines,
mechanichcombustion takes place which involve the usage of pistols, propelling
nozzles and crank shaft for the conversion of mechanical to electrical energy thereby

generating heavy noise during their work[a§, 14}
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Though fuel cells have an edge owther conventional devices, there are major

challenges to their commercialisation and are given as follows:
I) Cost

The capital cost of fuel cell system is around 3000 USD!'kiVenergy produced,
whereas heat engines are estimated around 1000 USbkeviergy gnerated [86,

87]. This is attributed to the usage of precious metal catalysts, polymer membrane
materials and fuel reforming system used in different fuel cell types which are
expensiveand tend to increase the cost [83].8

II) System size

Fuel cells occupy about three times the volume of the internal combustion engines,
attributed to the due to the usage of several accessories: fuel storage and
management, power conversion and distribution system and air management system

to aid in power spply [22, 23, 24].
[I) Complicated fuel processing accessories

In case of usage of secondary fuels, they are first converted to primary fuels, with
the removal of impurities and then fed to the reaction zone (electrodes) of fuel cells
[22, 23] This requres accessories like processing unit (catalytic converters, steam
reformers, impurity removers) for the effective conversion, thus making the system

more complex [23, 24].
IV) Hydrogen production and storage issues

Hydrogen is the most preferred fuel argadifferent fuels as it proceeds with faster
reaction kinetics on catalyst surface than any other fuels, however this is not
available in useful form for consumption, though available in abundance free form
in hydrocarbons (gasoline, diesel, and natura) gand water [21, 22, 25]. The
methods followed to extract hydrogen include: steam reforming of hydrocarbons and
water electrolysis, where the product separation efficiency is poor in all cases [25,
26].
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The storage systems are given high importance mstef a safety point of view, as
hydrogen gas is highly volatile and flammable [24, &reover hydrogen does not

have a characteristic smell or colour so leakages cannot not be easily detected which
poses a safety risk to the users around them [22 AB6hese factors reduce the
commercial pathway of hydrogen fuel cells.
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CHAPTER 2: LITERATURE
REVIEW ON DIRECT METHANOL
FUEL CELLS (DMFCs), THEIR
MEMBRANE ELECTRODE
ASSEMBLY (MEA) AND
APPROACHES IN GRAPHENE

USAGE
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2.1: PRINCIPLE OF OPERATION OF DIRECT METHANOL
FUEL CELLS (DMFCs)

Direct methanol fuel cellsDMFCs) operate on the same principle as that of
hydrogen fuel cell systems except that that methanol is used as fuel instead of
hydrogen[30, 34, 35] The reactions taking place in the DMFCs are given by the
equation2.1.1, 2.1.2and2.1.3below. CHzOH (methano) is oxidized at the anode
liberating € (electron3, H* (protong and CO, (carbon dioxidg [65, 70, 71]
Electrons travel through the external circuit, whereas protons pass through the
polymer membrane and carbon dioxide through the anatet [28, 60] At the
cathode, reduction oD, (oxygen takes place utilizing the (from the external
circuit), H" (through the membrane) leading to the formatioH® (water)as given

in the figure 2.1.1 [70, 71]

Anode reaction:  CH3OH+HO ——» 6H+6e+COe ....... (2.11)
Cathode reaction: 3/2Q+6H" +6 €6 — > HoO..vvvvvvvvvvvieinnnnnnnn. (2.2)
Overall reaction: CH3zOH + H20O + 3/2 Q — CO; + 3 H0........ (2.13)

The values of standard electric potentials dofygen reduction (E°)cathode@and

methanol oxidatioR (E®)anode(l C @l cul at ed wusing the relati ol
energy change and electmpotential for the corresponding anode and cathode

reactions) are 1.23 V and02V respectivel\j21, 22] All these reactions take place

in the membrane electrode assembly (MEA) of DMEZIs 22] A more detailed

descriptionand functioningpf MEA of DMFCswill be explained in the section 2.3

of this chapter 2
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Figure 2.1.1:DMFC working mechanism

The standard potentidior the overall reaction is calculated from tbguation as

follows,
E° = (Eo)cathode' (Eo)anodeé e e 4 4 reremesemasereeeean 214 .o
EO = 1.231 0.026 . . . .+t o 115 . .
S12AVE . . e 216

Therefore, at standabnditions of 298 K and 1 atm pressure, methanol fuel cell
delivers 1.21 V as open circuit voltag®CV). The values of OC\bbtained at
practical fuel cell operating conditions and the effectddferent operational
parametes (temperature, concentration and feed flowwdtdp studied in detail in

thechapter 4.
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2.2 CHALLENGES IN DMFC COMMERCIALIZATION

Thoughdirect methanol fuel celIMFC) has significant advantages over other fuel

cells types in terms of ease in fuel usage and high market value in portable appliances

usage (as discussed in the section 1.3 of the chapter baniers associated with

the commercialization of methanol fueells are classified as technological and

economical ones.

2.2.1: Technological barriers

1 Methanol crossover phenomenarlhis is one of the main factors that

influence the fuel cell performance [89,]%0d is defined as the passage of
methanol fromanode to cathode through the membrane by combined effect
of diffusion and electrmsmotic drag90, 91] This permeated methanol
undergoes oxidation by platinum on the cathode side creating short circuit
there by degrading performance [89This also cause other effects:
decreased methanol utilization on the anode, reduced reduction efficiency on
the cathode and cathode catalyst poisoiig#dy 35] Decreased methanol
utilization is attributed to the less fulekéingavailable, owing to crossover
whereas redction in efficiency is caused by the permeated methanol
molecules covering cathode platinum sites, thereby hindering oxygen
reduction procesg8, 29] It is known that monometallic platinum (without
ruthenium) is used on the cathode, hence reaction thiame! with platinum
generates carbon monoxide intermediates, which adsorbs onto the catalyst
surface leading to poisoninf5, 66} The phenomenon of methanol

crossover and its effects arkudtrated in the figure 2.2.1.
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Figure 2.2.1:lllustration of methanol crossover phenomena and its effects

1 Slow electrodereaction kinetics: Hydrogen fuel cells are known for their
faster reaction kinetics since two electrons are produced per mole of
hydrogen utilized, whereas methanol systems irevsix electron transfers,
during their oxidation/reduction procef25, 27] This higher nmber of
electrons greatly slows dowthe kinetics of methanol systems, since the
reaction takes place step by step withftimenation of intermediates, wherein
theseelectrons needs to be transferred simultaneously for effective power
output[92, 93, 94] Hence this electrode kinetics remains one of the major
hindrances to the final performance.

1 Limited temperature of fuel cell operation and decreasedmbrane proton
conductivity at elevated temperaturedhe low boiling point of methanol
(65 °C) limits the operation of fuel cell to low temperatures (< 100 °C), as
increasing the temperature evaporates the fuel [21, 22]. In addition this also
dehydrates the membrane leading to poor conductivity therebycdtlyst
decreasing performance [40, 96, 97]. This is due tondehanism oproton
conduction in Nafion, which takes place twzg. movement of protons across

the sulphonic acid (hydrophilic) channels, which further depends on the
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water content in the fuekd systems [37, 38, 39Yapour feed methanol fuel
cell systems are in use; however they require the use of humidifiers making

the fuel cell plant complepd2, 33]

1 Durability (or Long term performance testing)At present, methanol fuel
cells based m Nafion as proton exchange membrane are operated for 1 000
hours period of time and longer run times are expected (> 5000 hours for
portable applications) to meet the growing energy demands [30VBién
operated for a longer duration of time, the perfance drops since crossover
develops with tim¢65, 66, 67] Other factors: delamination of catalyst from
the supporting materialgas crossover from the cathode also adds towards
the performance reduction in longer time s¢ai 29, 34] Also in case b
PtRu usage on anode side (widely used anode catalyst), Ru delaminates from
the PtRu cluster and adsorbs onto proton channels of the membrane,
restricting proton conductivity [31, 32].

1 Methanol production and safety issue&enerally methanol is proded by
the synthesis gas reaction method from hydrocarbons at high temperature and
pressure [21, 22, 23]. To increase the yield of production, expensive
catalysts/high pressure units are required, increasing the complexity of
methanol production [22, 23Also methanol is flammable (auignition
temperature of around00 °C), which indicates the need for handling

methanol with additional care [30, 31].
2.2.2: Economic barriers

1 Usage of precious metalsthe slow reaction kinetics associated with the
methanoffuel cells, requires the usage of noble metals like: platinum, silver,
gold as catalysts for effective oxidation/reduction reaction [86, 87]. Further,
the anode oxidation requires the use of bimetatiatalyst to enhance
methanol oxidation reaction. This further enhances the cost of the fuel cell
electrode [87, 88].
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1 Cost associated with Nafion membran®&lafion is widely used proton
conducting membranes, because of its excellent proton conducting,
mechanical and chemical stability characteris{igg, 39] However the
Nafion membranes constitute 20 % of the total fuel cell electrode/membrane

design, hence considerad a major economic barri@6, 88]

2.3: MEMBRANE ELECTRODE ASSEMBLY (MEA) 1
ARCHITECTURE AND FUNCTIONS

The membrane electrode assembly (MEA)Xmnsidered athe heart of thalirect
methanol fuel cellPMFC) in which the core reaction of fuel cells i.e. oxidation
reductiontakes placg97, 98, 99]. As the name suggests, MieA is composed of

membrane sandwiched between two electrodes (anode and c487o@8)]

The main functions of the MEA are [99, 100

1 Aid in the adsorption of reactants onto the catalyst sites i.e. oxidation of
methanol ortheanode side and reduction of air on the cathode side.

1 Effective transport of electrons frotheanode to flow in the external circuit
and then to the cathode.

1 Fadlitate proton transport through the polymer electrolyte membrane from

theanode to the cathode side.

Generally, ME A 6 s DMF@srare fabricated by three approaches namely catalyst
coated gas diffusion layer (CCGDL) [101], Catalyst coated membrane (CCM) [102]
and catalyst coated membrane by decal transfer (@€dal) [103]. In CCGDL,
catalyst material is coated onto the gas diffadayer whereas in case of CCM and
CCM-decal approaches, catalyst material is coated onto the membrane surface, with
poly tetra fluro ethyleneRTFE tape used for transferring catalyst to membrane in
the CCMdecal method [101, 102]. In CCM and C&Mcal pproaches, care needs

to be taken as the membrane is prone to swelling during coating with solvents,
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affecting the catalyst deposited [102, 1@3]}rthermorethe preparation duration is
longerthan for CCGDL method, as it is essential to use medium tetoypeineating

to ensureéhe completegemoval of solventgl01]. Higher temperaturérying cannot

be used, as this carause irreversible degradation of membregsulting in poor
performance of the MEA [101, 1Q3]n the case of CCGDL, drying at higher
temperatures is feasible as this does not affect the electrode, making the preparation
process quicker and easier [100, 10Hese complexities in fabrication and longer
duration for CCM and CCMdecal approachesmakes CCGDL approach a
favourable onewhich will be used in this work and have been explained in the
section 3.2 of the chapter 3

Althoughthe main reaction taking place in the MEA is catalyseyeral transport
processes take place simultaneouslyhis structurg66, 67, 95] Theseinclude
transport offuel from flow field channels to the catalyst sitespduct formation
(carbon dioxide on anode and water and cathadd)theirremovalexternal to the

fuel cell [68, 69, 95] To facilitate all these processes, tM&A is composed of
several layers: thgas diffusion layerthe microporous layerthe catalyst layerthe
bonding layer anthe polymer electrolyte membraneach layer playing a specific

role as given in the figure 2.3.1 [97, 98]. Among these layers, the microporous layer
the catalyst layer and the proton exchange membrane play the main role in catalysis
and the transport processes [99, 1608nce the forthcoming sections will discuss

the functioning and materialsed in these three main layers.
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2.3.1: Microporous layer

The main function othe microporous layers: transfer electrons from the catalyst
sites to the load and vice versa, and dlase of reactantgshrough the electrod®

reach the catalyst sites and remove product molecules out of electrode [104, 105].
More specifically, on the anode side this lagssists in the transport of methanol
towards the catalyst sites, electrons from anode catalyst sites to the external load and
removal of carbon dioxide [105, 106, 107]. Whereas on the cathode side, this aids in
collection of electrons from the externabhtl obtained from anode reaction to the

catalyst, passage of oxygen towards the catalyst for the completion of cathode



Chapter 2: Literature review |70

reaction and water removal to the outlet [107, 108]. Figure 2.3.1.1 gives the

processes taking place in the microporous layer on anadeatimode side.

(@)

@ - Methanol
—
- Carbon N
dioxide gas % — H
—
- - Electron z R
travelling s H*
pathway o>
‘Gas. Microporous Catalyst
Diffusion
layer layer
layer
(b) From external circuit
@ - Oxygen
@ - Water
- Electron
travelling
pathway
- Water
travelling
pathway

Gas
Catalyst i
Yst Microporous Diffusion
layer layer
layer

Figure 2.3.1.1: Processes taking place in the microporous layer on (a) anode

and (b) cathode side
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The microporous layer is placed in between the gas diffusion layer and catalyst layer
to aid in these processes effectively [97, 98, 100]. Stiff carbon paper (macroporous
substrate with high surface roughness) is used as the gas diffusion layer, towdithsta
the compression force exerted from flow field plates onto the MEA side and to
provide mechanical support [99, 100]. The catalyst layer is microporous due to the
usage of nano and micro sized catalyst particles [98, 99]. Therefore to compensate
the presgre balance and to decrease the surface roughness difference between the
gas diffusion layer and the catalyst layer, this microporous layer (consisting of micro

pores) is used in addition to acting as an electrical interface [97, 98, 109].

