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Abstract
The optimal operating temperature range for a low temperature polymer exchange

membrane fuel cell begins at 80 °C. At this temperature water will begin to leave the
system as steam and any membrane that relies on water to transport protons will
dehydrate and thus, the proton conductivity of the membrane will start to degrade. Here
the development of a new proton conducting material that is resilient to dehydration is
presented. The exploitation of the oxide surface of the ca. 20 A pore walls of a
mesoporous transition metal oxide (mX20s) as a means of anchoring sulfonate groups
and suppressing moisture loss to encourage proton conduction pathways in the
naphthalene sulfonate formaldehyde (NSF) impregnated analogues is conceived and
studied. Composites of mX>0s doped with H2SO4 and subsequently impregnated with
NSF or having NSF oligomerised in situ of the mX.Os pores were synthesised,
characterised and had their proton conductivity recorded over a range of temperatures.
Initially six mesoporous Ti oxide composites of NSF were made. The most promising
sample displayed a proton conductivity of 1.837 mS cm™ at 100 °C. This surpasses that
of a pellet of Nafion 117 (1.143 mS cm™) whilst having a greater conductivity than pure
hydrated NSF (0.122 mS cm™?), confirming a synergistic interaction between the NSF and
the oxide mesostructure. Next a series of mX20s-NSF composites were synthesised with
Cs, C12, and Cyg templates. Here the most promising sample displayed a conductivity of
21.96 mS cm at 100 °C, surpassing the literature value for a Nafion 117 film (ca. 8 mS
cm™). Finally, studies were performed on a series of mNb,Os composites with NSF resin

polymerised within the pores. The most promising sample displayed a conductivity of



21.77 mS cm? at 80 °C. Subsequent thermal durability tests demonstrated that this
composite maintains superior conductivity to Nafion 117 at 80 °C for the length of the
study (24 h). These observations were subsequently rationalised by in depth solid-state

NMR studies.
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Chapter 1: Introduction to the Study
Introduction

With each passing day, interest grows in the so-called green technologies market.
Companies and governments look towards environmentally friendly methods for power
generation such as fuel cells as a replacement for fossil-fueled installations, but without
having to sacrifice availability, efficiency and performance. This thesis describes
attempts to build on established protocol for mesoporous transition metal oxides and to
understand and control the formation of proton conducting pathways within its porous
system. This approach allows for proton conduction that is not dictated by dehydration
rates and thus, has potential applications for fuel cells.

This chapter begins by defining the fuel cell and describing the basic properties of
each type. From there, it will move on to the specifics of one particularly relevant variant
and why improvements are necessary. The next section will introduce mesoporous
oxides, outline how they are synthesised and what their potential is. This will lead into a
section about polymers and how they can be used in conjunction with mesoporous
materials to form composites, in particular ones which can be used to transport protons.
Finally, the work presented in this thesis will be outlined.

Fuel Cells

The first experimental realisation of a fuel cell was by William Grove in the mid
eighteenth Century.! He used a combination of zinc in dilute sulfuric acid, platinum in
concentrated nitric acid, and a porous ceramic pot to produce ca. 1.9 volts of energy. A

year later, Christian Friedrich Schénbein discussed the first crude fuel cell whereby
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current was generated from hydrogen and oxygen dissolved in water.? Thus began the
myriad research into the fuel cell.

In 1939, British engineer Francis Thomas Bacon successfully developed a 5 kW
stationary fuel cell.®> In 1955, W. Thomas Grubb, a chemist working for the General
Electric Company (GE), further modified the original fuel cell design by using a
sulphonated polystyrene ion-exchange membrane as the electrolyte.* Three years later
another GE chemist, Leonard Niedrach, devised a way of depositing platinum onto the
membrane, which served as catalyst for the necessary hydrogen oxidation and oxygen
reduction reactions. This became known as the "Grubb-Niedrach fuel cell".> GE went on
to develop this technology with NASA and McDonnell Aircraft, leading to its use during
Project Gemini.® This was the first commercial use of a fuel cell. In 1959, a team led by
Harry lhrig built a 15 kW fuel cell tractor for Allis-Chalmers and his system used
potassium hydroxide as the electrolyte and compressed hydrogen and oxygen as the
reactants.” Later in 1959, Bacon and his colleagues demonstrated a practical five-kilowatt
unit capable of powering a welding machine.? In the 1960s, Pratt and Whitney licensed
Bacon's U.S. patents for use in the U.S. space program to supply electricity and drinking
water (hydrogen and oxygen being readily available from the spacecraft tanks). In 1991,
the first hydrogen fuel cell automobile was developed by Roger Billings.

Since then, the research has come on leaps and bounds with the development of a
many different kinds of fuel cell tailored to specific needs. For instance, in 2011, UTC

Power was the first company to manufacture and commercialise a large, stationary fuel
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cell system for use as a co-generation power plant in hospitals, universities and large
office buildings.5

In short, a fuel cell is a device that converts the chemical energy from a fuel into
electricity through a chemical reaction of positively charged hydrogen ions with oxygen
or another oxidising agent. Fuel cells come in many different varieties; each are
developed with a specific task in mind and the most common types are described below.
Types of Fuel Cells

Fuel cells come in many varieties;®® yet they all work in the same general manner.
They are comprised of three adjacent segments: the anode, the electrolyte, and the
cathode; and at each segment, two chemical reactions occur at each interface. The net
result of the two reactions is that fuel is consumed, water or carbon dioxide is formed,
and an electric current is created, which can be used to power electrical devices, normally
referred to as the load.

At the anode a catalyst oxidises the fuel, usually hydrogen, turning the fuel into a
positively charged ion and a negatively charged electron. The electrolyte is a substance
specifically designed so ions can pass through it, but the electrons cannot. The freed
electrons travel through a wire creating the electric current. The ions travel through the
electrolyte to the cathode. Once reaching the cathode, the ions are reunited with the
electrons and the two undergo a reduction reaction with a third chemical, usually oxygen,
to create water or carbon dioxide. The overarching reaction is a redox reaction and is as

follows:



Anode side:
2H, => 4H"+ 4e
Cathode side:
O + 4H* + 4e" => 2H,0
Net reaction:

2H, + O, => 2H,0

Four features have to be taken into consideration when designing a fuel cell.®® The
first is the electrolyte substance. It is this which defines the style, type and usage of fuel
cell. The type of fuel used is the second parameter to contemplate as this will allow for
the fuel cell to be tailored towards a specific use. The anode catalyst is where the fuel is
broken down into its constituent protons and electrons. Often made from a very fine
platinum powder, the cost, thickness and longevity of the material is the third feature that
requires scrutiny. Finally, the cathodic catalyst material is the fourth feature. Often made
up of nickel or a nanomaterial-based material, it converts the waste ions chemicals into
water or carbon dioxide. Again, cost, longevity and thickness play a major part in the

design process. A typical fuel cell design is shown in Figure 1.1.

Water out

Anode Cathode
Electrolyte

Figure 1.1: A schematic illustration of a generic fuel cell
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A typical fuel cell produces a voltage from 0.6 V to 0.7 V at full rated load.
Voltage decreases as current increases, due to several factors: activation loss, ohmic loss
(due in part to the resistance of the cell components and interconnections) and mass
transport loss (i.e. depletion of reactants at the catalyst sites under high loads). To deliver
the desired amount of energy, the fuel cells can be combined in series to yield a higher
voltage, and in parallel to allow a higher current to be supplied. Such a design is called a
fuel cell stack. (Figures 1.2 and 1.3) The cell surface area can also be increased, to allow
higher current from each cell. Within the stack, reactant gases must be distributed

uniformly over each of the cells to maximise the power output.

N\

Separator
plate

/

End plate

A Exchange

Figure 1.2: A fuel cell stack: series arrangement

In reality, a fuel cell system is comprised of both series and parallel fuel cell
stacks in order to optimise efficiency. The system is completed with a fuel processor, a
DC/DC converter or AC/DC inverter, a fan to drive air into the system, and the Balance
of Plant Components. These are a collection of materials which essentially drive the cost,

durability and efficiency of the system.



Fuel in Airin

Fuel out Water out

Figure 1.3: A fuel cell stack: parallel arrangement

There are many different types of fuel cell that operate in the low temperature and
high temperature region. The most common are described below.

Alkaline fuel cells. Alkaline fuel cells (AFCs) were one of the first fuel cell
technologies developed, with their use primarily being in the U.S. space program to
produce electrical energy and water on-board spacecraft.®® These fuel cells use a solution
of potassium hydroxide in water as the electrolyte and can use a variety of non-precious
metals as a catalyst at the anode and cathode.®® High-temperature AFCs operate at
temperatures between 100 °C and 250 °C,%" while newer AFC designs operate at lower
temperatures of roughly 23° C to 70° C.%8 In recent years, novel AFCs that use a polymer
membrane as the electrolyte have been developed.®®"® These fuel cells are closely related

to conventional polymer exchange membrane fuel cells (PEMFCs), except that they use
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an alkaline membrane instead of an acid membrane. The high performance of AFCs is
due to the rate at which electro-chemical reactions take place in the cell. They have also
demonstrated efficiencies above 60% in space applications.®

The main disadvantage of the AFC is that it is easily poisoned by carbon dioxide,
so much so that even the smallest amount will see a large drop in efficiency.’t"?
Therefore, it is necessary to purify the fuels used in the cell and this adds to the cost of
the system — something which has resulted in other types of fuel being trialed.>’
Susceptibility to poisoning also affects the cell's lifetime, further adding to cost. Alkaline
membrane cells have lower susceptibility to CO> poisoning than liquid-electrolyte AFCs
do, but performance still suffers as a result of CO, that dissolves into the membrane.”
For the moment, AFCs are used in remote locations where cost isn’t such a factor but in
order to receive more mainstream use, their operating times have to be in excess of
40,000 hours®” — a feat which will not happen until durability challenges of the material
have been overcome.

Direct methanol fuel cells. NASA’s Jet Propulsion Laboratory first made direct
methanol fuel cells (DMFCs) in 1992.7* Unlike many fuel cells, DMFCs are powered by
pure methanol that is mixed with water and fed into the system at the anode. Despite this
leading to a decrease in efficiency, the methanol used is between 1 and 3 M as more
concentrated solutions tend to diffuse through the membrane (dubbed the methanol
crossover effect).©

As a fuel in a fuel cell system, methanol offers many advantages.®” It is

inexpensive, has a relatively high energy density, and can be easily transported and
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stored. It can be supplied to the fuel cell unit from a liquid reservoir which can be kept
topped up, or in cartridges which can be quickly changed out when spent. Thus, the need
for a fuel reformer is eliminated which drives the cost down. DMFCs have an operating
temperature 60 °C to 130 °C which sees them compete with PEMFCs and whilst
potentially cheaper, the high permeability of Nafion to methanol counteracts this.” Their
lightweight nature means that DMFCs are often used to provide power for portable fuel
cell applications such as cell phones or laptop computers.’®

Closely related to these cells are the direct ethanol fuel cell®® which works in a
similar manner, and the indirect methanol/ethanol””"® fuel cell which requires the fuel to
be reformed before it enters the cell.

Phosphoric acid fuel cells. Designed and introduced in 1961 by G. V. Elmore
and H. A. Tanner,!! the phosphoric acid fuel cell (PAFC) is considered the "first
generation” of modern fuel cells. It is one of the most mature cell types and the first to be
used commercially resulting in the PAFC being the most sold fuel cell system up until the
turn of the millennium.

Phosphoric acid, the electrolyte used in PAFCs, is a non-conductive liquid acid
which forces electrons to travel from anode to cathode through an external electrical
circuit. Since the hydrogen ion production rate on the porous carbon anode is small,
platinum is used as catalyst to increase this ionisation rate. A key disadvantage of these
cells is the use of an acidic electrolyte.”® This increases the oxidation of components
exposed and in a bid to minimise this, the electrolyte is pasted onto a Teflon-bonded

silicon carbide matrix.8°
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PAFCs commonly operate in temperatures of 150 °C to 200 °C with the heat
generated used in cogeneration to enhance the efficiency of the cell from 40-50 % to
about 80 %.8' At lower temperatures phosphoric acid is a poor ionic conductor, and
carbon monoxide poisoning of the platinum electro-catalyst in the anode becomes severe.
However, they are much less sensitive to carbon monoxide than PEMFCs and AFCs.

Given the same weight and volume, PAFCs are less powerful than other fuel
cells, and as a result, they are typically large and heavy. PAFCs are also expensive as
they require much higher loadings of the platinum catalyst than other types of fuel cells
do and as such, methods are being sought to change this.®28% This type of fuel cell is
typically used for stationary power generation, but some PAFCs have been used to power
large vehicles such as city buses.

Solid oxide fuel cells. Solid oxide fuel cells (SOFCs) use a solid material, most
commonly the non-porous ceramic material yttria-stabilised zirconia (YSZ), as the
electrolyte. Made entirely of solid materials, they are not limited to the flat plane
configuration of other types of fuel cells and are often designed as rolled tubes.?

Due to the physical properties of YSZ, they require high operating temperatures
(800-1000 °C) as anything lower sees the ionic conductivity of the electrolyte (and thus
the fuel cell’s efficiency) decrease.®* These higher operating temperatures result in
challenges that need to be overcome. One such challenge is that carbon dust builds up on
the anode which leads to a loss of performance, with one viable solution being to use a
heat-resistant composite of ceramic and metal (a “cermic”), but this isn’t a cheap

option.'? Another disadvantage of SOFC systems is slow start-up time, making SOFCs
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less useful for mobile applications. Despite these disadvantages, the high operating
temperatures required provide an advantage by removing the need for a precious metal
catalyst like platinum, thereby reducing cost.%% Additionally, waste heat from SOFC
systems may be captured and reused which allows SOFCs to reform fuels internally. This
enables the use of a variety of fuels and reduces the cost associated with adding a
reformer to the system.®® SOFCs are around 60 % efficient at converting fuel to
electricity but in those designed to capture and utilize the system's waste heat (co-
generation), overall fuel use efficiencies could top 85 %.%3

SOFCs are unique in that negatively charged oxygen ions travel from the cathode
to the anode instead of positively charged hydrogen ions travelling from the anode to the
cathode, as is the case in all other types of fuel cells. Oxygen gas is fed through the
cathode, where it absorbs electrons to create oxygen ions. The oxygen ions then travel
through the electrolyte to react with hydrogen gas at the anode. The reaction at the anode
produces electricity and water as by-products. Carbon dioxide may also be a by-product
depending on the fuel, but the carbon emissions from an SOFC system are less than those
from a fossil fuel combustion plant.®

Research exploring the potential for SOFCs operating at or below 700°C is
currently underway,®”® but despite there being fewer durability problems and a
decreased cost associated, these SOFCs have not yet matched the performance of the
higher temperature systems due to the stack materials that function in this lower

temperature range still undergoing development. Additionally, the lower operating
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temperature allows them to use stainless steel instead of ceramic as the cell substrate,
which further reduces the cost and start-up time of the system.%®

Hydrogen-oxygen fuel cell. Otherwise known as the Bacon cell, the hydrogen-
oxygen fuel cell was designed in 1959 and was used as a primary source of electrical
energy in the Apollo space program.™® The cell consists of two porous carbon electrodes
impregnated with a platinum catalyst. The space between the two electrodes is filled with
a concentrated solution of potassium or sodium hydroxide which serves as an electrolyte
and to this; hydrogen and oxygen gases are bubbled in where they combine to form
water. The cell runs continuously until the reactant's supply is exhausted. This type of
cell operates efficiently in the temperature range 70-140 °C and provides a potential of
about 0.9 V.

Molten carbonate fuel cells. Molten carbonate fuel cells (MCFCs) are high
temperature fuel cells that use lithium potassium carbonate salt as an electrolyte, which is
suspended in a porous, chemically inert ceramic lithium aluminium oxide matrix. At high
temperatures this salt liquefies which permits movement of charge (in this instance,
carbonate anions) within the cell. Hydrogen enters the cell via the fuel used and this
reacts with carbonate ions from the electrolyte to produce water, carbon dioxide,
electrons and small amounts of other chemicals. The electrons travel through an external
circuit creating electricity and return to the cathode. There, oxygen from the air and
carbon dioxide recycled from the anode react with the electrons to form carbonate ions

that replenish the electrolyte, completing the circuit.%%!
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The operating temperature for the MCFC is 650 °C and as with the SOFCs, such
high temperatures come with their own challenges. Whilst immune to carbon build up on
the anode, both the anode and cathode are subject to corrosion from the electrolyte itself
which decreases the cell’s durability and lifetime.®? High temperatures also lead to slow
start up times, which result in the fuel cells being restricted to stationary purposes, such
as power plants for utility,®® industrial®* and even military applications.** However,
outgoing costs can be recovered as non-precious metals can be used as catalysts at the
anode and cathode.®
Improved efficiency is another reason MCFCs offer significant cost reductions
over rivalling fuel cell systems such as PAFCs. MCFCs, when coupled with a turbine,
can reach efficiencies approaching 65 %,% considerably higher than the 37-42 %
efficiencies of a PAFC system. Furthermore, when the waste heat is captured and used,
overall fuel efficiencies can be over 85 %.%" Unlike AFCs, PAFCs, and PEMFCs,
MCFCs do not require an external reformer to convert fuels such as natural gas and
biogas to hydrogen. At the high temperatures at which MCFCs operate, methane and
other light hydrocarbons in these fuels are converted to hydrogen within the fuel cell
itself by a process called internal reforming, which also reduces cost.
Reversible fuel cells. Reversible fuel cells (also called regenerative fuel cells;
RFCs) produce electricity from hydrogen and oxygen and generate heat and water as by-
products, just like other fuel cells. However, RFC systems can also use electricity from
solar power, wind power, or other sources to split water into oxygen and hydrogen fuel

through a process called electrolysis.®® Thus, RFCs can provide power when needed, but



13
during times of high power production from other technologies (such as when high winds
lead to an excess of available wind power), they are able to store the excess energy in the
form of hydrogen and this has seen commercial success.*® This energy storage capability
could be a key enabler for intermittent renewable energy technologies.

When the fuel cell is operated in regenerative mode, the anode for the electricity
production mode (fuel cell mode) becomes the cathode in the hydrogen generation mode
(reverse fuel cell mode), and vice versa. When an external voltage is applied, water at the
cathode side will undergo electrolysis to form hydrogen and oxide ions; oxide ions will
be transported through the electrolyte to anode where it can be oxidised to form oxygen.
In this reverse mode, the polarity of the cell is opposite to that for the fuel cell mode.*®

One example of RFC is the solid oxide regenerative fuel cell (SORFC).*® Generic
SOFCs operate at high temperatures with high fuel to electricity conversion ratios which
makes them a good candidate for high temperature electrolysis. Recent research!® has
shown that ceria-based composite electrolytes - where both proton and oxide ion
conductions exist - produce high current outputs for fuel cell operation and high
hydrogen outputs for electrolysis operation. Zirconia doped with scandia and ceria has
also been investigated as a potential electrolyte in SORFC for hydrogen production at
intermediate temperatures (500-750 °C).10%

Since high frequency corresponds to electrolyte activities and low frequency
corresponds to electrode processes, it can be deduced that only a small fraction of the

overall resistance is from the electrolyte and most resistance comes from anode and
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cathode. Hence, developing high performance electrodes are essential for high efficiency
SORFC.

Proton Exchange Membrane Fuel Cells

Originally known as a solid polymer electrolyte fuel cell before the proton
exchange mechanism was fully understood, the PEMFC (or polymer electrolyte
membrane fuel cell) is one of the more common varieties of low temperature fuel cells
available.

PEMFCs deliver high power density and offer the advantages of low weight and
volume compared with other fuel cells.2%? Whilst they need only hydrogen, oxygen from
the air, and water to operate, they are typically fuelled with pure hydrogen supplied from
storage tanks or reformers.>** Due to their fast start-up time and favourable power-to-
weight ratio, PEMFCs are primarily used for transportation applications and some
stationary applications, with particular use in passenger vehicles, such as cars and
buses.!® PEMFCs operate at relatively low temperatures, around 80°C. This low-
temperature operation allows them to start quickly (less warm-up time) and results in less
wear on system components, resulting in better durability. However, it requires that a
noble-metal catalyst (typically platinum) be used to separate the hydrogen's electrons and
protons, adding to system cost.>%-¢183 The platinum catalyst is also extremely sensitive to
carbon monoxide poisoning, making it necessary to employ an additional reactor to
reduce carbon monoxide in the fuel gas if the hydrogen is derived from a hydrocarbon

fuel. This reactor also adds cost.%
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In the archetypical hydrogen—oxide PEMFC design (Figure 1.4), a proton-
conducting polymer membrane separates the anode and cathode sides. On the anode side,
hydrogen diffuses to the anode catalyst where it later dissociates into protons and
electrons. These protons often react with oxidants causing them to become what are
commonly referred to as multi-facilitated proton membranes. The protons are conducted
through the membrane to the cathode, but the electrons are forced to travel in an external
circuit because the membrane is electrically insulating. On the cathode catalyst, oxygen
molecules react with the newly arrived electrons and protons to form water. In addition to
this pure hydrogen type, there are hydrocarbon fuels for fuel cells, including diesel,
methanol and chemical hydrides. The waste products with these types of fuel are carbon
dioxide and water,10%1%

Proton exchange membrane fuel cell
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Figure 1.4: Construction of a PEMFC: Bipolar plate as electrode with in-milled gas channel structure, fabricated from
conductive composites; Porous carbon papers; reactive layer; polymer membrane. Reprinted with permission from*’
Copyright (2007) American Chemical Society
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When hydrogen is used as fuel, this is produced when CO: is released from the
combination of natural gas (methane) with steam, in a process called steam methane
reforming. This can take place in a different location to the fuel cell, potentially allowing
the hydrogen fuel cell to be used indoors.*®

The materials used for different parts of the fuel cells differ by type. The bipolar
plates may be made of different types of materials, such as, metal, coated metal, graphite,
flexible graphite, C-C composite, carbon—polymer composites, etc. The membrane
electrode assembly (MEA) is referred as the heart of the PEMFC and is usually made of a
proton exchange membrane sandwiched between two catalyst-coated carbon papers.
Platinum and/or a similar category of noble metals are usually used as the catalyst for
fuel cell system. The electrolyte is often a polymer membrane.

PEMFCs still have a lot of challenges to overcome. Poisoning of the cathode by
carbon monoxide is a major concern with research looking into more resistive materials
(like peridot).® Many companies are working on techniques to reduce cost in a variety of
ways, with the main focus being on reducing the amount of platinum needed in each
individual cell whilst not being detrimental to performance.'®%® Catalysts prepared from
colloidal particle suspensions,*®” enhanced with carbon silk to reduce platinum usage,?
or using non-precious metals as a cathode'® are one of the many avenues explored so far.
The membrane must be hydrated, requiring water to be evaporated at precisely the same
rate that it is produced. If water is evaporated too quickly, the membrane dries, resistance
across it increases, and eventually it will crack, creating a gas "short circuit" where

hydrogen and oxygen combine directly, generating heat that will damage the fuel cell. If
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the water is evaporated too slowly, the electrodes will flood, preventing the reactants
from reaching the catalyst and stopping the reaction. Finding the right balance can be

quite the conundrum,*®®

as maintaining the same temperature throughout the cell in order
to prevent destruction of the cell through thermal loading. This is particularly challenging
as the 2H> + O2- > 2H,0 reaction is highly exothermic, so a large quantity of heat is
generated within the fuel cell. Finally, there’s the durability factor. Stationary fuel cell
applications typically require more than 40,000 hours of reliable operation at a
temperature of —35 °C to 40 °C while automotive fuel cells require a 5,000-hour lifespan
(the equivalent of 150 miles) under extreme temperatures. Current service life is 2,500
hours (about 75,000 miles). Automotive engines must also be able to start reliably at
—30 °C and have a high power-to-volume ratio (typically 2.5 kW per litre).1*® With the
US Department of Energy’s targets for PEMFCs ever increasing,''® research into
reaching these has stemmed into, but not restricted to, thinning and tweaking the
platinum catalyst,'%%2 improving the carbon support of the platinum cathode,**** and
trying different MEAS as an alternative to Nafion (see below).

Nafion. Nafion is a sulfonated tetrafluoroethylene based fluoropolymer-
copolymer discovered in the late 1960s by Walther Grot of DuPont,? the structure of
which is shown in Figure 1.5. The unique ionic properties associated with Nafion are a
result of incorporating perfluorovinyl ether groups terminated with sulfonate groups onto
a tetrafluoroethylene backbone. Nafion has received a considerable amount of attention

as a proton conductor for PEMFCs because of its excellent thermal?? and mechanical

stability.®



18

o/c\
/ 7F/°\C/E

2
OH
CF,
cm/ FC Fa2 \S/

. ’[,C/Fz '—/(iz 0/ \0

*
Figure 1.5: Repeat unit of Nafion

Nafion derivatives are first synthesised by the copolymerisation of
tetrafluoroethylene and a derivative of a perfluoro (alkyl vinyl ether) with sulfonyl acid
fluoride. The resulting product is an -SO2F-containing thermoplastic that is extruded into
films. Hot aqueous NaOH converts these sulfonyl fluoride groups into sulfonate groups.
This form of Nafion, referred to as the neutral or salt form, is finally converted to the acid
form containing the sulfonic acid groups. Nafion can be cast into thin films by heating in
aqueous alcohol at 250 °C in an autoclave. By this process, Nafion can be used to
generate composite films, coat electrodes, or repair damaged membranes.

The combination of the stable Teflon backbone with the acidic sulfonic groups
gives Nafion a set of specific and extremely preferably characteristics;!® it is highly
conductive to cations, making it suitable for many membrane applications in fuel cells,
and it resists chemical attack, with only alkali metals (particularly sodium)'’ and
hydrogen peroxide!'® being capable of degrading Nafion under normal temperatures and
pressures. Both of these characteristics make Nafion extremely versatile and desirable.
Furthermore, the Teflon backbone is interlaced with the ionic sulfonate groups to provide

Nafion with a high operating temperature (ca. 190 °C), however, in membrane form, this
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is not possible due to the loss of water and mechanical strength.'®'2° Nafion is classified
as a superacid catalyst: the combination of fluorinated backbone, sulfonic acid groups,
and the stabilising effect of the polymer matrix make Nafion a very strong acid, with pKa
~ -6. In this respect Nafion resembles the trifluoromethanesulfonic acid, CF3SOsH,
although Nafion is a weaker acid by at least three orders of magnitude; finally, it is
selectively and highly permeable to water.

The morphology of Nafion membranes is a matter of continuing study to allow
for greater control of its properties. Other properties such as water management,
hydration stability at high temperatures, electro-osmotic drag, as well as the mechanical,

thermal, and oxidative stability, are affected by the Nafion structure.

Figure 1.6: Cluster network model of Nafion. Reprinted with permission from?* Copyright (1981) John Wiley and Sons

The first model for Nafion, called the cluster-channel or cluster-network model,?*
(Figure 1.6) consisted of an equal distribution of sulfonate ion clusters (also described as
“inverted micelles”) with a 40 A diameter held within a continuous fluorocarbon lattice.
Narrow channels about 10 A in diameter interconnect the clusters, which explain the
transport properties. However, the difficulty in determining the exact structure of Nafion
stems from inconsistent solubility and crystalline structure among its various derivatives.

