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Zusammenfassung

In  der vorliegenden Arbeit wird die Praparation von Komposit-
Polymermembranen mit Siliziumdioxid-Partikeln, die teilweise mit fluoriertem
Polyoxadiazol Oligomer (ODF) funktionalisiert wurden, vorgestellt. Die dabei
verwendeten Polymere reichen vom quasi-Industriestandard Nafion® (ber
Poly(arylenether 1,3,4-oxadiazol) zu fluoriertem Polyoxadiazole Random
Copolymer. Die Herstellung von Polymermembranen mit Oxadiazol-Matrix
erfolgte ausschliel3lich mittels Solvent Casting; Polymermembranen mit
Nafion®-Matrix wurden mittels Solvent Casting und Schmelzextrusion
hergestellt. In den vorgenommenen Untersuchungen wurden wichtige
Parameter zu lonenaustauschkapazitat (IEC), Leitfahigkeit, Wasserrtickhaltung,

Quellung, thermischer Stabilitat und Morphologie ndher ermittelt.

Fur Membranen auf Polyoxadiazol Basis zeigte sich, dass die Einbettung
funktionalisierter Siliziumdioxid-Patikel eine Verbesserung der mechanischen
Stabilitat bei unveranderter IEC bzw. Protonenleitfahigkeit bewirkt.
Nichtsdestotrotz ist die Protonenleitfahigkeit der Membranen fir eine

Anwendung in PEM-Brennstoffzellen zu gering.

Bei Nafion®-basierten Membranen erwies sich der Einbau von (ODF-)
funnktionalisierten Nanopartikeln als gunstig, was vor Allem auf ein mogliches
~physikalisches” Crosslinking und Wasserriuckhaltung — im Vergleich mit
unfunktionalisierten Silika-Partikeln — zurtickzufihren ist. Bei gleicher
Konzentration an Fillstoffen wurde in Nafion® basierten Membranen aus
Solvent Casting eine bessere Dispergierung der Fullstoffe erreicht, was zu
einer Erhdhung der Protonenleitfahigkeit fiihrt. Nafion®-Kompositmembranen
zeigen exzellente thermische Stabilitdit, was sie fur den Einsatz in
Hochtemperatur-PEM Brennstoffzellen empfiehlt. Die optimale Leistung der
Brennstoffzellen wird bei einer Konzentration von 10 wt.% ODF-

funktionalisierter Silika-Partikel bei Membranen aus Solvent Casting und bei 5
iii



wt.% fur extrudierte Membranen erreicht. Im Gegensatz dazu steht der Befund,
dass der Durchtritt von Wasserstoff durch die Kompositmembranen im
Vergleich gegen eine reine Nafion®-Membranen durch den Einbau der
Flllstoffe erleichtert wird, was wahrscheinlich auf die hohere Porositat der
Silika-Partikel im Vergleich zur dichten Nafion®-Matrix zuriickzufiihren ist. Die
Kompositmembranen zeigten beim Einsatz in der Brennstoffzelle mit
abnehmender Feuchte den zu erwartenden Leistungsabfall, jedoch wurden bei

34% relativer Feuchte und 95°C immer noch gute Leistungsdaten erhalten.



Abstract

A series of composite membranes were prepared by dispersing fluorinated
polyoxadiazole oligomer (ODF)—functionalized silica nanoparticles in Nafion®,
poly(arylene ether 1,3,4-oxadiazole) and fluorinated polyoxadiazole random
copolymers. For membrane preparation, solvent casting was used for
oxadiazole-matrix composites, while both melt extrusion and solvent casting
processes were explored for Nafion® composites. lon exchange capacity,
conductivity, water uptake and thickness expansion, thermal stability and
morphology were characterized.

For polyoxadiazole-matrix membranes, the inclusion of functionalized
silica was shown to improve the mechanical stability of the membranes without
significantly losing IEC or proton conductivity. Nevertheless, the proton
conductivity values were too low for use in practical fuel cells.

For Nafion®matrix membrnes, the inclusion of functionalized nanoparticles
proved advantageous, mainly due to a physical crosslinking effect and better
water retention, with functionalized nanoparticles performing better than the
pristine silica particles. For the same filler loading, better nanoparticle
dispersion was achieved for solvent-cast Nafion® membranes, resulting in
higher proton conductivity. The Nafion® composite membranes showed
excellent thermal stability, allowing for operation in high temperature PEM fuel
cells. The best fuel cell performance was obtained for membranes loaded with
10 wt.% ODF-functionalized silica for solvent-cast membranes, while the
optimal loading was 5 wt.% for the extruded composites. The composite
membranes allowed for operation in high temperature PEM fuel cells. Hydrogen
crossover, however, was higher for the composites than for pure Nafion®
membranes, probably due to the replacement of the dense fluorinated matrix
with porous silica phase. Even though the fuel cell performance of the
composite membranes decreased with decreasing the relative humidity, good

performance values were still obtained at 34% RH and 95°C
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Introduction

Fuel cells are electrochemical devices in which a chemical reaction produces
electrical energy from a chemical fuel. The conversion of the fuel takes place via an
electrochemical process, which is quiet and highly efficient, and without emission [1]
of contaminant gases. Fuel cells are highly versatile energy converters, but it is their
relevance to automobiles in particular that has gathered massive interest, especially
after the advances made by companies like Ballard in the early 1980s. Since proton
exchange membrane fuel cells (PEMFCs) are the best suited for transport
applications, an ever increasing number of research efforts have been directed
towards the development of materials for this type of cell. Together with the catalysts,
the polymer electrolyte membranes [2—6] present a large number of challenges to
commercialization, mainly due to their cost, durability, and limited operating condition
range.Several advantages are ascribed to the operation of PEMFCs at medium to
high temperatures (>100°C), including improved electrochemical kinetics, simpler
water management and cooling, and waste heat recovery [7]. Furthermore, cost
reduction requires the elimination of humidifier systems, which implies fuel cell
operation at low relative humidity (RH). While perfluorosulfonic acid (PFSA) polymers
such as Nafion® are still the standard solid electrolyte employed in commercial
PEMFCs, their performance decreases rapidly at high temperatures and low RH, as
the membrane dehydrates [8-11]. Hence the development of new membrane
materials with properties suited to high temperature and low humidity operation

remains one of the pressing issues towards wide commercialization of PEMFCs.

The two main research approaches are the development of new polymers, with
structures designed in a bottom-up fashion, or the modification of previously known
polymers, by functionalization, blending or composite manufacture. The group of S.
Nunes investigated the preparation of proton conducting polyoxadiazole membranes,
both by concurrent sulfonation and synthesis of polymers containing sulfonatable
aromatic ether moieties [12,13], and by preparation of composites with sulfonated

inclusions [14,15].
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A number of reviews have been published recently on the preparation of hybrid
inorganic-organic composite membranes for fuel cell applications [16—24]. Widely
explored strategies consist of introducing clay [25,26], layered metal phosphates and
phosphonates [27], or hydrophilic oxides [28-30] (MO, with M= Si, Ti, Zr, Sn) in a
conducting polymer matrix, either by simple dispersion or by in-situ generation via
sol-gel process. In all cases the aim is to reduce the dehydration and the reactant

permeability of the polymer electrolyte matrix.

Several groups have investigated the preparation of polyelectrolyte composite
membranes containing sol-gel in-situ generated SiO, [31-34]. However, because of
its wide availability and low cost, the simplest approach is still the dispersion of silica
particles as filler in a conducting polymer matrix. Previous studies have demonstrated
the advantage of employing functionalized silica over neat silica [35,36], and of

nanoparticles over larger particles [37].

Processing technology is also a significant factor for the commercial availability and
environmental impact of proton exchange membranes (PEM). A number of
manufacturing methods have been reported, the simplest, conventional process
being solvent casting [38—40]. It is suitable for polymers with high or no melting
temperatures. More efficient processes such as melt extrusion [41] and

electrospining [42,43] have also been increasingly studied in the past decade.

In this study we report the preparation of Nafion®, poly (arylene ether 1,3,4-
oxadiazole) and fluorinated polyoxadiazole random copolymer composite
membranes containing polyoxadiazole (POD) functionalized silica nanopatrticles, and
presenting good performance in fuel cells operating at low relative humidity. As a
grafting agent we have used sulfonated, fluorinated polyoxadiazole oligomers (ODF),
which provide a good interaction with both the hydrophobic and the hydrophilic
phases of these polymers, and compensate for the loss of matrix by adding
protogenic species, in the form of -SO3H groups, and protonable moieties, in the form
of oxadiazole rings [12,44]. Both solvent casting and melt extrusion are employed in

the membrane fabrication.






Chapter 1. Literature and scientific

background

This chapter presents a background on fuel cells, polymer electrolyte membrane fuel
cells and the development of polymer electrolyte membranes. The theoretical
background for fuel cell performance evaluation is covered, including the
measurement of fuel cell performance and hydrogen crossover, and the control of
relative humidity for fuel cell characterization. The melt extrusion process for

membrane fabrication is also discussed.

1.1 Fuel cells

A fuel cell is an energy conversion device that produces electricity by electrochemical
combination of a fuel and an oxidant. The energy produced in this system is clean,
since chemical energy is converted directly into electrical energy without giving out
toxic combustion byproducts. When fed pure hydrogen, fuel cells produce only water
as byproduct. Their efficiency is higher than that of combustion engines, which are

limited by the Carnot cycle [45].

1.1.1 Types of fuel cells

Fuel cells are usually classified into six main types based on the electrolytes
employed in the cells. The categories differ in the kind of chemical reactions that take
place in the cell, catalysts required, operating temperature range, fuel used, and
efficiency. These characteristics influence the applications for which these cells are
most suitable. Each fuel cell type has its own advantages, limitations, and potential

applications. A summary of the classification is shown in Table 1.1.
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Table 1.1 Overview of the most extensively studied types of fuel cell and their applications [46].

Fuel cell Temp. Efficiency I :
type °C) (%) Applications Advantages Disadvantages
- CO2 poisoning
Alkaline - space . - .
(AFC) 50-90 50-70 application - high efficiency - corrosion
- expensive
- low power
i - tolerant to density
Phosphoric o?t?gr?]kz)iilr?gg impure H2
acid 175-220 40-45 heat and - corrosion
(PAFC) | - commercially
power supply available - sulphur
poisoning
- electrolyte
- central, . - instability
Molten stand alone or - Nigh efficiency
carbonate 600-650 50-60 combined - near - corrosion
(MCFC) heat and -
power supply commercial - sulphur
poisoning
- high
- central, Hio affic temperature
Solid oxide 800-1000 50-60 afltdazgnilt;)ilqzd R - thermal stress
(SOFC) - direct fossil failure
heat and fuel
power supply - coking and
sulphur poison
Polymer - vehicles i hljg:ngi(i;ver - intolerant to CO
electrolyte 60-100 40-50 in impure H2
membrane - small - low
(PEMFC) portable temperature - expensive
- no reforming - low efficiency
Direct - vehicles - high power - methanol
methanol 50-120 25-40 density crossover
- small
(DMFC) ortable P
P - low - poisoning by
temperature product
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1.1.2 Polymer electrolyte membrane fuel cells

Polymer electrolyte membrane fuel cells (PEMFC)s employ a solid ion exchange
polymer as electrolyte. Other names commonly used for this type of fuel cell are ion
exchange membrane fuel cell (IEMFC) and solid polymer (electrolyte) fuel cell
(SP(E)MFC). They were first developed by the US company General Electric in the
1960s for use by NASA on their first manned space vehicle. PEMFCs work at low
temperatures, meaning that they can start quickly. Moreover, as a zero-emission
power source, they are environmentally friendly. A further advantage is wide range of
possible applications, from portable devices requiring a few watts to transport
vehicles needing about 50kW. Apart from the polymer electrolyte membrane (PEM)
used for proton conduction between anode and cathode, PEMFCs contain:
electrically conductive porous gas diffusion layers (GDLs), electrodes (catalyst
layers) sandwiched between the GDLs and the membrane, gaskets for gas sealing
and electrical insulation, and cell plates with gas flow channels to carry the fuel or
oxidant to the reactive sites. In the cell, the following electrochemical reactions take

place [47]:
Anode reaction: 2H, —> 4H" + 4e
Cathode reaction: O, + 4H" + 4 —> 2H,0
Over all reaction: 2H, +O, —> 2H,0

Hydrogen is catalytically oxidized at the anode providing protons and electrons. The
electrons move from the anode through the external circuit to the cathode. The
protons pass through the electrolyte to the cathode, where the oxygen gas reacts
with the incoming electrons and protons to produce water, as shown in Figure 1.1.
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Figure 1.1 Schematic drawing of a hydrogen/oxygen fuel cell.

The PEMFC single fuel cell is only capable of producing a theoretical maximum of
1.23 V which is not large enough for most applications. To produce more useful
voltages in a fuel cell, many individual cells are linked together to form a fuel cell

stack as presented in Figure 1.2.

End plate

Anode
Electrolyte
matrix
Cathode Repeating
unit
RBipolar

separator
plate

Anode

Electrolyte
matrix

Cathode

bJJVJJ-" ; Oxidant

- flow

Figure 1.2 Schematic of a fuel cell stack [48].

The basic building block of a fuel cell stack includes anode, cathode, electrolyte and

bipolar plates, an additional component required for electrical connections. The

4
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bipolar plates provide electrical contact between the anodes and cathodes of
neighboring cells and are also used as the structure which guides reactiant gases
and reaction products throughout the cell [49].

1.2 Polymer electrolyte membranes

The polymer electrolyte membrane is the key component in fuel cell system, its main
function being proton transport. At the molecular level proton transport is described
by two main mechanisms[l]. In the “proton hopping” mechanism, the protons
produced from hydrogen at the anode move through the electrolyte membrane by
forming a hydronium ion with water, and one different proton from the same
hydronium ion jumps to another water molecule. In this system, ionic clusters are
swelled by water, contributing to the proton transfer process. In the “vehicular proton
transport” mechanism, the electrochemical potential difference causes hydrated
proton diffusion through the agqueous medium in the proton conductive membrane.
Schemes of both these proton transport mechanisms are shown in Figure 1.3.
To achieve high fuel cell efficiency the polymer electrolyte membranes are expected
to have the following desirable properties [4]:
- high proton conductivity to hold up current with minimal resistive losses and
zero electronic conductivity;
- sufficient mechanical properties to resist the forces imposed by the membrane
electrode assembly process;
- chemical, electrochemical and thermal stability under operating conditions;
- low fuel or oxygen by-pass to maximize columbic efficiency;

- production costs compatible with the intended application.

b)

Figure 1.3 Hopping mechanism (a) and vehicular mechanism (b) (adapted from [1]).

5
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1.2.1 Perfluorinated ionomer polymer electrolyte membranes

The most commonly used polymer electrolyte membrane for PEMFC nowadays is
DuPont's Nafion® [50]. It is a perfluorosulfonic acid (PFSA) polymer, consisting of a
polytetrafluoroethylene backbone with perfluorovinyl ether pendent side chains
terminated by sulfonic groups. The chemical structure of Nafion® is shown in Figure
1.4a.

