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Preface

The concept to utilize an ion-conducting polymer membrane as a solid poly-
mer electrolyte offers several advantages regarding the design and operation
of an electrochemical cell, as outlined in Volume 215, Chapter 1 (L. Gubler,
G. G. Scherer). Essentially, the solvent and/or transport medium, e.g., H,0,
for the mobile ionic species, e.g., H" for a cation exchange membrane, is
taken up by and confined into the nano-dimensional morphology of the ion-
containing domains of the polymer. As a consequence, a phase separation into
a hydrophilic ion-containing solvent phase and a hydrophobic polymer back-
bone phase establishes. Because of the narrow solid electrolyte gap in these
cells, low ohmic losses reducing the overall cell voltage can be achieved, even
at high current densities.

This concept was applied to fuel cell technology at a very early stage; how-
ever, performance and reliability of the cells were low due to the dissatisfying
membrane properties at that time. The development of perfluoro sulfonate
and carboxylate-type membranes, in particular for the chlor-alkali process,
directly fostered the further development of proton-conducting membranes
and, as a consequence, also the progress in this type of fuel cell technology
(polymer electrolyte fuel cell, PEFC).

Within the past 20 years, tremendous progress has been achieved in PEFC
technology, in particular since the automotive industry has joined forces to
further develop this energy conversion technology with its advantages in effi-
ciency and environmental friendliness. This development has brought about
a much deeper understanding of the various functions of the polymer elec-
trolyte in the cell, particularly under duty cycle conditions of automotive
applications. As a further and utmost prerequisite, the cost issue came to every
one’s attention.

Many national and international research programs have recently initiated
work on proton-conducting polymer membranes for fuel cell applications.
The contributions in these two volumes aim to summarize some major efforts,
without claiming to be exhaustive.

Hence, M. Eikerling, A. A. Kornyshev, and E. Spohr start out in Volume 215,
Chapter 2 with a general description of proton-conduction in polymer mem-
branes, elucidating the influence of water and charge-bearing species in the
polymer environment. Y. Yang, A. Siu, T.]. Peckham, and S. Holdcroft give an
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overview on implications of design approaches for synthesis of fuel cell mem-
branes in Volume 215, Chapter 3. Some recent progress in the most prominent
class of these membranes, the perfluoro sulfonic acid-type membranes, is de-
scribed in Volume 215, Chapter 4 from an industrial perspective by M. Yoshi-
take and A. Watakabe. The development of the radiation grafting process to
yield fuel cell membranes is covered in Volume 215, Chapter 5 by S. Alkan
Giirsel, L. Gubler, B. Gupta, and G. G. Scherer, based on their long-term expe-
rience working in this area. The requirement for operating cell temperatures
above 100 °C has led to the approach of composite membranes, combining
the advantageous properties of inorganic and polymeric proton conductors
(D.]. Jones, J. Roziére, in Volume 215, Chapter 6) to control the water content
at these temperatures. On the basis of the promising properties of polymeric
aromatic engineering materials and their modification to proton-conducting
membranes, G. Maier and J. Meier-Haack review the state-of-art in sulfonated
aromatic polymers in Volume 216, Chapter 1. High-temperature applications
are also in the focus of the next two contributions. Polymer blends with phos-
phoric acid allow operating temperatures well above 100 °C, with advantages
in water management and electrocatalysis (CO-tolerance), as pointed out in
the contribution by J. Mader, L. Xiao, T.]. Schmidt, and B. C. Benicewicz in
Volume 216, Chapter 2. A similar approach was followed, introducing the
phosphonic acid group directly onto the polymer chain, by A.L. Rusanov,
P. V. Kostoglodov, M.]. M. Abadie, V. Y. Voytekunas, and D.Y. Likhachev in
Volume 216, Chapter 3. Two new classes of polymers and their properties are
addressed in the last two Chapters 4 and 5 in Volume 216. R. Wycisk and
P.N. Pintauro describe their view on polyphosphazene-based membranes for
fuel cell applications, while C. Marestin, G. Gebel, O. Diat, and R. Mercier
report on their and others’ work on polyimide-based membranes.

As documented in and expressed by these various contributions, the topic
“Polymers for Fuel Cells” is a vast one and concerns numerous synthetic and
physico-chemical aspects, derived from the particular application as a solid
polymer electrolyte. In this collection of contributions, we have emphasized
work which has already led to tests of these polymers in the real fuel cell envi-
ronment. There exist other synthetic routes for proton-conducting membrane
preparation, which are not discussed in this edition. Furthermore, certain
polymers are utilized as fuel-cell structure materials, e.g., as gaskets or addi-
tives (binder, surface coating) to bipolar plate materials. These aspects are not
covered here.

In summary, we endeavored to bring together contributions from several
expert groups who have worked in this area for many years to summarize the
current state-of-the-art. There still exist many challenges down the road to
bring at least some of these developments to commercial fuel cell technology.
For an ultimate success, a comprehensive polymer materials approach has to
be adopted to rationalize all the various aspects of this highly interdisciplinary
task.
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The editor wishes to thank all the authors for their contribution and the
Paul Scherrer Institut for its support of membrane work over many years.

Villigen, May 2008 Giinther G. Scherer
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Abstract Aromatic and heteroaromatic polymers are well known for their often excel-
lent thermal and chemical stability as well as their good mechanical properties and high
continuous service temperatures. Therefore, they have long been considered promising
candidates for the development of proton-conducting membranes for fuel cells, especially
for applications above 80 °C. Typically, sulfonic or phosphonic acid groups are introduced
to provide acidic sites. While it is possible to introduce these groups by post-modification
of the preformed polymers, the preferred method in many cases is modification of the
monomers and subsequent polymer synthesis, because this allows better control of the
number, distribution, and position of the acidic sites. Compared to perfluorosulfonic acid
polymers, such as Nafion, proton-conducting membranes based on aromatic hydrocarbon
polymers tend to exhibit excellent conductivities in the fully hydrated state and signifi-
cantly reduced crossover, especially of methanol in DMFC applications. However, this
often comes at the expense of a higher degree of swelling and a greater loss of con-
ductivity with decreasing water content, which is considered a severe drawback e.g., for
automotive applications. Recent approaches to improving the property profile of hydro-
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carbon membranes include block copolymers, rigid rod polymers, and the attachment of
acidic groups via side chains.

