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ABSTRACT
Polymer electrolyte membrane (PEM) fuel cells offer the potential to generate highly
efficient and clean energy and have been considered as the next generation power producing
technology for automotive, stationary, and portable applications. However, an important barrier
that hampers the widespread use and practical implementation of PEM fuel cells is the lack of
feasible polymeric electrolyte materials. Nafion and other analogous perfluorosulfonic acid
polymers are currently the leading materials in this business, but they still present certain
limitations. For example, they are not capable to work at temperatures higher than 90 oC and low
humidification conditions. Elevating the working temperature of PEM fuel cells to above 100 oC
is associated with a family of attractive benefits, including improved tolerance of electrodes to
carbon monoxide, simplification of the cooling system and possible use of co-generated heat, and
improved electrode reaction kinetics, etc. Moreover, perfluorosulfonic acid polymers fail to
perform well in fuel cells fed with methanol due to the fuel crossover issue. Methanol is an
important alternative fuel of choice to hydrogen, because it is free of massive production and
distribution problems as for hydrogen. These issues lead to two major research thrusts in the
current development of PEM materials, i.e. materials that can work at high temperatures (>100
o

C), low humidities and that have low methanol crossover. This dissertation presents my recent

efforts to overcome these materials challenges. A number of novel PEM materials have been
created by rational design and sophisticated synthesis.
Ion-containing block copolymers hold promise as next-generation PEM materials due to
their capability to self-assemble into ordered nanostructures facilitating proton transport over a
wide range of conditions. Ion-containing block copolymers, sulfonated poly(styrene-b-vinylidene
fluoride-b-styrene), with varied degrees of sulfonation were synthesized. The synthetic strategy
involved a new approach to chain-end functionalized poly(vinylidene fluoride) as a macro-
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initiator followed by atom transfer polymerization of styrene and sulfonation. Characterization of
the polymers were extensively carried out by 1H and 19F nuclear magnetic resonance and Fouriertransform infrared spectroscopy, differential scanning calorimetry, and thermogravimetry
analysis. Tapping mode atomic force microscopy and transmission electron microscopy were
applied to study the phase separation and self-assembled morphology. Strong dependence of ion
exchange capacity, water absorption, morphology and proton conductivity on the degree of
sulfonation has been found. It has been observed that the conductivities of the block copolymers
are considerably higher than the random copolymers of polystyrene and sulfonated polystyrene
possessing similar ion exchange capacities.
Copolymers of vinylidene fluoride and perfluoro(4-methyl-3,6-dioxane-7-ene) sulfonyl
fluoride containing amino end-groups were synthesized for the first time. The prepared aminoterminated polymers underwent cross-linking reactions with 1,3,5-benzene triisocyanate to form
proton conductive networks. The chain-end crosslinked fluoropolymer membranes exhibited
excellent thermal, hydrolytic and oxidative stabilities. The ion exchange capacity, water uptake,
the state of absorbed water, and transport properties of the membranes were found to be highly
dependent upon the chemical composition of the copolymers. The cross-linked membranes
showed extremely low methanol permeability, while maintaining high proton conductivity at the
same order of magnitude as Nafion. This unique transport feature gave rise to exceedingly higher
electrochemical selectivity in relation to Nafion. The selectivity characteristics have been
rationalized based on the formation of restrained ionic domains and the state of the absorbed
water within the membranes.
A series of new Nafion-based composite membranes were prepared via an in situ sol-gel
reaction of 3-(trihydroxylsilyl) propane-1-sulfonic acid and solution casting method. The
morphological structure, ion-exchange capacity, water uptake, proton conductivity, and methanol
permeability of the resulting composite membranes were extensively investigated as functions of
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the content of sulfopropylated polysilsesquioxane filler, temperature, and relative humidity.
Unlike the conventional Nafion/silica composites, the prepared membranes exhibit an increased
water uptake and associated enhancement in proton conductivity compared to unmodified Nafion.
In particular, considerably high proton conductivities at 80 and 120 °C under 30% relative
humidity were demonstrated in the composite membranes, which are over 2 times greater than
that of Nafion. In addition to a remarkable improvement in proton conductivity, the composite
membranes displayed lower methanol permeability and superior electrochemical selectivity in
comparison to the pure Nafion membrane. This work opens new opportunities of tailoring the
properties of Nafion, the benchmark fuel cell membranes to obviate its limitations and enhance
the conductive properties at high temperature/low humidity and in direct methanol fuel cells.
A versatile and facile synthetic approach was developed for the preparation of a family of
new ionomers with rigid aromatic backbones and pendant perfluorinated sulfonic acid groups.
Variation in the chemical composition and structure of the new aromatic ionomers were
performed to optimize PEM properties and fuel cell performance. The ionomers prepared from
condensation polymerization of Sodium 1,1,2,2-tetrafluoro-2-(2’,3’,5’,6’-tetrafluoro-phenoxy)ethane sulfonate and bisphenol monomers, e.g. hydroquinone, 4,4’-biphenol, or their mixture
with appropriate ratio, exhibited comparable or greater proton conductivity in relation to Nafion.
New aromatic ionomers also showed other outstanding PEM properties, e.g. high Tg, low
methanol permeability, excellent thermal and chemical stability and good mechanical properties.
Initial fuel cell testing of these ionomer at elevated temperatures demonstrated superior
performance to Nafion membrane, indicating great potential for use in high temperature fuel
cells.

Keywords: Fuel Cells, Polymer Electrolyte Membranes, Proton Conductivity, Methanol
Permeability, Electrochemical Selectivity.
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Chapter 1

Polymer Electrolyte Membranes for Fuel Cells: Background and Literature
Review
This dissertation will elucidate my recent efforts to develop high performance polymer
electrolyte materials for fuel cells. With combined advantages of high efficiency and low negative
environmental impact, polymer electrolyte membrane fuel cells (PEMFCs) have been considered
as a prime candidate for future energy generation, particularly for portable and automotive
applications. However, in spite of decades of intense research work, the lack of feasible polymer
electrolytes is still limiting the promise of PEMFC becoming a wide-spread and viable energy
resource. Perfluorosulfonate membranes, e.g. Nafion, the current state-of-the-art, unfortunately
have several serious drawbacks limiting their broad applications which will be discussed in detail
later on. The deficiencies of current materials have led to the search for new materials with
improved properties. Motivated by this end, several new polymer systems with innovative
structural characteristics are proposed and reported in this study, and their physical properties are
systematically investigated to evaluate their potential use in fuel cells and to investigate the
polymer structure-electrolyte property correlations. To begin the major body of the dissertation, a
brief review is provided as follows on the background and research progress in the development
of polymer electrolyte materials for fuel cells.

2
Polymer Electrolyte Membrane Fuel Cells

Background of Polymer Electrolyte Membrane Fuel Cells
Fuel cells are electrochemical devices that convert chemical energy in fuels directly into
electric energy.1 The general physical structure of a fuel cell comprises an electrolyte layer
sandwiched between two electrodes, anode and cathode. Electricity is produced from the
catalyzed reactions of reactants, i.e. a fuel and an oxidant, on the electrodes. When the electrodes
are supplied with the constant reactant flows, electricity is generated continuously. As compared
with heat engines and other more conventional power-generation devices that are also running on
fuels, fuel cells have a number of appealing advantages. For instance, fuel cells are free from the
Carnot limitations that apply to heat engines, allowing for higher fuel efficiency. Fuel cells
running on hydrogen have water as the only by-product, and thus are very environmentally
benign. Therefore, fuel cells are attracting great attention as one of the promising candidates for
the future power generation technologies, particularly with increasing concerns about the
environmental hazards and cost of massive use of fossil fuels.
There are a variety of fuel cells in different stages of development. They can be classified
by use of diverse categories. The most common classification of fuel cells is by the type of
electrolyte that they employ, including polymer exchange membrane fuel cell (PEMFC);
phosphoric acid fuel cell (PAFC), alkaline fuel cell (AFC), solid oxide fuel cell (SOFC); and
molten carbonate fuel cell (MCFC), as listed in Table 1-1. This classification determines the
chemical reactions taking place in the cell, the catalysts required for the reactions, the applicable
temperature range of the cell, and other factors. Those characteristics in turn affect the
applications for which these cells are most suitable.
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Table 1-1: Types of Fuel Cells.
Type of Operation
Fuel Cell Temperature
PEMFC
< 140 oC
PAFC

150-200 oC

AFC
SOFC
MCFC

60-90 oC
1000 oC
650 oC

Electrolyte

Possible Applications

Proton Exchange
Membrane
Immobilized Liquid
Phosphoric Acid
Potassium Hydroxide
Ceramic
Immobilized Liquid Molten
Carbonate

Vehicles, Stationary,
Portable Applications
Power Stations
Submarines, Spacecraft
Power Stations
Power Stations

The so-called polymer electrolyte membrane fuel cell (PEMFC) recruits a proton
conductive polymer membrane as the electrolyte.2 The use of polymer electrolyte leads to a
number of attractive benefits, e.g. no corrosive liquid and materials presenting in the system, thus
minimal corrosion and sealing issues, and much less complex assembly and handling than other
types of fuel cells. In addition, the easy processing, light weight and low operating temperature (<
140 oC) of polymer electrolyte materials also lead to the simplicity of production, high power
density, and fast start-up. Those benefits make PEMFC particularly appealing for automotive and
portable applications, and additional advantages of PEMFC over conventional batteries and heat
engines are outlined as follows: 1) The energy conversion efficiency of PEMFC is 40~60%,
much higher than 25~35% for internal combustion engines; 2) The by-products of PEMFC
running on hydrogen are water plus heat, and a small amount of carbon dioxide in the case of
using methanol; while heat engines using fossil fuels emit many harmful pollutants such as
carbon monoxide (CO), nitro oxides, hydrocarbons, and large amount of carbon dioxide (CO2); 3)
PEMFCs typically makes less noise than heat engines; 4) PEMFCs do not require timeconsuming recharge process as for batteries, and can run continuously as long as fuel and oxidant
are supplied.
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The invention of the first PEMFC was made in 1955 by Willard Thomas Grubb, a
chemist of General Electric (GE) Company. He modified the intitial fuel cell design by using
sulfonated polystyrene based ion exchange membrane as the electrolyte. Three years later,
Leonard Niedrach, another GE chemist, devised a way of depositing platinum catalysts onto the
ion exchange membranes. The reformed PEMFC, also known as “Grubb-Niedrach fuel cell”,
started to show sufficiently high power density and efficiency to be considered for practical use.
Later, the technology of PEMFC was continued to be developed by GE and NASA, and found its
first commercial use in U.S. Gemini space program in the early 1960s. However, the high cost
and short lifetime of early PEMFC systems has prevented their use in mass markets. The primary
reasons include the easy oxidative degradation of hydrocarbon polymer based polymer electrolyte
materials and very high loading of platinum catalyst required for providing suitable power output.
Those material hurdles had slowed down the development of PEMFC technology till the mid
1980s when breakthroughs in polymer electrolyte materials and catalysts had happened. Nafion®,
a perfluorinated polymer with sulfonic acid groups, discovered by Walther Grot at Dupont
Company in the late 1960s was found to have outstanding performance and greatly lengthened
lifetime in PEMFC because of its excellent proton conductivity and chemical stability. The
amount of necessary platinum catalyst as needed for electrode reactions had also been
significantly decreased to an affordable level for common usages by the fuel cell group at Los
Alamos National Laboratory. These significant discoveries brought PEMFC technology to a new
stage of development when it became a real competition with conventional power sources, and
aroused enormous research interest. Renewed interest and the boost in government funding
support gave rise to an explosion of efforts in research and commercialization of PEMFC in the
following decades. At present, nonetheless, there are still some scientific hurdles to overcome to
realize the potential of PEMFC as a viable and wide-spread energy generation technology. For
instance, the extension of current PEMFC operating temperature range, suppression of reactant
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permeation through polymer membranes, reduced catalyst poisoning issue and high catalyst
activity are present main research objectives. A further decrease in the material cost is highly
desired as well.

Structure of Polymer Electrolyte Membrane Fuel Cell

Figure 1-1: Schematic of PEMFC.
There are two main classes of PEMFCs, i.e. hydrogen fuel cells and direct methanol fuel
cells (DMFCs). The fuel of choice, hydrogen or methanol, causes the difference in names and
small variations in working manner. But they share with each other the basic cell structure, as
illustrated in Figure 1-1. The center piece of PEMFC is a proton conductive polymer electrolyte
membrane, which is in contact with two electrode layers with platinum catalyst on either side.
Electrochemical reactions occur at the electrodes when they are supplied with the fuel and
oxidant. In the electrochemical process, the fuel fed to the anode, i.e. hydrogen or methanol, is
oxidized to release protons and electrons with assistance of catalyst. The protons generated at the
anode permeate through the polymer electrolyte membrane to reach the cathode side. The
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electrons, on the other hand, have to travel along an external load circuit to create the electric
current as the polymer membrane is an electronic insulator. Meanwhile, a flow of oxygen is
delivered to the cathode reacting with protons and electrons that have traveled from the anode to
form water. When running on hydrogen fuel, the half-cell reactions occurring at the anode and
cathode are:

And the overall reaction is:

When using methanol as the fuel, the electrochemical reactions are:

As shown in the Figure 1-1, the core part of PEMFC contains a polymer electrolyte
membrane sandwiched between two catalyst layers, i.e. the so-called membrane electrode
assembly (MEA). Catalyst layers are usually composed of porous carbon supported or
unsupported precious metal catalysts and binder. Platinum is by far the most effective and
commonly used catalyst for the electrochemical reactions in PEMFC. In particular cases,
ruthenium and platinum are used together if CO is a by-product of the electrochemical reaction as
CO poisons the PEM and impacts the efficiency of the fuel cell. However, due to the high cost,
current platinum catalysts are not feasible for broad commercialization. Research is being
undertaken to improve the catalytic activity of current platinum based catalyst so that a reduced
amount of platinum is needed, and to develop catalysts that use lower cost materials. There are
two approaches for bonding the electrode catalyst layers onto the polymer electrolyte membrane,
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i.e. either directly applied on the surface of the membrane or deposited on a gas diffusion layer
and then hot-pressed onto the membrane. In both approaches, the catalysts are integrated with a
binder to form the electrode catalyst layers. The binder supports the overall architecture of the
electrode as well as fixes the catalyst particles. Commonly used materials for binders include
perfluorosulfonic acid, e.g. Nafion, polytetrafluoroethylene (PTFE), or the same polymer as in the
polymer electrolyte membrane. Gas diffusion layers (GDLs) are another key component of the
PEMFC, which are placed adjacent to the MEA on both sides. Porous GDLs, which are typically
carbon-based, in cloth form or a non-woven pressed paper-like fiber configuration, allow the
diffusion of reactants and water vapor to the catalyst layer and the removal of excessive water to
prevent flooding. Figure 1-1 shows only a single PEMFC, whose power output is limited,
typically less than 0.5 Watts. An increase in power output of a PEMFC can be achieved by
integrating single cells in series by constructing a fuel cell stack where the voltage of each single
cell is additive.
Hydrogen is the fuel of choice for high power density and high performance PEMFCs,
which is also the “cleanest” fuel producing only water and heat. However, hydrogen has several
issues in production, containment and distribution to be solved before it can function on a large
scale.3 For example, the current leading technology for producing hydrogen in large quantities is
steam reforming of hydrocarbon fuels, e.g. methane, natural gas, oil or methanol, which always
has trace impurities of carbon monoxide that would poison on platinum based catalysts. In
addition, there is also no current available distribution infrastructure for gaseous hydrogen, and it
is difficult to store under normal conditions. Methanol in the form of diluted water solution is
another prevalent option of fuel for PEMFCs. Since methanol solution is a liquid under ambient
conditions, it has little problem with storage and distribution. Massive production is also not an
issue for methanol. The use of methanol, however, causes other complications to the fuel cell
system. The reaction kinetics of methanol oxidation are very slow and results in significant
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decrease in performance as compared with hydrogen. Furthermore, carbon monoxide is
susceptible to be produced during the oxidation of methanol, which could poison the catalysts.
The most important matter that currently inhibits the promise of using methanol in fuel cells is the
lack of suitable polymer electrolyte membranes. Most known polymer electrolyte materials for
PEMFC are poor barriers to methanol diffusion and incapable of preventing the occurrence of
methanol crossover, i.e. the tendency of methanol transporting crossing through the anode and
electrolyte membrane to the cathode side.4 The resultant presence of un-reacted methanol at the
cathode side not only leads to a serious reduction of fuel utilization efficiency, but also competes
with oxygen for active catalyst surface sites, which results in serious cell voltage and power
density loss. There has been much fuel cell engineering to combat methanol crossover, including
diluting the methanol feed stream at the anode with water and employing thicker polymer
electrolyte membranes. But the results of these approaches are still not sufficient to promote
direct methanol fuel cells for wide-ranging commercialization, because diluted methanol feed
generally gives rise to reduced power density and the complexity of the water management in the
cell, and thicker membranes is associated with higher resistance and lower power output.
Accordingly, alleviating methanol crossover is the central subject of new membrane materials in
direct methanol fuel cell research.

Polymer Electrolyte Membranes

Perfluorosulfonic Acid Ionomers
The functions of polymer electrolyte membrane (PEM) in fuel cells include transport of
protons and separation of reactants and electrodes. There are some critical requirements for PEM
materials, e.g. high proton conductivity, low reactant permeability, low electronic conductivity,
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high chemical and electrochemical stability, sufficient mechanical properties and reasonable cost.
Unfortunately, so far none material has been found to satisfy all the requirements listed above.
But there are some materials that meet most of these requirements and have been commercialized
for fuel cell application, such as Nafion® and other analogous perfluorosulfonic acid ionomers.

Figure 1-2: Chemical structure of Nafion®.
Nafion®, developed by Dupont in the late 1960s, is a copolymer of tetrafluoroethylene
(TFE) and perfluoro(4-methyl-3,6-dioxa -7-octene-1-sulfonyl fluoride) (PFSVE) prepared by free
radical co-polymerization, and sulfonyl fluoride groups are then converted into sulfonic acid by
means of base hydrolysis and acid treatment.5 The chemical structure of Nafion is shown in
Figure 1-2. The content of sulfonic acid groups in the polymer plays a vital role in determining
the membrane properties, which is normally discussed in terms of equivalent weight (EW, grams
of dry polymer per mole of acid groups) or interchangeable ion-exchange capacity (IEC, milliequivalents of sulfonic acid per gram polymer). The EW of Nafion can be controlled by varying
the composition of TFE and PFSVE monomers to offer several choices of equivalent weights,
e.g. 900, 1100 and 1200. Nafion® 1100 EW with thickness of 2, 5, 7, and 10 mil (Nafion® 112,
115, 117 and 1110) is the grade of Nafion that is widely used and studied for fuel cells, which has
about 13 mol.% PFSVE to afford the proper amount of sulfonic acid groups. Although lower EW
Nafion polymers might be better proton conductors, they are not readily available for PEM
applications because of their relatively low molecular weights due to the β-scission process
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occurring in the radical polymerization. Low molecular weight provides insufficient mechanical
support for the polymer film and easy “solubility” in water.
There is a huge body of literature studying the structure and property of Nafion because
of its excellent membrane performance for fuel cell applications.6 The perfluorinated polymer
structure of Nafion imparts extraordinary chemical stability to survive in the harsh fuel cell
conditions, which could be very oxidative and hydrolytic. Under low temperatures (<90 oC) and
proper humidification, Nafion has demonstrated to be capable of long-term operation of over 10,
000 hours. Retention of semi-crystalline morphology from the Teflon backbone helps the
polymer film retain a good mechanical strength. Most importantly, Nafion® 1100 EW yields high
proton conductivity with modest water swelling. The water uptake of fully hydrated Nafion®
1100 membrane is typically less than 50 wt. %, without causing dramatic damage to the
mechanical integrity of the membrane, while still providing ample proton conduction. The
presence of electron-withdrawing fluorine atoms bonded to the same carbon atom as the
sulfonate group significantly increases the sulfonic acid strength (pKa ~-6), orders of magnitude
higher than hydrocarbon alkyl sulfonic acid (Pka ~ -3 to -1). These “super” acidic sulfonic acids
in Nafion help obtaining: 1) very hydrophilic side-chain in contrast with the polymer backbone
and in-turn the formation of well phase-separated morphology; 2) efficient utilization of absorbed
water to dissociate and transport protons. In addition to high acidity, the morphological structure
of Nafion is another commonly recognized reason for its excellence in proton conductivity. Due
to coexistence of hydrophobic polymer backbone and hydrophilic acid side chains, phase
separation occurs in Nafion membranes, and the acid groups tend to aggregate and form ionic
clusters. When the membranes get access to water, these ionic clusters will swell and percolate to
form continuous hydrophilic domains. There have been several models proposed to describe the
changes in morphology upon water swelling of Nafion membrane, e.g. cluster-network model
proposed by Gierke,7-9 lamellar structure by Litt,10 and fibrillar-structure model by Diat11.
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Although most models agree on that the continuous hydrophilic phase constructed by swollen
ionic domains is responsible for the promoted proton conduction, the exact morphological
structure of hydrated Nafion is still under debate.

Figure 1-3: Structures of other perfluorosulfonic acid ionomers.
In addition to Nafion®, there are some other commercially available perfluorosulfonic
acid ionomers with structures shown in Figure1-3. Asahi Glass Company and Asahi Chemical
Industry developed Flemion and Aciplex, respectively, but so far they remain small players in this
business. In the early 1980s, Dow Chemical Company developed a perfluorosulfonate ionomer
with a shorter side chain and lower equivalent weights than those of Nafion, but exited the market
several years later. The ionomer with the exact same structure is now being produced by Solvay
Solexis under a trade name of Hyflon Ion®. In recent years, 3M has also developed another
perfluorosulfonic acid ionomer with a short acid side chains as shown in Figure 1-3, which is on
the way to the massive commercialization.
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Although perfluorosulfonic acid ionomer membranes possess many desired properties
such as high proton conductivity under conditions of water availability, excellent thermal,
oxidative and hydrolytic stabilities, and good mechanical properties, these materials suffer from
several common drawbacks limiting their utility and performance. High production cost of
perfluorosulfonic acid ionomers is one of the issues that people have been working on for
decades. The high cost is mainly due to the expensive special perfluorinated vinyl ether monomer
with sulfonyl fluoride group, whose synthesis involves a costly fluorination process and use of
explosive chemicals. Another drawback is that, as mentioned, perfluorosulfonic acid ionomers
have poor barrier properties to methanol diffusion and thus cause severe methanol crossover, so
they are clearly not a good choice of membrane in methanol fuel cells.
Most importantly, the nature of the chemical structure of Nafion and other
perfluorosulfonic acid ionomers limits their working temperature range with a maximum of 80-90
o

C. This limitation is primarily related to the low glass transition temperatures (Tg) of these

ionomers, e.g. Tg of dry Nafion is around 120 oC, and even lower when hydrated. Higher
operating temperatures would trigger the deformation of the membrane structure and in-turn lead
to great losses in the mechanical durability and the performance of the fuel cell. Furthermore,
proton conduction in the perfluorosulfonic acid membranes relies heavily on hydration extent.
When close to or above the boiling temperature of water, maintaining sufficient hydration of the
membrane becomes difficult, and the proton conductivity of the membranes consequently drops
off. Extending the operation temperature to above 100 oC is strikingly attractive for a number of
benefits associated, including: (a) improved tolerance of electrodes to carbon monoxide that
exists in hydrogen produced by reforming hydrocarbon fuels; (b) improved electrode reaction
kinetics; (c) simplification of the cooling system and possible use of cogenerated heat; (d)
possibility to use inexpensive non-platinum catalysts.12,13 The limitation and defects of
perfluorosulfonic acid membranes precipitate major thrusts in the forefront of PEM materials

13
research, i.e. seeking alternative membranes for use in hydrogen PEMFCs that can operate at high
temperatures above 100 °C, and for use in DMFCs that have alleviated methanol crossover issue
without sacrificing the fuel cell performance.