Advanced morphological models have included a core-shell model*?? where the ion-rich
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core is surrounded by an ion poor shell,*?* a lamellar model,*?* a rod model where the
sulfonic groups arrange into crystal-like rods,** and a sandwich model where the
polymer forms two layers whose sulfonic groups attract across an aqueous layer where
transport occurs.'? Consistency between the models includes a network of ionic clusters;
the models differ in the cluster geometry and distribution. Although no model has yet
been determined fully correct, some scientists have demonstrated that as the membrane
hydrates, Nafion's morphology transforms from the Cluster-Channel model to a rod-like

model.

50 nm

H.0 channel Crystaliite

Figure 1.7: Water channel model of Nafion. Reprinted with permission from?® Copyright (2008) Nature Publishing Group

A more recent water channel model?® (Figure 1.7) was proposed based on
simulations of small-angle X-ray scattering data and solid state nuclear magnetic
resonance studies. In this model, the sulfonic acid functional groups self-organize into
arrays of hydrophilic water channels, each ~ 2.5 nm in diameter, through which small
ions can be easily transported. Interspersed between the hydrophilic channels are

hydrophobic polymer backbones which provide the observed mechanical stability and it
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is for these reasons why Nafion has become and remains the commercially viable
membrane for PEMFCs. However, at temperatures above 80 °C operation becomes
difficult as the conductivity of Nafion decreases due to dehydration of the membrane’s
matrix**31%® and this, coupled with high cost and high methanol permeability**$-13 results
in Nafion falling short of the strictest performance demands in a PEMFC.'3%40 Of late, a
lot of research has gone into improving the performance of the Nafion membrane.
Methods include doping the membrane with sulfonated silica clusters'?® or
nanoparticles,'?’ forming composite membranes be it organic*?® or sulfonated
inorganic?® based, looking at reducing the methanol crossover effect,*® improving water
retention,’®* or the in situ filling of the membrane with proton conducting
macromolecules during the preparation stage.**> However, whilst these do inprove the
efficiency, none of them have becomes commercially viable replacements yet.
Metal-organic Frameworks

A new era in inclusion chemistry began with the discovery of periodic
mesoporous materials by Beck et al. in 1992 at the Mobil Corporation.?8 MCM-41
(hexagonally packed mesoporous silicate alumino silicate materials) was synthesised
with uniformly sized pores and surfaces areas approaching 1400 M? g*. Since then a
wide variety of new materials have been synthesised that exploit the ability of these
substrates to act as hosts for a broad range of inorganic***'42 and organic'*3* guest
species too large to be included in the smaller pores of microporous zeolites. The
encapsulation of organic and inorganic species within the pores of such a material can

lead to different physical properties than those observed for the bulk guest species. Such
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porous host guest metal organic composites eventually inspired the synthesis of a new
class of crystalline porous network materials which are called metal organic frameworks
MOFs and are described below.

As a rule, MOFs are compounds consisting of metal ions or clusters coordinated
to organic molecules to form one-, two-, or three-dimensional structures that are often
porous in nature. Known as a coordination network, this coordination compound extends
through repeating coordination entities in 1 dimension, but with cross-links between two
or more individual chains, loops, or spiro-links. Alternatively, it may extend through
repeating coordination entities in 2 or 3 dimensions or form a polymer whereby a
compound with repeating coordination entities extends through all three dimensions.
Generally MOFs are composed of two major components: a metal ion or cluster of metal
ions and an organic molecule called a linker. The organic units are typically mono-, di-,
tri-, or tetravalent ligands. The choice of metal and linker dictates the structure and hence
properties of the MOF. For example, the metal's coordination preference influences the
size and shape of pores by dictating how many ligands can bind to the metal and in which
orientation.4

Developed from the study of zeolites, MOFs are produced almost exclusively by
hydrothermal or solvothermal techniques'*® but unlike the former, MOFs are constructed
from bridging organic ligands that remain intact throughout the synthesis. Synthesis often
makes use of a template and in MOFs, the framework is templated by the secondary
building unit and the organic ligands. A templating approach that is useful for MOFs

intended for gas storage is the use of metal-binding solvents such as N,N-
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diethylformamide and water. In these cases, metal sites are exposed when the solvent is
evacuated, allowing hydrogen to bind at these sites. Post-synthetic modification of MOFs
opens up possibilities that might not be achieved by conventional synthesis.’*’ Of
potential relevance to hydrogen storage are MOFs with exposed metal sites.'*® Such sites
have been generated by post-synthetic coordination of additional metal ions to sites on
the bridging ligands, and addition and removal of metal atoms to the metal site.

Since ligands in MOFs typically bind reversibly, the slow growth of crystals often
allows defects to be re-dissolved, resulting in a material with millimetre-scale crystals
and a near-equilibrium defect density. Solvothermal synthesis is useful for growing
crystals suitable to structure determination, because crystals grow over the course of
hours to days.*® However, the use of MOFs as storage materials for consumer products
demands an immense scale-up of their synthesis. Scale-up of MOFs has not been widely
studied, though several groups have demonstrated that microwaves can be used to
nucleate MOF crystals rapidly from solution. This technique, termed "microwave-
assisted solvothermal synthesis"”, is widely used in the zeolite literature, and produces
micron-scale crystals in a matter of seconds to minutes, in yields similar to the slow
growth methods, 49150

Another approach to increasing adsorption in MOFs is to alter the system in such
a way that chemisorption becomes possible. This functionality has been introduced by
making a composite material, which contains a MOF and a complex of platinum with
activated carbon. In an effect known as hydrogen spillover, H> can bind to the platinum

surface through a dissociative mechanism which cleaves the hydrogen molecule into two
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hydrogen atoms and enables them to travel down the activated carbon onto the surface of
the MOF.'® This innovation produced a threefold increase in the room-temperature
storage capacity of a MOF; however, desorption can take upwards of 12 hours, and
reversible desorption is sometimes observed for only two cycles. The relationship
between hydrogen spillover and hydrogen storage properties in MOFs is not well
understood but may prove relevant to hydrogen storage.*

As an alternative, researchers suggested the use of MOFs as proton conductors
because of high chemical and thermal stability and diverse topological architecture with
tuneable functionality. MOFs modified with sulphonate and phosphate anions?”?® or
sulfate nanoparticales'® have shown some promise in a bid to mimic the proton
conducting pathways of Nafion, while anhydrous proton conduction has also been
observed in crystalline MOFs.2%** However to date, most MOFs do not show high
proton conductivity, long-term stability, durability in moisture, or are not yet developed
enough®® to be commercially viable.

Mesoporous materials. Porous materials are classified into several kinds by their
size. According to IUPAC notation,* microporous materials have pore diameters of less
than 2 nm and macroporous materials have pore diameters of greater than 50 nm; the
mesoporous category thus lies in the middle. Typical mesoporous materials include a
variety of silica and alumina that have similarly-sized fine mesopores. Mesoporous
oxides of niobium,% tantalum,® titanium,*® zirconium,'” cerium®®® and tin*>° have also
been reported, all of which can have disordered or ordered mesopores within a

mesostructure.
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A procedure for producing mesoporous materials (silica) was patented around
1970.3%-33 It went almost unnoticed and was reproduced in 1997.3* Early MCM structures
were mesoporous in nature and these were synthesised using the liquid crystal templating
mechanism, (otherwise known as the surfactant templating mechanism) whereby
surfactants are used which bond with the precursors to form micelles. These micelles
rearrange into hexagonal rods and subsequently calcine which enables the silanol groups
to form silicon-oxygen bridges into shape around the now cylindrical micelles.®®
(Figure 1.8) During the calcination process the organic template becomes oxidised and is
removed to leave a hollow crystalline structure with well-formed pores, a narrow
distribution of pore sizes, and very high surface areas (>1500 m? g%).

Following the research into mesoporous silica, the focus moved towards the
development of similar materials using transition metal oxides. The advantages offered
by the variable oxidation states in addition to the their unique optical and electronic
properties could afford a healthy degree of customisation as each material could
potentially be tailor made to suit each individual need. Using niobium ethoxide, Antonelli
and Ying in 1996% made the first high surface area mesoporous transition metal oxide
that was stable after template removal. Following this success, research expanded into
high surface area mesoporous transition metal oxides made using Ti, Ta, Mo, Mn and
Zr.37%0 A main deviation from the mesoporous silica procedure is the inability to calcine
the sample due to the instability of the material’s mesostructure above certain
temperatures. The remedy was to age the as-synthesised gel slowly by increasing the

temperature incrementally until the peak temperature is achieved, thereby permitting the
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remove of the organic template by protonolysis and subsequent washing. The final
material is a highly porous amorphous transition metal oxide with very high surface area
(>1000 m? g1). Subsequently, altering the template size was shown to change the
properties of the material, which further allows for customisation of the material towards

certain needs.
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Figure 1.8: Scheme depicting the synthesis procedure of MCM 41%

In the years following, research in this field has steadily grown. Notable examples
of prospective applications for these materials are catalysis, sorption, gas sensing, ion
exchange, optics, and photovoltaics. That said, a lot of focus currently centres on Ti oxide
due to its high surface area (ca. 1100 m? g!) photocatalytic activity and use in catalytic
oxidation. Similarly Nb and Ta oxides (surface areas ca. 800 m? g* and 700 m? g*

respectively) exhibit special properties such as high stability, variable oxidation states
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useful in tailoring catalytic properties, as well as variable acidic properties crucial to acid
catalysed reactions. On their own, mesoporous oxides have not shown a high proton
conductivity but they have been used as a dopant in Nafion to suppress dehydration of the
matrix,***2 while they have also been used as blends with zeolites*® and nanoparticles** to
encourage conductivity in the same manner.

Polymers

Originally coined in 1833 by Jons Jacob Berzelius, the modern concept for the
term “polymer” was proposed by Hermann Staudinger in 1920.%° It refers to a molecule
whose structure is composed of multiple repeating units, from which originates a
characteristic of high relative molecular mass and attendant properties. Thus, a polymer is
a large molecule, or macromolecule, composed of many repeated subunits. Polymers
range from familiar synthetic plastics such as polystyrene to natural biopolymers such as
DNA and proteins that are fundamental to biological structure and function. Polymers,
both natural and synthetic, are created via polymerisation of many small molecules,
known as monomers. Their consequently large molecular mass relative to small molecule
compounds produces unique physical properties, including toughness, viscoelasticity, and
a tendency to form glasses and semi-crystalline structures rather than crystals. Monomers
tend to derive from molecules of low relative molecular mass. The identity of the repeat
units comprising a polymer is its first and most important attribute. Polymer
nomenclature is generally based upon the type of monomer residues comprising the

polymer. Polymers that contain only a single type of repeat unit are known as
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homopolymers, while polymers containing a mixture of repeat units are known as
copolymers.

Laboratory synthetic methods are generally divided into two categories, step-
growth polymerisation and chain-growth polymerisation. The essential difference
between the two is that in chain growth polymerisation, monomers are added to the chain
one at a time only, such as in polyethylene, whereas in step-growth polymerisation chains
of monomers may combine with one another directly, such as in polyester. However,
some newer methods such as plasma polymerisation** do not fit neatly into either
category.

Polymer properties are broadly divided into several classes based on the scale at
which the property is defined as well as upon its physical basis.'®* The most basic
property of a polymer is the identity of its constituent monomers. A second set of
properties, known as microstructure, essentially describe the arrangement of these
monomers within the polymer at the scale of a single chain. These basic structural
properties play a major role in determining bulk physical properties of the polymer,
which describe how the polymer behaves as a continuous macroscopic material.
Chemical properties, at the nanoscale, describe how the chains interact through various
physical forces. At the macro-scale, they describe how the bulk polymer interacts with
other chemicals and solvents.

The microstructure or configuration of a polymer relates to the physical
arrangement of monomer residues along the backbone of the chain. These are the

elements of polymer structure that require the breaking of a covalent bond in order to
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change. Structure has a strong influence on the other properties of a polymer. An
important microstructural feature of a polymer is its architecture and shape, which relates
to the way branch points lead to a deviation from a simple linear chain. A branched
polymer molecule is composed of a main chain with one or more substituent side chains
or branches. Types of branched polymers include star polymers, comb polymers, brush
polymers, dendronised polymers, and dendrimers. Two-dimensional polymers also exist
which are composed of topologically planar repeat units and many common structures

can be seen in Figure 1.9.162
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Figure 1.9: Various polymer architectures

A polymer's architecture affects many of its physical properties including, but not
limited to, solution viscosity, melt viscosity, solubility in various solvents, glass
transition temperature and the size of individual polymer coils in solution.

The physical properties of a polymer are strongly dependent on the size or length

of the polymer chain. Impact resistance also tends to increase with chain length, as does
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the viscosity, or resistance to flow, of the polymer in its melt state. Increasing chain
length furthermore tends to decrease chain mobility, increase strength and toughness, and
increase the glass transition temperature. This is a result of the increase in chain
interactions such as Van der Waals attractions and entanglements that come with
increased chain length. These interactions tend to fix the individual chains more strongly
in position and resist deformations and matrix breakup, both at higher stresses and higher
temperatures. A common means of expressing the length of a chain is the degree of
polymerisation, which quantifies the number of monomers incorporated into the chain.
As with other molecules, a polymer's size may also be expressed in terms of molecular
weight. Since synthetic polymerisation techniques typically yield a polymer product
including a range of molecular weights, the weight is often expressed statistically to
describe the distribution of chain lengths present in the same. Common examples are the
number average molecular weight and weight average molecular weight. The ratio of
these two values is the polydispersity index, commonly used to express the "width™ of the
molecular weight distribution. A final measurement is contour length, which can be
understood as the length of the chain backbone in its fully extended state.

Polymerisation is a process of reacting monomer molecules together in a chemical
reaction to form polymer chains or three-dimensional networks. There are many forms of
polymerisation and different systems exist to categorise them. Molecules made of a small
number of monomer units, up to a few dozen, are called oligomers. An oligomer is
molecule of intermediate relative molecular mass; the structure of which essentially

comprises a small plurality of units derived, actually or conceptually, from molecules of
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lower relative molecular mass. The term multimer is used with a meaning similar to that
of oligomer in the context of proteins (although technical restrictions of word sense may
exist). Many oils are oligomeric, such as liquid paraffin. Plasticisers are oligomeric esters
widely used to soften thermoplastics such as PVC. They may be made from monomers
by linking them together, or by separation from the higher fractions of crude oil.
Polybutene is an oligomeric oil used to make putty. Greek prefixes are often used to
designate the number of monomer units in the oligomer, for example a tetramer being
composed of four units and a hexamer of six. Oligomerisation is a chemical process that
converts monomers to macromolecular complexes through a finite degree of
polymerisation. The actual figure for degree of polymerisation is a matter of debate, often
a value between 10 and 100. When an oligomer forms as a result of chain transfer the
oligomer is called a telomer and the process telomerisation. Of late, research has
stemmed into using sulphated polymers for exploiting their proton conducting nature in a
bid to find cheaper alternatives and this has so far yielded proming results.163164

Naphthalene Sulfonate Formaldehyde. Patented as salts of naphthalene sulfonic
acid-formaldehyde condensates,*® naphthalene sulfonate formaldehyde (NSF) is a
polymer used most commonly as a plasticiser in the production of concrete and
plasterboard. It is also used as a dispersant in synthetic and natural rubbers, as a dye or
syntan in the leather industries, as a pesticide in agricultural formulations and in lead—
acid battery plates.

Naphthalene sulfonate polymers are produced by treating naphthalene with

sulfuric acid and then polymerising with formaldehyde, often followed by neutralisation
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with sodium hydroxide or calcium hydroxide. (Figure 1.10) These products are
commercially sold in solution (water) or dry powder form. In the sulfonation step,
naphthalene reacts slowly with sulfuric acid alone to give naphthalenesulfonic acid. The
reaction starts with the protonation of one molecule of sulfuric acid by another, followed

by the loss of a molecule of water.
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Figure 1.10: Arrow-pushing mechanism for the synthesis of NSF

The cation produced is very reactive and combines with naphthalene via the slow
addition to the aromatic m system, followed by rapid loss of a proton to regenerate the
aromaticity. To speed up the reaction process, heat is often used and the choice of
temperature dictates the isomer formed. At 80 °C, the kinetic product is formed on the
alpha position on the aromatic ring; increasing the temperature to 160 °C affords the
thermodynamic product on the beta position.

Taking the thermodynamic product, the compound undergoes condensation
polymerisation with formaldehyde, in a process catalysed by the compounds inherent

acidity. Electrophilic aromatic substitution occurs whereby the naphthalene ring attacks
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the formaldehyde molecule at the carbon atom to form an intermediate with the
carbocation partially stabilised through resonance which allows the postitive charge to

distributed over five carbon other atoms.
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Figure 1.11: Arrow pushing mechanism for the oligermerisation of NSF

In the next stage of the reaction, the negatively charged oxygen molecule acts as a
Brensted base by donating electrons to the hydrogen at the point of the electrophilic
attack, with the electrons shared by the hydrogen returning to the z system to regenerate
aromaticity. Protonation of the alcohol function group results in a loss of H2O, which

attracts another naphthalenesulfonic acid monomer unit in a step growth polymerisation
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mechanism. (Figure 1.11) Once the dimer is formed, further additions of formaldehyde

molecules on carbons meta to the alkane linkers continues the step growth.

C10H7'SO3H'(C10H7'SO3H)X + HzSO4 + 2m NaOH

—

C10H7-SO3Na-(C1oH7-SOsNa)x + X H.O + NapSO,

Oligomers of NSF are often found in units consisting of 4-6 monomers, with a
molecular mass between 400 and 1000.“4" To form the often seen salts, subsequent
neutralisation follows the equation above which proceeds to completely stabilise the
polymer and prevent further reaction. Preliminary experiments in our group have
explored the proton conducting nature of this oligomer within a mesoporous transition
metal oxide scaffold and this has also seen promising results.>
Characterisation Techniques

Characterisation is the broad and general process by which a material's structure
and properties are probed and measured. This section discusses the main techniques, be it
microscopic, spectroscopic or macroscopic, employed thesis-wide to determine and
understand the materials and composites created within.

Surface area analysis. The characterisation used in this thesis to confirm the
surface area of the as-synthesised materials is comprised of two parts: Brunauer-Emmet-
Teller (BET) surface area analysis and Barrett-Joyner-Halenda (BJH) pore size and
volume analysis.

BET surface area analysis Originally derived from Langmuir theory and first
published in 1938 by Stephen Brunauer, Paul Hugh Emmett, and Edward Teller,*® BET

theory aims to explain the physical adsorption of gas molecules on a solid surface and
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serves as the basis for an important analysis technique for the measurement of the
specific surface area of ideally, a non-microporous material. It refers to multi-layer
adsorption whereby it adopts inert gases (nitrogen, argon) as adsorbates to determine the
surface area data. The manner in which these gasses adsorb and desorb with the material
enables the assessment of the materials specific surface area and porosity. This initial
adsorption of gas onto the surface forms a monolayer which is subsequently followed by
supplementary layers until all pores are filled and the saturation pressure is reached.
Shown below is the equation for BET Theory, where P is pressure, Va is the quantity of
gas adsorbed at pressure, Vi is the quantity of gas adsorbed when the entire surface is
covered in a monomolecular layer, and Po is the saturation point of the gas:

P/Va (Po- P) = (1/Vm)(P/Po)

On a macroscopic scale, the total pore volume and surface area in a material can
be determined using a method known as isothermal gas adsorption. By measuring the
volume of gas adsorbed onto a material at different pressures, and adsorption isotherm
plot can be generated and used to infer several key properties of the material. Initially, the
sample must be cooled to 77 K to minimise the effects on the kinetics of desorption.
Next, both the reference and sample chambers are evacuated then isolated from each
other. The first chamber is filled with a certain pressure of gas, then the chamber is
isolated and the pressure is recorded. The valve between the first chamber and sample
chamber is opened, and the gas is allowed to reach an equilibrium pressure, which is
recorded. Incrementally, pressure is increased until the sample chamber pressure reaches

the equilibrium vapor pressure of nitrogen at 77 K, which is 100 kPa. Nitrogen gas is
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used to complete the procedure as the ratio of the pressures will be greater by the volume
of gas adsorbed to the surface. This adsorbed volume is recorded for a number of
equilibrium pressures and plotted as a BET plot, otherwise known as a nitrogen

adsorption/desorption isotherm.
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Figure 1.12: The six basic adsorption isotherm types*® Copyright (2008) Micromeritics
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Adsorption isotherms conform to one of following six forms as shown in
Figure 1.12: Type 1 is characteristic of adsorbents having small extremely small pores
and in this regime, gas adsorbs as a single monolayer until the surface is completely
covered, at which time the surface saturates and adsorption rate tapers off. Type 6 is
indicative of an irregular isotherm, by which multiple dimensions of pores are present,
each reaching saturation incrementally at different total adsorbed volumes, and not
having a clear overall saturation level. Types 2 and 4 commonly reflect either nonporous
or adsorbents of those with fairly large pores whereby 2 is an adsorption isotherm that
indicates a mechanism by which the gas forms a monolayer but continues to adsorb,
forming layers several atoms thick while 4 indications of adsorption and condensation
into capillary pores that saturate, or fill with essentially a liquid phase of adsorbent.
Types 3 and 5 arise in situations where adsorptive molecules have a greater affinity for
one another than they do the solid. 3 is an adsorption isotherm which indicates a
mechanism by which the gas adsorbs in thick layers prior to or without first forming a
single monolayer, while 5 is a direct multilayer adsorption. For mesoporous materials
composites synthesised with a pore size within the range of 20 — 30 A, the expected the
isotherm lies between a Type 1 and a Type 4 isotherm. As such, this characterisation is
crucial to validating the samples formed. BET analysis has frequently been employed to
characterise mesoporous materials in the past'®® and remains a current characterization
technique.®
BJH pore size and volume analysis. The method of BJH, proposed in 1951,%° was

originally designed for relatively wide-pore adsorbents with a wide pore size distribution.
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However, it was repeatedly demonstrated that it can be successfully applied to virtually
all types of porous materials. The model is based on the assumption that pores have a
cylindrical shape and that pore radius is equal to the sum of the Kelvin radius and the
thickness of the film adsorbed on the pore wall. The desorption branch of isotherm in the
pressure range is generally used as initial data for BJH calculations (although the use of
the adsorption branch is also possible).

BJH analysis can also be employed to determine pore area and specific pore
volume using adsorption and desorption techniques.*®” This technique characterises pore
size distribution independent of external area due to particle size of the sample and as
such, is extremely useful in conjunction with the BET data for analysing mesoporous
materials.

Infrared Spectroscopy. Infrared (IR) spectroscopy deals with the IR region of
the electromagnetic spectrum where it covers a range of techniques, mostly based on
absorption spectroscopy. For a given sample which may be solid, liquid, or gaseous, the
method or technique of IR spectroscopy uses an instrument called an IR spectrometer (or
spectrophotometer) to produce an IR spectrum. A basic IR spectrum is essentially a graph
of infrared light absorbance (or transmittance) on the vertical axis vs. frequency or
wavelength on the horizontal axis. Typical units of frequency used in IR spectra are
reciprocal centimetres (sometimes called wave numbers), with the symbol cm™. Units of
IR wavelength are commonly given in micrometers (or microns), symbol um, which are

related to wave numbers in a reciprocal way.
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The infrared portion of the electromagnetic spectrum is usually divided into three
regions; the near-, mid- and far- infrared, named for their relation to the visible spectrum.
The higher-energy near-IR, approximately 14000-4000 cm™' can excite overtone or
harmonic vibrations. The mid-infrared, approximately 4000-400 cm™' may be used to
study the fundamental vibrations and associated rotational-vibrational structure. The far-
infrared, approximately 400-10 cm™!, lying adjacent to the microwave region, has low
energy and may be used for rotational spectroscopy. The names and classifications of
these sub-regions are conventions, and are only loosely based on the relative molecular or
electromagnetic properties. This technique exploits the fact that molecules absorb
specific frequencies that are characteristic of their structure. These absorptions are
resonant frequencies, i.e. the frequency of the absorbed radiation matches the transition
energy of the bond or group that vibrates. The energies are determined by the shape of
the molecular potential energy surfaces, the masses of the atoms, and the associated
vibronic coupling.

Referencing the Born—Oppenheimer and harmonic approximations, the resonant
frequencies are associated with the normal modes corresponding to the molecular
electronic ground state potential energy surface. The resonant frequencies are also related
to the strength of the bond and the mass of the atoms at either end of it. Thus, the
frequencies of the vibrations are associated with a particular normal mode of motion and
a particular bond type. In order for a vibrational mode in a molecule to be "IR active", it
must be associated with changes in the dipole. A permanent dipole is not necessary, as

the rule requires only a change in dipole moment.
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A molecule can vibrate in many ways, and each way is called a vibrational mode.
For molecules with N number of atoms in them, linear molecules have 3N — 5 degrees of
vibrational modes, whereas nonlinear molecules have 3N —6 degrees of vibrational
modes (also called vibrational degrees of freedom). As an example H-O, a non-linear
molecule, will have 3 x 3—6 =23 degrees of vibrational freedom, or modes. Simple
diatomic molecules have only one bond and only one vibrational band. If the molecule is
symmetrical, e.g. N2, the band is not observed in the IR spectrum, but only in the Raman
spectrum. Asymmetrical diatomic molecules, e.g. CO, absorb in the IR spectrum. More
complex molecules have many bonds, and their vibrational spectra are correspondingly
more complex, i.e. big molecules have many peaks in their IR spectra. The atoms in a
CH2X> group, commonly found in organic compounds and where X can represent any
other atom, can vibrate in nine different ways. Six of these involve only the CH2 portion:
symmetric and antisymmetric stretching, scissoring, rocking, wagging and twisting, with
each giving rise to a peak on the IR spectra. In practice these spectroscopic techniques are
used to readily identify various functional groups in a solid and are thus powerful routine
characterisation methods. It remains a current technique for characterisation of
mesoporous materials and composites. 68
Powder X-ray Diffraction. The phenomenon known as elastic scattering sees a
regular array of scatterers (often a crystal’s electrons) produce a regular array of spherical
waves. Although these waves cancel one another out in most directions through
destructive interference, they add constructively in a few specific directions, determined

by Bragg's law:
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Here d is the spacing between diffracting planes, f is the incident angle, n is any
integer, and A is the wavelength of the beam. These specific directions appear as spots on
the diffraction pattern called reflections. Thus, X-ray diffraction (XRD) results from an
electromagnetic wave impinging on a regular array of scatterers (the repeating
arrangement of atoms within the crystal).

X-rays are used to produce the diffraction pattern because their wavelength A is
typically the same order of magnitude (1-100 A) as the spacing d between planes in the
crystal. In principle, any wave impinging on a regular array of scatterers produces
diffraction, as predicted first by Francesco Maria Grimaldi in 1665. The diffraction of
sunlight through a bird's feather was first reported by James Gregory in the later 171"
Century while the first artificial diffraction gratings for visible light were constructed by
David Rittenhouse in 1787, and Joseph von Fraunhofer in 1821. However, visible light
has too long a wavelength (typically, 5500 A) to observe diffraction from crystals. Prior
to the first XRD experiments, the spacings between lattice planes in a crystal were not
known with certainty.