Keywords Block copolymers - Hydrocarbon membranes - Proton exchange membranes -
Sidechain functionalized polymers - Sulfonated poly(arylene ether)s -
Sulfonated rigid rod polymers

1
Introduction

Aromatic polymers are generally considered to be well suited as a basis for
polymer electrolyte membranes in Polymer Electrolyte Membrane Fuel Cell
(PEMFC) or Direct Methanol Fuel Cell (DMFC). Many aromatic polymers
are used for technical applications under very demanding conditions and,
depending on the exact chemical structures, their property profiles can be ad-
justed to a wide range of requirements. Polyimides (PI), polyaramides (PA),
polyamidimides (PAI), polyarylates (often liquid crystalline fully aromatic
polyesters) (LCP), poly(arylene ether ketone)s (PAEK), poly(arylene ether sul-
fone)s (PAES), poly(ether imide)s (PEI), polycarbonates (PC), poly(phenylene
oxide) (PPO), poly(phenylene sulphide) (PPS), and poly(benzimidazole) (PBI)
are examples of engineering and high performance polymers which are being
used commercially for technical applications. In addition to the commercially
available materials, a huge variety of aromatic polymers with high thermal
stability, including poly(para-phenylene) derivatives (PPP) and heteroaro-
matic polymers, such as poly(quinoline)s (PQ), poly(phenylquinoxaline)s
(PPQ), poly(oxadiazole)s, poly(benzoxazole)s (PBO), and many others, has
been prepared in many labs. Some of the most prominent properties, which
many classes of aromatic polymers have in common, are high thermal sta-
bility, including high heat distortion temperature, high continuous service
temperature, and/or high decomposition temperature, as well as excellent
mechanical properties, including high elastic modulus and high tensile and
impact strengths.

High decomposition temperature is often identified with high oxidative
stability, and, in combination with good mechanical properties, this is con-
sidered a desirable starting point for the development of a proton conducting
membrane. However, the conditions the membrane must endure in a fuel
cell are quite different from the conditions for which these polymers were
originally intended. In addition to oxidizing conditions at the cathode, the
membrane is also exposed to reducing conditions at the anode, both in the
presence of active catalysts, and aqueous acidic hydrolyzing conditions, in
a situation where the membrane is swollen in water or methanol/water mix-
tures. As a proton conductor, the polymer is substituted with acidic groups,
and - with very few exceptions - proton transport requires considerable
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amounts of water to be present within the membrane. The acidic groups en-
sure swelling of the polymer membrane in water, and at the same time they
provide a high number of charge carriers (protons) within the membrane by
dissociation. In contrast, engineering or high performance polymers swell
very little in water, often significantly less than 1%. Thermal stabilities are
typically studied in dry air, and under such conditions where decompos-
ition temperatures as high as 600 °C can be found, e.g., for polyimides or
certain heteroaromatic polymers such as polyquinolines. However, these sta-
bilities do not appear to translate into similar stabilities under wet conditions.
Figure 1 shows decomposition temperatures of selected polymers in dry air
compared with those determined in the presence of water vapor [1].

Two observations are obvious from the graphs in Fig. 1: first, the decom-
position temperatures in dry atmosphere are much higher than those under
wet conditions; second, they also vary much more under dry conditions
than under wet conditions. Consequently, the potential stability of a polymer
under fuel cell conditions can probably not be judged with sufficient confi-
dence from studies of the dry polymer.

Besides thermal stability, the introduction of acidic groups into the parent
polymer structure dramatically changes the chemical and physical proper-
ties. Absorption of water in PEMFC applications or water methanol mix-
tures in DMFC applications was mentioned already: it is undesired and very
small in most engineering plastics and high performance polymers, but it
is essential and can amount to several hundred percent in proton conduct-
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Fig.1 Decomposition temperature (defined as 5% weight loss) of various sulfonated and
non-sulfonated polymers in Helium (cross hatched columns) and saturated water vapor
(closed columns); data from [1]
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ing membranes. Also, crystallinity can be reduced partially or completely
by sulfonation, resulting in dramatic changes of mechanical properties and
loss of stability against solvents. Depending on the number of acidic groups
per polymer chain, the polymers can even become soluble in water, water
methanol mixtures, or other polar solvents. While this is partly desirable,
because some polymers such as poly(arylether ketone)s (e.g., PEEK) would
otherwise be difficult to process into membranes, it needs to be controlled in
order not to loose the mechanical integrity of the membranes. It is also im-
mediately clear that any polymer which is swollen to a significant extent in
a solvent (e.g., water) is more prone to chemical attack than if it were present
as a bulk injection molded article.