Commercial Alternative Polymer Electrolyte Materials
There are limited but still a few commercial alternatives to the perfluorosulfonic acid
ionomers existing at this time. For instance, W. L. Gore & Associates, DSM Solutech, Ballard
Advanced Materials, Arkema Company, and Dais Analytical have joined this business by
producing their own commercial PEM materials. The membranes provided by W. L. Gore and
Associates are based on Nafion ionomer reinforced with porous PTFE thin films under the trade
name of Gore-Select®. Gore-Select® membranes appear uniform and homogeneous, which takes
advantage of the good compatibility of PTFE and Nafion since they are both fluorinated
polymers. Very thin PTFE support films, less than 25 µm, are used. Thus, as compared with bulk,
thick Nafion membranes, the amount of Nafion ionomer needed for Gore-Select film
manufacturing is minimized, and so does the cost. The Gore-Select composites also have much
greater strength and less swelling than a pure Nafion membrane, which are highly desirable for
fuel cell applications. Nonetheless, Gore-Select membranes have their own disadvantages. The
differential swelling between Nafion and the PTFE support could cause de-lamination, and the
lower intrinsic conductivity due to the use of nonconductive support. Thin Gore-Select
membranes are thus necessary to combat the resistance loss. However, as the membrane becomes
less than 25 µm thick or in the case of incomplete impregnation of the porous matrix, gas
crossover starts to become a problem that could not be disregarded, while it is not much of an
issue with thicker bulk membranes. High hydrogen and oxygen crossover through the membrane
results in undesired low open circuit voltage and low fuel efficiency. Moreover, Gore-Select

14
membranes are still based on Nafion. They unavoidably inherit the shortcomings of Nafion, e.g.
the limitations with low working temperature range, high humidity requirement and high cost.
DSM Solutech provides another commercially available reinforced membrane using
ultra-high molecular weight polyethylene as porous matrix filled with Nafion. A constant
performance of over 3000 h has been demonstrated, despite the fact that polyethylene matrix is
non-fluorinated and not as chemically stable as PTFE. Similar with Gore-Select, DSM Solutech
membrane manufacture also needs careful post-manufacturing quality controls, as incomplete
impregnation of the porous matrix leads to gas leakage through the membrane.
Dais Analytic markets another type of PEM materials based on their sulfonated Kraton®
polymers, i.e. sulfonated styrene-b-ethylene/butylene-b-styrene (S-SEBS) copolymers. Figure 1-4
shows the chemical structure of S-SEBS. These polymers have hydrocarbon backbone and aryl
sulfonic acid groups, which differ from perfluorosulfonic acid ionomers and are much less costly.
In general, Dais PEM materials have higher water uptakes than Nafion at a given IEC and lower
conductivities at a given weight percent water. Similar conductivity values with Nafion can be
attained by high IEC membranes at certain waters/acid ratios. However, the poor chemical
stability of S-SEBS polymers under oxidative conditions limits their lifetime in fuel cell
environment. The breaking of their aliphatic hydrocarbon backbone under the attack of radicals is
a suspected reason for their poor long-term stability performance. These membranes are of
interest for low cost, low temperature and low current density systems that do not require the
membranes to last for long period.

Figure 1-4: Chemical structure of sulfonated Kraton® polymers.
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Ballard Power Systems has a history of producing a variety of polymer membranes for
fuel cell applications, the so-called Ballard Advanced Materials (BAM) family of membranes.14
These membranes are generally based on post-sulfonation of engineering thermoplastics such as
poly(styrene), poly-2,6-disubstituted(phenylene oxide), poly(α, β, β-trifluorostyrene) and other
aromatic polymers. The first generation membrane developed by Ballard (BAMG1) is the
sulfonated poly(phenylquinoxaline). The initial performance of BAMG1 membrane with
appropriate amount sulfonic acid groups was reportedly comparable to that of Nafion, but their
lifetimes were much shorter, on the order of 500 hours. The second generation of Ballard
Advanced Materials (BAMG2) chose another high grade thermoplastic polymer, poly(2,6diphenyl-1,4-phenylene oxide), for post-sulfonation. This polymer is an attractive material for its
high Tg, semi-crystallinity as well as the wide availability. However, it still has insufficient
chemical stability to make a long term survival in a fuel cell environment, even though various
electron-withdrawing groups have been attached to the polymer backbone with attempt to combat
the chain degradation. For the third generation of Ballard Advanced Materials (BAMG3), Ballard
expanded their research to a more costly starting material with fluorinated polystyrene backbones.
As shown in Figure 1-5, BAM3G is a copolymer of α, β, β-trifluorostyrene and α, β, βtrifluorostyrene based co-monomers with pendant R groups, e.g. alkyl, perfluoroalkyl, and aryl
groups., via emulsion polymerization, which styrenic rings is then sulfonated by a sulfur
trioxidetriethylphosphate complex. In relation to the first and second generation materials,
BAMG3 not only preserves the high performance aspects in conductivity and initial cell
performance, but also displays greatly improved longevity in fuel cells, about 15, 000 hours of
lifetime, owing to the excellent chemical stability of the fluorinated structure. It has been reported
that the BAM3G membrane with EW of 427 exhibited higher cell voltage and cell performance
than Nafion at low temperature and water-saturated conditions. Different from other companies,
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Ballard Power Systems does not sell their membranes on the commercial market, and only supply
their fuel cell stacks with already built-in membranes.

Figure 1-5: Synthesis of BAMG3.
It is worth mentioning that Arkema Company is making efforts to become a future player
in this market, using a blend approach to manufacture membranes consisting of PVDF and acrylic
and vinylic resins with sulfonic acid groups.15 With the mechanical support from PVDF matrix,
the thickness of Arkema membranes can go down to 25 µm or less, and the proton conductivity in
liquid water is 0.06-0.08 S/cm at 25°C and 0.1-0.13 S/cm at 70°C. MEAs using Arkema’s blend
membranes has showed a cell performance on a par with to that of Nafion under fully hydrated
conditions, and an encouraging long term durability of over 2100 h. Research work is still ongoing at Arkema to optimize the properties of the PVDF blend membranes, particularly the low
proton conductivity at low humidities.

Research Progress in the Development of New Polymer Electrolyte Materials
Unfortunately, most current commercially available PEMs as described above are limited
to work under only specific conditions, i.e. high humidification, low temperature (<100 oC), and
using hydrogen as the choice of fuel. However, automotive, portable and other industrial
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applications have requirements beyond these conditions, such as high working temperatures, low
humidity and alternative fuels. Therefore, enormous efforts have been made to develop new PEM
materials that can perform well under various conditions.
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Particularly, cost-effective

materials that can work at high temperatures (110-140 oC) and low humidities, and that have low
fuel crossover when using methanol or ethanol as the fuel, are major research thrusts in this area.
Thus far, very few materials have been discovered with properties and performance in fuel cells
that can compete with Nafion, and Nafion still has its leading position. Demonstrated by the
observation of Nafion and advances in understanding the structure/property relationship of PEM
materials, chemical structure and morphology are believed to be two factors that play pivotal role
on determining the fuel cell relevant properties of PEM.23 Therefore, from synthetic point of
view, design and preparation of polymer materials with controlled molecular architectures and
tailored chemical structures to afford microscopic phase separation and morphology favoring
transport properties seems like the a possible strategy toward the next generation of PEM. The
remainder of this Chapter is a brief review on the recent research progress in the development of
new PEM materials.

Sulfonated Aromatic Polymers
Acid-functionalized aromatic thermoplastic polymers have been intensely investigated to
explore their potential as high performance PEMs, which have a package of desirable properties
for fuel cells applications, e.g. great mechanical durability, good thermal and chemical durability,
high glass transition temperature and intrinsically low alcohol permeability. There is a variety of
aromatic polymers industrially available, and they usually have aromatic rings allowing the
occurrence of sulfonation reaction to attach sulfonic acid groups for proton transport. Several
aromatic thermoplastics polymers, such as polyimide,23-26 poly(ether ether ketone) (PEEK)27-29
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and poly(ether sulfone) (PES),30-33 are the ones that have received the most attention and will be
discussed below.

Figure 1-6: Synthesis of S-PEEK.
PEEK is so-called high-performance polymer, used for applications where chemical
stability in combination with mechanical strength is required, e.g. bearings, piston parts, pumps.
As shown in Figure 1-6, PEEK polymer can readily be sulfonated by reacting with sulfonated
agents such as concentrated acid or chlorosulfonic acid.34-35 The degree of sulfonation can be
roughly controlled by the time of the sulfonation process, and in-turn results in various IEC or
EW values. A reasonable conductivity range can be obtained by polymers with EWs less than
650-1000. For instance, in the fully hydrated state, the proton conductivity of S-PEEK with
EW650 approaches that of Nafion: 0.04-0.07 S/cm at 25 °C.35-37 Lower EW could lead to
undesired water solubility. Proton conductivity of S-PEEK is however also highly dependent on
the water content as in the case of Nafion, and even falls sharper as the surrounding relative
humidity (RH) decreases.37 The corresponding reasons include the low acidity of aryl sulfonic
acid groups in S-PEEK and the small sized ionic domains due to the weak phase separation in SPEEK,27 so high water content in S-PEEK is needed to facilitate the dissociation and movement
of protons. The difference between S-PEEK and Nafion membranes as a result of the character of
their sulfonic acid moiety and the polymer microstructure has been identified and discussed by
Kreuer.27 Nafion have a pKa of about -6 as compared to aryl sulfonic acid group in S-PEEK of -1.
The difference in acidity implies that S-PEEK membrane needs a higher acid concentration than
Nafion to produce the same conductivity under equal conditions. As compared with Nafion,
smaller hydrophilic domains are formed in S-PEEK due to the rigid polymer backbone and the
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decreased polarity difference between the sulfonic acid and the polymer backbone. Although
smaller size of micro-structural features causes negative effects on proton conduction, it imparts
much lower methanol permeability than Nafion. 38-39 With appropriate sulfonation degrees, more
than one order of magnitude lower methanol permeability values with appreciably high proton
conductivity were achieved by the S-PEEK membranes. 38-39 Water swelling is a big concern of SPEEK materials.37, 40 As a high sulfonation grade is required for sufficient proton conductivity,
the water uptake of S-PEEK becomes extreme (>100 wt. %), even at temperatures below
100°C.37 A large degree of water swelling in-turn results in poor mechanical properties and
membrane stability.
It has been claimed that S-PEEK can be used at temperatures higher than 100°C because
of its high glass transition temperature and good thermal stability, but it still needs fully
humidified conditions.35,

41

Maintaining high RH at high temperatures demands an elevated

pressure in the fuel cell and a complicated external humidifier system, which negatively impacts
on water management in the fuel cell system. There are scarce reported data of the fuel cell
performance of S-PEEK membranes. It was reported by Bauer that the fuel cell testing of 70 µm
S-PEEK membrane gave comparable hydrogen fuel cell performance as Nafion 115 under the
same test conditions.35 Operation at 120°C at fully humidified conditions showed that S-PEEK is
more stable than Nafion membrane.41 Despite of the failure of both S-PEEK and Nafion
membranes due to physical damage at the edge of the electrode, Nafion failed after 50 h of
operation on hydrogen/air while the PEEK membrane lasted for almost 400 h. S-PEEK
membrane has also been reported to have similar or even better initial performance than Nafion in
methanol fuel cells due to the low methanol permeability.38,39 However, a sufficiently long
lifetime of S-PEEK in hydrogen or methanol fed fuel cells has not been proved yet. Therefore,
although S-PEEK provides a major benefit of its relative low cost, it appears that S-PEEK hardly
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offers advantages in comparison with Nafion with respect to membrane properties and fuel cell
performance.
Sulfonated poly(ether sulfone) (S-PES) polymers are in a similar situation as S-PEEK for
fuel cells applications. Post-sulfonation of commercially available engineering polymers such as
Udel®, as shown in Figure 1-7, could provide very cost-effective proton conductivity materials. In
spite of the ease of post-sulfonation treatment of the polymer, it was reported that the postsulfonation reaction would lead to weakened mechanical and thermal properties due to the
possible chain scission, as well to a lack of control over degree and distribution of sulfonation.
Lifetime of S-PES made by post-sulfonation under fuel cell conditions was reported to be around
500 h by Ballard, for which obvious reason Ballard stopped continuing the research on S-PES.14
The S-PES polymers that have recently received much attention, such as BPSH in Figure 1-7,
were directly prepared from polymerization of sulfonic acid containing monomers.42-43 The direct
polymerization approach allows precise control of sulfonation and provides higher molecular
weight polymers than the post sulfonation. The polymer structures produced by the direct
copolymerization of sulfonated monomers also have sulfonic acid groups that are less susceptible
to hydrolysis because of the difficulty in generating the required carbon-cation intermediate, and
thus are thermally and chemically more stable. Moreover, the acidity of aryl sulfonic acid group
is enhanced due to electron withdrawing nature of the sulfone moiety. The proton conductivity
and morphology of BPSH membrane is dependent on degree of di-sulfonation.31-33 It has been
observed that once the degree of disulfonation reached 60 mol %, a semi-continuous hydrophilic
phase is formed and accordingly, the polymer membrane swells dramatically in water. This
phenomenon is commonly seen in most randomly sulfonated polymers, and indicates that in these
polymers the proton conductivity must be balanced with the water swelling and mechanical
properties of the membrane. BPSH with 40 mol % di-sulfonation degree and a IEC of about 1.7
meq./g was found to have a modest water of 56 wt% and a proton conductivity slightly lower than
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Nafion, which seems to be the optimum balance point between conductivity and water swelling.44
It was also found that the BPSH membrane showed much lower methanol permeability than
Nafion.44 For example, BPSH with 35 % di-sulfonation degree and an IEC of 1.5 meq./g
exhibited a methanol permeability of 2.4 × 10-7 cm2/s vs 1.7 × 10-6 cm2/s for Nafion. The proton
conductivity of BPSH is however also lower than Nafion, 0.06 S/cm vs 0.11 S/cm for Nafion.
Comparable cell performance with Nafion has been demonstrated at high humidification
conditions in hydrogen fuel cells as well as in DMFCs. Nonetheless, a sufficiently long lifetime
of poly(ether sulfone) based polymers in fuel cells has not been proved yet. In addition, these
polymers have not shown promising properties and cell performance under desirable conditions
such as low humidity.

Figure 1-7: Synthesis of S-PES and BPSH.
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Sulfonated

polyimides

(SPI)

can

be

synthesized

from

1,4,5,8-naphthalene-

tetracarboxylic dianhydride (NTDA)45 or other analogues with different types of sulfonated
diamines such as 2, 20-benzidinedisulfonic acid, 4,4’-diaminodiphenyl ether-2,2’-disulfonic acid,
9,9-bis(4-aminophenyl)fluorene-2,7-disulfonic acid, 4,4’-bis(4-sulfophenoxy)biphenyl- 3,3’disulfonic acid, and 3-(2’,4’-diaminophenoxy) propane sulfonic acid, etc.23,

25,

46-50

A

representative example of the polymer synthesis is given in Figure 1-8. Acid content in SPIs can
be easily controlled by the monomer feed ratio of the condensation reaction, allowing the
optimization of proton conductivity and other membrane properties. However, the poor solubility
of SPIs with high sulfonic acid contents causes the problem in membrane formation. Thus unsulfonated diamines containing ether linkages or bulky substituents have been incorporated to
improve the solubility in organic solvents.23,25 The biggest concern about SPIs is their chemical
stability due to the possibility of the hydrolysis of imide groups in the polymer backbones.
Extensive efforts have been made to investigate and improve the chemical stability of PSIs.17,
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Improved membrane stability was observed for polymers with lower IECs and for random
copolymers, as opposed to block or sequenced copolymers. It was also found that the polymers
containing flexible sulfonated diamine monomer in the backbone are more stable than those with
rigid sulfonated diamine units.17 However, very few SPI based polymers have demonstrated
enough long durability in fuel cell operating conditions. It is worth to mention that Watanabe et
al. recently reported a series of SPI ionomers containing aliphatic groups both in the main and in
the side chains.51-52 Interestingly, unlike most other polyimide based PEMs, the membranes made
by their SPI ionomers are quite stable in water. The proton conductivity of their SPI membranes
with IECs of 1.78-2.33 meq./g was found to be slightly lower than that of Nafion below 100 oC,
but comparable at higher temperature and 100% RH. Their ionomer membrane also showed
comparable performance to Nafion and was durable for 5000 h under fuel cell operation
conditions without distinct degradation.
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Figure 1-8: Synthesis of a SPI ionomer.

Sulfonated Block Copolymers
Block copolymers containing sulfonated segments, i.e. block copolymer ionomers, are
being developed as a new form of PEMs. Self-organization of block copolymers offers the
opportunity for precise control of film morphology via manipulating chemical compositions and
relative volumes of the constituent blocks. Therefore, block copolymers provide a good platform
for a comprehensive study of the correlation the relationship between the morphological structure
of PEMs and membrane properties. Due to the ease of synthesis, most reported block copolymers
contain sulfonated styrene segments, such as poly(styrene-b-[ethylene-co-butylene]-b-styrene) (SSEBS),53-56 poly(styrene-b-ethylene-alt- propylene),57 poly(styrene-b-isobutylene-b-styrene),58,59
polystyrene-b-poly(arylene

ether

sulfone)-b-polystyrene,60

poly(vinylidenevdifluoride-co-

hexafluoropropylene-b-styrene) (P(VDF-co-HFP)-b-SPS),61-63 etc. The copolymers containing
fluorinated polymer blocks are of particular interest because the great hydrophobicity of
fluorinated segments could help enhancing phase separation and obtaining distinct morphologies.
For instance, Shi et al.62-63 found that the proton conductivity of P(VDF-co-HFP)-b-SPS
copolymers (Figure 1-9) is significantly higher than that of randomly sulfonated polystyrene and
nonfluorous block copolymer membranes such as sulfonated S-SEBS with similar IEC values.53-56
The superior proton conductivity is presumably due to a high dissimilarity of the fluorinated and
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hydrocarbon segments in the block copolymers, which promotes the formation of more favorable
morphologies for proton transport. Sulfonated polystyrene based copolymers however are not
adequately chemically stable for long-term use in fuel cells because of the oxidative degradation
of polystyrene block. More chemically stable block copolymers have been recently developed
and reported by McGrath,64 Miyatake,65-66 and other researchers,67 which are generally comprised
of multiple un-sulfonated and sulfonated aromatic polymer segments in an alternative sequence as
shown in Figure 1-9. These multi-block aromatic polymers were typically prepared from the stepgrowth polymerization from end-functionalized pre-made sulfonated/un-sulfonated poly(ether
sulfone)s, poly(ether ketone)s or poly(phenylene). In spite of their high polydispersity due to the
step-growth polymerization, these aromatic multi-block polymers were observed to have distinct
phase separation. Continuous ionic phase was found in the block polymers, even at low IECs or
low humidities. Compared with sulfonated random aromatic polymers, block copolymers with
similar IECs were found to have greater proton conductivity and lower water absorption.
Comparable or even higher conductivity than Nafion were achieved by some aromatic block
polymer structures without extremely high IEC and water uptake. For instance, Bae et al 66 found
that a multi-block polymer they prepared based on sulfonated poly(arylene ether sulfone ketone)
(SPESK) with an IEC of 1.62 showed similar or higher conductivity at 80 and 110 oC across the
RH range of 20 - 90 %. A superior fuel cell performance than Nafion at 100 oC and 30 % RH was
also demonstrated for this block copolymer.
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Figure 1-9: Chemical structures of several block copolymers.

Inorganic/Polymer Composite Membranes
For most reported PEM materials, proton conductivity has a strong dependence on the
water content of the membranes. It usually drops orders of magnitude upon decreasing the
humidity with temperature above 100 oC. With an objective of serving the dual functions of
improving water retention as well as providing additional acidic sites, Malhotra and Datta first
proposed the incorporation of inorganic solid acids in the conventional polymeric ion exchange
membranes such as Nafion.68 They doped Nafion membranes with heteropolyacids, e.g.,
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phosphotungstic acid (PTA), and were able to show high cell performance at low RH and
elevated temperature (120 oC). Inspired by this study, a variety of hygroscopic inorganic
compounds such as silica, titania, zirconia, tungsten oxide, etc.69-77 were then incorporated into
existing polymer electrolyte membranes. For example, Choi et al.75 observed improved proton
conductivity at 90 oC in Nafion-sulfated zirconia nano-composites prepared by sol-gel processing
as compared to that in unmodified Nafion, which was attributed to increased water uptake and the
availability of additional acid sites. An increase of 20% in the proton conductivity was observed
with the incorporation of sulfated zirconia nano-particles if the particle size and distribution are
carefully controlled. Yang et al.77 studied Nafion composite membranes with 25 wt% zirconium
phosphate filler. The composite membranes were found to have poorer proton conductivity in
relation to Nafion membrane, but they showed comparable fuel cell performance at 80 oC and
superior fuel cell performance at 130 oC. The improvement in fuel cell performance was
presumably attributed to the enhanced water retention capability in the composite membranes.
Nafion or other perfluorosulfonic acid ionomers are generally favored for use as the matrix for
doping inorganic fillers because of their excellent chemical stability and mechanical properties,
but the employment of other proton conductive polymer matrixes has also been investigated.
Recently, Watanabe et al.78 developed a nano-composite PEM system based on sulfonated
polyimide and acid-functionalized polysilsesquioxane. They adopt 3-trihydroxysilyl-1propanesulfonic acid as a precursor of the inorganic component, which could be converted
through a sol-gel process in the polymer electrolyte matrices into sulfopropylated
polysilsesquioxane. The resulting nano-composite membranes showed 30 times higher proton
conductivity than that of the original membrane.
Another attractiveness of inorganic/polymer composite membranes is the suppressed
methanol permeability by the incorporation of inorganic fillers. The effects of the interaction
between inorganic phase and polymer matrix on the methanol permeation have not been well-
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understood. It is generally believed that the presence of inorganic fillers makes the pathways for
methanol permeation more tortuous and thus decreases methanol permeability.77,79 One of the
most studied composite systems for methanol fuel cell applications is the modification of Nafion
through the addition of silica particles. Nafion/5 wt% silica composite membranes fabricated via
sol-gel method from tetraethyl orthosilicate, have a methanol permeability of 4.17 × 10-7 cm2/s
compared to 9.7 × 10-7 cm2/s for Nafion.79 And the membranes with 3 and 5 wt.% silica have a
methanol crossover of 215 - 245mA/cm2 in a DMFC at 60 oC fed by 1 M methanol solution, vs
273 mA/cm2 for Nafion. However, the proton conductivity in Nafion/SiO2 composite membranes
was found to be lower than for pure Nafion membrane due to decreased acid content.
In spite of the promising properties shown by the composite membranes, e.g enhanced
water retention and suppressed methanol crossover, enabling the operation at elevated
temperatures or in methanol fuel cells, there are several limitations accompanying current
composite PEM systems. It has been found that the dispersion of inorganic fillers in the polymer
matrix is a crucial factor influencing the membrane properties including water absorption,
methanol permeability, and mechanical durability. However, due to the great incompatibility
between inorganic materials and polymers, obtaining homogeneously distributed of inorganic
fillers in polymer matrix is still highly challenging so far. Inorganic particles at the nano-scale are
desirable for promoting membrane properties, but aggregation of nano-particles usually happens
and leads to inhomogeneous composite membranes. Furthermore, the stability of the composite
membranes is uncertain. Water soluble inorganic fillers such as heteropolyacids have the
possibility to leach out over time.
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Phosphoric Acid Doped Polybenzimidazole

