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Abstract

High temperature operation ( > 120 °C) is preferred in proton exchange
membrane (PEM) fuel cells. It enhances the electrode kinetics, improves the catalyst
tolerance for impurities and allows the use of lower cost fuels such as hydrocarbons.
However, high temperature operation is not possible using the conventional Nafion
membranes. Their proton conductivity decreases dramatically beyond 90 °C. Therefore,
this work aimed at developing Nafion-free proton conducting material, based on
zirconium phosphates (ZrP) and ionic liquids (IL) to allow a high temperate operation.
ZrP/IL proton conducting—materials were prepared via the reaction of zirconium
oxychloride ZrOCl; in an aqueous solution with phosphoric acid H3PO4 at room
temperature. Seven different ionic liquids, were investigated in this work. The ionic
liquid component was added to the ZrOCl; solution prior to the precipitation reaction
with IL contents ranging from 0.4-5% by mass. The modified materials were
investigated for their proton conductivity. The results of this work demonstrated that
the addition of ionic liquids enhances the proton conductivity of the ZrP material by
orders of magnitude. Among all the tested ionic liquids, 1-ethyl-3-methylimidazolium
ethyl sulfate, 1-butyl-3-methylimidazolium dicyanamide, and 1-butyl-3-
methylimidazolium triflate produced the best results with conductivities of 2.26x 1072,
1.61x10% and 1.36x102 S cm’!, respectively. The proton conductivity of the
unmodified ZrP prepared in this work was equal to 9.24x10* S cm™!. The modified
samples were analyzed by thermogravimetric analysis (TGA), X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FTIR), Raman spectroscopy and scanning
electron microscopy (SEM). Results showed the enhancement of water uptake
properties by 40-60%, changes in morphology and changes in structure upon the
introduction of the IL component. The modified samples were processed at high
temperature (200 °C) under completely anhydrous conditions and showed a high
anhydrous proton conductivity on the order of 10* S cm™. In conclusion, it appeared
that the ionic liquids have formed hydrogen bonds with the ZrP molecules and hence,
provided additional pathways for the proton transfer and effective proton hopping sites.
The enhanced conductivity of the ZrP/IL materials make them good candidates as solid

proton conductors for fuel cells applications.

Search Terms: Polymer electrolyte membrane fuel cells, proton conductivity,

zirconium phosphate and ionic liquids.



Table of Contents

ADSTTACT ...ttt ettt e b et e et enat e e b e naeas 6
LSt OF TADIES ...eveeieniiiiieeieeee e 9
LSt OF FIGUIES ..ottt ettt ettt ettt ettt e enbeensaeenseennee e 10
INOMENCIALUTE ...ttt ettt et e st e bt et e neeesaeean 11
Chapter 1. INtrOdUCTION .......eeeiieeeiie ettt et e e e e e e e eeenaee e 12
Lol OVEIVIBW ittt sttt sttt ettt et et sb et st nae e sanes 12
1.2, ThesiS ODJECIIVES ...eccuvieiieiieeiieeiie et ettt et ettt et eebeeseesnseenns 15
1.3, Thesis OrganizZation............cceeeierieeruieeiiieniieeieeneeeteesieeeteesitesseesenesseessseenne 15
Chapter 2. Literature REVIEW .......c..coviiiiiiiiieiiie ettt e e 17
2.1.  Fundamentals of Fuel Cells........c.cccooiiiiiiiiiiiiiie e 17
2.2, Types Of FUCL CelIS .....ooouiieiiiiieiiecieeee et 18
2.2.1.  Alkaline fuel Cells (AFCS) ..coviiiiiieeieeeeeeeeeee et 18
2.2.2.  Molten carbonate fuel cells (MCFCS).......cccooveeriieeiiieeiiecieeeiee e 18
2.2.3.  Phosphoric acid fuel cells (PAFCS) ....ccccvveiiiieiiieeieeeieeee e 19
2.2.4.  Solid oxide fuel cells (SOFCS) ....oooevuiiieiiieciieeeeeeeee e 20
2.2.5. Proton exchange membranes fuel cells (PEMFCS) .......ccccoccvenirennennne. 21

2.3.  Applications of Fuel Cells........cccceovuiieiiiiiiiiieiieeeece e 24
2.3. 1. TranSpOTtatiON .......ccccuveeeiiieesiieeeieeesieeestteeesteeeseeeeseeesbeeessseeessseeensseanns 24
2.3.2.  Stationary appliCatiONS.......cceeeveerieeiiienieeieerieeieesiee e eseee e esreeenre e 24
2.3.3.  Portable appliCations..........cccueevieriieeiiieniieeieenie ettt 24

2.4.  Direct Hydrocarbon Fuel Cells ..........cocouviviiiiiiiiieiiecieeeee e 25
2.4.1. Rational for using direct hydrocarbons in fuel cells...........c.ccoeveennennn. 25
2.4.2.  Types of direct hydrocarbon fuel cells...........ccooeirviiieiiiniiiiiieiieeeee, 26

2.5.  PEM Fuel Cell EffiCiency .......ccccocuiiiiiiiiieiieeieeieeeeeiee e 30
2.6.  Motivation for High Temperature Operation............ccccceevvveerieeerieeeenreeennen. 31
2.7.  Thermodynamics of PEM Fuel Cells.........c.cccocvieviiiiinciiiiiiiiiee e, 32
2.8.  PEM Fuel Cells Membranes ............coceevuerierieeienienienieneeieeiesieeie e 33
2.8.1.  Zirconium hydrogen phosphate ...........ccccoecuieviiiiiienienieiecieeeeee 34
2.8.2.  Effect of 10niC HQUIAS.....ccuveiiiiieiiieiie e 35
2.8.3.  Effect of GLYCerol .......oooviieiiiieeieeeeeee e 36
Chapter 3. Experimental WOrk ...........cccciiiiiiiiiiiiiice e 37
3.1 INErOAUCHION c..eniieiiiiiieite ettt e 37
320 MaAETIAlS ...eeiiiie e 37



3.2.1.  Zirconium oxychloride (ZrOCl12) ......cccoviriiiiieiiieeieeeie e 37

3.2.2.  PhOSPhOTIiC ACIA....cccuiiiiiiieeiieeeiieeee ettt eaaee e 37
3.2.3. T0NIC HQUIAS .evieniieiiieiieeie ettt 37

3.3.  Preparation of Zirconium Phosphate/ lonic Liquid Powder Samples (ZrP/IL)
....................................................................................................................... 38

3.4. Characterization of the Synthesized ZrP/IL Material ............ccceeevveerreeneen. 38
3.4.1.  Electrochemical impedance spectroscopy (EIS)......ccccceevieniiieniennennnen. 38
3.4.2.  Thermogravimetric analysis (TGA).......cccceeriiriierieniieieeieeeeeeeen 39
3.4.3. X-Ray diffraction (XRD) ....ccceeovuiiiiiiieiiieeciee et 39
3.4.4. Fourier transform infrared spectroscopy (FTIR) .......cccovvevvieiniieeninens 39
3.4.5. Scanning electron microscopy (SEM) ......ccccoovvviiieniieiieniieeiieeieeieeee. 39
3.4.6. Raman SPECIIOSCOPY ...ccureerriririireniiieeniteeniteeeireeesireesiteesseesnnreeennneesnns 39
Chapter 4. Results and Discussion — Ionic Liquids .........ccceeeveeiiiieniiieniieeeeeeeieeens 40
4.1, INErOAUCION ..ttt ettt e st 40
4.2, Conductivity MEASUTCIMENES ......cccueeriietieeiieeriierteeteeereeiresaeesreesreenseesnseenne 42
4.3.  Thermogravimetric Analysis (TGA).....cccooviiriiriieriieiieeeeeeeee e 46
4.4.  Fourier Transform Infrared Spectroscopy (FTIR) .....ccccevvvviiiiiiiiiiieeieeee, 48
4.5. X-Ray diffraction (XRD) ......ooevuiiiiiiiieciiieciee et 50
4.6.  Raman SPECIIOSCOPY .eevuvvreruriiiriieeniieeiieeeriiee et e ettt e siteesbaeesbeeesbeeenareesnanes 52
4.7.  Scanning Electron Microscopy (SEM) .....c.coovuieiiiiiiiiiiiniieiecieeiee e 53
4.8. Conductivity at High Temperature............cccceevveeeiiieeiiieciie e 55
4.9, DISCUSSION .euuiientieiieiiie ittt et ettt e ettt et e b e st e e bt e sabeebeesabe e bt e saeeenbeesaeeenne 55
Chapter 5. Results and Discussion — GLyCerol............cccovuieiieniiiiiiniieiecieeiee 57
5.1 INErOAUCHION c..eviiiiiiiieiteeee ettt 57
5.2, ConductiVity MEASUTCIMENLS ......eeeeurreeerreerireenrreerreeesereeessseeessseeessreeessseesssnes 58
5.3.  Thermogravimetric AnalysiS (TGA).....cccecueeeiiieeeiieeeiee e 59
5.4. Fourier Transform Infrared Spectroscopy (FTIR) ......ccccvveviiiiiiiiiieniieiienen. 60
Chapter 6. Conclusions and Recommendations...............ccceeeevierieriiienieeiieenieeieeneenns 62
6.1, CONCIUSIONS ...euiiiiiieiiieiie ettt ettt st 62
6.2. Recommendations for Future Work...........ccccoiiiiiiniiniiiceee, 64
RETETEICES ...ttt ettt 65
VEE ettt b et h ettt e a e bttt eab e bbbt ae e b eaee 79



List of Tables

Table 1. Summary of fuel Cell tyPesS ......coviiieiiiieiieeeee e 23
Table 2. Physical properties of the tested ionic liquids at 25°C..........cccevvvveniencnnene 40
Table 3. Conductivity values for the ZrP and ZrP/IL samples ..........cccceeveerienerniennnnne 42
Table 4. d-spacing for the pure ZrP and the modified ZrP/IL samples ....................... 51
Table 5. Conductivity of ZrP/IL samples after heating at 200 °C and anhydrous

CONAILIONS ...ttt ettt ettt ettt e besaeesbeennea 55
Table 6. Physical properties of glycerol at 20 °C.........cccooovieiieriieiieniieeeee e 57



Figure 1.
Figure 2.
Figure 3.
Figure 4.
Figure 5.
Figure 6.
Figure 7.
Figure 8.
Figure 9.
Figure 10
Figure 11
Figure 12
Figure 13

Figure 14
Figure 15
Figure 16

Figure 18.
Figure 19.
Figure 20.
Figure 21.

Figure 22.
Figure 23.
Figure 24.