The idea that crystals could be used as a diffraction grating for X-rays arose in
1912 following collaboration between Ewald and Von Laue, who realised that
electromagnetic radiation of a shorter wavelength was needed to observe such small
spacings. Von Laue worked with two technicians, Walter Friedrich and his assistant Paul
Knipping, to shine a beam of X-rays through a copper sulfate crystal and record its

diffraction on a photographic plate. After being developed, the plate showed a large
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number of well-defined spots arranged in a pattern of intersecting circles around the spot
produced by the central beam. This enabled Von Laue to develop a law that connects the
scattering angles and the size and orientation of the unit-cell spacings in the crystal. As
described in the mathematical derivation below, the X-ray scattering is determined by the
density of electrons within the crystal. Since the energy of an X-ray is much greater than
that of a valence electron, the scattering may be modelled as Thomson scattering, the
interaction of an electromagnetic ray with a free electron. This model is generally
adopted to describe the polarisation of the scattered radiation.

The intensity of Thomson scattering for one particle with mass m and charge q is:

4 2 2
q 1 + cos” 26 - _9g 1 + cos” 26
I, =1, =I1794107" —— =1,

(mgci) 2 f 2 !

Hence the atomic nuclei, which are much heavier than an electron, contribute
negligibly to the scattered X-rays.

It is relatively simple to determine the structure from single crystal diffraction
data. However, not all material can provide single crystals and powders are much more
common. As a powder contains a very large number of randomly orientated tiny crystals,
when placed in the path of a monochromatic X-ray beam, diffraction will occur from
planes in those crystallites which happen to be orientated at the correct angle to fulfill the
Bragg condition and thus, a reflection will appear. Planes with these d-spacings exist in
the structure and by assigning hkl values to each reflection it is possible to determine the

unit cell dimensions — in addition to any other phase changes. That said, full
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determination can be problematic as there is less data and thus, it’s often only used as a

fingerprint technique. A schematic of the XRD process is shown in Figure 1.13.
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Figure 1.13: Schematic of a XRD analysis

X Ray
Diffraction
Rings Light
Diffraction Intensity, "
Angle
B
)
a
Incident Diffraction Angle

X-ray °28

Beam

Figure 1.14: An example of a XRD image and plot



44

In a powder XRD (PXRD) plot the intensity of the reflections produced by the x-

rays is diffracted evenly into ring shapes, which results in measurements being recorded
in a single direction as this allows the radiation to be averaged and collected from each
ring. (Figure 1.14) The gap between ring and the incident beam of x-ray radiation is
called the scatter angel (26). Each of the rings produces a given signal intensity at the set
angle, with each reflection representing a lattice parameter. The shape of the peak present
in the diffraction pattern indicates the crystallinity of the material. Crystalline materials
show high intensity sharp reflections with a narrow base, while amorphous materials
show much lower intensities with a wide base to the point where at times they are so low
that they are masked by the background noise. (Figure 1.15) In mesoporous materials, the
data displays broad reflections to indicate the wormholesque pore structure, with minor
reflections to indicate the decree of partial crystallisation within the walls of the structure,

hence PXRD being useful for routine characterisation of mesoporous mterials.¢°
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Figure 1.15: PXRD plots for crystalline and amorphous materials
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Thermal Analysis. Thermogravimetric (TGA) and differential thermal analysis
(DTA) are types of thermal analysis that use the thermal treatment of samples to
characterise the materials.

Thermogravimetric Analysis. TGA is a method of thermal analysis in which
changes in physical and chemical properties of materials are measured as a function of
increasing temperature (with constant heating rate), or as a function of time (with
constant temperature and/or constant mass loss). TGA can provide information about
physical phenomena, such as second-order phase transitions, including vaporisation,
sublimation, absorption, adsorption, and desorption. Likewise, TGA can provide
information about chemical phenomena including chemisorptions, desolvation (especially
dehydration), decomposition, and solid-gas reactions (e.g., oxidation or reduction).

TGA is commonly used to determine selected characteristics of materials that
exhibit either mass loss or gain due to decomposition, oxidation, or loss of volatiles (such
as moisture). Common applications of TGA include but are not restricted to; materials
characterisation through analysis of characteristic decomposition patterns; studies of
degradation mechanisms and reaction Kinetics; determination of organic content in a
sample; and determination of inorganic (e.g. ash) content in a sample, which may be
useful for corroborating predicted material structures or simply used as a chemical
analysis. It is an especially useful technique for the study of polymeric materials,
including thermoplastics, thermosets, elastomers, composites, plastic films, fibres,

coatings and paints. Discussion of the TGA apparatus, methods, and trace analysis will be
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elaborated upon below. Thermal stability, oxidation, and combustion, all of which are

possible interpretations of TGA traces, will also be discussed.
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The TGA instrument continuously weighs a sample as it is heated to temperatures
of up to 2000 °C. As the temperature increases, various components of the sample are
decomposed and the weight percentage of each resulting mass change can be measured.
Results are plotted with temperature on the X-axis and mass loss on the Y-axis.

If the identity of the product after heating is known, then the ceramic yield can be
found from analysis of the ash content. By taking the weight of the known product and
dividing it by the initial mass of the starting material, the mass percentage of all
inclusions can be found. Knowing the mass of the starting material and the total mass of
inclusions, such as ligands, structural defects, or side-products of reaction, which are
liberated upon heating, the stoichiometric ratio can be used to calculate the percent mass
of the substance in a sample. The results from TGA may be presented by mass versus

temperature (or time) curve (or thermogram), or rate of mass loss versus temperature
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curve (referred to as the differential thermogram), with the process types shown in
Figure 1.16. Simple thermograms generally contain the following features: a horizontal
portion or plateau that indicates constant sample weight; a curved portion where the
steepness of the curve indicates the rate of mass loss; or an inflection (at which dw/dt is a
minimum, but not zero).

TGA can be used to evaluate the thermal stability of a material. In a desired
temperature range, if a species is thermally stable, there will be no observed mass change.
Negligible mass loss corresponds to little or no slope in the TGA trace. TGA also gives
the upper use temperature of a material. Beyond this temperature the material will begin
to degrade. The three ways a material can lose mass during heating are through chemical
reactions, the release of adsorbed species, and decomposition. All of these indicate that
the material is no longer thermally stable. As the TGA is performed in air, oxygen reacts
with the organic fibers which eventually degrade completely, evidenced by the 100 %
mass loss. It is important to link thermal stability to the gas in which the TGA is
performed. Oxidative mass losses are the most common observable losses in TGA.
Combustion during TGA is identifiable by distinct traces made in the TGA thermograms
produced. Due to combustion, a TGA trace can deviate from the normal form of a well-
behaved function. This phenomenon arises from a rapid temperature change. When the
weight and temperature are plotted versus time, a dramatic slope change in the first
derivative plot is concurrent with the mass loss of the sample and the sudden increase in

temperature seen by the thermocouple. The mass loss could be the result of particles of



48
smoke released from burning caused by inconsistencies in the material itself, beyond the
oxidation of carbon due to poorly controlled weight loss.

TGA has a wide variety of applications, including analysis of ceramics and
thermally stable polymers. Ceramics usually melt before they decompose as they are
thermally stable over a large temperature range, thus TGA is mainly used to investigate
the thermal stability of polymers. Most polymers melt or degrade before 200 °C.
However, there is a class of thermally stable polymers that are able to withstand
temperatures of at least 300 °C in air and 500 °C in inert gases without structural changes
or strength loss, which can be analysed by TGA.

Differential Thermal Analysis. DTA is a thermoanalytic technique, similar to
differential scanning calorimetry. In DTA, the material under study and an inert reference
are made to undergo identical thermal cycles, while recording any temperature difference
between sample and reference. This differential temperature is then plotted against time,
or against temperature (DTA curve, or thermogram). Changes in the sample, either
exothermic or endothermic, can be detected relative to the inert reference. Thus, a DTA
curve provides data on the transformations that have occurred, such as glass transitions,
crystallisation, melting and sublimation. The area under a DTA peak is the enthalpy
change and is not affected by the heat capacity of the sample. Used in conjunction with
TGA, we can correlate whether or not the changes in mass observed are those of
endothermic or exothermic processes. This is essential in order to fully understand the
transitions taking places throughout thermal treatment and provide evidence to support

conclusions. Together, both TGA and DTA are used for routine characterisation in this
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project as they help identify the ratio of mesoporous material to hydrocarbon within the
composites. 17017t

Transmission Electron Microscopy. Transmission electron microscopy (TEM)
is a microscopy technique in which a beam of electrons is transmitted through an ultra-
thin specimen, interacting with the specimen as it passes through. An image is formed
from the interaction of the electrons transmitted through the specimen; the image is
magnified and focused onto an imaging device, such as a fluorescent screen, on a layer of

photographic film, or to be detected by a sensor such as a charge-coupled device (CCD)

camera.
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TEMs are capable of imaging at a significantly higher resolution than light
microscopes, owing to the small de Broglie wavelength of electrons. This enables the
instrument's user to examine fine detail—even as small as a single column of atoms,
which is thousands of times smaller than the smallest resolvable object in a light
microscope. TEM forms a major analysis method in a range of scientific fields, in both
physical and biological sciences. TEMs find application in cancer research, virology,
materials science as well as pollution, nanotechnology, and semiconductor research.

At smaller magnifications TEM image contrast is due to absorption of electrons in
the material, due to the thickness and composition of the material. At higher
magnifications complex wave interactions modulate the intensity of the image, requiring
expert analysis of observed images. Alternate modes of use allow for the TEM to observe
modulations in chemical identity, crystal orientation, electronic structure and sample
induced electron phase shift as well as the regular absorption based imaging.

Electron microscopy involves the use of electrons to create a virtual image of a
sample at a significantly higher magnification and resolution than is possible using
traditional optical microscopy, and a schematic of a typical TEM is shown in Figure 1.17.

Theoretically, the maximum resolution, d, that one can obtain with a light
microscope has been limited by the wavelength of the photons that are being used to

probe the sample, 2 and the numerical aperture of the system, NA.

A A

d= 2n sin o ~ 2NA
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Early twentieth Century scientist’s theorised ways of getting around the
limitations of the relatively large wavelength of visible light (wavelengths of 400-
700 nm) by using electrons. Like all matter, electrons have both wave and particle
properties (as theorised by de Broglie), and their wave-like properties mean that a beam
of electrons can be made to behave like a beam of electromagnetic radiation. The
wavelength of electrons is related to their kinetic energy via the de Broglie equation. An
additional correction must be made to account for relativistic effects, as in a TEM an

electron’s velocity approach the speed of light, c.

h
Ae = —
V'IIQ?HGE (1 + ﬁg)

Where, h is Planck's constant, mo is the rest mass of an electron and E is the
energy of the accelerated electron. Electrons are usually generated in an electron
microscope by a process known as thermionic emission from a filament, usually tungsten,
in the same manner as a light bulb, or alternatively by field electron emission. The
electrons are then accelerated by an electric potential (measured in volts) and focused by
electrostatic and electromagnetic lenses onto the sample. The transmitted beam contains
information about electron density, phase and periodicity; this beam is used to form an
image.

Other variants of the TEM exist with one such being the scanning transmission
electron microscope (STEM). Usually a STEM is a conventional TEM equipped with
additional scanning coils, detectors and needed circuitry; however, dedicated STEMs are

also manufactured. As with any transmission illumination scheme, the electrons pass
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through a sufficiently thin specimen. However, STEM is distinguished from conventional
TEMs by focusing the electron beam into a narrow spot which is scanned over the sample
in a raster.

The rastering of the beam across the sample makes these microscopes suitable for
analysis techniques such as mapping by energy dispersive X-ray (EDX) spectroscopy,
electron energy loss spectroscopy (EELS) and annular dark-field imaging (ADF). These
signals can be obtained simultaneously, allowing direct correlation of image and
quantitative data.

By using a STEM and a high-angle detector, it is possible to form atomic
resolution images where the contrast is directly related to the atomic number (z-contrast
image). The directly interpretable z-contrast image makes STEM imaging with a high-
angle detector appealing. This is in contrast to the conventional high resolution electron
microscopy technique, which uses phase-contrast, and therefore produces results which
need interpretation by simulation.

In this thesis STEM images are used to routinely characterise the samples by
visually identifying the pore structure and lattice of the composites, allowing them to be
verified against previous work. Also, TEM imagery remains at the forefront of
characterisation for mesoporous materials.’

Electrochemical impedance spectroscopy. Electrochemical impedance
spectroscopy (EIS) measures the dielectric properties of a medium as a function of
frequency. This technigque has grown tremendously in stature over the past few years and

is now being widely employed in a wide variety of scientific fields such as fuel cell
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testing, biomolecular interaction, and microstructural characterisation. Often, EIS reveals
information about the reaction mechanism of an electrochemical process: different
reaction steps will dominate at certain frequencies, and the frequency response shown by
EIS can help identify the rate limiting step of reactions. Impedance is the opposition to
the flow of alternating current (AC) in a complex system. A passive complex electrical
system comprises both energy dissipater (resistor) and energy storage (capacitor)
elements. If the system is purely resistive, then the opposition to AC or direct current
(DC) is simply resistance. EIS is used to assess the impedance of a material to electron
and ion flow. This is carried out using the more accurate concept of impedance in the
place of ideological resistance.

Based on the interaction of an external field with the electric dipole moment of
the sample (or permittivity), it is also an experimental method of characterising
electrochemical systems. This technique measures the impedance of a system over a
range of frequencies, and therefore the frequency response of the system, including the
energy storage and dissipation properties, is revealed. Often, data obtained by EIS is
expressed graphically in a Bode plot or a Nyquist plot. In traditional electronics
resistance is based on the premise that there is a direct relationship between current and
potential, (Figure 1.18) which remains unchanged regardless of the frequency used for
alternating current. In reality the relationship varies according to frequency following a
sinodial relationship as they are not in phase with each other. This phase shift is a

parameter of the impedance.
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Figure 1.18: Diagram depicting the relationship between current and potential in impedance

Voltage

The typical plot used in EIS is a Nyquist plot. (Figure 1.19) This consists of real

(Z) and imaginary (Z’) impedance values, for a range of frequencies. Each point present

on the plot represents the impedance values of both parameters at a single frequency. In a

potentiostatic system the input is potential and output is current. If we look at only a very

small part of the voltage vs. current curve it appears pseudo linear. For this reason, a

large number of points are taken using a very small (1-10 mV) AC signal.

Equivalent circuits (Figure 1.19) are used to interpret the Nyquist plot and extract

the data from the set of points for a variety of components within the cell. There are a

number of essential components present in the standard cell used in the assessment of a

lithium ion battery material.
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Figure 1.19: Example of a Nyquist plot, with different regions and interpretations, along with the associated equivalent
circuit.

Using the equivalent cell and a Nyquist plot it is possible to calculate these
parameters. Using the high frequency region to the left of the Nyquist plot, it is possible
to determine the R: by determining the lowest intercept of the x (real) axis. At lower
frequency values the opposite side of the semicircle is used in order to determine the Ro.
The intercept at this region is equivalent to R> + R1 so by subtracting the value obtained
for Ry this produces value of the R2 of the redox process taking place. Finally, the line
present at lowest frequency region at approximately 45 ° angle represents the Warburg

impedance (Ws) and can be used to calculate the diffusions capabilities of the material.
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This plot will be used in this project to provide (or where necessary, extrapolate

using the Fit Circle function) the data needed to obtain the Ri for each composite
synthesised, which is the most important variable in this project. Increases in conductivity
will cause a reduction in Ry due to the improved charge transport allowing faster reaction
kinetics with less resistance. From here, the proton conductivity can be obtained to
support the findings of this work, and is determined using Equation 1.1, where o is the
proton conductivity in mS/cm, L is the distance between the two electrodes in cm, A is
the area covered by the electrode contact in cm? and R is the initial resistance measured
where the plot crosses the x-axis on the Nyquist plot. Figure 7.33 shows the typical setup

used.

Equation 1.1: Proton conductivity

Finally, characterisation by EIS remains a strong method for analysing
mesoporous materials.1”
Scope and Outline of this Thesis

Introduction. Fuel cells have attracted a lot of attention in the search for
alternative and green energy sources owing to their high efficiencies and low emissions.
PEMFCs are a promising candidate as the next generation power sources for
transportation, stationary, and portable applications due to low operating temperature,

quick start-up time, high current density and easy scale-up. They are also receiving more

importance due to the concerns that petroleum resources are depleting and thus needs an
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alternate solution as fuel i.e. Hydrogen. Even though the invention of the fuel cell dates
back to 1839, the commercialisation has not been fully attained for them. The barriers in
the commercialisation are the many, with an efficient membrane material being a
prominent concern. Despite research into improvements, the current commercially
available incumbent Nafion is still prone to dehydration as the temperatures reach
optimal PEMFC working conditions.

Hypothesis. The area of research of this thesis is the impregnation of the
mesostructure with proton conducting oligomers, a strategy which has been used most
notably by Bein in the synthesis of MCM-41 composites.®>> However, the doping of
mesoporous transition metal oxides by conducting oligomers remains virtually
unexplored. These materials should be particularly interesting because the variable
oxidation states and high surface acidities offered by these materials should lead to
enhancement of proton and electron conducting properties relative to the mesoporous
silica composites. Preliminary results on NSF-doped mesoporous Nb oxide by our
research group®® already suggest that this material is a promising candidate for fuel cell
membrane applications. The work presented in this thesis is aimed at the development of
a new proton conducting material that is resilient to dehydration. The key idea in the
design of the model system was to exploit the oxide surface of the ca. 20 A pore walls of
a mesoporous transition metal oxide as a means of anchoring sulfonate groups and
suppressing moisture loss to encourage proton conduction pathways in the NSF
impregnated analogues. Thus, a system was conceived and studied consisting of various

single mesoporous transition metal oxides doped with H2SO4 and subsequently
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impregnated with NSF via direct oligomer impregnation or by the NSF being
oligomerised in situ of the mesoporous transition metal oxide’s pores.

To achieve the aims of this work, the following objectives are in place:

. Synthesis of a series of sulfated and unsulfated mesoporous Ti, and Nb oxide
composites impregnated with an oligomeric resin (NSF)

. Synthesis of a series of sulfated and unsulfated mesoporous Ta oxide composites
using different chain length templates, and subsequent impregnation with an
oligomeric resin (NSF)

. Characterisation of these composites using surface area analysis (BET and BJH
analysis), IR spectroscopy, PXRD, thermal analysis, (DTA and TGA), TEM, and
NMR

. Electrochemical characterisation of these composites to obtain the proton
conductivity at various temperatures and subsequently, the durability over time

. Rationalising of the findings by in depth solid state NMR studies (1H, 13C, and
170) to obtain information on the structure of the composites, their inherent
proton conducting pathways and to prove the synergistic relationship between the
mesoporous support and the sulfonated oligomer resin.

Outline. In this thesis, methods are presented to produce a proton conducting material

which is resilient to dehydration at the temperatures needed for optimal PEMFC

performance.
The design of the networking proton conducting pathways, along with the

preparation, characterisation and functionalisation of the mesoporous titanium oxide
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(mTiO2) composite is discussed in Chapter 2. It is shown that the mesoporous material
can be impregnated with an oligomer and that this increases the proton conductivity over
that of the starting material and of pure hydrated NSF, confirming a synergistic
interaction between the NSF and the oxide mesostructure in the proton conductivity
mechanism.

Chapter 3 describes the optimisation of these pathways using mesoporous
niobium oxide (MNb20s) and mesoporous tantalum oxide (mTa2Os) composites as the
foundations for the system. By changing the pore size and metal of the mX20s system it
is shown that proton conductivity can be increased to greater levels than that offered by
Nafion at the working temperatures for PEMFCs.

Chapter 4 describes an alternative method of fabrication, whereby instead of
impregnating the NSF into the mesopores, it is grown in situ. By tailoring the mX20s
system as thus, we are able to further impregnate the pores of the metal mesostructure.
This “one-pot” method is shown to reduce thermal leaching of the system and to
encourage mechanical strengthening of the composite structure. With the proton
conductivity attained being greater than that of Nafion, these findings are rationalised by
conducting subsequent durability tests of the as-synthesised materials over a 24 hour
period.

Knowledge of the dynamics of the proton movement is necessary to understand
mechanism of the conduction pathways. Therefore, Chapter 5 is devoted to an in depth

Solid State NMR analysis of the composites. *H and **C solid state NMR studies the NSF
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material and the mX>Os-NSF composites demonstrate that the oligomeric nature of the
NSF is preserved while in contact with the mX2Os surface, thus facilitating conductivity.

Altogether, a viable method to produce a proton conducting material that is
resilient to dehydration is presented, one which can be fine tuned through material choice
and synthetic procedure.
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Chapter 2: Variable Temperature Proton Conductivity of Mesoporous Titanium Oxides

Doped with Naphthalene Sulfonate Formaldehyde Resin

In this Chapter we attempt to synthesise materials resistant to dehydration by
exploiting the interaction of sulfonate groups with the hydrophilic surfaces of the inner
pore walls of mesoporous titanium oxides to form channels for proton conduction. Thus,
six mesoporous titanium oxide composites of NSF were synthesised, fully characterised
and formed into pellets for potentiostatic impedance measurements. The most promising
sample, a NSF composite of mesoporous TiO2 (mTiO2), displays a proton conductivity of
1.837 + 0.14 mS cm™ at 100 °C surpassing that of a pellet of Nafion 117 constructed as a
reference under the same conditions (1.143 +0.13 mS cm™). This material also has
greater conductivity than pure hydrated NSF (0.122 +0.02 mS cm™), confirming a
synergistic interaction between the NSF and the oxide mesostructure in the proton
conductivity mechanism.

Introduction

Over the past two decades PEMs have received renewed interest due to their
potential applications as a replacement for the combustion engine in the transport
industry,® as a power source for distributed power,* and as portable electrical devices.®
To date the best commercially viable membrane is DuPont’s Nafion which offers good
thermal and mechanical stability,®® as well as excellent proton conductivity at moderate
temperature from a liquid/water humidification process.>'® However, at temperatures

above 80 °C operation becomes difficult as the conductivity decreases due to water loss
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from the Nafion matrix'**2 and this, coupled with high cost and high methanol
permeability®>*® results in Nafion falling short of the strictest performance demands in a
PEMFC.1%Y7 Many research groups have looked into improving the efficiency of Nafion.
Various approaches include doping the membranes with hydrophilic inorganic materials
to maintain high water content and prevent Nafion dehydration at high temperature,8-2°
filling the membrane with mesoporous silica?:?? or periodic mesoporous organosilicates
(PMO),%3?* incorporating silica and zirconium phosphates into the Nafion water channels
by in situ chemical reactions in order to increase the working conditions past 100 °C,2%?’
and doping with solid acids (sulfonated zirconium??2° or phosphotungstic acid*>*! or
titanium nanoparticles®>*®) to increase the concentration of acid sites that promote local
migration of protons. Research has also focussed on replacing the Nafion membrane
altogether with PMOs,?* MOFs®3° and MOFs doped with sulphonates and
phosphonates.>** However, none of these alternatives have managed to replace Nafion
as the commercially preferred membrane of choice for PEMFCs and thus new approaches
to this problem must be explored.

Aim

Using published®®2*° and unpublished work within our research group as a basis,
we are attempting to develop new proton conducting materials that are resistant to loss of
conductivity on dehydration, with the precursory materials used presented herein. The
best of these materials, once identified and optimised, will be fabricated into a membrane
at a later stage for further performance and optimisation tests. Our approach is to exploit

the oxide surface of the ca. 15 A pore walls of mTiO2 with ca. 20 A pore size as a means
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of anchoring sulfonate groups and suppressing moisture loss to encourage proton
conduction pathways that continue to function at higher temperature. The mesostructure
will thus be impregnated with oligomeric NSF. With an average molecular mass between
400 and 1000 and consisting of 2-6 units,*®#! the small size of the resin molecules will
ensure facile diffusion into the mTiO2 pore structure. This should result in composites in
which the sulphonate groups are in close contact with the Lewis acidic oxide walls, thus
offering a channel for proton movement along the interface. This approach is also flexible
in that it allows doping of the inorganic walls with species such as sulfate to augment the

conductivity properties.
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Figure 2.1: From left to right; the first approach showing the expected peripheral arrangement of protons and sulfonated
oligomer within a mTiO2 pore; the second approach showing the expected peripheral arrangement of protons, sulfonated
oligomer within a mTiOz pore doped with sulfate anions.

Figure 2.1 outlines the two approaches in the quest to solve the problem that

arises from dehydration. In both methods the transition metal-based Lewis acidic sites on
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the pore walls function to bind both moisture and sulfonate groups to create proton
conduction channels along the walls that should be resistant to thermally induced
moisture loss while also potentially creating moisture-free conduction pathways along the
sulfonate-oxide interface. These differ from the PMO approach discussed earlier??*
whereby the sulfonate groups are self-assembled in the centre of a PMO, preventing any
interaction with the oxide walls because of the directionality of the organic tether. These
materials are thus reliant on water in the centre channel to sustain the proton conducting
network. It also varies greatly from the other major approach to the dehydration concern
whereby a Nafion film (or membrane) is dipped into a solution of metal oxide
nanoparticles where the nanoparticles self assemble onto the Nafion membrane in a
random arrangement.®>3 In this strategy the nanoparticles function to retain moisture, but
the random distribution of the dopant does not guarantee that all water is in contact with
the particle surface.

Results and Discussion

In this study six samples were synthesised as per the Experimental section. These
include one sample of mTiO2, two composites of mTiO2 impregnated with NSF (mTiO;-
NSF) in two different mediums - H20 and diethyl ether (DEE) — one composite of mTiO»
doped with sulfuric acid (mTiO2(SOa4)) and two composites of mTiO2(SO4) impregnated
with NSF (mTi02(SO4)-NSF), one in H2O and the other in DEE medium. Each sample
was fully characterised using the parameters above and are discussed below.

Surface area analysis. The BET surface area data for the as-synthesised

materials is reported in Table 2.1, the nitrogen adsorption-desorption isotherm for
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mTiO>—NSF.DEE is shown in Figure 2.2, while the remaining nitrogen adsorption-

desorption isotherms are shown in Figures 2.3, 2.4, and 2.5.