Figure 1-10: Chemical structure of PBI and phosphoric acid doped PBI.
For high temperature operation, the most mature PEM material is phosphoric acid doped
Polybenzimidazole (PBI).80-81 With a chemical structure shown in Figure 1-10, PBI is an
industrial high performance polymer possessing very high thermal stability and mechanical
strength. The doped phosphoric acid in the membrane serves two functions, i.e. proton donor as
well as proton conducting medium. High molecular weight of PBI is highly desired for fuel cell
application, and a minimal molecular weight of 50,000 is proposed by Wainright et al.82 There are
two ways to fabricate phosphoric acid doped PBI membranes. In the first approach, the
membrane formation is followed by acid doping, while in the second approach, the membrane
formation and acid doping are performed simultaneously. The latter is usually preferred for better
mechanical properties and higher conductivities. The most important factor affecting the proton
conductivity of the membranes is the acid doping level, and typically, 5 moles H3PO4 per
repeating unit of PBI is needed. While two moles of H3PO4 assist the protonation of the
benzimidazole groups, the other three moles are needed as the proton-conducting medium.
Different from mot PEM systems described above, the proton conduction in H3PO4 doped PBI
membranes does not rely on the presence of water, which makes it promising for use at high
temperatures above100°C. However, water humidity actually has a great influence on the proton
conductivity of H3PO4-PBI membranes, e.g. going from an RH of 5–30%, the proton conductivity
of the membrane normally increases by a factor of 2 to 4.82 Although the proton conductivity of
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H3PO4 doped PBI membranes is primarily contributed by free H3PO4, it does not imply that PBI
can be replaced by other inert matrix, because the interaction between PBI and H3PO4 is
important in the containment of the phosphoric acid and preventing the leakage of H3PO4.81 The
proton conductivity of H3PO4 doped PBI membranes is strongly dependent on temperature. The
conductivity at 20°C is negligible.81-84 A conductivity of 0.025 S/cm can be achieved at a
temperature of 90°C at an RH of 30% and at 150°C at an RH of 5%.82 This indicates that the fuel
cell needs to be externally heated for start-up. H3PO4 doped PBI membranes have shown
promising performance in high temperature fuel cells. A lifetime of more than 6000 h has been
demonstrated by H3PO4 doped PBI membranes at 160 °C, atmospheric pressure and no
humidification.84 Li et al. also demonstrated lifetime for more than 5000 h when operated under
continuous operation at 150°C.81 Acid leaching of phosphoric acid is a major concern for H3PO4
doped PBI membranes. Evaporation of phosphoric acid during high temperature operation as well
as extraction by liquid water formed by condensation during shut-down can cause noticeable acid
loss. Several other challenges associated with the development of reliable PBI-based PEMFCs
have also been identified,85 including the adsorption of phosphate anions on the catalyst, high
corrosion rate of the amorphous carbon catalyst support, dissolution and sintering of catalyst
particles at high temperature and accelerated degradation of the MEA due to open circuit voltage
in the no-load state.
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Chapter 2

Synthesis and Characterization of Self-Assembled Sulfonated Poly(styrene-bvinylidene fluoride-b-styrene) Triblock Copolymers for Proton Conductive
Membranes
Partially taken from
K. Xu, K. Li, P. Khanchaitit, Q. Wang, "Synthesis and Characterization of Self-Assembled
Sulfonated Poly(styrene-b-vinylidene fluoride-b-styrene) Triblock Copolymers for Proton
Conductive Membrane", Chem. Mater. 2007, 19, 5937-5945.

Introduction
Recent renewed interested in alternative energy sources has prompted extensive
theoretical, physical, and chemical studies of proton exchange membranes (PEMs), a key
component in polymer electrolyte membrane fuel cells (PEMFCs).1-5 PEMFCs offer a highly
efficient and environment benign alternative to current power sources for potable, stationary and
automotive applications.6 The protons released during the oxidation of hydrogen or methanol are
transported across membrane to derive electricity directly from chemical energy. Generally,
PEMs are ion containing polymers bearing pendent cation exchange sites such as sulfonic
acids.1,2

Among various requirements for PEMs, the most essential property is proton

conductivity.

Although a systematic relationship between polymer structure and proton

conductivity has yet to be revealed, polymer morphology appears to play a dominate role in
proton conduction.7-10

The perfluorosulfonated polymers represented by Nafion are the

currently preferred electrolyte materials for PEMFCs.11 While a real morphological model for
Nafion remains elusive, it is currently believed that aggregations of hydrophilic pendent SO3-
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groups form isolated ionic clusters in the hydrophobic perfluorinated polymer matrix.12 At a low
hydrate state, a random distribution of spherical ionic clusters gives rise to poor proton
conduction. When hydrated, the clusters of sulfonated groups are expanded, leading to an
interconnected network of ionic channels that account for efficient ionic transport. Enhanced
proton conductivity has also been observed in the Nafion films that are stretched to induce an
oriented morphology consisting of elongated ionic domains.13
More recently, the block copolymers containing sulfonated or ionic segments, i.e. block
copolymer ionomers, are being developed as a new form of PEMs. These include sulfonated
hydrocarbon block copolymers such as poly(styrene-b-[ethylene-co-butylene]-b-styrene) (SSEBS),14-17

poly(styrene-b-ethylene-alt-propylene)

(S-SEP),18

poly(styrene-b-isobutylene-b-

styrene) (S-SIBS),19-22 and polystyrene-b-poly(arylene ether sulfone)-b-polystyrene (PS-b-PAESb-PS)23 and fluorocarbon block copolymers such as sulfonated polysulfone-b-poly(vinylidene
fluoride) (PSF-b-PVDF)24 and sulfonated poly([vinylidene fluoride-co-hexafluoropropylene]-bstyrene) [P(VDF-co-HFP)-b-SPS]25,26. Self-organization of block copolymers offers the
opportunity for precise control of film morphology via manipulating chemical compositions and
relative volumes of the constituent blocks.27 The block copolymer ionomers with the tunable
ionic microdomains are thus of special interest as model systems for a comprehensive
investigation of the correlation between polymer structure, membrane morphology, and proton
conductivity. A clear understanding of fundamental structure-property relationships is crucial for
development of new high-performance PEMs. Additionally, it is envisaged that conductivity
could be enhanced if protons are transferred in the continuous ionic channels yielded from phase
separation of block copolymers. Indeed, superior proton conductivities have been observed in
PSF-b-PVDF and P(VDF-co-HFP)-b-SPS compared to those in the corresponding homopolymers
and random copolymers.24,25 More interestingly, the membranes based on the fluorocarbon block
copolymers exhibit much higher proton conductivities than their hydrocarbon counterparts.25
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This is presumably due to a high dissimilarity of the fluorinated and hydrocarbon segments in the
block copolymers, which promotes the formation of more favorable morphologies for proton
transport.28
It is important, therefore, to investigate a variety of fluorocarbon block copolymers for
complete elucidation of intrinsic differences between fluorinated and hydrocarbon polymers in
membrane microstructure and their impacts on proton transport and water diffusion.
Unfortunately, ion-containing fluorocarbon block copolymers available for PEM study are very
limited because of great difficulties in their preparation. Fluorinated alkenes can not readily be
polymerized via living anionic/cationic polymerization29 or controlled radical polymerization30,
the methods commonly adopted in the preparation of hydrocarbon block copolymers.

The

synthesis of fluorinated block copolymers generally proceeds through telomerization, which
involves a chain transfer mechanism to prepare a fluorinated segment possessing functional
groups at one or both chain ends.31 The resulting chain-end functionalized fluoropolymer is
subsequently condensed with dissimilar polymers with complimentary reactive terminal groups or
used as a macroinitiator for polymerization of hydrocarbon monomers to form multiblock
copolymers.

However, molecular weights of the fluorinated segments yielded from

telomerization approach are less than 3000 g/mol in most cases,32 which are usually too small for
block copolymers to preserves the unique characteristics of fluoropolymers and to self-assemble
into a variety of microstructures.
In this work, we report the synthesis of new triblock copolymers, sulfonated polystyreneb-poly(vinylidene fluoride)-b-polystyrene (S-PS-b-PVDF-b-PS), containing a fluorinated block
and sulfonic ionic segments, via a tandem method. The incorporated fluorocarbon block is
prepared via a general and facile approach based on the functionalized benzoyl peroxides
(BPO).33 This approach permits the preparation of chain-end functionalized fluorinated polymers
with molecular weights significantly higher than the previous examples, which not only warrants
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occurrence of phase separation in the films and also ensures desirable mechanical properties. The
influence of polymer structures on membrane morphology, water uptake, and proton conductivity
is examined.

Experimental Section

Materials
Unless otherwise noted, all solvents and reagents were purchased from Aldrich and used
as received. All manipulations of gas-condense transfer were carried out with rigorous exclusion
of oxygen and moisture on a dual-manifold Schlenk line with 10-6 Torr high vacuum.
Tetrahydrofuran (THF) was distilled from sodium benzophenone ketyl under nitrogen.
Vinylidene fluoride was purchased from SynQuest Laboratory Inc. and purified by the freezethaw process prior to use. Styrene was passed through a column of neutral alumina to remove
inhibitor before use. Nafion 117 films were pretreated with 3 vol% H2O2 aqueous solution for 1
hour, rinsed in boiling de-ionized water repeatedly, boiled in 5 wt% HNO3 aqueous solution at 90
o

C for 30 min, rinsed again with water three times, and stored in de-ionized water.

Synthesis of 4-Chloromethyl Benzoyl Peroxide
To a stirred solution of 4-chloromethyl benzoic acid (1) (4.0 g, 23.5 mmol) in anhydrous
dichloromethane (20 mL) was added oxalyl chloride (3.2 g, 25 mmol) and a few drops of DMF at
0 oC. After 2 hours, the solvent was removed under vacuum and the solid was dissolved in Et2O/
hexane (40 mL, 1:1). This solution was added during a period of 30 min to a 20 mL rapidly
stirred aqueous solution of Li2O2 (1.38 g, 30 mmol) at 0 oC. After 2 hours, the reaction mixture
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was diluted by addition of chloroform (100 mL) and washed with water (30 mL). The organic
phase was separated and the aqueous phase was extracted with chloroform (2 x 20 mL). The
combined organic phases were dried over MgSO4. Removal of solvent yielded a white solid (1.8
g, 45%). 1H-NMR (CDCl3, ppm): 8.10 (d, 2H, ArH), 7.55 (d, 2H, ArH), 4.66 (s, 2H).

Synthesis of Chain-end Functionalized PVDF
A stainless steel vessel equipped with a magnetic stir bar was charged with 170 mg (0.5
mmol) of 4-chloromethyl benzoyl peroxide and 30 mL of acetonitrile. Vinylidene fluoride (25
mL, 0.26 mol) was transferred and condensed through a dual-manifold Schlenk line. The reactor
was immersed in oil bath at 90 oC.

After 6 hours, the reactor was cooled down, the residual

gases were discharged, and the solution was collected. The polymer was precipitated by addition
of methanol, and dried in vacuum at 60 oC to yield 3.4 g of white solid. 1H MMR (d6-DMSO,
ppm): 8.04 (d, ArH), 7.66 (d, ArH), 4.85 (s, -CH2Cl), 4.68 (m, -COOCH2CF2-), 2.9 (-CF2CH2CF2CH2-, head-to-tail structure), 2.3 (-CF2CH2-CH2CF2-, tail-to-tail structure).

19

F NMR (d6-

DMSO, ppm): -92.6 (-CH2CF2-CH 2CF2-CH2CF2-), -95.2 (-CH2CF2-CF2CH2-CH2CF2-CH2CF2-),
-114.3 (-CH2CF2-CH2CF2-CF2CH2-), -116.1 (-CH2CF2-CF2CH2-CH2CF2-). Mn(NMR) = 56600
g/mol.

Preparation of PS-b-PVDF-PS
Phenylmethyl chloride-terminated PVDF (1.8 g, Mn(NMR) = 56600 g/mol), styrene (7.5
mL), pentamethyldiethylenetriamine (PMDETA, 100 mg, 0.6 mmol) and CuCl (75 mg, 0.75
mmol) were dissolved in anhydrous DMF (15 mL). The reaction mixture was degassed by argon
with three freeze-pump-thaw cycles. The mixture was subsequently heated at 110 oC for 24 hours.
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After cooling to room temperature, the reaction mixture was poured into methanol/water (30 mL,
1:1) to precipitate the resulting triblock copolymer. The copolymer was collected by filtration,
washed by cyclohexane (2 x 10 mL), and dried under vacuum at 60 oC.

1

H NMR (d7-DMF,

ppm): 7.32 (br s, ArH), 6.80 (br s, ArH), 2.9 (-CF2CH2-CF2CH2-, head-to-tail structure), 2.3 (CF2CH2-CH2CF2-, tail-to-tail structure), 1.96 (br s), 1.60 (br s).
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F NMR (d6-DMSO, ppm): -

92.2 (-CH2CF2-CH2CF2-CH2CF2-), -95.0 (-CH2CF2-CF2CH2-CH2CF2-CH2CF2-), -114.2 (CH2CF2-CH2CF2-CF2CH2-), -116.0 (-CH2CF2-CF2CH2-CH2CF2-). Mn(NMR) = 95000 g/mol.

Sulfonation of PS-b-PVDF-b-PS
To a 50 mL flask equipped with a dropping funnel, 20 mL of 1,2-dichloroethane and 0.5
g of the triblock copolymer PS-b-PVDF-b-PS were added. The mixture was cooled to 0 oC using
ice bath and stirred for 0.5 h. Then a 1,2-dichloroethane solution (5 mL) of chlorosulfuric acid
with a calculated amount, for example, 0.4 mmol of chlorosulfuric acid (47 mg) which is 20
mol% of the total molar amount of polystyrene repeating units, was added dropwise via an
additional funnel and stirred for 2 hours. The sulfonated polymer was precipitated in hexane,
washed with methanol several times and dried under vacuum at 60 oC. The degree of sulfonation
(DS) of the resulting copolymer was confirmed by 1H NMR, 23% in this case, indicating that the
DS could be controlled by the feed ratio of chlorosulfuric acid to PS-b-PVDF-b-PS copolymer.
1

H NMR (d7-DMF, ppm): 7.78 (br s, ArH), 7.31 (br s, ArH), 6.83 (br s, ArH), 2.9 (-CF2CH2-

CF2CH2-, head-to-tail structure), 2.3 (-CF2CH2-CH2CF2-, tail-to-tail structure), 1.96 (br s), 1.60
(br s).
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Membrane Preparation
0.5 g of the sulfonated copolymer was dissolved in DMF (5 mL) and stirred overnight.
The solution was cast on a Teflon sheet. Drying the solution at 65 oC under atmospheric pressure
for 4 hours and then under vacuum for 4 hours gave a slight yellow and transparent membrane.
The resulting membranes were treated with 2 M HCl for 6 hours, washed several times with
deionized water and then stored in deionized water. The average thickness of the membranes
ranged between 60 and 85 µm.

Structural Characterization
1

H and
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F NMR spectra were recorded on a Bruker AM-300 spectrometer instrument.

Gel permeation chromatography (GPC) was performed in a THF mobile phase with a Waters
1515 isocratic HPLC pump. The thermal transition data were obtained by a TA Instruments
Q100 differential scanning calorimeter (DSC) at a heating rate of 10

o

C/min.

The

thermogravimetric analysis (TGA) measurement was performed on a TA instruments model 2950
at a heating rate of 20 oC/min under N2 from room temperature up to a maximum of 680 oC.
FTIR spectra were recorded on a Varian Digilab FTS-800 spectrometer. Tapping mode atomic
force microscopy (AFM) was performed with a Veeco Digital Instruments CP II using microfabricated cantilevers with a force constant of approximately 30 N/m. The ratio of amplitudes
used in feedback control was adjusted to 0.3 of the free air amplitude for the reported phase
images. Transmission scanning microscopy (TEM) experiments were performed using JEOL
JEM-1200 EX II TEM equipment. For TEM measurement, the membranes cast from DMF
solution of the sulfonated copolymers were stained by a saturated lead acetate solution, washed
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with water and dried under vacuum. The stained membranes were embedded in epoxy resin, cut
into ultrathin sections with a microtome and then put on copper grids.
Ion-Exchange Capacity (IEC). The IEC of the sulfonated copolymers was determined by
titration of the sulfonic acid groups. Membranes were equilibrated in a large excess of 2 M NaCl
solution for at least 4 hours at room temperature prior to titration. The protons released into
solution were titrated with 0.0226 M NaOH aqueous solution using phenolphthalein as an
indicator. The theoretic IEC values were calculated based on the DS and the number of repeat
units of polystyrene blocks according to the literature method.25
Water Uptake and Water Sorption. Membrane was dried under vacuum for 12 hours at
70 oC, and cooled to room temperature in a desiccator before measuring the weight in “dry” state,
Wd. The membrane was equilibrated in water overnight at room temperature. After removal of
the surface water, the weight in “wet” state, Ww, was measured. The water uptake and water
sorption of the membrane were calculated as the percentage increase from the “dry” to “wet”
weight related to Wd and Ww, respectively.
Proton Conductivity Measurement. In-plane proton conductivity (σ) of the membranes
was measured by a four-probe AC impedance method.34 Impedance data was acquired using an
Agilent multi-frequency LCR meter (E4980) over the frequency range from 20 Hz - 2 MHz.
Conductivity measurements under fully hydrated conditions at room temperature were performed
after the samples were equilibrated in water for at least 24 hours and immediately following the
removal of water. An ESPEC SH-241 temperature/humidity chamber was used to control the
conductivity measurement conditions. Proton conductivity of the membranes under variable
temperature (30 - 90 oC) and humidity (45 - 95%) were obtained.35
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Results and Discussion

Synthesis and Structural Characterization
From our previous studies, the functionalized BPOs were found to be effective initiators
for the preparation of the fluorinated polymers containing well-defined functional end-groups in
free radical polymerization.33 The absence of disproportionation in termination of perfluoroalkyl
radical chains leads to high fidelity of incorporation of the functional groups from the initiators

Figure 2-1: Synthesis of 4-Chloromethyl Benzoyl Peroxide and the Triblock Copolymers.

into polymer chain ends.36 As outlined in Figure 2-1, 4, 4'-chloromethyl benzoyl peroxide was
prepared via acylation of Li2O2 with 4-chloromethylbenzoyl chloride and used as an initiator in
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the polymerization of vinylidene fluoride. The presence of phenylmethyl chloride groups at the
poly(vinylidene fluoride) (PVDF) chain ends was confirmed by the 1H NMR spectrum (Figure 22a). End-group analysis37 by integration the terminal aromatic and methylene protons against the
hydrogens in PVDF revealed a number-average molecular weight (Mn) of 56600 g/mol, which is
about 20-fold higher than the chain-end functionalized fluoropolymers prepared via
telomerization. The 19F NMR spectrum exhibits a characteristic signal at -93.0 and -95.2 ppm
corresponding to the head-to-tail (H-T) VDF units in the polymer chain, and multiplets at -114.3

Figure 2-2: 1H NMR Spectra of (a) Phenylmethyl Chloride Terminated PVDF, (b) PS-b-PVDF-bPS, and (c) S-PS-b-PVDF-b-PS.
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and -116.1 ppm attributed to the difluoromethylene groups from head-to-head (H-H) sequences of
VDF. The mole fraction of H-T sequence assessed from the integrals of the characteristic peaks
is around 95%.33 The phenylmethyl chloride-terminated PVDF was then employed as a
macroinitiator in atom transfer radical polymerization (ATRP) of styrene in the presence of CuCl

Figure 2-3: GPC Traces of the Phenylmethyl Chloride Terminated P(VDF-co-HFP) and PS-bP(VDF-co-HFP)-b-PS.

as catalyst, N,N,N’,N”,N”-pentamethyldiethylenetriamine as ligand, and DMF as solvent at 110
o

C.30

Figure 2-2b shows a 1H NMR spectrum of the resulting PS-b-PVDF-b-PS triblock

copolymer. Additional peaks assigned to polystyrenes (PS) segments at 7.4-6.4 ppm (aryl, 5H),
1.3-1.7 ppm (methylene, 2H), and 1.8-2.0 ppm (benzylic, 1H) were observed. The molecular
weight of PS in the triblock copolymer was calculated by comparing the integration of the 1H
NMR resonances assigned to the methylene protons in PS to those of methylene protons in PVDF
(2.9 and 2.3 ppm corresponding to the methylene protons of H-T and T-T sequences of VDF,
respectively), which correlates well with the predicted molecular weight (Mn,PS = 38400 g/mol).
Attempts of characterization of PS-b-PVDF-b-PS using GPC were not successful due to its
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limited solubility in THF, eluent of our GPC system. To further verify the formation of the block
copolymer, a THF-soluble triblock copolymer, polystyrene-b-poly(vinylidene fluoride-cohexafluoropropene)-b-polystyrene, PS-b-P(VDF-co-HFP)-b-PS, was prepared using the same
approach as depicted in Figure 2-1. As revealed in Figure 2-3, the resulting triblock copolymer
shows an increase in molecular weight from the original chain-end functionalized P(VDF-coHFP)
Table 2-1: Characteristics of the S-PS-b-PVDF-b-PS Membranes.
Membrane

Degree of
Sulfonation
(mol%)

IEC
(mmol/g)
IECa

IECb

Water
Uptake
(wt%)

Water
Content
(wt%)

λ

Tg
(0C)

I

13

0.49

0.51

3.4

3.3

3.7

92

II

23

0.87

0.87

8.1

7.5

5.1

108

III

31

1.17

1.10

29

22

14.6

114

IV

42

1.59

1.49

41

29

15.3

118

V

49

1.90

1.85

225

70

67.6

127

b

[a] calculated based on the NMR data. determined by titration.
and a monomodal GPC trace with a polydispersity of 1.35. The change of GPC chromatograms
from a negative signal characteristic of the fluorinated backbones to a positive peak also clearly
demonstrates the incorporation of PS into the copolymers, which is in accordance with the
previous studies.38,39
By controlling the feed ratio of chlorosulfuric acid to PS-b-PVDF-b-PS, a series of
sulfonated triblock copolymers, S-PS-b-PVDF-b-PS, with different degrees of sulfonation (DS)
was obtained. Figure 2-2c shows a 1H NMR spectrum of a fully sulfonated S-PS-b-PVDF-b-PS,
in which the peaks at 7.2-7.5 ppm corresponding to meta/para protons on the phenyl ring in PS-bPVDF-b-PS downfield-shift to 7.6-7.9 ppm due to protons adjacent to the sulfonate group. The
calculated DS based on integral ratios of the NMR resonances are listed in Table 2-1. The
introduction of sulfonic groups into the polymers was further confirmed by FTIR spectroscopy
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(Figure 2-4). The characteristic peaks at 1033 and 1006 cm-1 assigned to symmetric stretching of
SO3- and in-plane bending of para-substituted phenyl ring, respectively, were observed for the
sulfonated copolymers, and the intensities of these two peaks increase with the DS.

The

absorption bands of unsubstituted phenyl ring at 699 and 759 cm-1 (C-H bond), and 1493 and
1453 cm-1 (stretching vibrations) disappear following sulfonation. The resulting sulfonated
copolymers are readily soluble in polar organic solvents such as DMF, NMP and DMSO. As
listed in Table 2-1, the ion exchange capacities (IEC) determined by titration are in the range of
0.51-1.85 mequiv/g, which are in good agreement with the theoretic values calculated from the
structure and composition of the block copolymers.