CF,
B J\PCF/CFZ%
X y

|
[O—CFZ
0 CF
\ \ 7 2
c|:|: , “CFy '\ _OH
P
CFg o/\\o

b)

Figure 1.4 Chemical structure (a) and the cluster-network structural model (b) of Nafion®.
The molecular weight of Nafion® is in the range 10°-10° g mol™. Several structural
models have been proposed in order to interpret the results from X-Ray diffraction
and scattering experiments on Nafion®. The oldest and better known is the
cluster-network model [51,11], which postulates the aggregation of sulfonic groups
into “ionic clusters”, approximately spherical and with an inverted micellar structure.
The clusters, with a 4 nm diameter, are evenly distributed within a continuous
fluorocarbon lattice. Small channels about 1 nm in diameter interconnect the clusters
enabling ion transport. A representation of this model can be seen in Figure 1.4b.
Nafion® has good ionic conductivity, chemical resistivity, mechanical properties and

ion selectivity, hence its widespread use for many applications particularly in

6
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electrochemistry. Others companies such as Asahi Chemical, Asahi Glass, and Dow

Chemical have developed similar perfluorinated ionomers (Aciplex®, Flemion®).

The major disadvantages [4,52] of these PFSA materials are the high cost of the
resulting membranes, safety hazards during their manufacture and use, the
requirement of supporting equipment and, most significantly, temperature related
limitations. When the operating temperature is over 80 °C Nafion® and other
perfluorosulfonic polymers tend to dehydrate, which results in ionic conductivity loss
and a decline in mechanical strength.

In the last 15 years, the modification of perfluorinated ionomer membranes for
PEMFC and DMFC applications has been increasingly studied. Inorganic oxides
such as silicon oxide, titanium oxide and zirconium oxide [53] have been used as
fillers to achieve high fuel cell performance at higher operating temperatures.

For example, Nafion® composite membranes containing acidic sulfated zirconia were
studied by Zhai, et al. [54]. The ion exchange capacity of composite membranes
increased with the content of acidic sulfated zirconia as shown in Figure 1.5.
Moreover, the integration of the zirconia also improved the initial degradation
temperature by increasing the crystallinity of the composite membranes. Additionally
the single cell performance was improved to 1.35 W cm™ at 80 °C when the sulfated
ZrO, content was 15 wt.% while the pure Nafion® at the same condition gave 1.28
W cm™ as shown in Figure 1.6. The Nafion® composite membranes also showed
lower fuel cell internal resistance than pure Nafion® membranes at high temperature

and low relative humidity operating conditions.



Figure 1.5 lon exchange capacity (IEC) and water uptake of acidic sulfated zirconia/Nafion®
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composite membranes [54].
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Figure 1.6 Fuel cell performance Nafion® 112, recast Nafion® and acidic sulfated zirconia

Nafion® composite membranes at 80 °C [54].

Composite Nafion® membranes containing directly sulfonated silica of different

particle sizes were studied by Gnana Kumar et al. [35]. They obtained better fuel cell

performance for composites with 3 and 90 nm SiO, particles compared to neat

Nafion® as shown in Figure 1.7. The improvement of fuel cell efficiency was attributed

to the increased number of proton conducting channels and the better water retention

provided by the modified silica.
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Figure 1.7 PEMFC performance of (») Nafion-SiO2 (3 nm), (m) Nafion-SiO2 (90 nm), (e)
Nafion, and (¢) Nafion-SiO2 (1 um) composite membranes measured at 80 °C under 30%RH
[35].

An opposite effect was observed for 1um particles. As explanation for this result they
proposed that nanometer-sized modified silica particles are small enough to be
trapped inside ionic clusters, thus extending the cluster network, while larger particles

disrupt the network.

Many other fillers have been investigated in an attempt to improve the fuel cell
performance of perfluorosulfonated membranes. A few examples are montmorillonite
[26], polyaniline [55], polypyrrole [56] and Pt/SiO,, [57].

1.2.2 Poly(ether ether ketone) polymer electrolyte membranes

Poly (ether ether ketone) (PEEK) is a family of polymers with high thermal and
mechanical stabilities which make them highly promising for a large number of
practical applications, including fuel cells. In sulfonated poly (ether ether ketone)
(SPEEK), a fraction of the aromatic rings have a sulfonate group covalently attached:

an example of the chemical structure is shown in Figure 1.8. There have been a

9
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number of reports on the applications of sulfonated PEEK in ultra-filtration [58] and
fuel cells [59, 60, 61 25, 62]. The proton conductivity of SPEEK depends on the
sulfonation degree, which is controlled by the reaction time and temperature of the

sulfonation process [63].

o

O n
£o ©

SO;
Figure 1.8 Chemical structure of Poly(ether ether ketone).

1.2.3 Poly(oxadiazole) polymer electrolyte membranes

Poly(oxadiazole)s (POD)s, initially described in 1961 [64], are polymers containing
oxadiazole units, commonly connected by aromatic units (PODs with aliphatic
linkages tend to have lower melting points). Poly(1,3,4-oxadiazole) are high
performance polymers, with high chemical and thermal resistance, and have been

used to prepare membranes for gas separation [65] and fuel cell [66] applications.

The group of S. Nunes investigated the preparation of proton conducting
polyoxadiazole membranes, both by concurrent sulfonation and synthesis of
polymers containing sulfonatable aromatic ether moieties[12,13] (Figure 1.9), and by
preparation of composites with sulfonated inclusions [14,15]. For polyoxadiazoles
without sulfonatable groups, they studied the preparation of acid-doped membranes
[44], obtaining good conductivity values at high temperature and low relative humidity
conditions. The inclusion of functionalized silica allowed for higher doping levels as
well as higher water retention capacity, resulting in better proton conductivities, as
shown in Figure 1.10 and Figure 1.11
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Figure 1.9 Single-step synthesis for sulfonated polyoxadiazoles [13].
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Figure 1.10 Effect of temperature on the proton conductivity for poly(hexafluoropropane-1,3,4-

oxadiazole) membranes and composites, at 100% relative humidity [44].
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Figure 1.11 Effect of humidity and temperature on the proton conductivity of

poly(hexafluoropropane-1,3,4-oxadiazole) membranes and composites [44].

1.3 Fuel cell performance characterization

1.3.1 Polarization curve

The maximum theoretical voltage that a single PEMFC can provide is determined by

the Gibbs free energy (Ag,) released during the global hydrogen-oxygen fuel cell

reaction (Section 1.1.2):
AQ¢
2F

This reversible open circuit voltage (OCV) is about 1.2 V at temperatures below

100°C. Due to irreversible energy losses, on a real fuel cell, the actual OCV is below
this value, and the voltage decreases as current is drawn from the cell. A plot of the
evolution of the cell voltage with the current density provided by the cell, called a

polarization curve, is a useful characterization of a fuel cell's efficiency. It shows the

12
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relationship between the actual voltage and the theoretical maximum of 1.2 V. A
typical polarization curve shows several voltage drops, corresponding to the
predominant irreversible loss in different current density ranges:

- Fuel cell crossover, that is, the diffusion of fuel from the anode to the cathode
compartment through the electrolyte, results in a drop in the OCP.

- Activation losses are predominant at low current density, where the slow electron
transfer rate means some voltage must be lost into driving the electrochemical
reactions.

- Ohmic losses are the main cause of voltage drop in the mid-range of current
densities, and are due to the resistance of the different fuel cell components
(collectors, electrodes, electrolyte) to the flow of charge. This voltage drop is
proportional to the current density, that is, it follows Ohm’s law.

- Concentration losses (mass transport losses) become significant at high current
density, when reactants are consumed at high rate, and their concentration is
depleted in the vicinity of the surface of the electrodes. The rate of the
electrochemical reactions is limited here by the rate of transport of reactants to (and

products from) the surface of the electrodes [67].

Theoretical
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Figure 1.12 Typical polarization curve for a polymer electrolyte membrane fuel cell.
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1.3.2 Hydrogen crossover

Hydrogen crossover is the undesirable diffusion of hydrogen fuel from the anode side
to cathode side through the MEA. The crossed-over fuel will react at the cathode,
thus reducing the fuel cell efficiency. Furthermore, the heat released and the radicals
produced by the reaction can cause significant catalyst-layer and membrane
degradation [69]. Figure 1.13 shows a simple representation of the hydrogen
crossover in a typical MEA, consisting of five layers: anode gas diffusion layer

(GDL?), anode catalyst layer (CL?), proton exchange membrane (PEM), cathode
catalyst layer (CL®), and cathode gas diffusion layer (GDL*) [68].

GDL’CL®* PEM CL°GDL®

H, stream inlet = H2—>\ —> 0O, stream outlet

N

Anode \ Cathode

N

H, stream outlet «— 2 «— 0, stream inlet

=

Figure 1.13 Diagram of hydrogen crossover through the MEA in a PEM fuel cell (based on
[68]).

The hydrogen crossover can be measured by flushing both compartments with
nitrogen, and subsequently allowing hydrogen into the anode compartment. In these

conditions, all the hydrogen that has crossed over is oxidized at the cathode. The

current produced

| cross
H,

is directly related to the amount of crossed-over hydrogen

[68]. Several constant loads are applied (for example: 0.2, 0.3, 0.4 and 0.5 V) and the
corresponding currents are recorded. A plot of the measured currents vs the applied

loads gives a straight line which intersects the current axis at the actual hydrogen

14
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crossover current. The hydrogen crossover rate (J;°° , mol cm? s™) can be

obtained from Faraday’s equation [68]:

cross
cross _ H,

" nFA
where n is the number electrons (=2) for the hydrogen oxidation reaction, F is the
Faraday constant (~96485 A s mol™), and A is the active area (cm?) of the MEA.

1.3.3 Relative humidity system in a fuel cell test station

In the operating fuel cell test station used in this work, water vapour was introduced
into the cell's anode together with the hydrogen fuel. From the anode side, water
electro-osmotically passes through the catalyst layer and PEM into the cathode along
with the generated protons. At the cathode, water is produced by the reduction
reaction from electrons, oxygen and protons (see section 1.1.2). Some of the
generated water diffuses back into the anode as a result of the concentration
gradient between the anode and cathode. The excess water on each compartment is
drained along with the exhaust gas. The water balance [70] inside an operating

PEMFC is shown schematically in Figure 1.14.
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Figure 1.14 Schematic of water balance inside an operating fuel cell (based on [70]). W, ., .

We W2 —and WS

intet * Woutiet outlet @re the water flowing into and drained out of the fuel cell at anode and

cathode sides, respectively; W3 and W, are the water in the anodic and cathodic catalyst

layers of the fuel cell, respectively; W 4 IS the water produced at the cathodic catalyst

c
produce

layer; W is the water osmotically dragged from anode to cathode; and W is the water

drag diffusion

back-diffused from cathode to anode.

The relative humidity (RH) in a fuel cell stream is defined as the percentage ratio of
the partial pressure of water vapour in the stream to the saturated vapour pressure of

water at a given temperature:

_ I:)HZO
RH(%) = o 100
H,0

The saturated water vapor pressure P,fzo (T) can be expressed as a function of

temperature [70] by the empirical expression:
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PO o(T) = 6.02724x10-% + 4.38484x10-4(T-273.15) +
1.39844x10-° (T-273.15)? + 2.71166 x10-'(T-273.15)° +

2.57731x10-%(T-273.15)* + 2.82254x 10-}(T-273.15)°

where the units of pressure and temperature are atm and Kelvin, respectively. As can
be seen in the graphical representation of this expression in Figure 1.15, a fuel cell
cannot function at temperatures above 100 °C with 100% RH at 1 atm. In other
words, either high pressure or low humidity are required for operation at high
temperature (>100 -C),
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Figure 1.15 Calculated saturated water vapour pressure as a function of temperature [70].
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1.4 Melt extrusion

Extrusion is a shaping process that works by pushing a raw material through a die
under controlled conditions, usually at high temperature. It is widely used in the
polymer industry as a fabrication method. A basic flowchart of an extrusion line is

shown as Figure 1.16.

Polymer
feed
Die Calibrati
Drive |  Extruder = alur:glon = | Haul-off | = | Cutter

Figure 1.16 The basic components of an extrusion line (based on [71]).

There are essentially 6 parts in an extrusion line: the material feed hopper, the basic
extruder, the extrusion die, the calibration units, the haul-off, and the cutting machine

(with auxiliary devices for finishing and handling).

The process starts by constantly supplying a raw polymer material in powder, flake or
pellet form into the heated extruder. Then the polymer is further heated and pushed
by a rotating screw through the die, first compacting the particles, and subsequently
melting the contents due to heat and shear forces. The polymer forms a certain
shape as it flows through the die, and is then cooled down to give the final shape.

Finally the product is drawn along (hauled-off) for finishing.

The two most widely used types of extruders are the single-screw and the twin-screw
[72,73], consisting respectively of one or two Archimedean screws rotating in a
heated barrel. Twin-screw extruders offer greater control over residence time

distribution and mixing than single screw extruders [73], and have superior heat and
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mass transfer capabilities. They are generally used to process powder blends as they

provide excellent mixing of the material being formed.

A wide range of shapes with constant cross-section can be produced by melt-
extrusion, by selecting the appropriate die shape and treatment devices for final
finishing [71]. In particular, film extrusion can be achieved by pumping the polymer
melt through a long slit die onto highly polished cooled rolls which form and wind the
finished sheet [74].

In this study, a 5 mL DSM twin screw micro-extrusion equipped with a wide sheet die
(shown in Figure 1.17), was used in a two-step process: composite blend preparation
using counter-rotation screws configuration, followed by film preparation using co-
rotation screws configuration.

The advantages of extrusion include relatively high production rates, ease of scale-
up and excellent repeatability. Nevertheless there are material limitations: high glass
transition temperature polymers and polymer degradation during processing are still

problematic.

Figure 1.17 The 5cm® bench-top twin screw micro-extruder used in this work, equipped with a

wide sheet die.
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Chapter 2. Functionalizaton of silica

nanoparticles

This chapter discusses the preparation and characterization of functionalized silica
nanoparticles, to be used as fillers in the composite membranes studied in the rest of
this work. The process begins with the synthesis and characterization of the
oxadiazole monomer 2,5-Bis(4-fluorophenyl)-1,3,4-oxadiazole. This monomer is then
used, together with commercial hydroxyl bisphenol compound, in a polycondensation
reaction to produce the functional telechelic oligomer Poly(arylene ether 1,3,4-
oxadiazole). The surface of the silica nanopatrticles is then prepared by reaction with
Bromophenyltrimethoxysilane. Finally the silica nanoparticles are functionalized by
grafting the synthesized oxadiazole telechelic oligomer onto the modified surface.

Both synthesis and characterization are described in detail for each of these steps.