This microporos layer is applied onto the gas diffusion layer in the form of an ink,
over which the catalyst layer is then applied, all together called as electrode [97, 99].
Different methods have been followed to deposit catalyst on a gas diffusion layer
namely chemial vapour deposition [110], magnetron sputtering [111], screen
printing [112] and electrophoretic deposition [113]. However all of these methods
involve high equipment cost, and greater complexities in operation during their
usage [110, 111, 114]. Sprayatimg offers greater flexibility with lower equipment
cost [114, 115]. Hence deposition by spray coating using an airbrush is widely used.
After two electrodeshave been prepared, they are corabirwith the proton
exchange membrarierm the MEA[97, 98]

Therefore the microporous layer ink consists of electron conductive material in
combination with a hydrophobic polymer [98, 99]. Whilst the electron conductive
material helps in the transport of electrons, the hydrophobic polymer helps to create
a porous stcture for reactant transport and product removal processes [99, 100].
Among different conducting materials: Ti (titanium), Cu (copper), polyacrylonitrile
(PAN), alumina silicate, TiC (titanium carbide) powders, carbon blacks are preferred
due to high eletronic conductivity [107, 108]. A wide variety of carbon blacks:
carbon nano tube, activated loan, carbon nano fiber, carbon fibre melt, Asbury
850, Denka Black, Mogul L, Vulcan XZ2, acetylene black are reported in the
literature for use in microporguayer [98, 99, 108].
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Different hydrophobicpolymerssuch as poly tetra fluro ethylene (PTFE), poly
perfluro ethylene (PFE), poly vinylidene floride (PVDF), perfluro poly ether
(PFPE) and fluorinated ethylene propylene (FBRY usedn combination with

carbon blacks$o create porous structure, feffectivereactant transfer and product

removalprocesses [98, 104, 105]

Moreover, it is known that the cathode reaction forms waner increased water
accumulation leads to flooding [28, 29]. This flooding effect prevents the oxygen
stream from reacting with the catalyst sites [104, 105]. Therefore using hydrophobic
polymers helps to alleviate this flooding effect by removing watdeaoules [104,
105].As PTFE has higher hydrophobicttyen other polymers, this is predominantly
used [106, 108]. ThougRTFEaids in elimination of flooding effect, this exhibits
poor electricalconductivity, asaresultbalance is made between amountafbon
blackand PTFEo form the ink [105, 106

Several parametergias permeality, electrical conductivity anchydrophobicity

(water repellinggffect he nature of the microporous layer [100, 107, 108].

Water removal and gas transfer characteristis, are interrelated because
increasing water removal results in more pathways for the reactant gas to reach the
catalyst [97, 98, 99]. Thereforeparoaches likeoptimizing the pore structure,
hydrophobicity of carbon materials and usage of pore formers in the microporous

layer were followed (figure 2.3.1.2).
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Figure 2.3.1.2 Outline of approaches for improving water removal and gas

transfer characteristics of the microporous layer

Wang etl., 2006 [116] used 10 wt% composite of Black Pearl with Acetylene Black
on the cathode side, and improved the fuel cell performance from 650 rfilbcm
910 mW cn¥ (40 % improvement) at 80 °C cell temperature. In his work, he
attributed this improvement to the mesoporous nature of Black Pearl increasing
water removal process on the electrode surface, increasing the limiting current
density to 2000 mA crh(from 950 mA cn¥ for the standard electrode), resulting

in increased @wer output.

Cindrella et al., 2009 [117] introduced double microporous layer (figure 2.3.1.3) for
enhanced water removal on the cathode side, where they used inorganic oxide (TiO
Al20Os) layer in between catalyst and microporous layera@btdined increased the
peak power density from 300 mW ©nffor the Woven carbon paper used as the
standard) to 600 mW ci(for the oxide layer). This hydrophilic oxide layer
collected all the water formed on the catalyst layer and passed onto ga®uliffusi

layer for removal to the outlet, thereby aiding in performance improvement.
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Figure 2.3.1.3 Arrangement of oxide layer in the membrane electrode assembly
of fuel cells[117]

Wang etal, 2011 [118] inserted a composite silica nano particle paly
dimethoxysilane layer in between catalyst and microporous layer. This layer showed
hydrophobic nature on the surface with hydrophilicity in its interior, aiding in
collection of water from the catalyst layer and then to the gas diffusion layer.

Kitahara etal., 2012 [119] used hydrophilic layer comprising of carbon black and
poly vinyl alcohol (PVA) in between the gas diffusion layer and general microporous
layer. This layer decreased water choking on the microporous layer by effectively
collecting thewater droplets on catalyst layer and then pass towards the external
hydrophobic layer, leading to improvement in performance 24 mW cn¥ to

700 mW cn? in a hydrogen/air fuel cell at 75 °C

Increasing hydrophobicity by fluorine treatment was caroedby Pai etl., 2006
[120], where fluorination by plasma treatment increased the hydrophobicity (water
contact angle measurements), improving the performance SramV cm? to 30

mW cni? at 50°C in a hydrogen fuel cell.



Chapter 2: Literature review |75

A different approach of usingore formers to improve water transfer characteristics
was initiated by Kong «tl., 2002 [121], where he usé&d,COs (lithium carbonate)

as pore former in the cathode microporus layer in hydrogen fuel cell system. Usage
of 7 mg cn? of the pore former inthe microporous layer improved the cell
performance by 50 %4600 mW crf to 1800 mW ci? at 70 °C cell temperature
owing to the changes in mass transport region of polarization ddivereas Song
etal., 2005 [122] usedNH4 HCOs (ammonium carbonate) as a pore former in the
cathode catalyst electrode. He showed that 1:1 mass ratio of ratio of Nafion:pore
former inceased the cell performance to 20 % (120 mW? ¢on240 mW cn¥ at

120 °C), by aiding in uniformity of layer and assisted in water transport. Tang et
al., 2007 [123] utilized\NHs Cl (ammonium chloride) in 10 wt% composition with
Vulcan XG72 and obtaine@5 % improved performance than the conventional

electrode.

In terms of increasing electrical conductivity, synthesizing high conductive

materials and incorporating them in the microporous layer were followed.

Schweiss etl., 2015 [124] varied multi walled carbon nanotube (MWCNT) wt%
with carbon black for use in the microporous layer. The MWCNT prepared from
catalytic assisted chemical vapour deposition, exhibited high conductivity, and as a
result decreased througttane resistance of the electrode (figure 2.3.1.4). The
optimum composition (1:4 mass ratio of MWCNT with carbon black) showed higher

performancef 880 mW cn? at80 °C than the conventional electrode (800 mW cm

2).

Poochai etl., 2015 [125] used poly acrylonitrile (PAN) as an additive to MWCNT
to enhance electrical conductivity (0.6 wt% PAN electrode exhibited 1.3% @m
theelectrode and obtained performance improvement of up to 13 % (334 W cm
to 384 mW cn¥). Ebenezer «dl., 2016 [126] used a composite of carbon nanotube
and nano horn and observed performance improvement of 30% (300 Wb cm
350 mW cn¥ at 70 °C) frontheir high electronic conductivity, in addition to their

enhanced water removal characteristics.
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Figure 2.3.1.4 Decreased throughplane (TP) and inplane resistance of
electrodes on increase of carbon nanotube (CNT) content in different gas
diffusion layers (GDL) [124]

Hou et al., 2017 [127] doped CNT with nitrogen using ammonia treatment. Using
this nitrogen doped CNT enhanced cell performance by 30 % (650 mitbc00
mW cmi? at 70 °C) in hydrogen fuel cell systems, owing to its higidaativity.

Antimony doped tin oxide (ATO) has excellent stability and corrosion resistant in
acidic media. However exhibits poor electronic conductivity. Jiaal, 2016 [128]
treated ATO in dopamine solution, as a result improved electronic contiudiivis

was mixed with Vulcan X€72 in preparation of microporous layer. Though the cell
performance of this ATO containing electrode was poorer than Vulcan2<oated

electrode, the durability of the ATO electrode was higher than Vulacan2XC
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In sunmary, several materials have been used to improve electrical conductivity, gas
permeation and flooding effect removal characteristics so as to improve the power
performance. In case of improving electrical conductivity, alternative materials to
carbon inthe microporous layer are used, whereas in case of gas permeation and
water removal, additives were added on to the microporous layer by different

treatment methods.

2.3.2 Catalyst layer

The catalyst layers consideredhe most active layer ofnaMIEA since thecore
reaction of fuel cells, catalysisXidationon anodeand reductioron cathodejakes
place 129, 13Q. During catalysis, the reactant molecul@gercome arelectionic
barrier for reaction initiation(to lose or accept electront) convert intoproduct
molcules [130, 131]. This barrier, called as activation energis inversely
proportional to the rate of the reacti¢gince lesser the energy to overcome the
barrier,fasteris the reactiopand is given by Arrhenius equation as folloyk31,
132],

K = Ko € B RX ) e e e e e e (2.3.21
Where,

k - rate constant of a reaction (sé&c

ko - pre-exponential factor

Ea i activation energyJ mol?)

R - Universal gas constant (equal to 8.314 J ™igit)
T - Temperature (K)

Increasingate of the reaatn (or decrease in activationexgy)is achiewed by either
increasing thecatalyst loading or using high conductive substrate for the catalyst
particle[92, 93, 131] Higher catalyst loading, results in more catalyst molecules
binding onto the reactant molecules forming the product, whereas Umsgig
electron conducting substes supplies the electron needed for the reaction to
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proceed130, 131] Figure2.3.2.1 illustrates thienpact ofprescence of eatalyst on
theactivation energy required to overcome teactionandthe energ released in a
fuel cell in terms ofSibbs free energy changass) (=aH - Tas)).

‘ e
|
B TR |
Z activation
o0 energy
s ¥ [ .. \J...y AN
= -
= With catalyst .
Energy
release
(AG
Initial stage Final stage

Reaction progress

Figure 2.3.2.1 lllustration of reaction with and without the catalyst [131]

It is known that that the catalysis (oxidafjamn anode side produces electrons and
protons, where these electrons and protons are utilized to carry out catalysis
(reduction) on cathode side forming watgr31, 132] Therefore for the completion

of catalysis, electron and proton transfer route are requiedssisin the transfer

of electrons, higly conductive carbon is used a supporting matésratatalys{99,

100]. For effective proton transport, this carbon suppoctdlyst is combined with

a Nafion ioromer[104, 105] Hence a typical catalyst layeomprises of carbon
supporte catalystand Nafion ionomer[98, 99, 100] Figure 2.3.2.2 gives the

reaction and processes taking place in the catalyst layer on anode and cathode.
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Figure 2.3.2.2 Reactionand processesaking place in the catalyst layeron (a)

anode and (b)cathode side

At the cathode, oxygen reduction reaction takes placalif®ct four electron
pathway, wher®©: (oxygen) is directly reduced inte8 (water), by combining with
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H* (hydrogen ions) and éelectrons) on the surface of the catabstgiven by the
equation 2.3.2.§132, 133]

Direct four electronpathway

O+ dH + 46— 2HoOuooooeeeeeeeeeeeseeeeeeeeena (2.3.22

For efficient reduction, the catalyst should possess high binding energy towards
oxygen so that oxygen can be adsorbed onto its surface [131, 132, 133]. Once the
product is formed, the catalyst should show less affinity towards the product, so that
product molecules do not block the catalyst site for further reaction [99, 100].

Therefore catalyst with optimum binding energy is preferred [133, 134].
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Figure 2.3.2.3 Plot of Activity Vs Binding energy towards oxygen, of different

materials [130]

Norskovetal., 2014 [130] worked on oxygen reduction activity and binding energy
towards oxygen of different materials: Btatinum), Pd alladium), Fe ron), Sn

(tin), Mb (molybdenun), Se (selenium), Ni (nickel), Rd (rhodium), Ir (iridium), Co
(cobalt). In his work, he concluded that platinum possessed higher reduction activity

at the same time with intermediate binding energy towards oxygen (figure 2.3.2.3).
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Hence platinum is widelyised catalyst for oxygen reduction react[@B80, 131,
132].

At the anode side, methanol oxidation takes place in two steps: (i) dissociation of
CHsOH (methanol) forming CO (carbon monoxide) and (ii) the reaction of this CO
with an oxygen species give CQ (carbon dioxide) [131, 132]. The term €ds)

indicates that reactions takes place on the platinum surface.

Step 1:
CH3OH —> (CEOH)agst H* + €.eiviiiiiiiiii. 2.32.3)
CH20H ——— (CHOHYs+ H* + €..ovoeeeeeeeeeen 2.3.2.)
CHOH ——— (COHYs+ H* + v, (2.3.2.5
COH — > (CQYs* H* + Eurorveeeeeeeeeeeeen, (2.3.2.6
Step 2:

The addition of oxygenated species is facilitated by water discharge on platinum
surfece according to equation 2.3.2and this hydroxyl species reacts with CO

obtaired according to equation 2.3.2d8give CQ, as follows:
H.O ——— (OH)s+ H* + €., (2.3.2.9

(CO)gs+(OH)ags — > COzF H* + € e (2.3.2.9

Pt is widely used due to its high methanol adsorption and high carbon dioxide gas
liberation characteristics [130, 131, 133]. However, the CO liberation step is
essential as thistrongly adheres to the platinum, preventing its further reaction with
other methanol moleculd®7, 28] The reported electrode potentials for water
discharge at platinum is 0.75 V [129, 130]. Alloying platinum with other materials,
where water discharge occurs at much lower potentials is followed to enhance

methanol oxidation reaction [117, 118].
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Among dfferent: Ru (ruthenium), Os (osmimum), Ir (iridium), oxides of Nb
(neobium), Zr (zirconium), Ta (tantalum), based bimetallic Pt catalysts, Ru is
preferred as water discharge occurs at 0.35 V, thereRuRrystal configuration
showed higher methanol oxtion than othergl32, 133, 134]Hence Pt is used on
cathode side, whereasRu is used on cathode side [27, 28, 129].

