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CHAPTER 1

INTRODUCTION

1.1 Fuel cells

The decreasing supply of fossil fuels and the increase in greenhouse gas emissions
have led to a large number of investigations into the development of alternative,
environmental friendly sources of energy in the last few years. Some of the most
promising and reliable sources of alternative energy are fuel cells. Fuel cells convert
chemical energy into electrical energy. Fuel cells consist of an anode, a cathode, and an
electrolyte between the electrodes. Unlike batteries, the fuel and oxidant are supplied
from an external source. Fuel cells can also have parts to feed the device with reactants as
well as a battery to supply energy for start-up.' Fuel cells are not electrically recharged,
rather the tank is refilled with fuel after use. Hydrogen gas has been considered as the
fuel of choice as water is generated as the exhaust product. Other fuels can be converted
to hydrogen for use in a fuel cell.

There are several varieties of fuel cells, which are classified by the type of
electrolyte they contain. The six major types are alkaline fuel cells (AFC), polymer
electrolyte membrane fuel cells (PEMFC), direct methanol fuel cells (DMFC),
phosphoric acid fuel cells (PAFC), molten carbonate fuel cells (MCFC), and solid oxide
fuel cells (SOFC). Table 1.1 summarizes the typical characteristics of these various fuel
cell systems. Fuel cells can be used as highly efficient and non-polluting power sources.

In addition, they are quiet and safe in operation with low levels of maintenance required.



Table 1.1. Fuel cell characteristics.

Type Anode feed Cathode feed Electrolyte Operating temp.

AFC H, O, or air aq. KOH ambient-90 °C
PEMFC H, O, or air acidic polymer ambient-90 °C
DMEFC methanol or O, or air acidic polymer 60-90 °C

methanol-water

PAFC H, O, or air phosphoric acid 200 °C
MCFC H; or natural gas 0O, or air molten Li1,CO;, 550 °C
SOFC gasoline or O, or air stabilized yttria 900 °C

natural gas

1.2 PEMFCs

In a typical PEMFC, the electrodes are formed as a thin layer on each side of a
proton-conducting membrane typically consisting of a copolymer of tetrafluoroethylene
and a fluorinated monomer with a pendant sulfonic acid group. Hydration of the
membrane leads to dissociation and solvation of the proton from the sulfonic acid groups
on the polymer. The solvated protons are mobile within the polymer matrix and provide
electrolyte conductivity. A good polyelectrolyte membrane should have low permeability
to oxygen and hydrogen (to prevent crossover) for high coulombic efficiency. A common
configuration for a PEMFC is shown in Figure 1.1. At the anode, H; is catalytically
dissociated into H" and electrons. While electrons travel from anode to cathode,
producing an electrical current, protons (or solvated hydronium ions) diffuse through a
polymer electrolyte membrane. At the cathode, water is formed from a combination of

2H"and 2¢’, and half a mole of oxygen obtained from air.
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Figure 1.1. Schematic of a PEMFC (image from Ref.1).

The PEMFC is an attractive power source for vehicles and portable electronic
devices due to its high power density and relatively low operating temperature. Other
advantages of PEMFCs over other types of fuel cells are their nonvolatile electrolytes and
efficient energy conversion. In order to obtain high performance, the polymer electrolyte
membrane should have high proton conductivity, low electron conductivity, low
permeability to fuel and oxidant, low water transport, oxidative stability, hydrolytic
stability, good mechanical properties, low cost, and the capability for easy fabrication.
The current conductivity goal for proton conducting membranes set by the U.S.

Department of Energy is 0.1 S/cm at 120 °C and 50% relative humidity.”

1.2.1 Hydrated operating condition
1.2.1.1 Nafion and other poly(perfluorosulfonic acid) membranes
The current polyelectrolyte membranes (PEMs) used are generally based on

hydrated sulfonated polymers. Among these, perfluorosulfonic acid membranes, such as



Nafion®, have drawn much interest because of their chemical and electrochemical
stability. Nafion was developed in the late 1960s by Dupont (structure shown in Figure
1.2). Nafion is prepared by the free radical initiated copolymerization of
tetrafluoroethylene (TFE) and a perfluorovinyl ether containing a sulfonyl fluoride. There
are three common types of Nafion, 112, 115, and 117. The designation 117 refers to a
film having 1100 equivalent weight (EW), the number of grams of dry Nafion per mole
of sulfonic acid groups when the material is in the acid form, and a thickness of 0.007 in.
The molecular weight of these polymers with high EW cannot be determined by common
methods such as light scattering and gel permeation chromatography as they do not form
true solutions. The only molecular weight range mentioned in the literature is between
10° and 10° Da.’ Similar perfluorinated ionomers have been developed by the Asahi
Chemical Company (Aciplex®), the Asahi Glass Company (Flemion®), and Dow

Chemical Company. These structures are also shown in Figure 1.2.