Besides hydrolysis, degradation by free radicals is a concern in fuel cell ap-
plications. These issues must be considered when selecting suitable polymer
structures for membrane materials. Ideally, during operation of a PEMFC, no
free radicals should be present. In reality, however, there are several possi-
bilities for the formation of radicals. The membrane is never completely im-
permeable for oxidant (oxygen) and fuel (hydrogen, methanol). Thus, there is
always the possibility of the presence of a small amount of oxygen at the an-
ode, and hydrogen or methanol at the cathode. Direct reaction could proceed
through one-electron processes, involving free radical intermediates, such as
hydroxyl or hydroperoxy radicals, which could then attack the membrane
polymer. Crossover of oxidant and fuel through the membrane also results in
non-zero concentration of both within the membrane, resulting in the pos-
sibility of direct reaction and again formation of free radicals throughout
the membrane. An interesting paper on this subject was published recently
by a group of Chinese researchers [2]. In order to identify the origin of the
radicals which decompose the membrane, the following set of experiments
was performed: the polarization curve of a fuel cell with a sulfonated poly-
styrene membrane was followed over time, while it was run continuously
with hydrogen/oxygen at 80 °C, and fully humidified at a current density of
1 A/cm?. Degradation was very strong after 228 h, as shown by a decrease of
the cell voltage at 300 mA/cm? from over 700 mV to approximately 150 mV.
After disassembly of the cell, the membrane thickness was found to have de-
creased from 160 um to 137 wm. The analysis of the sulphur content along
a cross-section of the membrane by energy dispersive X-Ray analysis (EDAX)
showed a homogeneous distribution in a virgin membrane, while, after the
fuel cell test, the sulphur content was strongly reduced at the cathode side of
the membrane. In addition, the infrared (IR) spectroscopy showed a loss of
aromatic groups. The authors concluded that the degradation begins at the
cathode side and then progresses inwards, consuming the polymer. In order
to prove this, another membrane was prepared from sulfonated polystyrene
coated with recast Nafion® on the cathode side. A fuel cell experiment with
this membrane performed under the same conditions as before did not show
any indications of degradation for 240 hours. This allows several conclusions:
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Firstly (and obviously), the degradation does indeed start at the cathode,
probably by the formation of free radicals by imperfect reaction at the cata-
lyst. Secondly, formation of radicals at the anode or within the membrane is
very low or absent. This is quite interesting, since in the steady state of oper-
ation, the concentration of fuel which permeates from the anode through the
membrane to the cathode should exhibit a linear profile, with the lowest con-
centration at the cathode. If the degradation does start at the cathode side of
the membrane despite the low concentration of fuel there, it is likely that the
catalyst is in some way involved in the formation of the undesired radicals,
as assumed by the authors of the paper discussed above [2]. Consequently,
improving the performance of the catalyst for the cathode reaction may also
reduce the formation of radicals, possibly resulting in significantly enhanced
membrane lifetimes. Thirdly, radicals which are formed at the cathode do not
diffuse quickly throughout the membrane, at least not on the time scale of
a few hundred hours. Otherwise, degradation would not be located at one side
of the membrane, and it would not be possible to prevent it by simply coating
this side with a non-degrading polymer. It is clear that these considerations
deserve more investigation, since, if the observations can be confirmed and
generalized, they could point to ways to significantly improve the lifetime of
non-fluorinated membranes.

Long-term stability is a major concern, but there is also a long list of other
properties which are required for successful use of a membrane electrolyte
in a fuel cell. Depending on the intended use of the fuel cell, the importance
of the various properties changes. For instance, the use in automotive appli-
cations requires very high performance at low catalyst loading (for cost), no
loss of performance at reduced or even absent humidification, and a lifetime
above 5000 h under quickly and constantly changing power levels, including
many start-stop cycles, even under freezing conditions. Operation at elevated
temperatures, i.e., in the range of 110-130 °C, has been cited as important as
well, but may not be the immediate focus of the automakers anymore [3] be-
cause of other problems associated with high temperature operation, which
do not originate from the membrane. Also, while the current price of com-
mercially available membranes, such as Nafion®, is prohibitive for use in
automobiles, projections by General Motors (GM), based partly on data from
DuPont, indicate that, at amounts required once a significant number of au-
tomobiles is built with fuel cells as power source, it is likely that the price
target can be met [3]. Thus, the present high cost of perfluorinated proton
conducting materials is not necessarily a fundamental problem that needs to
be solved by science, but rather an economical issue. Potential low cost or op-
eration at high temperatures alone should not be a sufficient justification for
membrane work. For successful alternative membrane materials, proton con-
ductivity (fully humidified as well as under dry conditions) must not be less
than that of Nafion®, and water absorption must not be higher than that of
Nafion®.
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The situation is different when the use in DMEC is concerned. Here, one
of the main issues is low methanol crossover, and, related to this, low swelling
of the membrane in methanol/water mixtures. In this field, membranes based
on aromatic polymers have an advantage over Nafion® due to their generally
low methanol crossover rate. In addition, the chemical structure of hydrocar-
bon polymers can be adjusted relatively easily (at least in the lab), allowing
for optimization of swelling in methanol/water mixtures. Humidification, op-
eration under dry conditions, and freezing are not as much of a problem,
since methanol/water mixtures can be used as fuel. If the intended use is for
portable electronic devices, cost per kW power is less critical (compare your
laptop battery: it delivers probably approximately 20 W for 3 h at a price of
150 $, amounting to 7500 $/kW). The system complexity and, hence, the size
are much more of a problem.

The third application for fuel cells, which is often suggested in the litera-
ture, are small power plants for decentralized generation of electrical power
and heat. Such systems would likely be operating continuously, under con-
stant conditions. Size and weight are not the most important concerns, but
cost is important. For the membrane, the positive side is probably operation
under constant conditions. However, the demands for lifetime are probably
extreme, amounting to much more than 10000 h and up to 50000 h.

2
Aromatic Polymers for Proton Conducting Membranes

Considering all this, almost all classes of high performance polymers have
been used as basis for the development of proton conducting polymers for
fuel cell applications. Figure 2 shows an overview of the structures.

The most common approach for the synthesis is sulfonation of a pre-
formed, often commercially available, polymer. Sulfonic acid groups are se-
lected as the source of protons for three simple reasons: they are easy to
introduce into aromatic rings; they dissociate more readily than typical car-
boxylic acids, resulting in a larger number of charge carriers; and, unlike
phosphonic acids, they do not easily form anhydrides on dehydration, re-
sulting in easy and quick rehydration of sulfonated polymers in contrast to
phosphonated ones.