In addition to the catalystdie¢ supporting material plays a vital rddginfluencing

the shape, size and dispersionla# tatalyshanoparticles and strongly adsorbing
catalyst on their surface, thereby providing underlying framework for cat@®ais
99, 100] Supporting materials used are: Ti (titanium), TiN (titanium nitride), Indium
tin oxide (ITO), SiQ (silicon di oxide), W (ngsten), TiB2 (titanium diboride, nano
diamond, polymers like: poly (3, 4 ethylene dioxythiopene) (PEDOT), pchyjrii
carbazole), poly (styrene sulphonic acid) (PSS) and carbon H{Eks135, 136]
Since carbon blacks have higher electronic conditgtithey are used widelj122,
123].

2.3.3: Proton exchange membrane (PEM)

The proton exchange membrane (PEM), placed between the anode and isathode
key part of a membrane electrode assembMHA), as thisallows transfer of
protons angbrevent electron flow (currénbetween anode and cathode [97, $8e
properties which characterize the ideal fuel eldttrolyte membrane are higinic
conductivity, zero electrical conductivity, dimensional stability, higher mechanical
strength, restance to degradation, chemical inertness and stability éb ciell

operating conditions [98, 99, 100

Membranes for acidic systems fall into two major categories:flnonnated and
fluorinated one$34, 3. Non-fluorinated membranes includpolybenzimidazole
(PBI), poly (ether ether ketone) (PEEK)ply (arylene ether sulfone) andly
(arylene ether benzonitrile)vithout a fluorine backbong35, 57, 58 Some
examples of fluorinated membranes dew membrandPTFE background with
vinylene side chain) 3P energy membrandperflurosulfonic acid (PFSA)
background)Flemion (produced by Asahi Glass EngineefiR§SA backgroungl
Aciplex (produced by Asahi Kae@iPFSA background)) [35, $8
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Among all these membranes, Nafion is widely used lscatioutstanding chemical,
mechanical and thermal stability in addition to high proton conduct8ity 38]
Nafion comes under the classification of fluorinated membranes formdteby
copolymerization ofetra fluro ethylenemonomerand perfluoro sulfoic acid
derivative by extrusion process [39, 4@s a result contains PTFE backbone onto
which sulphonic acid groups are attacfidxd structure of Nafion has already been
explained in sectiorl.3 of chapter 1The proton transport takes place by two
mechanisms as: diffusion (or vehicular) and hopping (or Grotthus) [38, 40], as given
in the figure 2.3.3.1.

In vehicular mechanism, hydrated protons are formed by combining with water
molecules [35, 39, 40]. In Githus mechanism proton forms hydronium ions by

combining with oxygen atom of water, where the protons in hydronium ion migrate
onto the neighbouring water molecules [35, 39]. This migration continues along the

sulphonic acid channels of the membrane [85, 4

(a)

(b)

Proton Hopping Mechanism Hydrolyzed lonic Site ¢
(Sulfonic Acid)

Figure 2.3.3.1 (a) Diffusion (or vehicular) and (b) Hopping (or Grotthus)

mechanism of proton transport in Nafion membrane [38, 40]
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This Vehicular/Grotthus type of proton transport mechanism is favourable for the
usage of liquid fuels, where they can be diluted with water on the anode supply
passag37, 38, 29] Despite offering advantages, soai¢he major issues in Nafion

are: methanol crossoveand membrane hydratidowering fuel cell perfamance

[28, 29, 34].

To overcome these difficulties and to increase the power output, several research
articles have been reportede of composite (or hybrid) membranes withfitsh

using: phosphotungstiacid, polyvinyl alcohol, polyaniline, mordenjtpoly ether

ether keton¢137-151]. Table 2.3.3.1 lists the materials and approaches used to form
Nafion hybrid membranes.

Table 2.3.3.1: List of materials and approaches used for Nafion/hyrid

membranes
MATERIAL METHODOLOGIES AND KEY FINDINGS
Phosphotungstic acid x Membranes prepared by solution casting of Nafion iong
[137] with phosphotungstic acid

x Methanol permeability decreased from 5.2 X’ 1o s? to
2.8 x 10’ cn? st on addition of phosphotungstic acid

x Increase in peak power density fr&d8 mW cn¥ for the
Nafion membranes to 62 mW ¢&nfusing phototungstic acic
at 80 °C cell temperature, 2 M methanol and 2 mLnaifh|

oxygen flow rate

Poly tetra fluro ethylens x Improved mechanical stability of the composite due toj
(PTFE) [138] usage of PTFE

x Membrane showed better stability than conventional Na
115 (i.e. cell voltage remained stable for 180 hours v
tested at 500 mA&mM?)

Polyvinyl alcohol (PVA) x 5 wt% PVA composite prepared by solution casting, sho
[139] 40 % performance improvemeritain Nafion 117 (fron%0
mW cni? to 80 mW cnv)
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Performance improvement attributed to the decreas
methanol permeability from x 10° cn? s (standard) to 2.]
x 10°cn? st

Montmorillonite (MMT)
[140]

1 wt% hybrid membrane improved cell performance by 3
(from 20 mW cn¥ to 80 mW cn?) than Nafion 117 &0 °C,
10 M methanol, 5 mL mifhof oxygen flow rate conditions
Performance improvement caused by the decreas
methanol permeability fror2.3 x 10° cn? s? (standard) tq
1.7 x 10" cn? st

Sulphonated MMT
[141]

Sulphonation achieved by treatment of MMT with sil
condensation and then forming composite membranes
Sulphonation increased water retentabraracteristicef the
membrane

Improved the cell performance fro® mW cn¥ to 26 mW

cmizat 2 M, 10 mL mint of oxygen flow rate conditions

Organic silica
[142]

Tetra ethyl ortho silicate (TEOS) and sulphonated TH
were used as additives
5 wt%sulphonated TEOS showed better performance af

methanol concentrations

Diphenyl silicate
[143]

Diethoxy diphenyl silane was reacted with ethyl aming
form diphenyl silicate

Then this is mixed with Nafion to form composite

10 wt% composite outperforrdeNafion by 30 % (fron®0
mW cni? to 120 mW crif).

Aluminosilicate [144]

Aluminosilicate is added onto Nafion ionomer solut
casting membranes

Hybrid membrane showed peak power densit®® mw
cm?, significantly higher thathe standard250 mwW cn¥)
owing to high proton conductivity and less methg

permeation characteristics
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Hygroscopic oxides
[145]

Oxides of silica, titanium were used ascomposite witl
Nafion by infiltration solgel process
Different wt % of oxides were controlled by infiltration tin]
3 wt% composite showed peak power densitg afW cm?
improvement than Nafion 11% (mW cm?) at 25 °C, 1 M

methanol conditions

TiO2 (titanium dioxide)
[146]

TiO2 is mixed with Nafion ionomer for membrane casting
5 wt% hybrid membrane showed optimum performabd@®
mW cni?) than the standard Nafion 1172@BmW cn¥) at
90 °C in a hydrogen fuel cell

TiO2/Nafion membrane exhibited lower water uptake

wt%) than he Nafion membrane (22 wt%) preventing wd

accumulation in the membrane region

Ceria [147]

CeQ (cerium dioxide) nanoparticles were incorporated

Nafion resin

1 wt% CeQ composite possessed high proton conduct
(176 mS cr) finally showing 100 % performang
improvement than Nafion 117 (80W cni?to 120mW cni

?)

Sulphonated poly ethe
ether ketone (SPEEK)
[148]

Blending of SPEEK with Nafion ionomer to form membra
Decreased methanol crossover to great extent (from #
cn? st (standard) to 2.7 x 10cn? st for the SPEEK
however exhibited lower proton conductivity due to |
water uptake

Composite membrane outperformed Nafion 115 by 2
(from 20 mW cn¥ to 80 mW cn¥ at 70 °C, 2 M methand

conditions

Nitrated SPEEK [149]

SPEEK is first treated with nitric acid for nitration
dimethyl acetamide (DMAC) solution
Nitrated SPEEK varied from 0 wt% to 3 wt% ratio w

Nafion resin
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Better performance2@ mWcm?) than Nafion 11549 mW
cm?at 70 °C, 1 M methanol conditions due to the incre:

proton conductivity to methanol permeability ratio

Pd (Palladium) [150]

Pd nanoparticles were crosslinked with poly dia
ammonium (PDDA) for stabilizing Pd

Then mxed with Nafion resin for casting membrai
Composite membrane exhibited lower methanol crosg
current of130 mA cn¥ than Nafion (95 mA cm)

40 wt% composite showed better performarenfV cn?)
than the conventional Nafion 118 W cm?) at70 °G 2 M
methanol operating conditions

Pd (palladium)SiO,
(silicon oxide) [151]

Pd nanoparticles were deposited onto silicon fibres
electrospinning

Pd-SiOz is mixed with Nafion ionomer for membrane cast
Composite showed lower methanol crossover character
about65 mA cn? than Nafion (45 mA cr)

Increased performanc8 MW cm?) than recast Nafionl(l

mW cni?) at25 °C, 2 M methanol operating conditions

However, thecomposite membranes suffered from drawbacks such as: dissolution

of inorganic moiety and settlement onto one side of Nafion, after operation for longer

period of time thereby showing reduced performdb@e 58] To prevent this from

happening, a barrier layer approach which involves depositirgnogeneous layer

of a material on the surface of Nafion can be folloy82g 58] as given in the figure

2.3.3.2.
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Proton exchange
Barrier layer membrane

ANODE SIDE CATHODE SIDE

METHANOL

Figure 2.3.3.2 lllustration of effect of using barrier layer

This approach is simpler than composite, as it avoids a membrane preparation step
at the same time it helps in limiting methanol permeation through the meni®sane

57, 58] Several materialshitosan biopolymer, polyvinyliderfeuoride, palladium
coatedonto Nafion membranehave been used as barrier layer Fl&D] (table
2.3.3.2).

Table 2.3.3.2: List of materials and methodologies for barrier layer approach

MATERIAL METHODOLOGIES AND KEY FINDINGS

Clay [152] x Clay (saponite) deposited onto Nafion membrane

x 20 layers of clay nonocomposite, decreased meth
permeation by 50 % (3.8 x 2@nm? s'to 1.9 x 1 cn? s?)
during methanol permeability tests in a diffusion cell

x No significant difference in proton condudtivbetween the
clay/Nafion and Nafion membrane were observed

Poly vinylidene fluoride x  PVDF is mixed with Nafion resin and applied onto Naf
(PVDF) [153] 117 membrane
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This 1 um thick layedecreasednethanol crossover curre
from 1100 mA cn for the standard (Nafion 115) to 600 nf
cm 2

Cell performance improved frodb mW cn¥to 60 mW cm

2 at 25 °C, 2 M methanol operating conditions

Sulphonated polystyren
[154]

Polymerization of styrenenonomer onto Nafion 117 por
in Dimethyl formamide (DMF) solution

Decreased methanol crossover leading to perform
improvement (fromd5 mW cn¥ for Nafion 117 to 60 mW

cm?for Styrene/nafion membrane)

Polyaniline (PANI)
[155]

Aniline is polymerized o Nafion 117

100 nm thick PANI membrane decreased meth
permeation by from 2.88 x f&n? sfor the Nafion 117 tq
1.6 x 10° cn? s for PANI/Nafion membrane, improvinj
performance of up to 90 % (froB® mW cn¥ for Nafion 117
to 80 mW cn? for PANI/Nafion membrane)at 6 M
methanol, 5 ml mini of air operating conditions.

Mordenite
[156]

Functionalised mordenite coating on Nafion 117
Functionalised with silane agent prevents pin hole forma
in the membrane
Improved performance4 mW cn¥) than the Nafion 11]
(38 mW cm¥) at 70 °C, 1 M methanol operating conditig

due to the reduction in methanol crossover

Au (gold)
[157]

Au nanoparticles were sedissembled onto Nafig
membrane surface by immersion in their solution

Au barrier layer dee@ased methanol permeation frdr68
mW cni?for the conventional Nafion to 18 mW ¢&m

72 h immersion time produced uniform coating, leading t
% improved performance than the conventional Nafion
(41 mW cn? for Nafion to 41 mW crd for Au/Nafion).
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PtRu (platinum x Nafion membrane is first immersed in hextaloroplatinic

ruthenium) [158] acid solution for Pt deposition and then in ruthenium chlg
for Ru deposition (absorptiereduction method)

x Cell performance improveti2 mwW cn¥ for Nafion 117 to
18 mW cn¥ at 1 M ethanol, 2 mL mithof oxygen flow rate

conditions

Pd (palladium) [15P x Pd is deposited onto Nafion membrane by laser deposit

x Methanol permeation decreased from 1.8 ¥ &6¥ s for
Nafion 117 to 0.8 x 10" cn? s for Pd/Nafion 117

x As a result, improvement in cell performance were obse
(45 mW cn?for Nafion 117 and 45 m W chfor Pd/Nafion

117
Chitosan biopolymer x Chitosan is treated with sulfo succinic acid to forn]
[160] homogeneous solution

x  This is spray coated onto Nafion 117 surface
x At 5 M methanol, 10 mL mih of air flow rate conditions
Chitosan/Nafion 117 produced power density of 70 mW

2 comparable t&5 mW cn for the conventional membran

Though different materials have been used so far, all of them in addition to reducing
methanol permeation haveduced proton conductivity at some pdib52 -160].