2.1 Synthesis of 2,5-Bis(4-fluorophenyl)-1,3,4-oxadiazole

The 2,5-Bis(4-fluorophenyl)-1,3,4-oxadiazole monomer was synthesized as
summarized in Figure 2.1. Following the synthetic protocol described by Gomes et al.
[75], the reaction was carried out from 4-fluorobenzoic acid and hydrazine sulphate in
polyphosphoric acid (PPA) solvent. 12.75 g of 4-fluorobenzoic acid, 5.92 g of
hydrazine sulphate and 100 g of PPA were added into a round bottom flask fitted with
a drying tube. The mixture was heated up to 150 °C and mechanically stirred at 200
rpm for 6 hours under nitrogen atmosphere. Then the temperature was increased to
200 °C for 2 hours. The solution was cooled down to room temperature and
precipitated into water. The product was washed several times with deionized water,
checking the bath with a pH indicator paper strip until all residual acid was eliminated
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. After that the obtained solid was dried in a vacuum oven and recrystallized in

ethanol. White needle crystals were obtained with a 78.4% yield.

o)
0
HO@F + NyH4H,S0, — » F% W_pr
N—N

Figure 2.1 Synthesis of 2,5-Bis(4-fluorophenyl)-1,3,4-oxadiazole.

The melting point of the oxadiazole monomer product was determined by DSC to be
208 °C, in good agreement with the value reported in the literature (207 °C in Ref.
[75]). Further confirmation of the monomer structure is provided by the *H-NMR
spectrum of the oxadiazole monomer taken in deuterated dimethyl sulfoxide-d6
(DMSO-d6), as shown in Figure 2.2. The signals at 8.2 and 7.4 ppm correspond
respectively to protons in positions 1 and 2 in the phenyl ring. No signal of residual
hydrazide group is observed in the region 10.0-10.5 ppm [76].

s
F F
\_/ r}_%@

)

12 1 10 9 8 7 6 5

Chemical shift / ppm

Figure 2.2 'H NMR spectrum of 2,5-Bis(4-fluorophenyl)-1,3,4-oxadiazole taken in DMSO-d6.
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2.2 Synthesis of Poly(arylene ether 1,3,4-oxadiazole)

oligomers

The synthesis of oligomers was carried out in a three-neck flask equipped with a dry
nitrogen inlet and a Dean-Stark trap fitted with a condenser. 0.93 mol of potassium
carbonate was added to a suspension containing 1 mol of bisphenol monomer in 5
mL of NMP and 20 mL of Toluene. The mixture was stirred at 160 °C for 4 hours.
During this period, water is produced by phenoxide formation and removed as
azeotrope with Toluene. The weak base (K,COs3) is added to the reaction system in
order to generate the nucleophilic phenoxide from the bishydroxy compound. The
nucleophilic aromatic substitution reaction is shown in Scheme 2.2. Afterwards the
temperature was increased to 180°C, and 0.93 mol of 2,5-Bis(4-fluorophenyl)-1,3,4-
oxadiazole was added. The mixture was kept under stirring for 18 hours, and
subsequently cooled down to room temperature. Then the polymer was precipitated
into water, filtered, washed by Soxhlet extraction with methanol and dried in vacuum
oven. Three different telechelic oligomers were prepared: ODA, ODS and ODF,
starting correspondingly  with different  bisphenol monomers: 4.4'-
Isopropylidenediphenol (Bisphenol A), 4,4'-(Hexafluoroisopropylidene)diphenol
(Bisphenol AF), and 4,4'-Sulfonyldiphenol (Bisphenol S). The X in Figure 2.3 and in
Figure 2.4 represents the groups —C(CF3),— , —=SO,— and —C(CH3),—, corresponding
to the oligomers ODF, ODS and ODA respectively.

OO O O
l
HO+ OO O+4C~Or

Figure 2.3 Synthesis of Poly(arylene ether 1,3,4-oxadiazole) oligomers (the X represents
-C(CFy),- , -SO,- and -C(CHzs),-, resulting in ODF, ODS and ODA respectively).
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The condensation polymerization does not keep going if a weak base, like potassium
carbonate, is not involved in the reaction [77]. The molar ratio between bishydroxy
compound and K,CO3; was kept constant and equal to 0.93 [75]. After the formation
of phenoxide, the bifluoro compound is added to the system and the reaction
temperature is increased to effect the nucleophilic substitution polymerization, as
shown in Figure 2.4. For ODF, ODS and ODA, the number average molecular
weights measured by size exclusion chromatography (SEC) in DMAc with
polystyrene-standard calibration are 4848, 6124 and 4621 g mol™, corresponding to

polymerization degrees of 8,12 and 10 respectively for these oligomers.

H,0
F_
) o ArO o j o
a e t et Wa® alet e SV
N—N N—N N—N

Figure 2.4 Nucleophilic aromatic substitution reaction of an aryl halide with a phenoxide.

The thermal properties of the synthesized oilgomers were determined by
thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). As
shown in Figure 2.5, the glass transition temperatures of ODF, ODS, and ODA are
190 °C, 220°C, and 170°C respectively.

Regarding the TGA curves, the first weight loss for all compounds at 120-200 °C
corresponds to residual solvents (toluene and NMP), while the second weight loss at
350-600 °C corresponds to the oxadiazole compound. It can be seen that the
oligomers are thermally stable up to 350 °C. This allows the use of these telechelics
as fillers in fuel cell applications at temperatures up to 300 °C, which is higher than
both the PEMFC operating temperature (100-120 °C) and the melt extrusion
temperature for Nafion® (240—-250 °C [78]).

The chemical composition of the polyoxadiazole oligomers was analyzed by

combustion elemental analysis (EA). Table 2.1 shows the experimental and
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theoretical contents of hydrogen, nitrogen and oxygen in the synthesized
compounds. The experimental data are in good agreement with the calculated values

for all three products.
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Figure 2.5 TGA and DSC thermograms of poly(arylene ether 1,3,4-oxadiazole) oligomers.
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Table 2.1 Elemental analysis data for the synthesized polyoxadiazole oligomers.

Theoretical (%) Experimental (%)

ODA 78.05 5.97 5.07 79.18 £ 0.23 6.82 £ 0.03 5.31+0.02

ODS 66.20 5.68 3.47 63.90 £ 0.18 6.36 +£ 0.06 6.47 £ 0.02

ODF 62.29 4.76 291 61.47 £0.18 5.68 £ 0.04 3.08 £ 0.05

'H-NMR spectroscopy was employed to confirm the chemical structure of the
oligomers. Figure 2.6 shows the 1H-NMR spectrum of each product in DMSO. The
two aryl protons on the end-group aromatic rings are labeled 1' and 3’ for all
compounds. 1 and 3 are protons on the corresponding bisphenol rings, while 3 and 4
are protons on the aryl rings bonded to the oxadiazole ring. The chemical shifts and
relative intensities of the signals are similar to the values reported in the literature [75]

for all the synthesized compounds.

Moreover from *H-NMR results we can calculate the number average molecular
weight of telechelics by the end group analysis method (that is, from the ratio of
protons on the end-groups to protons on the polymer chain). In this case the
calculated number average molecular weight of ODA, ODF and ODS are 5825, 7982

and 5471 g mol™ respectively.

Finally, all three oligomers displayed good solubility in N-Methyl-2-pyrrolidone. ODS
and ODF are soluble in both dimethylacetamide and tetrahydrofuran, while ODA is
partially soluble in dimethylacetamide and insoluble in tetrahydrofuran. Considering
the TGA, DSC, MNR and EA characterization results, it can be concluded that all

three poly(arylene ether 1,3,4-oxadiazole)s were successfully synthesized.
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Figure 2.6 'H NMR spectrum of poly(arylene ether 1,3,4-oxadiazole)s taken in DMSO-d6.
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2.3 Silanation

Bromophenyltrimethoxysilane was attached on the surface of fumed silica following
Figure 2.7. The Aerosil A380 nanoparticles were first evacuated at 150 °C to
eliminate the water adsorbed on the surface. After that a suspension of 4 g of dried
silica and Bromophenyltrimethoxysilane in 70 mL of dehydrated Toluene was
vigorously stirred at 60 °C for 3 days. The particles were washed several times with
Toluene to remove any unreacted silane, using a centrifuge and removing
supernatant liquid after each wash. The solid was dried overnight in a vacuum oven
at 60 °C [14].

Figure 2.7 Silanation of the silica surface with bromophenyltrimethoxysilane.

Figure 2.8 shows the FTIR spectra obtained for the pristine and modified silica on a
Bruker Equinox IFS 55 spectrophotometer in the range 4000-400 cm™. The samples
were mixed (1 wt. %) with dried KBr, and compressed to obtain a translucent disc.
The infrared absorption bands with peaks at 1560 cm™ and 1470 cm™ correspond to
—C=C- stretching in aromatic rings and to Si—Ar stretching respectively, confirming

the presence of silane groups attached to silanol groups on the silica surface.
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Figure 2.8 FTIR spectrum of neat silica and silane-modified silca.

The bands at 750-700 cm™ are related to Bromine in ortho- and meta- positions on
the aryl rings. A significant reduction of intensity is observed for the broad band at
3400-3100 cm™, corresponding to O—H stretching of silanol and to water adsorbed
on the silica shell. This confirms a decrease in the amount of hydroxyl groups on the
silica surface due to silane attachment. Additionally the strong absorption band
peaking at 1100 cm™ is due to siloxane stretching. The attachment of silane onto
silica was further confirmed by the *H-NMR spectrum of silanated silica taken in
Toluene. The commercial bromosilane used in the synthesis is a mixture of isomers,
consequently signals for aryl protons in both meta- and para- positions to a
substituted bromide are observable. Details on the infrared band assignment are

shown in Table 2.2.

The thermal stability of grafted silica was analyzed by TGA. The weight loss of about
1% in the temperature range 25-110 °C is due to the elimination of adsorbed water,
while the loss in the range 130-350 °C can be attributed to residual adsorbed NMP
(bp. ~203 °C) and unreacted silane (bp. ~250 °C). Finally, after 350°C the bonded
silane is gradually lost [79].
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Figure 2.9 "H-NMR spectrum of silanated silca in toluene.

The attachment of silane onto the silica surface can be studied by varying the
proportion of silane and silica in the reaction mixture, and determining the bonded
silane on the resulting product by thermogravimetry. When the mole ratio of
bromosilane is increased, the amount of grafted silane on the silica surface increases
accordingly, until a plateau is reached. The apparent asymptotic maximum is around
7 % (mass of grafted silane to total mass). This maximum corresponds to about 0.37
mmol of silane per gram of silica. For comparison, a series of grafting reactions was
performed with 100% para-substituted bromosilane. The amount of silane was varied
from 2.25 to 13.50 mmol per gram of silica. The maximum mass of grafted silica
attained with the pure para-bromosilane is similar to that obtained with the isomer

mixture.

In both cases about 95% of the asymptotic maximum loading is attained with a
mixture of 7 mmol of silane per gram of neat silca, as shown in Figure 2.11 and
Figure 2.13 This is the optimal composition of the silanation reaction mixture. At
lower ratios of bromophenyltrimethoxysilane to silica, the para-isomer shows higher
silanation yield, since it is not affected by the steric hindrance effect of meta-Bromine
[80]. For practical applications, however the isomer mixture is preferable, since its
can be acquired for a fraction of the cost of the 100% para-silane.
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Figure 2.10 TGA thermograms of silica reacted with increasing amounts of a mixture of

Bromophenyltrimethoxysilane isomers.
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Figure 2.11 Ammount of grafted bromosilane on the silica surface as a function of the ratio of

bromophenyltrimethoxysilane to silica in the reaction mixture. Data for the mixture of isomers.
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Figure 2.12 TGA thermograms of silica reacted with increasing amounts of a 100% para-

bromophenyl trimethoxysilane.
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Figure 2.13 Ammount of grafted bromosilane on the silica surface as a function of the ratio of

bromophenyltrimethoxysilane to silica in the reaction mixture. Data for the 100% para- isomer.
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2.4 Functionalization of silica

The functionalization of silica with Poly(arylene ether 1,3,4-oxadiazole) oligomers
was carried out as depicted in Figure 2.14, following the protocol described by
Gomes et al. [14]. The oligomer and a mixture of 2:1 NMP and Toluene were
introduced in a three-neck flask equipped with Dean-Stark trap and distilled at 110 °C
for 3 hours under nitrogen atmosphere to eliminate the water formed as an azeotrope
with Toluene. Subsequently, bromosilane—-modified silica was added, and the mixture

was further stirred at the same temperature for 18 hours.

C|3H OH
: |
. _O_?'OBr —0—si X
SI0z o + HX —= SiO, 5
| telechelic com
P pound |
g Uy ~ <O
OH (l)H

Figure 2.14 Functionalization of silanized silica.

The functionalized particles were washed several times in NMP to remove any
unreacted oxadiazole oligomers, each time centrifuging and removing the
supernatant liquid. The obtained solid was dried at 60 °C in a vacuum oven for 2
days. ODF, ODS and ODA-functionalized silicas were thus prepared and
characterized by FTIR and NMR.

The oxadiazole rings in all samples are evidenced by infrared spectroscopy in the
absorption bands at 1400 and 1100 cm™, which are due to the —-C=N— and =C—-O—-C=
stretching, respectively. The bands at 1200, 1070 and 2875 cm™ are asigned to C—F,
S=0 and —CHjs of the bisphenol groups in ODF, ODS and ODA correspondingly. All
three functionalized silicas show the two bands around 900 cm™, characteristic of

oxadiazole rings. Details on the infrared band assignment are shown in Table 2.2.
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Table 2.2 Infrared assignments [81].

Frequency (cm™) Bond Type of compound
770-730 v C-H Aromatic ortho-substitution
810-750 v C—H Aromatic meta-substitution
860-800 v C—H Aromatic para-substitution
970-920 Si—O-Ar Silicon, Si-O stretch

1075-1030 v C-Br Aryl carbon
1090-980 v C-0-C Ring breathing of oxadiazole
1130-1000 Vas Si—O-Si Silicon
1200-1120 Vs SO, Silicon
1280-1220 v C-0-C Aryl ether
1365-1120 v C-F Alkyl carbon

1430 v SI-Ar Silicon, Ring mode
1600-1500 vC=C Aromatic carbon, Two or three bands
1650-1380 v C=N Ring stretching band of oxadiazole
2850-2810 v O—CH3; Methoxy phenol
3500-3100 v Si-OH Silicon,OH stretch

v, stretch; v, asymmetric stretch; vs, symmetric stretch
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Figure 2.15 TGA thermograms of telechelic-functionalized silica nanopatrticles.
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Figure 2.16 FTIR spectra of silica nanoparticles after silanation, and after functionalization with
ODF, ODS and ODA.
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The thermal stability of these functionalized silicas was characterized by TGA as
shown in Figure 2.15. The weight loss in the range 120-200 °C is associated with the
elimination of residual Toluene and NMP used in the solvent mixture for the
functionalization reaction. The total solvent residue was around 5 wt.%. The weight
loss starting at 350—400 °C corresponds to the loss of grafted oligomer ODF, ODS or
ODA, and points out to total grafted-oligomer amounts of 40, 34 and 15 wt.%
respectivlely. This means the amount of telechelic oligomers ODF, ODS and ODA
attached on silica surface per 1 gram of silica are 0.13, 0.08 and 0.04 mmol
respectivlely. From the TGA thermogram it can be concluded that the thermal stability
of the functionalized nanoparticles is well above that needed for PEMFC application.