Synthesis of the polymers by post-sulfonation is straightforward whenever
there are electron-rich phenyl rings present in the polymer backbone or in
side chains. This is, for example, the case in many poly(arylene ether ketone)s
and poly(arylene ether sulfone)s, poly(phenylene oxide), poly(phenylene sul-
phide), certain poly(paraphenylene)s, poly(phenylquinoxaline)s, and others.
However, the exact chemical structure, such as the exact level of activation
or deactivation of the aromatic groups, or the presence of acid labile groups,
as well as the solubility of the starting material and the end product, deter-
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Fig.2 Chemical structures of proton-conducting aromatic polymers

mine the type of sulfonating agent which is required, and to some degree
also the extent of sulfonation. Concentrated sulphuric acid, oleum (SO;3 dis-
solved in sulphuric acid), and chlorosulfonic acid are the most commonly
used reagents. In ideal cases, reaction time and temperature allow to control
the degree of sulfonation. Aromatic polyethers, such as PEEK, are examples
for this kind of behavior, a general representation of which is shown in Fig. 3.
The plot in Fig. 3 is based on data from various authors summarized in [1].

Sometimes, when the aromatic groups of the polymer are too activated,
simple post sulfonation can lead to crosslinking. The arylsulfonic acid groups
formed by sulfonation are then able to act as sulfonating agent themselves,
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Fig.3 Degree of sulfonation of PEEK in dependence of time. Sulfonation by concentrated
sulphuric acid at room temperature (curve taken from [1])

and some of them can form sulfone bridges between different polymer
chains. Thus, very activated polymers can be sulfonated only to relatively low
degrees of sulfonation before crosslinking begins. Higher sulfonation of these
polymers requires alternate routes which proceed via less activated systems.
One example is the sulfonation of poly(phenylene sulphide) via the sulfonium
salt, which sufficiently deactivates some of the phenyl rings to allow sulfona-
tion of the others without crosslinking (see section 3.7).

Another example is the sulfonation of poly(ether sulfone)s via lithium
organic intermediates, which creates special sites for sulfonation [4,5]. Al-
though this latter technique was developed for a different reason, it offers the
possibility to create sites that are active for sulfonation but not for crosslink-
ing (Fig. 4).

Sulfonation of preformed polymers will always lead to sulfonation of the
most activated sites, typically in electron-rich phenyl rings which are substi-
tuted by ether or thioether groups. Carbonyl or sulfone groups, fluorinated
groups, and some heteroaromatic groups (six-membered rings with one or
more heteroatoms, or five-membered rings with two or more heteroatoms)
typically deactivate. Unfortunately, sulfonation is reversible. Under acidic
conditions, especially at higher temperatures, sulfonic acid groups are lost
from activated sites. Therefore, long-term stability of several thousand hours
of operation requires sulfonation in less activated, preferably deactivated
sites. In principle, this is possible with the common sulfonating agents. How-
ever, it requires more drastic conditions (e.g., oleum at temperatures above
150 °C), which can often not be tolerated by the polymer chains. If electron-
rich and electron-poor phenyl rings are present in the same polymer, as in
poly(arylene ether sulfone)s and poly(arylene ether ketone)s, sulfonation of
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the deactivated ketone or sulfone sites requires conditions which lead to par-
tial degradation of the polymer chain.

There are two approaches to introduce sulfonic acid groups in deactivated
positions. One was developed by Kerres [4, 5] and is the one shown in Fig. 4. It
proceeds via organometal intermediates, because these groups are more eas-
ily introduced into the electron-poor sites than into electron-rich ones. An
exchange of the metal for sulfonic acid groups then introduces sulfonation in
those electron-poor sites that were originally occupied by metal atoms.

The other approach is to move the sulfonation step from the polymer
stage to the monomer stage. Its most prominent disadvantage is obvious:
if the sulfonation is to be achieved at the monomer stage, no preformed
commercially available polymers can be used. Rather, the polymer must be
synthesized using sulfonated monomer(s). While synthesis of the aromatic
polymers shown in Fig. 3 is well established, sulfonation of the monomers of-
ten changes the properties. Solubilities, tolerance of the sulfonic acid (or salt)
groups towards polymerization conditions, and/or tolerance of any catalysts
towards the sulfonic acid or salt groups must be considered. Despite the dif-
ficulties this can cause sometimes, this route is very attractive, since it allows
more control over position and degree of sulfonation than post-sulfonation of
preformed polymers. For example, it has been used very successfully for the
synthesis of poly(arylene ether)s and poly(para-phenylene)s.

The following chapters give an overview of the most recent developments
in the field of aromatic proton conducting membranes. Additional informa-
tion, especially on previous literature, can be found in a number of preceding
reviews [1,6-12].

3
Poly(Arylene Ether Ketone)s

3.1
General

Poly(arylene ether ketone)s are polymers which consist of aromatic units,
joined together by ether and ketone groups. All aromatic groups, e.g.,
1,4-phenylene, 1,3-phenylene, 1,2-phenylene, biphenylene, naphthylene, het-
eroaromatic rings, polycyclic ring systems, can be included, and actually have
been included at least in laboratory samples. In addition to ether and ketone
groups, other linking groups are also possible, e.g., alkylene, perfluoroalky-
lene, thioether, cyclic groups, etc. Until about ten years ago, there was quite
a selection of different commercially available poly(aryl ether ketone)s. All of
them consisted exclusively of 1,4-phenylene rings, joined by ether and ketone
groups. Figure 5 shows examples of the structures.
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Fig.5 Examples of structures of poly(aryl ether ketone)s which are or were commercially
available. Ar! is typically a para-substituted bisphenol, but can in principle be any aromatic
system. Many more structures have been prepared in the lab, e.g., PEEEK, PEEKEK, etc.