Figure 2-4: FTIR Spectra of (a) PS-b-PVDF-b-PS and (b) Fully Sulfonated S-PS-b-PVDF-b-PS.
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Thermal Analysis.
Only one glass transition temperature (Tg) corresponding to partially sulfonated PS
segments was observed in DSC studies, while Tg of PVDF block was not clearly discernible. As
summarized in Table 1, the Tg increases progressively from 92 oC for PS-b-PVDF-b-PS to 134 oC
for fully sulfonated S-PS-b-PVDF-b-PS as the DS increases. This increase is consistent with
previous reports, which is attributed to the bulkiness of the sulfonate group and the ionomer
effect.40 A bimodal endothermic peak around 160 oC due to the melting of PVDF segments was
detected in the thermograms. These double endotherms are caused by a temperature dependent
bimodal distribution of lamellar thickness, in which the lower melting peak is related to melting
of crystals originally present, and the higher melting peak is attributed to melting of crystals
reorganized upon heat-treatment.41
TGA was employed to examine the thermal stability of the block copolymers. As shown
in Figure 2-5, for PS-b-PVDF-b-PS, the onset weight-loss temperatures are 390 and 460 oC for
PS and PVDF blocks, respectively. TGA curves for S-PS-b-PVDF-b-PS are characterized by
four distinct regions of mass loss: i) loss of water that is bound to the sulfonic acid groups of the
membranes at 50 to ~200 oC, ii) elimination of sulfonic acids at 300 oC, iii) degradation of PS
block at 360 to 410 oC, and iv) decomposition of PVDF segment at 460 to 510 oC. As the DS of
the polymers increases from 13 to 42%, the percentage decrease in mass due to the loss of water
increases gradually from 2 to 4%. Note that the thermal stability of PVDF and sulfonated PS
blocks increase steadily with the increased DS, as observed in other ionic polymers.15,25
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Figure 2-5: TGA Curves of PS-b-PVDF-b-PS and S-PS-b-PVDF-b-PS.

Membrane Morphology.
To investigate the morphology of the block copolymers, thin films of PS-b-PVDF-b-PS
and S-PS-b-PVDF-b-PS were cast from DMF solution and stained with lead acetate. The films
were then microtomed to yield slices with ~100 nm thickness for TEM analysis. The resulting
micrograph of cross-sectional PS-b-PVDF-b-PS (Figure 2-6a) exhibits a lamellar morphology, as
the dark and white areas correspond to PS and PVDF microdomains, respectively.

It is

interesting to note that such a microphase separation has not been observed in previous examples
of fluorocarbon block copolymers,25 owing to much lower molecular weights of the fluorinated
blocks relative to the hydrocarbon segments. Featureless morphology was observed for the block
copolymers containing a DS of 13% (Figure 2-6b). This is apparently due to the strong ionic
interactions from sulfonic acid groups, which disrupt microphase separation of block copolymers
and lead to a disordered morphology. As the DS increases, driven by electrostatic interactions
among ion pairs, distinct large-scale phase separations develop in the thin films as illustrated in
Figures 2-6c and d. The observed domain size and width of the channels from TEM micrograms
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are around 30 nm, which is larger than typical ionic aggregation in hydrocarbon polymers with
similar ionic concentrations.42-44 This larger aggregation is speculated in consequence of great
phase separation in fluorocarbon block copolymers.

Further studies on the membrane

morphology by scattering and microscopy techniques and investigations on morphology
transition as a result of interplay of association of ionic groups and thermodynamics-driven
microphase separation are in progress.
Tapping mode AFM was used to differentiate between hydrophilic sulfonated ionic
aggregates and hydrophobic polymer regions in the membranes. Figure 2-7 shows the tapping
mode phase images of the sulfonated block copolymers recorded under ambient conditions,
where the cluster-like dark structures correspond to softer regions and thus represent hydrophilic
sulfonic acid groups. Distinct phase morphology was not observed for PS-b-PVDF-b-PS. On the
other hand, both domain size of hydrophilic ionic regions and phase contrast between the
hydrophobic and hydrophilic domains increase with increasing DS. For S-PS-b-PVDF-b-PS with
a DS of 13% (Fig. 2-7a), isolated ionic cluster region was formed with approximately diameters
of 15-20 nm. As the DS increases, the phase images undergo significant changes, wherein, the
hydrophilic ionic domains are connected to form continuous ionic channel structures (Figs. 2-7bd). This result explains abrupt increases of proton conductivity and water absorption which are
discussed in the subsequent sections.
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Figure 2-6: Transmission Electron Micrographs of (a) PS-b-PVDF-b-PS, and S-PS-b-PVDF-b-PS
with a DS of (b) 13%, (c) 23%, and (d) 31%.

Figure 2-7: AFM Tapping Phase Images for S-PS-b-PVDF-b-PS with a DS of (a) 13%, (b) 31%,
(c) 49%, and (d) 100%. (Scan boxes are 1 µm x 1 µm, and phase scales are 0-300).
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Water Uptake and Proton Conductivity.
Water uptake and water content of the membranes are reported in Table 2-1.

As

expected, the amount of water absorbed by the membranes increases exponentially with
increasing sulfonation. The membrane made from the sulfonated copolymer containing a DS of
49% absorbs a very large amount of water (225 wt% water uptake), and displays poor mechanical
properties. The fully sulfonated polymer is completely soluble in water. While the sulfonated
copolymer with a DS of 31% has a very similar water uptake (29 wt%) and water content (22
wt%) as Nafion 117 (29 and 23 wt% for water uptake and water content, respectively), its IEC
(1.10 mmol/g) is higher than that of Nafion (0.91 mmol/g). Therefore, it is plausible to assume
that the presence of self-assembled ionic domains in the block copolymer improves efficiency of
proton transport. Water uptake for S-PS-b-PVDF-b-PS (8, 29 and 41 wt% for DS = 23, 31 and
42%, respectively) is generally lower than sulfonated hydrocarbon block copolymer S-SEBS
having a similar DS value (15, 40, and 70 wt% for DS = 22, 34 and 42%, respectively),16
indicating that the swelling behavior is related to both the concentration of sulfonic acid groups
introduced into polymers and the chemical structure of polymer backbone.
A strong dependence of proton conductivities of the membranes on IEC is described in
Figure 2-8. The proton conductivity increases drastically with increasing IEC from 0.5 to 1.5
mmol/g because of improved ion contents of the membranes, and thereafter levels off. A further
increase in IEC leads to a decreased conductivity.

This is attributed to reduced proton

concentrations as a result of substantially increased water uptake from 41 wt% at 1.49 mmol/g
IEC to 225 wt% at 1.85 mmol/g IEC, as similar phenomena have been observed in other ionic
polymers.25,45,46 Compared to Nafion, the conductivity of S-PS-b-PVDF-b-PS membrane with
the same IEC is lower, which may relate to the lower pKa of the sulfonic acid in Nafion. The
conductivity of the copolymer membrane having an IEC of 1.49 mmol/g is 0.074 S/cm,

53
comparable to that of Nafion 117. The conductivities of the membranes are in the range of 0.013
- 0.043 S/cm for IECs of 0.87 - 1.10 mmol/g, which are considerably higher than the
conductivities (0.0015 - 0.0023 S/cm) of the random copolymers of polystyrene and sulfonated
polystyrene possessing similar IECs (0.93 - 1.24 mmol/g).47,48 Table 2-1 lists λ, i.e. [H2O]/[SO3], the average number of water molecules per sulfonic acid group) for the membranes with
different DS. For S-PS-b-PVDF-b-PS, the conductivity increases significantly with λ from 5 - 15
and decreases as λ is further increased from 15 to 68. These λ values are lower than those in
previously reported PEMs in which conductivity saturates when λ reaches about 40.25,45 This
implies that the copolymers are less compatible with water presumably because of a larger
volume faction of hydrophobic fluoropolymers in the structures, which is consistent with their
lower water uptake relative to other ionic polymers.

Figure 2-8: Conductivity of Nafion 117 and the Block CopolymerMembranes as a Function of
Ion Exchange Capacity.
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Figure 2-9 compares the proton conductivity against the relative humidity (RH) of the
membranes. Different from Nafion 117 whose conductivity increases steadily as RH increases,
the conductivity of the S-PS-b-PVDF-b-PS films shows relatively little variation over a rather
wide range of RH and it rapidly increase at RH higher than 75%. An optimal conductivity value
of 0.091 S/cm, higher than that of Nafion (0.072 S/cm), was observed at 95% RH and 30 oC for
S-PS-b-PVDF-b-PS with a DS of 49%. This value is also much higher than the conductivity
(0.062 S/cm) measured under fully hydrated state, where the higher water content dilutes the
proton concentration in the membrane.

Figure 2-9: Proton Conductivity versus the Relative Humidity for S-PS-b-PVDF-b-PS and Nafion
117 Membranes.

The dependence of conductivity on temperature under fully hydrated state is depicted in
Figure 2-10. The conductivity of Nafion 117 was found to maximize between 50 and 60 oC,
which agrees well with the published results.25 The copolymer membrane with a DS of 49%
follows a similar trend, showing maximum proton conductivity from 60 to 70 oC. At temperature
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below 60 oC, the conductivity increases with temperature.

The increase in conductivity is

attributed to the effect of temperature in overcoming the activation barriers for proton motion.
Above 70 oC, due to dehydration of the membrane, the number of hydronium ions as proton
carriers decreases, thus resulting in a sharp decrease of the proton conductivity. In contrast, as
observed in many other PEM materials,49,50 for the membranes with DS of 31% and 42%,
increase of temperature results in a concomitant increase in conductivity.

Especially, the

membrane containing a DS of 31% displays proton conductivity less dependent on the
temperature. This striking behavior is believed to correlate with the membranes containing wellconnected ionic channels and low concentration of the ions, in which high mobility of the carrier
ions counteract each other and lead to a nearly constant value of proton conductivity.51

Figure 2-10: Variation of Proton Conductivity Measured in Water as a Function of Temperature
for S-PS-b-PVDF-b-PS and Nafion 117 Membranes.
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Summary
A series of novel triblock copolymers containing sulfonated polystyrenes has been
synthesized from a chain-end functionalized PVDF that is used as a macroinitiator in controlled
radical polymerization of styrene.

One major advantage of preparing the chain-end

functionalized fluoropolymers by using the functionalized BPO over conventional preparation by
telomerization is significantly improved molecular weights of the resulting polymers, which
ensures essential mechanical properties for durable and ductile films and offers a library of selfassembled microstructures with tunable ionic domains for systematic structure-property studies.
In addition, as an efficient initiator for the polymerization of a broad range of fluorinated
alkenes,33,52 the functional BPO would also enable the preparation of a variety of fluoropolymer
containing structures for PEM applications.
It has been found that the prepared block copolymers display phase-separated
morphologies containing ionic domains that vary depending strongly on the DS. As observed in
AFM and TEM studies, the hydrophilic ionic clusters coalesce into larger channel structures
when DS > 23%, coinciding with sharp increases of water uptake and proton conductivity. The
proton conductivity increases significantly when the IEC is increased from 0.5 to 1.5 mmol/g. An
optimal conductivity value of 0.091 S/cm was observed at 95% RH and 30 oC for the membrane
with a DS of 49%. The copolymer membrane also shows the maximum proton conductivity
between 60 and 70 oC.
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Chapter 3

Acid-Functionalized Polysilsequioxane/Nafion Composite Membranes with
High Proton Conductivity and Enhanced Selectivity
Partially taken from
K. Xu, C. Chanthad, M. R. Gadinski, M. A. Hickner, Q. Wang, "Acid-Functionalized
Polysilsequioxane Nafion Composite Membranes with High Proton Conductivity and Enhanced
Selectivity", ACS Applied Materials & Interfaces, 2009, 1, 2573-2579.

Introduction
Proton exchange membrane fuel cells (PEMFCs) have received considerable attention as
clean and efficient power sources for automotive, stationary, and portable applications.1,2
Perfluorosulfonated ionomers represented by Nafion are typically used as electrolytes that
facilitate proton transport from the anode to the cathode in PEMFCs.3-5 The combination of robust
tetrafluoroethylene backbone with acidic perfluorosulfonic acid side chains renders outstanding
chemical, thermal and mechanical stability, and high proton conductivity at moderate
temperatures (≤ 80 oC) and 100% relative humidity (RH). However, such membranes tend to
dehydrate significantly at high temperature and/or low humidity, resulting in a radical loss of
proton conductivity and in most cases, irreversible phase transformation or destruction of the
membranes.6,7 Operation of PEMFCs at high temperatures provides a number of technological
benefits including acceleration of the electrode reactions, improved tolerance to impurities in the
fuel gas, and simplified water and thermal management. 8,9
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To this end, it has been attempted to modify Nafion with nanoparticles of hygroscopic
oxides such as silica, titania, and zirconia phosphate.10-15 It is envisioned that introduction of these
hydrophilic additives in the polymer increases the hydration of the membrane and reduces the
evaporation of water. The enhanced water absorbability from the hydrophilic oxides enables low
humidification and high-temperature operation of PEMFCs. The fuel crossover, e.g. methanol in
direct methanol fuel cells (DMFCs), is also strongly suppressed through impregnating the
membranes with inorganic particles.16-18 The high methanol permeability of Nafion leads to
significant losses in fuel cell power density and efficiency, and thereby impedes wide-spread
commercial use of DMFCs.19 However, the composite approach does not always present the
distinctive advantages in the fuel cell performance, mainly because the excessive addition of
these less conductive fillers results in lower proton conductivities than that of pristine Nafion.20-22
Incorporating heteropolyacid proton conductors, such as phosphotungstic acid (PTA) and
silicotungstic acid (SiWA), into Nafion based composites provides water-independent ionic
conduction and achieves better PEMFC performance at high temperature and low humidity.23,24 A
profound drawback of this method is that the operational lifetime is limited by the leaching of the
free acid from the membrane in presence of liquid water at elevated temperatures, which causes a
drop in conductivity of many orders of magnitude during fuel cell operation. Therefore, Nafion
doped with the fillers containing chemically-tethered proton conducting groups would be highly
desirable. For instance, composite membranes have been prepared with acid-functionalized
additives such as sulfonated montmonrillonite, sulfonated titanate and superacid zirconia.25,26
Non-homogeneous dispersion of dopants is usually found in this manner because of unavoidable
particle agglomeration. Sulfonated phenethylsilica has been incorporated into Nafion to improve
its proton conductivity and water uptake characteristics.27 Substantially increased proton
conductivity at 80 oC and 100% RH was observed in comparison with Nafion. Sulfonated
mesoporous silica has also been introduced into Nafion by the sol-gel process of silica precursors
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followed by post-oxidation reactions to generate the sulfonic acid moieties, whereas there is some
uncertainty about the concentration of the acid groups.28-31
Herein, we report novel Nafion based composite membranes fabricated by the in-situ solgel reaction of 3-(trihydroxylsilyl)propane-1-sulfonic acid (THSPSA) and solution casting
method.32 THSPSA was chosen as the oxide precursor due to its multifunctional structure as
shown in Figure 3-1. The hydrophilic nature of THSPSA ensures the compatibility between the
inorganic phases and the ionic domains of Nafion matrix, and hence improves the homogeneity of
composite membranes. In addition, the resulting sulfopropylated polysilsesquioxane (SiOPS)
allows for continuity of proton conduction between the fillers and Nafion through the covalently
attached alkyl sulfonic acids. Remarkable utility of the prepared composite membranes at
elevated temperatures and low humidity has been demonstrated. Unlike the conventional
Nafion/silica composites, the prepared membranes exhibit low methanol permeability without the
anticipated trade-off between reduced methanol permeability and decreased proton conductivity
in DMFCs.

Figure 3-1: Chemical structure and sol-gel reaction of 3-(trihydroxylsilyl)propane-1-sulfonic acid.
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Experimental

Materials.
3-(Trihydroxylsilyl)propane-1-sulfonic acid (THSPSA) (35 wt.% in water) was
purchased from Gelest. Inc. Nafion raw solution (5 wt.%) in water/alcohol and other chemicals
were purchased from Sigma-Aldrich. All chemicals were used as received without any further
purification.

Membrane Preparation.
DMF solution of Nafion was prepared by evaporation of Nafion raw solution under air at
room temperature till solid resin followed by re-dissolving in DMF. Measured amounts of
THSPSA aqueous solution (35 wt.%) and Nafion/DMF solution (15 wt.%) were then mixed and
stirred at room temperature for 6 h to ensure complete mixing. The resulting solution was cast
onto a glass plate and heated to 55 oC for 2 h, 75 oC for 4 h and 100 oC for 6 h. Afterwards, the
obtained solid membrane was placed in a vacuum oven at 150 oC for 12 h to anneal and remove
any residual solvent. The amounts of THSPSA and Nafion/DMF solution were varied to obtain
the composites with different filler loadings. The resulting membranes were treated before use by
boiling them in 1 M H2SO4 solution for 0.5 h, rinsing with de-ionized (DI) water, boiling in DI
water for 0.5 h and then rinsing again with DI water until pH = 7. The typical thickness of the
membranes at fully hydrated states falls within the range of 65 to 85 µm.
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Structural Characterization.
FTIR spectra of the composite membranes were recorded on a Varian Digilab FTS-800
spectrometer with a resolution of 2 cm-1. The thermogravimetric analysis measurement was
performed on a TA instruments model 2950 at a heating rate of 20 oC/min under N2 from room
temperature up to a maximum of 800 oC. Transmission scanning microscopy images were taken
on a JEOL JEM-1200 EX II TEM. In order to enhance the contrast, the membranes were stained
by lead acetate, embedded in epoxy resin and cured overnight in an oven at 60 oC. The samples
were then sectioned by microtome to yield 100 nm thick slides and put on copper grids before
TEM imaging. Low temperature differential scanning calorimetry measurements were performed
to characterize the water state of hydrated membranes. Fully hydrated membrane samples (~15
mg) were blotted with a lab wipe to remove surface water, and then instantly placed into a DSC
pan (O-ring model-TA Instruments) and sealed. The sample was immediately put in the
calorimeter and cooled to -80 oC. In a typical run, after being held at -80 oC for 20 min., the
samples were heated to 100 oC at a heating rate of 5 oC/min. The heat of fusion for the water in
the membranes was computed using Equation (1):
∆ Hf = H / WH2O

(1)

where ∆Hf is the head of fusion for the water contained in the sample, WH2O is the weight
of water in the sample, and H is the integrated energy from the melting endotherm.

Water Uptake, Ion-Exchange Capacity and Hydration Number.
Membranes were dried in a vacuum oven at 70 oC for at least 4 h, and cooled to room
temperature in a desiccator. Their weights in the “dry” state were measured, Wdry. Then the
membranes were immersed in DI water at a certain temperature for 2 h. After removal of the
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surface water, the weight in the “wet” state, Wwet, was measured. The water uptake was calculated
according to Equation (2):

Water Uptake =

Wwet − Wdry
× 100%
Wdry

(2)

The ion exchange capacity (IEC) of the membrane was determined by the titration
technique as detailed in Refer. 42. The hydration number λ was calculated from IEC, water
uptake and molecular weight of water (Mw, H2O) as given in Equation (3).

λ=

Water Uptake
Mw, H 2 O × IEC

(3)

Proton Conductivity and Methanol permeability.
In-plane proton conductivity (σ) of the membranes was measured by the electrochemical
impedance spectroscopy (EIS) technique. Impedance data was acquired using a Solartron 1260
gain phase analyzer over the frequency range of 1 Hz - 100 kHz. Conductivity measurements
under fully hydrated conditions were performed when the samples were equilibrated in water at
various temperatures. The measured temperature was varied from 30 to 80 oC. Proton
conductivity was also measured under different temperature and humidity conditions. The
humidity at 30 and 80 oC was controlled by an ESPEC SH240 environmental chamber. The
proton conductivity measurement at 120 oC and various humidities was performed on BT-112
conductivity cell and humidification system provided by BekkTech LLC. The conductivity was
calculated using the Equation (4):

σ=

L
R × T ×W

(4)
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where L is the distance between the two electrodes, T and W are the thickness and width
of the membranes respectively, and R is the membrane resistance determined from AC impedance
spectra.
Methanol permeability was determined in a standard membrane separated diffusion cell.35
A glass cell containing methanol aqueous solution and DI water in two identical compartments
separated by the test membrane was utilized for permeability measurements. The membranes
were placed between the two compartments by a screw clamp. Both compartments were
magnetically stirred during the permeation experiments. The concentration of methanol was
quantified using a differential refractometer. Methanol permeability was calculated from the slope
of the straight-line plot of methanol concentration versus permeation time.

Results and Discussion

Figure 3-2: Preparation procedure of Nafion/sulfopropylated polysilsesquioxane composites.
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As illustrated in Figure 3-2, a series of the composite membranes containing 4, 8, 12, 16,
and 20 wt.% THSPSA were obtained by drying the mixture of Nafion DMF solution (15 wt%)
and THSPSA aqueous solution (33 wt%) and denoted as NSS-4, -8, -12, -16 and -20,
respectively. Nafion recast membrane (NSS-0) was also prepared using the same procedure for
comparison. It was observed that the composite membranes maintain excellent mechanical
properties and crack-free quality even when the inorganic phase loading reaches at 20 wt%. The
formation of polysilsesquioxane in the composites was confirmed by the FTIR spectra as shown
in Figure 3-3. The characteristic vibrational bands appear at 801, 995, and 1028 cm-1, indicative
of the Si-O-Si bands.33 Furthermore, these Si-O-Si symmetric and asymmetric stretching peaks
become more intensive with the amount of THSPAS incorporated. The presence of -SO3H groups
was verified by the bands at 1125 cm-1 ascribed to S-O stretching. The existence of a weak Si-OH
band at 890 cm-1 suggests an incomplete condensation of the sol-gel process, presumably due to
the steric hindrance of the alkyl chain and columbic repulsion between the protonated THSPSA.

Figure 3-3: FT-IR spectra of the composite membranes and recast Nafion.
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Thermogravimetric analysis (TGA, Figure 3-4) curves indicate that the composite and
Nafion membranes have similar onset temperatures around 315 to 325 oC, corresponding to the
degradation of sulfonic acid groups in the side chains. Morphological structures in the composite
membranes were examined by transmission electron microscopy (TEM). Although it is
impossible to directly observe hydrated membranes using this technique, TEM results are still
valuable in offering some insights on the ordering and size of ionic domains in membranes.

Figure 3-4: TGA curves of the composite membranes and recast Nafion.

Figure 3-5 shows TEM images of the membranes stained with lead acetate, in which the
dark regions correspond to the aggregation of sulfonic acid groups both from SiOPS and Nafion
and the white areas are associated with the hydrophobic regions of Nafion. Phase-separated
morphologies with compositional heterogeneity on the scale of 5 - 10 nm can be clearly seen in
the composites, similar to those in unmodified Nafion. This is consistent with the speculation that
the morphology of Nafion acts as a template for the sol-gel reaction of THSPSA in the ionic
domains of the Nafion matrix.34 As the THSPSA content increases, hydrophilic agglomerates
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with diameters ranging from 20 - 40 nm emerge in the TEM images, which can be ascribed to the
formation of large SiOPS nanostructures that grow out of the polar domain of Nafion and become
entangled throughout the matrix. These SiOPS aggregates are distributed relatively uniformly in
the composite membranes, as verified in the lower magnification TEM images (Figure 3-6).