Table 2.1
Nitrogen adsorption data for the six as-synthesised materials. N/A: denotes that the surface area was too

small to record a pore volume size

Material BET Surface Area/ m%g Pore Volume / cmé g BJH Pore Size / A
mTiO2 1010 0.592 23.42
MTiO2-NSF.H20 3.900 0.002 22.06
mTiO2-NSF.DEE 145.3 0.094 26.03
MTiO2(SO4) 20.90 0.028 53.84
MTiO2(S04)-NSF.H20 0.900 N/A N/A
MTiO2(S0O4)-NSF.DEE 3.500 0.007 76.14

In all cases the samples are on the cusp between type | and IV isotherms, as
expected for materials with a ca. 20 A pore size. The mTiO2 sample possesses a high
surface area of 1010 m?g, which decreases when the material is impregnated with NSF to
145.3 m2g for mTiO2-NSF in DEE and 3.9 m?g in water. The sulfuric acid doped material
possess a surface area of 20.9 m?g (mTiO2(SO4)), with further loss of surface area on
NSF doping in DEE or water. There is also a loss of pore volume from 0.592 cm®/g to
less than 0.1 cm®/g in all cases. Impregnation of the pores with NSF is expected to lower
the surface area and pore volume on doping, while the loss of surface area on doping with
sulfuric acid is consistent with previous work on sulfated mesoporous Ti, Nb, and Ta
oxides.*?* In both cases, loss of surface area upon NSF impregnation indicates that the
pores have been filled with NSF resin. This guarantees -SOsH sites in the pores to

promote the ion conductivity properties of the material(s).
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Figure 2.2: Nitrogen adsorption (diamonds)/desorption (circles) isotherm for mTiO.-NSF.DEE
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Figure 2.3: Nitrogen adsorption (diamonds)/desorption(circles) isotherm for mTiO2
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Figure 2.4: Nitrogen adsorption (diamonds)/desorption (circles) isotherms for mTiO2-NSF.H20 (dots), mTiO2(SOa)-
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140

120

-
-] -] o
o o =}

Adsorbed Volume (cm3/g)

'y
-}

20

0.4 0.5 0.6 0.7 0.8 0.9 1

Realtive Pressure (P/Po)

o 0.1 0.2 0.3
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Infrared Spectroscopy. The IR spectra of the as-synthesised materials are shown

in Figure 2.6. The NSF resin gives rise to an aromatic C-H stretch at v2900 cm™ and
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aromatic ring vibration modes at v1640 cm™, v1596 cm™ and v1507 cm™. These are
apparent in all NSF treated samples. This is also mirrored by the appearance of the NSF
SO group and S-phenyl vibrations observed at v1230 cm™ v1190 cm™ v1130 cm™ and
v1040 cm™. There are also C-H stretches at 2800 cm™ for the NSF methylene protons and

trace residual hydrocarbon in the mTiO..

149 \
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Figure 2.6: IR spectra for mTiOz (red), mTiO2-NSF.H20 (black), mTiO2-NSF.DEE (blue), mTiO2(SO0.)-NSF.H20 (green),
mTiO2(SO4)-NSF.DEE (brown), mTiO2(SO4) (purple)

Powder X-ray Diffraction. The PXRD patterns for mTiO, and the remaining as-
synthesised materials are shown in Figures 2.7 and 2.8 respectively. Both spectra show a
reflection between 2.4 and 3.2 26, indicative of a mesoporous structure and consistent
with our previous data.** The intensity of this reflection decreases regardless of whether
the samples are doped with H>SO4 or impregnated with NSF and these findings are

consistent with the BET due to partial loss of structure.
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Figure 2.7: PXRD pattern for mTiO2
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Figure 2.8: PXRD pattern for mTiO2-NSF.H20 (black dots), mTiO.-NSF.DEE (black line), mTiO2(S04)-NSF.H20 (black
dashes), mTiO2(SO4)-NSF.DEE (red line) and mTiO2(S0Oa) (red dots
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X-ray Photoelectron Spectroscopy
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Figure 2.9: XPS peak fitting of the sulphur 2p3 region for mTiO2(SO4) showing the raw data (black line) and the simulated
fitted peaks

X-ray photoelectron spectroscopy was carried out on the mTiO2(SOs) sample and
the sulphur 2p region is shown in Figure 2.9. There is a major emission in the 2pss region
at ca. 169 eV that is typical of a sulphur containing species. The simulated peak fittings
also show a minor emission in the 2p12 region at ca. 170 eV which displays the divalent
nature of the sulphate anion. The line width of the two S 2p peaks is found to be 0.7 eV
and their separation 1.15 eV. The latter value is similar to those reported in the literature
for organometallic to indicate that the sulphate anions are succesfully doped into the

mTiO2 mesopores.

185
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Thermal analysis. Percentage of hydrocarbon was probed in the as-synthesised
samples by TGA and DTA and this is shown in Figures 2.11 through to 2.15 while the
composite for mTiO2-NSF.DEE is shown in Figure 2.10. For mTiO2 the
thermogravimetric curve shows weight loss of ca. 10 % at 130 °C which is attributed to
residual loss of H20. At 450 °C there is a weight loss of ca. 5 % which is attributed to the
combustion of any residual hydrocarbon from the dodecylamine template or partial
collapse of the mesopore structure. This is confirmed by the overlying DTA curve which
shows an endothermic peak at 130 °C and two exothermic peaks at 350 °C and 500 °C.
mTiO2(S04) has a weight loss of ca. 5 % at 390 °C which is attributed to the SOz and
NSF is removed from the sample at ca. 485 °C. For the composites mTiO2-NSF.H,O and
mTiO2(SO4)-NSF.H0 the weight loss of NSF is ca. 5 % while the weight loss for the
composites mTiO2-NSF.DEE and mTiO2(SO4)-NSF.DEE it is closer to 10 % which
indicates that more NSF was impregnated into the sample using DEE than using H20. As
expected, the water loss in the DEE impregnated samples is also less than in the H20
samples. The difference in weight loss of NSF between the composites with, and without
SOs groups is negligible. This is because sulfonation of the pore walls has caused slight
degradation of the mesostructure to the crystalline form, as seen by the continued weight

loss above ca. 550 °C.
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Figure 2.14: TGA (solid line) and DTA (dots) curves for mTiO2(SO4)-NSF.DEE
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Figure 2.15: TGA (solid line) and DTA (dots) curves for mTiO2(SOa)

Scanning transmission electron microscopy. To view the pore structure (a) and
lattice (b) of the as-synthesised materials, STEM was performed with the images of the

as-synthesised material mTiO.-NSF.DEE shown in Figure 2.16 and the remaining images



90
shown in Figures 2.17-2.21. Each pore structure image, taken at a scale of either 10 or 20
nm, displays a wormhole-like structure that is typical for mesoporous materials. From
this we can estimate that the pores are ca. 20 A in diameter (in agreement with the BET
data) and that the pore walls are ca. 20 A thick, corresponding to what is expected on the
basis of the PXRD data and in agreement with previous work.*® Following impregnation
of the pore with NSF and/or doping of the pore wall mesostructure with H2SOg it
becomes increasingly difficult to detect either the pores (due to the filling of the pores by
the NSF), or the mesostructure (due to pore degradation from the H.SQO4). Each lattice
image, taken at a scale of either 2 or 5 nm, displays a uniform structure, which becomes
more apparent in the sample following treatment with NSF and/or H2SOa4. This is
consistent with variable degrees of proton-induced crystallisation of the walls. Both sets
of images are consistent with the reported BET data and with previous data using this

experimental approach.*

Figure 2.1620: STEM image of the mTiO2-NSF.DEE composite showing, a) the random pore mesostructure; b) a higher
magnification of the crystallised regions



-synthesised mTiO2 showing, a) the random pore mesostructure; b) a higher
magnification of the crystallised regions

Figure 2.17: STEM image of the as

NSF.H20 composite showing, a) the random pore mesostructure; b) a higher

magnification of the crystallised regions

Figure 2.18: STEM image of the mTiO2



Figure 2.19: STEM image of the as synthesised mTiO2(SOs) showing, a) the random pore mesostructure; b) a higher
magnification of the crystallised regions

Figure 2.2021: STEM image of the mTiO2(S0O4)-NSF.H20 composite showing, a) the random pore mesostructure; b) a
higher magnification of the crystallised regions
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Figure 2.21: STEM image of the mTiO2(SO.)-NSF.DEE composite showing, a) the random pore mesostructure; b) a
higher magnification of the crystallised regions

Electrochemical impedance spectroscopy. As described in the Characterisation
Section, each composite was formed into a “cell”. Each “cell” had its potentiostatic
impedance recorded at room temperature, and pressure at 50% humidity with the results
displayed in Figure 2.22. Previous work*® demonstrated by temperature programmed
desorption (TPD) that moisture loss is suppressed by the Lewis acid sites (and/or the
sulfonate groups) on the pore walls of sulfate-doped mesoporous Ti, Nb, and Ta oxide
and as such, thermal dehydration of the pellet is anticipated to be suppressed compared to
that of Nafion 117. As a reference and for equality, a pellet of Nafion 117 was also
fabricated and measured under the same conditions, displaying data similar to that

previously reported.*’
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Average proton conductivity and associated error (mS cm) of the as-synthesised materials, NSF, and the

reference cell, Nafion 117

25 °C 50 °C 75 °C 100 °C 125 °C 150 °C
mTiO2 0.071+0.01 0.104+0.01 0.488+0.03 0.543+0.08 0.188+0.13 0.056+0.07
mTiO2- 0.202+0.01 0.536+0.01 0.458+0.04 0.499+0.04 0.222+0.02 0.127+0.12
NSF.H20
mTiO2- 0.300+0.01 0.764+0.03 1.195+0.02 1.837+0.14 1.084+0.04 0.631+0.09
NSF.DEE
mTiO2(SO4) | 0.088+0.04 0.268+0.12 0.17940.09 0.08310.01 0.034+0.01 0.066+0.01
mMTiO2(S04)- | 0.302+0.01 0.39140.01 0.849+0.07 0.648+0.02 0.165+0.02 0.129+0.01
NSF.H20
mTiO2(S04)- | 0.23110.01 0.31040.02 0.362+0.02 0.49040.02 0.209+0.04 0.036+0.02
NSF.DEE
Nafion 117 1.450+0.16 1.131+0.19 1.013+0.19 1.143+0.12 0.254+0.04 0.126+0.02
pellet
NSF pellet 0.508+0.04 0.612+0.03 0.143+0.01 0.122+0.02 0.069+0.02 0.019+0.01
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Figure 2.22: Nyquist plot showing the potentiostatic impedance of mTiO:z (black line), mTiO2-NSF.H20 (black dots),
mTiO2-NSF.DEE (black dashes), mTiO2(SOs) (black dots and dashes), mTiO2(SO.)-NSF.H20 (red line), mTiO2(SO4)-
NSF.DEE (red dots) and Nafion 117 (red dashes) at 25 °C

Next, the temperature was increased to 50 °C, the potentiostatic impedance was
measured (Figure 7.1) and subsequently the o was found. This was repeated at 75 °C
(Figure 7.2), 100 °C (Figure 7.3), 125 °C (Figure 7.5) and 150 °C (Figure 7.6)
respectively. Figure 7.4 shows a magnified Nyquist Plot of mTiO2-NSF.DEE. at 100 °C.
Taken from 7.3, this magnification displays the semi-circular relationship each curve has,
followed by the Warburg Tail in the low frequency part of the plot. The average
conductivity from all samples at all temperatures, along with the calculated standard
error, is shown on Table 2.2 and from this a plot (Figure 2.23) of logioo versus T was
made. The conductivity was derived as per the notes in Chapter 1.

Figure 2.23 shows the average conductivity and associated error of each pellet in
relation to Nafion. As displayed above Nafion loses conductivity as the temperature is

increased and this is consistent with what we know in the literature.® The most promising
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material is the mTiO>-NSF.DEE composite (green) in which the conductivity improves
with temperature to 100 °C before tailing off towards 150 °C. At 25 °C the proton
conductivity was measured at 0.3 +0.01 mS cm™ (Nafion 1.450 + 0.16 mS cm™) and this
rises to 1.195+0.03 mScm™ at 75°C by which point it surpasses the Nafion cell

(1.013 + 0.19 mS cm'Y),
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Figure 2.23: Average proton conductivities of mTiO2 (black line), mTiO2-NSF.H20 (black dots), mTiO-NSF.DEE (black
dashes), mTiO2(SOa4) (black dots and dashes), mTiO2(S04)-NSF.H20 (red line), mTiO2(SO4)-NSF.DEE (red dots), Nafion
117 (red dashes) and NSF (red dots and dashes) as a function of temperature

This continues to rise to 1.837 + 0.14 mS cm™ by 100 °C. By 150 °C the proton
conductivity measures 0.631 + 0.09 mS cm™ and this is still higher than that of Nafion
(0.126 +0.02 mS cm™1). Whilst these numbers fall short of those published for a Nafion

117 membrane (ca. 8 mS cm™ at 50 % humidity at 100 °C),*® this is because we
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deliberately chose to measure the conductivity of Nafion 117 in a powder pellet form
with possible grain boundary effects for consistency to most closely mirror the cells
fabricated using the composites. Finally, reported error is within acceptable parameters
for these experiments and remains consistent throughout.

In subsequent work we plan to explore further improvements in conductivity and
deploy our best materials in mechanically robust membranes to compare results to
commercial Nafion membranes. For contrasting purposes the combined plots for mTiO»,
mTiO2(SOs4), and NSF can be found on Figures 7.7, 7.8 and 7.9 respectively. The
composites mTiO2, mTiO2(SOs) afforded the lowest proton conductivity, consistent with
more poorly formed proton conducting pathways, while the conductivity of NSF was
lower than that of mTiO2-NSF.DEE, suggesting that the synergy between the oxide walls
and the organic resin is important in overall performance. Finally, the conductivity
measurements were repeated without coating the edges of the pellet with epoxy resin and
a similar result was achieved (Figure 7.10). Also, each pellet was, upon cooling back to
25 °C, submitted to the heating cycle again. At each temperature, a decrease in proton
conductivity was observed.

Conclusions

With the powder pellet conductivity of the mTiO>-NSF.DEE composite higher
than that of Nafion 117 and pure NSF as the optimal temperature for PEMFC operation is
approached it appears at this early stage that the approach of doping proton conducting
oligomers into mesoporous oxides warrants further study and development. While the

best materials slowly degraded with loss of performance over time, the conductivity
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results show promise and suggest that use of a more robust mesoporous material (i.e.
mesoporous tantalum oxide) or larger less mobile oligomers may lead to further
improvements, thus forming the basis of future work.
Experimental Section
All chemicals were purchased from either Sigma Aldrich or Alfa Aesar without
further purification. Naphthalene sulphonate formaldehyde condensate was purchased
from Specco Industries.
mTiO2. Mesoporous titanium oxide was prepared according to the published
procedure using ligand assisted templating.® Thus, a 3:1 mixture of titanium
isopropoxide (90 g) and dodecylamine (18 g) was created with water (600 ml) to form a
white gel and this was left to stand for 24 hours. To this mixture three drops of 12 M HCI
were added, and the resultant solution stirred and left to stand for a further 24 hours
before being transferred to an oven at 40 °C to begin the ageing process. After 48 hours
the temperature was increased to 60 °C whereby the sample was aged for another 48
hours. This was repeated at 80 °C, after which the solid was collected by filtration and
placed into a sealed sample tube and returned to the oven at 100 °C for an additional 48
hours. The ageing process was completed at 120 °C for 48 hours and 140 °C for 48 hours,
respectively. Removal of the organic template was initiated by combining the material
with p-toluenesulfonic acid (pTSA) (18 g) in methanol followed by stirring for 24 hours.
Following filtration, the material was combined with fresh pTSA (23.4 g) and stirred with
methanol for 24 hours. This process was completed with three subsequent filtrations and

washings with methanol.
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mTiO2-NSF. To a 1:1 mixture of NSF (2.5 g) and water (2.5 g) (alternatively

diethyl ether, 2.5 g) was added mTiO2 (1 g). This mixture was stirred for 48 hours and
then dried in an oven at 85 °C.

mTiO2(SO4)-NSF. One drop of H2SO, was added to a vial with water (0.5 ml)
and left to stand for 5 minutes. To this solution mTiO, (0.5 g) was added, and the vial
sealed and stirred for 48 hours. Finally, the sample was dried in an oven at 85 °C to
remove all excess water. After grinding to a fine powder, the (mTiO2(SO4), 0.5 g) was
added to a 1:1 mixture of NSF (1.25 g) and water (1.25 g) (alternatively diethyl ether,
1.25 g) and this mixture was stirred for an additional 48 hours and then dried in an oven
at 85 °C.

Characterisation section. BET surface area measurements were derived from
nitrogen adsorption/desorption data collected on a Micromeritics ASAP 2020. IR
spectroscopy was conducted on a Perkin Elmer FT-IR Spectometer Spectrum RX1 using
KBr discs and data treated on Spectrum 5.1 software. PXRD was performed on a Bruker
DaVinci diffractometer with a Cu Ka radiation (40 kV, 30 mA) source equipped with a
VANTEC-1 detector for fast acquisition. The step size was 0.025° and the counting time
was 2s for each step and diffraction patterns were recorded in the 26 range 1.5° - 30°.
TGA and DTA were done in a STA 449C analyser from Netzsch under a flow of dried air
at 10.00 °C/min up to 650 °C. Argon was also used to protect the balance section. High
resolution Transmission Electron Microscopy (HRTEM) was done on a HD-2700
dedicated STEM from Hitachi, with a cold field emitter, equipped with a CEOS Cs

corrector and operated at 200 kV. The powder samples were simply deposited dry onto a
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Cu grid covered with a carbon film (Quantifoil) having a periodic hole diameter of 1.2
microns. Observation was made in three different modes: Bright Field (BF), High Angle
Annular Dark Field (HAADF) and Secondary Electron (SE). The XPS analysis was
performed using a PHI-5500 spectrometer using monochromated Al Ka radiation. The
positions of the peaks were referenced to surface C-C or C-H bound at 284.8 eV. The
powder was placed on the XPS holder inside an Ar glove box and transferred under Ar to
the XPS intro chamber without any exposure to air. For insulating materials, an electron-
flooding gun was used to compensate the surface charges. The different chemical
contributions for each spectrum were obtained using CasaXPS.

EIS was performed with a Princeton Applied Research VersaSTAT 3. A two
electrode set-up was constructed and silver wire of length 5 cm was used as the working
and counter electrodes and these were attached to each pellet via a silver two part
conductive adhesive (figure 7.33). Each pellet was made from a 300 mg of sample,
ground and formed into pellets using a 25 tonne manual hydraulic press. The flat sides of
this pellet were coated using a silver two part conductive adhesive and for improved
structural integrity the edges were partly coated in epoxy resin. Potentiostatic impedance
spectra were recorded between 10® and 10 Hz using the VersaStudio software and with an
amplitude of 100 mV. For analysis the data was exported to ZView. The samples were
heated in a sealed sample chamber mounted on an IKA®-Werke GmbH & Co. KG
heating mantle with attached temperature probe. Equilibration time at each temperature
stage was 20 minutes and the humidity of the sealed sample chamber was held constant

throughout at 50%, measured using a humidity controller and probe. Temperature ramp
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rate was ca. 5 °C per minute. Pellets of Nafion 117 were created by drying out a sample
of Nafion 117 in 5% aliphatic alcohol and water. The resultant film was diced, ground
and pressed as described above for the as-synthesised materials. Proton conductivity was
derived as obtained in Chapter 1.
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Chapter 3: Variable Temperature Proton Conductivity of Mesoporous Niobium and

Tantalum Oxide Composites Doped with Naphthalene Sulfonate Formaldehyde Resin

Proton conductivity in a series of mesoporous niobium and tantalum metal oxide
(mX20s) composites of NSF resistant to moisture loss at temperatures greater than 50 °C
is reported. The investigation focuses on the effect to proton conductivity by changing
pore size and metal in the mesostructure of the mX>Os system and thus, a series of
mX20s-NSF composites were synthesised with Cs, C12, and Cig templates. These were
characterised by XRD, TGA, nitrogen adsorption and STEM and then studied using
impedance spectroscopy to establish proton conductivity values at various temperatures
ranging from 25 °C to 150 °C. The most promising sample displayed a conductivity of
21.96 mS cm* at 100 °C, surpassing the literature value for Nafion 117 (ca. 8 mS cm™).
Introduction

For the PEMFC, the most widely used membrane material is DuPont’s Nafion, a
sulfonated tetrafluoroethylene based fluoropolymer-copolymer. The superior proton
conduction properties of this material arise from the incorporation of terminally-bound
sulfonate groups on perfluorovinyl ether chains which are anchored onto a perfluorovinyl
ether backbone.! From the water channel model of Nafion? the sulfonic acid functional
groups self-assemble into arrays of hydrophilic channels with water molecules bridging
the sulfonate units to create a continuous pathway for proton mobility. In its hydrated

form the conductivity of Nafion is high® and coupled with the high thermal and
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mechanical stability*® arising from the polymer backbone, Nafion is often preferred as
the membrane of choice. However the main drawback of Nafion is that at temperatures
above 80 °C performance deteriorates as the conductivity decreases because of water loss
from the Nafion matrix.”® Other concerns such as the high cost involved and also the
high methanol permeability (when used in methanol fuel cells),®! means that Nafion
falls short of the strictest performance demands in a PEMFC. Recent attempts to improve
the efficiency of Nafion at elevated temperatures involve the doping of the Nafion
membrane with nanoparticles,*?*4 sulfonated zirconia,'>*" or phosphotungstic acid*®*° in
order to increase the concentration of the acid sites that promote local migration of
protons. Alternative doping methods include employing a blend of polymer, phosphoric
acid and Nafion? or the use of hydrophilic inorganic materials to maintain high water
content and prevent Nafion dehydration at high temperature.?-2* Further modifications of
the Nafion membrane have been explored with mesoporous silica??52¢ or PMQs?"28
being used as a dopant in a bid to maintain a high water content and to prevent
dehydration of the Nafion matrix, or with the membrane itself being treated by an
electron beam.?® Research has also focussed on replacing the Nafion membrane
altogether with PMOs,?® MOFs*® and MOFs doped with sulphonates and phosphonates, -
33 approaches which have offered varying degrees of promise. However, to date none of
these alternatives have yet replaced Nafion as the commercially preferred membrane of

choice for PEMFCs and as such, new approaches to this problem must be explored.
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Aim
Using previous®* 3" work within our research group as a basis, we are attempting
to develop new proton conducting materials resistant to loss of conductivity on
dehydration. Our approach is to exploit the oxide surface of the ca. 20 A pore walls of a
mesoporous transition metal oxide as a means of anchoring sulfonate groups and
suppressing moisture loss to encourage proton conduction pathways in the NSF
impregnated analogues, such that operation can continue to function at higher
temperature. The best of these materials, once identified and optimised, will be fabricated
into membranes at a future date beyond the scope of this study for further performance
and optimisation tests. Previous studies in our group using NSF composites of mTiO2¥’
demonstrated that proton conductivities higher than pure NSF and Nafion 117 could be
obtained at temperatures above 80 °C, but that performance deteriorated above 125 °C
with the solid state NMR and PXRD results suggesting that the structure collapses at
these temperatures. In this current study we synthesis mesoporous transition metal oxide
materials (mX20s - where X is Ta or Nb) with 15-40 A pore size with higher thermal
stability in smaller or larger pore sizes that might encourage better stability of
performance under more demanding operating conditions. The mesoporous Ta and Nb
oxide structures are not only more thermally robust®®“° but previous work has
demonstrated higher stability to sulfuric acid treatment of Nb and especially Ta oxides
compared to Ti*® and vastly improved Lewis and Brgnsted acidity of the surface of these

sulphated materials in solid-acid catalysed reactions.*
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Figure 3.1: Schematic diagram depicting our approach. From left to right; the expected peripheral arrangement of mobile
protons, sulfonated oligomer, and sulfate within a mX20s pore; a 3D representation of the mesopore with the shaded area
representing the region in which the oligomer resides; pore alignment within the mX2Os structure.

Since high surface acidity is associated with hydrophilicity and high proton
mobility we reasoned that these composites should also have higher proton conductivity,
greater stability to moisture loss, as well as the greater thermal stability expected from the
Nb and Ta mesostructures.

In this study we have thus prepared and investigated the proton conductivity
behaviour of a series of mesoporous sulphated and unsulfated mesoporous Nb, and Ta
oxide composites synthesised using Cs, Ci2, and Cig templates impregnated with
oligomeric NSF. With an average molecular mass between 400 and 1000 and consisting
of 2-6 units,®% the small size of the resin molecules ensure facile diffusion into the
mX20s pore structure. On the basis of our previous results with Ti, this approach results
in composites in which the sulphonate groups are in close contact with the Lewis acidic

oxide walls, thus offering a channel for proton movement along the interface (Figure 3.1).
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Results and Discussion
Previous research from our group®” demonstrated that mTiO; synthesized with a
dodecylamine template (C12-mTiO2) and then impregnated with NSF in diethyl ether
gave rise to an improved proton conductivity over untreated Ci2-mTiO2 (C12-mTiOg;
0.543 +0.08 mS cm?, C1,-mTiO.-NSF.DEE; 1.837 + 0.14 mS cm%, both at 100 °C) and
diethyl ether gave better results than water as a solvent to conduct the impregnation step
(C12-mTiO2-NSF.DEE; 1.837 £0.14 mS cm?, C12-mTiO2-NSF.H20;
0.499 + 0.03 mS cm™). On the basis of previous work on acid catalysis,** doping the
structure with sulfate would improve the proton conductivity, however mTiO2 loses its
structure when treated with even small (ca. 5 %) levels of sulphuric acid.*” In a more
robust mesoporous material doping with sulfuric acid may enhance the proton conducting
pathways within the mesopores without degrading the structure when the acid was
introduced. Thus, C12 mesoporous Ta and Nb oxides, previously shown to be stable to
sulphuric acid treatment,** were used in the current study in place of Ti and three
different pore sizes of the Ta oxide synthesized using templates of differing chain lengths
(Cs, C12 and Cig) were synthesised in order to gauge the effect of changing the metal
and/or the pore size on the proton conductivity of the related NSF composites. These four
new composites were synthesised as per the Experimental Section and include one
sample of Ci>-mTa0s doped with sulfuric acid and impregnated with NSF in the
presence of diethyl ether medium (Ci12-mTa205(SO4)-NSF.DEE) and three analogous
composites using Ce-Ta, C1g-Ta and C12-Nb respectively. Where appropriate in the text

and tables we also list the Ti materials from our previous report, as well as the respective
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pristine mesoporous oxides. Data for additional Ci»>-Ta analogues synthesised without
sulphate, or with water instead of diethyl ether, can be found within the supporting
information, again where appropriate. Each sample was fully characterised using the
parameters detailed in the Characterisation section and are discussed below.