All commercially available poly(arylene ether ketone)s follow the same
scheme of composition as those shown above. They are semicrystalline, and
since the only difference between these structures is the sequence of ether
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and ketone groups, they are often not only miscible, but some of them also
cocrystallize. The crystallinity of the poly(arylene ether ketone)s is their most
important feature, since it determines their physical properties, especially the
high melting temperature (around 330-400 °C) and resulting high heat dis-
tortion temperature and high continuous service temperature, the excellent
chemical stability and ESC-resistance, and the superior mechanical proper-
ties. Within the subgroup of poly(aryl ether ketone)s which follow the struc-
tural principles shown in Fig. 5, an unofficial but widely used nomenclature
has been established. It assumes that all aromatic units in the polymer chain
are 1,4-phenylene groups, and that there are no substituents. Then, the ether
and ketone groups are simply listed in their order of appearance along the
polymer chain, as indicated in Fig. 5, for example, “poly(ether ether ketone)
(PEEK)” or “poly(ether ketone) (PEK)”. This does not work with biphenyl,
1,3-phenylene, and heteroaromatic groups present.

Presently, however, only three types of poly(arylether ketone)s are still
produced commercially: PEEK, PEK, and PEKK. Most work for proton con-
ducting membranes has been done based on PEEK, but the others have been
used as well [1, 6,7, 13-32].

Sulfonated PEEK (S-PEEK) becomes water soluble above an ion exchange
capacity of 1.8 mmol/g [1], corresponding to a degree of sulfonation of ap-
proximately 60% (60% of all repeating units have one sulfonic acid group).
For application in fuel cell systems, especially those which are intended for
intermittent use with start-stop cycles and varying load, the water level in
the membrane will vary. Strong changes in swelling under changing humid-
ity levels would result in strongly varying stress within the cell (or rather
stack of cells) and may damage the membrane electrode assembly, e.g., by
compressing the gas diffusion layer and/or delamination of membrane and
catalyst layer. Therefore, swelling of the membrane in water must be relatively
low (preferably not more than that of Nafion®: 16% at 80 °C and 100% r.h. by
weight, 32% by volume). Consequently, a membrane based on S-PEEK would
have to have an IEC considerably lower than 1.8 mmol/g in order to avoid
excessive swelling. However, this results in relatively low proton conductivity
even in the fully hydrated state. Figure 6 shows a comparison of the con-
ductivites of Nafion® 117 and S-PEEK with an IEC of 1.6 mmol/g at 100 °C
in dependence of the relative humidity. Even at 100% relative humidity, the
conductivity of the S-PEEK membrane is lower than that of Nafion® 117 by
a factor of 5. Pre-treatment of the membrane at higher temperatures in wa-
ter or sulphuric acid can decrease this difference to a factor of about 2. As the
humidity is reduced, the gap increases, since the conductivity of the S-PEEK
drops much faster than that of Nafion® (Fig. 6).

Water uptake was studied by Kreuer [7,31] and compared to Nafion®. For
an interpretation of these data, one needs to consider that the sulfonic acids
involved are strong acids, which will dissociate when possible. This requires
a certain amount of water, depending on the degree to which the ions after
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Fig.6 Humidity dependence of the conductivities of Nafion® and aromatic hydrocarbon
membranes [3, 28, 34, 38, 40]

dissociation need to be hydrated for stabilization, or, in other words, the acid
strength. Thus, water in the membrane has different “functions”, resulting in
different “states” of water: water required for the primary hydration of the dis-
sociated acid, loosely bound water, and “bulk” water as a second phase [7, 24].
In order to correct for different degrees of sulfonation, the ratio A of moles
of water per mole of sulfonic acid groups is introduced. A plot of A versus
temperature for S-PEEKK of different IEC and Nafion® 117 is shown in Fig. 7.

Nafion® 117 in liquid water takes up more water per sulfonic acid group
than S-PEEKK of IEC values between 0.78 mmol/g and 1.78 mmol/g up to
a certain temperature, which depends on the IEC value of the S-PEEKK. At
this temperature, which is 65°C for IEC = 1.78 mmol/g, 80 °C for IEC =
1.4 mmol/g, 100 °C for IEC = 0.78 mmol/g, the water content of the S-PEEKK
membranes increases tremendously. Nafion® shows similar behavior only at
a temperature of 140 °C. Until this temperature is reached, its molar water
content is almost constant at A = 20. The excess swelling of S-PEEKK at tem-
peratures of 100 °C or less causes severe problems in using these materials as
membranes in fuel cells.
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Since the densities of Nafion® and S-PEEKK are different, data should be
compared based on volume (mmol/mL) rather than weight (mmol/g). Table 1
compares values of A with weight-based and volume-based water uptakes for
Nafion® and S-PEEKK.

A value of X =10 for Nafion® 117 shows that Nafion® takes up only
16% (w/w) of water at room temperature, corresponding to an estimated vol-
ume increase of 32% (w/v). This remains constant up to more than 120°C
(Fig. 7). In comparison, S-PEEKK with an IEC = 1.78 mmol/g takes up
32% (w/w) of water based on weight, corresponding to an estimated volume
increase of 43% (w/v) at A = 10. This increases to A =20 (64% water uptake
based on weight, 86% volume increase) at 65°C, and shoots up to A =60
(192% water uptake based on weight, 260% volume increase) at 70 °C (Fig. 7).
This difference in swelling behavior has been attributed to the lower hy-

Table 1 Water uptake for Nafion® and S-PEEKK at room temperature?®

Nafion® 117  S-PEEKK

IEC mmol/g 0.89 0.78 1.4 1.78
IEC mmol/mL 1.75 1.05 1.88 2.39
Density g/mL 1.97 1.34 1.34 1.34
Water uptake % A=10 16 14 25 32
per weight A=20 32 28 50 64
Water uptake % A=10 32 19 34 43
per volume A=20 64 38 68 86

@ Data based on DuPont Product Information (Naﬁ0n®) and [7,31] (S-PEEKK)
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drophobicity of the PEEKK polymer chains as compared to the perfluorinated
chains of Nafion®, and the resulting less strict microphase separation into hy-
drophilic aqueous domains dispersed in a hydrophobic continuous phase of
sulfonated poly(aryl ether ketone)s in contrast to sulfonated perfluoropoly-
mers [7].