2.5 Summary

This chapter described the synthesis of three different oxadiazole-type telechelic
oligomers, and their use to prepare functonalized silica nanoparticles, following the
protocol developed by Gomes et al. For the silanation step, thermal analysis allowed
the identification of the reactant mixture composition necessary to obtain maximum
particle loading. The chemical structure of the compounds and functionalized
particles was studied by *H-NMR, EA and FTIR techniques, confirming the success
of each synthesis step. In addition the molecular weight of the synthesized telechelics
was studied by SEC. For all three cases, the degree of polymerization obtained was
around 10. Moreover, the thermal properties of the grafted particles were investigated
by TGA and DSC. The functionalized particles show the first degradation steps above
350°C, well beyond the needed thermal stability for PEM fuel cell application.
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Chapter 3. Membrane fabrication and

characterization

After functionalized silica has successfully been synthesized in chapter 2, in this
chapter the grafted silica will be used as filler in composite membranes, in order to
improve their properties relevant to fuel cell application. The polymer matrices used
in this study are Nafion®, poly(arylene ether 1,3,4-oxadiazole), and fluorinated
polyoxadiazole random copolymers. In addition to solvent casting, in the case of
Nafion® composites, melt extrusion will also be explored for membrane manufacture.
The silica functionalized with fluorinated oxadiazole telechelic oligomer (ODF) will be
used for the preparation of composites, as its chemical structure is similar to that of
the polymer matrices. Electrochemical, mechanical and thermal properties of the

composite membranes are also described in this chapter.

3.1 Membrane fabrication

3.1.1 Solvent cast Nafion® composite membranes

A 5 wt.% Nafion® solution was employed in the preparation of the functionalized
silica-Nafion® composite membranes. Since the oligomers attached to the silica
surface have a good solubility in DMAc, this solvent was added in a ratio 2:1 to the
Nafion® solution in order to improve the nanoparticle dispersion. After that,
functionalized silica was added to the mixture. The solutions were then vigorously
stirred for 4 h at 50 °C so as to partially evaporate the solvent mixture until a 10 wt.%
Nafion® solution was obtained. Subsequently the mixtures were stirred overnight and
sonicated for 30 minutes to disperse the silica particles. Finally, a doctor blade with a

650 um gap was used to cast the solutions on clean glass plates. The cast
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membranes were kept at 60 °C overnight and then cooled down to room
temperature. Finally, the films were detached from the glass plates, and dried in a
vacuum oven at 60 °C overnight. The thickness of the resulting membranes was
around 30—40 um. Photographs of the solvent cast composite membranes are shown

in Figure 3.1.

Figure 3.1 Nafion® composite membranes with a) 0, b) 5, ¢) 10 wt.% of neat silica d) and €) 5

and 10 wt.% of functionalized silica.

3.1.2 Melt extruded Nafion® composite membranes

Blends based on extrusion grade Nafion® in the sulfonyl fluoride (-SO,F) form [82]
containing 5 and 10 wt.% of functionalized silica were prepared in a 5 cm®> DSM
micro-twin screw extruder (Figure 1.15) at 240 °C. A two-step extrusion process was
applied: nanocomposite blend preparation using counter-rotation screws
configuration, followed by film preparation using co-rotation screws configuration. A
screw rotation speed raging from 5 to 10.5 rad s (~50 to 100 rpm) was used. The
extruder was equipped with a 0.1 mm x 3.5 cm die. The thickness of the resulting

membranes was in the range 25-35 pm.

The blends containing 10 wt.% silica particles had a high viscosity, resulting in less
uniform films when compared to the 5 wt.% blends. Nafion® in the sulfonyl fluoride
form does not have cation-exchange properties and must be chemically treated to
make it suitable for use in applications requiring proton conduction. The extruded
Nafion® film was converted to the salt (K*) and acid (H") forms following a process
similar to the one recommended by the manufacturer [83]. The film was hydrolyzed
by immersion in a solution of 10% potassium hydroxide, 37% DMSO and 53% de-

ionized (DI) water at 40 °C for 30 minutes. Subsequently, the film was thoroughly
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washed with DI water, by soaking three times in room-temperature DI water for 30
minutes, in order to remove all traces of unreacted KOH. Finally the membrane was
dried in vacuum oven at 60°C for 12 hours. The hydrolyzed film was changed to the
H* form by exchanging the K* for H" ions in a 15% solution of nitric acid (HNO3). This
step was repeated three times with fresh nitric acid, including a fresh DI water rinse
after each acid treatment. After that, the film was immersed three times in room-
temperature DI water for 30 minutes. Finally the membrane was dried out in vacuum

oven at 60 °C for 12 hours.

3.1.3 Poly(arylene ether 1,3,4-oxadiazole) composite membranes

The synthesis of poly (arylene ether 1, 3, 4-oxadiazole) was carried out following the

protocol described by Vetter et al. [98] (Figure 3.2).

1.150 °C, 6 hrs

4“—©7F + NyH4.H, SOy —— F@ @

2.200°C, 2 hrs
1. 165 °C, 4 hrs, K,COg
HOH + F—< >—§ 7—< :)—
2. 195 °C, 18 hrs
r N N o .
N\ 7T\ v () 1-
CF3

Figure 3.2 Synthesis of poly(arylene ether 1,3,4-oxadiazole).

The bisfluoro-oxadiazole monomer was synthesized in polyphosphoric acid as
described in Chapter 2, giving white crystals with needle shape after recrystallization.
For the the reaction between the oxadiazole monomer and bisphenol AF, 2.58 grams
of 2,5-bis(4-fluorophenyl)-1,3,4-oxadiazole, 3.36 g of 4,4’-(Hexafluoroisopropylidene)
diphenol and excess of potassium carbonate (3.32 g) were added to a three-neck
flask connected with dried nitrogen inlet and a Dean-Stark trap fitted with a
condenser. 40 ml of NMP and 15 ml of toluene were used as solvent. The mixture

was stirred and the toluene refluxed at 165 °C for 4 hours and after that the reaction
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was carried out at 195 °C for 18 hours. Then it was cooled down to room
temperature. Finally the polymer was precipitated into water, filtered, washed with

methanol and dried in vacuum oven at 80 °C overnight.

The successful synthesis of polyoxadiazole polymer was confirmed by 1H and 13C
NMR. The corresoponding spectra are shown in Figure 3.3. In the 1H NMR
spectrum, obtained in CDCI3 solution, the signal at 8.15 ppm can be assigned to 4
aromatic protons in position ortho to the oxadiazole ring; at 7.45 ppm the signal
results from 4 aromatic protons in position meta to the perfluorinated isopropylidene
moiety; the signal at 7.21 ppm refers to 4 aromatic protons in meta to the oxadiazole
ring and finally at 7.10 ppm, the signal corresponds to 4 aromatic protons in ortho to
the hexafluoroisopropylidene moiety. For the 13C NMR spectrum, the carbon signals
at chemical shifts 164, 119.7, 129, 119.6, 159, 157, 118.5, 132, 128.5, and 78 ppm
are assigned to carbons in position 1 to 10 respectively.

Size exclusion chromatography (GPC) analysis was employed to determine the
molecular weight of the synthesized polymer, using polystyrene as standard polymer
and chloroform as eluent solvent. The number average molecular weight (Mn)
obtained was 17300 (17289) g mol-1, with a weight average molecular weight (Mw)
of 41000 (41025) g mol-1, and a polydispersity index (PDI) of 2.373.

The thermal properties of the polymer were evaluated by differential scanning
calorimetry (DSC) and thermogravimetric analysis (TGA). As shown in Figure 3.5, the
glass transition temperature (Tg) of this polyoxadiazole polymer is around 210 °C. On
the TGA thermogram the first weight loss at 50-120°C can be assigned to elimination
of adsorbed methanol and water, while the second weight loss at 150-200 is probably
due to adsorbed NMP (from the polymerization reaction mixture). The third weight
loss corresponds to polyoxadiazole degradation, and reveals for this polymer a
thermal stability of up to 400 °C.
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Figure 3.3 'H and **C NMR spectrum of poly(arylene ether 1,3,4-oxadiazole) in CDCly

Figure 3.4 Poly(arylene ether 1,3,4-oxadiazole) membranes: a) pure polymer, b) membrane

with 10 wt% neat silica ¢) membrane with 10 wt.% grafted silica.
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Figure 3.5 TGA and DSC thermograms of poly(arylene ether 1,3,4-oxadiazole).

Membranes from this polyoxadiazole were prepared by solvent casting, from
solutions 10 wt.% of polymer in DMAc. The solutions were first vigorously stirred for 1
hour at room temperature. After filtering, 5, 10 and 15 wt.% functionalized silica was
added. The particles were dispersed by mechanically stirring for 3 hours and
sonicating for 15 minutes. Subsequently the solutions were cast onto glass plates
using a ~75 pm (3 mil) bird bar plus ~250 um (10 mil) tape spacer. The cast plate
was left in the oven at 50 °C overnight and then it was cooled down to room
temperature. Finally the membranes were dried out in vacuum oven at 60 °C

overnight. Thickness of the obtained membranes was around 30 + 5 pm.
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Photographs of the resulting poly(arylene ether 1,3,4-oxadiazole) composite

membranes are shown in Figure 3.4.

3.1.4 Fluorinated polyoxadiazole random copolymer composites

CF,
HOOCCOOH+ HOOC@—O@COOH + NH,NH,H,S0,
CF,

O+ OO0

Figure 3.6 Synthesis of fluorinated polyoxadiazole random copolymers.

For comparison with the two polymer matrices described above, a series of four
fluorinated polyoxadiazole random co-polymers were obtained from a sister research
line in the WT Institute at HZG. They were synthesized at HZG following Figure 3.6,
with molar ratios of 2-(diphenyl ether)-1,3,4-oxadiazole (ODBA) to 2-[4,4-
(Hexafluoroisopropylidene)diphenyl]-1,3,4-oxadiazole (FDBA) equal to 0.5, 1.0, 2.0
and 3.0 (called “PODOcoF-A", “PODOcoF-B”, “PODOcoF-C”, and “PODOcoF-D",
respectively). For membrane preparation, 10 wt.% copolymer solutions in NMP were
prepared by virgorously stirring the corresponding polymer-solvent mixtures for 2
days at 50 °C. After filtering the solutions, 5 and 10 wt.% of grafted silica
nanoparticles were added. The nanoparticles were dispersed by mechanically stirring
for 2 days and sonicating for 30 minutes. After that the solutions were cast onto glass
plates using a doctor blade with a 650 um gap. The coated plates were left in the
oven at 50 °C overnight and then cooled down to room temperature. The membranes
were then detached from the glass plates and dried in vacuum oven at 60 °C

overnight. The thickness of the resulting membranes was around 40 £ 5 pm.
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Figure 3.7 Fluorinated polyoxadiazole random copolymer membranes.

3.2 In-situ post-sulfonation of the functionalized filler

In order to attach sulfonic acid groups onto the telechelic chains grafted on the silica
nanoparticles, the composite membranes were subjected to a post-sulfonation
treatment, by soaking the membranes in 50 wt.% H,SO, at room temperature
overnight. After that, the residual acid was washed out by rinsing the membranes
with DI water and then immersing them in fresh DI water for 30 minutes. The washing
procedure was repeated several times, checking the wash water with pH paper
strips, until a pH ~7 was obtained. Finally, the membranes were dried at 60 °C

overnight in vacuum oven.

3.3 Membrane characterization results

3.3.1 Nafion® composites

The main function of the polymer electrolyte membrane in a fuel cell is proton
transport. In sulfonic acid based membranes, the proton conductivity depends on the
amount of accessible acid groups and their dissociation potential in water [41]. Thus,
ion exchange capacity and conductivity can provide insight into the ability of a

membrane to transport protons.
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Figure 3.8 lon exchange capacity of Nafion® composite membranes as a function of filler

content.

Figure 3.8 shows IEC values for the Nafion® composite membranes as a function of
filler content. For solvent-cast membranes, introducing 5 wt.% of silica nanoparticles
causes a reduction in the IEC: from 0.91 down to 0.80 meq g™ for neat silica, and a
slightly lower decrease for functionalized silica, down to 0.82 meq g™*. However, for
membranes containing 10 wt.% of functionalized filler, the IEC stabilizes, even
slightly increasing back from 0.81 to 0.84 meq g, as the sulfonic acid groups in the
oligomers compensate for the loss of sulfonated matrix. This is in contrast with 10
wt.% neat silica composites, for which the IEC continues to decrease down to 0.73
meq g™. Nevertheless, with a further increase in the loading of functionalized silica to
15 wt.%, the IEC drops down again, probably due to the agglomeration of filler
particles, which makes a large portion of the oligomer-bonded sulfonic acid groups

inaccessible.
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5 wt.%, solvent-cast 15 wt.%, solvent-cast

Figure 3.9 SEM micrographs of solvent-cast Nafion composite membranes containing 5, 10 and

15 wt.% functionalized silica.

As evidenced by the scanning electron microscopy (SEM) photographs in Figure 3.9
filler agglomeration in the solvent-cast membranes is already observable at 10 wt.%
loading, and significant at 15 wt.%. A similar trend is found for the extruded,
functionalized-silica composite membranes. IEC decreases to 0.85 meq g-1 for 5
wt.% loading, but stabilizes and slightly increases back to 0.88 meq g-1 for films with
10 wt.% filler content.

The through-plane conductivities of solvent-cast and extruded composite membranes
with increasing loadings are shown in Figure 3.10. For our solvent-cast pure Nafion®
membranes, the conductivity was around 56 mS cm-1. 5 wt.% loadings of neat and
functionalized silica reduce this value to 24 and 36 mS cm-1 respectively. For the 10
wt.% composites, the proton conductivity increases again to 49 mS cm-1 for

functionalized silica particles, but continues to drop for membranes with neat silica.

The dependency of conductivity values on filler type and content is similar to the
trend observed for IEC values. The presence of sulfonate groups on the ODF-
functionalized silica compensates for the loss of sulfonated polymer matrix [36].
Furthermore, the oxadiazole groups contain a basic nitrogen (-N=) which can
contribute to the charge transport by exchanging protons with sulfonic acid groups (-
SO3H) [15]. The decline in conductivity towards 15 wt.% grafted silica content can be
similarly explained by nanoparticle agglomeration, with the consequent loss of

sulfonate group accessibility.
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Figure 3.10 Proton conductivity of the Nafion® composite membranes as a function of filler

content.