List of Figures

Timeline for fuel cell development ............ccccveeeviiieiiieeiiieceeee e 13
A schematic diagram of a fuel cell...........coooeeeieniiiiiini e, 17
Molten carbonate fuel cell........ccooiiriiiiiiiiniiiiin 19
Solid oxide fuel Cell.........ooouiiiiiiiiii e 21
Polarization curve for a typical fuel cell ..........cocvvvriiiiniiiiie e, 33
Chemical structure of the tested ionic liquids ..........coccveeviieriieiiienieeiieiens 41
Nyquist plot for the modified ZrP materials...........ccccoeeriiniininiinininene, 43
Nyquist plot for pure ZrP sample ..........ccceeviieiiiiiiiiniiiieeieceeeee e 44
Conductivity versus IL mass percentages for ZrP/IL materials................... 45
. ZTP Jayered STUCKUIE .....oeeeuiiieciieeiie ettt et e ree e eve e e eeaee e 46
. TGA data for ZrP and ZrP/IL samples .........ccccceevieriienieniieienieeieeene, 46
. DTG curves for ZrP and ZrP/IL samples .........ccccceevieeiieniienienieeieeeee 47
. Ratio of w ater molecules lost to molecules of zirconium pyrophosphate for
pure ZrP and ZrP/IL modified samples ........ccccvveevieeeciieniiieeciie e 48

. FTIR spectra for ZrP and ZrP/IL modified materials..........cccccccereeruennnene. 50
. XRD pattern for pure ZrP and ZrP/IL modified samples...........ccccecueneeee. 51
. Raman Spectra of pure ZrP and modified ZrP/IL materials....................... 52
Figure 17. Scanning Electron Microscopy (SEM) image for pure ZrP at different
MAGNTTICATIONS. ..ottt ettt et et sae b e eseeeaae e 53
Scanning Electron Microscopy (SEM) images for ZrP/IL samples........... 54
Proposed intercalation mechanism for ILs in between the ZrP layers....... 56
Chemical structure of glycerol ............oovvieeiiiieiiieeecee e, 57
Nyquist plot for the best conducting ZrP/GLY sample (3% by mass GLY).
Z real represents the real impedance and Z imaginary represent the
1MAZINATY IMPEAANCE ...eecvvereciiieeeiiieeciieeeiee et e eriteeeeeeereeeeaeeeereeeseseeenenes 58
Conductivity versus GLY mass percentages for ZrP/GLY materials ........ 59
TGA curves for pure ZrP and ZrP/GLY samples........ccccoevevvenenvieneennenne 59
DTG curves for pure ZrP and ZrP/GLY samples........cccccecevveneriieneennennn 60
FTIR spectra for pure ZrP and ZrP/GLY modified material...................... 61

Figure 25.

10



AFC
[BMIM][DCA]
[BMIM] [OTF]
[BMIM] [TFA]
DHFC

[DEMA][OMS]

[DEMA][OTF]

EIS
[EMIM][AC]
[EMIM][ESOx4]
FC

FTIR

GLY

IL

MCFC

PAFC

PEM

PEMFC
SEM
SOFC
TGA
XRD

ZrP

Nomenclature

Alkaline fuel cells
1-butyl-3-methylimidazolium dicyanamide
1-butyl-3-Methylimidazolium triflate
1-ethyl-3-methylimidazolium trifluoroacetate
Direct hydrocarbon fuel cells
diethylmethylammonium methanesulfonate

diethylmethylammonium

trifluoromethanesulfonate
Electrochemical impedance spectroscopy
1-ethyl-3-methylimidazolium acetate
1-ethyl-3-methylimidazolium ethyl sulfate
Fuel cells

Fourier transform infrared spectroscopy
Glycerol

Ionic liquid

Molten carbonate fuel cells

Phosphoric acid fuel cells

Polymer electrolyte membrane or proton

exchange membrane

Polymer electrolyte membrane fuel cells
Scanning electron microscopy

Solid oxide fuel cells

Thermogravimetric analysis

X-ray diffraction

Zirconium hydrogen phosphate (zirconium

phosphate

11



Chapter 1. Introduction
1.1. Overview

Global warming and air pollution are two main challenges that threaten human
health and political stability [1]. Due to the excessive use of fossil fuels for energy and
material production in the last two decades, the earth is experiencing an increase in
global temperatures and climate change. As a result of their combustion, fossil fuels
emit greenhouse gases, mainly CO», which contributes to the global warming issue [2].
Accordingly, the need for a cleaner yet, efficient energy sources is required. Fuel cells
are one of the most promising sources of a clean energy considering their low nitrogen

and sulfur oxide emissions and their low noise levels [3].

A fuel cell is a device that converts chemical energy directly into electrical
energy using a continuously supplied fuel and oxidant [4]. The idea of fuel cells was
first described by Sir William Grove in 1893 [5]. He described a hydrogen/oxygen fuel
cell that consisted of a platinized platinum electrode immersed in sulfuric acid [6]. One
of the limitations of Grove’s cell was the limited current it produced as a result of the
small effective area of the Pt electrode in the cell [7]. In 1889, Ludwig Mond and his
assistant Carl Langer started an experiment to increase the “surface of action” of the
cell. They used a porous matrix to contain the liquid electrolytes. They also initiated
the use of powdered electrocatalysts such as platinum black [8]. In 1893, Friedrich
Wilhelm Ostwald determined the relation between the different components in a fuel
cell: the electrodes, the electrolytes, the anions and cations [9]. Francis Bacon, in 1932,
modified the Mond and Langer model, which led later to the development of the first
alkali fuel cell [10]. By the end of the 1950s, Francis Bacon developed a 6 kW fuel cell
stack [11]. The first practical fuel cell, however, was used in the U.S. space program.
General Electric (GE) developed the first polymer electrolyte membrane (PEM) fuel
cells in the early 1960s, which was used in the Gemini program [12]. Thomas Grubb
and Leonard Niedrach used sulfonated polystyrene membranes, but these were replaced
by Nafion in 1966 [13]. In 1986, D.S Watkins, one of the developers at the Ballard
organization, found that an experimental membrane made up by DOW chemicals had
the ability to increase the PEM fuel cell power by four times [14]. Figure 1 shows a

timeline that gives a summary of the fuel cell development.
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1839 * The first fuel cell described by Sir William Grove

*Mond and Langer developed porous electrodes and
powdered electrocatalysts

*Ostwald determined the relation between the different
components of a FC

*Bacon developed the first AFC

1889
1893

1932

1950s *Bacon developed a 6 kW fuel cell stack

1960 *NASA used the first AFC for space technology

1960s +*GE developed the first PEMFC

*Ballard with DOW produced a membrane that increased
PEMFC effeciency 4 times

*Fuel cells commercialization

1986

2007

Figure 1. Timeline for fuel cell development

Fuel cells can be classified based on their electrolyte material into five types:
phosphoric acid, alkaline, solid oxide, molten carbonate, and proton exchange
membrane or polymer electrolyte membrane PEM fuel cells (PEMFC). Among these,
PEMFCs offer excellent performance using hydrogen or methanol as fuels. They
possess an all-solid structure (referring to the solid electrolyte) that makes them perfect

candidates for many applications.

Nafion, manufactured by Dupont, is the most widely used membrane in
PEMFCs [15]. This perfluorosulfonic acid membrane functions well, at temperatures
around 80 °C and fully hydrated conditions, displaying a proton conductivity of 0.1 S
cm! [16]. However, as the temperature increases, Nafion dehydrates and its proton
conductivity dramatically decreases [15]. High temperature operation is preferred in
PEMFC:s for several reasons. It enhances the electrochemical reaction kinetics for the
fuel cell, improves water management and, increases the fuel cell tolerance for
impurities such as carbon monoxide (CO), hence, allows the use of a more variety of
fuels and catalysts [17, 18]. Unfortunately, increasing the operating temperature is not

permitted with the use of Nafion membranes.

Hydrogen is the most commonly used fuel in PEM fuel cells as it has the highest
current density of all types of fuels [14]. Hydrocarbons offer many attractive features

as opposed to hydrogen. They have higher energy storage density, and are easier to
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store and transport. Hydrocarbon fuels have a well-established infrastructure. For
example, Propane is distributed by trucks in North America to rural locations while
natural gas is distributed by pipelines into urban areas. The use of hydrocarbons as fuel
eliminates the fuel processor unit and decreases the cost of PEMFCs. The advantages
of hydrocarbons appear to be substantial; however, their reaction rates are extremely
small at low temperatures [19]. As a result, high temperature operation is required. With
their lower cost and existing infrastructure, it appears that there is a merit to use
hydrocarbon fuels in PEMFCs. In order to use such fuels, the operating temperature of
PEMFCs should be increased. Current perflourosulfonic acid membranes cannot be
operated at temperatures beyond 90°C. Hence, there is an immense effort to develop
high temperature proton conducting membranes. These efforts have achieved moderate

success so far.

Ionic liquids incorporated in Zirconium hydrogen phosphate Zr(HPOa)> (ZrP)
are investigated in this project as a solid protonic conductor that can replace the current
perfluorosulfonic acid membranes. Zirconium hydrogen phosphate Zr(HPO4), (ZrP)
has been studied since the 60’s of the last century and characterized by its layered
structure and ion-exchange properties. It has good proton conductivity at temperatures
higher than 120 °C [20]. ZrP composite membranes have also showed reasonable
proton conductivities at high temperatures [21]. Novel membranes based on ZrP
polytetrafluoroethylene (PTFE) and, Glycerol (GLY), were reported in the literature
[22]. ZrP was also successfully incorporated in perfluorosulfonic acid membranes, e.g.

Nafion [23].

Ionic liquids are salts, typically consisting of organic cations and inorganic
anions, that exist in the liquid phase at ambient temperatures. They have attracted
increasing attention over the past decade for a wide range of applications due to their
unique physical and chemical properties. In particular, ionic liquids are of significant
interest in electrochemical energy applications, due to their wide electrochemical and

thermal stabilities, negligible volatilities and high ionic conductivities [24].
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1.2. Thesis Objectives

This work is aimed at developing a Nafion-free proton conducting material,
based on zirconium phosphates (ZrP), ionic liquids and glycerol as a possible
electrolyte material for direct hydrocarbon PEMFCs. Direct hydrocarbon fuel cells are
proposed to satisfy electricity needs in modest quantities for the residents of rural areas

and certain portable applications.
The main objectives of this study are to:

1- Synthesize novel proton conducting materials based on ionic liquids (ILs) and
zirconium phosphate.

2- Investigate the proton conductivity of the synthesized zirconium
phosphate/ionic liquid material.

3- Study and optimize the content of ionic liquids, that provides the highest proton
conductivity, in modified zirconium phosphates.

4- Evaluate the properties of the synthesized material including their proton
conductivity via electrochemical impedance spectroscopy (EIS), morphology,
structure and water uptake characteristics using various analysis techniques
including: Thermogravimetric analysis (TGA), Fourier-transform infrared
spectroscopy (FTIR), Raman spectroscopy, scanning electron microscopy
(SEM), and X-ray diffraction (XRD).

A sub-objective of this study is to synthesize novel proton conducting materials
based on glycerol and zirconium phosphate and investigate its proton conductivity,

thermal stability, water uptake and morphology.
1.3. Thesis Organization

This thesis is divided into six chapters. Chapter one is the thesis introduction. It
includes an overview of the project, the problem statement and the objectives of the
study. Chapter two includes an extensive literature review about applications of fuel
cells, different types of fuel cells and direct hydrocarbon fuel cells (DHFC). It also
provides information about the currently used proton conductors and the suggested
alternative electrolyte materials for PEM fuel cells, including zirconium phosphate,
glycerol, and ionic liquids. Chapter three deals with the materials and detailed

experimental methodology used to carry out this project. Chapter four presents the
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experimental results on the study and development of the proton conducting materials.
It also provides a detailed analysis and discussion for the findings in this research.
Chapter five presents the results and discussion for the incorporation of glycerol in the
ZrP material. Chapter six includes the conclusions and recommendations for future

work.
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Chapter 2. Literature Review
2.1. Fundamentals of Fuel Cells

A fuel cell is composed of a conducting electrolyte, a cathode and an anode.
This layer combination is called the membrane-electrode assembly (MEA) [25]. As an
illustration, a schematic diagram of a PEMFC is shown in Figure 2. The fuel, such as
hydrogen, is continuously fed to the anode where an electro-oxidation reaction occurs,
and hydrogen ions and electrons are released. The electrons are forced to move toward
the cathode through an external circuit. The hydrogen ions (protons) diffuse through
the electrolyte membrane toward the cathode. Hence, the membrane does not only
separate the anode from the cathode but also acts as a proton conductive medium. At
the cathode, the oxidant, O (or oxygen in air) is fed. Oxygen is reduced by the coming
electrons from the anode, to form O? which combines with H' to form water. The final
products of the PEM fuel cell reaction in this example are electricity, water and heat

[26].