Surface area analysis. The BET surface areas for the as-synthesised materials
and Ta analogues are reported in Table 3.1 and the nitrogen adsorption-desorption
isotherms for Ci2-mTa20s Cs-mTa20s, Cis-mTa20s and Ci2-mNb2Os are shown in
Figure 3.2. Figure 3.3 displays the isotherms for Cs-mTa,0Os5(SO4)-NSF.DEE, Cis-
mTa20s5(S04)-NSF.DEE, and Ci12-mTa0s5(SO4)-NSF.DEE, and Figure 3.4 shows the
isotherm for Ci12-mNb2Os5(SO4)-NSF.DEE. In all cases the samples are on the cusp
between type | and IV isotherms, as expected for materials with a ca. 25-35 A pore size.
The Ci2-mTa20s sample possesses a high surface area of 459 m? g%, which decreases
when the material is doped and impregnated to 0.059 m? g*. These changes upon
impregnation are also mirrored with the Ce-mTa20s, Cis- mTa,0s and Ci2-mTa20s
systems in which the surface area also drops off significantly with doping. There is also a
loss of pore volume by a factor of 100 in all cases and where recorded the pore size

notably decreases following treatment.
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Nitrogen adsorption data for the as-synthesised materials. N/A: denotes that the surface area was too small

to record a pore volume size

Material BET Surface Area / m?g- | Pore Volume / cm?® gt BJH Pore Size / A
1

C12-mTaz0s 459 0.324 28.21

C12-mTaz0s5(S04)- 0.959 N/A N/A

NSF.DEE

Ce-mTaz0s 277 0.239 34.56

Co-mTaz05(S0a)- 0.402 N/A 18.59

NSF.DEE

Ci1s-mTaz0s 286 0.282 39.27

C18-mTaz0s5(S04)- N/A N/A N/A

NSF.DEE

C12-mNb20s 466 0.381 32.67

C12-mNb205(S04)- 4.206 0.003 26.86

NSF.DEE

C12-mTaz20s-NSF.H20 20.55 0.0132 25.64

Ci12-mTa20s-NSF.DEE 11.81 0.0182 N/A

C12-mTa205(S04)- 22.85 0.00902 N/A

NSF.H20

C12-mTaz20s5(S04)- 0.959 0.00048 N/A

NSF.DEE
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Impregnation of the pores with NSF is expected to lower the surface area and pore
volume on doping, while the loss of surface area on doping with sulfuric acid is
consistent with previous work on sulfated mesoporous Ti, Nb, and Ta oxides.®% In both
cases, loss of surface area upon NSF impregnation indicates that the pores have been
filled with NSF resin. For comparison, the nitrogen adsorption-desorption isotherms for

the Ta analogues can be found on Figure 3.5.
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Figure 3.2: Nitrogen adsorption (diamonds)/desorption (circles) isotherms for C1.-mTa20s (dots and dashes), Ce-mTa20s
(dashes), Cis-mTa20s (solid line) and Ci2-mNb2Os (dots)
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Figure 3.3: Nitrogen adsorption (diamonds)/desorption (circles) isotherms for Ce-mTa20s(S0.)-NSF.DEE (dots), Cis-
mTaz05(S04)-NSF.DEE (solid line) and C12-mTa205(S04)-NSF.DEE (dashes). Negative values are an artifact caused by
low total adsorption due to low surface area and limited size of sample chamber
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Figure 3.4: Nitrogen adsorption (diamonds)/desorption (circles) isotherms for C12-mNb20s5(SO4)-NSF.DEE. Negative
values are an artifact caused by low total adsorption due to low surface area and limited size of sample chamber
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Figure 3.522: Nitrogen adsorption (diamonds)/desorption (circles) isotherms for C12-mTa20s-NSF.DEE (dots), Ciz-
mTaz20s-NSF.H20 (solid line) and C12-mTa205(S04)-NSF.H20 (dashes). Negative values are an artifact caused by low
total adsorption due to low surface area and limited size of sample chamber

Infrared spectroscopy. The IR spectra further demonstrate retention of NSF in
all cases, with the spectra for the metal oxide composites, metal oxides, and Ta analogues
shown on Figures 3.6, 3.7 and 3.8 respectively. Pure NSF resin gives rise to an aromatic
C-H stretch at v2900 cm™ and aromatic ring vibration modes at v 1640 cm™, v 1596 cm*
and v 1507 cm™. These are apparent in all NSF treated samples. This is also mirrored by
the appearance of the NSF SO stretch and S-phenyl vibrations observed at v 1230 cm™, v
1190 cm™, v 1130 cm™ and v 1040 cm™. There are also C-H stretches at v 2800 cm™ for

the NSF methylene protons and trace residual hydrocarbon in the mX;0Os.
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Figure 3.6: IR spectra of Ce-mTa205(S04)-NSF.DEE (blue), C1s-mTa205(S04)-NSF.DEE (red) and Ci2-mNb20s(SOa4)-
NSF.DEE (green)
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Figure 3.723: IR spectra of Ce-mTa20s (green), Ci12-mTaz0s (blue), Ci1s-mTa20s (black) and Ci2-mNb2Os (red)
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Figure 3.8: IR spectra displaying C12-mTa20s-NSF.H20 (black), C12-mTa20s-NSF.DEE (blue), C12-mTaz20s5(SO4)-NSF.H20
(red) and Ci2-mTa205(S04)-NSF.DEE (green)

Powder x-ray diffraction. The PXRD patterns for the as synthesised materials
are shown in Figure 3.9. The spectra shows a reflection between 2.4 and 3.2 26,
indicative of a mesoporous structure and consistent with our previous data.** The
remaining peaks between 15 and 50 26 arise from partial crystallisation of the walls in
the structure. These reflections are strongest in the Nb sample, demonstrating the greater
stability of the amorphous Ta oxide mesostructure over the Nb analogue. Combined with
the BET and IR data, these data show that the composite synthesis was completed in all

cases.
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Figure 3.9: PXRD patterns for C12-mNb205(SO4)-NSF.DEE (black line), Ce-mTa205(S04)-NSF.DEE (red dots), Ci2-
mTaz05(S04)-NSF.DEE (black dots), C1s-mTa205(S04)-NSF.DEE (red line).

Thermal analysis. The percentage of hydrocarbon was probed in the as-
synthesised samples by TGA and DTA and the trace for these are shown in Figures 3.10
through to 3.13. Each composite has a similar trace to its neighbour whereby firstly, the
thermogravimetric curve shows weight loss of ca. 10 % at 130 °C which is attributed to
loss of residual H20. At 450 °C there is also a weight loss of ca. 5 % which is attributed
to the combustion of any residual hydrocarbon from the dodecylamine template or partial
collapse of the mesopore structure. This is confirmed by the overlying DTA curve which
shows an endothermic peak at 130 °C and two exothermic peaks at 350 and 500 °C.
Weight loss of ca 5 % at 390 °C is the loss of the sulfonate groups, whilst NSF is burnt
off the sample at 485 °C. Continued weight loss above ca. 550 °C is attributed to a slight

degradation to the crystalline form of the oxide itself as the mesostructure begins to
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collapse. From the traces the Cs composite has the least total weight loss at ca. 40 %.
Both the Ci2 composites have a total weight loss of ca. 50 %, with the Ta showing a
steeper decline than Nb after 485 °C which would indicate more NSF in the Ta sample.
The pore size of the Ta sample is greater than that of the Nb, which will also contribute to
these observations. The weight loss for the C¢ and the Ci> composites are expected as
more NSF will be impregnated into a sample with larger pore size but intriguingly, the
C1s composite shows a total weight loss of ca. 45 %. Whilst this is less than expected, the
larger pore size could lead to more facile leaching of the NSF from the structure

compared to those with a slightly smaller pore size.
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Figure 3.1024: TGA (line) and DTA (dots) trace for C12-mNb20s5(SO.)-NSF.DEE
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Figure 3.13: TGA (line) and DTA (dots) trace for C1s-mTa205(SO4)-NSF.DEE

Scanning transmission electron microscopy. To confirm the powder
morphology (a) and pore structure (b) of the as-synthesised materials, STEM was
performed with the images of the as-synthesised materials shown in Figures 3.14 through
to 3.17. Each pore structure image, taken at a scale of either 0.2 or 1 pum, displays a
wormhole-like structure that is typical for mesoporous materials synthesised with non-
ionic templates. From this, a pore size of ca. 20-30 A in diameter can be derived (in
agreement with the BET data) and that the pore walls are ca. 20 A thick. This
corresponds to what is expected on the basis of the PXRD data and is in agreement with
previous work.*? Following impregnation of the pore with NSF and/or doping of the pore
wall mesostructure with H2SO4 it becomes increasingly difficult to image either the pores

(due to the filling of the pores by the NSF), or the mesostructure (due to pore degradation
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from the H2SOg). This is further confirmed from our BET surface area and PXRD data.
This is consistent with variable degrees of proton-induced crystallisation of the walls.
Both sets of images are consistent with the reported BET data and with previous data

using this experimental approach.®’

Figure 3.14: STEM images of the mNb20s(SO.)-NSF.DEE composite showing, a) the powder morphology; b) a higher
magnification of the pore structure

10 nm

Figure 3.15: STEM images of the Cs-mTa20s(SO04)-NSF.DEE composite showing, a) the powder morphology; b) a higher
magnification of the pore structure
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Figure 3.16: STEM images of the C12-mTa205(SO4)-NSF.DEE composite showing, a) the powder morphology; b) a higher
magnification of the pore structure

0.2 pm

Figure 3.17: STEM images of the C1emTa.0s5(S04)-NSF.DEE composite showing, a) the powder morphology; b) a higher
magnification of the pore structure

As described in the Characterisation Section, each composite was incorporated
into a cell. Each cell had its potentiostatic impedance recorded at room temperature,

atmospheric pressure and at 50 % humidity with the results (where necessary,
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extrapolated as described in the characterisation section) displayed in Figure 18 and
Table 2. Previous work** demonstrated by TPD that moisture loss is suppressed by the
Lewis Acid sites (and/or the sulfonate groups) on the pore walls of sulfate-doped
mesoporous Ti, Nb, and Ta oxide and as such, thermal dehydration of the pellet is
anticipated to be suppressed compared to that of Nafion 117.

Electrochemical impedence spectroscopy. As a reference and for equality,
Nafion 117 was made into a cell (both as a pellet for internal consistency and as a
commercially purchased film to compare our measurements with literature values) and
measured under the same conditions. Whilst Nyquist plots commonly reveal a complete
semi-circle, the straight lines acquired at low resistance in our measurements of Nafion
represent portions of a larger semi-circle and are similar in overall appearance to those
previously reported for this material.** Next, the temperature was increased to 50 °C, the
potentiostatic impedance was measured (Figure 7.11) and subsequently the proton
conductivity was found. This was repeated at 75 °C (Figure 7.12), 100 °C (Figure 7.13),
125 °C (Figure 7.15) and 150 °C (Figure 7.16) respectively. Figure 7.14 shows a
magnified Nyquist Plot of C12-mNb2Os(SO4)-NSF.DEE at 100 °C. Taken from 7.13, this
magnification displays the semi-circular relationship of each curve, followed by the
Warburg Tail in the low frequency part of the plot. The average conductivity from all
samples at all temperatures, along with the calculated standard error, is shown on
Table 3.2 and from this a plot (Figure 3.18) of logioo versus T was made derived as

described in the notes in the Experimental Section.
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Figure 3.18 also shows the conductivity of each pellet in relation to a Nafion 117
pellet and film formed in a similar fashion to the composites. As shown on the graph,
both Nafion 117 cells become more resistive as the temperature is increased and this is
consistent with what is reported in the literature for this material.”® A Nyquist plot at 25
°C for the Ta analogues listed in Table 3.2 can be found on Figure 7.17. Initially, proton
conductivity for Ci» Ta analogues was obtained to determine the optimal doping
composition for this research and Ci12-mTa20s5(SO4)-NSF.DEE was selected based on
high initial conductivity (2.70 mS cm™) and the results obtained previously for the Ti
analogues.®’
Whilst this was comparable to the value obtained for C1o-mTa205(S04)-NSF.H20
(2.77 mS cm™?), using DEE as a medium avoids problems with residual moisture in the
cell and thus, more control on dehydration when the temperature is raised. (For
comparison, the conductivity of the untreated C1> Ta at 25 °C is 0.334 mS cm™.) At 100
°C a conductivity of 13.11 mS cm™ was observed for Ci>-mTa.0s(SO4)-NSF.DEE,
which surpassed the untreated C12 Ta (0.461 mS cm™), our Nafion 117 standards (pellet;
1.143 mS cm?, film; 0.420 mS cm™) and the literature value for Nafion 117 at identical
humidity (8 mS cm™).47 At 150 °C, a conductivity of 0.95 mS cm™ was observed for
C12-mTa20s5(S04)-NSF.DEE and despite the conductivity decreasing, it remained higher
than that of the untreated sample (0.086 mS cm™) and the Nafion standards (pellet; 0.126
mS cm?, film; 0.030 mS cm™). This is a pattern we observed with the mesoporous Ti
system® where despite retaining moisture better than Nafion (as evident by the

conductivity values measured), NSF leaches out of the composites at 150 °C, which is
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consistent with what we observe in the TGA trace at around 130 °C. Next, we changed
the pore size of the Ta materials to see if there was a relationship between pore size and
conductivity either directly or indirectly through the amount of NSF retained in the pores.
At 25 °C, the conductivity was measured for Ce-mTa20s(SO4)-NSF.DEE (2.89 mS cm™)
and Ci1g-mTap0s5(S04)-NSF.DEE (6.72 mS cm™) respectively, both of which surpass their
untreated counterparts (Cs Ta; 0.458 mS cm™, Cig Ta; 0.396 mS cm™: At 100 °C, these
increase to 8.59 mS cm™ and 13.15 mS cm™ respectively, which again surpasses the
untreated samples (Cs Ta; 0.762 mS cm™, Cis Ta; 0.357 mS cm™) and that of the
literature Nafion 117 value (8 mS cm™). At 150 °C, the performance again tails off to
0.13 mS cm™ (Cs Ta-NSF) and 0.11 mS cm™ (Cis Ta-NSF), which is below that of the
Nafion 117 pellet (0.126 mS cm?), but above that of the Nafion film (0.030 mS cm™).
Intriguingly, both of these composites performed better at 75 °C (Cs Ta; 18.08 mS cm™,
Cis Ta; 22.29 mS cm™) than at 100 °C. Taking all data into account the pattern
established is that the Cig material displays higher conductivities than the Ci2 and Ce
samples, but loses performance at elevated temperatures more rapidly than its two

congeners.
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Average proton conductivity and associated error (mS cm) of the as-synthesised materials, NSF, and the

reference cell, Nafion 117

25°C 50 °C 75 °C 100 °C 125 °C 150 °C
C12-mTaz20s 0.334 0.477 0.233 0.461 0.212 0.086
Ci12-mTaz0s- 1.590 N/A N/A N/A N/A N/A
NSF.H20
C12-mTaz0s- 1.030 N/A N/A N/A N/A N/A
NSF.DEE
Ciz- 0.930 N/A N/A N/A N/A N/A
mTa20s5(S04)
Cio- 2.770 N/A N/A N/A N/A N/A
MTaz205(S0a)-
NSF.H20
Ciz- 2.700+0.01 | 6.640+0.01 11.12+0.01 13.11+0.01 2.400+0.01 0.950+0.01
mMTa205(S04)-
NSF.DEE
Ce-mTaz0s 0.458 0.737 0.646 0.762 0.385 0.687
Ce- 2.890+0.01 | 9.390+0.03 18.08+0.03 8.590+0.03 2.190+0.01 0.110+0.01
mMTaz205(S04)-
NSF.DEE
Cis-mTaz20s 0.396 0.268 0.360 0.357 0.284 0.122
Cis- 6.720+0.01 | 6.270%0.02 22.29+0.01 15.35+£0.01 0.160+0.12 0.130+0.06
mMTa205(S04)-
NSF.DEE
C12-mNb20s 0.373 0.444 0.565 0.469 0.614 0.436
Cio- 0.600+0.01 | 4.88+0.01 13.97+0.02 21.96+0.01 0.780+0.01 0.170+0.01
MNb205(S04)-
NSF.DEE
Nafion 117 1.450+0.16 | 1.131+0.19 1.013+0.18 1.143+0.12 0.254+0.04 0.126+0.02
(Pellet)
Nafion 117 2.570+0.12 | 1.461+0.11 0.926+0.31 0.420+0.25 0.071+0.04 0.030+0.2
(Film)
NSF 0.508+0.04 | 0.612+0.03 0.143+0.01 0.122+0.02 0.069+0.02 0.019+0.01
C12-mTiOz- 0.300+0.01 | 0.764+0.03 1.195+0.03 1.837+0.14 1.084+0.04 0.631+0.09

NSF.DEE
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This is consistent with the larger pores allowing for more and deeper penetration
by the NSF, which subsequently allows easier leaching of the NSF at elevated
temperatures. Next, we kept the pore size constant at C12> while changing the metal to Nb
to allow a comparison between the C12 Ti, Ta and Nb systems and investigate whether or
not there is a relationship between the composition of the porous wall and the proton
conducting network.
At 25°C, the conductivity obtained for Ci12-mNb2Os(SO.)-NSF.DEE was
0.60 = 0.01 mS cm, a value higher than untreated C12-mNb2Os (0.373 mS cm) but the
lowest of the four composites investigated. At 100 °C, conductivity improves
significantly  (21.96 + 0.01 mScm™) surpassing that of the untreated sample
(0.469 mS cm™), the literature Nafion value (ca. 8 mS cm™) and all other Ta and Ti
composites.
At 150 °C the conductivity decreases to 0.17 +0.01 mS cm™ (untreated Ci2 Nb;
0.436 mScm™?), a pattern observed with the other samples in this study. This
demonstrates that the C12 Nb system doped with NSF and sulphate in DEE is the optimal
proton conducting material in our study. The Nb oxide walls are more robust than those
of the Ti system, allowing for greater stability under operating conditions, and a
combination of surface area, NSF retention, and or surface acidity properties gives
superior proton conducting properties to the Ta system. Finally, reported error is within

acceptable parameters for these experiments and remains consistent throughout.
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Figure 3.18: Nyquist plot at 25 °C showing the potentiostatic impedance of C12-mTa205(S04)-NSF.DEE (black line), Ce-
mTaz20s5(SO4)-NSF.DEE (black dots), Ci1s-mTa20s5(SO4)-NSF.DEE (black dashes), Ci12-mNb20s(SO4)-NSF.DEE (red line),
Nafion 117 membrane (red dots) and Nafion 117 pellet (red dashes).
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Figure 3.19: Average proton conductivities of C12-mTa20s(S04)-NSF.DEE (black line), Ce-mTa20s(S04)-NSF.DEE (black
dots), C1e-mTa205(SO4)-NSF.DEE (black dashes), C12-mNb20s5(S0.)-NSF.DEE (red line), Nafion 117 membrane (red
dots) and Nafion 117 pellet (red dashes) as a function of temperature
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Each composite performed better than pure hydrated NSF (Table 3.2), which
confirms a synergistic interaction between NSF and the oxide mesostructure in all
composites studied. The most promising system is that using C12 Nb doping with sulfate
as the mesoporous scaffolding. The robust nature of the mesostructure enables optimal
augmentation of the proton-conducting network and as such, locks the NSF in the pores
at the optimal temperatures for PEMFC operation. However, the NSF is still prone to
leaching out of the system once the optimal temperature is surpassed (at temperatures
greater than 150 °C the oligomer becomes mobile), which in turn affects the proton
conduction network. For this reason, methods of blocking this leaching process by using
larger oligomers or condensing the NSF within the pores rather than impregnating with
small oligomers, may lead to better results at high temperatures and thus form the basis of
future work.
Conclusions
In this paper the synthesis and characterisation of a series of mesoporous Nb and
Ta oxide polymer composites has been reported. Each composite (three of Ta with
differing pore sizes and one of Nb) was formed into a cell and their proton conductivity
was compared against a Nafion 117 standard (literature value for Nafion 117; 100 °C,
8 mS cm™) over a temperature range of 25 °C and 150 °C. Whilst all composites exhibit
conductivities that surpass that of the pure NSF and the Nafion standard, the most
promising was the Ci-mNb;Os(SO4)-NSF.DEE (21.96 + 0.01 mS cm™ at 100 °C),
although at 150 °C the conductivity drops in all cases, most likely due to leaching of the

oligomer. The object of this research was to optimise effects of composition and pore size
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on conductivities of these systems and the next steps are to explore methods of blocking
the leaching of the polymer while also attempting to fabricate these materials into a
membrane whilst preserving the high proton conductivity observed in this current study.
Experimental Section

All chemicals were purchased from either Sigma Aldrich or Alfa Aesar without
further purification.

C12-mNb20s. Mesoporous niobium oxide was prepared according to the published
procedure using ligand assisted templating.®® Thus, a 3:1 mixture of niobium (V)
ethoxide (10 g) and dodecylamine (6 g) was created with water (75 ml) to form a white
gel and this was left to stand for 24 hours. The water was then exchanged for fresh (75
ml) and one drop of 12 M HCI was added, with the resultant solution stirred and left to
stand for a further 24 hours before being transferred to an oven at 40 °C to begin the
ageing process. After 48 hours the temperature was increased to 60 °C. The sample was
then aged for a further 48 hours and this was repeated at 80 °C, after which the solid was
collected by filtration, dried for 24 hours at 80 °C, placed into a sealed sample tube and
returned to the oven at 100 °C for an additional 48 hours. The ageing process was
completed at 120 °C for 48 hours and 140 °C for 48 hours, respectively. Removal of the
organic template was initiated by combining of the material with pTSA (6 g) in methanol
followed by stirring for 24 hours. Following filtration, the material was combined with
fresh pTSA (7.8 g) and stirred with methanol for 24 hours. This process was completed

with three subsequent filtrations and washings with methanol.
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mTa,0s. Mesoporous tantalum oxide was prepared according to the published

procedure using ligand assisted templating® The exact method is similar to that

described for mNb2Os, apart from the starting material being tantalum (v) ethoxide. To

obtain the wvarious ligand sizes, Ce-mTa20s uses hexlyamine, Ci>-mTaOs uses
dodecylamine and C1g-mTa20s uses octadecylamine.

Ce/C12/C18-mX205(SO4)-NSF. One drop of H2SO4 was added to a vial with water
(0.5 ml) and left to stand for 5 minutes. To this solution mX20s (0.5 g) was added, and
the vial sealed and stirred for 48 hours. Finally, the sample was dried in an oven at 80 °C
to remove all excess water. After grinding to a fine powder, the (mX205(SO4), 0.5 g) was
added to a 1:1 mixture of NSF (1.25 g) and diethyl ether (DEE, 1.25 g), and this mixture
was stirred for an additional 48 hours and then dried in an oven at 80 °C.

Tantalum Analogues: Ci2-mTa>0s-NSF. To a 1:1 mixture of NSF (2.5 g) and
water (2.5 g) (alternatively DEE, 2.5 g) was added mTa2Os (1 g). This mixture was
stirred for 48 hours and then dried in an oven at 80 °C. C12-mTa205(SO4): As for Cio-
mTa>0s5(SO4)-NSF.DEE but stopping prior to the NSF addition. Ci2-mTa205(SO4)-
NSF.H20: As for C12-mTa205(SO4)-NSF.DEE, but with H.O (1.25 g) replacing DEE in
the final step.

NSF. 6.53 g Naphthalene was melted in a glass flask equipped with a reflux
condenser. To this, H2SO4 (5 ml) was slowly added and the temperature was kept below
115 °C during the addition. The heat was then increased to 160 °C, kept constant and
stirred for eight hours to ensure maximum sulfonation of the naphthalene adduct and

afford 2-naphthalene sulfonic acid, with an excess naphthalene removed by filtration.
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With the internal temperature raised to 95 °C formaldehyde (0.65 g, 0.9 M) was added
along with a few drops of water and this was maintained for eighteen hours. Once cooled
this was dissolved in diethyl ether and dried to achieve a free flowing solid.
Characterisation section. BET surface area measurements were derived from
nitrogen adsorption/desorption data collected on a Micromeritics ASAP 2020. IR
spectroscopy was conducted on a Perkin Elmer FT-IR Spectometer Spectrum RX1 using
KBr discs and data processed using Spectrum 5.1 software. PXRD was performed on a
Bruker DaVinci diffractometer with a Cu Ka radiation (40 kV, 30 mA) source equipped
with a VANTEC-1 detector for fast acquisition. The step size was 0.025° and the
counting time was 2s for each step and diffraction patterns were recorded in the 26 range
1.5°-30° TGA and DTA were done in a STA 449C analyser from Netzsch under a
flow of dried air at 10.00 °C/min up to 650 °C. Argon was also used to protect the
balance section. HRTEM was performed on a HD-2700 dedicated STEM from Hitachi,
with a cold field emitter, equipped with a CEOS Cs corrector and operated at 200 kV.
The powder samples were simply deposited dry onto a Cu grid covered with a carbon
film (Quantifoil) having a periodic hole diameter of 1.2 microns. Observation was made
in three different modes: BF, HAADF and SE. Impedance spectroscopy was performed
with a Princeton Applied Research VersaSTAT 3. A two electrode set-up was
constructed and silver wire of length 5 cm was used as the working and counter
electrodes and these were attached to each pellet via a silver two part conductive
adhesive. Each pellet was made from a 300 mg of sample, ground and formed into pellets

using a 25 tonne manual hydraulic press. The flat sides of this pellet were coated using a
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silver two part conductive adhesive and for improved structural integrity the edges were
partly coated in epoxy resin. Potentiostatic impedance spectra were recorded between 10°
and 10 Hz using the VersaStudio software and with an amplitude of 100 mV. For analysis
the data was exported to ZView. The samples were heated in a sealed sample chamber
mounted on an IKA®-Werke GmbH & Co. KG heating mantle with attached temperature
probe. Equilibration time at each temperature stage was 20 minutes and the humidity of
the sealed sample chamber was held constant throughout at 50 %, measured using a
humidity controller and probe. Temperature ramp rate was ca. 5 °C per minute. Pellets of
Nafion 117 were created by drying out a sample of Nafion 117 in 5 % aliphatic alcohol
and water. The resultant film was diced, ground and pressed as described above for the
as-synthesised materials. Cells of Nafion 117 film were created by cutting a circular disk
with the same circumference as the pellets from a sheet of Nafion 117 film. To these,
wires were attached in the same manner as used for the pellets to complete the cell. An
image of the cell attached to the VersaSTAT3 can be found at Figure 7.33. The proton
conductivity of each cell was determined as described in Chapter 1.
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Chapter 4: Niobium composite formation via in situ polymerisation techniques

Proton conductivity and thermal durability studies were performed on a series of
mesoporous Nb,Os (mNb2Os) composites with naphthalene sulfonate formaldehyde resin
polymerised within the pores. The proximity of the sulfonate groups of the polymer to the
walls of the oxide mesostructure was deliberately tailored to ensure superior dehydration
resistance crucial to proton conductivity. Initially characterised by nitrogen adsorption,
XRD, TGA and STEM, subsequent study using impedance spectroscopy over a
temperature range of 20 - 150 °C established their proton conductivity performance. The
most promising sample displayed a conductivity of 21.77 +0.01 mScm™ at 80 °C
surpassing the literature value for Nafion 117 (ca. 8 mS cm™) as measured in our labs
using the same set up. Subsequent thermal durability tests demonstrated that this
composite maintains superior conductivity to Nafion 117 at 80 °C for the length of the
study (24 hours).

Introduction

Fuel cell membrane materials are currently being sought with improved physical
properties and conductivities able to withstand the operating systems of the fuel cell over
a wide humidity range.! The temperature window for optimal proton conducting
performance in a PEMFC begins at 80 °C and for this reason the membrane material of
choice must have a similar working temperature coupled with high durability over as
wide a range of conditions as possible.? Nafion is the current industrial standard material

used for this application, but has certain limitations in this regard. While Nafion conducts
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protons at room temperature with high efficiency® due to proton hopping along the vast
network of water molecules trapped within the Nafion matrix,!! as the temperature rises,
conductivity decreases as the membrane begins to dehydrate, jeopardizing the proton
conducting network such that proton mobility becomes increasingly compromised.>®
Consequently there have been numerous efforts to stabilize the Nafion structure to water
loss at higher temperature. Attempts include the incorporation of silica’® or transition
metal oxide®> ! nanoparticles within the matrix. Alternatively, Nafion has also been
doped with heteropolyacids'®'® or blended with polymers to form composite
membranes,** with both approaches yielding varied results. Completely replacing Nafion
with periodic mesoporous organosilicates,'>® mesoporous silical”*® metal organic
frameworks!®? or other polymers??? has yielded encouraging results, but, nothing has
yet replaced Nafion as the commercially viable option. In recent years, DuPont have also
developed a thinner Nafion membrane with better longevity and tensile strength?® and
whilst this improves efficiency, the primary concerns still remain.