The average IEC values for the ODF-silica composites prepared by solvent casting
are similar to the values for the extruded membranes. However, higher proton
conductivity values are observed for solvent-cast membranes when compared to
extruded membranes with the same filler content. A possible explanation is the better
dispersion achieved in the solvent-cast membranes, as shown by the SEM
micrographs in Figure 3.11. Solvent-cast membranes show a number of
macroaggregates, the largest of which tend to accumulate towards the bottom side of
the membrane. Nevertheless, a significant fraction of filler in still distributed in well-
dispersed very small aggregates. Conversely, extruded membranes present a large
number of evenly distributed medium-size agglomerates. While proton-exchange
groups in the core of moderately size agglomerates are still accessible for ion
exchange, and thus contribute to the global IEC of the membrane, only the groups on
the agglomerate surface, in intimate contact with the protogenic matrix, contribute

significantly to the proton conductivity of the composite.
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T
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Figure 3.11 SEM micrographs of 5 and 10 wt.% solvent-cast (above) and 5 and 10 wt.%
extruded (below) Nafion® composite membranes containing ODF-functionalized silica

nanoparticles.

For solvent-cast ODF-functionalized silica composites, water uptake drops from the
58% of pure Nafion® down to 35% for membranes containing 5 wt.% of filler. For
higher filler contents the water uptake slowly increases up to 42% for membranes
with 15 wt.% loading. While a similar trend is observed for the solvent-cast
composites containing neat-silica, the latter presents higher water uptakes at all
loadings (down to 43, and then up again to 50 and 57%, for composites with loadings

of 5, 10 and 15 wt.% respectively).
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Figure 3.12 Water uptake at room temperature and 100% RH for Nafion® and composite
membranes as a function of filler content. Figure 3.10 and Figure 3.11 show respectively the
evolution of water uptake and of thickness expansion, at room temperature and 100% RH, for

Nafion® composite membranes with increasing filler contents.

A probable explanation for the initial drop in water uptake is the reinforcement effect
of the particulate fillers. The nanoparticles act as physical crosslinks, significantly
reducing swelling. As filler aggregation increases for the composites with higher
loadings, the specific surface area of the fillers is reduced, and consequently the
interaction with the matrix is less effective. Additionally, the ODF-functionalized silica
particles contribute to the water uptake as they carry sulfonic acid groups. The drop

in water uptake is less marked in the extruded membranes, as agglomeration is
significant already at 5 wt.% loading.

Compared to the ODF-functionalized silica, the neat-silica particles have a lower
affinity for the perfluorinated matrix. This originates a lower initial decrease in water
uptake for the 5 wt.% neat-silica composites, and also in a faster increment in water

uptake at higher filler contents, as agglomeration increases, and the interaction with
the matrix is less efficient.
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Figure 3.13 Thickness expansion at room temperature and 100% RH for Nafion® and

composites as a function of filler content.

Analogously, for ODF-functionalized silica composites, both solvent-cast and
extruded, the thickness expansion (Figure 3.13) drops from ~85% for pure Nafion®,
down to ~35% for the membranes with 5wt.% filler content, and remains relatively
stable at higher contents. This is in agreement with a strong interaction between the
particles and the matrix. In contrast, for the neat-silica composites, with a weaker
matrix-particle interaction, the thickness expansion increases again at higher

loadings, as particle aggregation reduces the specific area of the fillers.

Thermogravimetric analysis curves for composite membranes studied in this work are
shown in Figure 3.14. The mass residues after each thermal decomposition step, as
well as the temperatures of the maxima of the derivative curves (DTG) for relevant

steps, are given in Table 3.1 for solvent-cast and extruded Nafion® composites.
An initial mass loss () in the range 25-180 °C (not shown in the figure), with a

derivative maximum around 120 °C, can be attributed to the elimination of adsorbed

water, most of which is adsorbed in the ionic clusters of the Nafion® matrix [84].
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Figure 3.14 TGA curves obtained for solvent-cast and extruded Nafion® composites studied in

this work. The derivative curves (DTG) are shown on the right side. See the text for a

description of the mass loss step nomenclature.

The second mass loss step (Il), in range of 300—400 °C, with DTG maximum in the

range 340-380 °C, corresponds to the partial loss of sulfonic acid groups [85,86].

A net tendency is observed for the composites, with a shift of the DTG maximum to

lower temperatures, as the content of grafted silica increases, probably due to

contribution from the degradation of filler particles. However, the total mass loss is

significantly lower in this step for the highly loaded composites. Three phenomena

may account for this effect: firstly, at high filler loadings, the amount of Nafion

®

sulfonic acid groups is lower due to the decreasing fraction of polymeric matrix in the
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composite. Secondly, while the matrix-bonded -SOzH groups might, as they
decompose, catalyze the degradation of the filler nanoparticles exposed to the
matrix, at high loadings, due to agglomeration, a significant amount of filler is
“protected” inside the agglomerates, and only contributes to mass loss at higher
temperatures. Finally, on average, the -SO3sH groups present higher thermal stability,
and decompose at higher temperatures, mainly due to the limitation on side chain
mobility caused by the dispersed ODF-SiO, nanopatrticles. A similar stability increase
in the matrix -SOsH groups was observed by Deng et al. [87] for Nafion® composites

containing in-situ generated, post-functionalized SiOs.

The third mass loss step (lll), ranging from 420 to 550 °C, consists of the complete
oxidative degradation of the C-O-C moieties along with the fluorocarbon backbone in
Nafion®, and of any remaining sulfonic acid groups [85,88]. The derivative of the
thermogram evidences two stages for this step, with maxima in the ranges 430-470
(Illa) and 480-520 (llIb). For the composites, these last steps also include the
degradation of the grafted oligomer backbone that is not in direct contact with the
Nafion® matrix, which occurs in two consecutive steps as well, with DTG maxima at
515 °C and 540 °C. The thermogravimetric analysis curve for the pure non-
sulfonated ODF oligomer is shown in Figure 3.15.

ODF, non sulfonated
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Figure 3.15 TGA curve (solid line) and its derivative (dotted line) for the non-sulfonated ODF

oligomer.
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Table 3.1 Mass loss for each of the three main steps in the thermograms of Nafion® ODF-Silica

composite membranes.

Mass loss / %

Temperatures of DTG

Membranes maxima / °C
I Il 1l Il 1l

Cast Nafion® 0.58 25.30 69.60 380.4 455.9
Cast Nafion®, 5% ODF-SiO, 0.50 2428 70.22 370.2 463.4
Cast Nafion®, 10% ODF-SiO, 2.84 13.04 80.93 348.9  439.7; 493.2
Cast Nafion®, 15% ODF-SiO, 2.77 10.07 84.23 344.4  432.8; 460.2
Extruded Nafion®, 5%0DF-SiO,  2.50 11.87 83.38 341.8 484.8
Extruded Nafion®,

2.50 9.35 86.21 334.9 503.7

10%ODF-SiO,

Infrared analysis of the gases evolved during thermal decomposition provides further

information regarding the effect of the ODF-SiO, particles on the structure and

thermal stability of Nafion®. For solvent-cast pure Nafion®, telechelic oligomer ODF

(post-sulfonated ex-situ with the same protocol applied to the composites and

described earlier), and for the solvent-cast composite with 10 wt.% ODF-SiO,, a

series of FTIR spectra were obtained, at constant temperature intervals, from the

volatile products generated during thermogravimetric runs in inert atmosphere. The

thermograms were carried out on dry membranes, with an initial 15 min isotherm at

110 °C performed in order to further eliminate adsorbed water. Figure 3.16 shows the
resulting spectra at 335, 440, 485 and 530 °C.

52



Membrane fabrication and characterization

Cast, 10% ODF-Si02 [®) o NS
o Cast, Nafion® 7o) o ; S
_ -~ ODF o) : §
© z £
— 50- o
Q 1 O
2 e 5
] LSRN LR
§ 30 o 2
— ) (@]
O 20. h 0
8 | TN : b o)
< 10] | <

S

Absorbance/a. u. g"
Absorbance/a. u. g"

-t
1

4doo'3o'oo'2000'1900 4000300020001(1)00
Wavenumber / cm’ Wavenumber / cm’

Figure 3.16 Infrared spectra of the volatile thermal decomposition products at 335, 440, 485
and 530 °C, for solvent-cast pure Nafion®, telechelic oligomer ODF, and the solvent-cast
composite with 10% ODF-SiO,. The vertical lines mark the wavenumbers 1022 (SiF,), 1230
(RCF2R’), 1330 (SO,) and 4040 cm™ (HF). The spectra in each plot are depicted to the same

scale, but vertically displaced to facilitate comparison.

For both pure cast Nafion® and its composite, the most significant absorption bands
correspond to SO, (1330 cm™), and SiF4/CF;CFCF, (1022 cm™) in agreement with
previous observations on SiO,-Nafion® composites [87]. Both decompose to give
gaseous mixtures with medium to strong absorptions for CO, (2320-2360 cm™) and
substituted carbonyl fluorides (RC(=O)F) (1960, 1930, 1880 cm™) as well as a broad
complex band in the range 1100-1300 cm™, corresponding to CF, stretching
absorptions in several fluorinated degradation products. A further band at 1790 cm™,

attributed to -CF,CF,- [87], is also present at high temperatures.
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A hydrogen fluoride (HF) band with rotational structure centered around ~3900 cm™
is already present at 335 °C for Nafion® and its composite, but only observable
beyond 450 °C for the pure ODF oligomer. At higher temperatures, pure ODF
displays very clear bands at 1500, 1600, 1735 cm™, which can be attributed to phenyl
isocyanates (PhNC) and phenyl nitriles (PhCN), previously reported in the
degradation of aryl oxadiazoles [89] and of other polyoxadiazole-based polymers
[90]. The high-temperature degradation of ODF also yields gaseous fluorinated

hydrocarbons with absorptions peaks in the range 1000-1300 cm™.

The evolution profiles for different thermal decomposition products can be obtained
by plotting the absorbance (normalized by the residual solid sample mass at each
point) as a function of temperature, for absorptions at relevant infrared frequencies.
Figure 3.17 shows the decomposition profiles at wavenumbers 1022, 1230, 1330 and
4040 cm™, indicatives of the evolution of SiF4/CF3;CFCF,, RCF;R’, SO, and HF

respectively.
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Figure 3.17 Thermal decomposition profiles at wavenumbers 1022 (SiF,), 1230 (RCF2R’), 1330
(SO,) and 4040 cm™ (HF), for solvent-cast pure Nafion®, telechelic oligomer ODF, and the
solvent-cast composite with 10% ODF-SiO,. The vertical lines mark the temperatures 355, 440,

485 and 530°C, for which the full spectra are shown elsewhere in this thesis.
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Wilkie et al. [91] proposed a degradation mechanism for Nafion® involving an initial
cleavage of the C-S bond, resulting in a carbon-based radical and a SO3H radical.
The latter breaks down into SO, and an OH radical, while the former suffers further
degradation. In agreement with observations by Deng et al. [92] for sol-gel
synthesized SiO,-Nafion® composites, the highest SO, profile is obtained for pure
Nafion®, as expected from the greater content of sulfonic acid groups. For both
Nafion® and its composite, the profile for SO, corresponds directly with the
thermogram derivative peaks from two broad peaks are clearly distinguishable,
confirming the presence of -SOzH groups in at least two different chemical
environments. The first peak, with a maximum around 365°C, can be modelled by a
single Gaussian distribution function. It can be assigned to the -SOsH in the dry
Nafion® matrix. Sulfonic acid groups associated in clusters, are stabilized by strong
interactions, and would start to decompose at higher temperatures, explaining the
further complex peak in the SO, evolution profile. For the composite, reduced
mobility due to the presence of nanopatrticles is also a stabilizing factor, and allows a
fraction of the matrix sulfonic acid groups to tolerate higher temperatures, and thus

contribute to the second SO, evolution peak.

SiF, is produced by reaction between the evolved HF, and SiO, present in the filler
nanoparticles (4 HF + SiO, - SiF, + 2 H,0) [92]. Wilkie et al. assigned the
absorption band at 1022 (1030) cm™ to SiF,. For the decomposition products of pure
Nafion®, they attributed this band to the quartz walls of their TGA sample tube. While
our setup contains no quartz parts, we nevertheless observed this absorption during
the decomposition of pure Nafion® samples. Hexafluoropropene (CF3-CF=CF2),
which also absorbs strongly at this wavelength [93], was proposed as a thermal
degradation product by Samms et al. [94]. It is generated through an anionic
decomposition mechanism, and its presence points to concurrent radical and anionic
mechanisms in the thermal decomposition of Nafion®. Starting towards 500 °C, the
degradation products of the ODF oligomer show a strong absorption band at this

wavelength as well.

As shown in Figure 3.15, both for Nafion® and its composite, there are two main

SiF4/CF3;CFCF; and HF evolution steps, corresponding to the TGA degradation steps

55



Membrane fabrication and characterization

Il and Ill. This behaviour, parallel to the SO, evolution, indicates that the sulfonic acid
group degradation is always accompanied by some backbone degradation. This is
corroborated by the close similarity between the SO, and the RCF;R’ evolution
profiles. The HF profile corresponds to the portion of hydrogen fluoride that has not
reacted with SiO, in the system. Consequently, there is a “delay” between the two
profiles, with the SiO, being evidenced at lower temperatures, as initially all
generated HF reacts before it can be detected. The presence of silicon oxide
available for reaction in the composite membrane results in both an earlier start and a
much higher magnitude for each of the decomposition steps, in comparison to pure
Nafion®. At even higher temperatures, the decomposition of the oligomer “shells”
results in a clear second maximum at 530 °C for the composite’s SiF4;/CF;CFCF;

evolution profile.

Figure 3.18 shows differential scanning calorimetry results for the dry composites. A
first run, not shown in the figure, was carried out from room temperature to 150 °C at
a heating rate of 10 °C min™, in order to eliminate adsorbed water and to impose a
similar thermal history across all samples. Subsequently, the sample was cooled
down to -150 °C at 30 °C min?, and finally a second run at 10 °C min* was
performed up to 280 °C.
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Figure 3.18 DSC curves (2nd run) for solvent-cast and extruded Nafion® composites studied in
this work, obtained from -135 to 260 °C at 10 °C min™. The first run from room temperature to

150 °C is not shown.
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A weak transition (not shown in the figure) is observable around -110 °C for the pure
cast Nafion® membrane. Corti et al. [84] have assigned this transition to the gamma
relaxation observed in dynamic mechanical studies [95], attributed to motion of the
Nafion® backbone. This transition is almost undetectable in the composite
membranes, as would be expected from reduced matrix mobility caused by the highly

dispersed ODF-SiO, nanopatrticles.

For all our samples, the first heating up to 150 °C was enough to eliminate most of
the freezable water, resulting in the absence of any significant water melting peak
[96, 97] around O °C. In the case of pure cast Nafion®, the pre-heating run was also
sufficient to eliminate all water trapped in the ionic clusters (non-freezable water), as
evidenced by the absence of a peak [84] in the range 100-200 °C, in the second run.
The enhanced water-retention in the composite membranes is substantiated by the
endothermic peak at temperatures above 100 °C also in the second run. Increasing
the amount of ODF-SiO filler results both in an increased area and a shift to higher
temperatures in this peak, in agreement with the observations of Chen et al. [55] for
silica-Nafion® composites. Mathematical decomposition of this peak reveals two
Gaussian components: if the lower temperature component (la) can be assigned to
the ionic cluster-bonded water in Nafion®, then the higher temperature component
(Ib) probably arises from water more strongly retained by the filler particles. Table 3.2

shows the peak temperatures for the Gaussian components of this desorption peak.
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Table 3.2 Peak temperatures for the Gaussian components of the DSC desorption peak (2"
run) observed in the range 100-200 °C.