Figure 3-5: Transmission electron micrographs (high magnification) of Nafion/sulfopropylated
polysilsesquioxane composite membranes: (a) NSS-0; (b) NSS-4; (c) NSS-8; (d) NSS-12; (e)
NSS-16; (f) NSS-20. (Scale bar, 10 nm)

Figure 3-6: Transmission electron micrographs (low magnification) of Nafion/sulfopropylated
polysilsesquioxane composite membranes: (a) NSS-0; (b) NSS-4; (c) NSS-8; (d) NSS-12; (e)
NSS-16; (f) NSS-20. (Scale bar, 50 nm)
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Table 3-1: Characteristics of the composite membranes.
Membrane THSPSA IEC
content
[mmol/g][a]
[wt.%]

Water
uptake [b]
[wt.%]

ΔHf [c]
[J/g]

λ [d]

NSS-0

0

0.92

19.4

98.7

11.7

NSS-4

4.0

0.99

21.7

117.9

11.9

NSS-8

8.0

1.12

24.9

120.7

12.1

NSS-12

12.0

1.25

28.7

112.3

12.8

NSS-16

16.0

1.29

29.6

113.6

12.7

NSS-20

20.0

1.28

30.2

114.2

13.1

[a] Ion exchange capacity (IEC) of the membrane was determined by the titration method.
[b] Water uptake at 30 oC in water.
[c] ∆Hf for bulk water is 334 J/g.
[d] Hydration degree, λ = n H2O/-SO3H.
The ion exchange capacities (IECs) of the membranes measured by titration with 0.1 M
NaOH are given in Table 3-1. The IEC was found to increase rapidly from 0.92 mmol/g of NNS0 to 1.25 mmol/g of NNS-12. A further increase of THSPSA content from 12 to 20 wt.% does not
lead to an obvious rise in IEC. It should be noted that the water uptake of the composite
membranes follows the same trend. As shown in Table 3-1, a gradual increase in water uptake
from 19.4 to 28.7 % is observed with increasing THSPSA concentration up to 12 wt%, and the
water uptake levels off thereafter. The saturation of IEC and water uptake can be rationalized in
terms of the large SiOPS nano-clusters formed at high precursor concentrations, which trap the
inside sulfonic acid groups and make them not easily accessible for interactions with water and
Na+/H+ exchange. Analogous to water uptake, the average number of water molecules per
sulfonic acid group, λ, of the composites is also strongly dependent on IEC. It can be seen from
Table 1 that λ increases steadily from 11.7 for NSS-0 to 12.8 for NSS-12 and then slowly to 13.1
for NSS-20 owing to a greater number of the sulfonic acids introduced by THSPSA. λ is one of
the basic parameters implying that the membranes can be effectively hydrated for sulfonic acid
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groups, which is essential to proton conduction. To probe the states of water inside the hydrated
membranes, the heat of fusion (∆Hf) for water has been measured using low temperature
differential scanning calorimetry (DSC).35 In general, a large value of ∆Hf for water represents a
high concentration of unbound and weakly bound water since the water molecules that are
strongly bound to ionic groups do not contribute to the melting endotherm in the DSC curves.36 It
is believed that the interconnected channels between ionic domains in Nafion are formed by
interfacial water, which is only loosely bound to the membranes and plays a crucial role in proton
conduction.37,38 In comparison with the pure Nafion recasting membrane (NSS-0), it is evident
that the composite membranes, especially in the cases of NSS-4 and NSS-8, contain more weakly
bound and free water, which could be correlated to higher concentration of sulfonated groups that
interact with water molecules through hydrogen bonding.
Table 3-2: Transport characteristics of Nafion/SiOPS composite membranes.
Membrane

Proton
conductivity
[S/cm][a]

Ea
[kJ/mol]

Methanol
permeability
[10-7 cm2/s] [b]

Selectivity
[×104] [c]

NSS-0

0.084

8.7

12.4

6.8

NSS-4

0.087

7.4

12.7

6.9

NSS-8

0.093

7.4

9.49

9.8

NSS-12

0.098

7.0

7.15

13.7

NSS-16

0.101

6.7

8.66

11.7

NSS-20

0.102

6.8

9.28

11.0

[a] Proton conductivity measured in liquid water at 30 oC.
[b] Methanol permeability measured at 30 oC using 1 M methanol aqueous solution.
[c] Selectivity is the ratio of proton conductivity to methanol permeability.
Table 3-2 summarizes the proton conductivity of the membranes measured at 30 oC and
90% RH. Compared with pristine Nafion, the composites exhibit improved proton conductivity,
resulting from the increased IEC and water uptake values. The conductivity increases
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progressively with the THSPSA content and becomes steady at ~ 0.1 S/cm for NSS-16 and NSS20, which is in accordance with the IEC and water uptake trends as presented in Table 3-1. For
purpose of comparison, we have also prepared Nafion/silica composites using sol-gel reaction of
tetraethoxylsilane (TEOS). The proton conductivities measured at 30 oC under a fully hydrated
condition are 0.071 S/cm for 5 wt% TEOS membrane and 0.072 S/cm for 15 wt% TEOS
membrane. These values are in close agreement with the conductivities previously reported in the
literature39 and lower than that of unfilled Nafion having a conductivity of 0.084 S/cm. The
dependence of the proton conductivity of the membranes on humidity and temperature are
illustrated in Figure 3-7 and 3-8 respectively. Similar to Nafion and many other PEM materials,
the proton conductivity of the composites increases with temperature and relative humidity. This
temperature dependence is associated with the thermal activation process of proton conduction,
and the influence of humidity on proton transport is presumably due to the change of ionic
domain sizes at different RHs. Furthermore, the NSS composites were found to exhibit higher
conductivity than Nafion over the whole range of humidity and temperature measured at 30 90% RH and 30 - 80 oC, respectively. The activation energy (Ea), minimum energy required for
proton transport across the membrane, was calculated from Arrhenius plot for proton conductivity
(Figure 3-8). As listed in Table 3-2, the composite membranes show lower Ea values than bare
Nafion, suggesting that the proton conduction is more facile in the composites. The decrease of Ea
with increasing the THSPSA content and IEC value is noteworthy. Undoubtedly, the presence of
sulfonic acid side chains in the polysilsequioxane facilitates transport of protons in the
membranes. These results are in stark contrast to those reported for the conventional Nafion/silica
composites, where the fillers were found to disrupt the proton diffusion paths and decrease the
conductivities.20-22 The observed low Ea values at around 7 kJ/mol imply that conduction at room
temperature may occur predominately via the Grotthuss (hopping) mechanism in the NSS
composites, which can be idealized as the proton being passed down the chain of water
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molecules.37 More importantly, as shown in Figure 3-9 and 3-10, the enhancement in proton
conductivity becomes clearly pronounced at high temperatures and low humidity. A conductivity
of 0.007 S/cm was determined at 80 oC and 30% RH for NSS-16 and NSS-20 composites, which
is more than two times greater than that of Nafion. At 120 oC and 30% RH, NSS-16 and NSS-20
membranes yield conductivities of ~ 0.0102 S/cm, while the conductivity of unfilled Nafion was
measured to be around 0.004 S/cm.

Figure 3-7: Humidity dependence of proton conductivity of the membranes at 30 oC.
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Figure 3-8: Temperature dependence of proton conductivity of the membranes under fully
hydrated conditions.

Figure 3-9: The proton conductivity of the composite membranes at 80 oC.
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Figure 3-10: The proton conductivity of the composite membranes at 120 oC.

To evaluate the potential applications of the prepared composite membranes for DMFCs,
the methanol permeability was also studied. It is well-known that an optimum membrane for
DMFC application should have high proton conductivity and low methanol crossover.40 Many
studies on silica-based composite membranes have revealed that the incorporation of silica
particles could reduce methanol crossover by obstructing or winding diffusion pathways for
methanol.16-18,40 However, this improvement in methanol permeability is always accompanied by
a reduction in proton conductivity.41 As shown in Table 3-2, it is important to point out that,
along with enhanced proton conductivity, the prepared NSS composite membranes containing
high THSPSA concentrations (8-20 wt%) also exhibit lower methanol permeability than pristine
Nafion. A methanol permeability of 7.15×10-7 cm2/s was obtained in NSS-12, which is 42%
lower than plain Nafion. Concurrently, NSS-12 retains a modest improvement in proton
conductivity of 17% above Nafion. To capture the vital material parameters important for
DMFCs, the electrochemical selectivity, defined as the ratio of proton conductivity to methanol
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permeability, was calculated and tabulated in Table 3-2. All of the prepared NSS composite
membranes have high selectivities, and in particular, a selectivity of more than 2 times better than
Nafion was observed in NSS-12. Generally, an increase in sulfonic acid content and IEC results
in a simultaneous increase in both proton conductivity and methanol permeability, thus negating
the improvement of selectivity.40 The high selectivities revealed in the prepared membranes are
believed to arise from the synergic effect between the polysilsesquioxane and the pendant
sulfonic acids. The polysilsesquioxane reduces methanol crossover because of increased
tortuosity of hydrophilic domains, while enhanced proton mobility is attributable to the
continuous proton-conducting pathways provided by the pendant sulfonic acids.

Summary
Novel sol-gel derived Nafion/sulfonated polysilsesquioxane composite membranes have
been prepared with varied filler concentrations from a sulfonic acid-containing oxide precursor.
Membrane properties such as IEC, water uptake, and proton conductivity are strongly related to
the concentration of the filler in the composites. In contrast to the conventional Nafion/silica
composites, high content of the sulfonated polysilsesquioxane filler results in higher IEC and
water uptake and enables efficient proton conduction. The pendant sulfonic acids on the
polysilsesquioxane fillers are believed to promote proton conduction through providing the
connectivity of the proton transport channels between the fill and matrix phases in the composite
membranes, resulting in higher proton conductivities than those of pristine Nafion over a range of
temperature and relative humidity. More significantly, the prepared composites display
conductivity values over two times greater than unmodified Nafion at high temperatures under
low humidity and accordingly less dependence of proton conductivity on humidity. Additionally,
these composite are capable of decreasing methanol permeability without sacrificing the
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improvement in proton conductivity, leading to the superior electrochemical selectivity. This
work demonstrates the promising potential of the properly modified Nafion composite
membranes for applications in elevated-temperature PEMFCs and DMFCs.
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Chapter 4

Highly Selective Proton Conductive Networks Based on Chain-End
Functionalized Fluoropolymers with Perfluorosulfonate Side Groups
Partially taken from
K. Xu, C. Chanthad, M. A. Hickner, Q. Wang, "Highly Selective Proton Conductive Networks
Based on Chain-End Functionalized Polymers with Perfluorosulfonate Side Groups",
J. Mater. Chem. 2010, 20, 6291-6298.

Introduction
Fuel cells are considered one of the most promising energy conversion technologies by
virtue of their quiet low-temperature operation, solid-state design, and their high efficiencies
across a large range of sizes.1 In partcular, direct methanol fuel cells (DMFCs) have the potential
to become high density power sources for portable and mobile applications such as
microelectronics. Methanol has a volumetric energy density of 4800 W-h l-1, which is an order of
magnitude greater than state-of-the-art lithium batteries. If this energy can be harvested
electrochemically in an efficient matter, DMFCs can drastically increase the run-time of many
portable electronics applications and enable new power-hungry mobile devices. However, the use
of liquid methanol as fuel causes other complications to the fuel cell system. A critical issue
associated is methanol crossover,2,3 namely the tendency of methanol crossing from anode,
through polymer electrolyte membrane (PEM), to the cathode catalytic layer. The presence of
methanol at the cathode hampers oxygen reduction by occupying a part of active catalyst sites
and leads to a mixed potential that lowers cell voltage.4 Other concomitant negative impacts
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include severely reduced fuel utilization and aggravated water management issue.5 Nafion, the
current state of the art PEM material, is known to have poor barrier property to methanol
permeation, and performs poorly in DMFCs.3,6
Considerable efforts have thus been devoted to the exploration of new approaches to
PEMs exhibiting a lower intrinsic methanol permebility than Nafion.7 These strategies include
hydrocarbon electrolyte polymers,8-10 incorporation of inorganic additives into Nafion or other
polymer matrix,11-13 and cross-linked polymers and blends14-18. Nonetheless, in these alternative
materials, great depression of methanol permeation is accompanied by a severe decrease in proton
conductivity. The tradeoff between reduced methanol permeability and decreased conductivity
leads to marginal improvement in electrochemical selectivity, i.e. the ratio of proton conductivity
over methanol permeability, which is a well accepted figure-of-merit to evaluate the potential of
membrane performance in DMFCs. The relative electrochemical selectivity to Nafion for most
PEMs with sufficient conductivity (i.e. > 0.01 S/cm) is less than 10.7
Here, we present the preparation and characterization of the chain-end cross-linked
fluoropolymer networks showing extraordinarily high electrochemical selectivies. Cross-linking
has been demonstrated as a promising approach to decreasing the methanol permeability via
restricting the water adsorption of PEMs.14 The electron-beam and -irradiation have been applied
on PEMs to induce cross-linking, which also results in chain scission and yields membranes with
poor mechanical properties.19 Cross-linking reactions have been performed through reaction with
the sulfonic acid groups to form inter/intrachain bridges.20,21 However, utilization of sulfonic acid
groups leads to a decrease in ion content of the membranes, and consequently a lower proton
conductivity. Another cross-linking approach involves incorporation of co-monomers with
pendant functional moieties followed by reaction with a multifunctional curing agent.22
Unfortunately, the resulting cross-linked structures are often difficult to control and undesirable
degrees of cross-linking are obtained, which restricts proton diffusion rates in the membranes.
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Different from the literature approaches, the present study is based on functionalization
of polymer chain ends and subsequent utilization of functional end-groups in the cross-linked
reaction to yield proton conductive networks. It is anticipated that the selective placement of
cross-linkable groups at polymer chain ends can keep the main-chain structure of fluoropolymer
intact and thus preserve their unique physical properties such as excellent electrochemical
stability and superior acidity. Moreover, the chain-end cross-linking approach would maintain
continuity of proton conduction channel of linear polymers to a great extent. By varying polymer
molecular weights and relative ratio between the polymer and curing agent, molecular structures
and domain sizes of the cross-linked networks can be systematically tuned for optimized
properties.

Experimental Section

Materials.
1,3,5-Benzene triisocyanate was prepared according to the literature procedures.23
Vinylidene fluoride (VDF) and perfluoro(4-methyl-3,6-dioxane-7-ene) sulfonyl fluoride (PFSVE)
were purchased from SynQuest Laboratory Inc. and used as received. All other chemicals and
solvents were purchased from VWR international, Inc. and used as received unless otherwise
mentioned.

Synthesis.
4,4’-tert-Butoxycarbonylamino benzoyl peroxide. To a mixture of DCC dichloromethane
solution (5 mL, 1M) and H2O2 aqueous solution (5 mL, 30%), 4-butoxycarbonylaminobenzoic
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acid (1.2 g, 5.1 mmol) in dichloromethane was added slowly at -10 oC. The reaction mixture was
stirred at 0 °C for 6 h. The reaction mixture was filtered and the filter cake was washed with cold
dichloromethane several times. The filtrates were combined and the solvent was evaporated in
vacuo. The residue was re-dissolved in cold dichloromethane and the above step was repeated
twice to give a white solid (1.08 g, 90%). 1H NMR (d4-THF, ppm): 8.97 (s, 1H), 7.93 (d, 2H,
ArH), 7.64 (d, 2H, ArH), 1.51 (s, 9H).
P(VDF-PFSVE) with amine end groups. 4,4’-tert-But-oxycarbonylamino

benzoyl

peroxide (335 mg, 0.75 mmol), 1,1,1,3,3-pentafluorobutane (15 mL), acetonitrile (15 mL) and a
certain amount of PFSVE were added into 70 mL Parr reactor with a magnetic stir. The gascondense transfer of VDF (15 mL) was carried out with rigorous exclusion of oxygen and
moisture through a dual-manifold Schlenk line with 10-6 Torr high vacuum. The reactor was
immersed in oil bath at 90 oC for 8 h. After residual gases were discharged, the solvents were
evaporated, and the residue was dissolved in acetone and precipitated from cold hexane. P(VDFPFSVE) was collected and dried in vacuo at 60 oC. 1H MMR (d6-DMSO, ppm): 9.67 (s, -NH-),
8.17 (d, ArH), 7.51 (d, ArH), 4.63 (m, -Ph(C=O)O-CH2CF2-), 2.9 (-CF2CH2-CF2CH2-, head-totail structure), 2.3 (-CF2CH2-CH2CF2-, tail-to-tail structure), 1.58 (s, -CH3).
To a mixture of tert-butoxycarbonyl amino terminated P(VDF-PFSVE) (0.5 g) in
anhydrous dichloromethane (15 mL) was added 3 drops of iodotrimethylsilane at 0 oC. After
being stirred for 3 h, the reaction mixture was condensed under reduced pressure and poured into
cold hexane to precipitate polymer. The collected polymer solid was further purified by redissolving in THF, precipitating from water containing small amount of NaOH (pH ~ 10). The
precipitate was then washed thoroughly by neutral water and dried in in vacuo at 60 oC. 1H MMR
(d6-DMSO, ppm): 7.67 (d, ArH), 6.59 (d, ArH), 6.19 (s, -NH2), 4.63 (m, -COO-CH2CF2-), 2.9 (CF2CH2-CF2CH2-, head-to-tail), 2.3 (-CF2CH2-CH2CF2-, tail-to-tail). 19F NMR (d6-DMSO, ppm):
-77.0 to -80.0 (-OCF2CF(CF3)OCF2CF2SO2F) , -92.4 to -95.8 (-CH2CF2CH2-), -110.2 to -110.8 (-
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CH2CF2-CF2CF(ORFSO2F)), -112.3 (-OCF2CF2SO2F), -114.8 and -116.5 (-CH2CF2CF2CH2-), (-CF2CF(ORFSO2F)),

123.2

-127.8

(-CF(ORFSO2F)-CF2CH2-),

-145.9

(-

OCF2CF(CF3)OCF2CF2SO2F).

Membrane preparation.
A fine-grinded mixture of amino terminated P(VDF-PFSVE) (0.4 g) and 1,3,5-benzene
triisocyanate (12 mg) was heated at 180 oC for 1 h. The cross-linked polymer was then placed
between two Teflon sheets and hot-pressed into a ~ 80 µm thick film. To hydrolyze the sulfonyl
fluoride groups, the film was immersed in a mixture of triethylamine (5 g), methanol (75 mL) and
water (75 mL) at 35 oC for 10 h. After being rinsed by de-ionized (DI) water, the film was
immersed in 6 M HCl aqueous solution at 35 oC for 12 h followed by being washed by DI water
till neutral.

Characterization.
1

H and

19

F NMR spectra were recorded on a Bruker AM-300 spectrometer instrument

with tetramethylsilane as internal reference. Gel permeation chromatography (GPC)
measurements were performed on a Viscotek Model 302 triple detector system equipped with
refractive index, light scattering and viscometer detectors. DMF containing 0.02 M LiBr was used
as the eluent at a flow rate 1.0 mL/min, and the column temperature was set at 45 oC. FTIR
spectra were recorded on a Varian Digilab FTS-800 spectrometer. The thermal transition data
were obtained by a TA Instruments Q100 differential scanning calorimeter (DSC) at a heating
rate of 10 oC/min. Thermo-gravimetric analysis (TGA) measurements were performed on a TA
instruments model 2950 at a heating rate of 20 oC/min under N2 from room temperature up to a
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maximum of 750 oC. Transmission electron microscopy (TEM) images were taken on a JEOL
JEM-1200 EX II TEM equipment. For TEM measurement, the membranes were stained by a
saturated lead acetate solution, washed with water and dried under vacuum at 40 oC for 24 h. The
stained membranes were embedded in epoxy resin and sectioned to yield 100 nm thickness using
a microtome, and then placed on copper grids.
Water uptake on mass basis was determined gravimetrically. Membrane in acid form was
dried under vacuum at 60 oC for 24 h, and cooled to room temperature in a desiccator before
measuring the weight in “dry” state, Wd. The membrane was then allowed to equilibrate in water
at 30 oC for overnight. After removal of the surface water, the weight in “wet” state, Ww, was
measured. The water uptake was calculated as the percentage increase from the “dry” to “wet”
weight related to Wd. The IEC of the membrane was determined by titration of the sulfonic acid
groups. Membranes were equilibrated in a large excess of 2 M Na2SO4 solution for at least 12 h
at room temperature prior to titration. The protons released into solution were titrated with 0.02
M NaOH aqueous solution using phenolphthalein as an indicator.
In-plane proton conductivity of the membranes was measured by a four-probe AC
impedance method. Impedance data was acquired using Solartron 1260 gain phase analyzer over
the frequency range of 1 Hz - 100 kHz. Conductivity measurements under fully hydrated
conditions were performed after the samples were equilibrated in water at various temperatures
for at least 4 h. Temperature was varied from room temperature to 80 oC.
The methanol permeability was determined in a standard membrane separated diffusion
cell. A glass cell containing solutions A and B in two identical compartments separated by the
test membranes was utilized for permeability tests. The membranes were placed between the two
compartments by a screw clamp. Solution A is methanol aqueous solution with different
concentrations and solution B is DI water. Both compartments were magnetically stirred during
the permeation experiments. The concentration of methanol in solution B was evaluated using a
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differential refractometer. The methanol permeability was calculated from the slope of the
straight-line plot of methanol concentration versus permeation time. The methanol permeability
was tested at temperatures ranging from 30 to 70 oC.
To characterize the state of absorbed water in hydrated membranes, low temperature
DSC measurements were performed. Fully hydrated membrane samples (10-13 mg) were blotted
with a lab wipe to remove surface water, and then instantly placed into a DSC pan (O-ring model
TA Instruments) and sealed. The sample was immediately put in the calorimeter and cooled to 80 oC. In a typical run, after being held at -80 oC for 20 min., the samples were heated to 100 oC
at a heating rate of 5 oC/min. The heat of fusion for the water in the membranes was estimated
from ∆Hf = H/mH20, where∆Hf is the heat of fusion for the water contained in the sample, mH2O is
the mass of water within the sample, and H is the integrated energy from the melting endotherm.
The∆Hf value for bulk water is 334 J/g.
Oxidative stability of the cross-linked membranes was tested by immersing membrane
samples in Fenton’s reagent (3% H2O2 containing 2 ppm FeSO4) at 60 oC for 1 h. Hydrolytic
stability was estimated by soaking the membrane in DI water at 80 oC for 2 weeks. Before and
after the stability testing, all membranes were dried under vacuum at 60 oC for overnight and
weighed. Gravimetric analyses were conducted after these treatments.

Results and discussion

Synthesis and preparation of the cross-linked membranes
Chain-end Functionlization of fluoropolymers is notoriously difficult due to lack of
suitable living/controlled polymerization techniques for fluorinated alkenes. Telomerization
process with alkyl halides as transfer agent, a commonly used method to produce halogen-

87
terminated fluoropolymers, usually generates low molecular weight (<4,000 g/mol) fluorinated
oligomers.24 More recently, we have developed a new synthetic route toward high molecular
weight fluoropolymers with well-defined functional end-groups,25,26 in which functionalized
benzoyl peroxides (BPOs) are used as the initiator in radical polymerization of fluorinated
alkenes. The domination of radical coupling reaction and absence of disproportionation in the
termination process of polymerization allow for the complete transfer of functional groups carried
by the initiators into the polymer chain ends upon polymerization.27

Figure 4-1: Synthesis of amino-terminated P(VDF-PFSVE).
As illustrated in Figure 4-1, BPO containing t-butoxycarbonyl (Boc) protected amine
groups was synthesized from the homo-coupling of Boc-amino-benzoic acid in the presence of
H2O2 and N,N’-dicyclohexylcarbodiimide (DCC). The functional BPO was subsequently utilized
as the initiator for co-polymerization of VDF and PFSVE. The polymerization was carried out in
the presence of 0.5 mol% of the functional initiator, and a mixture solvent of acetonitrile and
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1,1,1,3,3-pentafluorobutane that has minimized chain transfer reactions. The presence of the Boc
moieties at polymer chain ends were confirmed by the 1H NMR spectra. As shown in Figure 4-2a,
the signals at 1.58, 8.17 and 7.51 ppm are assigned to the protons of tert-butyl and phenyl groups,
respectively. Amine groups were released from Boc protecting groups using iodotrimethylsilane,
as evidenced by disappearance of the peak at 1.58 ppm belonging to tert-butyl groups and
emergence of resonances at 6.19 ppm attributed to amine groups as shown in Figure 4-2b.