This is due to the increase in proton transport pathway on addition of ne\ji@ayer

39, 40] Therefore materials showing methanol barrier characteristics at the same

time with protontransport behaviour will get prominent importance in the future.
2.4 DIFFERENT FORMS OF GRAPHENE

Graphene exists in three different forms depending on the chemical structure and
composition as: pristine (or single layer) graphene, graphene oxide (GO) and
reduced graphene oxide (rGRB1, 162, 163[figure 2.4.1).
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More oxygen functional groups

Few oxygen functional groups

(a) (b) (©

Figure 2.4.1: Structure of (a) Pristine graphene (b) Grapheneoxide (a) and
reduced gaphene oxide(rGO)

Pristine grapheneis a perfect single sheet of carbon atoms arranged in hexagonal
lattice [162, 163, 164] Complex fabrication methods like: chemical vapour
deposition(CVD), mechanical exfoliation, liquid phase exfoliation in solvents,
reduction of single layer grapheneide, are followed due to the need for obtaining

a single layer material to achieve exceptional properties adding cost to the synthesis
procesq163, 164] Also fine control of number of graphene layer and maximum
area of formation on a substrate remaickallenge for this materi§d8, 164, 165]

Among different methodsfor single layer graphene (SLG) synthes3vD is
preferred, due to the ease in accessibility and the improved quality of the graphene
film deposited164]. Moreover this method allows graphene film deposition over a

large surface aa such as fuel cell electrode [44, 48, 164, 165].

Graphene oxide (GO)is graphene sheet bonded ddferent oxygen functional
groups on its surface, in the form of@H (hydroxyl) C=0 (arbonyl), GC=0
(carboxyl) groups [166, 167GO is an electrically insulating material due to its
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disrupted spbonding networksind presence of oxygen functional gro{#$, 48]

The common method adopted to prepare GO
is oxidized to form graphite oxidgraghene oxide arranged in a stack) and the layers

are separated to get graphene oxide ((36%, 157] Since the starting material is

graphite, graphene oxide exhibits layers in order of 2, even after layer sepayation b
ultra-sonication[166, 167] GO is hydrophilic due to the oxygen functional groups

and impermeable to other solvents, owing to tight packing of carbon atoms, hence

find their use in water treatment and gas separation operdfi68s 164] One

drawback $ that GO loses its oxygen functional groups on exposure to high
temperature, limiting their applications at elevated temperafiié2s 163]

Reduced graphene oxide (rGO)is graphene oxide with few or less oxygen
functional groups with high electrical conductivity properties [163, 164]. This is
formed by the reduction of graphene oxide (GO), by using chemical (acids, bio
wastes and electromagnetic radiation), electrochensind heat treatmenf&62,

163]. During reduction,electrical conductivityis recovered by restoring the-p
network, hence acts an electronic condudf62, 163] Different agents for
reducing GO:sodium borohydridethiourea, hydrazine, phenylene diamj gallic

acid, causing variation in carbon to oxygen ratio leading to difference in electrical
conductivity results, reported in the literature are listed in the table[268B11.77].
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Table 2.4.1: List of reducing agents, preparation conditions andelectrical

conductivity of rGO samples [283291]

S.NO REDUCING ELECTRICAL C/O DOPANT | REFERENCE
AGENT AND CONDUCTIVITY RATIO
PREPARATION OF rGO
CONDITIONS SUBSTRATE
(S nt)
1 Sodium 82 4.8 Gao et al., 2009
borohydride [168]
(80 °C, 1 hour)
2 Hydrobromic acid 2.3x 107 3.9 Bromine Chen et al.,
(80 °C, 24 hours) 2011 [169]
3 Thiourea 635 5.6 Liu et al., 2011
(95 °C, 8 hours) [170]
4 Hydrazine 24200 10.3 Nitrogen | Stankovich et
al., 2007 [171]
5 Phenylene 15000 7.4 Chen et al.,
diamine 2009 [172]
(90 °C, 24 hours)]
6 L-ascorbic acid 800 Zhang et al.,
(90 °C, 72 hours)| 2010 [173]
7 Gallic acid 36 53 Lietal., 2013
(95 °C, 6 hours) [174]
8 Green tea 53 Wang et al.,
(90 °C, 2 hours) 2011 [175]
9 L-cysteine 1.2x 10 Chen et al.,
(90 °C, 72 hours)| 2011 [176]
10 Hydroiodic acid 29800 12 Pei et al., 2010
(100 °C, 1 hour) [177]
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The electronicconductivity (298 S crh i the highest reported value for rGO
produced by reduction by hydroiodic acid) is less than that of pristine graphene,
attributed to the presence of lesser quantities of oxygen groups that are not
completely removed during reduati¢47, 163, 177] However,rGO is preferred

over pristine graphene, in conducting applications, as this can be synthesized without
the need for using extensive preparation methods when compared to pristine
grapheng44, 48, 166]Moreover,homogeneous dispersion of rGO in polaveals

can be obtained, due to these oxygen functional groups, hence used in preparation of

electrical conducting coating$64, 165]

2.5 ROLE OF GRAPHENE IN EACH LAYER OF MEA AND
CRITICAL REVIEW

In fuel cells, gaphene has been found to be us@thlyin two categories: membrane
and electrode layer

2.5.1: Graphene in the electrode layer

Reduced graphene oxide (rGO) with high electron conduction and strong metal
adsorption properties, is used in the electrode of fuel cells, as catalysis and electron
transport are the major procesf#s, 165, 166, 167]The electrode is comprised of
microporous and catalyst layer and several works using rGO in these two layers of
electrode have been reported (figure 2.5.1.1).

Reduced graphene oxide
(rGO)

v J‘
[ Microporous layer ] [ Catalyst layer ]

Figure 2.5.1.1: Usage of rGO in the electrode layer of fuel cells
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In microporous layer works, few articles have been reported & have been

used extensively in the catalyst layer.

Yuan efal., 2014 [178] prepared few layered rGO by catalytic exfoliation of graphite

in ferric chloride solution and employed as a composite with carbon nanotube in
anode microporous layer inpassive feed methanol fuel cell. This graphene anode
microporous layer outperformed Vulcan X2 microporous layer, enhancing
performance from 25 mW c#for the conventional electrode to 43 mW-¢for the

rGO electrode at 4 M methanol, 25 °C operatingditions. This performance is
attributed to the high electron conductivity (uniform coverage of carbon nanotube on
graphene sheet from electron microscopy images), hydrophilic (25° lesser contact
angle than Vulcan X@2) and pore structure (less mesoporfnasn nitrogen
desorptioradsorption isotherm) properties. This combination of characteristics
aided in better electron and mass transport properties of the electrode finally leading

to performance improvement.

Leeuwner etal., 2015 [179] used rGO obtaideby chemical vapour deposition
(CVD), in the cathode microporous layer. This rGO coated electrode exhibited lower
throughp | ane r esi s P)tandhe commdcialdigracetra5BC (10

cm?) microporous layetherebyshowed highewoltagein a hydogen fuel cell in
activation an ohmic regions of the polarization curve (exhibited 0.725 V at 500 mA
cm? for the rGO electrode than 0.69 V for the commercial electrotmyever,at

high current density, the voltage dropped significantly than the stgndiaedto

flooding effect.

The chemical routeof rGO production § time consuming and gives rige
irregularities in surface composition of functional groups. A furitmgrovement to

the rGO preparation and utilization in fuel cells was proposeddpgfabadiet al.,

2016 [180], where he used rGO obtained by electrochemical exfoliation of graphite
mold in butyl trimethyl ammoniumtrifluromethyl sulfonyl imide (N1118BTA)
solution. This electrochemical process resulted in graphene sheets of lefsgethan
monolayers and average lateral size of around 1 pm. This rGO owing to its high
conductivity produced higher voltages in the activation region and performed poorly
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in the mass transport regions, in hydrogen fuel cells. When used in 1:1 mass ratio
configuration with Ketjen Black, exhibited both high electron conductivity and mass
transport properties. As a result, exhibited peak power density of 1200 rif\{26m

% higher than produced by the conventional electrode performance of 2000 mW cm
2) for the inprovement than the Ketjen Black microporous layer. Figure 2.5.1.2 gives
the electrochemical setup and performance curve of this electrochemically exfoliated

graphene in hydrogen fuel cells.

(b)

Voltage (V)

Cell

0 1000 2000 3000 4000
Current Density (mA cm™)

Figure 2.5.1.2: (a) Electrochemical set up for rGO exfoliatiorand (b) fuel cell
polarization curve (CB-carbon black; EGN-electrochemical graphene) [180]

In catalyst layer work, several articles have been reported use of reduced graphene
oxide (rGO) as a supporting material due to its high surface area (foeffextve
dispersion of catalysts), high binding energy with catalyst (for stable performance),
more tolerance to carbon monoxide (CO) poisoning and high charge transfer with
catalysts during catalysis, in addition to electron conducting and stable aispers

in polar solvents for coating purposes, characteristics [181, 182, 183].

Tables 2.5.1.1 and 2.5.1.2 lists the rGO based materials for methanol oxidation

(anode) and oxygen reduction reaction (cathode).

Table2.5.1.1:List of rtGO based anode catalysts
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MATERIAL

APPROACHES USED

Pt (platinum)

rGO prepared by chemical reduction of GO ug

hydrazine, followed by addition of platinic acid,
formation of Pt on the rGO support. Ultrafine part:I
size of 3 nm platinum led to high methamsidation
current than of 2 mA crh for the rGO electrodg
whereas for Pt on carbon black electrode showed 1
cm? oxidation current [184].
Nitrogen doped rGO supporting Pt showed h
methanol oxidation of undoped rGO/Pt catal
Nitrogen doping by amonia treatment of GO led {
homogeneous dispersion of Pt on the support leg
to three times high methanol oxidation current t
undoped one (120 mA rmgf Pt for the rGO electrod
and 40 mA mg of Pt for the standard electrode) [18|
Electrodeposion of platinum onto graphene foam |
to uniform deposition of Pt on the rGO support lead
to high stability than Pt on carbon fiber one (rq
electrode exhibited 0.5 mA chwhereas convention
electrode showed 0.5 mA c¢hof methanol oxidatiof
currentwhen tested for 2500 seconds) [186].
Microwave reduction of GO in platinic acid soluti
led to formation of Pt on rGO catalyst; showing |
than 10 % (35 mA criof methanol oxidation current
first cycle and 0.5 mA craafter50 cycles) decrease
stability after 50 cycles of methanol oxidation test
[187].

Pt-Ru (platinum

ruthenium)

Simultaneous chemical reduction of GO, platinic §
and ruthenium chloride in ethylene glycol to fol
bimetallic catalyst on rGO surface, led to impro
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methanol oxidation current (19 mA ¢mithan the P
on carbon black (9 mA cr) [188].

Polyanion of molybdenum functionalised rGO a
support for PRRu catalyst; Polyanion added duri
ethylene reduction of GO and platinic acidhenium|
chloride solution to give catalyst size e6751m leading
to high oxidation current of (1600 mA ¢h) than
catalyst on carbon black (1000 mA énj189].

PtPd (platinum

palladium)

Hydrothermal reduction of GO in platinum acetate
palladium acetate solution to yield uniform sin
crystalline catalyst showing no loss of electrochemn
surface area tlmacarbon support after 1000 cyc
testing, whereas Pt/C electrode showed decrea
active surface area from 120 émg’to 85 cm?mg?
of Pt[190].

PtSn (platinumtin)

Simultaneous chemical reduction of GO, platin|
chloride and tinchloride in ethylene glycol to forr
bimetallic catalyst on rGO surface with catalyst
spherical shape {3 nm in diameter); The cataly
showed high methanol oxidation current of 16 mA
2than Pt/rGO (8 mA cri)[191].

PENiI (platinum
nickel)

Simultaneous chemical reduction of GO, platinic g
and nickel chloride in ethylene glycol / poly dial
ammonium chloride (PDDA) to give uniform si
catalyst showing methanol oxidation current of 4.5
cm?than PtRu on carbon suppb(2 mA cm? [192].

Pd (palladium)

Electrochemical reduction of GO in palladium chlor

solution led to deposition of Pd onto rGO supp

Uniform deposition of catalyst over the support Ietl
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Table 2.5.1.2: List ofrGO based cathode catalysts

MATERIAL APPROACHES USED

Pt (platinum) - Ethylene glycol reduction of GO and hexachloro plat|
acid as platinum precursor led to 3 nm Pt size on
support. Hydrogen fuel cell teshowed peak power dens
of 120 mW cn? for Pt/rGO electrode, higher than t
standard carbon black support (100 mW2ji96].

- Nitrogen doped graphemateletson cathode side, showq
45 % improved performance (from 300 mW €for the
base electrodéo 450 mW crif for the Pt/nitrogen dope)
rGO electrode) in hydrogen fuel cell system, owing to
high conductivity of the catalyst [197].

Au (gold) - Polyallyl amine stabilised Au on rGO catalyst showed |
oxygen reduction activity (16 pA ch than Au/rGO|
catalyst (5 pA crif). Polyallyl amine acted as the anchor
sites for Au particles leading to improvement in catal
[193].

- Perylene coated Au on rGO catalyst obtained by treat
of perylene carboxylic acid with GO and then reduc
using ammonia led to uniformly distributed Au on rG
sites showing significant catalytic effect (420 mV less o
reduction potential comparable to Au/rGo without peryl
coating [199].

- Electrochemical reduction of auric chloride on graph
sheet led to Au/rGO catalyst; Surface morphology and
of the catalyst were controlled by modifying deposit
time and auric chloride concentration; 250 mV less o
potential for reduction tha®u on chemical converte

graphene [200].
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Au-Pd (gold Electrodeposition of gold and palladium onto rGO
palladium) immersion in auric acid and palladium chloride solut
Wrinkled rGO surface caused by electrodeposition prd

possessed high condugty and surface area showing hi

oxygen reduction peak thamonometalliccatalysts [201].

PdY Thermally exfoliated rGO is treated with palladium nitr

(palladium and yttrium nitrate solution in hydrogen atmosphere foy

yttrium) on formation of catalyst; 5 nm catalyst size contributed
mV less oxygen reduction onset potential t
monometallic Pd on rGO support [202].

Co (Cobalt) Cobalt nitrate solution mixed with graphene oxide
ammonium hydroxide led to Co deposition onrogen
doped rGO. Better stability (10 times) towards oxy
reduction than Pt on carbon catalyst [203].