S-PEEKK with a degree of sulfonation of 70% (IEC = 1.69 mmol/g) [31]
and S-PEEK with a degree of sulfonation of 65% (IEC = 2.13 mmol/g) [33]
can supposedly match or even surpass the conductivity of Nafion® at 80 °C
in the fully hydrated state. In another source [26], however, the conductivity
of S-PEEK with 65% sulfonation is reported to be about a factor of 10 lower
than that of Nafion® [6,26]. A S-PEEK with a degree of sulfonation of 88%
(IEC = 2.48 mmol/g) is reported to show a conductivity which is lower than
that of Nafion® by a factor of approximately 3 at 100 °C and 85% r.h., but
does meet or beat that of Nafion® at 160 °C and 75% r.h. [28, 34]. However,
the water uptake of this polymer is so high that no conductivities could be
measured above 90% relative humidity. Yet another source claims a conduc-
tivity of 400 mS/cm at 80 °C and 90% r.h. for a S-PEEK with 85% sulfona-
tion [6]. At a degree of sulfonation of 11% (IEC = 1.6 mmol/g), S-PEEK was
reported to have a conductivity up to 45 mS/cm at 20 °C in the fully hydrated
state, depending on pre-treatment conditions. In another study, a sulfonated
poly(ether ketone) (S-PEK) with an IEC = 1.71 mmol/g was found to have
a conductivity of 100 mS/cm at 90 °C and full hydration, while Nafion® 112
was measured at 88 mS/cm in the same study. Variations in post-treatment
of the same membrane can also lead to large differences in conductivity and
water uptake [35]. Apparently, conductivity data vary strongly, even under
presumably similar conditions. Thus, data can only be compared safely within
a study, while a comparison between studies may lead to misinterpretations.
As shown above, the values of conductivity reported for S-PEEK under similar
conditions can vary by up to three orders of magnitude. Roziére and Jones [1]
attribute this to the solvent used for casting, with large differences found be-
tween those data reported by authors casting from NMP [28, 31, 34] and those
casting from DMF or DMAc [26,29]. The effect was studied by Kaliaguine
et al. [36]. It is related to the stability of the solvents. DMF and DMAc may de-
compose, producing dimethylamide, which then may be protonated, resulting
in dimethylammonium counter ions for the sulfonic acid groups. This is likely
to change the solubility characteristics significantly, which can change the
transport properties of the membranes, even if the ammonium ions are af-
terwards exchanged for protons. A strong influence of the casting conditions
on transport characteristics has also been frequently found in gas separa-
tion membranes, where the distribution of free volume and the relaxation of
the polymer chains plays a role for transport properties. A look at the ther-
modynamics [37] of the interaction between polymer and solvent and the
resulting implications for film formation by solvent casting with subsequent
drying shows that solvent, starting concentration, and temperature profile
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cannot be chosen at random. Under unfavourable conditions, phase sepa-
ration may occur, resulting in films with so much internal stress that they
do not even have good mechanical properties. Swelling properties and even
transport properties may be affected as well if polymer chains are not relaxed
within the film. The same polymer, cast under different conditions or from
a different solvent, may exhibit excellent properties. However, such influences
should be transient (aging is often observed for gas separation membranes).
Therefore, it should be possible to find pre-treatment conditions for proton
conducting membranes which eliminate all influences of history.

Nevertheless, simple sulfonated poly(aryl ether ketone)s do not appear to
be a challenge for the commercially available perfluorosulfonic acid polymers
when swelling behavior at desired operating temperatures is considered be-
sides conductivity. Swelling is important for technical applications, e.g., in fuel
cell powered cars. Based on considerations concerning stack design, swelling
of the membrane in the presence of liquid water at the operating temperature
(80-100 °C) must probably be less than 100% by volume [3]. Considerations
such as internal pressure and the resulting requirements of strength of the stack
components, potential damage to the gas diffusion media by swelling mem-
branes, and fatigue issues due to swelling-deswelling cycles during the typical
operation cycles of a car seem to indicate an expected limit in this range. At the
same time, the need to reduce system complexity leads to the desire to operate
the fuel cell without external humidification. Therefore, the conductivity of the
membrane is ideally no less than 100 mS/cm at humidities between 20% r.h.
and liquid water [3]. So far, no membrane can satisfy these requirements. Un-
fortunately, for many materials the humidity dependence of the conductivity is
not reported in the literature. Some exceptions are shown in Fig. 6.

It can be seen that with decreasing humidity the proton conductivity drops
much more dramatically for S-PEEK than for Nafion®. Figure 7 also shows
data for a sulfonated poly(thioether sulfone) S-PTES [3, 38] (see Fig. 8 for the
chemical structure), which exhibits much higher conductivities than the S-
PEEK. Its conductivity even surpasses that of Nafion® 112 at humidities above
85%, but then drops off more steeply with decreasing humidity. However, it
should be noted that the S-PTES shown here with an IEC of 1.8 mmol/g dis-
solves in boiling water within two hours [3] and is therefore not suitable for
operation in a fuel cell under conditions with strongly varying load, where li-
quid water at high temperatures can be present. Still, this comparison shows

HO,S o} SO,H
S-PEEK S-PTES
Fig.8 Chemical structures of S-PEEK and S-PTES
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that the chemical structure of polymer chains has a strong effect on proton
conductivity. One obvious difference between the S-PEEK and the S-PTES is
the position of the sulfonic acid groups (Fig. 8).