Aim

For these reasons our research group has looked into developing alternatives to
Nafion more resilient to dehydration and less reliant on weakly-bound water molecules to
transfer protons across the membrane. The systems we have focused on?* 2 exploit the
700-900 m?g* surface area and ca. 20 A pore walls of mesoporous Nb oxide (mNb2Os)
as a means of anchoring organosulfonate groups to the pore-wall interface, which is
inherently resistant to moisture loss because of the high Lewis acidity of the Nb centers,

and may also provide an alternative conduction pathway along the Nb-O-Nb backbone
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running through the wall. Thus, by impregnating the mNb2Os pores with NSF resin, an
oligomer with an average molecular mass between 400 and 1000 g mol™ consisting of 2-
6 units,?®%” we were able to create a new class of composite materials in which proton
conduction can be maintained at higher temperatures where dehydration is a problem for
Nafion 117. Whilst these NSF-impregnated Nb oxides demonstrated conductivity values
at 80 °C surpassing Nafion 117 (21.96 + 0.01 mS cm™),% as the temperature approaches
150°C the performance drops to 0.170 +0.01 mScm™. Using solid-state NMR
techniques, it was shown that the NSF oligomers become more mobile at higher
temperatures due to increasing local motion of the molecules, which leads to pore

leaching and subsequent loss of conductivity.
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Figure 4.1: From top to bottom: (A) mesopore showing impregnation with NSF oligomer; (B) mesopore showing
impregnation with NSA monomer and condensation in situ via formaldehyde.
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It was also concluded that the oligomer likely does not fully penetrate the pore
structure and instead remains close to the pore windows, where it is more prone to
thermal leaching. For this reason either a longer oligomer is sought, which would likely
be an ineffective strategy due to increased molecular mass leading to further exacerbation
of diffusion problems through the small 20 A pore windows, or a method of initiating
polymerisation directly within the mesopores must be developed. This latter method is
particularly attractive because the synthesis of NSF can be accomplished in two simple
steps from naphthalene: the sulfonation of the fused aromatic followed by the
condensation of the naphthalene sulfonic acid product with formaldehyde. By stopping at
the second stage and impregnating the pore with the much smaller monomer naphthalene
sulfonic acid, we can affect condensation in situ of the mesopore to not only ensure
maximum penetration, but to lock the polymer in place and decrease the chances of any
potential leaching (Figure 4.1B). This strategy should also ensure that the proton network
is maintained at higher temperatures for a longer period and thus offer superior
conductivity performance at operating temperatures as a function of time.
Results and Discussion
Previous research?® from our group established that mesoporous niobium oxide
doped with sulfuric acid and subsequently impregnated with NSF oligomers possesses an
improved proton conductivity (21.96 + 0.01 mS cm™) with respect to Nafion 117 at 80 °C
(ca. 8 mS cm™) under controlled humidity conditions.?® However, this composite shows
gradual loss of conductivity at temperatures over 80 °C due to leaching of the NSF out of

the 20 A pores. With the goal of fabricating materials with similar proton conductivity,
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but improved thermal stability, four new composites were synthesised using the new in
situ polymerisation technique outlined schematically in Figure 1B. The first two
composites (MNb205(SO4)-NSF and mNb2Os-NSF) were synthesised with and without
sulfuric acid doping prior to solution impregnation of naphthalene sulfonic acid (NSA)
monomer and condensed using two molar equivalents of formaldehyde with respect to
NSA in situ to drive polymerisation within the pores. The second pair of composites
followed the same synthesis pattern, but with an additional 10 % NSA added during the
formaldehyde condensation stage (mNb205(S04)-NSF(110%) and mNb20Os-NSF(110%)).
This additional 10% NSA was experimentally determined over a range of 5-50 % as the
optimal amount required to further improve proton conductivity and mechanical stability
of the composites, possibly by ensuring bridging conductivity pathways throughout the
pores and between adjacent grains by cohesion of polymer to external surface sites. These
as-synthesized materials were prepared as per the details provided in the Experimental
Section and fully characterised using the parameters described below.

Surface analysis. BET surface areas for the as-synthesised materials are reported
in Table 4.1. The nitrogen adsorption/desorption isotherms for composites mMNb2Os-NSF,
MNb205(SO4)-NSF and mNb20s5(SO4)-NSF(110%) are shown in Figure 4.3 while that for
composite mNb2Os-NSF(110%) is displayed in Figure 4.4. For comparison, the isotherm
for pristine mNb2Os is displayed in Figure 4.2. In all cases the composites display
isotherms on the cusp between type | and 1V, as expected for mesoporous composites
synthesized from host materials with a ca. 20-30 A pore size, with a sharp rise at high

relative pressure in the case of mNb2Os-NSF indicative of textural porosity. However, the
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negative values and low total adsorption of the composite isotherms due to pore filling
suggest low surface areas and limit the degree of useful interpretation from these data.
Indeed, the mNb2Os starting material possesses an expected high surface area of
516 m? g, which decreases when the material is doped and impregnated to ca. 10.0 m? g°

1in each of the four composites, suggesting successful impregnation of the mesopores.

Table 4.5

Nitrogen adsorption data for mNb20Os materials

BET Surface Area / m? Pore Volume / cm3 gt BJH Pore Size / A
g-l
MNb20s 516.9 0.249 24.8
mMNb20s-NSF 9.9 0.015 16.9
MNb20s(SO4)-NSF 11.1 0.007 17.7
mMNb20s-NSF(110%) 14.3 0.014 17.1
MNb205(SOa)- 9.3 0.006 17.1
NSF(110%)
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Figure 4.2: Nitrogen adsorption (diamonds)/desorption (circles) isotherms for mNb2Os
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Figure 4.3: Nitrogen adsorption (diamonds)/desorption (circles) isotherms for mNb20Os(SO4)-NSF (black), mNb2Os(SO4)-
NSF(110%) (black dots), mNb20s-NSF (red). Negative values are an artifact caused by low total adsorption due to low
surface area and the limited size of the sample chamber.
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Figure 4.4: Nitrogen adsorption (diamonds)/desorption (circles) isotherms for mNb.Os-NSF(110%). Negative values are
an artifact caused by low total adsorption due to low surface area and the limited size of the sample chamber.
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Infrared spectroscopy. The IR spectra further support impregnation with NSF in
all cases, with the spectra for the composites, and pristine mNb2Os shown on Figure 4.5.
Pure NSF resin gives rise to an aromatic C-H stretch at v 2900 cm™ and aromatic ring
vibration modes at v 1640 cm™, v 1596 cm™ and v 1507 cm*, which are all apparent in all
NSF treated samples. The NSF SO stretch and S-phenyl vibrations observed at
v 1230 cm™®, v 1190 cm™, v 1130 cm™and v 1040 cm are also evident in the composites.
There are also C-H stretches at v 2800 cm™ for the NSF methylene protons and trace
amounts of residual hydrocarbon in the mNb2Os. The C-H stretches in each material

appear at varying intensities, suggesting different loading levels of polymer.

8500
800
750
700
650
00 b !

Py e A -
550 o
500
%T
450
400
350

300

250
- MW ﬂ/v
1400

40000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 600 4000
em-1

Figure 4.5: IR spectra of mNb2Os (black), mNb20s-NSF (blue), mNb20s(SO.)-NSF (red), mNb20s(SO4)-NSF(110%)
(green), mMNb20s-NSF(110%) (brown)

Thermal analysis. Since IR intensities can vary due to sample preparation, the
percentage of hydrocarbon was further probed by TGA and DTA as shown in Figures 4.6
through to 4.8. For all samples, the thermogravimetric curves show an initial ca. 10%
weight loss between 100 °C and 150 °C, which can be attributed to a loss of residual

water within the system. Further weight loss occurs between ca. 250 °C and 450 °C, due
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to the combustion of hydrocarbon from the NSA and residual octadecylamine template.
This is confirmed by the overlying DTA curve, which displays an endothermic peak at
130 °C assigned to loss of water and two exothermic peaks at 350 and 500 °C attributable
to hydrocarbon combustion. Weight loss of ca. 5 % at 390 °C is also expected from the
loss of the sulfonate groups, whilst NSF hydrocarbon is burnt off the sample at 485 °C.
Continued weight loss above ca.550 °C is attributed to further loss of water by
condensation of Nb-OH groups as the mesostructure begins to collapse. From the TGA
traces composites mMNb20s-(SO4)-NSF and mNb20s-NSF(110%) demonstrate a total
weight loss of ca. 42 %, while mNb2O5(SO4)-NSF (110%) and mNb20Os-NSF show a
total weight loss of ca. 45 %. These similar amounts of hydrocarbon indicate there is no
disparity between the synthetic approach nor the additional NSA added during
condensation with regards to total weight. However, the DTA traces display a pattern
possibly attributable to moisture retention whereby the composites without sulfate doping
exhibit three exothermic peaks below 100 °C, whilst those with sulfate doping exhibit

minor endothermic peaks instead.
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Figure 4.7: TGA (dots) and DTA (line) curve for mNb20s(S04)-NSF(110%)
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Powder x-ray diffraction. The PXRD patterns for the as-synthesised materials

are shown in Figure 4.10. All patterns are similar with broad reflections partially
obscured by the beam between 2.4° and 3.2° 26, indicative of a wormhole mesoporous
structure and consistent with our previous data.?® The remaining reflections between 15°

and 35° 24 arise from partial crystallisation of the walls in the structure.
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Figure 4.10: PXRD patterns for mNb20s(SO4)-NSF (black line), mNb20s(SO4)-NSF(110%) (red line), mNb20Os-NSF(110%)
(black dots), mNb20Os-NSF (red dots)

Scanning transmission electron microscopy. To further probe the powder
morphology and pore structure of the as-synthesised materials, STEM was performed
with the images of the as-synthesised materials exhibited in Figures 4.11 through to 4.14.
All ihe images were recorded with scale bars between 50 and 10 nm, and show the
expected wormhole-like structure typical for mesoporous materials synthesised with non-

ionic templates. From this, a pore size of ca. 20-30 A in diameter can be derived, as
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expected from the parent mNb2Os host, with pore walls ca. 20 A in thickness. This
corresponds to what is expected on the basis of the PXRD data and is in agreement with
previous work on amine templated composites.*® Following impregnation of the pores
with NSF and/or doping of the pore wall mesostructure with H,SO. it becomes
increasingly difficult to image either the mesopores, possibly due to the filling of the
pores by the NSF or mesostructure degradation due to the effect of H2SO4 and/or the
sulfonate protons on the oxide structure of the walls. This is consistent with the PXRD
results, and combined with the BET, IR, and TGA data, these data confirm that the
composite synthesis was completed in all cases with at least partial retention of a 20-30 A

amorphous pore structure.

Figure 4.11: STEM image displaying the pore structure of mNb20s(SO4)-NSF
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Figure 4.12: STEM image displaying the pore structure of mNb20s(SO4)-NSF(110%)

Figure 4.13: STEM image displaying the pore structure of mNb20s-NSF(110%)
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Figure 4.14: STEM image displaying the pore structure of mNb20s-NSF

Electrochemical impedance spectroscopy. As described in the characterisation
section, a sample of each composite was made into a cell and the impedance recorded at
20 °C. The measurement was repeated every ten degrees up to 150 °C and compared to a
reference commercial film of Nafion 117 prepared as a pellet in analogous form to the
composite cells. While Nyquist plots commonly show a complete semi-circle, the straight
lines acquired at low resistance in our measurements of Nafion represent portions of a
larger semi-circle and are similar in overall appearance to those reported by other groups
for this material.>* The entire suite of the averaged impedance data and calculated
standard error is shown in Table 4.2 and the relevant Nyquist plots are displayed in
Figures 7.18 through to 7.32. From this data we generated a plot of Logioo versus
temperature (Figure 4.15) showing the conductivity of each pellet in relation to both the

Nafion 117 film and pellet. While both Nafion samples gradually become more resistive
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as temperature increases, with values from the film in close agreement with the
literature,! the NSF composites becomes more conductive up to a peak at ~80 °C before
gradually falling as the temperature is further increased to 150 °C, at which temperature
the resistivities are broadly similar to the Nafion samples. This is consistent with our
previous data®*?® and like the previous data, the conductivity of Nafion is surpassed in all
cases by the NSF composites at 80 °C, with the new composite mNb2Os(SOa)-

NSF(110%) displaying the highest performance and thus, being the most promising for

further membrane applications (Figure 4.15, black dashes).

Table 4.6

Average proton conductivity and associated error (mS cm?) of the as-synthesised materials. N/A denotes

where the Nyquist Plot is too erratic to derive a proton conductivity.

Temperature / °C mNb20s-NSF MNb205(SO4)-NSF | mNb20s- MNb205(S04)-
NSF(110%) NSF(110%)
20 0.076+0.01 0.537+0.01 0.071+0.01 0.316+0.01
25 0.354+0.01 1.647+0.01 0.048+0.01 0.514+0.02
30 0.325+0.01 0.760+0.02 0.076+0.01 0.424+0.04
40 0.439+0.01 0.905+0.02 0.654+0.01 1.372+0.03
50 0.680+0.06 1.525+0.01 1.220+0.07 3.392+0.01
60 0.515+0.03 5.418+0.01 1.034+0.06 8.807+0.01
70 1.652+0.04 6.279+0.12 3.035+0.01 21.81+0.01
80 2.074+0.01 9.324+0.08 4.538+0.01 21.77+0.01
90 1.249+0.01 6.184+0.12 3.834+0.01 13.79+0.01
100 0.405+0.01 4.912+0.01 1.762+0.01 3.260+0.01
110 0.120+0.01 1.773+0.02 0.678+0.01 1.068+0.01
120 0.021+0.01 0.791+0.01 0.236+0.01 0.189+0.02
130 0.013+0.01 0.415+0.07 0.139+0.02 N/A
140 N/A 0.165+0.01 0.157+0.01 0.184+0.01
150 N/A 0.117+0.07 0.040+0.01 N/A
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Figure 4.15: Average proton conductivities as a function of temperature of mMNb20s-NSF (black line), mNb20s(SO4)-NSF
synthesised by in situ polymerisation (black dots), mNb20s(SO4)-NSF(110%) (black dashes), mNb20s-NSF(110%) (red
dots), Nafion 117 film (red line), Nafion 117 pellet (red dashes).

At 25°C a proton conductivity of 0.514 +0.02 mS cm™ was recorded, which
compares to the Nafion 117 film value under these conditions (2.57 +0.12 mS cm™).
This increases to 21.77 + 0.01 mS cm™ at 80 °C before falling to 0.18 +0.01 mS cm™* at
150 °C (the Nafion 117 film possesses values of 0.93 +0.31 and 0.03 + 0.02 mS cm™ at
80 °C and 150 °C, respectively). Compared to the Ci2-mNb205(SO4)-NSF composite
formed via direct polymer impregnation,? the differences are negligible and show that
the high conductivity has been maintained using the new polymerisation protocol,
establishing that effective proton conducting pathways were formed using in situ

condensation of the polymer.
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In order to explore stability of proton conductivity over time at the peak
temperature the thermal durability of the best composite prepared by the new method,
MNb205(SO4)-NSF(110%), as well as C12-mNb205(SO4)-NSF prepared by the previous
method of NSF oligomer solution doping, and both Nafion references were explored by
heating fresh pellets to 80 °C and then maintaining this temperature for 24 hours
(Table 4.1). Impedance was recorded at set times intervals of 0, 1, 2, 4, 8 and 24 hours,
with the results compiled and plotted on a graph of Logioo versus time (Figure 4.16) and
from this data, we see that the conductivity of each sample decreases at different rates
over time. With Nafion 117, at 80 °C the conductivity has already decreased from that at
room temperature (8.356 +0.11 mS cm™)% from dehydration and this trend continues
over 24hours at 80°C as the matrix further dehydrates. By comparison,
C12mNb205(S04)-NSF begins with a conductivity of 19.02 + 0.01 mS cm™, which drops
by more than half after one hour to 8.514 +0.04 mScm™. After two hours the
conductivity has further dropped to 5.96 +0.02 mScm? and then to 1.34 +0.01,
0.22 +0.01 and 0.03 + 0.01 mS cm™ after 4, 8 and 24 hours respectively. Thus, despite a
high initial conductivity, after four hours the conductivity falls below that of the Nafion
117 film. This change is consistent with the previous observation, corroborated by solid
state NMR, that NSF leaching begins at this temperature,?®> which results in a reduction in
the cooperative conductivity-enhancing effect between the oxide walls and the NSF.
In contrast, composite mMNb20Os(SO4)-NSF(110%) begins with a conductivity of
17.39+0.08 mScm™? at 80°C, which only decreases slightly after one hour to

14.02+0.03mScm?* and then to 11.15+0.07, 7.314+0.01, 2.717+0.03,
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0.272 +0.01 mS cm for 2, 4, 8 and 24 hours, respectively. Not only does this durability
surpass composites synthesized via the direct impregnation technique, but it surpasses
both Nafion standards in conductivity over a 24 hour period, maintaining a six fold
advantage over the Nafion 117 film for as long as eight hours. This result can be
rationalized by the improved penetration and/or oligomer chain length produced by the
new protocol resulting in superior stability to leaching, however in order to further
establish the underlying reason for this improved performance, or any other hidden
structure-property relationships, solid-state NMR studies were conducted. Finally,
reported error is within acceptable parameters for these experiments and remains

consistent throughout.
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Figure 4.16: Average proton conductivity as a function of time at 80 °C of mNb20s(SO4)-NSF(110%) (black line), C12-
mNb20s(S04)-NSF synthesised by direct oligomer impregnation (black dots), Nafion 117 film (red line) and Nafion 117
pellet (red dots)
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Table 4.7

Average proton conductivity and associated error (mS cm™) of the best-performing composites and Nafion

117 references at 80°C, over a period of 24 hours

Time / hours | Ci12-mNb205(SO4)-NSF MNb205(S04)-NSF(110%) | Nafion 117 film | Nafion 117 pellet
0 19.02+0.08 17.39+0.01 8.356+0.11 0.114+0.01

1 8.514+0.03 14.02+0.03 6.606+0.24 0.054+0.01

2 5.959+0.07 11.1540.02 3.030+0.03 0.020+0.01

4 1.336+0.01 7.314+0.01 1.560+0.01 0.012+0.01

8 0.220+0.03 2.717+0.01 0.436+0.01 0.012+0.01

24 0.026+0.01 0.272+0.01 0.131+0.01 0.012+0.01
Conclusions

In this chapter, the in situ synthesis of a new series of mesoporous Nb oxide NSF
composites is reported. The object of this research was to develop a new method of
retarding degradation of proton conductivity through polymer leaching observed in
previously studied materials, which otherwise showed promising performance relative to
Nafion 117. This was achieved through an in situ polymerisation technique, which allows
superior penetration of NSF oligomers within the pore structure giving improved thermal
durability of conductivity over a larger time span. Thus, the conductivity of all samples
were recorded as a function of temperature under controlled humidity and compared
versus that of Nafion 117. Whilst all composites surpassed Nafion 117 at the operating
temperature for PEMFCs, the most promising sample, mNb20s(SO4)-NSF(110%)
possessed and maintained a much higher conductivity for a longer period than a
commercially procured Nafion 117 film, holding a six fold edge in this regard after as
long as eight hours, and a two-fold advantage after 24 hours. While these results are

extremely encouraging, further research is required to increase the durability and to
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fabricate a membrane using this system whilst maintaining the high conductivities
presented herein.

Experimental Section

All chemicals were purchased from either Sigma Aldrich or Alfa Aesar and used
without further purification.

mNb2Os. Mesoporous niobium oxide was prepared according to the published
procedure using ligand assisted amine templating®? Thus, water (75 ml) was added to a
homogeneous 4:1 solution of niobium (V) ethoxide (10 g) and octadecylamine (2.5 g) to
form a white gel, which was left to stand for 24 hours. The water was then decanted and a
second portion of water (75 ml) was added followed by three drops of 12 M HCI. The
resultant solution was stirred and left to stand for 24 hours before transfer to an oven at
40 °C. After 48 hours the temperature was increased to 60 °C, and after an additional
48 hours the temperature was increased again to 80 °C, after which the solid was
collected by filtration, air dried for 24 hours at 80 °C, placed into a sealed sample tube
and returned to an oven at 100 °C for an additional 48 hours. The ageing process was
continued at 120 °C for 48 hours and then at 140 °C for a final 48 hours. Removal of the
organic template was initiated by combing the white to beige solid with pTSA (3.2 g) in
methanol followed by stirring for 24 hours. After collecting by filtration the material was
combined with additional pTSA (2.5g) and stirred once more with methanol for
24 hours. This process was completed with three subsequent filtrations and washings

with methanol.
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MNb20s5(SO4). One drop of H2SO4 was added to distilled water (0.5 ml) in a vial
and left to stand for 5 minutes. To this solution mNb2Os (0.5 g) was added, and the vial
sealed and stirred for 48 hours. Finally, the sample was dried in an oven at 80 °C for
24 hours to evaporate the water and dry the solid.

MNDb20s5(SO4)-NSA/mMNb20s-NSA.  After grinding to a fine powder, the
mesoporous host (mMNb2Os(SO4)/mNb2Os, 0.83g) was added to a 2:3 mixture of
naphthalene sulfonic acid (NSA) (1.25g) and diethyl ether (DEE, 1.25g), and this
mixture was stirred for an additional 48 hours and then dried in an oven at 80 °C for
24 hours.

mNb205(SO4)-NSF/mNb20s-NSF. To a sample of mNb20s(SO4)-NSA/mNb2Os-
NSA (0.25 g), two equivalents of 35 wt% aqueous formaldehyde (0.173 ml, ratio of 0.9
with respect to total NSA) were added to a sealed container for 24 hours. This was
subsequently dried at 80 °C for 24 hours.

mMNb205(SO04)-NSF(110%)/mNb20s-NSF(110%). To a sample of mNb,Os(SOa)-
NSA/mNb20s-NSA (0.25g), two equivalents of 35wt% aqueous formaldehyde
(0.173 ml, ratio of 0.9 with respect to total NSA) and further NSA (0.015 g, 10 % total
NSA content) were added to a sealed container for 24 hours. This was subsequently dried
at 80 °C for 24 hours.

Characterisation section. BET surface area data were derived from nitrogen
adsorption/desorption data collected on a Micromeritics ASAP 2020. IR spectroscopy
was conducted on a Perkin Elmer FT-IR Spectometer Spectrum RX1 using KBr discs and

data processed using Spectrum 5.1 software. PXRD was performed on a Bruker DaVinci
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diffractometer with a Cu Ko radiation (40 kV, 30 mA) source equipped with a VANTEC-
1 detector for fast acquisition. The step size was 0.025° and the counting time was 2 s for
each step and diffraction patterns were recorded in the 20 range 1.5° - 30°. TGA and
DTA were performed in a STA 449C analyser from Netzsch under a flow of dried air at
10.00 °C/min up to 650 °C. Argon was also used to protect the balance section. HRTEM
was performed on a HD-2700 dedicated STEM from Hitachi, with a cold field emitter,
equipped with a CEOS Cs corrector and operated at 200 kV. The powder samples were
simply deposited dry onto a Cu grid covered with a carbon film (Quantifoil) having a
periodic hole diameter of 1.2 microns. Observation was made in three different modes:
BF, HAADF and SE.

EIS was performed with a Princeton Applied Research VersaSTAT 3. A two
electrode set-up was constructed and silver wire of length 5 cm was used as the working
and counter electrodes and these were attached to each pellet via a silver two part
conductive adhesive. Each pellet was made from a 300 mg of sample, ground and formed
into pellets using a 25 tonne manual hydraulic press. The flat sides of this pellet were
coated using a silver two part conductive adhesive and for improved structural integrity
the edges were partly coated in epoxy resin. Potentiostatic impedance spectra were
recorded between 106 and 10 Hz using the VersaStudio software and with an amplitude
of 100 mV. For analysis the data was exported to ZView. The samples were heated in a
sealed sample chamber mounted on an IKA®-Werke GmbH & Co. KG heating mantle
with attached temperature probe. Equilibration time at each temperature stage was

20 minutes and the humidity of the sealed sample chamber was held constant throughout
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at 50 %, measured using a humidity controller and probe. The temperature ramp rate was
ca. 5 °C per minute. Pellets of Nafion 117 were created by drying out a sample of Nafion
117 in 5 % aliphatic alcohol and water. The resultant film was diced, ground and pressed
as described above for the as-synthesised materials. Cells of Nafion 117 film were
created by cutting a circular disk with the same circumference as the pellets from a sheet
of Nafion 117 film. To these, wires were attached in the same manner as used for the
pellets to complete the cell. An image of the cell attached to the VersaSTAT 3 is shown
in Figure 7.33. The proton conductivity of each cell was determined as described in
Chapter 1.
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Chapter 5: Analysis of Structure and Proton Conducting Pathways via Solid State NMR

With the synthesis of the composite system and its proton conducting properties
established, a number of questions still remain unanswered. This chapter focuses on in
depth solid state nuclear magnetic resonance (NMR) experiments which were used to
characterise, investigate, and rationalise the physical properties of the composites
discussed in the previous chapters.

Introduction

Solid state NMR spectroscopy is an extremely useful and informative tool in
identifying and characterising local environments in materials, even in those that lack
long-range order.! As such, it has been widely applied in modern fundamental and
applied science, medicine, and industry. Its role is particularly valuable in materials
chemistry due to the capability of solid state NMR to rapidly solve tasks connected with
structural descriptions of complex systems on macro and/or molecular levels, and the
identification of the dynamics often responsible for the mechanical properties of complex
systems. The analysis uses electron spin interactions with an applied electromagnetic
field, with the proximity, orientation and types of bond present within the structure all
producing specific types of interactions. In many cases, NMR is a uniquely applicable
method for measurement of porosity, particularly for porous systems containing partially
filled pores or for dual-phase systems. Studies of solids by NMR relaxation experiments
can be summed up with the following general statements: 1) the experimental decay of

macroscopic transverse or longitudinal magnetisation follows the exponential law for
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complete domination of the spin-diffusion mechanism, with a single relaxation time to
characterise all of the nuclei in rigid solids (even those that are not chemically or
structurally equivalent); 2) the spin-diffusion mechanism is typical of systems with nuclei
experiencing strong dipolar interactions (protons, fluorine or phosphorous nuclei at
relatively small concentrations of paramagnetic centres); 3) or other nuclei with weak
dipolar coupling and/or at high concentration of paramagnetic centers, relaxation tends to
be non-exponential.