F
se LT =
1 §
er
] 7 +1 e Hn
— 1207+ 2H*+2e"—H;0
H=F
—F -
D,
=
H. O
e a
i = 0

Excess Fuel
ANDOE s CBihode

Figure 2. A schematic diagram of a fuel cell

If the fuel was a hydrocarbon, the electro-oxidation reactions in the fuel cell can

be also illustrated as follows, taking propane (C3Hs) as an example [27]:

CsHs +6 HO -3 CO2 +20 H +20 ¢
(1)
Oxygen or air enters the cathode, and the following reaction takes place:
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50,+20H"+20e — 10 H,0
2)

The overall reaction is:

CsHg +50; -3 CO2 +4 H,O
(3)

It can be seen that six moles of water are required for the reaction per one mole of

propane reacted as per equation (1) for the anode side.

2.2. Types of Fuel Cells

Fuel cells are classified according to the type of the electrolyte material into five
main types: alkaline fuel cells (AFC), molten carbonate fuel cells (MCFC), phosphoric
acid fuel cells (PAFC), solid oxide fuel cells (SOFC) and proton exchange membranes
fuel cells (PEMFC).

2.2.1. Alkaline fuel cells (AFCs)

The AFC is the oldest type of fuel cells [28]. AFCs use a liquid electrolyte
solution of potassium hydroxide (KOH) and H> as a fuel. The reason behind choosing
KOH is that it is the most conducting among all the alkaline hydroxides [29]. The main
advantages of the AFC are: its high efficiency, as it gives the highest value among all
other types, and its low cost [30]. Fast kinetics of the oxygen reduction are observed
in the alkaline medium. This allows the use of inexpensive catalysts compared to the
precious metal catalysts that are used in other types of fuel cells [31]. On the anode
side, nickel can be used for the hydrogen oxidation reaction and silver can be used on
the cathode [32]. One major disadvantage of the AFC is the intolerance to carbon
dioxide (CO2) [33]. When CO; is present in AFCs, it will react with the electrolyte
material, KOH for example, producing carbonates [5]. This will result is a significant
drop in the efficiency as the performance of AFCs depends on keeping the membrane

in its pure form [5].

2.2.2. Molten carbonate fuel cells (MCFCs)

Molten carbonate fuel cells (MCFC) are high temperature fuel cells that operate
in a temperature range of 550-700 °C. The high operating temperature permits the use
of metallic cell components while keeping sufficient ionic conductivity in the cell [34].

Molten carbonate salt mixture suspended in a porous, chemically inert ceramic matrix
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of beta-alumina is used as an electrolyte [35]. The anode and cathode in the MCFs are
both made of nickel-based powders [36]. There are multiple fuel options for MCFCs
which include: natural gases, bio-fuels and coal fuels [37]. The oxidant is usually O
mixed with CO; [38]. MCFCs possess a number of advantages: 1) they have a high
efficiency and can be used as carbon capture and storage (CCS) systems [39], 2) they
can be coupled to gas turbines to give an extremely efficient power generation due to
their high operation temperature [40]. The high temperature eliminates the use of noble
metal catalysts and therefore the overall operating costs are reduced [41]. However,
there are some disadvantages associated with MCFCs such as hardware corrosion, low

power density and cathode dissolution [42]. A typical MCFC is shown in Figure 3.

e
HZ—-=:_- ?_ - = 02
Fuel In ? C(j% ? Air In
H, ¢ e 1/20,+ CO, + 2e™> CO5% [41]
18 =1 C032 Unused
H2+CO3* > H,0+CO; +2e | Hzg B o
< —L=
Anode Cathode
Electrolyte

Figure 3. Molten carbonate fuel cell

2.2.3. Phosphoric acid fuel cells (PAFCs)

Phosphoric acid fuel cells (PAFC) are considered to be the most advanced and
the most commercially used in many countries [43]. The operating temperature of
PAFCs is around 200°C [44]. This temperature is lower than the operating temperature
in molten carbonate fuel cells and solid oxide fuel cells, but higher than that in proton
exchange membranes fuel cells [45]. The electrolyte in PAFCs is H3PO4. The anode is
composed of PTFE-bonded Pt/C, and the cathode, at which the oxidant is fed, is
composed of 0.5 mg Pt/cm? in a graphite structure [46]. There are a number of
advantages for PAFCs including: high stability, moderate temperature operation, low
vapor pressure, ability to use air as an oxidant and high tolerance for carbon dioxide

[47]. However, there are also some disadvantages associated with PAFCs mainly the
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low power density compared to conventional combustion engines [48]. Moreover,
PAFCs catalysts are noble metals which are expensive, they are intolerant to CO which
causes anode poisoning and their electrolyte conductivity is considered low [49].

2.2.4. Solid oxide fuel cells (SOFCs)

Solid oxide fuel cells (SOFCs) are high temperature fuel cells that operate at a
temperature range of 700°C-1000°C under atmospheric or pressurized conditions [50].
The most widely used electrolyte for SOFCs is yttria stabilized zirconia (YSZ) [51].
The cathode material must have certain characteristics in order to be suitable for SOFCs
operation. These characteristics include: stability in the oxidizing environment,
sufficient catalytic activity for oxygen reduction under operating conditions and good
electronic conductivity [52]. (La,Sr)MnOs; (LSM) is used as a cathode [53]. For the
anode compartment, Ni-YSZ is used as it has a dual role of being a catalyst for hydrogen
oxidation and being an electrical current conductor [54]. SOFCs demonstrate a lot of
advantages that makes them suitable for a wide range of applications. SOFCs are
considered the most efficient type of fuel cells, they produce high quality heat
byproducts that can be used for co-generations or in combined cycle applications, they
do not contain noble metals and they have a long life expectancy which ranges from
40000-80000 hours [55]. Moreover, the high operating temperature allows SOFCs to
be flexible in terms of fuel selection. They operate with different types of fuels,
regardless of their source whether from fuels or renewable energy, such as methanol,
gasoline diesel, biogas, ethanol and syngas [56]. These advantages allowed SOFCs to
be used in a variety of applications such as portable devices, small power systems,
automotive auxiliary power, distributed generation power plants and residential power
[57]. The main disadvantages of SOFCs is their high temperature which make them
difficult to be used in various applications and it also puts severe constraints on the cell
material [49]. They also possess high electrolyte resistivity [49]. Figure 4 shows a
SOFC.
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Figure 4. Solid oxide fuel cell

2.2.5. Proton exchange membranes fuel cells (PEMFCs)

Proton Exchange Membranes Fuel Cells (PEM) fuel cells are currently
receiving the most interest among all other types of fuel cells. Their remarkable features
such as low temperature, easy scale-up and high power density make them a promising
clean and efficient power generation technology [58]. The most important application
for PEM fuel cells is in the automotive industry [59]. Moreover, the light weight and
the high power density make PEM fuel cells of an increasingly important for distributed
cogeneration for buildings and portable powers [60]. The basic elements that make up
a PEM fuel cell are bipolar plates, diffusion layers, electrodes and an electrolyte [61].
The core of the PEM fuel cells is the membrane electrode assembly (MEA) which
consists of a proton exchange membrane, catalyst layers, and gas diffusion layers
(GDL) [62]. The typical operating temperature for a PEM fuel cell is around 80°C and
all the materials in the cell are in the gaseous state [63]. Both the anode and cathode in
PEM fuel cells are composed of platinum supported on carbon. The most commonly

used fuel in PEM fuel cells is H» and the oxidant used is air [64].

The catalysts used in PEMFCs are: platinum, palladium, ruthenium, iridium,
gold and silver [65]. Platinum (Pt) showed a superior performance over other metals,
more specifically, for the oxygen reduction reaction at the fuel cell cathode [66].

Despite its superior performance, the high cost of platinum and its limited resources are
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considered obstacles in the commercialization of PEM fuel cells [67]. In addition,
carbon monoxide is strongly adsorbed on platinum catalyst sites in low temperatures
leading to the poisoning of the precious Pt catalyst. [68]. Extensive research is going
on to reduce the amount of the precious metal used or investigate new alternatives that
are less expensive and efficient to replace platinum [69]. There are some disadvantages
associated with PEM fuel cells including the high cost of the platinum catalyst, carbon

monoxide poisoning, the slow oxygen kinetics and the limited fuel cell life [70].

Table 1 summarizes the electrolytes, operating temperature, fuels, oxidants,

catalysts, and reactions of the various fuel cell types.
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Table 1. Summary of fuel cell types
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2.3. Applications of Fuel Cells

2.3.1. Transportation

According to the environmental protection agency, transportation is responsible
for 26% of the greenhouse emissions due to the extensive use of fossil fuels [83].
Therefore, it is very important to find an alternative power source for vehicles. The use
of fuel cells in transportation is one of the most important applications for fuel cells due
to their operating temperatures and planner geometry [84]. However, storing the fuel
(mostly hydrogen) represents one of the main challenges in the commercialization of
fuel cells. Hydrogen storage systems for example, are heavy, large and costly [85].
Moreover, hydrogen diffuses through many materials used for the storage tanks and

through gaps that are usually considered small enough to safely seal other gases [85].

2.3.2. Stationary applications

Fuel cells stacks can be used as backup power generators in remote locations.
They can also be used as stationary and stand-alone power plants for cities and towns
or distributed generation for buildings [5]. Although PEM fuel cells are the most
common type, but other types such as AFCs, PAFCs, MCFCs and SOFCs fuel cells can
also be used. PEM fuel cells offer rapid startup, but as a result of the external reformer,

they will have lower efficiencies than other high temperature fuel cells [86].

2.3.3. Portable applications

Fuel cells are also attractive for small portable units [75]. They can be used for
many portable applications such as: remote power generation and backup solutions,
auxiliary power units for cars, and demonstrators [87]. One major advantage of fuel
cells over batteries for portable applications is the higher energy density it offers.
Portable power packs that use fuel cells can be lighter and smaller for the same amount
of energy [88]. Although the use of fuel cells in portable devices is promising, there are
some challenges in using them [89]. The supply of hydrogen in electronic equipment is
difficult due to storage problems. Safety is also another issue when carrying a pure
hydrogen in an electrical equipment. The use of methanol as a fuel instead of hydrogen
for portable systems had drawn a great attention in the recent years. However, direct
methanol has the drawbacks of the low oxidation rate and the fuel crossover [89]. The
diffusion of the methanol through the material of the electrolyte from the anode to the

cathode causes a fuel loss of around 40% [90].
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2.4. Direct Hydrocarbon Fuel Cells

2.4.1. Rational for using direct hydrocarbons in fuel cells

Fuel cells can be further categorized based on the fuel used, to hydrogen, direct
hydrocarbon and methanol fuel cells. Hydrogen is the major fuel in all types of fuel
cells as it gives the highest current density among all other types of fuels [ 14]. However,
hydrogen is not readily available. It also has a much lower energy storage density as
opposed to other hydrocarbons. Hydrogen flammability is problematic as it can ignite
in low concentrations and leak through seals [91]. Most hydrogen is currently produced
by steam reforming of natural gas followed by the water gas shift reaction [92]. This

process emits carbon dioxide (CO3) as a product.