Figure 4-2: 1H NMR spectra of chain-end functionalized P(VDF-PFSVE)s.

As summarized in Table 1, by manuipulating the monomer feed ratio and the reaction
time, P(VDF-PFSVE) copolymers (I-IV) with the PFSVE content ranging from 5.3 to 13.1 mol%
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were obtained. The copolymer compositions were determined using

1

H and

19

F NMR

spectroscopy.28 The number-average molecular weights of the polymers were around 16-20
kg/mol with polydispersities of ~1.7.
Table 4-1: Chemical composition and molecular weight characteristics of P(VDF-PFSVE)
copolymer.
Copolymer Monomer
ratio (mol%)

Composition
(mol%)

VDF PFSVE VDF PFSVE

Mn,
PDI
GPC
(g/mol)

I

94

6

94.7

5.3

19,800

1.6

II

91

9

91.5

8.5

20,600

1.6

III

88

12

89.8

10.2

17,400

1.6

IV

85

15

86.9

13.1

16,600

1.7

Figure 4-3: FT-IR spectra of amine-ended P(VDF-PFSVE) (a), crosslinked polymer membrane
before (b) and after (c) hydrolysis.
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The cross-linking of P(VDF-PFSVE)s was conducted through condensation reaction
between amine end-groups and a triisocyanate agent. FTIR spectra (Figure 4-3) confirmed the
formation of urea linkages by appearance of urea bands at 3348 cm-1 (N-H stretching vibration),
1632 cm-1 (C-N stretching), and 1546 cm-1 (N-H bending) and lack of absorbance at 2267 cm-1
from isocyanate groups. The accomplishment of cross-linking was also supported by the changes
of solubility in organic solvents. The cross-linked membranes became insoluble in acetone,
tetrahydrofuran and methanol, whereas their precursors, P(VDF-PFSVE)s, can be easily
dissolved in these solvents. A further evidence for the cross-linking reaction was provided by
thermal analysis. The cross-linked membrane showed a broader melting transition at ~ 120 oC,
and the crystallization temperature was found to decrease by nearly 7 oC relative to its polymer
precursor (~ 79 oC). It is known that the formation of cross-linking structures suppresses the
recrystallization and leads to reduction in crystal sizes and in turn a lower crystallization
temperature.25
Hydrolysis of the sulfonyl fluoride groups in the membranes is required to generate the
proton conducting acid sites. Strong bases such as sodium hydroxide and potassium hydroxide are
usually used in the hydrolysis of sulfonyl fluorides. However, they are undesirable here because
of the vulnerability of VDF units under basic conditions.29 Lithium carbonate has been employed
as a mild catalyst for base hydrolysis30 but unfortunately, the lack of solubility in protic solvents
that are used in swelling the cross-linked films limits its utility in this case. To this end, a new
mild hydrolysis process was developed, which is based on triethylamine/methanol as a catalyst to
convert sulfonyl fluoride groups into ammonium salts.31 Ion exchange was accomplished with
HCl aqueous solution, which was confirmed by the complete disapperance of S-F stretching
resonance at 816 cm-1 in the FTIR spectra. Concurrently, the FTIR spectra of the sulfonic acid
form of the films showed the characteristic absorbance of -SO2F groups at 1462 cm-1 attributed to
S=O stretching and a broad peak assigned to acid groups at 3000 to 3300 cm-1. The retention of
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the urea linkages in the acid membranes was indicated by the unchanged absorption band at 1632
cm-1.

Table 4-2: IEC, water uptake, hydration number (λ) and heat of fusion (∆Hf) of absorbed water
of the cross-linked P(VDF-PFSVE) membranes and Nafion 117.
λ

∆Hf
(J/g)

IECa

IECb

Water
Uptake
(wt.%)

I

0.63

0.45

4

4.9

10

II

0.89

0.87

14

8.9

24

III

0.99

0.97

19

10.6

61

IV

1.15

1.14

26

12.6

98

0.91

29

17.7

101

Membrane

IEC (meq/g)

Nafion 117

[a] Calculated from copolymer compositions.
[b] Determined by titration method.

IEC and water uptake
Table 4-2 compares the characteristics of the cross-linked membranes. IEC of the
membranes increases with the increase of PFSVE content.

In membranes II, III and IV,

experimental IEC results were found to be in good agreement with their corresponding theoretical
values estimated from VDF/PFSVE composition. This further indicates the quantitative
conversion of salt into acid forms of the films and the effectiveness of the new hydrolysis
procedure. The deviation shown in membrane I is believed to be owing to low sulfonate content
and difficulty in formation of continuous ionic phase that are accessible for ion exchange.
As expected, higher IEC membrane leads to increased water uptake as a result of
increased amount of acid groups interacting with water molecules. Interestingly, in comparison
with Nafion 117 film that has an IEC of 0.91 mmol/g and a water uptake of 29%, membranes II

92
and III with similar IEC values of 0.87 and 0.97 mmol/g exhibited much lower water uptakes,
only 14% and 19% respectively. Additionally, it is worthy of note that negligible change of water
uptake was observed in the cross-linked membranes when temperature was increased to 60 oC,
which is implicative of the stabilized water domain structures by the cross-linked networks.
Analogous to water uptake, hydration number, λ, i.e. the average number of water molecules per
sulfonic acid groups, showed strong dependence on IEC as well. As outlined in Table 4-2, when
IEC was increased to or more than 0.87 mmol/g, λ attained a value of 8.9 or higher, which
suggests sufficiently high hydration levels in the membranes to facilitate dissociation of sulfonic
acid and proton transportation.

Thermal and chemical stability

Table 4-3: Thermal, hydrolytic and oxidative stability of the cross-linked P(VDF-PFSVE)
membranes and Nafion 117.
Membrane

Td
(oC)

Residue
after Residue
after
hydrolytic testing
oxidative testing
(wt.%)
(wt.%)

I

270

98

98

II

265

97

98

III

267

97

98

IV

265

95

96

Nafion 117

275

99

98

Thermal stability was evaluated by thermal-gravimetric analysis. As shown in Table 4-3,
the on-set decomposition temperatures of the cross-linked membranes were independent of IEC
and stayed in a narrow range 265-270 oC, which are comparable with Nafion. Accelerated
hydrolytic and oxidative stability tests combined with gravimetric measurements were also
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executed to assess the chemical stability of the membranes. It was found that the cross-linked
membranes remained intact and retained more than 95% of their original weight after the tests,
indicating their excellent hydrolytic and oxidative stabilities. We postulate that the urea linkages,
the most susceptible segment to hydrophilic attack by water molecules and oxidative attack by
radical species, is protected by the surrounding hydrophobic fluorinate chains that exclude water
molecules and OH radicals in aqueous solution.

Membrane morphology

Figure 4-4: Cross-sectional TEM images of (a) Nafion 117 and the cross-linked membranes, (b) I,
(c) II, (d) III and (e) IV. The scale bar denotes 10 nm.

Morphological structures in the cross-linked membranes and Nafion were examined by
TEM. Figure 4-4 presents cross-sectional TEM images of the membranes stained with lead
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acetate, in which ionic domains appear as dark areas and the bright domains correspond to the
hydrophobic phases. It was found that the sizes of the ionic aggregates in the cross-linked
membranes displayed gradual increases from I to IV due to the increased sulfonic acid
concentrations. A microphase-separated morphology with hydrophilic domain size at the scale of
5-10 nm was evident in Nafion. Contrastively, phase separation in the cross-linked membranes (
Figure 4-4b-e) was not as distinct as in Nafion. The size of the ionic regions in the cross-linked
membranes is markedly smaller than that of Nafion, e.g. an average of only 2-3 nm in membranes
III and IV with IECs even higher than Nafion. It appears that self-assembly behaviors in these
membranes are hindered by the formation of cross-linked structure, leading to small ionic
aggregates and in turn limited water absorption.

The state of absorbed water

Figure 4-5: DSC curves of the melting endotherms for the absorbed water within the cross-linked
membranes and Nafion 117.
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In addition to membrane morphology, the state of the absorbed water within the
membranes has also been suggested to play a significant role in determining the transport
properties.32,33 It is speculated that the permeation of methanol through ionic membranes is
strongly correlated to the unbound or free water.34 Free water is defined as water that is not
intimately bound to polymer backbone or ionic groups and exhibits similar thermal transitions to
bulk water. The low temperature DSC measurements were carried out to elucidate the nature of
water confined in the membranes. Figure 4-5 illustrates DSC curves of the fully hydrated
membranes, and the calculated ∆Hf of the absorbed water is tabulated in Table 4-2. Since the
strongly bound water does not display thermal transitions and contribute to melting endotherm,
∆Hf value is generally proportional to the fraction of free and weakly bound water. Consistent
with the trend in λ and water uptake, ∆Hf has been found to increase simultaneously with
increasing IEC. Membranes I and II contained primarily bound water as indicated by
indiscernible melting endotherms and low ∆Hf values, 10 and 24 J/g respectively. Membranes III
and IV showed higher∆Hf values of 61 and 98 J/g respectively, indicating a increased fraction of
unbound and weakly bound water, but still less than Nafion with a ∆Hf of 101 J/g.

Proton conductivity and methanol permeability
Figure 4-6 depicts the effect of IEC on the proton conductivity and activation energy. In
accordance with water uptake and λ, the proton conductivity rose progressively from 0.005 S/cm
for membrane I to 0.063 S/cm for membrane IV with the increase of IEC. In comparison with
Nafion, the cross-linked membranes exhibited reduced proton conductivities. The difference in
conductivity between Nafion and the crosslinked membranes is probably due to concomitant
higher content of water sorption and corresponding enhancement of phase separation in Nafion. It
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is important to note that membranes II, III and IV exhibited appreciably high conductivities of
above 0.02 S/cm, attributable to their high concentrations of PFSVE and strong acidity of
perfluorosulfonic acid groups. Activation energy for proton conduction, Ea,σ, is a measure of the
barrier to proton movement occurring in the membrane. Ea,σ was calculated from Arrhenius plot,
where the proton conductivity of the membranes was measured in liquid water at various
temperatures (Figure 4-7). The highest value of Ea,σ was found with membrane I followed by
membranes II, III and then IV. Nafion exhibited the lowest value of Ea,σ. This order mirrors that
of proton conductivity and correlates well with the amount of water contained in the membrane
and the domain sizes of hydrophilc phases.

Figure 4-6: Proton conductivity and activation energy of the cross-linked membranes as a
function of IEC.
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Figure 4-7: Temperature dependence of proton conductivity of the membranes under fully
hydrated conditions.

Figure 4-8: Methanol permeability and activation energy of the cross-linked membranes as a
function of IEC.
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Figure 4-9: Temperature dependence of methanol permeability of the membranes under fully
hydrated conditions.

Methanol permeability and related activation energy data are plotted as a function of IEC
in Figure 4-8. Extremely low methanol permeabilities of 1.12 x 10-9 and 8.36 x 10-9 cm2/s were
found with membranes I and II respectively, which are more than two orders of magnitude less
than Nafion with a methanol permeability of 1.96 x 10-6 cm2/s. The high fraction of strongly
bound water as revealed in low ∆Hf values from DSC mesurements and small size of ionic
domains are likely responsible for the observed excellent methanol barrier properties in the
membranes. Further increase in IEC leads to a monotonic increase in methanol permeability.
Membranes III and IV exhibit methanol permeabilities of 4.98 x 10-8 and 1.35 x 10-6 cm2/s,
respectively, which are still much lower than Nafion. The activation energy for methanol
permeation, Ea,methanol, estimated from Arrhenius plot of methanol permeability (Figure 4-9),
follows the same trend with Ea,σ. Higher values of Ea,methanol reiterate elevated barriers to
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methanol transport in the cross-linked membranes when compared to Nafion. Considerable
changes in methanol permeability upon IEC are presumably associated with significant variation
in the water state and domain structure. Expanded ionic channels and the increased portion of
unbound and weakly water give rise to greater methanol diffusion across the membrane.

Figure 4-10: Electrochemical selectivity of the cross-linked membranes and Nafion 117.
To evaluate the potential of the prepared membranes for DMFCs, the electrochemical
selectivity is computed and plotted versus IEC as shown in Figure 4-10. Encouragingly, the crosslinked membranes have shown very high selectivity in transport of proton over methanol. The
reduced methanol permeability significantly outweights the decrease in ionic conductivity in the
cross-linked membranes. More impressively, the electrochemical selectivities of the membranes
II and III are 1.2 x 107 and 9.2 x 105, respectively, which are 288 and 22 times respectively higher
than that of Nafion (i.e. 4.2 x 104) while manintaining high proton conductivities (> 0.02 S/cm).
To the best of our knowledge, this is the highest electrochemical selectivity reported from PEMs
with proton conductivities higher than 0.01 S/cm.7 The exceptional selectivity obtained in the
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cross-linked membranes may be attributed to the unique interplay of high fraction of stronglybound water, small-sized transport channels, and superior acidity of perfluorosulfonic acid
groups.

Summary
A series of P(VDF-PFSVE) with amino end-groups and varied contents of
perfluorosulfonic acids have been prepared and fabricated into the cross-linked membranes after
curing with a triisocyanate agent. The formation of cross-linked structures restricts the size of
hydrophilic domains, limits water sorption and yields high content of tightly bound absorbed
water. Membrane properties including water uptake, the state of absorbed water and
morphological structure have been found to be strongly related to IEC. Sharp growth in the
fraction of loosely bound and unbound water and the size of ionic domains has been observed
with increasing IEC, which in turn leads to significant variation in transport properties.
Membranes with relatively low IECs exhibit extremely low methanol permeability, which are
ascribed to large portion of tightly bound water and small sized ionic aggregates. Membranes II
and III exhibit unparalleled electrochemical selectivities that are two orders of magnitude higher
than Nafion, while maintaining sufficient proton conductivity (i.e. > 0.02 S/m). The lower
methanol crossover of the cross-linked membranes has also been demonstrated in the preliminary
membrane-electrode assembly (MEA) studies. The open circuit voltages of membranes II and III
under 3 M methanol/air conditions at 50 oC were found in a range of 0.75 to 0.85 V, which are
much greater than Nafion 117 (~0.65 V).
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Chapter 5

Highly Proton Conductive Aromatic Ionomers with Perfluoro-alkyl Sulfonate
Groups for Elevated Temperature Fuel Cells

Introduction
With combined advantages of low negative environment impact, high energy density and
high conversion efficiency, polymer electrolyte membrane (PEM) fuel cells have been considered
as the next generation energy producing technology for automotive, stationary, and portable
applications.1-2 Unfortunately, the current lack of feasible polymer electrolyte materials failed the
broad commercialization and deployment of PEM fuel cells in spite of decades of intense
research.3-5 Nafion representing perfluorosulfonate ionomers so far stands as the state-of-art
materials.6-7 Nafion membranes are highly proton conductive when hydrated and chemically and
mechanically stable at moderate temperatures. However, their relatively low glass transition
temperature (ca.110 oC) limits the working temperature range with a maximum of 80 oC.8-11
Higher temperatures would lead to the deformation of well phase-separated micro-structure of
Nafion and in-turn deteriorate the fuel cell performance. There are a number of attractive benefits
associated with elevated temperature operation, including improved tolerance of electrodes to
carbon monoxide, simplification of the cooling system and possible use of cogenerated heat, and
improved electrode reaction kinetics, etc.12-13 Alternative PEM materials with ability to work at
high temperatures (>100 oC) are in high demand.
Acid-functionalized aromatic polymers have been intensely investigated to explore their
potential as high performance PEMs,14-20 which usually demonstrate high glass transition
temperature and intrinsically low alcohol permeability as well as good mechanical, thermal and
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chemical durability. Nonetheless, most aromatic ionomers rely on aryl or alkyl sulfonic acid
groups to transport protons. These hydrocarbon acid groups have relatively weak acidity and are
difficult to dissociate and facilitate proton transport as compared to perfluoro-alkyl sulfonic acids.
Thus, very rare aromatic ionomers show proton conductivity that can compete with Nafion.21
Herein, we propose a series of new ionomers that possess desirable structural characteristics of
both hydrocarbon aromatic and perfluorosulfonate ionomers, i.e. aromatic polymer backbone and
perfluoro-alkyl sulfonic acid side-group. Remarkably, such structure design gives birth to a
number of new ionomers with superior or comparable conductivity to Nafion even under high
temperature and low water availability conditions, which will be described here and in the
following papers.

Experimental Section

Materials.
1,2-dibromotetrafluoroethane (99%) was purchased from SynQuest Laboratories Inc. and
used as received. All other chemicals were obtained from Sigma-Aldrich and used without further
purification unless otherwise noted.

Synthesis.
2’-bromotetrafluroroethoxy 2,3,5,6-tetrafluoro benzene. 2,3,5,6-tetrafluorophenol (10 g,
0.06 mol) was dissolved in 1 N KOH methanol solution (60 mL) and stirred at ambient
temperature for 1 h. The solvent was then removed under reduced pressure to give a white solid,
Potassium 2,3,5,6-tetrafluoro phenoxide, which was further dried at 100 oC under vacuum for
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overnight and used as prepared for subsequent reaction. In a 250 mL three-neck flask fitted with a
refluxing condenser and a dropping funnel were added potassium 2,3,5,6-tetrafluoro phenoxide
(0.06 mol), dry cesium carbonate (10 g), 1,2-dibromotetrafluoroethane (23.4 g 0.09 mol) and
anhydrous DMSO (75 mL) under argon. The mixture was stirred at 35 oC for 6 h and 50 oC for 10
h. After cooling to room temperature, the mixture was poured into a beaker with dichloromethane
(150 mL) and water (150 mL) and underwent vigorously stirring for 15 min. The organic phase
was separated and the aqueous phased with extracted with dichloromethane (2 × 50 mL).
Combined organic solution was washed by water (2 × 50 mL), brine (50 mL) and dried over
Na2SO4. After removal of the solvent under reduced pressure, the residue was dried at 60 oC in
vacuum oven for overnight to give a light yellow liquid (16.8 g, 81 %). 1H NMR (d6-DMSO,
ppm): δ 8.1 (m, 1H, Ar-H). 19F NMR (d6-DMSO, ppm): δ -71.4 (s, 2F, -CF2Br), -86.8 (s, 2F, OCF2-), -133.5 (s, 2F, Ar-F), -151.9 (s, 2F, Ar-F).
Sodium

1,1,

2,2-tetrafluoro-2-(2’,3’,5’,6’-tetrafluoro-phenoxy)ethane

sulfonate

(Monomer 1). In a flask fitted with a refluxing condenser were added 2’-bromotetrafluroroethoxy
2,3,5,6-tetrafluoro benzene (10.4 g, 0.03 mol), NaHCO3 (5.9 g, 0.07 mol), Na2S2O4 (12.5 g, 0.7
mol) and a mixture of water (110 mL) and acetontrile (55 mL). The reaction mixture was stirred
at 70 oC for 12 h under the protection of argon. After cooling down to room temperature, ethyl
acetate (60 mL) was added and the organic phase was separated. The aqueous phase was
extracted by ethyl acetate (2 × 50 mL). Combined organic solution was washed by brine (2 × 50
mL), dried over Na2SO4 and then concentrated under reduced pressure. The waxy white solid
obtained was re-dissolved in ethyl acetate (10 mL), precipitated in hexane, and dried under
vacuum at 60 oC for 12 h to give Sodium 1,1,2,2-tetrafluoro-2-(2’,3’,5’,6’- tetrafluoro-phenoxy)
ethane sulfonate (8.4 g). In a flask, the prepared Sodium 1,1,2,2-tetrafluoro-2-(2’,3’,5’,6’tetrafluoro-phenoxy) ethane sulfinate was dissolved in a mixture of hydrogen peroxide aqueous
solution (6 mL) and water (15 mL). After being stirred at room temperature for 10 h, the solvents
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were evaporated under reduced pressure. The white solid obtained was re-dissolved in ethyl
acetate and precipitated from hexane. The product, monomer 1, was then dried under vacuum at
100 oC for overnight (7.9 g, 71%). 1H NMR (d6-DMSO, ppm): δ 8.1 (m, 1H, Ar-H). 19F NMR (d6DMSO, ppm): δ -82.7 (s, 2F, -OCF2-), -117.8 (s, 2F, -CF2-SO3H), -138.9 (s, 2F, Ar-F), -152.7 (s,
2F, Ar-F). Elemental analysis calculated: C, 26.1; H, 0.3; F, 41.3; O, 17.4; S, 8.7. Found: C, 26.0;
H, 0.3; F, 41.2; O, 17.5; S, 8.7.
Synthesis of P1HQ, P1NA and P1BP polymers. A typical procedure for condensation
polymerization is described as follows. In a three-neck flask equipped with a Dean-Stark trap and
gas inlet were added 1,4-biphenol (1.86 g, 0.01 mol), K2CO3 (5.6 g, 0.04 mol), anhydrous DMAc
(20 mL) and toluene (15 mL) under argon atmosphere. The mixture was heated at reflux for 2 h
before the removal of toluene/water azeotrope from the Dean-Stark trap. Monomer 1 (3.68 g, 0.01
mol) was then added to the flask, and the reaction was stirred at 135 oC for 16 h. After the cooldown to room temperature, the reaction mixture was precipitated in water, and the precipitate was
collected by filtration and washed thoroughly with water. The polymer obtained was then
converted from sodium salt form into acid form by immersing in 3 N HCl aqueous solution at 40
o

C for 24 h. After filtration and being washed thoroughly with water, the product was dried under

vacuum at 80 oC for overnight. 1H NMR, see Figure 1 and Figure S1-3. Elemental analysis results:
PAE-HQ, C, 40.6; H, 1.6; F, 26.8; O, 23.6; S, 7.4. PAE-NA, C, 46.7; H, 1.9; F, 24.1; O, 20.6; S,
6.7. PAE-BP, C, 48.9; H, 2.4; F, 22.8; O, 19.6; S, 6.3.
Synthesis of P1BPHC polymer with hydrocarbon alkyl sulfonic acid groups. Synthetic
route is outlined in the Figure 1. Under the protection of an argon atmosphere, 2,3,5,6tetrafluorophenol (5g, 0.03 mol) was dissolved in 40 mL of NaOH solution (10 %) in a flask. A
solution that contained 12.2 g (0.1 mol) of 1,3-propane sultone and 40 mL of dioxane was added
to the above-mentioned solution. The mixture was then stirred at room temperature for 8 h. After
removal of all the solvents, the obtained solid was washed with cold acetone and recrystallized in
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water to give hydrocarbon monomer 1, white powder (7.6 g, 82%). 1H NMR (d6-DMSO, ppm): δ
7.6 (m, 1H, Ar-H), 4.3 (m, 2H, -CH2-SO3Na), 2.6 (m, 2H, -OCH2-), 2.1 (m, 2H, -CH2CH2CH2-).
19

F NMR (d6-DMSO, ppm): δ -140.9 (s, 2F, Ar-F), -157.5 (s, 2F, Ar-F).