In the more condensed solid phase, the NMR spectra of a certain material are
much less clear then for respective gas and liquid samples. They typically experience the
following three types of interactions: 1) chemical shift anisotropy, 2) quadropolar, and 3)
dipolar interactions. These lead to the broadening of spectra making them harder to
interpret and lower the resolution High resolution images of solid state NMR spectra are
often achieved using magic angle spinning (MAS) NMR. These experiments enhance the
mobility of the nuclei and facilitate the averaging of interactions observed providing a
clearer picture of the interactions taking place. This gives a better report on the chemical
shift of the interactions taking place, and the local environment for each resonance. A
typical *C cross polarised (CP) MAS NMR spectrum will contain resonances with an
average width of 0.5 — 2 ppm. Quadrupolar interactions can produce line widths of up to
1000 ppm, but these types of interactions are very well suppressed by the effects of MAS.
Solid state NMR can also provide useful information concerning proton mobility within
conducting polymers on the molecular level>® because it is able to probe the local

chemical environments. Such information is helpful to give a deeper understanding of the
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observed differences in proton conductivity in various materials. MAS is used routinely
to achieve high resolution of *H NMR spectra in the solid state. Since dipolar interactions
can reveal the relative mobility, methods which can retrieve information about the dipolar
interaction removed by magic angle spinning are desirable.

Oxygen is a key chemical element and solid state 1’O NMR can provide unique
insight into the local environment and its structural role in a wide range of materials and
molecules.*® The large chemical shift range of 'O produces high sensitivity to even
subtle differences in the structure. The major problem with ¥’O NMR is the low natural
abundance of the NMR-active 'O isotope (0.037 %) and subsequent poor sensitivity,
which can be overcome by even modest enrichment of the material (e.g., using 20 % in
the precursor material).*® In the compounds where solid state NMR was originally
observed (namely zeolites and ceramic superconductors), 'O tends to have quite large
quadrupole interactions (Cq) so that even fast MAS only causes partial narrowing of the
resonances. More recent studies have shown that resolution between different sites is
often easier for other materials as 'O actually has a very wide chemical shift range.”®
Hence, MAS causes significant line narrowing, producing very high resolution spectra
which are extremely sensitive to the local structure. To overcome this, a new technique
was developed in 1995. Multiple quantum (MQ) MAS, in which experiments are
performed on the half-integer quadrupole spin, is an echo experiment involving
transitions between non-consecutive energy levels during the excitation of the spin
system by the first pulse. This method has proved applicable for the study of natural

samples, where isotopic enrichment is impossible, or for materials where enrichment may
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be difficult is envisaged.® A recent 'O NMR study on Nb-TMS1° showed its walls are
exclusively constructed of ONb; linkages, which is very unusual as all other 1O NMR
data reported on niobia have shown a mixture of ONbz and ONbs environments.%!! This
suggests that the amine template may play a role in suppressing the formation of ONb3
units, which would represent an unprecedented example of a structure directing agent not
only templating the formation of a pore structure, but also the discrete local structure.
Characterisation

The 'H MAS NMR data for the Ti analogues are shown on Figure 5.1. The H
MAS NMR data from NSF is characterised by a prominent narrow resonance observed at
o0 3-4 ppm which is attributed to the mobile/loosely attached solvated sulfonic acid proton
(henceforth referred to as the mobile proton species), and much broader resonances found
in the 0 6-8 ppm region which are associated with the more immobile and dipolar bound

naphthalene protons.
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Figure 5.1: 'H MAS NMR data for the commercially acquired NSF and the Ti analogues

These characteristic 'H resonances are also observed in the range of mTiO;
composites, which indicates that NSF has been successfully impregnated within the
framework surfaces of these mesoporous systems. The mTiO, sample doped with
sulphuric acid (mTiO2(S0O4)) lacks all forms of mobile proton species and is particularly
devoid of surface adsorbed water and hydroxyl species, although some aliphatic (0 0 —
2 ppm) and aromatic (0 6 — 8 ppm) resonances are observed due to the residual presence

of template in the structure. In contrast, the mTiO, spectrum exhibits a variety of both
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surface hydroxyl and water moieties in addition to those resonances associated with the
template. The corresponding **C CPMAS NMR data for the Ti analogues are shown in

Figure 5.2.
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Figure 5.2: 3C CPMAS NMR data for the commercially acquired NSF and Ti analogues

In analogous fashion to the 'H MAS NMR data, the *C CPMAS NMR data
clearly demonstrates that the NSF speciation remains unchanged throughout its
incorporation within the different composite systems, and in particular the reproducibility

of the o035ppm bridging methylene resonance establishes that the degree of
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polymerisation remains intact throughout. The resonances at ¢ 25 ppm and J 30 ppm
show evidence of some residual DEE solvation from the preparative routes for the
mTiO2-NSF.DEE and mTiO2(SO4)-NSF.DEE preparations. In marked contrast, the
resonances observed in the 3C CPMAS NMR data from the mTiO, and mTiO2(SO4)
composite originate from residual dodecylamine template and pTSA.

As depicted in Figure 5.3, the 'H MAS NMR data acquired at ambient/room
temperature (ca. 20 °C) and at 115 °C of NSF inserted into mTa2Os and mNb,Os metal
oxide frameworks have common features. The group of resonances spanning the 6 ~6 —
8 ppm range is consistent with NSF aromatic protons possibly engaged in a weak
hydrogen bonding arrangement. The resonances at ¢ ~1 ppm represent aliphatic hydrogen
species presumably associated with the methylene linkage, while the narrow resonance at
0 ~5 ppm in the room temperature spectra is consistent with physisorbed H2O; this is
noticeably absent in the 115 °C data due to sample dehydration at this temperature. A
close inspection of these 'H MAS NMR data shows that the H linewidths are extremely
temperature dependent, with significantly narrowed resonances being measured at higher

temperatures.
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Figure 5.3: *H MAS NMR data at a) 115 °C and b) 25 °C for Ce-mTa20s(S04)-NSF.DEE (A), C12-mTa205(S04)-NSF.DEE
(B), C1s-mTa205(S04)-NSF.DEE (C) and Ci2-mNb20s(SO4)-NSF.DEE (D)

Furthermore, the degree of temperature-driven line narrowing is also influenced
by the metal oxide pore size. The Ci2-mTa2Os-NSF system possesses the smallest
average pore size of ca. 28 A (because the composite pore sizes are inaccurate due to the
low BET surface areas, the pore sizes stated in this section are those of the precursor
metal oxides; i.e., C12-mTa2Os in this case from Table 3.1. From the PXRD data in this
study, the pore structure is not destroyed in these more robust systems upon composite
formation and the 115 °C data shown in Figure 3a exhibits extremely narrow aromatic *H
resonances within the ¢ ~6 — 8 ppm region which possess linewidths of <4 Hz. This
degree of resolution has allowed *J(*H,*H) and some 2J(*H,'H) multiplet structure to be
observed. In this region an additional narrowed resonance at ¢ 7.2 ppm (marked with an

asterisk) is observed which exhibits a linewidth of 4v = 25 Hz; this resonance is assigned
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to the mobile sulfonate proton species responsible for initiating *H conduction. The
corresponding room temperature data for this system (Figure 5.3b) shows that all
resonances have become broadened due to the lack of *H motion facilitating exchange
that induces this line narrowing.

As the metal oxide pore size increases the fast conduction properties become
diminished as evidenced by the *H MAS NMR data of Figure 3b. The Ce-mTa20s-NSF
system possesses an increased pore size of ca. 34 A (Cs-mTa20s, Table 3.1) and the
reduced *H conduction properties at high temperature (115 °C) are subsequently manifest
by increased *H linewidths for all species. In addition, the resonance assigned to the
mobile sulfonate proton species has become significantly broadened by approximately a
factor of >10 to a linewidth of 4v =300 Hz, and it has shifted downfield to ¢ 8.5 ppm.
This apparent deshielding of the sulfonate proton suggests that the average residence time
of this *H species is increasingly displaced from the notional —SOsH moiety, thus
becoming increasingly delocalised on the mTa2Os pore surface. Furthermore, the other
NSF aromatic and aliphatic proton species will also be contributing to the conduction
process, with the overall *H conduction mechanism being defined by a complex interplay
between the —SOsH moiety, the NSF aromatic and aliphatic proton species, and the
mTaz0s pore characteristics. The C1g-mTa20s-NSF system is consistent with this trend; it
possesses the largest pore size of ca. 39 A (C1s-mTa20s, Table 3.1) however the observed
motional narrowing is minimal and the sulfonate *H resonance has become exchange

broadened beyond detection. This implies that the larger mTa,Os-NSF distance
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hinders/slows the proton motional exchange rate to the point where the exchange
frequency is now on the order of the *H NMR experiment.

The Ci12-mNb2Os-NSF system depicts an extreme example of this exchange
broadening phenomenon (pore size ca. 32 A; Ci2-mNb2Os, Table 3.1). At 115 °C the
'H MAS NMR linewidths are comparable to that of the Ce-mTa20s-NSF system with a
large exchange broadened resonance at 6 ~7.8 ppm (marked with an asterisk) able to be
observed. However, the corresponding 20 °C data shows that all *H resonances are
completely exchanged broadened, thus suggesting that all proton species participate
(directly or indirectly) in the conduction process.

The corresponding 3C CPMAS NMR data acquired at 20 °C from these mTazO0s-
NSF and mNb2Os-NSF systems is shown in Figure 5.4. Here, the data is very similar to
that of pure NSF implying that it doesn’t undergo significant structural alteration upon
incorporation into the mX>0s frameworks. The resonances in the range ¢ 120 — 150 ppm
are assigned to the aromatic carbons in naphthalene ring comprising the NSF structure. In
the pure NSF and mTa2Os-NSF samples there is an additional low intensity resonance at

o0 35 ppm, which is assigned to the methylene bridge linking the naphthalene rings.
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Figure 5.4: 1*C CPMAS NMR data at 25 °C for Ce-mTa205(SO4)-NSF.DEE (A), C12-mTa205(SO4)-NSF.DEE (B), Cis-
mTaz205(S04)-NSF.DEE (C) and C12-mNb205(S0.)-NSF.DEE (D)

Figure 5.5 shows the 'H MAS and 3C CPMAS NMR data acquired at 25 °C for
the C1s-Nb composites in relation to the C12-mNb2Os(SO4)-NSF composite from Chapter
Three. The ¥C CPMAS NMR data (Figure 5, right) exhibit seven resolved °C
resonances which are observed in the range ¢ 120 — 140 ppm and this is characteristic of
the aromatic NSF species. In addition, there are indications of low intensity resonances at

0 30 and 20 ppm which are particularly evident in the spectra of Figures 5b (mNb2Os-



177
NSF) and 5¢ (mNb20s-NSF(110%)). These resonances are consistent with methylene
linkers and methyl end caps, respectively. Although there are ten aromatic C species
comprising the naphthalene moiety, the additional break in symmetry induced by the
presence of the methylene linker facilitates seven of the ten C positions to be consistently
observed in each *C CPMAS NMR spectrum. The well resolved 3C CPMAS NMR data
suggests that NSF is not a highly polymerized backbone chain of naphthalene units as the
chemical shift dispersion induced in large molecular weight networks is expected to
result in much broader and less-resolved **C resonances. The very low intensity of the
resonance of methylene linker resonance(s) at ¢ 30 and 20 ppm compared to the aromatic
naphthalene resonances support this conclusion. If all the NSF moieties were dimers of
naphthalene units the expected intensity of the methylene resonance would be half that of
the aromatic resonances; i.e. as the polymer chain becomes longer it is expected that the
intensity of the methylene resonance would approach the intensity of its aromatic
counterparts. Since the relative intensities of the 3C resonances due to carbon with one or
more protons attached is normally expected to be ~20 % of each other, these *C NMR
data are consistent with a mixture of low molecular weight oligomers with some residual
monomer. As the intensities of the resonances comprising the 3C CPMAS data are only
semi-quantitative, it is difficult to assign actual chain-length values and compare to those
obtained from the spectra of NSF composites made previously using direct impregnation.
Although there is a marked lack of resolution in comparison to the *C CPMAS NMR
data, some information from three broader *H spectral regions can be elucidated from the

corresponding *H MAS NMR data (Figure 5.5, left). The 'H resonances in the range 6 0 —
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2 ppm are typical of protons attached to sp® hybridised carbon and these are assigned to
the proton on the methylene linker. Other *H resonances are observed in the 6 6 - 8 ppm
range which are typical of protons attached to aromatic carbon, and at 6 > 8 ppm which
are characteristic of H-bonded protons. All systems exhibit the presence of the 6 > 8 ppm
H-bonded species except the mNb2Os-NSF(110%) (Figure 5.5¢) preparation. It is noted
that the intensity of the *H resonance(s) in the 6 0 — 2 ppm range are comparable to that
of the H resonances of aromatic and H-bonded shift regions. This is in sharp contrast to
the 3C CPMAS data where sp® hybridised carbon resonances are much less intense than

those of the aromatic resonances.
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Figure 5.5: *H spin echo MAS (left) and **C CPMAS (right) NMR spectra for C1s-mNb20s(SO4)-NSF (A), Cis-
MNb205(SO4)-NSF(110%) (B), C1s-mNb20s-NSF(110%) (C), C1s-mNb20s-NSF (D) and Ci12-mNb20s(SO4)-NSF (E) at 25
°C

There are two possible explanations for this observation. The first is that the
resonance is due to aliphatic protons, which are also associated to the metal oxide. The

second is that the aromatic and acidic protons appear to have a lower intensity in the
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NMR spectra than would be expected because of a relatively large inhomogeneous loss
of coherence in the echo experiment due to strong dipolar coupling. Both explain the
relative lack of aliphatic *C resonances.
Variable Temperature Experiments
To account for the observations seen during the Variable Temperature (VT) EIS
experiments, the structural changes on heating were investigated by NMR. VT *H MAS
NMR data for the mobile proton species for the mTiO2-NSF.DEE system is shown in
Figures 5.8 and 5.9. Here it is evident that over the 20-100 °C VT range studied the 'H
linewidth becomes motionally narrowed and remains in a most narrowed condition over

the ~50-100 °C temperature range leading up to maximum conductivity.

Temperature /°C
20 30 40 50 60 70 80 90 100
| N 1 ! ) ' | ! I 4 | ! ) N | ! ) N
100} e i

Area normalised /arb

(4] » ~ [0 [{e]

(] o < ] o [« ]

T v T L T ¥ 1 v I ¥

[]
®
®
L 1 L L 1

N

o

T T
1

o o 9 |

2 1 " 1 ' 1 1 1 " 1 2 1 " 1 ' 1 N
290 300 310 320 _ 330 340 350 360 370 380
Temperature /K

W
(=)
T

Figure 5.6: Area normalisation data for mTiO.-NSF.DEE

More importantly, from Figure 5.6 the normalised integrated intensity of this ‘H

resonance is shown to monotonically decrease to a value of ~35 % leading up to
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maximum conductivity at 100 °C. This result suggests that the majority of this species is
not being observed in this experiment, and that this proportion is probably exchange
broadened by a co-existing process with a correlation time on a different timescale, which
suggests that more than one motional mechanism is contributing to the overall
conductivity phenomenon. Furthermore, from Figure 5.7 and 5.8 the *H chemical shift for
the observable mobile proton component exhibits a marked upfield trend to increased

shielding, and hence a greater association with the mTiO2-NSF.DEE network.
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Figure 5.7: Chemical shift data for mTiO>-NSF.DEE
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Figure 5.8: Variable Temperature (VT) *H MAS NMR data for mTiO.-NSF.DEE tracking the mobile proton species

The upfield movement of the H-bonded shifts shown in Figure 5.8 further
indicates that the strength of the H-bond network is weakening as the temperature rises.
The mobility of the mobile proton species, which is evident from the *H MAS NMR data
(Figure 5.5), allows the NSF moieties to migrate and rearrange to configurations within
the Ti oxide network and this occures more frequently at higher temperatures. This ties in
with the Ti oxide EIS data (Figure 2.23) whereby an increasingly mobile mobile proton
species coincides with an increase in proton conduction between 20 and 100 °C. The VT

'H MAS and 3C CPMAS NMR measurements on thermally cycled pellets shows that
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this is an insignificant perturbation on the speciation of the mTiO,-NSF.DEE system and
the polymerisation of the NSF resin; it can be inferred that the reduced conductivity
behaviour is due to collapse of the pore walls resulting in a change of environment for the
NSF material. (Figure 5.10). Whilst the weakening of the H-bonded network appears to
be needed to provide proton movement and thus, to enchance conductivity, the
degredation of the pore walls in the Ti oxide system cause the conductivity to tail off

which supports the need for a more robust framework.
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Figure 5.9: VT data for mTiO2>-NSF.DEE tracking the mobile proton species

This degradation is confirmed by the nitrogen adsorption data and the increased
amount of crystallisation apparent on the STEM images following NSF or sulphuric acid
addition as the more lattice visible, the more amorphous the pore structure has become.
Composite mTiO>-NSF.DEE again shows the highest proton conductivity and is higher
than pure NSF. This confirms the underlying hypothesis of our approach by suggesting
that there is a synergistic relationship between the mesoporous support and the sulfonated

resin and a greater dependency on NSF loading rather than H>O concentration in the
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pores, an observation confirmed by the TGA data as it is the one that contains the most
NSF. A lower conductivity was also observed with the Nafion and this is likely due to the

dehydration of the pellet.

.................................

Figure 5.1026: Exerts of VT 3C CPMAS NMR and *H MAS NMR data for mTiO>-NSF.DEE before and after heating to 150
°C

Figure 5.11 shows that remarkably high resolution data can be observed from the
mesoporous Nb composite systems synthesised from the different techniques when
'H MAS NMR measurements are recorded at 80 °C. These data exhibit seven well-
resolved aromatic *H resonances in which 3J vicinal coupling can be observed from six of
these; the most downfield resonance(s) at 6 ~ 7.8 ppm is assigned to the H-bonded
protons which have shifted down below ¢ ~ 8.0 ppm with increasing temperature. The
methylene H resonances in the ¢ 0 - 2 ppm range observed at 25 °C have completely
disappeared at 80 °C probably through exchange broadening. The H connectivity
described by the 3J vicinal coupling patterns allows an unambiguous assignment of these

resonances which can be seen in Figure 5.13. With these assignments supporting a
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structure involving a single naphthalene moiety with one attached sulfonate functional

group (Figure 4.1).
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Figure 5.11: The *H MAS NMR spectra of C12-mNb20s(SO4)-NSF synthesised by direct oligomer impregnation (A) and
C1s-MNb205(SO4)-NSF(110%) (B)

This is consistent with the *C CPMAS NMR data (Figure 5.5) where the
aromatic resonances exhibit narrow linewidths, indicating that the attached protons are
highly mobile species which facilitates the reduction the *H-!H homonuclear dipolar

coupling sufficiently to narrow these resonances. The H-bonded protons could achieve
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such mobility by jumping between H-bonded positions, however, the narrow aromatic
resonances suggests that molecular mobility is also present.

A closer inspection of the narrow aromatic H resonances shows that they
collectively appear to be located on top of a much broader resonance. This indicates that
not all NSF is mobile enough to give rise to narrow resonances; the most likely cause is
that some NSF oligomers are too large to be highly mobile. The chemical shift evolution
of the H-bonded proton resonance is shown for the mesoporous Nb composite systems
held at 80 °C over a 24 hour period (Figure 5.12). In both cases the chemical shift of the
H-bonded resonances moves upfield (to lower ppm), while the *H chemical shift of all

other species remain relatively constant.
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Figure 5.12: The chemical shift change with time of the NSF OH* resonance for C1s-mNb20s(SO4)-NSF(110%) (squares)
and C12-mNb20s(S04)-NSF synthesised by direct oligomer impregnation (circles) over a period of 24 hours.
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Figure 5.13: Assignment of the *H spin echo MAS NMR spectra Ci1s-mNb20s(SO4)-NSF(110%) after 24 hours at 80 °C

This upfield movement of the H-bonded shifts indicates that the strength of the H-
bond is weakening with time, and indicates that the mobility which is evident from the
'H MAS NMR data allows the NSF moieties to migrate and rearrange to configurations
within the Nb oxide network which thus decreases the strength of the H-bonded network.
A strong H-bonding network has often been demonstrated to be beneficial to proton
conductivity systems*? and the time evolution of the H shifts describing a weakening of
the H-bonding systems corroborates the decrease in conductivity derived from impedance
measurements undertaken under the same temperature and time conditions. The average
shift of this resonance is ca. 1 pmm less shifted in the case of the composite synthesised
by the new technique. Although from a hydrogen bond strength argument this might
suggest lower conductivities, the reverse of what is observed, there are several other

factors that might contribute to the net shift between different structures (as opposed to
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the same structure changing with temperature). Since there is no significant difference in
NSF chain lengths between the two systems as estimated by NMR, it would lead one to
infer that the greater conductivity for the in situ polymerised samples is due to deeper
penetration and continuity of the NSF units into the pore structure using the new method.
This observation suggests that further gains in stability could be achieved by developing
methods to increase the polymer chain length deep within the pore structure to lock the
NSF into place and block the leaching process which leads to decereased performance.
17O Measurements

Figures 5.14(a), 5.14(b), 5.14(c) and 5.14(d) show the 'O solid echo MAS NMR
data from the Cs, Ci2, and Cig-mNb2Os-NSF systems, as well as Cio-mTa2Os-NSF
system, respectively. In the 1D data for Ce-mNb2Os-NSF two broad 'O resonances are
observed at 127 and 560 ppm (Figure 5.14a). In contrast, the 1D data for C12-mNb2Os-
NSF and Cis-mNb2Os-NSF exhibit increased resolution and thus more expansive O
speciation with four resonances (551, 385, 147 and 62 ppm; Figure 5.14b) and five/six
resonances (549, 383 ppm, manifold of three/four resonances in the 80 - 170 ppm range;
Figure 5.14c) being observed for these systems, respectively. The 1D data from the Cio-
mTa20s-NSF system (Figure 5.14d) reveals quite different O speciation with three well-

resolved 'O resonances at 457, 163 and 26 ppm being measured.



188

S R e o R T P e T S PR Y [ |
3000 2000 1000 0 -1000 -2000
0 ("0) /ppm

Figure 5.14: O MAS 1D NMR spectra for mX2Os material

From the 1D data from the Ce, Ci2, and Cis-mNb2Os-NSF systems shown on
Figure 5.14 the observed 'O resonances at ~550 and ~380 ppm are assigned to Y’ONb
and *’ONbs environments in the mNb.Os framework, respectively, as previously
reported.’® The ONbs resonance linewidth is significantly narrower than that of the ONb;
resonance suggesting that the higher point symmetry of the ONbs position results in a
reduced electric field gradient at the O position, and thus a smaller quadrupole coupling
constant (Cq). In contrast to the Ci2, and C1s-mNb20s-NSF systems, only the ~550 ppm

resonance can be observed from Cs-mNb2Os-NSF which is unambiguously identifies to
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the ’ONb, position. Similar to the Cs-mNb2Os-NSF, the Ci,-mTa,0s-NSF system
exhibits only one observable 'O resonance from the tantalum oxide framework which is
observed at 450 ppm; this is attributed to the ’OTa, environment.!® These parallel
observations suggest that the H exchange phenomenon (and hence the overall
conductivity pathway) from the NSF to the mesoporous metal (Nb and Ta) oxide surface
occurs selectively through the ONbs moieties, with the associated ’ONbs resonances
becoming completely exchange broadened. Further evidence of this occurrence is given
in the 1D 7O solid echo MAS NMR data from Ci2, and C1s-mNb2Os-NSF; these data
show that the overall integrated intensity of the ONbz resonance is much reduced in
comparison to its ONb2 counterpart (from the expected stoichiometric 1:1 ratio) thus
suggesting that a large component of the ONbs (but not all) is unobservable due to the

same exchange broadening phenomenon.
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Furthermore, evidence of a broad unresolved signal bridging between these two
characteristic framework resonances further suggests that an additional process may also
exist where the H exchange may extend from the ONbs to the ONb positions,
subsequently establishing a secondary process between these moieties. The remaining
170 resonances observed from Figure 5.14 fall into two categories. Resonances in the
~140 — 170 ppm range represent O position in the SOs? functionality which has been
previously established by Marker et al** to occur at shifts up to >170 ppm. From the Cs-
mNb20s-NSF system data only a single broad SOs? resonance is observed, while the
increased resolution from the corresponding Ci2 and C1s-mNb2Os-NSF data indicates that
multiple resonances are present. It can thus be inferred that the pore size has a significant
effect on the quantity and number of different sulfonate environments residing in the
channel structure associated with each framework. The remaining resonances in the ~20 —
80 ppm range are probably free OH" species released from any polymerisation processes
that have occurred in the channels.

The corresponding 2D YO MQMAS NMR data is shown in Figures 5.15a - d for
the Cs, C12, C1s-mNb20s-NSF systems and the Ci-mTa2Os-NSF system, respectively.
Figures 5.15a’ - d’ represent a magnified view of the same data with a lower contour
threshold level. From initial inspection it is evident that a number of resonances have not
survived the filtering and timescale of the MQMAS experiment. The most obvious
resonances absent from the data emanating from this experiment are those identifying the
ONbz and ONbs moieties in the Figures 5.15a - ¢ and Figures 5.15a’ - ¢’. In this case, the

very short T1 andT> relaxation times of these O species caused by the rapid H exchange
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from the sulphonate to the metal oxide framework induces a complete loss of coherence
on the timescale of the MQMAS experiment. This T1/T> relaxation phenomenon is not as
short for the Ci12-mTa,0s-NSF system since some residual multiple quantum
magnetisation survives to indicate reduced evidence of the OTaz species
(Figures 5.15d and 5.15d’). In addition, while some OH species are represented in these
MQMAS data (Figures 5.15b and 5.15b° for Ci12-mNb20s-NSF), most sulphonate O
species have been similarly affected by the same extremely short T1/T, phenomenon
since they also participate in the same exchange process; hence, these associated contours
are also noticeably absent. The resulting MQMAS data exhibits residual resonances
identifying minor species that do not participate significantly in the H conduction
pathway depicted by very low intensity contours at ca.100 and ca.—30 ppm.

Conclusions

In summary, it has been shown by these comprehensive NMR experiments that
there is a synergistic relationship between the mesoporous support, the sulfonated resin,
as well as a greater dependency of conductivity on NSF loading rather than H>O
concentration in the pores. It has also been shown that there is no significant structural
alteration of NSF upon incorporation into the mX,Os frameworks, and that the proton
conductivity of the composites can be influenced by changing the pore size of the metal
oxide. It is also clear that the NSF remains an oligomer inside the pores, supporting the
theory allowing for deeper penetration of the NSF and prolonged conductivity.
Furthermore, it has been established that both the NSF aromatic and aliphatic proton

species are contributing to the conduction process, with the overall *H conduction
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mechanism being defined by a complex interplay between the —-SOsH moiety, the NSF
aromatic and aliphatic proton species, and the mX>Os pore characteristics. The solid state
NMR experiments have thus confirmed the findings of chapters 2-4 and where necessary,
explained the proton conducting pathways through these composite materials.
Experimental Section

All chemicals were purchased from either Sigma Aldrich or Alfa Aesar and used
without further purification.

The Ti analogues and composites were synthesised as described in Chapter two.
The Ta composites and C12-mNb composites were synthesised as described in Chapter
three. The remaining Nb composites were synthesised as described in Chapter four.

170O-labelled mNb,0Os. mNbOs is added to a Schlenk tube under the presence of
nitrogen. To this, twice the weight amount of *’O-enriched H.O is added, sealed, and
placed into an oven for 48 hours. This is subsequently dried in vacuo and backfilled.