Methanol is the second most widely used fuel in PEMFCs. Methanol is highly
toxic, emits formaldehydes to the air, very corrosive and requires a special fuel handling
system which will increase the capital cost [91]. The slow kinetics at the anode and the
crossover of methanol through the membranes are two main problems that cause the

efficiency of direct methanol fuel cells to decrease [93].

In this project, hydrocarbons, such as propane, are proposed as fuels for
PEMFCs. Hydrocarbon fuel can directly be fed at the fuel cell anode and go through an
electro-oxidation reaction. The use of hydrocarbons as fuel has the potential to solve
many of the problems associated with the use of hydrogen and methanol since they are

less expensive, more readily available and more safely stored [94].

Direct hydrocarbon fuel cells (DHFCs) were extensively studied in the 1960s
[19]. The cost-per-kWh delivered from hydrogen generated from fossil fuels is much
higher than the cost-per-kWh when using a fuel directly in the fuel cell [95].
Furthermore, the most common way for producing hydrogen is by using an external
reformer. In the external reformer, the fuel catalytically reacts with oxygen or water to
form a mixture of Hz, CO, CO>, N2, and H,O which increases the complexity and the
cost of the fuel cell system [94]. The fuel supply, storage subsystems and other
hydrogen production equipment constitute about half the cost of the fuel cell system
[95]. Therefore, eliminating the fuel processor unit will significantly drop the cost of
the fuel cell system. The fuel processor unit also causes inevitable amounts of CO»
emissions which lead to greenhouse effects [96]. The average CO> emission from a

methane steam reformer, which is the main hydrogen production process, is 7 kg
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COo/kg Ha [97]. If hydrocarbons are directly fed into the anode, the CO» emissions will
significantly drop. Taking propane as an example, the average CO; emission is 3 kg

CO2/kg C3Hs.
2.4.2. Types of direct hydrocarbon fuel cells

2.4.2.1. Hydrocarbon fuels in phosphoric acid fuel cells

In the 1960s, phosphoric acid fuel cells were the first and most frequent fuel
cells to be investigated for the use with direct hydrocarbon fuels. The temperature range
at which the direct hydrocarbon phosphoric acid fuel cells were investigated was
between 150 and 200 °C. In 1983, Pratt and Whitney had developed a 250-400 kW
phosphoric acid fuel cell that produces stationary electric power at which 300 units

were constructed in 19 countries [98].

Several acids including KOH, HF and H3PO4 were investigated as electrolytes
in direct hydrocarbons fuel cells. KOH have the tendency to react with CO2 which
results from the hydrocarbons oxidation. This leads to KoCO3 formation and HF. This
mixture forms an azeotrope with water at a maximum boiling temperature of 120°C
[99]. Therefore, the most practical acid to be chosen as an electrolyte for direct

hydrocarbon fuel cells is H3POs,

One of the major advantages of having H3POs as an electrolyte in direct
hydrocarbon fuel cells is overcoming the cycling phenomenon that direct hydrocarbon
fuel cells exhibit at certain conditions. With each cycle, the adsorbed species will
accumulate on the electrode causing the effective surface area to decease and hence
decreasing the rate of the electrode reaction [99]. In case of phosphoric acid electrolyte,

the cycling is tolerable when the fuel used is propane [99].

Several hydrocarbons fuels were studied in phosphoric acid fuel cells. Among
the other hydrocarbons, propane gave the highest oxidation rate [99] . In 2015, Zhu et
al. have examined a direct n-hexadecane phosphoric acid fuel cell [98]. The anodic half

reaction is as follows:
Ci6H34+ 32 H0 — 16 CO,+98 H + 98 ¢ (2.1)
The cathodic reaction is:

49/2 02+ 98 H' + 98 & — 49 H,0 2.2)
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Therefore, the overall equation is represented as follows:
Ci6H3s+49/2 O — 16 CO2 + 17 H20 (2.3)

The electrolyte in the study was phosphoric acid, and the catalyst for both the
anode and the cathode was Pt supported on carbon [98]. The experiment was conducted
at two different temperatures; 160°C and 190°C. The results showed a deactivation
characterized by the potential decrease over time. This deactivation was attributed to
the formation of either CO; or carbonaceous deposits [98]. In this described system,
since the temperature was low, the reforming reaction was unfavorable. In order to
increase the current density, it was concluded that a large reactor with higher capital

cost is required [98].

2.4.2.2. Hydrocarbon fuels in solid oxide fuel cells

Due to their high operating temperature, SOFCs have the potential to operate
with direct hydrocarbons without the need for an external reformer and this reduces the
overall cost of the system [100]. The high operating temperature gives SOFCs the
advantage of being tolerant to a wide range of fuels. For instance, CO, which is
considered to be poisonous for low-temperature fuel cells, is a fuel for SOFCs [101].
One of the main methods for the feeding of hydrocarbons in SOFCs is the internal

reforming of hydrocarbons which is given by the following equation [102]:
CuH2nt2 +nH20 — nC+ (2n+1)H> (2.4)

Internal has some disadvantages that prevents its commercialization [102]. The
internal reforming requires a significant amount of water in the fuel which causes the
fuel to be diluted and hence reducing the electromotive force of the cell [103]. In
addition, the steam reforming is an endothermic process that causes a strong cooling in
the inlet area of the stack and results in a large temperature gradient [104]. Due to the
limitations of internal reforming, the primary technology that attracts the attention is
the direct feeding of hydrocarbons with a minimal amount of water and oxygen. The
direct oxidation or utilization of hydrocarbons in SOFCs is given by the following

equation:

CnHoniz + (3n+ 1) O — nCO, + (n+ 1) HoO + (6n + 2) e (2.5)
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One of the most important issues associated with the use of direct hydrocarbons
in SOFCs is fouling which is caused by the deposition of carbon. When the temperature
of the SOFC is high, the hydrocarbons will react on the surface of the anode forming
tars that will be deposited on the anode resulting in a significant drop in the stability of
the cell [105]. Since the conventional Ni based anodes have problem of carbon
deposition (coking) and deactivation in the hydrocarbon fuel, alternative anodes have
been developed such as Cu-based cermet, and doped (La,Sr)(Ti)Os; [106]. These
alternative anodes showed an improvement in coking tolerance for light hydrocarbons.
However, they have a low conductivity, low physical, chemical, and thermal
compatibility with YSZ electrolyte at high temperatures and poor electrochemical

activity [106].

Despite the problem of carbon formation and coking, Ni-YSZ is yet one of the
most conventional anode choices for SOFCs. Ni is not only a good conductor but also
a good electrocatalyst for H» and CO reactions above 600 °C [76]. Therefore, to
maintain high performance of SOFC operated with direct hydrocarbon fuel with Ni-
based anodes while eliminating the chance of coking, a thin catalytic coating can be
applied to the Ni anodes [106]. The thin catalytic coats include SDC, Sn and BaO which
promote the hydrocarbons before reaching the Ni anode and thus enhancing the coking
tolerance [106]. Another anode that is used in SOFCs operated with direct hydrocarbon
fuel cells, and proved to be effective, is Cu-ceria-YSZ [105]. The use of Cu-ceria-YSZ
significantly reduces the carbon formation issue and at the same times gives an

excellent performance [105].

Sulfur imposes another problem in operating hydrocarbons in SOFC. Fuel cells
are very sensitive to sulfur since it will react with the anode materials and produce sulfur
containing compounds [105]. The problem can be eliminated if the produced
compounds are stable. For instance, when sulfur reacts with Cu-ceria-YSZ anodes,

Ce20:sS is formed and it is relatively stable [105].

Butane, nethane, ethane, ethylene, iso-octane, propane-1,2,3-triol,
dimethoxymethane, ethoxyethane, and trimethoxymethane can be directly fed into
SOFC. The conversion in SOFC using direct hydrocarbons increases as the temperature
increases [76]. Dean et al. conducted a study using butane as a fuel, it was observed

that a full conversion was achieved at 800°C whereas no conversion occurred below
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550°C [76]. In one experiment testing various hydrocarbons including n-decane,
toluene and fuel gas, under the same conditions, the power densities obtained were all

identical [105].

As can be concluded from this section, although more research is still a
necessity for the commercialization of SOFCs that operates with direct hydrocarbons,
it can clearly be seen that they have a huge potential to be used as energy sources in

many areas including electrical generators [107].

2.4.2.3. Hydrocarbon fuels in Proton Exchange Membrane fuel cells
(PEMFCs)

PEM fuel cells have attracted a huge attention for the several advantages
including high power density and all solid cell compartments [108]. Hydrogen is still
the number one choice when it comes to PEMFC fuels selection, due to its high
performance. Hydrocarbons offer an alternative fuel choice and they can either be fed
directly to the cell or converted to hydrogen using an external reformer. The latter
however has problems of complexity and extra cost added to the fuel cell system [94].
A considerable amount of research was done in the 1960s on the direct hydrocarbon
PEM fuel cells (DH PEMFC). The properties of hydrocarbons made them attractive to
be used in PEM fuel cells. Propane for instance, is cheap, can be stored in the liquid

form is pressurized vessels and has a high-power density [109].

The electro-oxidation reactions in direct hydrocarbon PEM fuel cells were
studied on platinum (Pt) and palladium. Platinum (Pt) gave better results [109]. An
extensive research was performed on the direct hydrocarbon fuel cells using variety of
hydrocarbons such as normal paraffins, olefins, gasoline and diesel [110]. The research

results showed very low cell potential when normal alkanes were used [110].

The performance of hydrocarbon fuels was addresses in the literature by several
studies. In 1996, a group of researchers at University of California built a direct
hydrocarbon PEMFC that was operated with propane and based on the design of the
Los Alamos National Laboratory (LANL). The fuel cell was completely covered with
Teflon to eliminate any gas leak. [111]. The electrolyte in this study was Nafion, the
anode was Pt and the cathode was based on gold-lead [111]. The testing temperature of
the cell was 50 °C. The experimental results showed a poor electro-catalytic activity

[111]. It was then proposed to operate the cell at a temperature higher than 100 °C in
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order to speed up the electro-chemical reaction kinetics [111]. The anode performance
in a direct hydrocarbon fuel cell was studied using different hydrocarbons; butane,
ethane, n-butane, methane, ethylene, propylene, and iso-butylene. The highest
performance, which is measured by activity per unit surface area of electrocatalyst, was
obtained with propane and the lowest was with methane, ethylene, propylene, and iso-

butylene [111].

Savadogo and Rodriguez Varela [109], have worked on low-temperature direct
propane polymer electrolyte membranes fuel cells. The membranes in their study were
Nafion 117 doped with heteropolyacids (HPAs) and polybenzimidazole (PBI) doped
with acid. The results of this study may be summarized as follows: direct propane fuel
cells are cheaper and have greater temperature ranges compared to methanol fuel cells,
the handling and infrastructure of direct propane fuel cells are easy and they have the

potential to work with low cost membranes that can replace Nafion [109].
2.5. PEM Fuel Cell Efficiency

The efficiency of a fuel cell is determined by the ratio of work out/heat in. The
maximum amount of “work out” or the useful amount available in the system to do
work at constant pressure and temperature is the Gibbs free energy, AGs. The amount
of heat in is the “enthalpy of formation”, AHr or the amount that would be produced by
burning the fuel. Thus, the efficiency of the fuel cell is equal to AG/AH for a certain
fuel/oxidant reaction.