PtNi Simultaneous reduction of GO, platinum and nig
(platinum precursor solution in sodium borohydride led to Pt/Nif
nickel) rGO support showingigh reduction current (90 mA cfh

than Pt/rGO catalyst (27 mA ¢t owing to small size (5
7 nm) of catalysts [204].
PdAg PdAg ring shaped nanocrystals on rGO (using sod

(palladium citrate for reduction of graphene oxide) showed b4

silver) tolerance towards than commercial Pd on carbon [
support methanol oxidation favouring their use as oxy
reduction catalysts [205].

Overall in the electrode layer research works, rGO synthesized by different chemical
and electrochemical routes, have shown performance improvement in fuel cells,
predominantly due to its high electron conduction, high stability characteristics and
ease irfabrication of rGO methodologies [48, 162, 182].
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It should be noted that catalyst layer research works increase complexities in
preparation procedure, as it involves the synthesis of carbon material, in addition to
loading of catalyst onto the carbon strate [97, 98, 99]. Whereas the microporous
layer research is simpler than the catalyst layer, involving only the synthesis of
carbon material [99, 100]. Several authors have worked on different carbon materials
in the microporous layer: activated carbBetjen Black, carbon nanotubes, Vulcan
XC-72[100, 107, 108] and these are produced from hydrocarbons using complicated
treatments, restricting their production at large scale [206, 207]. Despite these
factors, the fuel cell performance needs to be imgnido meet the demanding power
requirements of new applications [63, 64]sitg highly conductivity carbon
materialgs widely favoured over increasing catalyst loading as the latter drastically
increases the cost of the fuel cell, due to the usage ofyptaf107, 108].Therefore,

the usage of highly conducting carbon materials, prepared from simple
methodologies to be used as fuel cell electrodes will gain a significant attention [106,
107].

Therefore, in the chapter 5, educed graphene oxidgGO), produced rbm
hydraodic acid (HI) reduction of graphene oxidéGO) will be used in the
microporous layer and tested, as this HI acid reduction method have been reported
to yield rGOwith high electron conductivity characteristics than prepareddiygu

any other agents [162, 165, 177].

Also, it is well known that doping carbon substrates induces defects in their lattice
structure to form vacancies, bonding disorders, improving electron transfer [163,
164, 165]. Among different dopant atoms, borowl aitrogen are widely utilized

due to their similar size with carbon atom and their ability to create greater structural
defects than any other dopants, causing enhanced conductivity [164, 2165].
Therefore,in the chapter 6, boron doped rGO-BO) and boon doped rGO (B

rGO) will be used in the microporous layer and tested for performance improvement.

These rGO and their doped materials will be used as fuel cell electroelespte
determination of experimental values of electrode propevilegrovide agreat deal
of supportinginformation in this projectAmong different electrode properties,
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electrode reaction resistance (ERRjroughplane and irplane electrical
conductivity and rathanol oidation reaction (MOR) are essential as they have
dired impact on final cell performance [107, 108, 109]. In addition, it is essential to
analyse (structural and elemental characterization) these rGO materials which will
be described in detail in the sections 3.5 of the chapter 3.

Electrode reaction resistame (ERR) - During fuel cell operation, reactants

undergo electrochemical transformation to form products in electrode region [65,

66]. This extent of reaction depends on resistance encountered by reactant molecules

and is caused by: activation barrierspaf and mass transport barriers [68, 69].
Therefore the resistance associated with the electrode during fuel cell operation is
given by the term O0El ectrode reaction res

Mueller et.al, 1998 [208] and several authors [209, 1Qdist the direct methanol

fuel cell (DMFC) mechanism (resistance offered by electrode and membrane) during
its operation by using impedance spectroscopy and this is widely used to study ERR.
The theory, background of impedance spectroscopy and extra¢tBRR from
several parameters from the impedance spectroscopy technique; during fuel cell

operation will be explained in detail in the section 2.6.1 of this chapter 2.

Through-plane and inplane conductivity - During fuel cell operationglectrons
travel in both througiplane and irplane directions, therefore estimation of through
plane and irplane electrical conductivity of electrode will play a role in evaluating

cell performance [99, 100

Two methods are used widely to evaluate this propknyar sweep voltammetry

and impedance spectroscopy [210, 211, 212]. In the linear sweep voltammetry
method, the electrode of interest is placed between two platinum sheets and a
potential is applied [210]. The corresponding current for the potentidieis t
measured to give resistance and finally converted to conductivity [210]. This is
repeated for different values of potential, to obtain the average value. In the
impedance spectroscopy method, the resistance is measured by sending alternating
current sgnal to the electrode placed between two platinum sheets and calculating

conductivity from the »axis intercept of the impedance plot, which gives the
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resistance [211, 212]. Among these two methods, measurement by impedance
spectroscopy is preferred, dweits accuracy of the values obtained. The procedure
followed to obtain conductivity values from impedance spectroscopy will be

explained in detail in the section 2.6.2 of this chapter 2.

M ethanol oxidation reaction (MOR)- On the anodelectrode methanobxidation
reaction (MOR) takes place, therefdOR ability gives information abouwbility

of electrodes to oxidize methanol and fuel reactivity [92, 93]. Generally, this is
measured irex-situ set up, by scanning the working electrode potential in art in
environment, where material for methanol oxidation evaluation is drop casted onto
the electrode and the maximum current obtained gives the extent of methanol
oxidised [213, 214]Cha et.al, 2009 [215] proposed that this MOR can be measured
in a fuel @ll set up by running cyclic voltammetry scan of the anode electtydéc
voltammetryis an electrochemical technique where the potential or current is
scanned lineaylin cyclic direction [21, 22] and the response obtained is interpreted
to analyse vaous electrode propertiesthis method is advantageous as this
eliminates the need for a special apparatus as used insitue@rangemenilhe
methodology followed to obtain MOR keges fromcyclic voltammetrywill be

explainal in detalil in thesection 2.6.3®f this chapter 2.

Figure 2.5.1.3 gives the overview of materials synthesis, their methodology, sample

and electrode characterization and fuel cell characterization methods.
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Reduced Graphene oxide (rGO)
Boron doped rGO (B-rGO)
Nitrogen doped rGO (N-rGO)

A 2

X-ray diffraction, Raman and x-ray
photoelectron spectroscopy (XPS)

Stage I Material
synthesis

Stage II: Sample
characterization

Stage III: Fuel cell
electrode characterization

Stage IV: Fuel cell performance
testing

Figure 2.5.1.3: Overview of material synthesis and fueatell characterization

methodologies in the microporous layer research work

2.5.2: Graphene in the membrane layer

In themembranegraphene oxide (GO) is widely used since this layer requires the
use of proton conductor with methanol barrier propeifi€2, 163, 164] The
hydrophilicity of GO and tight packing of carbon lattice renders them proton
conducting and methanol blocking,noe acting as membrane matefie83, 164]
Moreover, the higher water uptake and similar proton conducting mechanism as
Nafion, features make GO competitive to conventional memb{a6és167] This

GO is used in membrane layer of fuel cells in threeswég) as a setanding GO
membrane (b) as composite (c) barrier lag&given in the figure 2.5.2.1
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[ Graphene oxide (GO) ]

v

L Hybrid membrane ]

\ 4 v

Figure 2.5.2.1: Usage of GO in the membrane area of fuel cells

In standalone membrane usage categoriKumar etal., 2011 [216]introduced the

usage of graphene oxide (GO), as a membrane (without Nafion) in direct methanol

fuel cel | . Hi s work reported the prepar at
membrane fabrication through vacuum filtration in a cellulose acetate membrane.

Protan conductivity measurements showed higher proton conductivity than Nafion

115 however when tested in methanol fuel cell conditions produced poor peak power

density of 8 mW cm, compared to 60 mW chfor Nafion 115. This is attributed

to theloss in oxyge functional groups of GO in fuel cell operating temperature of

60 °C, leading to poor performance.

Bayer etal., 2014 [217] used the same approach as Kumat.,e2011 [216] and
used in hydrogen fuel celThis GO membrane produced a reasonable poevesity

of 35 mW cn¥ at 30 °C, compared t85 mW cn¥ for Nafion 212 membrane.
However,with the increase in temperature, performance dropped drastically owing
to the reduction of GO (from discoloration of GO as given in figure 2.5.2.2), with
the temperate increase as found previously by Kureaal., 2011 [218]. Bayer et

al., 2014 [217] also concluded that thickness is one of the fegtorsin deciding

the proton conductivity of the membranes.
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Figure 2.5.2.2: (a) GO membranediscoloration at high temperatures (b)

Decrease in performance of GO membrane with temperature [217]

Functionalization of GO, was initiated byumar etal., 2011 [218] in his work on
sulphonated graphene oxide (SGO) in hydrogen fuel cell. Sulponaticaxchvased

by treatment with sulphonic acid of GO, followed by vacuum filtration to give SGO

membrane. This SGO membrane produced a considerable power density of 100 mW
cm?at 40 °C, compared 200 mW cn? for Nafion 115 Moreover this membrane,

exhibitedbetter stability characteristics than pristine GO membrane (figure 2.5.2.3).

From the publication of this work, sulphonation is considered as a major contributor

for proton conductivity and membrane stability characteristics.
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Figure 2.5.2.3: (a) Poor performance of GO membrane [186] and (b)
Reasonable performance of SGO membrane [218]
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Dual functionalization of GO was carried out figng efal., 2014 [219], where he

first treated GO with nitric acid and then with sodium dodecyl benzyl sulfonate
(SDBS) (for sulphonation) step. Treatment of GO with nitric acid, introduced
defective sites in the form of holes in the GO structure, contributing to proton transfer
(figure 2.5.2.4a). Further sulphonation improved these characteristics, the final
membranecalled as sulphonated holey graphene oxide (SBEB®) membrane.

This membrane outperformed Nafion 112 in methanol fuel cell operating conditions
by showing peak power density of 45 mW- €t 80 °C, 1 M methanol operating
conditions than for Nafion (30 mwm?) in addition to similar trend in stability
testing for 20 hours (2.5.2.4b). Comparative membrane characterization studies
revealed that dual step functionalized membrane exhibited high proton conductivity

than single step functionalized membranes.

(a) (b)
'» ‘ . HNO, sonication g g % e (b)
. ' ‘ washing @ w— Nafion 112
. . ‘% m - SDBS-HGO
*H0 6o Sulfonic acid “z:n 3 . m
functionalization l 5 ~—
> T ———
- \ 03
E&%ﬁmnmﬁmﬁon @ %&m
= R ?; f}g%
i —— % % % P
SDBS-HGO paper SDBS-HGO Time (n)

Figure 2.5.2.4: (a) Functionalization procedure for SDBS$0O membrane
formation and (b) Enhanced performance of SDBS50 membrane over Nafion
112 [219]

Thereforejn standalone GO membrane usage performance improvements were not
so good as NafiorHowever,when used as composite and barrier layer approaches
with Nafion, all of the works showed better performance than Nafion. This is
attributed to the increase in proton conducting nature due to the inclusion of GO,

without affecting the stability [1®199].
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In hybrid membranes approach,Gill Choi etal., 2012 [220] introduced the usage

of 0.5 wt% GO as filler in Nafion matrix for methanol fuel cell systems. First, GO
was formed using Hummer 6s met hod and mi xe
membrae preparation by solution casting method. This 2.5 wt% GO/Nafion
membrane decreased methanol crossover by 40 %, causing minimal decrease in
proton conductivity to 5 %, overall improving performance from 120 mW fon

the base membrane to 140 mW-tfar hybrid GO membrane at 1 M methanol, 70

°C operating conditions. This was attributed to the incorporation of GO in the ionic
clusters of the composite membrane, enhancing hydrophilicity (from interaction
between GO and water as given in the figure 2.5|2&jing to increased proton
conductivity. Similar approach was usedKymaretal., 2012 [221] for hydrogen
systems, where 4 wt% GO/Nafion hybrid membranes showed higher water uptake
and ion exchange capacity than conventional Nafion 212, owing todge 0§ GO.

This resulted in improving peak power density from 60 mW?2dor the base
membrane to 200 mW cfrfor hybrid GO membrane.

Figure 2.5.2.5: Formation of hydrogen bonding between water and GO [220]

Leeetal., 2014 [222] compared thgerformance of GO/Nafion hybrid membrane

with rGO/Nafion membrane prepared by solution casting methods. GO from
Hummer 0s met hod was under gone mi cr owave
graphene oxide (rGO), which was mixed with Nafion ionomer for membrane
preparation. The GO/Nafion membrane outperformed conventional Nafion 212 by

40 %, whereas rGO/Nafion exhibited poor performance. This was due to the

hydrophobic nature of synthesized rGO, resulting in poor proton conductivity.
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Instead of preparing membranesdmjutioncasting method, Lue at., 2015 [223],
utilized spin coating method to form GO/Nafion hybrid membranes. In his work, he
reported that spin coating ensured the uniform distribution of GO across the Nafion
resin. As a result, 0.1 wt% GO incorp@dthybrid membrane showed 350 %
improved performance than Nafion 212 (from 60 mW?2dm 180 mW cnif in a
formic acid fuel cell). On comparing with a hybrid membrane formed by solution
casting and spin coating, the spin coated membrane showed higher ahethan

blocking ability, owing to the homogeneous distribution of GO.

Improving the membrane performance by functionalization of GO, was utilized by
Chien etal.,, 2013 [224], where GO was sulphonated using sulfanilic acid solution.
This sulphonated graphemxide (SGO), was mixed with Nafion resin for film
casting step. 0.05 wt% SGO incorporated Nafion hybrid membrane showed higher
water uptake characteristics than Nafion 115, resulting in 40 % improved
performance (30 mW crifor the standard and 45 mW @nfor the hybrid

membrane), when tested in methanol fuel cell system.