The S-PEEK of this example was prepared by sulfonation of PEEK (post-
sulfonation) [28, 34]. Its sulfonic acid groups are therefore attached to the
most electron-rich phenyl rings of the polymer chain: those between the ether
groups. Apart from the fact that the sulfonic acid groups are somewhat la-
bile in this position, their position on electron-rich phenyl rings also reduces
their acidity because sulfonation is reversible under certain conditions. In
contrast, the sulfonic acid groups of the S-PTES were introduced into the
monomer dichlorodiphenylsulfone before polymerization [38]. They are in
the less electron-rich phenyl rings attached to sulfone groups, and hence they
are more acidic than those of the post-sulfonated S-PEEK. Molecular mod-
elling [39] indicates that the acidity governs the number of water molecules
required for an acid group to dissociate and release a proton (as a hydrated
H30® ion). This is one of the reasons cited for the high conductivity of Nafion®
and other perfluorosulfonic acid polymers in comparison with hydrocarbon
polymers: perfluoroalkyl sulfonic acids are more acidic than aromatic sul-
fonic acids. This can be observed in a plot of conductivity versus water content
(Fig. 9a).

While at a water uptake of 30% (corresponding to a relative humidity of
85%) the conductivity of S-PTES meets that of Nafion® 112, it is only half of
that of Nafion® at smaller water contents (lower relative humidity). Unfortu-
nately, similar data are often not available for other polymers described in
the literature to compare and confirm any interpretation for different chem-
ical structures. Some data are available, although these were not obtained in
the same way. (The data shown in Fig. 9a) were obtained by determination
of the water uptake of a film when exposed to an atmosphere with controlled
moisture content at 80 °C and measurement of the conductivity under the
same conditions. The data shown in Fig. 9b), taken from the literature for vari-
ous sulfonated hydrocarbon polymers, were obtained by swelling the polymer
films in water (varying times and temperatures, unfortunately) and measuring
the conductivity in water (varying temperatures, unfortunately). Neverthe-
less, it would be really interesting to have data which are really comparable
for many different polymer systems, because the information from the plots
in Fig. 9 could be interpreted as an “efficiency” with which the polymer can
“use” the water present in the film to transport protons, i.e., how much water
is required for a desired conductivity in different systems? For technical ap-
plications, there is a maximum degree of swelling of the membrane which can
be tolerated. From plots as in Fig. 9 one could conclude which polymer system
will offer the highest conductivity under this limitation.

Other modifications of the chemical structure of the repeating units of
poly(aryl ether ketone)s also show potential for significant improvement. For
example, the introduction of fluorinated aromatic rings and bulky groups re-
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Fig.9 Conductivity in dependence of water content. a - - — Nafion® 112, — a modi-
fied poly(perfluoro sulfonic acid), and - - - S-PTES [3]; b various hydrocarbon poly-

mers: -¢- sulfonated poly(phosphazene) [1,192], -&- benzylsulfonated PBI (80% sul-
fonation) [1], -TJ- BPSH [166], -M- sulfonated polyimide blockcopolymer [61,64],
-®- S-PEEK (65% sulfonation) [6]; sulfonated poly(para-phenylene)s: -x- sulfonated
poly(2-(4 -phenoxy)benzoyl-1,4-phenylene (65% sulfonation) [6], -V- sulfonated poly(2-
benzoyl-1,4-phenylene) (IEC/mmol/g = 2.6; 2.8; 4.0) [79], -A- sulfonated poly(2-(4'-
phenyl)benzoyl-1,4-phenylene) blockcopolymers (IEC/mmol/g = 0.7; 0.75; 0.94; 1.2) [78],
-A- sulfonated phenylated poly(para-phenylene) (IEC/mmol/g = 0.98; 1.4; 1.8; 2.2) [77]

sults in membranes with much higher conductivity at reduced humidity [40]
than conventional sulfonated PEEK or PEEKK (Figs. 6, 10).

The degree of sulfonation was varied by incorporation of varying amounts
of 6F-bisphenol instead of 9,9-bis(4'-hydroxyphenyl)fluorene, and sulfona-
tion under conditions where only the fluorene units were sulfonated, not
the 6F-bisphenol units. HF100 S-PAEK contains no 6F-bisphenol. HF85
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S-PAEK and HF68 S-PAEK contain 15% and 32% 6F-bisphenol, respectively
(Fig. 10). Especially, the polymer with the highest degree of sulfonation
(HF100 S-PAEK) exhibits good conductivity at 50% relative humidity. How-
ever, it swells excessively [40]. Within the series described here, the polymer
with 15% 6F-bisphenol appears to be the best compromise between swelling
and low r.h. conductivity.

Instead of sulfonated fluorenone units as bulky groups, sulfonated naphtha-
lene can also be used [41]. To this end, 6,7-dihydroxy-2-naphthalene sulfonic
acid is used as building block to introduce the sulfonic acid groups (Fig. 11).

Although these materials do not exhibit the outstanding conductivities re-
ported for the fluorine-based polymers described above, they do match or
exceed the conductivity of Nafion® 117 at temperatures above 110 °C [41].
Interestingly, the water uptake of the polymer with IEC = 1.6 mmol/g and
a conductivity of 60 mS/cm at 110 °C (comparable to Nafion® 117) is no more
than 63% on immersion in liquid water at 80 °C for 24 h.
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3.2
Sulfonated Poly(Arylene Ether Ketone)s in DMFC

Sulfonated poly(aryl ether ketone)s appear to have their merits especially in
DMEC, where one of the problems of current commercially available per-
fluorinated membranes is the relatively high methanol permeability, which
translates to a reduced power efficiency of the fuel cell.

Sulfonated poly(arylene ether ketone)s have been shown to possess lower
methanol permeability than Nafion® by a factor of 3-4 (corrected for mem-
brane thickness) [42]. Incorporation of inorganic proton conductors, such
as heteropolyacids, can reduce methanol permeability further to a factor of
more than 20 (corrected for thickness) [42] compared to plain Nafion® 117,
while maintaining almost the same proton conductivity as Nafion® 117 at
room temperature (fully hydrated). Some results are shown in Table 2.