At standard conditions, the free energy of water formation is [102]:

Hy+ % O2 — H20q AH¢=-285.84 kJ/mol

The free energy available for useful work is -237.3 kJ/mol [102]. Therefore, the
thermal efficiency of a fuel cell operating on pure hydrogen and oxygen at standard
conditions is:

2373
"~ 285.84

n x 100 = 83%

Taking a hydrocarbon fuel as an example, i.e. propane C3Hs, then based on the

following reactions:

* Anode: C3Hg + 6H,0 — 3COz +20e +20H" E,=0.137V (2.6)
+ Cathode: 50 2+ 20e—+20H " — 10 H,O Eo=1.229V (2.7)
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* Opverall: CsHs + 502 — 3CO; + 4H20 Ecen=1.092 V (2.8)

The values of AG =-2107 kJ and AH =- 2219 kJ, hence, the fuel cell efficiency
is calculated as follows [112]:

_AG _-2107 _

= = =0.95
AH -2219

n

As can be seen, direct hydrocarbon fuel cells have a theoretical efficiency of
95% and an actual efficiency of 32% whereas hydrogen fuel cells have a theoretical
efficiency of 83% and an actual efficiency of 32% [14]. This implies that direct
hydrocarbon fuel cells have a much greater room for improvement than hydrogen fuel
cells. One of the important areas to be improved in order to enhance the efficiency of
direct hydrocarbon PEMFC is the electrocatalyst surfaces of the anode electrodes [14].
This can be accomplished by operating at higher temperatures to speed up the reaction

kinetics.
2.6. Motivation for High Temperature Operation

The previous context shows that the main problem associated with DHFCs is
their low reaction rates (low current density). The maximum oxidation current density
attained from PEM fuel cell operated with propane with Pt electrode was reported to be
less than 2 mA/cm? at 0.2 V [109]. Moreover, the operation at low temperature leads to
low electro-catalytic activity and poor anode stability. However, the theoretical energy
efficiency for a direct hydrocarbon fuel cell is higher than that of hydrogen. Hence, it
appears that there is a merit toward using a hydrocarbon fuel but the electro-catalytic
activity of the cell should be improved. High temperature operation improves the cell
tolerance for CO impurities, hence, allowing the use of a wider range of fuels. Small
amounts of CO as low as 10 ppm [17] can poison the catalyst. It has been shown that
the CO coverage on the catalyst surface can be reduced by increasing the temperature
[113]. A study was performed on the platinum based catalysts and showed that these
can tolerate up to 1000 ppm CO at 130°C [114].

High temperature operation also allows the generation and the recovery of
useful heat and reduces the problems associated with liquid water accumulation at the
cathode. The reduction of liquid water content will assist in increasing the exposed

surface area of the catalyst allowing more molecules to diffuse into the reaction sites.
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All these reasons are incentives for working at higher temperatures. Nafion and similar
PEM’s membranes have limited possibilities of fulfilling this target because proton
conduction is dependent on the hydration levels in these membranes and Nafion loses
its conductivity due to water loss (dehydration). For example, Nafion conductivity
decreases from 0.066 to 0.00014 S cm™ at 30°C when the relative humidity (RH)
decreases from 100% to 34% [17]. Furthermore, the low glass transition temperature
of Nafion (110 °C) is problematic because above this point the polymer loses its

mechanical stability and degradation eventually occurs [115].

2.7. Thermodynamics of PEM Fuel Cells

MclIntosh and Gorte [105], calculated the Nernst potential for H> and for a
hydrocarbon (n-butane). They studied the effect of conversion on the equilibrium
potential for both fuels. It was found that when hydrogen is used, the potential drops by
15% between 10 and 80% conversion [105]. However, when hydrocarbons are used,

the potential drops only by 1% over the same conversion range for n-butane [105].

The performance of a fuel cell is evaluated through a plot called a polarization
curve. The potential of the fuel cell in volts is drawn versus the current density
(mA/cm?) as shown in Figure 5. This figure shows a typical polarization curve. It is
expected that the cell potential would be equal to the thermodynamic value (e.g. V=
1.092 V for propane) with increasing reaction rates or current densities. However, the
polarization curve shows a drop in potential as the current density of the fuel cell
increases. This curve could be divided into three regions: 1) activation, 2) Ohmic and
3) concentration. The polarization curve shows a drop in potential as the current density
of the fuel cell increases. This is due to various phenomena taking places inside the fuel
cell on the electrodes, the membrane and the inner components in general. The potential
of a fuel cell is basically deviating from the equilibrium value. In the first region, the
activation polarization, a drop in potential is observed to be surface phenomena taking
place on the electrodes surface and attributed to surface diffusion, reaction and,
desorption. In principle, the activation polarization is only dominant at low current
density due to the electronic barriers that are needed to be overcome before the ion and
current flow. It is primarily influenced by the electrochemical reaction rate at which the

fuel and oxidant are being oxidized or reduced [102].
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The second region in the curve is the Ohmic polarization. Further drop in
potential is observed. This is the result of the resistance to the flow of protons in the
electrolyte (membrane) and electrons in the cell components and external wires. The
ohmic polarization can be expressed by Ohm’s law as follows [95]: Eo=1 (Rete + Rion +
Rcr), where Reie, Rion, Rcr are the electronic, ionic and contact resistances in Q cm?.
Several ways are used to reduce the ohmic losses such as using electrodes with very
high conductivities, reducing the distance that the electrons need to travel and creating

thin electrodes in order to give the protons a shorter distance to travel [5].

The third region is concentration polarization. At this point the fuel cell
potential further drops due to mass transfer limitations. One example in a PEMFC is
the accumulation of water at the cathode, imposing more resistance to the diffusion of
oxygen to the catalyst sites. This resistance becomes very large when liquid water
floods the pore structure of the cathode catalyst in the PEMFC. Figure 5 shows a

typical polarization curve for a PEMFC with hydrogen as a fuel as an illustration.
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Figure 5. Polarization curve for a typical fuel cell [116]
2.8. PEM Fuel Cells Membranes

Membranes based on perfluorosulfonic acid such as Nafion, are the most
successful in PEM fuel cells. Nafion was developed by DuPont in the 1960s [117]. The
perfluorinated composition of the membrane provides the thermal and chemical
stability, whereas sulfonation makes it a hydrophilic material, thus, enhancing its water

content. The fuel cell membrane is a proton conducting material. Protons transport in

33



the membrane is known to occur via the hopping mechanism on water molecules [118].
Hence, water content is essential in Nafion to ensure reasonable proton conductivity.
Nafion’s proton conductivity significantly decreases if the temperature is increased
beyond 80°C due to dehydration [60]. Therefore, it can be concluded that Nafion cannot
be used for high temperature applications. Instead, research efforts are directed toward
improving the existing Perfluorosulfonic acid or developing alternatives for Nafion to
be used in high temperature fuel cells applications. Many approaches have been
followed in the literature. One of these approaches was to use solid proton conductors

such as zirconium phosphates.

2.8.1. Zirconium hydrogen phosphate

Zirconium hydrogen phosphate Zr(HPO4)2 or ZrP is a solid proton conductor
[21]. The cation exchange behavior of ZrP was discovered in the 1950s and since then,
there has been a huge interest in it. The ion exchange properties of ZrP are due to its
layered structure which allows the passage of guest molecules and the weak acidic
groups which allows the protons in the POH group to be exchanged with other cations
and anions [22]. The mobility of the surface protons is much higher than the mobility
of the internal ones [119]. Therefore, the surface protons cause high proton

conductivity.

An extensive study on ZrP was reported in 1958 by Amphlett [120]. It was
shown that ZrP is one of the most stable inorganic hydrogen exchangers and it can be
refluxed in water for weeks without any noticeable breakdown [120]. ZrP is formed by
a precipitation of a soluble zirconyl salt with phosphoric acid. Each Zirconium atom
(Zr) is attached to number of phosphate groups [121]. The precipitation reaction of ZrP

proceeds according to the following reaction:
ZrOCl; +2H3PO4— Zr(HPO4), +2HCI1 + H2O (2.9)

The specific conductance of ZrP was studied by Alberti et al. in 1978 [122]. It
was indicated that its specific conductance decreases with the increase in the degree of
crystallinity due to the decrease in the total number of defects. It was also shown that
the mobility of the surface ions (responsible for proton conductivity) was 10* times
higher than the core ions [122]. In the 1960s, the crystalline form of ZrP (Zr(HPOas)s.
H>O) was prepared and that further enhanced its ion exchange properties. ZrP was

successfully incorporated into perfluorinated sulfonic acid membranes in the 1990s by
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Grot and Rajendran [123]. The incorporation was done by an exchange precipitation
process [123]. ZrP is a hydrophilic, inorganic compound, and its presence in the
membrane creates an additional pathway for the proton conduction inside the
membrane [20]. It also reduces the water loss as the temperature increases owing to the
hydrogen bond within the chemical structure, hence, the proton conductivity of the
membrane is increased [123]. ZrP possessed reasonable proton conductivities at
temperatures up to 300°C [124]. ZrP was successfully incorporated in Nafion [125].
The Nafion/a-ZrP composite membrane had a conductivity of 0.1 S cm™ at 373 K and
100 Relative Humidity (RH). The reported proton conductivity for ZrP was in the range
of 107 —-107° S cm™ [126, 127, 128].

2.8.2. Effect of ionic liquids

Ionic liquids are salts which are liquid at, or near, room temperature, and are
composed of organic cations and inorganic anions [129]. The number of possible ionic
liquids is almost unlimited due to the large number of possible combinations between
anions and cations. For this reason, they are regarded as designer solvents [130]. Many
ionic liquids have attractive properties such as negligible vapor pressure, non-
flammability, high ionic conductivity and thermal stability over a wide temperature
range [131, 132]. These properties make ionic liquids very attractive in the
electrochemistry field. Ionic liquids can be used in several electrochemical energy
applications including high energy density batteries, solar cells and fuel cells [133].
Recently, significant work is directed toward the use of ionic liquids in high
temperature PEM fuel cells membranes due to their high thermal stability. As of a result
of the acid-base nature of ionic liquids and their capability for hydrogen bonding, they
have the ability to transport protons [134].

The interesting characteristics that are demonstrated by ionic liquids make them
suitable for incorporation in PEM fuel cell membranes [135]. 1-Butyl-3-
methylimidazolium trifluoromethane sulfonate was incorporated within Nafion
membrane. The measured ionic conductivity of the composite membrane was 0.1 S cm”
at 180°C [136]. This promising increase in the ionic conductivity had attracted a huge
attention to the wuse of ionic liquids in fuel cell membranes. 1-Butyl-3-
methylimidazolium tetrafluoroborate was incorporated in sulfonated poly ether ether
ketone polymer (SPEEK) with a proton conductivity of 0.01 S cm™ [137]. Ionic liquids

were used as solvents to prepare ZrP using the ionothermal method in two studies;
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Smeets [138] and Gui [139]. No data about the proton conductivity was reported in
Smeets et.al study. Gui et al. prepared a layered ZrP material in a solvent of 1-ethyl- 3-
methylimidazolium hexafluorophosphate. The proton conductivities were 0.0145 S cm™

l(at 363 K, 95% relative humidity) and 1.1 x 10> S cm™! at 503 K [139].

Ionic liquids can be divided into hydrophilic and hydrophobic. In this project,
the effect of a range of ionic liquids on the proton conductivity of the PEMFC
membrane is tested. For example, hydrophilic ionic liquids such as 1-ethyl-3-
methylimidazolium ethyl sulfate, 1-butyl-3-methylimidazolium dicyanamide, and 1-
butyl-3-methylimidazolium triflate were investigated. These ionic liquids contain the
hydrophilic anions and were expected to increase the water content inside the

membrane; hence it was anticipated that they will enhance the proton conductivity.