Nicotera etal., 2014 [225] used-amino tpropane sulphonic acid for sulphonating
GO and showed similar improvement in performance as Chiah, @015 [224].
Parthiban eal., 2016 [226] sulphonated usingb&nzene diazonium sulphonate for
sulphonation and obtained performance improvement in a direct methanol fuel cell
(figure 2.5.2.6).
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Figure 2.5.2.6: Incorporation of sulphur groups [226]

Fengetal., 2014 [227] decorated Si (silica) groups onto GO surface and sulphonated
using 3mercapto propyl trimethoxyl silane (MPTMS) finally resulting in- Si
SGO/Nafion hybrid membrane. He attributed that sulphonation increased
hydrophilic property of membree leading to high proton conductivity, whereas

addition of silica groups improved the dispersion of GO in the Nafion matrix.

In addition to sulphonatiorKim et al., 2015 [228] coupled phosphor groups onto
GO and used with Nafion matrix for solution casting membrane preparation.
Phosphor groups were introduced using phosphotungstic acid to the GO solution.
These phosphor group form hydrogen bonds with water, hencehimduse as
proton conducting materiallherefore,showed higher proton conductivity than
conventional Nafion 212 and performance improvement in hydrogen fuel cell

systems.

Zhang e#tl., 2016 [229] used phosphonic acid functionalised graphene dx{@e),
in Nafion matrix by using alendronic acid. The phosphonic acid groups improved
the water retention characteristics of the composite, as a result showed 1.3 times high

proton conductivity than Nafion 212 for usage in hydrogen fuel cell systems.
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Henceall these approaches in hybrid membranes started with using graphene oxide
(GO), then followed sulphonation and phosphonation of GO to further improve

membrane characteristics, as given in the figure 2.5.2.7.

l Graphene oxide (GO) ]

- Solution casting method
- Spin coating method

v v

- Sulfanilic acid
- 3-amino 1-propane sulphonic acid
- 4-benzene diazonium sulphonate

- Phosphotungstic acid
- Alderonic acid

Figure 2.5.2.7:Summary of hybrid membranesusing GOin Nafion matrix

GO usage in other than Nafion membranesJianget al., 2013 [230], utilized

sulphonated GO in sulponated poly ether ether ketone (SPEEK) membranes. In his

wor k, he synthesized GO by Hummer3bs met ho
mercapto trimethoxy silane and then mixed with SPEEK solution for casting.

Different concentrations of SGO were tested for optimization and 5 w%
SGO/SPEEK membrane showed 35 % enhanced performance than the Nafion 115
membranes, attributed to the improygdton conductivity characteristics. A similar

approach was carried out using propane sultone as sulphonic acid precursor by Heo

etal., 2013 [231].

Further improvements like ternary hybrid membranes were proposed by Zhang et
al., 2013 [232] and Beydaghi at., 2015 [233].
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Zhang etl., 2013 [232] used phosphoric acid doped SPEEK with SGO. Phosphoric
acid doping enhances proton conductivity of SPHERd(ever excess concentration
leads to swelling of membrane. To prevent this, SGO were added onto the
Phosphoric acid doped SPEEK matrix by solution casting. This membrane exhibited
higher water uptake, mechanical stability by the usage of both phosatoadic
doping and SGO. A similar approach was used by Beydagtii, @015 [233] by

using ferric oxide incorporated GO particles and forming hybrid with SPEEK

membrane for methanol fuel cell applications.

In PBI based membranessulphonatedsO onto PBI maix were utilised by Chu

et al., 2015 [234] using propane sultone as sulphonation agent. This membrane
showed high proton conductivity and low methanol crossowangto the usage of
SGO.

In chitosan-based membranes, sulphonated and phosphonic acid functionalised
GO were incorporated in main chitosan backbone for performance improvéiaent.
etal., 2014 [235] prepared SGO by treatment oh8th acryloxy propyl trimethoxy
silane with GO and then this SGO is mixed witthitosan resin solution for
membrane castindai etal., 2015 [236] used dimethyl vinyl phosphonic acid as
precursor to functionalise GO. Both works, reported high proton conductivity owing

to the functionalised GO material in the membrane matrix.

In polyimide (PI) membranes:He etal., 2014 [237] carried out the effect of GO

particle size onto PT membranes for methanol fuel cells. During GO formation by
Hummer 6s method, he used different sizes
reported that G@btained from 400 nm sized graphite exhibited smaller size than

other GOs. This small size GO was found uniformly distributed in the Pl matrix, as

a result reduced methanol passage by 60 %, leading to 40 % improved performance
(from 2.5 mW cni? for the bae membrane to 4 mW ¢hil/GO membrane).

Pandey eal., 2014 [238] functionalized GO with usingBercapto trimethoxy silane
to form sulphonated GO (SGO) and used in with PI resin for casting membranes. He
reported 30 % performance improvement (from 60 om? for the base membrane

to 75 mW cn? hybrid membrane) than Pl membrane in methanol fuel cell
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conditions, owing to the water retention feature of SGO. Kowsaii,&014 [239]

used phosphoric acid GO and used in the PI matrix. This membrane shigived h
proton conductivity and thermal stability due to the presence of phosphor groups in
the GO.

In poly ether sulfone (PES) membranesGabhlot etal., 2014 [240] used chloro
sulphuric acid to functionalize GO and used with PES. Whereas Zlzo 2015

[241], used sulphonated GO usingu®ino propyl tri ethoxy silane and used as a
composite with PES. Membranes from these research works, showed high proton
conductivity than PES, due to the inclusion of sulphonic acid groups onto the PES

backbone, aiding iproton transfer.

Therefore GO due to its hydrophilic nature led to increased proton conductivity of
the composite membranes leading to performance improvements on using as a
composite with Nafion and other noafion type membranes as described above in

this section. However, dissolution of GO additive from the Nafion with prolonged
usage in the usage of composite membranes, has led researchers to move towards
simple barrier layer approach [242, 243] which are given as follows.

In barrier layer approach using GO, Lin et al., 2013 [244] used GO paper
laminated onto the anode side of Nafion 115 bypgressing. This NafiolsO
arranged dual layer, reduced methanol permeation current from 0.7 A (standard) to
0.3 A and also showed decreased pratmmductivity than the conventional due to
hot-pressing step. Overall this configuration improved the cell performance from 10
mW cmi? (standard) to 30 mW crvor the Nafion/GO paper.

The disadvantages of GO lamination during fuel cell operation in thik, w@s
mitigated byPaneriet al.,, 2014 [245], where GO membrane is placed between
Nafion between two Nafion 211 membranes (figure 2.5.2.8). This type of
arrangement improved the performance by 50 % (from 30 m#fonthe standard
to 50 mW cn? for Nafion/GO membrane at 5 M methanol operating conditions) the

expense of proton conductivity with reduced methanol permeation.
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Figure 2.5.2.8: (a) Sandwiched GO in between Nafion 211 membranes (b)
Nafion 212 membrane [245]

Approaches based on crosslinki@@, to prevent delamination and dissolution was
carried out byYuan et al.,, 2014 [246]. In his work, he first immersed Nafion
membranes ipoly diallyl dimethyl ammonium chloride (PDDA) solution and then

in GO solution for layer by layer assembly configia (figure 2.5.2.9). The
mechanism is that PDDA (cationic electrolyte) binds to the negatively charged sites
of GO by electrostatic interaction thereby prevent their dissolution, by anchoring
onto Nafion membrane. Optimum performance was idextifvith 2-bilayer
configuration, showing 60 %rom 16 mW cn? for the standard to 26 mW chfior

the graphenenembrane)mprovemenin performance.
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Figure 2.5.2.9: Steps in NafiofPDDA-GO assembly formation [246]

Similar approach was carried out usihgd phenyl diamine hydrochloride (PDHC)
by Sha Wanget al., 2015 [247], as given in the figure 2.5.2.10. Thisl&gered
arrangement of G®DHC on Nafion membrane, exhibited maximum performance
of 65 mW cn? (higher than conventional Nafion 117 showing 35 mW?2gioy
reducing crossover at the same affecting proton conductivity.
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Figure 2.5.2.10: Cross linking of (a) Nafion with PDHC and (b) PDHC with GO
[247]

Gao et al., 2014 [248] improved thgroton conductivity of GO membrane by
introducing oxygen functional groups by ozonation. Ozonated GO (OGO)
membrane showed higher proton conductivity than GO (due to higher oxygen to
carbon ratio of samples), with NafiedGO-Nafion assembly showing 180 muvv

2 than NafiorRGO-Nafion (120 mW cn?¥) at hydrogen fuel cell operating conditions.
Therefore,several approaches: using GO, crosslinking and functionalization to
improve membrane properties were followed. Table 2.5.2.1 give the summary of

these barrier layer approaches using GO.
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Table 2.5.2.1: Summary of barrier layered membranes usingO

MATERIA L APPROACHES
Graphene oxide (GO) x Laminated onto Nafion by vacuum filtration [244]
GO x  Sandwiched between two Nafion 211 membranes [245]
Crosslinked GO x  Crosslinking ofpoly diallyl dimethyl ammonium chlorid

(PDDA) with GO and layer by layer formaticj246]
x Crosslinking of 1, 4 phenyl diamine hydrochloride (PDH
with GO and layer by layer formation [247]

Oxygenation of GO x Ozonation of GO followed by membrarmeparationby

vacuum filtration [248]

Overall graphene oxide (GO) and their related material have been utilized in the
membrane layer due to its proton conducting/stability characteristics and
corresponding improvemein performance are attained as discussed in this section
2.5.2 [216 250]. However,the need for a membrane material with better proton

conducting characteristics still persists expecting high power output.

Recently it has been discovelegdGeim etl., 2014 [251]that single layer graphene
(SLG) has shown to av proton transfer (figure 2.5.2.114)s0, it has already been
established that graphene based membranehiginty impermeable taall other
atomsexcept helium due to the tight packingaamgement of carbon atoms [252,
253] (figure 2.5.2.11b).
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Figure 2.5.2.11 (a) Proton transport characterization through single layer
graphene (SLG)by Geim et al., 2014 [25]L(b) Decreased permeation of alcohol
based fues through graphene membrandoy Nair et al., 2012 [252

Therefore,in the membrane layer reseansbrk in the chapter ,7/SLG (one atom
thick) transferred to the anode side of MEA is used as a barrier layer and its
performance willevaluatedn a DMFC The synthesis procedure and methodology

to characterize number of layers will be described in detail in the sections 3.5 and
3.6 of the chapter 3.

It is known that proton exchangeembrane is the key component of MEA, hence
study of properties affecting membrane performamitlestand & asupporting data

for cell performance analysi®sults obtainedsing different materials [254, 255,
256]. Among several membrane propertiggpton conductivity and methanol
permeabilityare considered as influential membrane factors in determining cell
performance [257, 258, 259].

Proton conductivity gives an estimation of proton transport through the membrane
and is determined using several techniques which are classifiediasamd exsitu

[260, 261, 262, 263]. Innisitu methods, proton conductivity svaluated during
actual fuel cell operatio while in ex-situ methods, this is measured in a separate

chamber in the absence of fuel cell conditions. In thesitex characterization,
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methods like: obtaining the membrane resistance by applying potential [260] and
using impedance spectroscopy [26B2P in a separate chamber, where the
membrane is placed between two conductive electrodes are followed. Apart from
this, Ren et.al, 2010 [263] measured the ion exchange capacity and water uptake
capacity of the membranes and related to proton conductBityafter the DMFC
studies reported by Mueller et.al, 1998 [208] and several others [209, 101], using
impedance spectroscopy in an actual fuel cell operation, this is widely followed to

obtain proton conductivity.

Methanol permeability: There are severanethods followed to measure this
property. These include: relating open circuit voltage (OCV) to the methanol
diffusion coefficient [264], using current transient analysis [265], using
pervaporation set up to measure permeated methanol [266], measaniiwy)
dioxide concentration at the cathode to give an estimation of methanol permeation
are followed [267]. Among different methods, measurements using linear sweep
voltammetry of cathode electrode (electrode where methanol is permeated) in a fuel
cell setup are preferred as measurements can be carried out on MEA in fuel cell set
up [268].

The mechanism and the procedure followed to measure these membrane properties
will be described in detail in the section 2.@f this chapter 2. Figure 2.5.2.12 gives

the overview of materials synthesis, their methodology, sample and membrane
characterization and fuel cell characterization methods in this membrane research

work.
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Single layer graphene by chemical vapour

Stage I: Material deposition and transfer onto fuel cell

synthesis electrode
Stage II: Sample Raman spectroscopy
characterization

Stage III: Fuel cell
membrane characterization

Stage IV: Fuel cell performance
testing

Figure 2.5.2.12: Overview of material synthesis and fuel cetharacterization

methodologies in the membrane layer research work

2.6: FUEL ELECTRODE CHARACTERIZATION PROCEDURE

2.6.1 Electrode reaction resistance (BRR)

In order to obtain ERR values, it is essential to understand ntipediance
spectroscopytechnique. Impedance spectroscapyan alternating current (AC)
signal base@lectrochemical techniquevhich gives the impedance of a system by
applying a sinusoidal voltage and measuring corresponding current [269, 20, 271

Indi rect current (DC) form, the resistance

Where,
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R-Resi stance (YY)
V - Voltage (V)

[T Current (A)

In AC form, the resistance is given as impedance, represented by,

Z= Vac/ | LGk v v v s u e n e e nn e e e e e e s (2613
Where,
Z-l mpedance (VY)
Vac - Sinusoidal voltage applied (V)
| ac - Alternating current measured (A)
g‘n S
=
—
Time
=
B N
=
)
\ /\ Time
/ >

a (Phase shift)

Figure 2.6.1.1 Voltage and current as a function of time in AC signal [253]



Chapter 2: Literature review |123

Since AC signal is a function of time and frequency (figure 2.6.1.1), voltage and

current components are detailed as:

Vac = V0 COS (Wh)..uiiiii i e e e e e e e e e e e e eeeeeaennnes (2.6.1.3

lac=locos Wt-U) . . . . . . . . . . (2619 L

Where,
Vo - Voltage signal (V)
loT Current signal (A)
w-Angul ar frequency (= 2 ~ f), where

U- Phase shift

Using equations 2.6.1.3 and 2.6.1.4, gives the Z (impedance) as:

Z=[Vocos (Wt)]/[locos (Wt-U) Terimrvrermmnene. (2.6.1.5
The i mpedance is given as function of (Z6
Z =-jZBZO. . . . (2610, L
Where,
Z6 cos(@
Z66 =Ujg sin (

j - imaginary number
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Thereforemeasurement at different values of frequency, gives the widely used type

of impedance plot called as Nyquist plot, from which all the information are

extracted (figure 2.6.1.2).