Membranes Peak Temp./°C
la Ib
Cast Nafion® 0 0
Cast Nafion®, 5% ODF-SiO, 121 148
Cast Nafion®, 10% ODF-SiO, 161 185
Cast Nafion®, 15% ODF-SiO, 165 187
Extr. Nafion®, 5% ODF-SiO 130 152
Extr. Nafion®, 10% ODF-SiO, 161 191

3.3.2 Poly(arylene ether 1, 3, 4-oxadiazole) composite membranes

Poly(arylene ether 1,3,4-oxadiazole) membranes must be post-sulfonated, in order to
attach to their backbone the sulfonic acid groups, which will be the main contributors
to proton conductivity. An attempt at sulfonation using concentrated sulfuric acid
resulted in redisolution of the composite membranes. The very mild sulfonation
conditions of 50 wt.% sulfuric acid at room temperature for 2 days resulted in
sulfonated membranes with in-plane conductivity around 1.4 mS cm-1, which is not
practical for fuel cell appication. Finally, relatively good conductivity values were
obtained by rising the temperature of the sulfonation reaction to 80 °C while still using
50 wt.% sulfuric acid. The resulting conductivity was studied as a function of time in
order to further optimize the sulfonation conditions. Table 3.3 shows the influence of
sulfonation time on the membranes’ IEC, water uptake and conductivity. Each
membrane property was measured every one hour for the first 7 hours, and one final
time on the following morning. We found that IEC and in-plane conductivity of the
sulfonated membranes was enhanced by increasing sulfonation time. The samples
that were sulfonated overnight presented slightly higher IEC values, but resulted in
membranes too brittle for proton conductivity and water uptake to be measured. This
can be explained by degradation of the polymer chains (with the resulting reduction
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of molecular weight) due to acid-catalyzed cleavage of the diphenyl ether functions
[90]. Consequently the sulfonation in 50 wt.% sulfuric acid at 80 °C for 7 hours is an
optimal post-sulfonation condition set, conveying the poly(arylene ether 1,3,4-
oxadiazole) membranes acceptable conductivity without significantly compromising

their mechanical stability.

In an effort to increase the physical stability of the poly(arylene ether 1,3,4-
oxadiazole) membranes without losing the proton conductivity, nanocomposites were
prepared containing silica particles functionalized with oxadiazole telechelics. The
optimum post-sulfonation conditions from the previous experiment were used on the
composite membranes. The results are shown in Table 3.4. The nanocomposite
membranes prepared with 10 wt.% functionalized silica presented higher proton
conductivity than the plain membrane, in agreement with previous work carried out by
the group of S. P. Nunes, when functionalized silica was added to
poly(hexafluoropropane-1,3,4-oxadiazole) [44] and sulfonated PEEK [14]. This effect
can be patrtially attributed to the amphoteric character of the sulfonated oxadiazole
oligomeric parts containing both sulfonic acid groups and basic nitrogen sites. The
pyridine-like nitrogen sites near sulfonic groups can be seen as additional points for
proton hopping. Nevertheless, the IEC of the sulfonated polymer composites was still
very low considering that for PEM fuel cell application the target proton conductivity is

around 0.1 S cm-1.
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Table 3.3 IEC, in-plane conductivity and water uptake of poly(arylene ether 1,3,4-oxadiazole)

membranes as a function of sulfonation time using 50 wt.%, sulfuric acid at 80 °C.

Membrane characterization

Time (hours)

IEC (mmol/g) Conductivity(mS/cm)  Water uptake (%)

1 0.242

2 0.239

3 0.236
4.5 0.210

6 0.308

7 0.409
overnight 0.507

3.04

2.72

2.49

5.06

8.83

9.92

6.2

5.2

9.1

12.9

19.3

20.4

* Cannot be characterized since the obtained membranes are too brittle.

Table 3.4 IEC, in-plane conductivity and water uptake of polyoxadiazole membranes sulfonated

in 50 wt.% sulfuric acid at 80 °C for 7 hours.

Amount of filler In-plane conductivity IEC Water uptake
(%) (mS cm-1) (mmolg-1) (%)
0 7.88 0.358 22.91
5 6.10 0.344 21.24
10 9.12 0.361 22.50
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5% FSi_POD

10% FSi_POD

Figure 3.20 SEM micrographs of poly(arylene ether 1,3,4-oxadiazole) composite membranes

containing 5 and 10 wt.% of ODF-silica.

The SEM micrographs (cryofracture) of composite membranes shown in Figure 3.20
reveal a tendency of the functionalzed silica particles to segregate from the polymer
matrix, similarly to what has been observed on composites with perfluorinated
oxadiazole [44]. The result is a sponge-like structure with closed cells containing
silica aggregates. This microstructure results from the high hydrophobicity of the
polymer prior to post-sulfonation, and may explain the relatively modest improvement
in transport properties provided by the nanopatrticles: as the inclusion network is

mostly discontinuous, transport must still rely on percolation across the matrix.

The thermal stability of poly(arylene ether 1,3,4-oxadiazole) composite membranes
was determined by TGA (Figure 3.21). The first mass loss, in the temperature range
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of 50-200 °C corresponds to sorpted water and residual solvent (DMAc, b.p. 164-166
°C [81]). This step is more significant for the composites, as expected from the
increase in water uptake afforded by the hydrophilic inclusions. The second (and
third) mass loss steps in the range 400-600 °C result from the partial loss of sulfonic
groups [85] and the degradation of the oxadiazole [99] backbone. The appearance of
a second DTG maximum starting at slightly lower temperatures is also observed for
these composites, as in the case of Nafion® composite membranes described in the
previous sections. The mass loss values for all these decomposition steps are given
in Table 3.5.

Table 3.5 Decomposition patterns and Tg of polyoxadiazole composite membranes.

Mass change (%)

Membranes Tg
I Il 1l
POD 1.87 46.07 - 201
5% ODF_SiO2 POD 3.90 15.05 32.10 211
10% ODF_SiO2 POD 3.00 53.32 - 245
15% ODF_SiO2 POD 3.12 15.11 31.01 -

As in the case of Nafion® composites described previously, DSC thermograms of
these composites evidence reduced chain mobility compared to the pristine polymer.
Indeed, the Tg transitions of the composites are both broader and shifted to high
temperatures (Tg~201 °C for the pure polymer, and ~211 and ~245 °C for the 5 and

10 wt.% composites respectively).
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Figure 3.21 TGA and DSC results obtained for poly(arylene ether 1,3,4-oxadiazole composite

membranes showing thermal degradation and glass transiton temperatures.

3.3.3 Fluorinated polyoxadiazole random copolymers composites

For the fluorinated polyoxadiazole random copolymers, composite membranes were

prepared with ODF-silica loadings of 5 and 10 wt.%. In this section, the random

copolymers with ratios of 2-(diphenyl ether)-1,3,4-oxadiazole (ODBA) to 2-[4,4'-

(Hexafluoroisopropylidene)diphenyl]-1,3,4-oxadiazole (FDBA) equal to 0.5, 1.0, 2.0

and 3.0 will
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PODOCcoF-D respectively. Analogously, PODOcoF-AS, PODOcoF-BS, PODOcoF-CS
and PODOcoF-DS denote the corresponding sulfonated copolymer membranes.
These membranes were characterized in the same manner as the composite
membrane systems described in the previous sections. Figure 3.22 shows the
experimental data from water uptake measurements. As expected, membranes with
a higher ODBA ratio show higher water uptake. This is because the sulfonation
reaction can only modify the diphenylether moieties in the ODBA repeating units.
These units posess a deactivating oxadiazole (OD) ring, but also an ether bond,
which allows a sulfonation attack on the benzene rings attached to it. The FDBA unit
is completely deactivated, due to both the OD ring and the perfluorinated isopropyl,
and thus does not react under normal sulfonation conditions. Furthermore, the water
uptake of the DS membranes could not be measured, as the extensive sulfonation

results in excessive swelling and ultimately dissolution in water.

For highly sulfonated copolymers (ODBA:FDBA > 1), the introduction of ODF-silica
particles mitigates the swelling considerably, with a more significant effect obtained
for the membranes with 10 wt.% loading. Nevertheless, the effect of the inclusions is
not strong enough to prevent the dissolution of membranes prepared with the
PODOcoF-DS.
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Figure 3.22 Water uptake of membranes fluorinated polyoxadiazole random copolymers and

composites as a function of ODBA:FDBA ratio.
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IEC characterization of these random copolymers and composite membranes are
shown in Figure 3.23. The IEC values of sulfonated membranes are comparable to
those of Nafion® composites (however, due to their excessive swelling, the
mechanical stability of these polymers in is much lower). For the copolymers with
high sulfonic group content, the IEC of both 5 and 10 wt.% composites is lower than
that of the pure copolymer. This indicates that the reduction in swelling described
above must be to a certain extent due to the partial elimination of sulfonated
copolymer matrix. As observed for the Nafion® composites, there is no significant
difference in IEC between the membranes loaded with 5 and 10 wt.% ODF-silica, due
to compensating effect of the exchange groups introduced with the functionalized
particles.

The proton conductivity values (Figure 3.24) for these membranes follow the
behaviour observed for the IEC. The compensation provided by the ODF-particle
“shells” means the decrease in conductivity for the composites is negligible (the 5
wt.% is even slightly higher than for the pure polymer). The values for these
copolymers and their composites, while higher than those of poly(arylene ether 1,3,4-
oxadiazole) discussed previously, are still about one order of magnitude below those
of Nafion®-based membranes.
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Figure 3.23 IEC of fluorinated polyoxadiazole random copolymers and composites as a function
of ODBA:FDBA ratio.
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Figure 3.24 Conductivity of fluorinated polyoxadiazole random copolymers and composites as a
function of ODBA:FDBA ratio.

The morphology of the sulfonated composite membranes is shown in the SEM
micrographs (cryofracture) in Figure 3.25. The PODOcoF-AS, being the less
sulfonated (more hydrophobic) of the series, shows a certain degree of segregation,
similar to what was observed for poly(arylene ether 1,3,4-oxadiazole). As we
increase the sulfonation degree, this phenomenon becomes less significant and
finally nonexistent for the highly sulfonated PODOcoF-CS membranes. As observed
for Nafion® composites, macroaggregates are already present at 5 wt.% loading, and

their number is more significant for the 10 wt.% membranes.
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2

5% ODF_Si02_AS 5% ODF Si02 BS

10% ODF_Si02_BS

Figure 3.25 SEM micrographs of random copolymer composite membranes of increasing
sulfonation degree (AS, BS and DS) containing 5 and 10 wt.% ODF-silica.

In the thermogravimetric analysis data shown in Figure 3.27, the amount of sorpted
water eliminated in the first mass loss (50-150 °C) is directly related to the fraction of
sulfonatble moieties, due to the more hydrophilic nature of the diphenylether unit, and
to a small number of sulfonic groups introduced during the synthesis [12]. The post
sulfonated copolymers also follow this trend, but display more significant mass loss
steps, as expected from their enhanced water-uptake. Similarly, for the composites,
increased content of functionalized silica results in greater mass loss in this region,

as can be seen for the case of PODOcoF- AS in Figure 3.27.

The gradual mass loss in the range 170-320 °C (denoted Il in Figure 3.27) can be
assigned to partial degradation of diphenylether-bonded sulfonic groups, probably
accompanied by elimination of residual casting solvent. Most of the copolymer
backbone is finally lost in the third degradation step in the range 450-650°C, starting
with the breaking of the diphenyl ether bond [90]. This bond breaking might be
catalyzed by the filler particles, as evidenced by the shift towards lower temperatures
(2~5 °C) of the third mass loss step for the composites. The addition of 5 wt.% of
functionalized filler does not have a significant effect on the second mass loss step.
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The decomposition patterns of fluorinated polyoxadiazole random copolymers and

their composite membranes are shown in Table 3.6.

Table 3.6 Decomposition patterns of fluorinated polyoxadiazole random copolymers and their

composite membranes.

Mass change (%)

Membrane I I 1 v Tg
PODOcoF-A 1.00 9.32 49.42 2374
PODOcoF-B 1.45 10.56 45.71 234.2
PODOcoF-C 452 11.72 39.17 225.0
PODOcoF-D 3.30 10.88 40.95 208.5
PODOcoF-AS 1.97 13.04 38.93 240.0
PODOcoF-BS 3.67 11.04 37.22 13.24 230.0

PODOcoF-CS 4.51 6.87 31.77 14.01 195.0
5% PODOcoF-AS 2.98 11.61 44.61 - 2414
5% PODOcoF-BS 3.89 12.52 41.09 235
5% PODOcoF-CS 6.52 6.61 42.14 218.4
5% PODOcoF-DS 8.88 30.33 16.98 *
10% PODOCcoF-AS 3.95 11.62 43.72 278.2
10% PODOcoF-BS 8.00 5.92 39.91 317.5
10% PODOcoF-DS 10.52 27.92 15.62 *

* Membrane dissolved.
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Figure 3.26 Thermogravimetric analysis of random oxadiazole copolymers before (above) and

after post-sulfonation (below).
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Figure 3.27 Thermogravimetric analysis of AS and its composites with ODF-SiO2.

The DSC thermograms in Figure 3.28 were obtained after a first run up to 120°C was
carried out in order to eliminate adsorbed water. Glass transitions are observed for
these copolymers in the range 200-300 °C. With the addition of ODF-Silica, these
transitions move to higher temperatures, and become fainter due to the reduced
chain mobility, in agreement with the observations on Nafion® composites in the
previous section. The shift towards higher temperatures is proportional to the filler

content (see Table 3.6).

Dynamic mechanical analysis of these membranes was performed in the range
40-200°C. Figure 3.29 shows the plot of E’ (storage modulus) and E” (loss modulus)
versus temperature for AS and its composites. For temperatures between 40 and
100°C, the E’ and E” are relatively constant and in the range 2.5-3.5 GPa in
agreement with reports for polyoxadiazoles with similar structure [100]. For the pure
copolymer, a dramatic drop in storage modulus in is observed in the range 90-200
°C. The possible causes for this are the increased proton-transport, which might
induce backbone mobility as in the case of Nafion, and the loss of adsorbed water
and its plasticizing effect. This drop is efficiently mitigated with the addition of
functionalized silica filler, due to both physical cross-linking, and better water

retention.
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Figure 3.28 DSC thermograms of random oxadiazole copolymers and composite membranes.
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Figure 3.29 Dynamic mechanical analysis of AS copolymer and its composites.
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3.4 Summary

A series of Nafion®-functionalized silica composite membranes were prepared by
solvent casting and melt extrusion processes, and their properties relevant to fuel cell
application were thoroughly characterized. It was found that the inclusion of
nanoparticles proved beneficial, mainly due to a reinforcement effect and an
improvement in water retention. Moreover, due to their higher affinity for the matrix,
the functionalized nanoparticles perform better than the pristine silica particles. For
the same filler loading, better nanoparticle dispersion was achieved for solvent-cast
membranes, which in turn results in higher proton conductivity. The composite
membranes showed excellent thermal stability, allowing for PEM fuel cell operation at

temperatures higher than pure Nafion®.