2.8.3. Effect of Glycerol

The effect of glycerol on the morphology and conductivity of composite a
ZrP/PTFE membrane for a PEM fuel cell, processed at 200°C, was reported in 2012
[140]. It was found that the addition of glycerol enhanced the proton conductivity of
the membrane. Glycerol changed the morphology of the ZrP particles from flakes with
more than 1 um diameter to a nearly sphere shaped particles with diameter of 100-500
nm [140]. This has given a greater surface area for the transport of protons. Moreover,
the proton transport, after the addition of glycerol, is caused by a combination of the
OH groups in both the ZrP bulk and the glycerol [140]. As a result, the proton
conductivity showed a substantial increase. The proton conductivity of GLY/ZrP/PTFE
composite membrane was measured as 0.02—-0.045 S cm™ compared to 10 S ecm™ in

the absence of glycerol [140].
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Chapter 3. Experimental Work
3.1. Introduction

In this work, a group of hydrophilic ionic liquids were incorporated in zirconium
phosphates then investigated for their proton conducting properties. The ionic liquids
were added to a solution of ZrOCl,, followed by a precipitation reaction with H;POa to
prepare the ZrP/IL modified materials. The synthesized materials were evaluated for
proton conducting properties, thermal stability, morphology and structure via different
techniques  including  electrochemical = impedance  spectroscopy  (EIS),
thermogravimetric analysis (TGA), scanning electron microscopy (SEM), X-ray
diffraction (XRD), Fourier transform infrared spectroscopy (FTIR) and Raman

spectroscopy.
3.2. Materials

3.2.1. Zirconium oxychloride (ZrOCl)
The ZrOCl; used in this research was ACS 98% purity, reagent grade, and
purchased from SIGMA ALDRICH.

3.2.2. Phosphoric Acid
The phosphoric acid used in this study was 85% purity by weight, assay grade.
3.2.3. Ionic liquids

All ionic liquids were purchased from IoLiTec GmbH. The ionic liquids were

used without further purification.

1- 1-butyl-3-Methylimidazolium triflate, 99% purity

2- 1-ethyl-3-methylimidazolium ethyl sulfate, 99% purity

3- 1-ethyl-3-methylimidazolium acetate, >95% purity

4- 1-ethyl-3-methylimidazolium trifluoroacetate, >97% purity
5- diethylmethylammonium methanesulfonate >98% purity
6- 1-butyl-3-methylimidazolium dicyanamide, >98% purity

7- diethylmethylammonium trifluoromethanesulfonate, >98% purity

37



3.3. Preparation of Zirconium Phosphate/ Ionic Liquid Powder Samples (ZrP/IL)

ZrP/IL samples were prepared by mixing aqueous zirconium oxychloride
solution (ZrOCly) with 85% phosphoric acid (H3POs), in the presence of ionic liquids,

according to the following reaction, at room temperature:
ZrOClz(aq) +2H3POs— Zr(HPO4), +2HCI1 + H20 (3.1)

100 mL of 0.19 M of ZrOCl, was prepared using ZrOCl>-8H>O. Ionic liquids
were added to the ZrOCl; solution, prior to the reaction, in mass percentages ranging
between 0.4 and 5%. The gel resulting from the reaction was filtered and washed with
distilled water and ethanol in a 2:1 volume ratio. The filtered gel was then dried in the

oven at 60 °C for 2.5 hours and then left to dry at room temperature for 72 h.

3.4. Characterization of the Synthesized ZrP/IL Material

The ZrP/IL materials synthesized in this work were subjected to the following

characterization techniques:

3.4.1. Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) was used to measure the proton
conductivity of the ZrP/IL material as this is one of the main objectives of this study.
EIS works by applying a certain alternating potential and the alternating current
response is analyzed and presented in a typical plot called Nyquist plot. The
electrochemical impedance of the ZrP/IL samples, in this study, was measured using
the four-probe measurement method. Approximately 0.2 g of the ZrP/IL sample was
placed in an electrochemical cell with stainless steel electrodes. The cell was connected
to a potentiostat (BioLogic, SP-200). The EIS tests were performed at a frequency of
0.0001-200 kHz. The response was reported in Nyquist plot. The value of the sample
resistance value R (€2) was obtained by the intersection of the graph with the x-axis at
the high frequency region. The resistance (R) was then used to calculate the

conductivity of the samples using equation 3.2.

t
o= 3.2
oA (3.2)

In this equation, t is the thickness of the sample in cm, A4 is the area of the cell

in cm? and R is the impedance of the sample in Q.
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3.4.2. Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) was used in this work to investigate the
thermal stability of the synthesized ZrP/IL materials and the pure ionic liquid
[EMIM][ESOs], and monitor the water loss as a function of temperature. The water
content of the samples is important in studying the proton conductivity as increasing
the water content of the material, increases its proton conductivity. The TGA analysis
was performed using PerkinElmer, TGA 4000 Thermogravimetric Analyzer. The
samples were heated from 35°C to 925°C at a heating rate of 10°C/min, in N
atmosphere with a flow rate of 20 mL/min. The TGA and DTG curves of the

synthesized materials were compared to that of the pure ZrP sample.

3.4.3. X-Ray diffraction (XRD)

X-ray diffraction (XRD) was used to analyze the structure of the ZrP/IL
materials and to study the ZrP-IL interaction by calculating the d-spacing of the
produced ZrP material. A change in the d-spacing will give an indication of ionic liquids
intercalation within the layers of the ZrP materials which will help in understanding the
nature of interaction between ionic liquids and the ZrP. The XRD analysis was

performed using Bruker D8 Advance, scintillation point detector and 1-D detector.

3.4.4. Fourier transform infrared spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR) analysis (PerkinElmer,
Spectrum One FT-IR Spectrometer, wavelength range of 7,800 — 350 cm™') was used
to study the surface chemistry and determine the chemical interactions in the ZrP/IL
materials and compare them with the bonds in the pure ZrP material.

3.4.5. Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) was used to investigate the morphology
changes of the ZrP/IL materials. SEM was done using Tescan VEGA XMU, LaB6
filament, Oxford Instruments X-Max 50 SSD detector. The SEM images of the

synthesized materials were compared to the images of the pure ZrP material.

3.4.6. Raman Spectroscopy
Raman spectroscopy (Renishaw InVia Raman Spectrometer) was performed to
identify the main molecular vibrations in the pure ZrP and modified ZrP/IL materials

in order to identify the main functional groups present in the samples.
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Chapter 4. Results and Discussion — Ionic Liquids

4.1. Introduction

In the present study, seven ionic liquids were incorporated within ZrP material.

Each ionic liquid was added in mass percentages ranging between 0.4% and 5%. With

each ionic liquid, the highest conductivity was reached at a certain mass percentage.

Based on the conductivity measurements, the three ionic liquids with the highest

conductivity were chosen for further analysis.

The main purpose of this study was to develop a material with high proton

conductivity for PEM fuel cells, that can have a reasonable proton conductivity at high

temperatures. The ionic liquids chosen were all hydrophilic to enhance the water

content of the ZrP material, which is anticipated to enhance the proton conductivity.

Table 2 summarizes some of the physical properties of the ionic liquids studied

in this work. Their chemical structure is shown in Figure 6.

Table 2. Physical properties of the tested ionic liquids at 25°C

Viscosity Electrical
Ionic Liquid Hydrophilic/Hydrophobic  Protic/Aprotic
(Pa.S) Conductivity (S cm™)
0.0959
[EMIM][ESO4] Hydrophilic Aprotic 0.38 [141]
[141]
0.0301
[BMIM][DCA] Hydrophilic Aprotic 1.052 [143]
[142]
0.0991
[BMIM] [OTF] Hydrophilic Aprotic 0.29 [143]
[142]
[EMIM][AC] Hydrophilic Aprotic 0.141[144] 0.295[141]
[BMIM] [TFA] Hydrophilic Aprotic 0.032 [145] -
6.2 x 107 (40°C
[DEMA][OMS] Hydrophilic Protic - (00
[146]
0.0369
[DEMA][OTF] Hydrophilic Protic 17 0.833 (30°C) [147]
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Figure 6. Chemical structure of the tested ionic liquids [148, 149].
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4.2. Conductivity measurements

The proton conductivity values of all the ZrP/IL samples including the best

conducting samples are summarized in Table 3.

Table 3. Conductivity values for the ZrP and ZrP/IL samples

Optimum IL mass

Sample percentage (%) Conductivity (S em™)

ZrP (No IL) (this work) - 9.24 x 10*
ZrP/[EMIM][ESO4] 0.8 2.26 x 102
ZrP/[BMIM][DCA] 0.8 1.36 x 102
ZrP/[BMIM] [OTF] 3 1.61 x 102
ZrP/[EMIM][AC] 2.8 2.84 x 107
ZrP/[BMIM] [TFA] 1.8 3.40 x 1073
ZrP/[DEMA][OMS] 2 413 x 103
[DEMA][OTEF] 3 223 x 107

As shown in Table 3, among all the ionic liquids tested, 1-ethyl-3-
methylimidazolium ethyl sulfate ([EMIM][ESOs4]) ,1-butyl-3-methylimidazolium
dicyanamide ([BMIM][DCA]), and 1-butyl-3-methylimidazolium triflate ([BMIM]
[OTF]) produced the best conductivity values. These three ionic liquids were the ones

chosen for further investigation.

Electrochemical impedance spectroscopy (EIS) analyses (Nyquist Plots) were
performed on the modified ZrP/IL material. The EIS spectra for the best three
conducting ZrP/IL samples and the pure ZrP material are shown in Figure 7 and Figure
8. The sample resistance of the ZrP/IL materials was found from the extrapolation of
the EIS spectra at the high frequency range to find their intercept with the x-axis. It can
be seen that the EIS pattern is characterized by a semi-circle, which indicates a kinetic
controlled process, except for the ZrP/[EMIM][ESO4] that results in a straight line. The
straight line is called Warburg line and indicates a diffusion controlled process. The

proton conductivity was then calculated based on Eq. 3.2.
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Figure 7. Nyquist plot for the modified ZrP materials. (a) ZrP/[EMIM][ESO4], (b)
ZrP/[BMIM][DCA] and (c) ZrP/[BMIM] [OTF] with zoom-in for the x-axis intercept
for Z real vs. Z imaginary. Z real represents the real impedance and Z imaginary
represent the imaginary impedance.
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The proton conductivity values of the ZrP/IL material as a function of the mass
percentages of IL are presented in Figure 9. It can be clearly seen that the conductivity
increases up to a certain IL mass percent then decreases. For example, the ZrP/1-ethyl-
3-methylimidazolium ethyl sulfate increases to a maximum of 2.26 x 102 S cm ' ata
mass percent of 0.8%. This pattern might be attributed to the fact that there is a
maximum amount of intercalation of guest molecules into the layered ZrP structure
[150]. The layered structure of ZrP is represented in Figure 10. It is anticipated that the
ionic liquids might have been intercalated in between the ZrP layers. More discussion
on the intercalation will be provided at the end of the chapter. The maximum proton

conductivity values are summarized in Table 3.

The enhancement in the proton conductivity can be further investigated by
examining the molecular structure of the ionic liquids used in this work as shown in
Figure 6. The three ionic liquids [EMIM][ESO4], [BMIM][DCA], and [BMIM] [OTF]
are all hydrophilic. Moreover, it appears that they provided additional sites for proton
transfer and hydrogen bonding network [152]. The maximum proton conductivity was

observed in the case of [EMIM][ESOy4].