Figure 5-1: Synthesis of polymer P1BPHC.
The polymerization of hydrocarbon monomer 1 and 4’4-biphenol was performed using
the same procedure as described above, except that the reaction temperature was set at 180 oC
instead of 135 oC. After condensation reaction, the reaction mixture was poured into a mixed
solvent of toluene and hexane. The resulting precipitate was then treated by 3 M HCl solution and
carefully washed with cold water. After being dried at 60 oC under vacuum, the polymer product
was characterized with 1H and 19F NMR (Figure 5-2 and 5-3, respectively)

Figure 5-2: 1H NMR spectrum of P1BPHC with hydrocarbon alkyl sulfonic acid groups.
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Figure 5-3: 19F NMR spectrum of P1BPHC with hydrocarbon alkyl sulfonic acid groups.

Membrane Preparation.
Ionomer (0.6 g) was placed between two Teflon sheets and hot-pressed at 200 oC into a 110130 µm thick film. After being immersing in water for 12 h, the film was boiled in 1 M HCl aqueous
solution for 4 h, rinsed thoroughly with de-ionized (DI) water, and then boil in DI water for another 1
h.

Physical and Analytical Measurements.
1

H and

19

F NMR spectra were recorded on a Bruker AM-300 spectrometer instrument

with tetramethylsilane as internal reference. TGA was performed on a TA instruments model
2950 at a heating rate of 20 oC/min. DSC data were obtained by a TA Instruments Q100 at a
heating rate of 10 oC/min. Intrinsic viscosity of the polymers were determined by a Ubbelohde
viscometer using N,N-dimethylacetamide solution of the polymers at 25 oC. For mechanical
tensile testing, the samples were cut into dog bone shaped specimens and then tested on an
Instron universal testing machine (Model 4411) at ambient conditions. Stress-strain curves were
obtained at a crosshead speed of 2.0 inch/min using the ASTM D882 standard method. In-plane

109
proton conductivity (σ) of the membranes was measured by two-probe AC impedance method.
Impedance data was acquired using Solartron 1260 impedance/gain phase analyzer with an ac
voltage amplitude of 10 mV over the frequency range from 10 to 100 k Hz. Proton conductivity
measurements were performed under different temperatures and humidity conditions, which were
controlled by an ESPEC SH240 environmental chamber (80 oC) and a pressure-resistant closed
chamber with BT-112 conductivity cell and humidification system (BekkTech LLC, 120 oC). The
proton diffusion coefficient (D) was calculated from the following equation,22 D=RTσ/F2C(H+)
(1), Where R is the gas constant, T is the absolute temperature, F is Faraday constant, and C(H+)
is the concentration of the proton ions.
Chemical Stability Tests. Oxidative stability testing was performed by treating the
membrane samples with Fenton’s reagent (3% H2O2 aqueous solution containing 20 ppm FeSO4)
at 80 oC for 1 h. Hydrolytic stability was tested by immersing the membranes in 80 oC water for 2
weeks. Changes in weight (dry membrane) were determined after the stability tests.
Fuel Cell Testing. Membrane electrode assembly (MEA) was fabricated by pressing
catalyst coated gas diffusion layers (GDLs) onto the both sides of the ionomer membrane. The
loading of platinum black catalyst on the GDLs (Giner) were 4 mg/cm2 with no ion conducting
materials. The pressed MEA was then transferred into a fuel cell with single pass serpentine flowfield plates (Fuel Cell Technologies). The cell was held at a120 oC with a constant supply of
hydrogen flow (70 sccm) at the anode and air flow (200 sccm) at the cathode. The gas streams
were humidified at 113.1 oC with a back pressure of 230 kPa.

Results and Discussion
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Figure 5-4: Synthesis of monomers and polymers with perfluoro-alkyl sulfonate groups.
To our knowledge, very few attempts toward ionomers with analogous chemical
structures have been reported due to the significant synthetic difficulty.23-25 These attempts
employed the attachment of perfluoro-alkyl sulfonate species to functionalized polymer backbone
via nucleophilic substitution or dehalogen coupling reaction, allowing little control of the
polymer chemical structure and homogeneous distribution of acid groups. As illustrated in Figure
5-4, our synthetic method involves the preparation of aromatic monomers with perfluoro-alkyl
sulfonate groups and subsequent condensation polymerizations to obtain polyaromatic ionomers.
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This method opens up the opportunities to a broad range of new ionomers (Figure 5-4), benefiting
from its great chemistry flexibility, e.g. multiple options for the functional groups in sulfonated
monomers and their co-monomers. Moreover, polymer structural characteristics can be tailored
from adjusting monomer composition and polymerization conditions, which permits the
optimization of polymer properties for PEM applications such as maximized molecular weight
and acid content.

Figure 5-5: 1H and 19F NMR spectra of Monomer 1.

Figure 5-6: 1H and 19F NMR spectra of polymer P1BP.
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Our monomer synthesis (Figure 5-4) includes the nucleophilic substitution of 1,2dibromotetrafluoroethane with phenols carrying halide groups and subsequent reduction reaction
of perfluoro-alkyl bromide by sodium dithionite followed by oxidation with hydrogen peroxide to
obtain sulfonate groups.26-27 We confirmed the structure and chemical composition of the
intermediates and monomers by NMR and elemental analysis. Representative 1H and
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F NMR

spectra of monomer 1 is shown in Figure 5-5. The overall synthetic route toward new monomers
is facile, safe and potentially low cost due to excluding the use of explosive chemicals as in the
cases of monomer synthesis for Nafion and other perfluorosulfonate ionomers.3 Based on
monomers prepared in Figure 5-4, several conventional polycondensation conditions can be
applied to generate polymers, and with or without different co-monomers, a wide range of
polymer backbones have been achieved including poly(arylene ether) (PAE), poly(ether ether
ketone) (PEEK), poly(ether ether sulfone) (PEES), poly(p-phenylene), etc. The polymers with
PAE backbones, P1HQ, P1NA, P1BP, will be focused in this paper, which were prepared from
the polycondensation of monomer 1 with hydroquinone, 2,6-dihydroxynaphthalene and 4,4’biphenol respectively, while other ionomers will be elaborated elsewhere. Polymerization
conditions for monomer 1 were carefully controlled to avoid the formation of highly branched or
cross-linked structure, since the phenyl ring of monomer 1 has four active fluorines that can
undergo nucleophilic attack by phenolate group. Temperature was found to have essential control
on the step by step fluorine-substitution process. While the first two fluorines on the phenyl ring
were highly reactive and could be substituted below 145 oC, the left fluorides showed much lower
reactivity and only reacted above 160 oC, which is presumably due to the loss of electronwithdrawing effect of two fluorines and the gain of electron-donating effect of newly formed
ether oxygens. The chemical structure and composition of resulting polymers were confirmed by
NMR and elemental analysis. For instance,
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F NMR spectrum of P1BP (Figure 5-6) shows
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multiple peaks in the range between -125 and -160 ppm ascribed to two un-substituted fluorines
on phenyl ring at varied positions, and the integral ratio of the sum of these peaks to the -CF2peak at -81 ppm is close to 1:1 as expected. Elemental analysis of P1BP reveals 22.8 % of
fluorine element and 48.9% of carbon element, which are in good agreement with theoretical
values of 23.1 % and 48.7 % respectively.
Table 5-1: Characteristics of aromatic ionomers and Nafion.
Weight loss after
Tg
Td
Ionomer ηinh a IEC
[dL/g] [meq./g]b [oC] [oC] stability test [%]
Hydro.c Oxida.d
P1HQ

2.4

2.31

134

270

16

20

P1NA

2.1

2.09

142

270

8

7

P1BP

2.2

1.96

160

275

<3

<3

0.91

110

305

<3

<3

Nafion

[a] Measured at a concentration of 0.3 g/dL in DMAc/0.05M LiBr at 25 oC.
[b] Calculated from the element analysis.
[c] Hydrolytic stability tested by treating ionomer membrane with 80 oC water for 2 weeks.
[d] Oxidative stability tested in Fenton’s reagent at 80 oC for 2 h.
As listed in Table 5-1, ionomers P1HQ, P1NA, P1BP possess very high ion exchange
capacities (IECs) ranging from 1.96 to 2.31 meq./g. Polymers withsuch high IECs are usually
soluble or severely swollen in water. High molecular weights are thus desired to against water
solubility and provide mechanical support to accommodate high acid contents. Facilitated by our
synthetic method, high molecular weights are achievable as indicated by high inherent viscosities,
2.1 to 2.4 dL/g of the ionomers. The thermal properties of new ionomers were evaluated by DSC
and TGA. Aromatic ionomers, P1HQ, P1NA and PAE-BP were found to have significantly
higher glass transition temperatures (134-160 oC, Table 5-1) than that of Nafion, following a
trend as P1HQ < P1NA < P1BP. They also showed good thermal stability as indicated by high
onset degradation temperatures (> 270 oC, Table 5-1), which is requisite for high temperature
applications. Table 5-1 also summarizes the results of hydrolytic and oxidative stability tests,
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which were conducted to evaluate the chemical durability of new ionomers in harsh environment.
P1BP exhibited outstanding chemical resistance to both hydrolytic and oxidative conditions, less
than 3 % loss in weight. P1NA and P1HQ, on the other hand, displayed relatively higher weight
loss after the tests. These two ionomers have comparatively more hydrophilic backbones, which
possibly result in more weak structure points exposed to the attack of water molecules or radicals
carried by water.
Table 5-2: Mechanical Properties of the Ionomer Membranes.
Membrane

Maximum
Stress
(MPa)

Young’s
Modulus
(GPa)

drya wetb dry

wet

Elongation
at Break
(%)
dry

wet

P1HQ

22

14

1.01 0.37 2.5

5.4

P1NA

42

30

1.31 0.71 5.2

8.2

P1BP

47

34

1.56 0.94 18

20

[a] Measurements taken under ambient conditions (ca. 23 oC, 50% RH).
[b] Samples were equilibrated in water for 2 hours prior to measurement.
Motivated by concerns of their mechanical durability in fuel cells, the mechanical
properties of ionomer membranes in both dry and hydrated state were investigated and
summarized in Table 5-2. It is worth mentioning that the P1BP membrane is a very tough and
robust polymer film, showing high maximum strength (~34 MPa) and tensile modulus (~0.94
GPa) and reasonable elongation at break (~20%) in the hydrated state. The difference in the
mechanical properties among the aromatic ionomers presumably arises from the effect of the
varied bisphenol monomer structure in the polymers, e.g. enhanced intra-molecular interactions
(π-π stacking) between polymer main-chains and reduced water absorption (see Table 5-2) by the
presence of 4,4’-diphenoate in the polymer backbone in the case of P1BP. The morphology of the
lead acetate-stained membranes were probed by transmission electron microscopy (TEM). As
clearly seen in Figure 5-7, the aromatic membranes exhibited spherical ionic clusters with
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relatively uniform size (ca. ~3 nm in diameter) that are markedly smaller than those observed in
Nafion.

Figure 5-7: Cross-sectional TEM images of a) P1NA, b) P1BP, and c) Nafion 117. The scale bar
denotes 20 nm.
Table 5-3: Water uptake and transport property of the membranes.
Membrane Water
Uptakea
[wt.%]

λ

P1HQ

84

20.2 142

1.54×10-5

P1NA

55

14.6 107

1.18×10-5

P1BP

28

7.9

89

1.01×10-5

Nafion
115

29

17.7 83

1.51×10-5

Proton
Proton
conductivity
diffusion
coefficient
[mS/cm]a
[cm2/s]b

[a] Measured after equilibration with de-ionized water at 30 oC.
[b] Calculated from Equation 1 in the experimental section.

Table 5-3 outlines the water uptake characteristics and transport properties of fully
hydrated ionomer membranes at 30 oC. P1HQ has a high water content of 84 wt.% and a
hydration number λ, i.e., the average number of water molecules per sulfonic acid group, of 20.2,
indicating considerable hydrophlicity of the whole polymer structure. In contrast, P1NA and
P1BP show significantly lower water uptakes, 57 wt.% and 28 wt.% respectively. The reduced
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water adsorption is attributable to the synergistic effects of decreased IEC, increased
hydrophobicity of polymer backbones and enhanced intra-molecular interaction by π-electron
conjugation between aromatic main-chains. Interestingly, Nafion 115 and P1BP absorb similar
amount of water, although P1BP has more than twice as much the content of acid group as
Nafion. Relatively low λ of P1BP (λ=7.9) suggests insufficient hydration of sulfonic acid to
release protons, corresponding to its merely comparative conductivity (89 mS/cm) with Nafion
(83 mS/cm) in spite of much higher IEC. P1HQ and P1NA display higher proton conductivities,
131 and 107 mS/cm respectively, in accordance to their high water uptakes and IECs. Enhanced
proton mobility by perfluoro-alkyl sulfonic acid groups in our ionomers is further substantiated
by their high values of proton diffusion coefficient, (>10-5 cm2/s, Table 3), which are on a par
with that of Nafion.

Figure 5-8: Humidity dependence of proton conductivity for ionomer membranes at 80 oC.
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Figure 5-9: Humidity dependence of proton conductivity for ionomer membranes at 120 oC.
The humidity dependence of proton conductivity was determined at 80 oC and 120 oC
(Figure 5-8 and Figure 5-9). Over the whole tested relative humidity (RH) range at both
temperatures, P1HQ exhibits higher proton conductivity than Nafion 115. Even at low humidities,
P1HQ maintains conductivity approximately twice as much as that of Nafion, e.g. 13.3 mS/cm of
PAE-HQ at 30 % RH, 120 oC versus 6.9 mS/cm of Nafion 115. P1BP and P1NA also present
conductivity comparable (RH < 50 %) or superior (RH > 50 %) to Nafion 115. For instance, a
proton conductivity of 116 mS/cm was determined for P1BP at 80 % RH and 120 oC, while
Nafion 115 shows a value of 95 mS/cm. For comparison purpose, we also prepared and measured
the conductivity of polymer P1BPHC which has the same aromatic backbone as P1BP but a
hydrocarbon alkyl sulfonate side chain (inset, Figure 5-8). We found that the proton conductivity
of this polymer is much lower than aromatic ionomers with perfluoro-alkyl sulfonic acid groups,
and that the conductivity declines precipitously with decreasing RH as seen in many cases of
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other hydrocarbon aromatic ionomers.28-29 This phenomenon confirms the important role of
perfluoro-sulfonic acids in proton conduction through the membrane.

Figure 5-10: H2 / air Fuel cell performance of P1BP and Nafion 115 at 120 oC with electrodes
humidified at 80 % RH.
Membrane-electrode assemblies (MEAs) of new ionomers are now under investigation to
get a true evaluation of their potential performance in hydrogen/air fuel cell device at elevated
temperatures. Figure 5-10 shows the initial polarization and power density curves for P1BP and
Nafion 115 membranes with similar thickness (~125 µm), which were tested at 120 oC with
reactant gases humidified at 113 oC (80 % RH). To isolate only the effect of the membrane,
MEAs employed catalyst layers with no Nafion ionomer and a high Pt loading of 4.0 mg/cm2.
P1BP membrane showed superior performance in relation to Nafion 115, e.g. the maximum
power density and current density at 0.5 V of P1BP were 30 % and 43 % higher, respectively.
Higher proton conductivity and prevented temperature-related structural changes by high Tg are
presumably responsible for the great performance of P1BP. It is also noteworthy to mention that
P1BP showed much lower gas permeability than Nafion, as revealed by a hydrogen crossover
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current density of 0.8 mA/cm2 of P1BP versus 1.6 mA/cm2 of Nafion 115. Further work is
ongoing to optimize MEA fabrication and evaluate the endurance performance of new ionomer
membranes in high temperature fuel cells.

Summary
In summary, we have developed a versatile and facile approach for the preparation of a
family of new ionomers with rigid aromatic backbones and pendant perfluoroalkyl sulfonic acid
side groups. These ionomers exhibited comparable or even greater proton conductivity than
Nafion over a wide humidity range at elevated temperatures, while maintaining other outstanding
properties of aromatic polymers, e.g. high Tg, low gas permeability, excellent thermal and
chemical stability and good mechanical properties. The prepared membranes showed better
performance than Nafion in initial fuel cell tests at 120 oC without any optimization, indicating
the potential of the aromatic ionomers to meet the demands of elevated temperature fuel cells.
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Chapter 6

Super Acidic Poly(Phenylene Ether)s with Optimum Proton Conductivity for
High Temperature, Low Humidity Fuel cells

Introduction
Over the past decades, polymer electrolyte membrane (PEM) fuel cells have been the
focus of intense research to explore its promise as an ultra-clean, highly efficient power source,
responding to the growing energy crisis and environmental concerns, e.g. the appeal to replace
environmentally damaging fossil fuels and combustion engines of vehicles.1-2 Unfortunately,
technical and economic barriers still exist, impeding the wide-spread commercialization of PEM
fuel cells, in particular the lack of feasible PEM materials.3-4 Nafion, the current benchmark PEM,
is limited by a maximum operating temperature of 80 oC and high production cost in spite of its
excellence in proton conductivity and chemical durability.5-6 Extending the working temperature
range of PEM fuel cells to above 100 oC is highly desirable, particularly for automotive
applications, owing to its associated benefits that include (a) improved electrode reaction kinetics,
(b) enhanced tolerance of electrode catalyst to carbon monoxide that accompanies hydrogen
produced by reforming hydrocarbon fuels, (c) simplification of the heat and water management
systems, (d) possibility to use inexpensive non-platinum catalysts.7-8 Alternative economic PEM
materials with ability to work at elevated temperatures are thus in demand.
Recently, tremendous efforts have been expended on the exploration of possibilities of costeffective hydrocarbon polymers as high performance PEM materials.9-13 General structural
characteristics of promising candidates include rigid polyaromatic or polyheterocyclic backbones
providing the membrane excellent mechanical properties and thermally, chemically stability as
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needed to survive in aggressive fuel cell environments, and aryl or alkyl sulfonic acid groups to
transport protons. Remarkably, such structural features usually give rise to high glass transition
temperatures (>150 oC), which are favored for preventing significant temperature-related
structural deformation within the desired operating range (100-150 oC) as the failure for Nafion
(ca. Tg=110 oC). Nonetheless, the aryl or alkyl sulfonic acid groups that the proton conduction in
most hydrocarbon ionomers relies on have relatively weak acidity and are difficult to dissociate
and facilitate proton transport as compared to perfluoro-alkyl sulfonic acids.14-15 In very rare
cases, hydrocarbon polymers show proton conductivity that can compete with Nafion,
particularly under moderate or low humidity conditions (RH≤60 %) that require no significant
extra complexity and burden on the humidification and water management systems at elevated
temperatures.

Figure 6-1: Synthesis of monomer and polymers with perfluroro-alkyl sulfonic acid groups.

Herein, we developed a series of new polymers possessing desirable structural
characteristics of both hydrocarbon and perfluorosulfonate ionomers, i.e. aromatic polymer
backbones and perfluoro-alkyl sulfonic acid side-groups. As far as we are aware, very few
attempts have been thus far reported on polymers with analogous structures due to the synthetic
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difficulty.16-18 Figure 6-1 outlines our synthetic strategy toward target polymers, which involves
the preparation of an aromatic monomer with short perfluoro-alkyl sulfonate group and
subsequent condensation co-polymerization with variable bisphenol monomers. In comparison
with other polymer analogues and perfluorosulfonate ionomers, our monomer and polymer
synthesis is facile, scalable and potentially low cost, due to excluding the use of noble metal
catalysts and explosive chemicals. Moreover, tunable polymer chemical composition and
structure allowed by our synthesis conditions permits the optimization of polymer properties for
PEM applications. Interestingly, during a recent study, we discovered that the choice of bisphenol
monomer has an essential influence on the properties of resulting polymers. For instance, P1HQ,
the copolymer of monomer 1 and hydroquinone (Figure 6-1), demonstrated outstanding proton
conductivity, over twice that of Nafion under various temperature and humidity conditions, but it
also showed weakness in terms of mechanical properties and high water swelling. P1BP, the
copolymer of monomer 1 and 4,4’-biphenol, on the other hand, displayed proper mechanical
properties and water absorption, while showing conductivity on a par with Nafion. The striking
difference between those two polymers presumably comes from the effects of the bisphenol
monomers on the chemical structures, e.g. the backbones and ion capacity, which can be
systematically examined via varying the monomer ratio of hydroquinone and 4,4’-biphenol as
will be detailed in this paper. Furthermore, optimizing bisphenol ratio and in-turn physical
properties of polymer opens the opportunity toward strong all-round candidates for PEM.
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Experimental Section

Materials.
1,2-dibromotetrafluoroethane (99%) was purchased from SynQuest Laboratories Inc. and
used as received. All other chemicals were obtained from Sigma-Aldrich and used without further
purification unless otherwise noted. Monomer 1 was synthesized according to the procedure
described in the Chapter 5.

Polymerization.
A typical procedure for condensation polymerization is described as follows. In a threeneck flask equipped with a Dean-Stark trap and gas inlet were added 4,4’-biphenol (1.86 g, 0.01
mol), K2CO3 (5.6 g, 0.04 mol), anhydrous DMAc (20 mL) and toluene (15 mL) under argon
atmosphere. The mixture was heated at reflux for 2 h before the removal of toluene/water
azeotrope from the Dean-Stark trap. Monomer 1 (3.68 g, 0.01 mol) was then added to the flask,
and the reaction was stirred at 135 oC for 16 h. After the cool-down to room temperature, the
reaction mixture was precipitated in water, and the precipitate was collected by filtration and
washed thoroughly with water. The polymer obtained was then converted from sodium salt form
into acid form by immersing in 3 N HCl aqueous solution at 40 oC for 24 h. After filtration and
being washed thoroughly with water, the product was dried under vacuum at 80 oC for overnight.
1

H and 19F NMR (DMSO-d6): see Figure 6-2; Anal. found for P1HQ: C 40.6, H 1.6, F 26.8, O

23.6, S 7.4; for P1BP: C 48.9, H 2.4, F 22.8, O 19.6, S 6.3; for P1BPHQ-25/75: C 43.5, H 2.1, F
25.4, O 21.8, S 7.2; for P1BPHQ-50/50: C 45.4, H 2.1, F 24.5, O 21.1, S 6.9; for P1BPHQ-75/25:
C 47.3, H 2.3, F 23.6, O 20.3, S 6.5.
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Membrane Preparation.
Ionomer (0.6 g) was placed between two Teflon sheets and hot-pressed at 200 oC into a
110-130 µm thick film. After being immersed in water for 12 h, the film was boiled in 1 M HCl
aqueous solution for 4 h, rinsed thoroughly with de-ionized (DI) water, and then boiled in DI
water for another 1 h.