/k }6 CF%/ = Nafion®: m>1, n=2, x=5-13.5, y=1000
F4 , Aciplex® : m=0-3, n=2-5, x=1.5-14
__SOH Flemion® : m=0 or 1, n=1-5
>(/ Dow Mem : m=0, n=2, x=3.6-10, y=1000

Figure 1.2. Structures of commercially available poly(perfluorosulfonic acid).

The proton transport of hydrated Nafion is dominated by a vehicular mechanism,
where protons diffuse through the material. The morphology of Nafion is not well
defined due to the random structure and the organization of the crystalline and ionic
domains of the copolymer. A number of studies using small-angle X-ray scattering

SAXS), wide-angle X-ray diffraction (WAXD ,4'8 small-angle neutron scatterin,
g y g g



(SANS),” '? and atomic force microscopy (AFM) have been conducted to develop an
understanding of the morphology of Nafion. Gierke et al. proposed a model based on
SAXS observations hypothesizing that clusters of sulfonate groups are organized as
inverted micelles, connected by 1-nm-diameter channels (Figure 1.3, left).>> ' Although
this model is the most popular, the presence of elongated structures was reported from the
SAXS studies by a number of other groups.'*'* Recently, Schmidt-Rohr and Chen
proposed a new structure of the Nafion ionomer (Figure 1.3, right). Using a new
calculation method on previously reported SAXS data, they suggested that hydrated
Nafion consists of long parallel water channels in cylindrical inverted micelles.'> The
water channels are packed randomly, surrounded by the ionic side groups with the

polymer backbones on the outside.

Figure 1.3. Gierke’s model (left, image from Ref.11), and Schmidt-Rohr’s model
(right, image from Ref.15) of hydrated Nafion.
1.2.1.2 Sulfonated hydrocarbon polymers
Due to the cost of perfluoroether comonomers and the safety concerns of
tetrafluoroethylene in the synthesis of poly(perfluorosulfonic acids),” a variety of

alternative sulfonated hydrocarbon polymers have been reported.'®"” Two commercially



available styrene-based polymers are BAM® from Ballard Advanced Materials
Corporation, and sulfonated styrene-ethylene-butylene-styrene (SEBS) membrane from
Dais Analytic (Figure 1.4). The main drawback of SEBS is the poor oxidative stability
due to its aliphatic character.*’ Poly(arylene ether) materials such as poly(arylene ether
ether ketone) (PEEK), poly(arylene ether sulfone), and their derivatives have been widely
studied due to their availability and oxidative and hydrolytic stabilities. Introduction of
sulfonic groups to the polymers have been conducted by both post-polymerization
modification, using concentrated sulfuric acid, fuming sulfuric acid, chlorosulfonic
acid,”' or sulfur trioxide,” and direct copolymerization of sulfonated monomers.>
Sulfonated five-and six-membered ring polyimides have also been investigated. The
naphthalenic polyimides are more stable than the phthalic polyimides, which undergo
hydrolysis, in a fuel cell environment.** Other high performance polymeric backbones
that have been investigated include poly(phenylquinoxaline),” poly(2,6-dimethyl-1,4-
phenylene oxide),” poly(4-phenoxybenzoyl-1,4-phenylene),”’ poly(phthalazinone ether

ketone),”® and polyphosphazene.”*
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Figure 1.4. Chemical structures of BAM (left) and SEBS (right).