Furthermore poly(arylene ether 1,3,4-oxadiazole) and fluorinated polyoxadiazole
random copolymer composite membranes with functionalized silica were also
prepared and characterized. The inclusion of functionalized silica was shown to
improve the mechanical stability of these membranes without significantly losing IEC
or proton conductivity. Nevertheless, their proton conductivity values were low when

compared to current commercially available polymer electrolyte membranes.
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Chapter 4. Fuel cell performance

evaluation

In this chapter we discuss the fuel cell performance measured on single cells
assembled using polymer electrolyte membranes prepared and characterized in the
previous chapter. Additionally, the hydrogen crossover measured in operation
conditions is discussed, as it is an important parameter to assess the viability of

polymer membranes for practical application to fuel cells.

4.1 Characterization methods

4.1.1 Membrane electrode assembly and fuel cell testing

The gas diffusion electrodes (GDEs) were prepared by auto-spraying a
homogeneous catalyst ink, consisting of carbon powder-supported platinum (Pt),
Nafion® solution, and iso-propanol, onto a gas diffusion layer (GDL). The GDL
consists of PTFE-treated carbon paper (SGL-24BC), impregnated with a PTFE and
carbon black microporous layer (MPL). The total Pt loading for both anode and
cathode was 0.4 mg Pt cm™. The total Nafion® loading in the catalyst layer (CL) was
30 wt.%. The 5 cm? area membrane electrode assemblies (MEAs) were prepared by
hot pressing the anode GDE, Nafion® composite membrane, and the cathode GDE
together at 135 °C at ~4 MPa for 3 minutes. Then the MEA was cooled down under
constant pressure to 30 °C for 5 minutes. Both bipolar plates had identical serpentine
flow fields with a nominal area of 5 cm?. The depth and width of the channels and the

width of the ribs on the flow fields were all 0.84 mm.

The MEAs were characterized in a Teledyne 125 W test station under atmospheric
pressure, with relative humidity (RH) ranging from 34 to 100%. Before the test, the

cell was conditioned by drawing current at 0.6 V for 12 hours, in order to activate the
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electrochemical reaction sites in the catalyst layers of both anode and cathode.
Afterwards, polarization data were collected as a function of RH, by varying the cell
temperature, and keeping the saturator temperature constant at 64 °C. The resulting

temperature-humidity pairs are shown in Table 4.1.

Figure 4.1 Photograph of an MEA (left) with the corresponding gaskets. The pressure sensitive

film used to verify the cell assembly is shown on the right side of the picture.

& ‘ 2 & \ iz
Figure 4.2 Photograph of the Teledyne 125 W fuel cell test station used in this work.

75



Fuel cell performance evaluation

Table 4.1 Cell temperatures/relative humidity pairs in the fuel cell test protocol followed in this

work.
Cell temperature /°C Relative Humidity / %
64 100
68 84
72 70
75 62
80 50
85 41
90 34

Cell voltage and cell resistance were recorded as a function of RH under a 1 A cm™

current density, after 1 hour stabilization at the same load. The gas streams of pure
H, and O, were controlled by their respective mass flow controllers and the flow rates
were kept at 0.2 L min™ (at standard conditions of 1 atm and 25 °C). Before H, and
O, were fed into the anode and cathode, they were humidified by passing through

their corresponding humidifiers at 64 °C.

4.1.2 Hydrogen crossover measurement

In order to measure the H, crossover, an MEA was assembled into a cell and
conditioned for 12 hours under load at 0.6 V and 100% RH. After that the load was
removed, and a humidified N, stream at 1 L min™ was applied to the cathode side to
purge any oxygen traces. Once a stable cell voltage was obtained (~0.1 V), the N,
flow rate was changed back to 0.2 L min™. Then a Solartron 1287 potentiostat was
connected to the fuel cell, with the working electrode probe joined to the cathode,
and the counter/reference electrode probes connected to the anode. CorrWare
software was used to apply four potential steps in the range 0.2-0.5 V, and record
the corresponding current values after stabilization (about 15 min). In this potential
range, all H, that has crossed over from the anode to the cathode should be
76



Fuel cell performance evaluation

completely oxidized, giving a current indicative of the amount of H, that has crossed
over. The reported crossover value is obtained from extrapolation to open circuit
potential [9].

4.2 Characterization results

4.2.1 Fuel cell performance and hydrogen crossover of Nafion®

composites

Figure 4.3 and Figure 4.4 shows typical fuel cell polarization curves of single cells
with solvent-cast and extruded 5 and 10 wt.% ODF-Silica Nafion® composite
membranes. Fuel cell performance of both extruded and solvent cast composite
membranes decreases with decreasing the relative humidity.

The highest power densities achieved for 5 wt.% and 10 wt.% solvent-cast films are
0.97, 1.05 W cm respectively, while for 5 and 10 wt.% extruded, the highest values
are 0.88 and 0.84 W cm™ respectively. The power density for all the membranes
decreased significantly as the humidity was lowered to 34%. The humidity affects not
only membrane conductivity, but also reactant (O, and H)) partial pressures, and

consequently the fuel cell reaction thermodynamics and kinetics [70].

Better performance is observed for solvent cast composite membranes, compared to
extruded composites with the same functionalized filler loading. This behaviour can
be correlated to the evolution in conductivity values, and probably explained by
unavailability, under fuel cell operating conditions, of filler-grafted exchange functions
for membranes with poor dispersion. For the extruded composite membranes the
performance peaks at 5 wt.% loading. For the solvent cast composites, where
agglomeration is less significant, the performance continues to improve towards 10
wt.% loading.

77



Fuel cell performance evaluation

Cast, 5% ODF-SIO,

[ 1.0

,.
o
[os]

Cell Voltage / V
-
(0]
Power Density / Wcm

000 07/ 150 225 300
Current Density / A cm?
Cast, 10% ODF-SIO,

,.
o
[o]

Cell Voltage / V
-
(0]
Power Density / Wecm’

000 o/ 15 225 300
Current Density / Acm

—e— 100% RH (64°C), --o-- 84% RH (68°C), —&— 70% RH (72°C), v 62% RH (75°C),

—6— 50% RH (80°C), —=— 41% RH (85°C). - +- 34% RH (90°C)

Figure 4.3 Fuel cell performance of 5 and 10 wt.% ODF-SiO, solvent-cast Nafion® composites
at different temperature and relative humidity values. For each plot, abscissa is current density
in A cm, right ordinate is power density in W cm™, and left ordinate is cell voltage in V.

Figure 4.5 and Figure 4.6 show respectively the fuel cell resistance and voltage
values for cells assembled with Nafion® and composite membranes, after 1 hour of
operation at 1 A cm™? The cell resistance comprises the contributions from the
membrane, the electrodes and the membrane-electrode interfaces, as well as the
terminal connections. In order to achieve high fuel cell performance, the cell

resistance must be as low as possible.
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Figure 4.4 Fuel cell performance of 5 and 10 wt.% ODF-SiO, extruded Nafion® composites at
different temperature and relative humidity values. For each plot, abscissa is current density in

Acm? right ordinate is power density in W cm?, and left ordinate is cell voltage in V.

The cell voltage is related to the resistance by Ohm'’s law, a lower resistance giving a
higher cell voltage and consequently a higher power density for a given current
density. For both extruded and cast membranes, cell resistance is diminished by the
addition of fillers: even the solvent-cast membrane containing 5 wt. % of non
functionalized silica shows lower resistance (higher voltage) values than pure cast
Nafion®. A reduced thickness expansion due to reinforcement is most likely the main
reason behind this improvement. This beneficial effect is however counteracted at
high loadings, as the loss of sulfonated matrix becomes more significant. The lowest
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case of solvent cast membranes.

Fuel cell performance evaluation

resistances (highest voltages) are obtained for 10 wt. % ODF-silica loadings; in the
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Figure 4.5 Fuel cell resistance at 1 A cm?, for extruded and solvent-cast Nafion® and

composite membranes at increasing relative humidity.

For extruded membranes, the optimal composition is 5 wt. %, due to the previously

mentioned difference in filler dispersion within the matrix.

Figure 4.7 shows the hydrogen crossover for the composite membranes in the

relative humidity range 34-100 %. A slight decrease is observed at high RH values

(lower temperature), due mainly to the corresponding temperature reduction in our

test conditions, as expected from reports in the literature relating crossover to cell

temperature [68,101].
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The measured hydrogen crossover was higher for all composite membranes than for
pure Nafion®, though the crossover values for composites with different loadings
were not significantly different. Cong et al. [103] have proposed the existence of
porosity at the particle-matrix interface to explain the permeability increase in silica-
polymer composites. In our case, this would result in reduced crossover for
membranes with higher loadings, due to the diminished particle-matrix interface area.
However, as agglomeration increases, the intra-aggregate porosity might
compensate for this effect, resulting in similar permeabilities for composites with high
and low particle contents (Figure 4.8). An improved compatibilizing agent would be
required for better affinity between the particles and the matrix, which in turn would
decrease both interfacial porosity and agglomeration, thus reducing hydrogen

crossover.
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Figure 4.6 Fuel cell voltage at 1 A cm™, for extruded and solvent-cast Nafion® and composite

membranes at increasing relative humidity.
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Figure 4.7 Hydrogen crossover for extruded and solvent-cast Nafion® and composite

membranes at increasing relative humidity.

A higher hydrogen crossover was observed

for extruded composite membranes. For

example at 100% RH the hydrogen crossover of solvent-cast 5 wt.% ODF-silica

composite membranes was 5 mA cm™ while that of extruded membranes was 6 mA

cm™. Nevertheless, the crossover increase

from the pure polymer to the composite

membranes was similar for cast and extruded films (around 3—4 mA cm™).
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Figure 4.8 Porosity at the particle-matrix interface could explain the permeability increase in

silica-polymer composites.

4.2.2 Fuel cell performance evaluation of fluorinated polyoxadiazole

random copolymer membranes

In the case of aromatic hydrocarbon polymer membranes, the catalyst-coated
membrane method (CCM [102]) was used for the manufacture of membrane
electrode assemblies (MEAs). An isopropanol-based ink composed of carbon
supported catalyst (46.4 wt% Pt/C) and Nafion® ionomer (30 wt.%) was
spray-deposited directly on both sides of proton conducting membranes (the total Pt
loading for both anode and cathode was 0.4 mg Pt cm®). Subsequently the
membrane was sandwiched between GDLs. The CCM process was chosen since it
provides better adhesion between polymer membrane and catalyst layer in the case

of high melting point aromatic hydrocarbon polymers [104].

One issue with the sulfonated oxadiazole random copolymer membranes prepared
was their poor dimensional stability: they would swell excessively in high humidity
conditions. The swelling was more dramatic for the membranes with the highest
ODBA:FDBA ratio (highest sulfonic group content). Thus only PODOcoF-AS
(ODBA:FDBA=0.5) showed enough dimensional stability for MEA manufacture.

Accordingly, we prepared a catalyst-coated membrane from PODOcoF-AS polymer
and assembled this MEA into a single cell in order to evaluate the viability of this

polymer electrolyte membrane for practical PEMFCs. Unfortunately, in dry conditions,
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this polymer has the poorest mechanical properties of the series, becoming very
brittle. The testing thus was first carried out at 100% relative humidity to avoid
degradation. Before the test, the cell conditioning to activate the catalyst layer was
also carried out at 100% RH. Figure 4.9 shows a typical fuel cell polarization curve of

a single cell with PODOcoF-AS sulfonated fluorinated oxadiazole random copolymer

membrane.
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Figure 4.9 Polarization curve for PODOcoF-AS at 100 RH after 10 hours conditioning.

The highest power densitiy achieved at 0.5 volts was 7.5 mW cm™, at 100% relative
humidity. We found that by increasing the conditioning time from 1 to 6 and 10 hours
the power density increased from 1.0 to 4.0 and 7.5 mW cm™ at 0.25, 0.44 and 0.50
volts, respectively. However this power density is still rather low for practical fuel cell
application. Furthermore, when we keep running the fuel cell station at a load giving
initially 0.6 Volts, the operating cell voltage was stable only for 24 hours. Afterwards,
the measured hydrogen crossover was 20.0 mA cm™. This value is rather high, and
points to fracturing and pinhole formation in the membrane during fuel cell operation.
The deficient fuel cell performance can be explained by the low conductivity of this
membrane. The durability issue, however, is more probably related to poor

dimensional stability, due to local humidity variations during fuel cell operation.

In a previous study by Gomes et al. [44] on fluorinated oxadiazole homopolymers

(containing no sulfonic groups), phosphoric acid doping was found to give good
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conductivity to solvent-cast membranes. In order to explore this possibility with our
non sulfonated oxadiazole copolymers, a series of phosphoric acid doped
membranes was prepared, attempting loadings from 5 to 20%. The highest loading
without visible aggregation was 15 wt.%, obtained for the copolymer PODOcoF-C
(ODBA:FDBA=2). A fuel cell was built following the same protocol used for the

previous polymer.
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Figure 4.10 Polarization curve for phosphoric acid-doped PODOcoF-C at 100 RH, after 1 h
conditioning.

Figure 4.10 shows a typical fuel cell polarization curve for single-cell tests with
phosphoric acid doped PODOcoF-C membrane. The highest power densities,
obtained at 0.45 Volts and 100% relative humidity, was 0.95 mW cm?. This
performance is too deficient for fuel cell application. Furthermore, the operating cell
voltage was not stable after 5 hours, and the open circuit voltage becomes after 16

hours too low even for application of the test load.

The most probable explanation for this poor performance is the leaching of
phosphoric acid by water from the humidified reactants flows. This results in a quick
reduction of the proton carriers available. Electrochemical impedance measurements
at 100% RH on these membranes confirmed a dramatic drop in conductivity after a
few hours. The hydrogen crossover values obtained for the cell prepared with

phosphoric acid doped PODOcoF-C membrane was 1.9 mA cm, which is relatively
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low and comparable to commercial membranes. This crossover value rules out

membrane degradation as a cause for poor durability.

The ODF-Silica composite membranes prepared with these copolymers had better
dimensional properties, as shown in the previous chapter. However, the main reason
for the low fuel cell performance for these copolymers is their low conductivity. Thus,
the corresponding composite membranes might have better durability, but will still

perform too poorly for practical fuel cell application.

4.3 Summary

A series of Nafion composite and random copolymer oxadiazole composite
membranes were tested in order to evaluate their suitability to fuel cell application.
For Nafion composites, the best fuel cell performance was obtained for membranes
loaded with 10 wt. % ODF-functionalized silica for solvent cast membranes, while the
optimal loading was 5% for the extruded composites. The composite membranes
allowed for operation in high temperature PEM fuel cells. Hydrogen crossover,
however, was higher for the composites than for pure Nafion membranes, probably
due to the replacement of the dense fluorinated matrix with porous silica phase. Even
though the fuel cell performance of the composite membranes decreases with
decreasing the relative humidity, good performance values are still obtained at 34%
RH and 95°C. In the case of the sulfonated random oxadiazole copolymer
membranes studied, while their mechanical properties are improved by the
ODF-functionalized silica, the low conductivity of the matrix precludes their use in

practical fuel cells.