Z (Overall impedance)

Z”’ Imaginary
component)

\ a (Phase shift) =

Z’ (Real component)

Figure 2.6.1.2: Nyquist plot from impedance spectroscopy as a function of real

and imaginary components [101]

Figure 2.6.1.3gives a typical impedance plobtained during an actual fuel cell
operationand measurement of electrode reaction resistaviceller et.al, 1998

[208] and others [101, 209] reported thaaxs intercept from an impedance plot
obtained during an actual fuel cell operation corresponds to ohmic resistance. This
ohmic resistance is offered by electrode and membrane component2(®)8

Since the resistance from the membrane is higher than other components, this ohmic
resistance is interpreted as membrane resistance from where the proton conductivity

is calculated [101, 209].



Chapter 2: Literature review |125

I 0.15 - 1
0.10 - -
o
£
=)
<
N 0051 -

Charge transfer resistance +
Mass transport resistance

0.00 1

0.00 0.05 010 0.15 020 0.25 030 035
2

Z'Qem®) ———»

Figure 2.6.1.3 Typical Nyquist plot from impedance spectroscopy obtained

during fuel cell operationand electrode reaction resistance measurement

Whereas, the arc fromaxis intercept till the end corresponds to both charge transfer

or activation resistance (catalysis ability) and mass transport resig@ssociated

with transport of fuel towards the catalyst sites) [208, 209]. At low values of current

density, charge transfer resistance is dominant, whereas at high current density

values, mass transport resistance dominates [21, T2@Jrefore,this resstance

of fered from the electrodes is interprete

[22, 24].

Hence forth in this work, ERR is measured by impedance spectrossmy
AUTOLAB PGSTAT 30equipmentas prescribed by Mueller et.al, 1998 [208].
Therefoe, this is carried out by running impedance spectroscopy (potentiostatic) in
actual fuel cell operating conditioas 0.3 V,in the frequency range from 20 kHz to
0.01 Hz at an amplitude of 10 ny connecting the working electrode to the cathode
and reference electrode to the anotlee arc diameter from impedance curve is

measured to give ERR.
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2.6.2: Through-plane and in-plane electrical conductivity

Throughplane electrical conductivitis obtined by placing thelectrodematerial
between two platinum shed®5 um thickness, Sigma Aldriclof size 4.0 x 0.9m

as given in the figure 2.62.and then running the impedance spectroscopy
(potentiostatic)at 0.3 V,in the frequency range from 2MHz to 0.01 Hz atan
amplitude of 10 mV [211, 212]These measuremerase carried out within poly

tetra fluro ethylene (PTFE) blocks in order to ensureuthdbrm compression force

is applied throughout the set.up torque of 0.66 N m is applied acrade block

and is maintained the same for all samples, so that the compression does not affect
the measured valueshe xaxis intercept from the impedance p{obtained from
electrode placed between platinum foilgyes the resistance from where the

eledrical conductivity is calculated according the formula below (equation

2.6.2.).

Nuts and bolts

To counter and
reference electrode

PTFE block

o

n Platinum foil

‘ Electrode material

Platinum foil

PTFE block

J

Figure 2.6.21: Schenatic representation of throughplane electrical

To working and
sensor electrode

conductivity measurement set up



Chapter 2: Literature review |127

Through-plane conductivity= Te / [R X A].ceevvviiieiiiiiiiiiinennn. (2.6.21)
Where,
Throughplane conductivity of electrode (Sém
Te- Electrode thickness (cm)
R- Resistance obtained fromexx i s i nt ercept of i mpeo
A - Electrode area oplatinum (cr)

In-plane electrical conductivitis obtained by placing four platinum she@§ um
thickness, Sigma Aldrichof size 4.0 x 0.9 cm at a distance of 0.5 cm on the electrode
(facing the mateal) as given in the figure 2.62and themunning the impedance
spectroscopy (potentiostatic) for the conditions mentioned e#oti¢hroughplane
conductivity [211, 212]. From the resistance value obtaireakis intercepbf the
impedanceplot) the electrical conductivity is calculated acdaglto theformula

below (equation 2.6.2.2).
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PTFE block
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reference electrode

Figure 2.6.2.2 Schematic representation of ifplane electrical conductivity

measurement set up

In-plane conductivity= D/ [R X W XTE].ceeeviiiiiiiie e (2.6.2.9
Where,
In-plane conductivity of electrode (S ém
D - Distance between platinum electrodes (cm)
R- Resistance obtained fromexx i s i nt ercept of i mpeod
W - Width of platinum electrode (cm)
Te - Electrode thickness (cm)

The thickness of the samples were measured using a micrometer (DM 1025, from
Digital Micrometers Limited) at five different points and their average value is used.

To confirm the validity of the measured values, electrical condtycof the Toray
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Carbon Paper TGPH 090 (280 um thickness, Fuel Cell Store) are first measured and

the obtained results agrees well with the ones provided by the supplier.
2.6.3 Methanol oxidation reaction (MOR)

Figure 2.6.3.Jgives a typical MOR plotlatained bycyclic voltammetry as and the
procedure is followed as prescribed I8ha et.al, 2009 [215]. During the
measurement, methanol is passed through the membrane electrode assembly (MEA)
on anode and nitrogen on cathode side (to nullify the reachocathode). The
maximum current obtained gives the amount of methanol oxidised whereas the onset

potential gives the catalytic ability of the electrode.

Therefore,in this work, MOR is obtained byunning cyclic voltammetryusing
POTENTIOSTAT 30 model, AOTOLAB equipment on the MEA by passing 50
mL min? of methanolsolution onanode sideand dry nitrogen gas at 1 L miigat 2
bar pressure) on the cathode side. Then anode elepinteigialis scannedrom 0
Vto 1V at a scan rate of 10 mV pgcondworking electrode is connected to the
anode whereas reference electrode to the cathdde maximum current obtained
from the plot is noted to give MOR current [249
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Figure 2.6.3.1 Typical MOR plot obtained by cyclic voltammetry

2.7: FUEL CELL MEMBRANE CHARACTERIZATION
PROCEDURE

2.71: Proton conductivity

Proton conductivity is measured according to [208, 209, 101] by running impedance
spectroscopy usinOTENTIOSTAT 30 model, AUOTOLAB equipmenThe
theoryof impedance spectroscopyd typical impedance plot obtained in an actual
fuel cell operatiorhas already éen explained in the section 2.6.1 of this chapter 2.
This is carried out in general fuel cellepting conditions at 0.8 in frequency
range from 20 kHz to 0.014at ampliude of 10 mV by connecting the working
electrode to the cathode and reference electrode to the. imeconductivity is
calculated from the-axis intercept (gives the value of resistance from impedance
plot) according to thequation 2.7.7.1 [208, 2D9

Proton conductivity= Ty / [R X Aleeeeeiiiiiiiiiiiiiiiieeeeeeeeeeee (221
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Where,
Proton conductivity of membrane (mS%m
Tm - Membrane thickness (cm)
R - Resistance obtained fromaxis interceptof mpedance pl ot
A - Electrode area of platinum (én

The thickness of the membrane is measured using a micrometer (DM 1025, from
Digital Micrometers Limited) at five different points to get an average value. To
confirm the validity of the measured ual, membrane conductivity of the Nafion
117 (180 pum thickness, Sigma Aldrich) are first measured and the obtained results

agrees well with the ones provided by the supplier.
2.7.2 Methanol permeability

Methanol permeability is obtained by running thee&r sweep voltammetry
technique by scanning tlvathodeelectrode potential from 0 to 1 V at a scan rate of

5 mV per gcond by passing 50 nrhin™ of methanol solution the anode side and
flushed with 1 Lmin of dry nitrogen(2 bar pressure)n thecathode side [26%y
connecting the working electrode to the cathode and reference electrode to the anode
Linear sweep voltammetng an electrochemical technique where the potential or
current is scanned linear direction and the response obtainedterpreted to give
electrode and membrane properties [269, 2TB maximum current density is

noted to give extent of methanol permeation.

This measurement method is based on the principle that (figure 2.7.2.1): permeated
methanol undergoes oxidation pooduce hydrogen ions (reaction on cathode is
maintained inert by using nitrogen gas) and these pass through the membrane to
anode to produce hydrogen. (by combination of hydrogen ions generated by

methanol oxidation on anode) [268].
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Figure 2.7.2.1 Concept ofmethanol permeability measurement in a fuel cell set
up [101]
ThisistesedonFar adayds | aw of elacfalows,] ysi s (eque
CD=NXF XMPHuxX ceveeeeeieeeeiiiiiiiiiciee e (20)
Where,
CD - Current density (A cr)
n - No of electrons involved in the methanol oxidation reaction
F - Faraday constant (96500 C'gnot?)

MPiux - Methanol permeation in flux (mol ¢is?)

Once the amount of permeated methanol attains equilibrium with the oxidized
methanol, the current density reaches a plateau, which is an indication of methanol
permeated as given in the figure 2.7.2.2 [268].
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Figure 2.7.2.2 Typical methanol permeability plot obtained by linear sweep

voltammetry

Therefore, vinen the current densi(D) obtainedreaches &miting value plateay),
thisis represented asethanol permeatiocurrentdensity(MPcurrentdensit) andhence

the equation 2.7.Becomes
MPcurrent density= N X F X MPfiux wovvvviniiniiiiiiiiiinn, (2.2.2)
Where,
MPcurrent densit- Methanol permeation in current density (mA3Qm

Rearranging the equation 2.7.1 giviee following, from where the methanol
permeablityin flux is representethroughout this work.

MPqux = MPcurrent density/ [ n X F] ................................ (2723)
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3.1: DIRECT METHANOL FUEL CELL ( DMFC) WORK
STATION

Single cell membrane electrode assembly (MEA) testing for performance analysis,
determination of irsitu electrode and membrane properties and other experimental
activities werecarried ouin thedirect methanol fuel celQMFC) work station. The

work sttion used throughout this research wasigied by Yoonoo and Holmes,
2010 [272] and built at the School of Chemical Engineering and Analytical Science
workshop in the University of Manchester. This compriddur main parts namely

fuel (methanol) sudp pathway, oxidant (air) supply pathway, DMFC set up and
electrical connection pathwas given in the figure.B.1. Figure3.1.2 shows the

actual DMFC work station used in the laboratory.

DC
==Q===> — power |—— G E ........ tg‘ ....... -

Peristaltic pump supply

.____®_____

|
|
|
|
I
|
1 Voltmeter
|
|
|
|
|
|

: Flow meter Pressure regulator :

[OUEBYIdIA]

Anode side DMFC set up Cathode side

— ) |

Storage tank ”

== = Methanol supply pathway

............. Air supply pathway

( _________
Temperature || = = = = Electrical connection pathway

controller

Exhaust carbon di oxide €& =— 4‘ ;> Exhaust air and water

Figure 3.1.1: Scheme oDMFC work station for single cell MEA testing
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1- DMFC set up; 2 — Air cylinder; 3 — Methanol solution beaker;
4 — Air flow rate controller; 5 — Temperature controller
6 — Pump to control methanol flow rate 7 — DC power supply

Figure 3.1.2 DMFC work station in the University of Manchester laboratory

In the fuel Methanal supply pathwaymethanol solutiorof desired concentration

prepared from a stock solutign® 99 % puri ty f riefedflBrma cher Sc
storageank to the anode side of the DMFC setwiph the help of a peristaltic pump

(520S 1P31 model, Watsdvlarlow) at a controlled flow ratd.his methanol stream

enters the DMFGetup through thenade inlet from the bottom of the bipolar plate

and is allowed to flow upwards. This arrangement is vital to remove carbon dioxide

formed during the anode reaction, as carbon dioxide settles in the anode channels

and blocks the incoming methanol from reaghthe catalyst layer [97, 98, 99].
Hencetheanode outlet contains unreacted methanol solution and carbon dioxide gas

evolved during the anodic reactifd8, 99]
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The oxidant(air) supply pathway consists of air supplied through pipelines from a
pressuized gascylinder to thebipolar plates on theahode side of the DMFC set

up, through air flow meter (FR 2000, Key instruments) with the pressure regulated.
Air fed through the cathode inlet undergoes a reaction with the hydrogen ions and
electrondrom the anode reaction to form water [21, 22]. The flow direction of air is
essential as the water formed during the cathode reaction could accumulate, settle
and block the pores of the MEA [99, 100]. This could prevent the incoming air
stream from accessinlgd catalyst sites thereby affecting the reaction on the cathode
side [98, 99]. To facilitate this, the air stream is passed from top of the cell to the
bottom to remove water formed by the effect of gravity [99refore,the outlet
stream contains watemethanol (permeated from the anode through the membrane)
and un reacted &j97, 99]

MEA PLACED
BETWEEN THESE
TWO GRAPHITE
BLOCKS

o ' | CATHOD AIR OUTLET

o B
— |

ANODE

R ETHANOL
y % INLET

Figure 3.1.3 DMFC set up in the University of Manchester laboratory
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Figure 3.1.4 Schematic representation oplacement ofMEA in DMFC set up

The DMFCsetup isvhere the MEA is placed and evaluatedperformanceApart

from the MEA, this also containsipolar platespoly tetra fluro ethyleneRTFE)
blocks with provision for attaching heating plates and aluminium plates at the
exterior with holedor inserting nuts and screws as given in the figure Jafhd
figure 3.1.4 The MEA resides in the centre of the DMFC setAsilicone gasket

with thickness of approximately 300 pum is cut in such a way ithexactly fits
around the edges of thilmw field channels of the anode bipolar plate [273, 274]
This is used to provide sealing, prevent leakage of reactant from the DNIE@ se
and insulation between two electrodes in order to prevent a short circuit\&x3].

to thegaskets are the bipolar platdhesebipolar plates made of graphite are used
to accomplish many goals such as uniform distribution of fuel and oxidané to th
MEA surface, conduct electrical current to/from external load and heat management
across the MEA [275, 276)Within those bipolar platesserpentine flow ield
channels are machined (figure 3.1.5). Different types of flow field patterns namely

spot, intedigitated, parallel, combination of parallel and serpentine, spiral, fractal
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are reported in the literature for usage in fuel cells [274]. However serpentine flow

fields are used widely because of their good mass transfer rate, effective water
removal, eflective reactant transport and ease of fabrication and henceforth used in
this work [275, 276].