Kreuer ef al. has compared the hydrated structure of sulfonated poly(ether ketone)

to that of Nafion.”' Sufonated poly(ether ketone) was described as having narrower



channels, more branches with dead ends, larger inter-sulfonate group separation, and
more hydrophobic-hydrophilic interface area than Nafion (Figure 1.5). These differences
could be attributed to the less hydrophobic backbone, the lower acidity of the sulfonic
acid group (pK, ~ -1 vs. pK, ~ -6), and the less flexible backbone of sulfonated poly(ether

ketone).

Nafion Sulfonated poly(ether ketone)
wide channels narrow channels

more separated less separated

less branched highly branched

good connectivity dead-end channels

small sulfonate group separation large sulfonate group separation
pKa~ -6 pKa~-1

Figure 1.5. Hydrated structures of Nafion and sulfonated poly(ether ketone) (image
from Ref. 31).
1.2.1.3 Other proton conducting moieties
Phosphonic acid has been reported as an alternative proton conducting moiety.
Although phosphonic acid containing polymers are more chemically and thermally stable

relative to sulfonic acid containing polymers,*” they are not well studied due to limited



synthetic procedures. Based on a study on model oligomeric compounds containing
phosphonic acid and sulfonic acid as protogenic groups, the phosphonic acid-tethered
oligomer showed a higher proton conductivity at intermediate temperatures under low
humidity.33 The good proton donor and accepter properties, and the high dielectric
constant of phosphonic acid lead to high degrees of self-dissociation and high proton
conductivity. Phosphonic acid groups have also been tethered to several polymeric

32:34.35 holy(phosphazene),”® poly(vinylbenzyl

backbones including poly(arylene ether),
chloride),”” and oligosiloxane.38
Heteropolyacids (HPAs) are the most attractive inorganic modifiers in sulfonated
polymer composites, because these inorganic materials have been demonstrated to be
highly conductive and thermally stable. They can also be dissolved in polar solvents such
as dimethylformamide (DMF), dimethylacetamide (DMAC), etc.”” The heteropolyacid
H3PW,04¢ (12-phosphotungstic acid, PWA) is a Keggin-type ion. Its primary structure,
as shown in Figure 1.6, is characterized by units in which a central phosphorus atom, in a
tetrahedral coordination environment, is surrounded by 12 edge-sharing metal-oxygen
octahedral (WOg). The negative charge of this structure is neutralized in the acidic form
by three protons.** HPAs are known to have different hydrated structures that depend on
their environment,"' and the proton conductivity of these structures is very different. For
example, proton conductivity of phosphotungstic acid (PWA) decreases from 1.8 x 10

S/cm to 6 x 10™ S/cm when the number of hydrated water molecules decreases from 29

to 6.



Figure 1.6. Structure of phosphotungstic acid (image from Ref. 41).

1.2.2 Anhydrous operating condition

One of the main hurdles for the widespread utilization of PEMFC power sources
is the need for better performing and more cost effective membranes.**** Most current
research efforts have focused on systems relying on water as the media for proton
transport. This limits the operating temperature to ~100 °C.>**** However, there are
many advantages in developing PEMFC’s capable of operating at temperatures close to
200 °C. Operating at such temperatures increases the efficiency of the fuel cell by
increasing the kinetics of the redox reaction, and by improving the tolerance of the
system for CO, which is present in hydrogen fuel refined from hydrocarbons. Running
the cell at high temperatures will also reduce the overall cost by decreasing the platinum
loading required in the electrodes, as well as simplify the overall heat management of the

.45
device.

1.2.2.1 Phosphotungstic acid and phosphoric acid
The proton conduction of PWA at high temperature under anhydrous conditions

was first reported by Yamada er al.* A composite material of PWA and polystyrene



sulfonic acid (PSS) showed a proton conductivity of 1 x 10 S/cm at 180 °C. The
proposed proton conducting mechanism of the PWA-encapsulated material is shown in
Figure 1.7. Proton conduction starts at the interface between PWA and PSS, which are a
Bronsted acid and base, respectively. The jump of protons from PWA to —SOsH in PSS
form the protonated sulfonic groups. The transport of proton can then occur from the
protonated to the nonprotonated sulfonic acid group in PSS. Recently, a heteropolyacid
liquid salt, produced by the partially replacement of protons with polyethylene glycol
containing quaternary ammonium cation showed proton conductivity 4 orders of
magnitude higher than that of its solid analog under anhydrous condition.*® The smaller,
more mobile protons, compared to the bulky polyoxometalates (POM) clusters and
quaternary ammonium counteractions, were postulated to account for the increase in

conductivity.