Physical and Analytical Measurements.
1

H and

19

F NMR spectra were recorded on a Bruker AM-300 spectrometer instrument

with tetramethylsilane as internal reference. Thermo-gravimetric analysis (TGA) measurements
were performed on a TA instruments model 2950 at a heating rate of 20 oC/min under air flow
from 30 oC to 750 oC. The thermal transition data were obtained by a TA Instruments Q100
differential scanning calorimeter (DSC) at a heating rate of 10 oC/min. Intrinsic viscosity were
determined by a Ubbelohde viscometer in 0.05M LiBr/N,N-dimethylacetamide (DMAc) solution
at 25 oC. For mechanical tensile testing, the membrane samples were cut into dog bone shaped
specimens and then tested on an Instron universal testing machine (Model 4411) at ambient
conditions. Stress-strain curves were obtained at a crosshead speed of 2.0 inch/min using the
ASTM D882 standard method. O2 gas permeability of the membranes was measured via the equal
pressure method on a GTR-Tech gas permeability measurement apparatus equipped with gas
chromatography. Membrane samples were dried at 80 oC under dry N2 flow and equilibrated to a
humidified condition for 2 h before setting in a cell with a gas inlet and outlet. The O2
permeability coefficient of the membranes was measured dry, and at 60 and 90% relative
humidity at 80 oC. During the measurements, O2 was supplied at a flow rate of 30 mL/min and
Helium was used as a carrier gas of permeated O2 to the gas chromatography. In-plane proton
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conductivity (σ) of the membranes was measured by two-probe AC impedance method.
Impedance data were acquired using Solartron 1260 impedance/gain phase analyzer with an ac
voltage amplitude of 10 mV over the frequency range from 10 to 100 000 Hz at ambient
temperature. Proton conductivity measurements were performed under different temperatures and
humidity conditions, which were controlled by an ESPEC SH240 environmental chamber (80 oC)
and a pressure-resistant closed chamber with BT-112 conductivity cell and humidification system
(BekkTech LLC, 120 oC). The proton diffusion coefficient (D) was calculated from NernstEinstein equation,
D=RTσ/F2C(H+)

(1)

Where R is the gas constant, T is the absolute temperature, F is Faraday constant, and C(H+) is the
concentration of the proton ions.23

Chemical Stability Tests.
Oxidative stability testing was performed by treating the membrane samples with
Fenton’s reagent (3% H2O2 aqueous solution containing 20 ppm FeSO4) at 80 oC for 1 h.
Hydrolytic stability was tested by immersing the membranes in 80 oC water for 2 weeks. Changes
in weight (dry membrane) and proton conductivity were evaluated by conducting gravimetric
analysis and conductivity measurement before and after the stability testing.

Fuel Cell Testing.
Membrane electrode assembly (MEA) was fabricated by pressing catalyst coated gas
diffusion layers (GDLs) onto the both sides of the ionomer membrane. The loading of platinum
black catalyst on the GDLs were 4 mg/cm2 with no ion conducting materials. The pressed MEA
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was then transferred into a fuel cell with single pass serpentine flow-field plates. The cell was
held at 120 oC with a constant supply of hydrogen flow (70 sccm) at the anode and air flow (200
sccm) at the cathode, which were both humidified at 60% RH with a back pressure of 230 kPa.

Results and Discussion

Table 6-1: Characteristics of new aromatic ionomers and Nafion.
Ionomer

BP/HQ
ratio[a]

ηinh [b]
[dL/g]

IEC
Tg [oC]
[c]
[meq./g]

Tod [d]
[ C]

P1BP

100/0

2.1

1.96

160

275

P1BPHQ-75/25

75/25

1.9

2.03

158

275

P1BPHQ-50/50

50/50

1.9

2.15

154

275

P1BPHQ-25/75

25/75

2.0

2.25

142

270

P1HQ

0/100

2.2

2.31

134

270

Nafion 115

-

-

0.91

110

305

[a] Monomer molar feed ratio, 4,4’-biphenol/hydroquinone.
[b] Measured at a concentration of 0.3 g/dL in DMAc/0.05M LiBr at 25 oC.
[c] Calculated from the element analysis.
[d] Decomposition temperature at 5 wt.% loss.
As shown in Figure 6-1, the synthesis of monomer 1 was accomplished by the
nucleophilic substitution of 1,2-dibromotetrafluoroethane with 2,3,5,6-tetrafluorophenol and
subsequent reduction of perfluoro-ethyl bromide by sodium dithionite followed by oxidation with
hydrogen peroxide to obtain perfluoro-alkyl sulfonate group. Relevant experimental details and
confirmation of the chemical structure and composition of monomer 1 can be found in Chapter 5.
The polymerization behavior of monomer 1 with various bisphenol monomers has been carefully
studied. Temperature was found to have critical control on the step by step fluorine-substitution
process of monomer 1 that carries four potentially active fluorines. While the first two fluorines
on the phenyl ring were highly reactive and could be substituted below 145 oC, the remainning
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fluorides showed much lower reactivity and only reacted above 160 oC, which is presumably due
to the loss of electron-withdrawing effect of two fluorines and the gain of electron-donating effect
of newly formed ether oxygens. Deliberate control of polymerization conditions, e.g. temperature,
monomer feed ratio, etc. can thus avoid the formation of highly branched or cross-linked
polymers. Varied feed ratios of hydroquinone to 4,4’-biphenol give birth to a series of polymers
as listed in Table 6-1.

Figure 6-2: NMR spectra of aromatic ionomers.
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The chemical structure and composition of the resulting polymers were confirmed by
NMR and elemental analysis. The

19

F NMR spectra of all polymers are nearly identical, and

representative spectrum of P1BP can be seen in Figure 6-2, showing multiple peaks in the range
between -125 and -160 ppm ascribed to two un-substituted fluorines on the phenyl ring at varied
positions. In 1H NMR spectra (Figure 6-2), there are two major peaks, 7.4-8.1 ppm and 6.7-7.4
Table 6-2: Chemical stability and mechanical properties of the membranes.
Hydrolytic
stability
test, loss in
[%]

Oxidative
stability
test, loss
in [%]

Wt[a]

σ[b]

Wt

σ

Dry[c] Wet[d] Dry

Wet

Dry

Wet

P1BP

<5

<5

<5

<5

47

34

1.56

0.94

18

20

P1BPHQ75/25

<5

<5

<5

<5

44

28

1.21

0.71

21

20

P1BPHQ50/50

<5

<5

<5

<5

34

29

0.91

0.64

16

17

P1BPHQ25/75

7

10

10

15

23

18

0.94

0.42

4.5

8.3

P1HQ

16

-

20

-

22

14

1.01

0.37

2.5

5.4

Nafion 115

<5

<5

<5

<5

37

29

0.25

0.11

169

142

Ionomer

Tensile
strength,
maximum
[MPa]

Tensile
modulus
[GPa]

Elongation
at break
[%]

[a] Loss in weight. [b] Loss in proton conductivity.
[c] Tensile measurement of dry polymer membrane at ambient conditions.
[d] Tensile measurement performed after equilibrating membrane sample in water for 2 h at room
temperature.
ppm, assigned to certain phenyl protons, and their integral ratio varies in accordance with
bisphenol monomer compositions. Elemental analysis (Experimental Section) affords further
confirmation of the polymer chemical structure and composition. For instance, the result of P1BP
reveals 22.8 % of fluorine element and 48.9% of carbon element, which are in good agreement
with theoretical values of 23.1 % and 48.7 % respectively. In addition, elemental sulfur analysis
also offers the information of the content of sulfonic acid group, i.e. the ion exchange capacity
(IEC), in the new ionomers, which is summarized in Table 6-1. P1HQ and P1BP exhibit high IEC
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values of 2.31 and 1.96 meq./g, respectively, while other P1BPHQ ionomers with different
bisphenol monomer compositions fall between them. High IECs usually lead to water soluble
polymers or excessive swelling in water. High molecular weights are thus desired to discourage
water solubility and provide mechanical support to accommodate high acid contents. Facilitated
by our synthetic method, high molecular weights of new inomers are achievable as indicated by
high inherent viscosities, ranging from 1.9 to 2.2 dL/g. As revealed by DSC analysis, new
ionomers show glass transition temperatures (Tg) in a range of 134 to 160 oC and an apparent
trend of increasing Tg with the 4,4’-biphenol/hydroquinone feed ratio owing to the resultant
reduced flexibility of the polymer backbones. P1BP, P1BPHQ-75/25 and P1BPHQ-50/50
employing 50 % or more 4,4’-biphenol possess Tgs above 150 oC, which are appreciably higher
than that of Naifon (ca. 110 oC) and desired for high temperature applications. New aromatic
ionomers also display high onset degradation temperatures (> 270 oC, Table 6-1), indicative of
their excellent thermal stability for use at high temperatures.
Prepared ionomers were fabricated into thin films with a thickness of about 120 µm
through heat-pressing. Hydrolytic and oxidative stability of new membranes were investigated to
evaluate their chemical durability in the harsh fuel cell environment. Hydrolytic stability tests
were conducted by soaking polymer films in 80 oC de-ionized water for two weeks, and oxidative
stability was tested by treating membranes with Fenton’s reagent (3 wt. % H2O2 and 20 ppm Fe2+)
at 80 oC for 1 h. Loss in weight and proton conductivity after these tests were analyzed and
summarized in Table 6-2. P1BP, P1BPHQ-75/25 and P1BPHQ-50/50 ionomers showed
outstanding chemical resistance to both hydrolytic and oxidative conditions, less than 5 % loss in
weight as well as in proton conductivity. However, a further replacement of 4,4’-biphenol with
hydroquinone in polymer backbone leads to the impaired stability performance as in the cases of
P1HQ and P1BPHQ-25/75. These two ionomers have relatively more hydrophilic backbones,
which possibly results in partial water solubility and more weak structure points exposed to the
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attack of water molecules or radicals carried by water. Table 6-2 also summarizes the mechanical
properties of new ionomers at both dry and fully hydrated states. This was motivated by concerns
of the mechanical durability of membranes in fuel cells, especially when hydrated. The
mechanical quality of membranes was found to be strongly related to the bisphenol monomer
ratio. The P1BP membrane is a very tough and robust polymer film with or without hydration,
showing high values of maximum strength and tensile modulus and reasonable elongation at
break, whereas P1HQ membrane is brittle at both dry and wet conditions, e.g. 2.5 and 5.4 %
elongation at break respectively. Incorporation of 4,4’-biphenol instead of a part of hydroquinone
as in P1BPHQ polymers can significantly improve their mechanical properties, as revealed by a
general trend of increasing tensile modulus and maximum strength with BP/HQ ratio. Enhanced
intra-molecular interactions (π-π stacking) between polymer main-chains and reduced water
absorption by the presence of more 4,4’-biphenol content in the polymer backbone are potentially
responsible for the changes in mechanical properties. Interestingly, new ionomers with up to 50
% hydroquinone, P1BPHQ-75/25 and P1BPHQ-50/50, retained the ability to form tough and
flexible polymer films and showed comparable mechanical properties with P1BP, while gaining
larger IEC values as needed for high proton conductivity.
Figure 6-3 compares the proton conductivities of ionomer membranes determined at 80
o

C and 120 oC over a RH range of 20-90%. At all conditions studied, P1HQ and P1BPHQ-75/25

membranes exhibited conductivities over 2.0 and 1.4 times of that of Nafion 115, respectively.
The proton conductivity of P1BPHQ-50/50 is also significantly higher than Nafion when well
humidified and nearly identical at low RHs (≤40 %). On the other hand, P1BPHQ-25/75 and
P1BP ionomers needed high humidification (≥70 %) to outmatch Nafion. To the best of our
knowledge, these conductivity results are among the highest values for aromatic ionomers.
Enhanced proton mobility by perfluoro-alkyl sulfonic acid groups in our ionomers is further
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substantiated by their high levels of proton diffusion coefficients that take into account the water
content and proton concentration of the membranes.

Figure 6-3: Humidity dependence of proton conductivity of the membranes at 80 oC (top) and 120
o
C (bottom).
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Figure 6-4: Proton diffusion coefficient of ionomer membranes as a function of humidity at 80
o
C.

Figure 6-4 plots the proton diffusion coefficients of new ionomers against RH at 80 oC,
showing values that are comparable to Nafion and orders of magnitude higher than those of
aromatic ionomers with hydrocarbon alkyl or aryl sulfonic acids. Water uptake and hydration
number λ, i.e. [H2O]/[SO3-], of the membranes versus humidities are depicted in the Figure 6-5.
Though all aromatic ionomers display higher absolute values of water absorption than Nafion,
their λ values are lower, implying relatively insufficient hydration. The lowest hydration degrees
of P1BPHQ-25/75 and P1BP presumably lead to their comparatively low proton conductivities,
particularly under low humidities.
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Figure 6-5: Water uptake and hydration number of ionomer membranes as a function of humidity
at 80 oC.
The gas permeation properties of the membranes are another important factor that affects
fuel cell performance.19-20 Permeated hydrogen or oxygen from one electrode to the other through
the membrane results in lower fuel utilization efficiency, reduced cell voltage and power density.
High reactant gas crossover is also a cause of chemical degradation of the polymer membranes.2122

The gas permeability of the new membranes has been investigated under different conditions,

and Figure 6-6 depicts the hydrogen and oxygen permeability of P1BP and P1BPHQ-50/50
membranes at 80 oC and varied humidities. In comparison with the Nafion 115 membrane, P1BP
and P1BPHQ-50/50 membranes have demonstrated much less permeability to both hydrogen and
oxygen under any tested conditions. The oxygen permeability of those membranes shows a
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general trend of increasing with humidity, which could arise from the increasing contribution of
hydrophilic domains to gas permeation due to water swelling. It worth mentioning that, even at
90 % RH under which condition the aromatic membranes have higher water uptakes, they still
possess over 5 fold lower gas permeability than Nafion 115, indicating superior gas barrier
properties.

Figure 6-6: Gas permeability of ionomer membranes as a function of relative humidity at 80 oC.
P1BPHQ-50/50, P1BP membranes were fabricated into membrane electrode assemblies
(MEAs) and tested in fuel cell operation. In an attempt to isolate only the membrane effect on the
fuel cell performance, catalyst layers without any ionomer were utilized and had a high Pt loading
of 4.0 mg/cm2. Hydrogen and air humidified at 60 % RH were used as reagent gas and supplied to
a fuel cell system set at 120 oC. The initial polarization and power density curves of our new
ionomers as well as Nafion 115 are shown in Figure 6-7. Similar fuel cell performance was
observed for P1BP and Nafion 115, in accordance with their close conductivity values at 120 oC
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and 60% RH, e.g. 45 mS/cm and 43 mS/cm, respectively. Strikingly, P1BPHQ-50/50 exhibited
superior performance to Nafion 115, corresponding to its higher conductivity (60 mS/cm) at the
same condition. The maximum power density and current density at 0.5 V of P1BPHQ-50/50 are
28 % and 35 % higher than those of Nafion 115, indicative of its great promise as an elevated
temperature PEM candidate. Further evaluation of the fuel cell performance of these new ionomer
membranes is underway.

Figure 6-7: H2/air fuel cell performance of P1BP, P1BPHQ-50/50, and Nafion 115 at 120 oC, 60
% RH

Summary
To conclude, a series of novel aromatic polymers with perfluoro-alkyl sulfonic acid sidegroups have been synthesized from the copolymerization of monomer 1 and bisphenol
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monomers, i.e. hydroquinone, 4,4’-biphenol, or their mixture with different ratios. Changes in
bisphenol composition lead to variable ionomer properties. Generally, the presence of more 4,4’biphenonate units over hydroquinone in the polymer backbone gives rise to greater chemical
resistance and mechanical durability, but also lower hydration and IEC, which in-turn result in
lower proton conductivity. New ionomers with up to 50% hydroquinone demonstrate with
excellent chemical resistance and mechanical properties, as well as high proton conductivity.
Remarkably, the initial fuel cell performance of P1BPHQ-50/50 membrane at 120 oC and 60 %
RH significantly outperform that of Nafion with similar thickness.
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Chapter 7

Conclusions and Recommendations for Future Work
Successful synthesis of several new classes of proton conductive polymers was achieved
by using a variety of synthetic techniques, and the physical properties of these polymers were
characterized to explore their potential use in polymer electrolyte membrane fuel cells. The newly
produced polymer electrolyte materials include: 1) proton conducting block copolymers, i.e.
sulfonated polystyrene-b-poly(vinylidene fluoride)-b-polystyrene; 2) Nafion-sulfonated silica
nano-composite membranes, 3) chain-end crosslinked fluoropolymers with perfluorosulfonic acid
groups; and 4) aromatic ionomers with perfluoro-alkyl sulfonic acid groups. These new materials
came from different design concepts, attempting to overcome two major problems of current
polymer electrolyte materials, i.e. no capability to work at high temperatures above 100 oC, and
high methanol permeability.
The synthesis of sulfonated polystyrene-b-poly(vinylidene fluoride)-b-polystyrene
involves the preparation of poly(vinylidene fluoride) with benzyl chloride groups at chain ends,
subsequent atom transfer radical polymerization of styrene from these end-groups, followed by
sulfonation. A new synthetic strategy to prepare benzyl chloride ended poly(vinylidene fluoride)
from functionalized benzoyl peroxides was proposed and utilized to obtain relatively higher
molecular weights than can be obtained by conventional preparation by telomerization. Molecular
weights of more than 40, 000 for the resulting poly(vinylidene fluoride) macro-initiators and
totally more than 80, 000 for triblock copolymers were achieved, which ensures essential
mechanical properties for producing durable polymer films and offers potential to get tunable
self-assembled microstructures for systematic structure-property studies. It has been found that
the prepared sulfonated block copolymers display variable phase-separated domains that depend
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strongly on the sulfonation degree of polystyrene segments and ion exchange capacity. As
observed in microscopy studies, the hydrophilic ionic clusters coalesce into larger channel
structures when the degree of sulfonation higher than 23%, coinciding with sharp increases in
water uptake and proton conductivity. The proton conductivity increases significantly when the
ion exchange capacity is increased from 0.5 to 1.5 mmol/g. The conductivity of the copolymer
membrane having an IEC of 1.5 mmol/g is 0.074 S/cm, comparable to that of Nafion 117. The
conductivities of the membranes are in the range of 0.013 - 0.043 S/cm for IECs of 0.87 - 1.10
mmol/g, which are considerably higher than the conductivities (0.0015 - 0.0023 S/cm) of the
random copolymers of polystyrene and sulfonated polystyrene possessing similar IECs (0.93 1.24 mmol/g). The improvement in proton conductivity was presumably caused by the greater
phase separation due to the presence of highly hydrophobic fluorinated segments and the
resulting ordered microstructures formed in the polymer membranes.
Although proton conducting block copolymers’ self-assembled ordered nano-structure
facilitates proton conduction under a wide range of conditions including low humidities, concerns
still exist about their use in fuel cells. For example, a short lifetime of the copolymer membrane
in fuel cells is anticipated as a result of the poor chemical stability of polystyrene in oxidative
conditions. More chemically stable polymers are desired to replace polystyrene blocks. However,
introducing chemically stable polymers into the copolymer structures is very challenging from the
synthesis point of view, as most of them are usually not able to be prepared by conventional
living/controlled polymerization techniques such as aromatic polymers and fluorinated
polyalkenes. Additionally, the linkage groups between different blocks in the copolymers are
usually carrying functionalities that may be attacked by water or radicals. Thus, in the future,
sophisticated design and chemistry that can lead to chemically stable block copolymers are
necessary.
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Sol-gel derived Nafion/sulfonated polysilsesquioxane composite membranes were
prepared with varied filler concentrations from a sulfonic acid containing oxide precursor, 3(trihydroxylsilyl)propane-1-sulfonic acid. Membrane properties such as ion exchange capacity,
water uptake, and proton conductivity were found to be strongly related to the concentration of
the filler in the composites. In contrast to the conventional Nafion/silica composites, the high
content of the sulfonated polysilsesquioxane filler results in higher IEC and water uptake and
enables efficient proton conduction. The pendant sulfonic acids on the polysilsesquioxane fillers
are believed to promote proton conduction through providing the connectivity of the proton
transport channels between the filler and matrix phases in the composite membranes, resulting in
proton conductivities higher than those of pristine Nafion over a range of temperatures and
relative humidities. More significantly, the prepared composites display conductivity values over
2 times greater than that of unmodified Nafion at high temperatures and low humidity and
accordingly less dependence of proton conductivity on humidity. Additionally, these composites
showed greatly reduced methanol permeability without sacrificing the improvement in proton
conductivity, leading to superior electrochemical selectivity. These results suggest that these
modified Nafion composite membranes have promising potential for applications in elevatedtemperature fuel cells and direct methanol fuel cells.
In addition to transport properties, the mechanical properties of the composite membranes
are also concerning for fuel cells applications, but have not been investigated. The study on the
mechanical strength and durability of the composite membranes will be interesting to reveal
whether the inorganic component in the composites could also serve as a mechanical reinforcing
filler. To further explore the potential of the composite membranes for practical use, an obvious
next step would be examining their performance in real fuel cells. A comparison of the fuel cell
performance of the composite membranes with unmodified Nafion would provide evidence for
their great promise as polymer electrolyte materials.
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Copolymers of vinylidene fluoride and perfluoro(4-methyl-3,6-dioxane-7-ene)sulfonyl
fluoride with amino end-groups and varied contents of perfluorosulfonic acids were prepared and
fabricated into cross-linked membranes after curing with a triisocyanate reagent. The formation
of chain-end cross-linked polymer structures restricts the size of the hydrophilic domains, limits
water sorption and yields a high content of tightly bound absorbed water. Membrane properties
including water uptake, the state of absorbed water and morphological structure were found to be
greatly dependent on the ion exchange capacity. Sharp growth in the fraction of loosely bound
and unbound water and the size of the ionic domains were observed with increasing ion exchange
capacity, resulting in significant variation in transport properties. Membranes with relatively low
ion exchange capacities showed extremely low methanol permeability, corresponding to their
large portions of tightly bound water and small sized ionic aggregates. Crosslinked membranes
with certain acid contents also showed sufficiently high proton conductivities. Thus, outstanding
electrochemical selectivities, two orders of magnitude higher than Nafion, have been exhibited by
crosslinked membranes, suggesting their significant promise for use in methanol fuel cells.
The lower methanol crossover of the cross-linked membranes has also been demonstrated
in the preliminary fuel cell performance studies. The open circuit voltages of the crosslinked
membranes under 3 M methanol/air conditions at 50 oC were found in a range of 0.75 to 0.85 V,
which are greater than that of Nafion 117 (~0.65 V). But there is not much increase observed in
power density for the crosslinked membranes as compared to Nafion 117, which is possibly due
to the poor electrochemical compatibility of the crosslinked membrane with Nafion electrodes.
Therefore, the fabrication of membrane electrode assemblies from crosslinked membranes must
be further optimized. Two suggested approaches include the optimization of the polymer
chemical structure and substituting Nafion for a different ion containing polymer in the electrode.
A versatile and facile synthetic approach to prepare aromatic ionomers with rigid
polymer backbones and pendant perfluoroalkyl sulfonic acid side groups was developed, which
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involved the synthesis of aromatic monomers with perfluoroalkyl sulfonated groups followed by
condensation polymerization. A variety of new aromatic monomers and ionomers with various
polymer backbones were synthesized and investigated. Exploration of the properties of the
ionomers prepared from condensation polymerization of Sodium 1,1,2,2-tetrafluoro-2(2’,3’,5’,6’-tetrafluoro-phenoxy)-ethane sulfonate and bisphenol monomers, e.g. hydroquinone,
4,4’-biphenol, and their mixture with appropriate ratio, indicates a family of desirable properties
for fuel cell applications including high glass transition temperature, low gas permeability,
excellent thermal and chemical stability and good mechanical properties. Most importantly,
comparable or even greater proton conductivity than Nafion were exhibited by the aromatic
ionomers over a wide humidity range at elevated temperatures. The prepared membranes also
showed better performance than Nafion in initial fuel cell tests at 120 oC without any
optimization, indicating the potential of the aromatic ionomers to meet the demands of elevated
temperature fuel cells. The long term durability test of new aromatic ionomers in fuel cell
operating conditions is necessary and under investigation.
More studies on the morphology, the state of water, and electro-osmotic drag are
encouraged to obtain some insights on the proton conduction through the new aromatic ionomer
membranes. An in-depth understanding in these aspects would provide information for further
optimizing the properties of the ionomers. In addition, detailed comparison of the properties of
the aromatic ionomers with perfluoro-alkyl sulfonic acid groups and conventional ionomers with
hydrocarbon sulfonic acid groups would be an interesting contribution to the field to well
understand the role of perfluoroalkyl sulfonic acid groups in determining the membrane
properties.
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