Figure 3.1.5: Serpentine flow field pattern incorporated graphite block

Heating plategHP06, DBK)are placed next to eadldipolar plate to heat the fuel

cel for operation at elevated temperaturésese plates are connected to a digital
temperature controller which measures the temperature with the help of a
thermocouple inserted onto the drilled holes on the bipolar platEhe next
component towards thexterior of theDMFC set up is the PTFE block, used to
provide support to the complete DMFC setdavity is made in each PTFE block

in order to accommodate the heating plates firmly within the assembly. An
aluminium end plates the outermost componenh @ither side of the assembly
whose purpose is to prevent damage to these blocks during the tighterongoécti
nuts and washers and to decrease contact resistance between different layers of
MEA.

The electrical connection pathway consists of temperatn&oller, voltmeter, and
direct current (DC) power supply which are used during MEA tesiing.working
of this temperature controllédESCN model, OMRON)])s controlled by LabVIEW

software program, so that temperature can be programmed and variedmgpend
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testing requirementsvoltmeter (DIGIFLEX) is used to measure voltage drop
between anode and cathode, while DC power supply (PSU 18V, 10A model, AIM

TTI Instruments) is used to derive current from MEA during performance analysis.

3.2:. STANDARD MEMBRANE ELECTRODE ASSEMBLY
(MEA) FABRICATION PROCEDURE

The design and fabrication of the membrane electrode assembly (MEA) is paramount
to obtain maximum utilization of materials used and thereby achieve maximum
performance [97, 99, 100].

In this work, catalyst coated gas diffusion layer (CCGDL) approach of MEA
fabrication is followed according to Yonoo and Holmes, 2010 [2&38@rch group
predecessQrFirst the materials involved in microporous layer and catalyst layer are
prepared in théorm of an ink and applied onto the gas diffusion layer using a spray
coating (air brush) method. Then the electrodes and the membranes are assembled
to together to form the MEAGigure 32.1 gives the approximate timeline and steps

in the fabrication oMEA.
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Figure 3.2.1: Approximate timeline and steps involved in MEA fabrication

3.2.1: Microporous layer preparation

Conductive carbon material, Ketjen Black BG0J, AkzoNobel), in combination
with a hydrophobic material poly tetra fluro ethylene (PTFE) (20 wt% dispersion in
water, Sigma Aldrich) [98, 99] are utilized to prepare microporous layer. The

purpose, importaze and role of these materials have already been described in

section 3.1.1 of chapter 3.

Ketjen Bl ack

to form an ink. The percentage of PTFE in the microporous layer ink is fixed at 10
wt% (as given in the procedure [272]) to create an optimum porous structure to aid
in transport process of reactant and product. The calculations involved in
microporous layer ink preparation and their description can be found in the Appendix

and PTFE

B and the proedure is given as follows.

ar e

di sper sed

n

S

(
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Microporous layer ink preparation procedure:

1 Requiredquantity of PTFE(in grams) is weigéd into a sample bottle and 2
mL of isopropanol is added and sonicated for 30 minutes.

1 Then the required quantity of KetjeraBk (in gramg is carefully addeehto
the centre of the bottle and sonicated for 30 minute$ alhbf the Ketjen
Black is well dispersed in the isopropanol.

1 The next amount of isopropanol addition is carried out as shown in tiee tabl
6.1 (Appendix B with repditive addition of isopropanol at a time interval of

30 minutedill a total volume Aout 20 mL is reached

Once the carbon ink is prepared, this is sprayed onto thdif§asion layer (Toray
Carbon Paper TGPH 090, 280 um thickness from Fuel @GmikBisingan airbrush,
until the target mass of 1 mg &wof Ketjen Blackloadingis reached. Then the
electrodes are sintered at 3@Wfor 3 hours to allow the microporous layer to settle

and reach uniform thickness [277, 278].
3.2.2 Catalyst layer preparation

The catalyst layer is comprised of carbon supported catalyst material in addition with
Nafion ionomer, to carry out catalysis, electron transfer and proton transfer processes
[129, 130, 131]. In this work, 60 wt% platinum (Pt)/Vulcan-XZ (from Premete

is used as cathode catalyst. On the anode bidgtallic catalyst: 60 wt% Pt
Ru/Vulcan XG72 (1.1 atomic ratio of Pt:Ru, from Premetek) is used, as Ru offers
active oxygen species for oxidation of intermediate species, thereby preventing them

adsorpton on catalyst surface and poisoning, hence [99, 129].

The composition of Nafion ionomer is fixed at 15 wt% based on previous results
from Yoonoo and Holmes, 2010 [272] (research group predecessor). This catalyst
with Nafion ionomer is dispersed in acetone to form an ink for spraying onto the
microporous layerwhere procedure is given as followW$e calculations anelxact

quantities of materialadded were given iAppendix B
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Catalyst layer ink preparation procedure:

Required mass of Nafion ionomer is weighed in a container.
Then 15 mL of acetone is addedthis mixture.
This mixture is sonicated for 30 minutes to disperse the Nafion in solvent.

Required mass of catalyst powder is weighed and added to this mixture.

= =2 4 A4 -

This mixture is sonicated for 60 minutes to disperse catalyst particles.

Once the catalysayer ink is prepared, spraying is carried out, until target mass of 1
mg cm? of Pt on both electrodes are reached. Higher loadings of catalyst showed
improvedperformance, however tend taciease the cost of the catalysts; hence 1

mg cm? of Pt is used throughout [279
3.2.3: Bonding layer preparation

The difference in surface roughness between the catalyst layer and proton exchange
membrane tends to create interfacial resistance lowering the final performance [96,
97]. To address this, Passalacqtial, 2001 [280] introduced the usage of a bonding
layer, made of Nafion ionomer enhancing interfacial contact and improved the fuel
cell performance. Hence bonding layer, to imprakie bonding of the whole

electrode sdace to the membrane is used [98]

This is achieved by preparing a solution consisting of Nafion ionomer (20 wt%
solution in water and lower aliphatic alcohols, from Sigma Aldrich) dispersed in
acetone and this is sprayed over the catalyst layer on both electrbdegiantity

of thebonding layeis fixed at 0.5mg cm? of Nafion, as higheloadings of bonding

layer improved the contact, but increased the proton travel pathway contributing to
cell resistance [99, 100Theprocedure is given as follows.

Bonding layer solution preparation procedure:

1 Required quantity of Nafion ionomer is weighed in a sample bottle.
1 5 mLof acetonas added to this bottle
91 Dispersion of Nafion in acetone solution is improved by sonicating this

mixture for 30 minutes.
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The calculations and exact quantities of matetiakd & provided in AppendiB.
Once the bonding layer solution is prepargtfaying is carried out until desired

target weight of Nafion is reached.
3.2.4: Proton exchange membraneREM) pre-treatment

Nafion 117 membrane (183 um thickness, from Dupont) is used as the proton
exchange membrane (PEM) in this research because of its excellent chemical,
mechanical stability and proton conducting characteristics [99, 28 1lin&hdranes
are pretreated inorder toincrease proton conducting channels so aactuee
optimum performance during their operation [38, 39, 40] and the procedure followed

is given below.
PEM pre-treatment procedure:

1 Four pieces of Nafion 117 (each of size 6.5 cm x 6.5 cm) wefeooustock
of Nafion sheets. (Maximum four pieces can betpeated at once).

1 Boiled in deionized water at 80 °C for 30 minutes to prevent swelling to
prevent delamination of membrane from the electrodes. This hydration is
carried out to avoid swellingffect, since hydration to maximum extent,
avoids membrane swelling.

1 Then boiled in 5 wt% aqueous®: (hydrogen peroxide) solution at 80 °C
for 30 minutes. This step is essential to remove organic impurities, adsorbed
on the surface of the membrdi38, 4.

{1 Boiled in 1M (molar) aqueous23Cy (sulphuric acid, prepared from 99%
stock) solution for 30 minutes. This step is important because heating in acid
solution creates acid sites in the membrane thus helping in protonic
conduction (turning the membrane intd (grotonic) form or acid form)37,

39].

After the pretreatment has been carried out, the membranes are stored in deionized

water and taken for usage whenever necessary.
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3.2.5: Hot-pressing

During membrane electrode assembly (MEA) testing, methanol is circulated to the
direct methanotuel cell (DMFC) set up and air is supplied through them to ensure
they reach the catalyst sites [97, 98, 99]. This tends to delaminate from electrodes
from the membranesgsuling in increasedontact resistance thereby decreasing the
performance and dability [282, 283. To prevent this from happening, hatessing

is carried outwhich isthesimultaneous application of heatd pressure to the MEA

[282, 283, 284].

Okur et.al, 2013 [284] worked on the duration, temperature and pressure applied on
the MEA and studied their effect on short term and long term performance. He
concludel that hotpressing atl35 °C for 3 minutesyielded MEA with best
performance supported by results frorrray diffraction (XRD), particle size
analysis [284]. Hence haqiressing is carried out in these conditions using-YLJ

HP88V hydraulic hepress equipment (from MTI Corporation).

3.3 ASSEMBLING THE MEA IN THE DMFC SET UP AND

CELL ACTIVATION

The membrane electrode assembMHA) comprising of the membrane and the
electrodess placed in between the graphite bipolar platethedirect methanol fuel

cell ODMFC) set up.Thenpoly tetra fluro ethyéne PTFE block and aluminiunend
platesare placed one above the othed tightenedising nuts and bolt#\ torque of

0.66 N mis applied in order to maintain efficient contact between the MEA and
bipolar plates. Then water is cycled through the bipolar plates to hydrate the

membrane, for at least 15 hours [38, 39].

MEAG6s do not give opti mum paesuppied(s@hce as
up time) and to achieve this, cell activation is carried out, whishbgcting MEA
to harsh conditions before analygithe performance [285, 286, 287]. Taare
several types of physical and electrochempraltreatmentmethods Physical pre

treatment methods includéhot-water boiling of MEA, placing electrodes in
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hydrogen atmosphere at higher temperatures and pres$fBes 286]
Electrochemicalpre-treatments includesubjecting the MEA to electrochemical
cycling through constd potential, constant cunt and air starvation modes [286,
287.

Among different activation methods, air starvation is followed siopBmum
performance can be obtaineda shorter duration of time andfédlowed according

to Kulikovsky et.al, 2007[288]. The mechanism is based on the phenomenon of
splitting of methanol fuel cell active area into two regions: galvanic and electrolytic,
at low air flow rates called as bifunctional regions caused by the methanol crossover
as given in the figure 3.3.288]. At low air flow rate, on the cathode side, the area
close to the air inlet acts in galvanic mode (energy generation), whereas rest of the
region due to the lack of air, turns into electrolytic mode (energy utilization to initiate
chemical reaction) ppducing hydrogen ions [288]. This is attributed to raction

of permeated methanol (from anode side through the membnatie)platinum
catalyst and thereby producihgdrogen ionsOn the anode side, methanol reacts
with the catalyst sites and prodsdeydrogen ions. These hydrogen ions produce

on the cathode pass through the membrane and combine with hydrogen ions on the

anode genating hydrogen gas.

Therefore on thanode side, hydrogen gas is geretathereas on the cathode side,
overpotential is reducedhis reduction in overpotential on the cathode side, helps

to removes oxide ions on the platinum adsorbed during the galvanic process. He et
al., 2002 [289] and Eickes et al., 2006 [290] have reported that evolution of hydrogen
gas increases the active catalyst sites from the fuel celickdlfstudies. Also
Kulikovsky et.al, 2007 [28Breported that formation of high carbon dioxide, by
increasing the fuel cell current density (in galvanic mode) improves the limiting
current densy in the polarization curve. This shows that mass transport properties

of an electrode are improved during carbon dioxide evolution.

Therefore on the anode side, active area is increased in combination with the

improvement in transport properties, wherea the cathode side platinum surface
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is cleaned [288, 289]This combined effecis considered as main reason towards

performancemprovement.

Moreover, this air starvation mode of activation can be carried out during the actual
fuel cell operation, withut the need for removing the MEA from fuel cell set up.
This offers more simplicity than other methods, where the MEA is separated from
the fuel cell and immersed in different solvents. Hence air starvation method of
activation is followed in this resedrevork andis carried out by decreag the air

flow rate to zerdor every 15 minutes until maxum performance is observed from

the polarization curve [283

Figure 3.3.1 Schematic representation of mechanism of air starvation mode
[288]

3.4: CELL PERFORMANCE ANALYSIS

Cell performance analysis is important, as this gives information about the final fuel
cell performance, hence providing valuable information about influence of the
materials used [68, 69, 29Generallythe membrane electrodesembly MEA) is
analysed for performance after carrying out activation procaesge@cribed in the

section 3.3f this chapter B Cell performance analysis is evaluated by polarzati