87



Conclusion

The objective of this work was to explore the use of silica nanoparticles,
functionalized with oxadiazole telechelic oligomers, in the fabrication of composite
polymer electrolyte membranes with improved properties relevant to fuel cell

application.

The experimental work started with the synthesis of three different oxadiazole-type
telechelic oligomers, and their use to prepare functonalized silica nanoparticles,
following the protocol developed by Gomes et al [14]. The chemical structure of the
compounds and functionalized particles was studied by 1H-NMR, elemental analysis
and FTIR techniques, confirming the success of each synthesis step. In addition, the
molecular weight of the synthesized telechelics was studied by size exclusion
chromatography (SEC). For all three cases, the degree of polymerization obtained
was around 10. Thermal analysis allowed the identification of the reactant mixture
composition necessary to obtain maximum particle loading. Based on its optimal
thermal and chemical properties, a fluorinated oxadiazole telechelic oligomer (ODF)
was chosen for the preparation of composites. The resulting ODF-functionalized
particles display their first degradation steps above 350°C, well beyond the needed

thermal stability for PEM fuel cell application.

For the composite membrane preparation, three polymer matrices were employed:
Nafion®, poly(arylene ether 1,3,4-oxadiazole), and fluorinated polyoxadiazole random
copolymers. The resulting membranes were extensively characterized to better
understand their morphology (SEM) and their electrochemical (ion exchange
capacity, conductivity) physicochemical (water uptake, thickness expansion) and
thermal properties (TGA, DSC, DMTA).

88



Nafion®-functionalized silica composite membranes were fabricated both by solvent
casting and melt extrusion processes. The membranes were post-sulfonated in order
to attach sulfonic groups on the functionalized silica filler particles. It was found that
that the inclusion of nanoparticles proved beneficial, mainly due to a reinforcement
effect and an improvement in water retention. Moreover, due to their higher affinity for
the matrix, the functionalized nanoparticles perform better than the pristine silica
particles. For the same filler loading, better nanoparticle dispersion was achieved for
solvent-cast membranes, which in turn results in higher proton conductivity. The
composite membranes showed excellent thermal stability, allowing for operation in

high temperature PEM fuel cells.

For the preparation of aromatic oxadiazole-matrix composite membranes,
poly(arylene ether 1,3,4-oxadiazole) was synthesized. The molecular weight of the
resulting polymer was around 14000 g mol™, contributing to the good mechanical
properties of its membranes. Its thermal stability up to 300 °C, along with its glass
transition temperature around 210 °C allow comfortably for its use in fuel cell
operation conditions. Furthermore, a series of fluorinated polyoxadiazole random
copolymers were provided, containing a hydrophobic unit, 2-[4,4-
(Hexafluoroisopropylidene)diphenyl]-1,3,4-oxadiazole (FDBA), and a hydrophilic unit,
2-(diphenyl ether)-1,3,4-oxadiazole (ODBA) in increasing ratios (0.5, 1.0, 2.0 and
3.0). The resulting composite membranes were also post-sulfonated in order to
attach proton conducting groups both on the filler particles and on the sulfonatable
units of the polymer matrix. Regarding the fluorinated polyoxadiazole random
copolymer membranes, their dimensional stability was relatively low. The introduction
of functionalized silica was shown to improve the mechanical properties of these
membranes, without dramatically losing IEC or proton conductivity. Nevertheless, for
all polyoxadiazole-matrix composite membranes studied, their proton conductivity
values were low when compared to current commercially available polymer

electrolyte membranes.

Finally, a series of Nafion® composite and random oxadiazole copolymer composite
membranes were tested in order to evaluate their suitability to fuel cell application.

The MEAs for Nafion®-based membranes were prepared by hot pressing method,
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Conclusion

while the catalyst-coated membrane method was used for oxadiazole

copolymer-matrix membranes.

In the case of the sulfonated random oxadiazole copolymer membranes studied,
while their mechanical properties are improved by the ODF functionalized silica, the

low conductivity of the matrix precludes their use in practical fuel cells.

For Nafion composites, on the other hand, better fuel cell performances were
obtained. The best results were found for membranes loaded with 10 wt. % ODF-
functionalized silica for solvent cast membranes, while the optimal loading was 5%
for the extruded composites. The composite membranes allowed for operation in high
temperature PEM fuel cells. Hydrogen crossover, however, was higher for the
composites than for pure Nafion membranes, probably due to the replacement of the
dense fluorinated matrix with porous silica phase. Even though the fuel cell
performance of the composite membranes decreases with decreasing the relative

humidity, good performance values are still obtained at 34% RH and 95°C.
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Appendix A. Characterization methods

The following sections contain brief descriptions of the instrumental parameters and

characterization protocols employed throughout this work.

A.1 Chemical structure and morphology

Elemental Analysis (EA)

A Flash EA1112 (Thermo Finnigan-CE Instruments) was employed to perform CHNS
elemental analysis. A small amount of sample (2-3 mg) is burned in an excess of
oxygen, and the combustion products (NO,, CO,, SO,, H,O) are separated in a

chromatographic column, and measured with a thermal conductivity detector.

Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectra were obtained in a Bruker Equinox IFS 55 spectrophotometer, in the
range 4000-400 cm™. The samples were mixed (1 wt.%) with dried KBr, and
compressed to obtain a translucent disc. The instrument optics area was kept under

nitrogen atmosphere during the measurements.
Nuclear Magnetic Resonance Spectroscopy (NMR)

'H- and *C-NMR spectroscopy was employed to confirm the chemical structure of
synthesized compounds. Samples were dissolved in a suitable deuterated solvent
(either deuterated dimehtylsulfoxide (DMSO-d6), deuterated toluene (toluene-d8), or
deuterated chloroform (CDCl3)). The spectra were recorded in a 300 MHz Avance

Bruker NMR spectrometer, equipped with an UltraShield magnet.

91



Size Exclusion Chromatography (GPC)

Size exclusion chromatography (“Gel Permeation Chromatography”, GPC) was
performed on a Polymer Laboratories (PL) chromatograph, equipped with an ERC
7515A refractive index detector, and a PL Mixed-D column. Chloroform was used as

eluent solvent, and polystyrene as standard polymer.
Scanning Electron Microscopy (SEM)

The samples were prepared by freeze-fracture method. The micrographs were
obtained in a FEI Quanta 650 scanning electron microscope, equipped with an
Everhart-Thornley detector (ETD). The accelerating voltage was set to 5.00 kV.

A.2 Thermal properties

Thermogravimetric Analysis (TGA)

Information on the thermal stability of the polymer composite membranes was
obtained by thermogravimetric analysis in a Netzsch TG 209 F1 Iris thermo-
microbalance. The temperature was scanned in the range 25-800 °C, with a heating

rate of 10 °C min, under Argon sweep.

Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) measurements were carried out in a Netzsch
DSC 204 Phoenix® calorimeter. A mass of 8 to 20 mg of sample was introduced in an
aluminium pan with a perforated cover, and a preliminary DSC run at 10 °C min™,

from 25 to 150 °C, was employed on all samples to eliminate adsorbed water. The
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sample was subsequently cooled down to =150 °C at 30 °C min™, and finally a
dynamic run at 10 °C min™ was performed up to 280 °C. An empty aluminium pan

was used as reference.
TGA-coupled Infrared Spectroscopy (FTIR-TGA)

For the analysis of volatile thermal degradation products in inert atmosphere, a
Bruker Equinox 55 infrared spectrometer was employed, connected through a Bruker
TGA-FTIR interface to a Netzsch TG 209 thermo-microbalance. The thermograms
were carried out at 10 °C min™, and Argon was used as sweep gas to transfer the
gaseous products of thermal degradation through a heated PTFE tubing into a

heated 8.7 mL cell in the spectrometer interface.
Dynamic Mechanical Thermal Analysis (DMTA)

Dynamic mechanical analysis (DMTA) was performed on films cut into rectangular
samples of approximately 1.5 x 5 cm. The measurements were carried out in a Gabo
EPLEXOR® 500 N instrument, in tension mode with a target strain of 0.1%. Samples
were heated using a dynamic temperature ramp from 30 to 160 °C, at a heating rate
of 3°C min™.

A.3 Physicochemical properties

Water Uptake Measurement and Thickness Expansion

For water uptake characterization, the films were fully hydrated by immersion during
2 days in deionized (DI) water at room temperature. The water-saturated membrane
samples were weighed after quickly wiping the excess water with residue-free tissue
paper. The samples were then placed in a vacuum oven at 80 °C overnight to
remove the sorpted water. After cooling down to room temperature, the weight of the
dry membranes was measured. The mass-based water uptake (WUm) was
calculated with the equation:
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M, -m
WUmM,,, = —=—=x100,
My,

where mgy and mye: are the masses of dry and wet samples, respectively.

The swelling ratio (At) of the membranes was calculated by measuring the thickness
of the membranes before and after the water uptake measurement, according to the
equation:

e - T

wet

Aty = 9 %100

dry

where tqy and tye are the thickness of the dried and wet samples, respectively.

lon Exchange Capacity (IEC)

In order to determine the ion exchange capacity, the fiims in H* form were first
equilibrated for 48 hours in 0.2 M NaCl at room temperature with regular agitation.
The equilibration baths were then titrated with NaOH (0.005M) with a Mettler Toledo
T50 automatic titrator. The procedure was carried out three times and the results

averaged.

lonic Conductivity

lonic conductivity was measured by electrochemical impedance spectroscopy (EIS),
at room temperature and 100% relative humidity, using an HP4192A impedance
analyzer. The frequency scan was scanned from 50 kHz to 5 MHz with an AC
perturbing signal amplitude of 0.1 V. Pure polymer membrane samples were
measured as a reference before each series of measurements. The resistivity of the
membrane was obtained from the high frequency part of the Nyquist plot,
corresponding to the bulk resistance of the polymer. The ionic conductivity of the
samples was calculated using the equation:
1 d

x_

Rbulk A

o =

where o is the conductivity, d is the interelectrode distance, A is the contact area

between the electrodes and the polymer film, and Ry is the bulk resistance obtained

from the Nyquist plot of the impedance spectrum.
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Appendix B. List of abbreviations

13C NMR
'H NMR
bp
CDCl3
CL

cO
CO;

DI water
DMA
DMAc
DMFC
DMSO
DMSO-d6
DSC
DTG
EA

EIS
FDBA
FTIR

GDE

Carbon nuclear magnetic resonance
Proton nuclear magnetic resonance
Boiling point

Deuterated chloroform

Catalyst layer

Carbon monoxide

Carbon dioxide

Deionized water

Dynamic mechanical analysis
Dimethylacetamide

Direct methanol fuel cell

Dimethyl sulfoxide

Deuterated dimethyl sulfoxide

Differential scanning calorimetry
Differential thermal analysis

Elemental analysis

Electrochemical impedance spectroscopy
2-[4,4’-(Hexafluoroisopropylidene)diphenyl]-1,3,4-oxadiazole
Fourier transform infrared spectroscopy

Gas diffusion electrode
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GDL
GPC
HF
HNO3;
IEC
IEMFC
K2CO3
KBr
KOH
MEA
Mn

My,
NaCl
NMP
ocv
ODA
ODBA
ODF
ODF-SiO,
OoDs
PDI

PEEK

Gas diffusion layer

Gel permeations chromatography
Hydrofluoric acid

Nitric acid

lon exchange capacity

lon exchange membrane fuel cell

Potassium carbonate

Potassium bromide

Potassium hydroxide

Membrane electrode assembly

Number average molecular weight

Weight average molecular weight

Sodium chloride

N-Methyl-2-pyrrolidone

Open circuit voltage

Telechelic oligomer from 4,4'-1sopropylidenediphenol
2-(diphenyl ether)-1,3,4-oxadiazole

Telechelic oligomer from 4,4'-(Hexafluoroisopropylidene)diphenol
Silica funcitionalized with ODF (ODF-Silica)
Telechelic oligomer from 4,4'-Sulfonyldiphenol
Polydispersity index

Poly(ether ether ketone)
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PEM
PEMFC
PFSA
POD
PODOcoF
PPA
PTFE

RH

SEC

SEM

Si

SiO,

Sn

-SO,F
-SO;zH
SP(E)MFC
SPEEK
Tg

TGA

Ti

Zr

Z2rO;

Polymer electrolyte membrane
Polymer electrolyte membrane fuel cell
Perfluorosulfonic acid

Polyoxadiazole

Fluorinated polyoxadiazole random co-polymer
Polyphosphoric acid
Polytetrafluoroethylene

Relative humidity

Size-exclusion chromatography
Scanning electron microscope

Silicon

Silicon dioxide

Tin

Sulfonyl fluoride group

Sulfonic acid group

Solid polymer (electrolyte) membrane fuel cell
Sulfonated poly(ether ether ketone)
Glass transition temperature
Thermogravimetric analysis

Titanium

Zirconium

Zirconium oxide
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List of symbols and constants

% RH Percent relative humidity

°C Degree Celsius

pMm Micrometer

A Contact area between the electrodes and the polymer film
A Active area (cm?)

CcL® Anode catalyst layer

CcL’ Cathode catalyst layer

d Distance between electrodes

E Storage modulus

E” Loss modulus

F Faraday constant (~96485 A s mol™)
g mol™. gram per mol

GDL* Anode gas diffusion layer

GDL® Cathode gas diffusion layer

h Hour

L Current produced

I Hydrogen crossover rate

kHz Kilohertz
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mA cm?
meq g™
MHz

mL

ppm

rad s~

Rouik
rpm
Scm
tan 6
tary

twet

V
W cm?
WCaL

W

inlet

Wa

outlet

c
VVCL

Mass

Miliampere per squre centimeter
Miliequivalent per gram
Megahertz

Mililiter

Nanometer

Saturated water vapor pressure

Parts per million

Radian per second

Bulk resistance

Revolutions per minute
Siemens per centimeter
Phase angle

Thickness of dried membrane
Thickness of wet membrane
Volt

Watt per square centimeter

Water in the anodic catalyst layers of the fuel cell

Water flowing into the fuel cell at anode sides

Water drained out of the fuel cell at anode sides

Water in the cathodic catalyst layers of the fuel cell
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WE., Water flowing into the fuel cell at cathode sides
WE Water drained out of the fuel cell at cathode sides
Wpcm e Water produced at the cathodic catalyst layer
Wion Water back-diffused from cathode to anode

Wirag Water osmotically dragged from anode to cathode
Wiary Weight of dried membrane

wt.% Weight percentage

WuUm mass-based water uptake

Woet Weight of wet membrane

ATy Gibbs free energy

At Swelling ratio

% stretch

Vas asymmetric stretch

Vs symmetric stretch

o Conductivity (S cm™)
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