So far, and based on the chemical structure, the conductivity trend might be
explained in terms of hydrogen bonding. In the literature, it is confirmed that
[EMIM][ESO4] has the highest ability for hydrogen bonding among the three ionic
liquids followed by [BMIM][DCA], and [BMIM] [OTF] [153]. The polarity of
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[EMIM][ESOs] is also the highest with B value of around 0.66 compared to 0.6 for
[BMIM][DCA], and 0.49 for [BMIM] [OTF] [154]. Therefore, the hydrogen bonding
between the [EMIM][ESO4] and the P-OH in the ZrP is expected to be the strongest,
resulting in stronger bonding and eventually more hopping sites for protons.
Furthermore, the structural arrangement of [ESO4] anion increases the possibility of
forming multiple H-Bonding which provides multiple paths for proton hopping. These
reasons might explain the highest conductivity value observed in the case of

[EMIM][ESO4] ionic liquid.

[BMIM] [OTF] enhanced the conductivity of the ZrP material. However, when
compared to ZrP/[EMIM]|[ESOqs], the ZrP/[BMIM] [OTF] gave a lower proton
conductivity. Although hydrophilic, the [BMIM] [OTF] ionic liquid can act as an
inductive electron withdrawal, forming fluoroalkyl structural domains instead of
hydrogen bonding [153]. Hence, resulting in a weak hydrogen bonding with the OH
from the ZrP. Also, the [OTF] anion repels water molecules and it will act as a barrier

between the water molecules, ZrP and the ionic liquid.

The proton conductivity of powder ZrP with ionic liquids was reported in
literature in only one study. A layered ZrP material was prepared in a solvent of 1-ethyl-
3-methylimidazolium hexafluorophosphate. The proton conductivities were 0.0145 S

cm!(at 363 K, 95% relative humidity) and 1.1 x 107> S cm™! at 503 K [139].
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Figure 9. Conductivity versus IL mass percentages for ZrP/IL materials
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Figure 10. ZrP layered structure [151]

4.3.Thermogravimetric Analysis (TGA)

The water uptake properties and the thermal stability of ZrP/IL materials were
investigated in this work by performing thermogravimetric analysis (TGA). The TGA
studies were carried out in N> atmosphere at a heating rate of 10 °C/min. The TGA was
performed on the samples that produced the highest conductivity values. The TGA

results are shown in Figure 11 and Figure 12.
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Figure 11. TGA data for ZrP and ZrP/IL samples
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Figure 12. DTG curves for ZrP and ZrP/IL samples

Examining the TGA and DTG curves shows the following observations:

1) Pure ionic liquid ((EMIM][ESO4]) showed negligible weight loss up to 315
°C.

2) Pure ZrP material showed a weight loss of 20% up to a 120 °C with a
maximum loss at 80 °C. This percent is associated with 4 molecules of water
in the ZrP structure Zr(HPO4)>.4H>0. From literature, the water weight loss

occurred mainly at around 100 °C, which is consistent with the results of

this study [155].

3) ZrP/[EMIM][ESO4] showed a major weight loss of 60% up to 150 °C with
a maximum weight loss at 100 °C. The same trend is observed in the other

two ZrP/IL samples; [BMIM][DCA], and [BMIM] [OTF].

4) The pure and modified samples showed a second stage of weight loss at
temperatures above 400 °C. This can be attributed to the condensation of the

phosphate groups to form pyrophosphate [155].

It is evident that modifying ZrP with the ionic liquid increased the water content
in the samples. To summarize: 1) the water uptake of all ZrP/IL samples is higher than

that of the ZrP sample with no ionic liquids, 2) ZrP/[EMIM][ESO4] sample has the
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highest water uptake, followed by ZrP/[BMIM][DCA] and ZrP/[BMIM] [OTF]. These
results are consistent with the conductivity results. The ZrP/IL samples had higher
conductivity compared to the ZrP sample with no ionic liquids and that
ZrP/[EMIM][ESO4] sample has the highest conductivity value and ZrP/[BMIM] [Otf]

has the lowest.

TGA studies in the literature showed that when all the water molecules are
removed, zirconium pyrophosphate ZrP,O7 is formed at temperatures around 1000 °C
[156]. Assuming that at the final TGA temperature, only ZrP>O7 is left and that all the
losses are attributed to water losses, the ratio of the water molecules to the molecules
of ZrP>,O7 can be calculated at each temperature as shown in Figure 13. It is evident
that the number of water molecules loss for the modified samples has drastically
increased compared to the pure ZrP material. It is also shown that the
ZrP/[EMIM][ESO4] has the highest number of water molecules, with moles H>O/moles
ZrP,07 value of around 26. This agrees with the fact that it has the highest water uptake
and highest conductivity.
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Figure 13. Ratio of water molecules lost to molecules of zirconium pyrophosphate for
pure ZrP and ZrP/IL modified samples

4.4. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR analysis was performed to investigate the chemistry and chemical
interactions in the modified ZrP/IL material. FTIR analysis was performed on pure ZrP
sample and on the samples with highest conductivity values. The FTIR spectra for the
ZrP/IL samples are shown in Figure 14. All the samples showed a shoulder at around

960-980 cm™. This shoulder is characteristics for the P-OH stretching [157]. The
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samples also showed peaks and shoulders at around 1100 cm™ and 1220 cm™'. These
are attributed to the antisymmetric vibrational stretch in the peaks of the PO4 groups
[139]. At 1630 cm™, sharp peaks were observed. These peaks are characteristic of
molecular water trapped in the lattice structure [158]. All the samples appeared to
contain a certain amount of lattice water (water molecules held in the crystal structure
by hydrogen bond). O-H stretching also occurred at around 2400 cm! in all the samples.
The ZrP/IL samples exhibited absorption bands at around 2930 cm™' due to the vibration
of the symmetrical C-H alkyl groups [159]. The peaks at 3460 cm™ are a result of water

molecules vibrations [160].

In general, the spectra for pure ZrP and the modified ZrP/IL were similar.
However, the intensity of the O-H peaks at 1630 cm™ and at 3460 cm™ was higher for
all the modified ZrP/IL material compared to the pure ZrP sample. The increase in
intensity might be an indication of more water in the modified samples [158]. This is
in agreement with the TGA results that showed higher water uptake in the modified
samples. Presumably, more water is contained in the lattice structure due to the
modification with the IL component. Another difference between the pure ZrP material
and the modified ZrP/IL materials is the bands at 1100 cm™ and 1630 cm. It can be
observed that these bands had shifted a little bit to the left for the modified materials
compared to the pure ZrP sample. This shift can be a sign of the ionic liquids

intercalation within the ZrP layers.
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Figure 14. FTIR spectra for ZrP and ZrP/IL modified materials

4.5. X-Ray diffraction (XRD)

XRD was performed for the pure ZrP material prepared in this work to
investigate the crystal structure of the prepared samples. The XRD pattern is shown in
Figure 15. In general, the samples appear to be amorphous as broad peaks have
appeared, but they also possess some crystal structure. The amorphous nature of the
ZrP material allows the localization of water molecules in between the its layers [161].
As the crystallinity of the material increases, the amount of surface water decreases

significantly [161].

From Figure 15, it can be seen that intense peaks appeared at different 20 values,
where 0 is the angle at which the incident beam is deflected. XRD can be successfully
employed to calculate the changes in the d-spacing for materials through Bragg’s law
[162]. For the pure ZrP material, reflections had appeared at 20 of around 20.4°, 34.3°,
42° and 53.4°. These reflections were compared to literature pure ZrP reflections and
the results were in agreement with the results from this study [155]. For the

ZrP/[EMIM][ESOs4], reflections appeared at 23.7°, 34.3° 43° and 53.1°
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ZrP/[BMIM][DCA] showed reflections at 19.16° 34.1°, 43.7° and 54°. The
ZrP/[BMIM] [Otf] exhibited reflections at 20 of 19.1°, 34° and 52.8°.

From the values of 26 and using Bragg’s law in equation 4.1, the d-spacing can

be calculated.
A = 2dsin(0) 4.1
The values of d-spacing are shown in Table 4.

Table 4. d-spacing for the pure ZrP and the modified ZrP/IL samples

Sample d-Spacing (A°)
ZrP (No IL) 4.23
ZrP//[EMIM][ESOq4] 3.26
ZrP/[BMIM][DCA] 4.5
ZrP//[BMIM][OTF] 4.52

ZrP/[BMIM][DCA] and ZrP/[BMIM][OTF] has shown a change in the lattice
structure with 4.5 A°® and 4.52 A°. This change might be attributed to intercalation.
When the ionic liquids are intercalated within the layers of ZrP, the distance between
the layers is expected to change. However, ZrP/[EMIM][ESO4] the value of d-spacing
decreased. One possible explanation would be the formation of multiple H-bonding on

the surface of the ZrP resulting in a change in the d-spacing [163].
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Figure 15. XRD pattern for pure ZrP and ZrP/IL modified samples
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4.6. Raman Spectroscopy

Raman Spectroscopy was performed on the pure ZrP material and the three best
conducting modified ZrP/IL materials to identify the differences in the main functional
groups between the pure material and the modified ones. The Raman spectra are
presented in Figure 16. As shown in Figure 16, all the samples showed a band at around
280 cm’!. This band represent Zr-O interaction from the ZrP [164]. At around 1050 cm
!, a band had appeared in all the samples. This band represent the P-O stretching mode
[164].

The pure ZrP material showed bands at around 1200 cm and 1400 cm™.
However, these bands disappeared from the modified ZrP/IL materials. These bands
are associated with the vibrations of P-OH stretching region [165]. This disappearance,
is a sign of intercalation where the guest ionic liquid molecules are contained within
the interlayer space of the host ZrP. The interaction occurs between the anions of the
ionic liquids and the P-OH from the ZrP. These results agree with the FTIR results, that
showed an increase in the intensity of the O-H bond in the modified ZrP/IL samples,

and the XRD results that showed a change in the d-spacing in the modified materials.

— Pur I
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Figure 16. Raman Spectra of pure ZrP and modified ZrP/IL materials.
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4.7. Scanning Electron Microscopy (SEM)

The scanning electron microscopy (SEM) images are shown in Figure 17 and
Figure 18. Figure 17 shows a top view for the morphology of pure ZrP material. The
particles show some hexagonal, plate-like shape. It also shows piles of smaller plate-
like particles (less than 1 um) deposited. Figure 18 shows the morphology of the
modified ZrP/IL material. The samples are: ZrP/[EMIM][ESO4], ZrP/[BMIM][DCA]
and ZrP/[BMIM] [OTF]. In general, a change of morphology is observed. In the case
of ZrP/[EMIM][ESO4] for example (Figure 18 ¢ and d), smaller plate like particles were
formed. The same observation can be made on for the ZrP/[BMIM][DCA] and
ZrP/[BMIM] [OTF] (Figure 18 e-h). It appears that adding the ionic liquid component

decreased the particles sizes and changed the crystals shapes in general.

s .
SEM HV: 20.0 kV 213, L VEGA3 TESCAN
SEM MAG: 1.00 kx
View field: 207 pm | Date{m/dly): 08/12/17 Advanced Materials Research Lab

VEGA3 TESCAN|

Advanced Materlals Research Lab

(b) p— 10 m

Figure 17. Scanning Electron Microscopy (SEM) image for pure ZrP at different
magnifications. (a) at 1000X and (b) at 5000X
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Figure 18. Scanning Electron Microscopy (SEM) images for ZrP/IL samples. (¢) and
(d) ZrP/[EMIM][ESO4], (¢) and (f) ZrP/[BMIM][DCA], and (g) and (h) ZrP/[BMIM]
[OTF] at 1000X and 5000X



4.8. Conductivity at High Temperature

The proton conductivity at higher temperatures was investigated in this work.
The ZrP/IL materials were heated in a tube furnace at 200°C and anhydrous conditions,
under vacuum. The proton conductivity was evaluated using EIS. The results are

summarized in Table 5.