Figure 1.7. Proton conduction of PWA-encapsulated material (image from Ref. 40).

Besides heteropolyacids, there have been a few reports of proton conducting
systems capable of operating efficiently at temperatures above 100 °C. For example,

phosphoric acid has been blended with a variety or polymers including polyethylene

47,48 49,50
1,

glyco poly(ethylenimine), Nylon,”' and polybenzimidazole.'®*** Although

these phosphoric acid-based membranes show promising conductivities, their drawbacks
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include the lack of stability, the inhomogeneity, and the loss of acid from the polymer

membranes due to leaching.

1.2.2.1 Heterocycles

An attractive alternative approach, using amphoteric nitrogen containing
heterocycles as the proton conducting species, has been proposed by Kreuer.”*** As
amphoteric nitrogen-based heterocycles, such as imidazole, pyrazole and benzimidazole,

showed dynamic hydrogen bonding and proton transport mechanisms similar to

56,57 58,59

water, they were studied as proton solvents in PEMFCs.
1.2.2.1.1 Tethering to oligomers

Although these heterocycles have been shown to provide comparable proton
conductivities to that of hydrated polymers, they will gradually leach out of the
membrane, resulting in a continuous decrease in proton conductivity. To overcome this
problem, the heterocycles have been immobilized as oligomers and polymers.
Immobilization of the heterocycles limits the translational motion of the rings; therefore,
proton transport relies solely on a structure diffusion mechanism, where protons are
transferred via the formation and breaking of hydrogen bonds between heterocycles
(Figure 1.8).”" This proton hopping process is also known as the Grotthuss

mechanism.®' ¢

11
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Figure 1.8. Complex network of hydrogen bonds (image from Ref. 57).

Previously reported oligomers with pendant heterocycles are listed in Table 1.2.
Persson ef al. have studied benzimidazole-tethered ethylene oxide oligomers.® The
conductivity of the oligomer with a long tether length (Bimi-10EO, n=10) was higher
than that of a short one (Bimi-2EO, n=2) in the temperature range studied, very likely
because of the larger amorphous content, and higher segmental mobility of the long tether
length oligomer. Imidazole-terminated ethylene oxide oligomers have also been studied
by Schuster ez al.** ® At high temperature, the conductivity of the oligomers Imi-2/3/5
increases with decreasing tether length. However, the trend reverses at lower
temperatures. Tether length reduction results in increased Ty, and the conductivity
displays an increase in temperature dependence. Although Imi-5/2 has almost identical
density to that of imidazole and free volume compared to Imi-5, the conductivity of Imi-
5/2 increases by 0.5 order of magnitude. In imidazole containing materials, T, 1s thought
to be more influential on proton conductivity than the density of imidazole moieties.

Imidazole tethered cyclic siloxanes have also been reported.®® The highest conductivity in

12



these materials was observed in a structure with the longest tether length and the lowest

T,.

Table 1.2. Oligomers containing heterocycles and proton conductivities.

Structure Nomenclature T, Log o(S/cm)* Ref.
C) | 10°C | 100°C
NH H
N/&O%ﬂomb Bimi-2EO (n=2) - | -117 715 |63
Bimi-10EO (n=10) | -30 -8.3 4.3
</\/NR o E R:H
SRV Imi-2 (n=2) 8 | 91 | -44 |64,65
Imi-3 (n=3) 14 | 83 47
Imi-5 (n=5) -24 -8.0 -5.1
R= CHj3
Melmi-2 (n=2) -48 -6.9 -5.5
NH .
Q)vo{ﬁofz Imi-5/2 67 5.5 44 |65
[NH HNX Imi-C2 -5 NA -4.2 65
N/)\/OM&—C’) =N
@4 CimSs (n=1) -11.0 4.5 |66
H .
¥ CimSI (n=2) 1| -86 | -39
R

* Conductivities in numbers were obtained from reported plots. NA = not available