170O-labelled NSF. H.SO4 (18 M, 5ml) is placed into a Shlenk tube and back
filled with nitrogen. Once inside a glove box ’OH; (40 % enrichment, 5 ml) is added and
the Shlenk tube shaken briefly, before removal to an oven set at 80 °C for four days.
Next, the excess water is removed in vacuo to give ~5 ml of ’O-labelled H2SO.. Finally,
this is back filled with nitrogen and the NSF synthesis proceeds as per Chapter three and
four, using 1’O-labelled H2SO4 in place of regular H2SOa.

Characterisation section. The H spin echo MAS and 3C CPMAS NMR of the
mesoporous Ti, Ta and Nb composites were acquired on a Bruker Avance Il 500

Spectrometer operating at 500.09 MHz and 125.76 MHz respectively. Each *H MAS
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NMR spectrum was acquired using a Bruker 2.5 mm triple channel HXY probe
(operating in double channel mode) in which rotational frequencies (vr) of 31.25 kHz
were achieved. These *H data were obtained using a rotor-synchronised spin echo (z/2 -
- m - T - acq.) experiment which used a z/2 excitation and z refocusing pulses of 2.5 and
5.0 us duration, respectively, a rotor-synchronised z delay of 32 us (for vr = 31.25 kHz),
and a recycle delay of 3 s. All *H chemical shifts are referenced to TMS (J 0.0 ppm) via
an alanine secondary solid reference, which exhibited shifts at 6 1.1, 3.5 and 8.4 ppm.
The ¥C CPMAS NMR spectra were acquired using a Bruker 4 mm triple resonance
(HXY) probe operating in double resonance mode and a spinning frequency of 8 kHz.
The initial *H n/2 excitation pulse duration was 2.5 us, the Hartmann-Hahn contact period
was 1 ms and the recycle delay was 3 s. The SPINALG64 sequence of *H decoupling using
5 us pulses was implemented during data acquisition. All 3C chemical shifts are
referenced to TMS (6 0.0 ppm) via an alanine secondary solid reference which exhibited
shifts at ¢ 20.5, 51.0 and 177.8 ppm. Corresponding variable temperature *H MAS NMR
measurements were conducted at 9.4T using a Bruker DSX-400 spectrometer and a
Bruker 4mm VT MAS probe which enabled MAS frequencies of 15 kHz and an elevated
temperature range up to 100 °C, or via a Bruker 3.2 mm double resonance (HX) probe in
which a spinning frequency at 7 kHz was achieved. These 'H data were also obtained
using a rotor-synchronised spin echo (z/2 - 7 - = - = - acq.) experiment which used a #/2
excitation and z refocusing pulses of 2.5 and 5.0 us duration, respectively, a rotor-
synchronised z delay of 66.7 us (for vr = 15 kHz). The recycle delay was 3 s, and the

dephasing and refocussing times were 7 = 1/vr = 142 us (making the two echo times
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(MAS and spin) coincident). The temperature calibration of these measurements was
achieved using lead nitrate located within the rotor volume.'® Samples of Cs, C12 and Cis-
Nb,Os as well as C1,-Ta20s were studied using 1’0 1D solid echo MAS and 2D MQMAS
NMR measurements. These data were acquired at 11.75 T using a Bruker Avance 111-500
spectrometer operating at a 1’0 Larmor frequency of wo = 67.75 MHz. These experiments
were implemented using a Bruker 3.2 mm HXY probe operating in double channel mode
which enabled a MAS frequency of 20 kHz in all cases. Each solid echo measurement
was undertaken using a 0 - 7 - 6 - t - acquire experiment (with 8 = z/4) with z/4 pulse
lengths of length 1 ps duration, and a short recycle delay of 100 ms. This short recycle
delay was compared against similar experiments with much longer recycle delays of up
to 5 s to ascertain the true quantitative nature of the data. The 2D MQMAS measurements
used the four pulse z-filtered 37/2 - t1 - #/2 — (n/2 - t - #/2) experiment where the final
two 7/2 pulses constitute the soft z-filter. This experiment utilised hard 3z/2 triple
guantum excitation pulses and z/2 conversion pulses of 3.6 and 1.2 ps length,
respectively, in addition to the selective (soft) z-filter z/2 pulses of 12 ps duration, and a
recycle delay 100 ms. All YO chemical shifts were referenced to the 'O primary
reference H»O at diso 0.0 ppm.
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Chapter 6: Conclusions, Summaries and Perspectives

Introduction

An increasing desire for energy without the need for fossil fuels has led to a
concomitant increase in the usage and development of fuel cells in recent years. Of the
many types of fuel cells to arise, the PEMFC is one which holds the greatest degree of
promise in regards to replacing the combustion engine inside automobiles,* or towards an
improved power source for portable electronic devices.? Built around a membrane
electrode assembly (consisting of electrodes, electrolyte, catalyst, and gas diffusion
layers), any material selected for use in a PEMFC must be able to perform admirably at
the designated operating temperatures over a prolonged period. For a PEMFC, the
optimal working temperature begins at 80 °C as this forces the water in the membrane to
become steam which further drives the system and aids proton transfer. In a PEMFC, the
electrolyte is a thin membrane and this needs to adhere to the strict operating whilst
maintaining a high proton conductivity. Currently, the best commercially available
membrane is DuPont’s Nafion. Nafion (of which there are many forms) is a sulfonated
tetrafluoroethylene-based fluoropolymer-copolymer which boasts excellent mechanical
and thermal stability.® In addion, Nafion has superior proton conduction properties, which
arise from terminally-bound sulphonate groups achored to the molecule’s ether backbone.
It is these sulphonate groups which cause Nafion to self assemble into arrays of
hydrophilic channels with water molecules bridging the sulfonate units to create a

continuous pathway for proton mobility. However, as the optimal temperature for
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PEMFC function is approached, performance deteriorates as the conductivity decreases
due to dehydration of the Nafion matrix.* To improve on Nafion, research groups have
attempted to dope the Nafion matrix,>® or to replace it outright”®, however, to date none
of these alternatives have yet replaced Nafion as the commercially preferred membrane
of choice for PEMFCs and as such, new approaches to this problem must be explored.

The work presented in this thesis was aimed at the development of a new proton
conducting material that is resilient to dehydration. The key idea in the design of the
model system was to exploit the oxide surface of the ca. 20 A pore walls of a mesoporous
transition metal oxide as a means of anchoring sulfonate groups and suppressing moisture
loss to encourage proton conduction pathways in the NSF impregnated analogues. Thus,
a system was conceived and studied consisting of various single mesoporous transition
metal oxides doped with H2SO4 and subsequently impregnated with NSF via direct
oligomer impregnation or by the NSF being oligomerised in situ of the mesoporous
transition metal oxide’s pores.
Research Conclusions

In Chapter two the proton conducting pathway was constructed by synthesising a
series of NSF composites of mesoporous Ti oxide. Initial experiments centred on
obtaining the optimal loading of the NSF oligomer into a typically sized mesoporous Ti
mesopore by using a wide range of solvents. This was also repeated by doping the
mesoporous Ti with H2SO4. With the optimal loading confirmed, the composites were
fully characterised, formed into pellets and their inherent proton conductivity recorded

over a range of temperatures via variable temperature EIS. The data was subsequently
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compared with a similarly formed pellet of Nafion 117. As the temperature approached
the optimal condition PEMFC operation, the best composite for proton conduction was
that which saw the mesoporous Ti doped with H.SO4 and impregnated with a mixture of
NSF in a medium of diethyl ether (designated mTiO2>-NSF.DEE). At 25 °C the proton
conductivity was measured at 0.3 mS cm™ (Nafion 1.450 mS cm™) and this rises to
1.195 mS cm™ at 75 °C by which point it surpassed the Nafion cell (1.013 mS cm™). This
continued to rise to 1.837 mScm™ by 100 °C. By 150 °C the proton conductivity
measured 0.631 mS cm™ and this was still higher than that of Nafion (0.126 mS cm).
While the best materials slowly degraded with loss of performance over time, the
conductivity results showed promise and suggested that use of a more robust mesoporous
material was required in order to resist any pore degradation. It was also noted how the
samples doped with H>SO4 had an increased proton conductivity over the un-doped
samples which implied a positive contribution to the proton conducting network.

From previous work, mesoporous Nb and mesoporous Ta had already been used
in conjunction with H,SO4 doping®!° for catalytic purposes and thus, these represented
ideal candidates for the exploration of improved proton conductivity and durability in
Chapter three. Pore size was also varied during the synthesis stage as this was anticipated
to invoke a higher thermal stability in smaller or larger pore sizes that might encourage
better stability of performance under more demanding operating conditions. As arguably
the most robust, three batches of mesoporous Ta oxide were templated using one of three
different ligand sizes (Cs, C12 and Cig), while a batch of C12 mesoporous Nb oxide was

synthesised for comparison. For each composite formed the optimal NSF loading was
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determined (again, found to be a sample doped with H>SOs and impregnated with a
solution of NSF in a diethyl ether medium), fully characterised and formed into pellets so
that their proton conductivity could be determined via EIS over a range of temperatures.
This time, they were compared with a Nafion 117 film with a literature value of 8 mS cm-
1 at 100 °C. Whilst all composites exhibited conductivities that surpassed that of the pure
NSF and the Nafion standard, the most promising was the Ci12-mNb20s(SO4)-NSF.DEE
(21.96 mS cm™* at 100 °C). However, by 150 °C the conductivity dropped off in all cases,
with thermal leaching of the oligomer being the likely cause. With the system optimised
the next course of action was to attempt to lock the oligomer within the mesopore. We
thus hypothesised that the NSF could be condensed and polymerised within the pores
rather than doped into them by impregnation, which should allow for a deeper penetration
of the polymer and less susceptibility to thermal leaching.

This in situ technique was developed to replace the direct impregnation technique
and this was described in Chapter four. This new method was particularly attractive
because the synthesis of NSF can be accomplished in two simple steps from naphthalene:
the sulfonation of the fused aromatic followed by the condensation of the naphthalene
sulfonic acid product with formaldehyde. By stopping at the second stage and
impregnating the pore with the much smaller monomer naphthalene sulfonic acid, we
were able to induce condensation in situ of the mesopore to not only ensure maximum
penetration, but to lock the polymer in place and decrease the chances of any potential
leaching. Since formaldehyde is a small molecule we believed that it should readily

diffuse through the pores during the second synthesis step to the adsorbed NSA sites and
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induce polymerisation with minimal loss of the organic to leaching. This strategy was
expected to ensure that the proton network was maintained at higher temperatures for a
longer period, thus offering superior conductivity performance at operating temperatures
as a function of time. Of the three mesoporous Ta composites in Chapter three, the best
performing sample was derived from that which had been synthesised with a Cisg
template. As mesoporous Nb outperformed this, it was postulated that a mesoporous Nb
composite constructed with a Cig template would afford not only good proton
conductivity but also that the larger pore size would allow for a deeper penetration of the
NSA monomner. Initial work went into acquiring the optimal loading of NSA and in turn,
to attain the optimal loading of formaldehyde. It was here that we also added an
additional amount of NSA to the mix. Experimentally determined over a range of 5 -
50 %, this was added as the optimal amount (10 %) required to further improve proton
conductivity and mechanical stability of the composites. With this determined, the
conductivity of all samples were recorded as a function of temperature under controlled
humidity and compared versus that of a Nafion 117 film and the Ci12-mNb2O5(SOa)-
NSF.DEE composite from Chapter three. Whilst all composites surpassed Nafion at the
operating temperature for PEMFCs, the most promising sample, mNb2Os(SOa)-
NSF(110%) possessed and maintained a much higher conductivity for a longer period
than Nafion, holding a six fold edge in this regard after as long as eight hours, and a two-
fold advantage after 24 hours. Similarly it outperformed the C12-mNb20s(SO4)-NSF.DEE
composite to reinforce the belief that the in situ method retards degradation of proton

conductivity through the polymer leaching observed in Chapters two and three.
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Attempts to understanding the proton conducting pathway was discussed in
Chapter five, where the focus was on solid state NMR studies of the all mesoporous
materials and composites synthesised within this thesis. By performing comprehensive
NMR experiments, the synergistic relationship between the sulphated mesoporous host
and oligomer resin towards improved proton conductivity was demonstrated, and how
this can be controlled by variation of the pore size during construction of the host
material. Through peak assignments in this Chapter we have been able to determine that
the structure of the oligomer remains intact (and an oligomer) within the pores to support
the hypothesis that the NSF has penetrated deep within to influence proton conductivity.
Furthermore, it was established that both the NSF aromatic and aliphatic proton species
are contributing to the conduction process, with the overall *H conduction mechanism
being defined by a complex interplay between the —SO3zH moiety, the NSF aromatic and
aliphatic proton species, and the mesoporous transition metal oxide pore walls.

In summary, the goal of this thesis was to create a material that sulfonate groups
to build a proton-conducting network, using the walls of the oxide channel to suppress
moisture loss or possibly even replace water entirely, with the potential for use within a
membrane electrode assembly. The best material was resilient to decreased conductivity
due to dehydration of the membrane as the temperatures approached the optimal working
conditions for a low temperature fuel cell. By creating a proton conducting network that
IS more resistant to degradation through moisture loss, and one which surpasses the
proton conductivity of the commercially available Nafion in many membrane electrode

assemblies, we can say that the goal may have been achieved.
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Future Work
As this project unfolded, there were many avenues that could have been explored
would there have been more time and resources to enable this. In Chapter two it was
established that diethyl ether was to be the solvent of choice, but research could have
explored the impregnation of NSF using a different medium such as toluene, petroleum
ether or hexane. By expanding the solvents used, a study on how the polarity of the
medium affects the weight percentage, and subsequently the proton conductivity, could
help with the understanding of why diethyl ether was the most effective solvent for this
project. In Chapter three the pore size was systematically altered in a series of
mesoporous Ta oxides. However, from a completionist point of view, composites of Ce,
Cis templated mesoporous Ti and Nb oxides could have been synthesised and
subsequently subjected to variable temperature EIS to record their proton conductivity.
By opening the research up in such a way to encompass all the alternatives, it helps build
an overall picture of the processes at hand. Chapter four focused on synthesis of the most
promising composite via a new in-situ polymerization approach. However, research into
a further eight composites (Cs, C12, C1g Ti, Ta and Cs, C12 Nb) using the in situ technique
still remains unexplored. Whilst performing research in this area may not necessarily
yield improved results, | believe it would cement the findings of Chapter four, by
optimising all samples for the next stage, and to fully bring this part of the project to a
close by completing the story.
Naturally, there are further alternatives. Previous work® has seen mesoporous

transition metal oxides doped with phosphate anions. By treating a mesoporous transition
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metal oxide in this manner one creates a solid acid catalyst with high ratio of Lewis
acidity to Brgnsted acidity. While phosphates may well give similar results to sulphate, it
is a good start point due to the familiarity of the process. From here, the work can be
expanded with various other dopants and a study of changing the composite ratios to
record the effects on proton conductivity can be undertaken. Substituting the NSF for a
similarly small oligomer resin is another path to go down and one such example is
melamine sulphonate resin. Melamine sulfonate formaldehyde oligomers are of interest
towards this project because the resin itself can be further cross linked with more
formaldehyde, so after doping into the pores adding more formaldehyde could potentially
"lock™ them in. Doing this is likely to stop (or at least suppress) the thermal leaching of
the resin at higher temperatures, but the unknown factor is how this will affect the proton
conductivity of this new system. Similarly, solid state NMR studies would be applicable
here to determine and track the mobile proton species, in addition to confirming whether
or not synergistic relationships between mesoporous transition metal materials and
oligomeric resins are an isolated phenomenon.

In the past, researchers have synthesised mesoporous transitions metal oxides
from all of the suitable transition metals and characterised them to the point where doping
them with small amounts of other metals is routine practice. However, mixed metal
composites could possibly show potential as they do in solar cell research.'**® Here it is
seen that doping TiO: structures with Ta can improve cell efficiency and it is possible
that this can be applied to mesoporous transition metal oxides, either by enhancing the

inexpensive mesoporous Ti composites or by adding mesoporous Ta to mesoporous Nb
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(or any other metal on the periodic table) at the other end of the scale to find the optimal
amounts needed to boost conductivity. On the other hand, doping mesoporous silica with
a mesoporous transition metal could yield some interesting results in terms of stabilising
the structure as mesoporous silicas are more stable than those constructed with transition
metals. Finally, there remains the ultimate test of this material: the formation of a
membrane and consequent testing of said membrane. Membrane fabrication is often done
by the solution casting and solvent evaporation technique,** but for this to occur and
suitably binder is required the composite and it is likely that this would need to be
experimentally determined. Leading candidates for this include more formaldehyde,
Cashew’s reagent, or even a small chloropolymer, however, each binder runs the risk of
diluting the conductivity of the composite by potentially breaking up the network
between individual pores, and thus a lot of work may be needed to remedy this.
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Chapter 7: Appendices

Appendix 1: Supporting Information for Chapter 2
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Figure 7.1: Nyquist plot showing the potentiostatic impedance of mTiO2-NSF.Hz0 (red squares), mTiO2>-NSF.DEE (black
triangles), mTiO2(S04)-NSF.Hz0 (red line), mTiO2(S0.)-NSF.DEE (black dots) and Nafion 117 (red dots and dashes) at
50 °C
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Figure 7.2: Nyquist plot showing the potentiostatic impedance of mTiO2-NSF.H20 (red squares), mTiO>-NSF.DEE (black
triangles), mTiO2(S04)-NSF.H20 (red line), mTiO2(S04)-NSF.DEE (black dots) and Nafion 117 (red dots and dashes) at
75°C
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Figure 7.3: Nyquist plot showing the potentiostatic impedance of mTiO2>-NSF.H20 (red squares), mTiO>-NSF.DEE (black
triangles), mTiO2(S04)-NSF.H20 (red line), mTiO2(S04)-NSF.DEE (black dots) and Nafion 117 (red dots and dashes) at
100 °C
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Figure7.4: Magnified Nyquist plot of mTiO2>-NSF.DEE at 100 °C (Figure 7.3, black triangle) displaying a semi circular
relationship before a Warburg Tail
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Figure 7.5: Nyquist plot showing the potentiostatic impedance of mTiO2-NSF.Hz0 (red squares), mTiO2-NSF.DEE (black
triangles), mTiO2(S04)-NSF.Hz0 (red line), mTiO2(S0.)-NSF.DEE (black dots) and Nafion 117 (red dots and dashes) at
125 °C
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Figure 7.6: Nyquist plot showing the potentiostatic impedance of mTiO2-NSF.Hz0 (red squares), mTiO>-NSF.DEE (black
triangles), mTiO2(SO4)-NSF.H20 (red line), mTiO2(S04)-NSF.DEE (black dots) and Nafion 117 (red dots and dashes) at
150 °C
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Figure 7.7: Nyquist plot for mTiO2 at 25 °C (black line), 50 °C (black dots), 75 °C (black dashes), 100 °C (red line), 125 °C
(red dots), 150 °C (red dashes)
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Figure 7.8: Nyquist plot for mTiO2(S0O4) at 25 °C (black line), 50 °C (black dots), 75 °C (black dashes), 100 °C (red line),
125 °C (red dots), 150 °C (red dashes)
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Figure 7.9: Nyquist plot for NSF at 25 °C (black line), 50 °C (black dots), 75 °C (black dashes), 100 °C (red line), 125 °C
(red dots)
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Figure 7.10: Proton conductivities of mTiO2 (black line), mTiO2-NSF.H20 (black dots), mTiO2-NSF.DEE (black dashes),
mTiO2(S0.) (black dots and dashes), mTiO2(S0.)-NSF.H20 (red line), mTiO2(SO4)-NSF.DEE (red dots) and Nafion 117
(red dashes) as a function of temperature
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Appendix 2: Supporting Information for Chapter 3
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Figure 7.11: Nyquist plot at 50 °C showing the potentiostatic impedance of C1.-mTa20s(S04)-NSF.DEE (black line), Ce-
mTaz05(S04)-NSF.DEE (black dots), C1s-mTa20s(S04)-NSF.DEE (black dashes), C12-mNb20s(SO4)-NSF.DEE (red line),

-150

-130

-110

Nafion 117 film (red dots) and Nafion 117 pellet (red dashes)

40 50 60

2’ (Ohm)

Figure 7.12: Nyquist plot at 75 °C showing the potentiostatic impedance of C12-mTa20s5(S0.)-NSF.DEE (black line), Ce-
mTa20s(S04)-NSF.DEE (black dots), Cie-mTa20s(S04)-NSF.DEE (black dashes), C12-mNb2Os(SO4)-NSF.DEE (red line),

Nafion 117 film (red dots) and Nafion 117 pellet (red dashes)
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Figure 7.13: Nyquist plot at 100 °C showing the potentiostatic impedance of C12-mTa205(S0.)-NSF.DEE (black line), Ce-
mTaz05(S04)-NSF.DEE (black dots), C1s-mTa20s5(S04)-NSF.DEE (black dashes), C12-mNb20s(SO4)-NSF.DEE (red line),
Nafion 117 film (red dots) and Nafion 117 pellet (red dashes)
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Figure 7.14: Magnified Nyquist plot of C12-mTa20s(SO4)-NSF.DEE at 100 °C (Figure S15, black line ) displaying a semi
circular relationship before a Warburg Tail.
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Figure 7.15: Nyquist plot at 125 °C showing the potentiostatic impedance of C12-mTa205(S04)-NSF.DEE (black line), Ce-
mTaz05(S04)-NSF.DEE (black dots), C1s-mTa20s5(S04)-NSF.DEE (black dashes), C12-mNb20s(SO4)-NSF.DEE (red line),
Nafion 117 film (red dots) and Nafion 117 pellet (red dashes)
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Figure 7.16: Nyquist plot at 150 °C showing the potentiostatic impedance of C12-mTa20s5(S04)-NSF.DEE (black line), Ce-
MTa20s5(SO4)-NSF.DEE (black dots), Ci1s-mTa205(S04)-NSF.DEE (black dashes), Ci12-mNb205(S0.)-NSF.DEE (red line),
Nafion 117 film (red dots) and Nafion 117 pellet (red dashes)
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Figure 7.17: Nyquist plot at 25 °C showing the potentiostatic impedance of C12-mTa20s-NSF.H20 (black line), C12-mTa20s-
NSF.DEE (red line), C12-mTa20s5(S04)-NSF.H20 (black dashes), C12-mTa205(S04)-NSF.DEE (black dots), Nafion 117 film
(red dots) and Nafion 117 pellet (red dashes)

Appendix 3: Supporting Information for Chapter 4
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Figure 7.18: Nyquist plots at 20 °C showing the potentiostatic impedance spectrum of mNb20s(SO4)-NSF (black dots),
MNb20s5(SO4)-NSF(110%) (red line), mNb20s-NSF(110%) (red dots)
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Figure 7.19: Nyquist plots at 25 °C showing the potentiostatic impedance spectrum of mNb20s-NSF (black line),
mNb20s(S04)-NSF (black dots), mNb20s(SO4)-NSF(110%) (red line), mNb20s-NSF(110%) (red dots)
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Figure 7.20: Nyquist plots at 30 °C showing the potentiostatic impedance spectrum of mNb20s-NSF (black line),
mNb20s5(S04)-NSF (black dots), mNb20s(SO4)-NSF(110%) (red line), mNb20s-NSF(110%) (red dots)
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Figure 7.21: Nyquist plots at 40 °C showing the potentiostatic impedance spectrum of mNb20s-NSF (black line),
mNb20s(S04)-NSF (black dots), mNb20s(SO4)-NSF(110%) (red line), mNb20s-NSF(110%) (red dots)
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Figure 7.22: Nyquist plots at 50 °C showing the potentiostatic impedance spectrum of mNb20Os-NSF (black line),
mNb20s(S04)-NSF (black dots), mNb20s(SO4)-NSF(110%) (red line), mNb20s-NSF(110%) (red dots)

217



218

-500
-450
-400

-350

-300
c
= .250
N
200
-150
-100

-50

100 150 200 ., 250 300 350 400 450 500

Figure 7.23: Nyquist plots at 60 °C showing the potentiostatic impedance spectrum of mNb20s-NSF (black line),
mNb20s(S04)-NSF (black dots), mNb20s(SO4)-NSF(110%) (red line), mNb20s-NSF(110%) (red dots)
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Figure 7.24: Nyquist plots at 70 °C showing the potentiostatic impedance spectrum of mNb20Os-NSF (black line),
mNb20s(S04)-NSF (black dots), mNb20s(SO4)-NSF(110%) (red line), mNb20s-NSF(110%) (red dots)
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Figure 7.25: Nyquist plots at 80 °C showing the potentiostatic impedance spectrum of mNb20s-NSF (black line),
mNb20s(S04)-NSF (black dots), mNb20s(SO4)-NSF(110%) (red line), mNb20s-NSF(110%) (red dots)
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Figure 7.26: Nyquist plots at 90 °C showing the potentiostatic impedance spectrum of mNb20Os-NSF (black line),
MNb20s5(SO4)-NSF (black dots), mNb20s(SO4)-NSF(110%) (red line), mNb20s-NSF(110%) (red dots)
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Figure 7.27: Nyquist plots at 100 °C showing the potentiostatic impedance of mNb20s-NSF (black line), mNb20Os(SOa4)-
NSF (black dots), mNb20s5(SO4)-NSF(110%) (red line), mNb20s-NSF(110%) (red dots)
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Figure 7.28: Nyquist plots at 110 °C showing the potentiostatic impedance spectrum of mNb20s(SO4)-NSF (black dots),
MNb205(SO4)-NSF(110%) (red line), mNb2Os-NSF(110%) (red dots)
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Figure 7.29: Nyquist plots at 120 °C showing the potentiostatic impedance spectrum of mNb20s(S0.)-NSF (black dots),
mMNb20s5(S04)-NSF(110%) (red line), mNb20s-NSF(110%) (red dots)
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Figure 7.30: Nyquist plots at 130 °C showing the potentiostatic impedance spectrum of mNb20s(SO4)-NSF (black dots),
MNb205(SO4)-NSF(110%) (red line), mNb2Os-NSF(110%) (red dots)
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Figure 7.31: Nyquist plots at 140 °C showing the potentiostatic impedance spectrum of mNb20s(S0.)-NSF (black dots),
mMNb20s5(S04)-NSF(110%) (red line), mNb20s-NSF(110%) (red dots)
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Figure 7.32: Nyquist plots at 150 °C showing the potentiostatic impedance spectrum of mNb20s(SO4)-NSF (black dots),
MNb205(SO4)-NSF(110%) (red line), mNb2Os-NSF(110%) (red dots)
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Appendix 4: EIS experimental setup.

Figure 7.33: Cell set up using the two probe technique. The working and sense electrode are on one side, the counter and
reference electrode are on the other
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adsorption section detailing the six differing types of isotherms.

May I have written permission to do so please?
Regards
Jonathan

Current Situation:
collecting information

Plan on Purchasing in:
No plans to purchase

Current Analytical Instruments:
ASAP 2020

Figure 7.37 Permission to reproduce a figure from Analytical Methods in Fine Particle Technology (2008), Figure 1.12 in
Chapter 1