Table 5. Conductivity of ZrP/IL samples after heating at 200 °C and anhydrous

conditions
Sample Conductivity (S cm™)
ZrP/[EMIM][ESO4] 372 x 104
ZrP/[BMIM][DCA] 436 x 10
ZrP/[BMIM] [OTF] 475 x 10

As indicated in the table, the conductivity results show a decrease of about two
orders of magnitude. The decrease in conductivity is attributed to the loss of water
content due to evaporation. Although the conductivity of the ZrP/IL materials has
decreased upon heating to 200°C, but the results are still promising, and the
performance is still better than the performance of Nafion. The behavior of Nafion at
low humidified conditions was studied in literature. The conductivity of Nafion is 1.40
x 107*S cm™ at 30°C and a relative humidity of 34% [166]. The reported conductivity
in this work is in the order of 10°* S cm™! at 200 °C, at completely anhydrous conditions.

This conductivity considered a high anhydrous proton conductivity [167].

4.9. Discussion

Overall, it can be seen that the ionic liquids have enhanced the conductivity of
the ZrP materials. The increase in the conductivity might be attributed to several
reasons. Raman spectroscopy analysis confirmed the intercalation of ionic liquids into
ZrP layers. It appears that the ionic liquids have also formed hydrogen bonding with
the O-H from the ZrP molecules. This intercalation and hydrogen bonding have
changed the morphology of the particles (as seen in SEM, XRD), and increased the

water uptake (as seen in TGA analysis). Hence, provided additional pathways for the
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proton transfer and effective proton hopping sites. The proposed interaction mechanism

is represented in Figure 19 with taking [EMIM][ESO4] as an example.

|
Di;!—||3—0—z|r—o—Fl>—oH
G«*:-jsrf 0 0 0
o
S

Figure 19. Proposed intercalation mechanism for ILs in between the ZrP layers

In addition, from the XRD results, the ZrP in this study was found to be mostly
amorphous. This amorphous structure allows the localization of water molecules in
between its layers [161]. It was also found that as the crystallinity of the material
decreases, the surface water increases [161]. Moreover, all the ionic liquids chosen in
this experiment are hydrophilic which is expected to increase the water content inside
the ZrP powder samples and in return increase the conductivity of the samples. The
latter suggests that the transfer of protons in ZrP material is highly dependent on water.
Therefore, the amorphous nature of the ZrP along with the hydrophilicity of the ionic
liquids and the hydrogen bonding that is formed between the ionic liquids and ZrP

might explain the increase in conductivity of the modified materials.

The ZrP in this study is presented as zirconium mono-hydrogen phosphate. The
formation of zirconium dihydrogen phosphate is unfavorable under the conditions of
this study [163]. If zirconium dihydrogen phosphate was formed, it is expected that the
ZrP would have bounded to water molecules up to a higher temperature [163]. Since
the water molecules in ZrP were readily removed from the structure, as was shown from
the TGA curves, it can be assumed that they were held by the hydrogen bonds and not

coordinated to the zirconium atom [163]
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Chapter 5. Results and Discussion — Glycerol

5.1. Introduction

A sub-objective of this study, was to investigate the effect of the incorporation
of glycerol (GLY) on the conductivity of the ZrP material. Glycerol has been shown
previously to enhance proton conductivity of ZrP. Therefore, it was investigated in this
project for a possible future combination with ionic liquid to produce a PEM fuel cell

membrane based on ZrP/IL/GLY.

Glycerol was added to the ZrOCIl, solution in mass percentages ranging
between 2% and 4% followed by the precipitation reaction with H3POq to prepare the
ZrP/GLY modified materials. After the preparation, the best conducting sample was
subjected to characterization with EIS, TGA and FTIR. Some of the physical
characteristics of glycerol are summarized in. The chemical structure of glycerol is

shown in Figure 20.

Table 6. Physical properties of glycerol at 20 °C [168]

Property Value
Density 1.261 g/m?
Viscosity 1.5 Pa.S
Boiling point 290 °C
Hydrophilic/hydrophobic Hydrophilic
Surface tension 64 x 10 N/m

OH
HO OH

Figure 20. Chemical structure of glycerol
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5.2. Conductivity measurements

Electrochemical impedance spectroscopy (EIS) analyses (Nyquist Plots) were
performed on the ZrP/GLY materials. The EIS spectra of the best conducting glycerol
sample is shown in Figure 21. The electrolyte resistance of the ZrP/GLY materials was
found from the extrapolation of the EIS spectra at the high frequency range to find their
intercept with the x-axis. Equation 3.2 was then applied to calculate the conductivity.
The conductivity of the best ZrP/GLY material was obtained with 3% by mass GLY

and the value was found to be 1.80 x 102S cm™.

3000 I 1000000
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< 2000 N
= 1000 >
& 1500 S
c
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0 1000 2000 3000 4000 5000

Z real (ohms)

Figure 21. Nyquist plot for the best conducting ZrP/GLY sample (3% by mass GLY).
Z real represents the real impedance and Z imaginary represent the imaginary
impedance

The proton conductivity of the ZrP/GLY material as a function of the mass

percentage of GLY is presented in Figure 22.

As shown in Figure 22, the ZrP/GLY materials follow a similar trend as the
ZrP/IL materials discussed earlier. The conductivity increases and reached a maximum
value of 1.80 x 102S cm™! at 3% by mass GLY. After that, the conductivity starts to
decrease. The glycerol is also anticipated to have been intercalated in between the ZrP
layers and hence, there will be a certain amount of GLY molecules that can be admitted

in between the layers.

The addition of glycerol to the ZrP material has clearly enhanced its proton
conductivity. The increase in conductivity can be explained from the chemical structure

of glycerol. As seen in Figure 20, glycerol has three O-H groups and therefore, its
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presence within the ZrP material will increase the overall number of the O-H groups
inside the modified material. This is expected to provide more proton transport sites for

hopping. Hence, the proton conductivity will be enhanced.
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0.012
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0 1 2 3 4 5
Mass percent of GLY in ZrP (%)

Figure 22. Conductivity versus GLY mass percentages for ZrP/GLY materials

5.3.Thermogravimetric Analysis (TGA)

The thermal stability of the best conducting ZrP/GLY material, along with its

water uptake were studied using TGA. The results of the TGA are shown in Figure 23
and Figure 24.
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Figure 23. TGA curves for pure ZrP and ZrP/GLY samples
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Figure 24. DTG curves for pure ZrP and ZrP/GLY samples

The TGA analysis of the ZrP/GLY material showed a weight loss of about 30%
at temperatures less than 200 °C with a maximum loss at 105 °C. The losses after 400
°C are attributed to to the condensation of the phosphate group in the ZrP material

between the P-OH groups [22].

The incorporation of glycerol within the ZrP material has enhanced the water
content of the samples. This is evident from Figure 24 that shows a higher water uptake
of the modified ZrP/GLY sample compared to the pure ZrP sample. These results are
consistent with the conductivity results in which the modified ZrP/GLY material had

higher conductivity compared to the pure ZrP material.

5.4. Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR spectra of the modified ZrP/GLY material is shown in Figure 25. The
main peaks for the modified ZrP/GLY are the same as in section 4.4. P-OH stretching
bands appeared at around 1000 cm™. The vibrational band of the PO4 group appeared
at around 1200 cm™!. The molecular water and O-H stretching vibrations appeared at

1634 cm™ and 2400 cm™!. C-H alkyl group shoulder appeared at 2920 cm™'.

Similar to the ZrP/IL material, the ZrP/GLY material showed an increase in
intensity for the O-H peaks at 1630 cm™ and at 3460 cm™'. This is because the glycerol

has increased the number of OH molecules in the ZrP material.
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Figure 25. FTIR spectra for pure ZrP and ZrP/GLY modified material
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Chapter 6. Conclusions and Recommendations

6.1. Conclusions

In this study, a proton conducting material for PEM fuel cells was synthesized
based on ionic liquids and ZrP. Seven ionic liquids were tested: [EMIM][ESO4],
[BMIM][DCA], [BMIM] [OTF], [EMIM][AC], [BMIM] [TFA], [DEMA][OMS],
[DEMA][OTF]. Among all the ionic liquids tested, [EMIM][ESO4], [BMIM][DCA],
[BMIM] [OTF] produced the highest proton conductivities. The modified materials in
this project were prepared by the addition of the ionic liquids to a solution of ZrOCly,
followed by a precipitation reaction with H3PO4 to prepare the ZrP/IL materials.

The conductivities of the best conducting samples were 2.26 x 1072
1.36 x 102 and 1.61 x 102 S cm’!, achieved with the ionic liquids [EMIM][ESO4],
[BMIM][DCA], [BMIM] [OTF] respectively. The conductivity of the pure ZrP material

that was produced in this work was 9.24 x 10 S cm™.

Overall, this work showed that the incorporation of ionic liquids within the ZrP
material enhances the conductivity of the ZrP material by orders of magnitude. The
increase in conductivity is attributed to the following reasons: 1) the intercalation of the
ionic liquids in between the layers of the ZrP which provided additional hopping sites,
2) the hydrogen bonding that was formed between the anions of the ionic liquids and
the P-OH from the ZrP, 3) the hydrophilicity of all the ionic liquids in this study, which
have increased the water content of the ZrP material and 4) the amorphous nature of the
ZrP that helps in trapping surface water and hence increasing the water content of the
material. These conclusions were supported by the results of TGA, SEM, XRD, FTIR

and Raman spectroscopy.

The performance of the ZrP/IL materials at high temperature was investigated
at temperature of 200 °C and anhydrous conditions. Although the conductivity
decreased, the results were better than that for Nafion membrane, which loses hydration
and shows a drastic decrease in conductivity when operated above 100 °C. Moreover,
a conductivity in the range of 10 at 200 °C is considered a high anhydrous proton

conductivity [167].

The proton conducting and water uptake characteristics of the incorporation of

glycerol within the ZrP material was also studied in this project. It was proved that
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glycerol has enhanced the water content of the ZrP samples by increasing the number
of O-H groups in the material which increases the proton hopping sites. Therefore, it is
anticipated that incorporating a combination of glycerol and ionic liquids within ZrP
material would be a promising electrolyte material for high temperature PEM fuel cells

and 1s worth future investigation.
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6.2. Recommendations for Future Work

1)

2)

3)

4)

5)

6)

7)

8)

Prepare composite membranes based on the ionic liquids that produced highest
conductivity, and study their performance at high temperatures.

Prepare composite membrane based on the combination between ionic liquids
and glycerol and investigate their proton conducting characteristics, water
uptake and their performance at high temperatures.

Study protic ionic liquids with similar anions to the ones tested in this study, in
order to get a more understanding on the type of ionic liquids that will maximize
the proton conductivity of the ZrP material.

Prepare zirconium phosphate in methods other than the precipitation method
and study the effect on the conductivity and thermal stability.

Investigate the effect of zirconium phosphate pH on the conductivity of the ZrP
material and the size of the particles.

Prepare water isotherm to examine the effect of water content on the
conductivity of the ZrP.

Perform particle size distribution analysis for the pure ZrP and the modified
samples.

Synthesize proton conducting material based on PBI, ZrP and ionic liquids and

study the proton conductivity and high temperature behavior.
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