1.2.2.1.2 Tethering to polymers

Further studies using benzimidazole and imidazole as the proton conducting

groups in polymeric systems have revealed that proton conductivity depends on the local

mobility of the heterocycles and the effective concentration of mobile protons within the

polymer matrix. Persson ef al. have reported ABA triblock copolymers having a
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poly(ethylene oxide) (PEO) backbone with benzimidazole-tethered end blocks.®’ The
proton conductivity was found to be favored by both a high segmental mobility and a
high benzimidazole content. The same research group also reported the proton
conductivity of comb-like poly(styrene-g-PEO) with benzimidazole pendant groups.®®
This work also confirmed the importance of a high segmental mobility. A maximum
conductivity of 6.6 pS/cm was reached at 160 °C under anhydrous conditions. Similarly,
imidazole has also been tethered to a number polymeric backbones. The highest proton
conductivity was observed for a low T, polysiloxane with the longest tether.®® In
addition, imidazole tethered to polystyrene by alkyl lengths was reported by Herz and
coworkers.” At low temperatures, polystyrene with a shorter spacer length and a lower
T, showed the highest conductivity, while the conductivity at high temperatures was
highest in the polymer with a longer spacer length. These observations again point out
two predominant factors, segmental mobility and charge carrier density, which govern
the overall proton conduction. To further increase the conductivity, the mobile proton
concentration is increased by adding varying amounts of acid to protonate the
heterocyclic nitrogens has also been investigated.'® ©

Liu and coworkers have observed a pronounced increase in the conductivity of
vinyl heterocycle polymers when the heterocyclic group is changed from imidazole to
triazole.”® This is thought to be attributed to both a reduction in the pK, of the ring and to
reduced conformational changes needed for conduction in triazoles relative to
imidazoles.”" A recent report by Subbaraman ez al. further supports the importance of
proton affinity (pK,) in facilitating proton conduction in amphoteric heterocyclic

systems.’” The validity of the report on the conductivity of polyvinyl triazole has recently
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been called into question. An approximately 4 orders of magnitude drop in conductivity
was observed by our group. In our results, polyvinyl triazole and polyvinyl imidazole
display similar conductivities.”” However, 1,2,3-triazole is still preferred as a protogenic

group because of its better electrochemical stability relative to imidazole.

1.2.3 Click chemistry

In addition to the electrochemical stability of triazole, the ease of synthesis
through the copper catalyzed alkyne-azide coupling, click chemistry, makes triazole
attractive. Click chemistry was introduced by K. B. Sharpless in 2001. The term “click
chemistry” is defined as a reaction that is “modular, wide in scope, give very high yields,
generates only inoffensive byproducts that can be removed by nonchromatographic
methods, and be stereospecific.”’* Examples of this reaction include cycloadditions of
unsaturated species, nucleophilic substitution chemistry, carbonyl chemistry of the non-
aldol type, and additions to carbon-carbon multiple bonds. Among those, the Huisgen
1,3-dipolar cycloaddition of alkynes to azides to form 1,4-disubstituted 1,2,3-triazoles is
often referred to simply as the Click reaction (Scheme 1.1). The copper(I)-catalyzed
reaction is mild and very efficient, requiring no protecting groups, and requiring no

purification in many cases.”

R
+ - 2~__N
Z +  N=N=N culd \[“N
Rz Ry N
\
Ry

Scheme 1.1. Huisgen 1,3-dipolar cycloaddition.
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systems, and it is observed that a number of patches for adhesion decreases with
increasing molecular weight. In addition, the adhesion thresholds of the homopolymers
are lower than those of the copolymers, suggesting the effect of charge density when the
patchy size is fixed.

Although the trends look promising, it should be mentioned that the shear rate in
the adhesion studies of silica particles onto the surfaces of PDMAEMA and PDMAEMA -
co-PMMA were different (39 s'and 22 s, respectively). A more systematic study, i.e.
keeping all experimental parameters the same, on the effect of charge density on adhesion

by comparing the homopolymers and copolymers, is in progress.

PDMAEMA PDMAEMA-co-PMMA
30 25
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Figure 6.11. Adhesion rates of silica particles as a function of patch density of the
homopolymers (shear rate 39 s, left) and the copolymers (shear rate 22 s™', right).

6.3.2.2 The Davis group: system modeling
A fundamental, theoretical model of particle deposition, skipping, and rolling will

be developed to account for the total hydrodynamic, electrostatic, and physicochemical
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