S-PEEK with tungstophosphoric acid (TPA) alone exhibits a higher
methanol flow than unfilled S-PEEK, and the TPA is also extracted to a sig-
nificant extent by liquid water. Interestingly, both methanol flow and bleeding
of TPA are strongly decreased by the addition of ZrO,. The zirconium oxide
was not added as a preformed powder, but was prepared in situ by hydro-
lysis of zirconium tetra propoxide in the casting solution [42]. In the case

Table2 Reduction of methanol crossover in S-PEK by the addition of inorganic additives
(data from [42])

Polymer D MeOH flow Reduction of  Conductivity®
(wm) (g/hmz) MeOH flow (mS/cm)

Nafion® 117 175 658 - 94

S-PEK, 1.71 mmol/g 70 411 4x 54

S-PEK:TPAY 75 978 1.6% 82

90:10

S-PEK:ZrO,:TPA 108 47 23x 86

64:8:28

? fully hydrated, 25 °C, in 0.333 M H;SO4
b TpA: Tungstophosphoric acid, H3PW1,04
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of highly sulfonated S-PEEK (85% sulfonation, IEC = 2.4 mmol/g), which is
soluble at room temperature in water/methanol (80/20), the incorporation
of 14% of ZrO, stabilizes the membrane, so that even at 55 °C it does not
dissolve [43].

A strong reduction in water uptake of S-PEEK can also be achieved by
the addition of layered silicates (nano-clays, such as laponite and montmo-
rillonite) [44]. The addition of 10% (w/w) of laponite or montmorillonite to
S-PEEK (IEC = 1.7 mmol/g) reduces water uptake at 80 °C from more than
400% (w/w) to less than 50% (w/w). Methanol permeability is reduced by
a factor of 2 to 3 as compared to the neat S-PEEK. The proton conductivity
of the untreated composite membrane is reduced by a factor of more than 10,
but a treatment of the composite membrane with 1 M sulphuric acid for 10 h
brings the conductivity back up to the original value of ~50 mS/cm at room
temperature (fully hydrated). This is attributed to an exchange of the sodium
ions in the layered silicate for protons [44].

33
Block Copolymers

A relatively recent approach to improve the property profile of sulfonated
poly(aryl ether ketone)s is the use of block copolymers. It is clear that high
conductivity of S-PAEK, especially at low relative humidity (and, hence, low
water content), can only be achieved at very high sulfonation levels. However,
such polymers take up excessive amounts of water, or are even water solu-
ble (see sections above). A potential solution to this dilemma is crosslinking.
Unfortunately, at crosslinking densities which suppress swelling sufficiently,
the materials typically become brittle. In general, this is not surprising, since
both effects are closely related to the length of the chain segments between
two crosslinks. In order to significantly reduce the swelling, the segments
must be so short that they cannot coil up significantly in the relaxed state.
Otherwise, in the presence of water, uncoiling would allow for a large change
in macroscopic volume and, hence, swelling. If the segments are so short that
they can no longer coil up significantly, they will be mechanically fixed by
the crosslinks, resulting in reduced mobility and, hence, loss of the ability to
dissipate mechanical energy, causing brittleness.

Separate optimization of mechanical strength, high proton conductivity
(i.e., high IEC), and low water uptake may be possible if the functions are
separated in a block copolymer structure. The hydrophobic blocks can serve
as matrix for mechanical strength and limited swelling, and the hydrophilic
blocks with acidic groups can serve as proton transport pathways, compara-
ble to the microphase separated morphology of Nafion®. While a large part of
the literature deals with sulfonated block copolymers based on styrene (pro-
ton transport related: [45, 46]), there has also some work been done on block
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copolymers based on poly(arylene ether ketone)s [47-49], poly(arylene ether
sulfone)s [50-58], polyimides [59-65], and even poly(para-phenylene)s [66].

The block architecture of the polymer chains significantly changes the phys-
ical properties. In the case of poly(arylene ether ketone)s, for instance, it was
shown that, while randomly sulfonated copolymers with IEC >1.6 mmol/g

HH0—-A—0-RJ-0—A—OH + k HO—X—OH + k1 F—M—F
n

K,CO,
o—A—o—R}o—A—o—M{o—x—o—M
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24h p
Block Copolymer-SO;K

SOCl, casting of 1. NaOH, 2. H®
—» Block Copolymer-SO3;K > >
Reflux membrane 60°C
O0—A—O—R—T0—-A—-O0—M—+0O0—X'-0—M'
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Fig. 12 Sulfonated poly(arylene ether ketone) block copolymers [48, 49]
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Table 3 Sulfonated poly(arylene ether ketone) block copolymers [48, 49]

Polymer IEC Water uptake (%) Conductivity (mS/cm)
(titration) at 60 °C at 100°C r.t. at 60 °C
(mmol/g)

1 1.86 53 250 95 166

2 1.48 18 230 81 129

3 1.36 15 210 66 116

4 0.68 4 11 10 24

were completely or at least partly soluble in water even at room tempera-
ture [67], sulfonated block copolymers consisting of the exact same com-
ponents were insoluble even in boiling water, even at IEC values up to
1.86 mmol/g [48,49]. Figure 12 shows the general structure of these block
copolymers.

The block copolymers exhibit conductivities up to 166 mS/cm at 60 °C,
fully hydrated, at a water uptake up to 250% in boiling water. Table 3 shows
some properties of these materials.

Even higher conductivities were found for block copolymers consisting of
sulfonated poly(aryl ether sulfone) blocks alternating with fluorinated aro-
matic polyether blocks (Fig. 13), although they had relatively high water up-
take even at room temperature. Table 4 shows conductivites and water uptake
data.

Lo OISO

Fig.13 Block copolymers with aryl ether sulfone hydrophilic and fluorinated aryl ether
hydrophobic blocks [56]

to(

o
So; M*

Table4 Conductivities and water uptake of partly fluorinated aromatic block copoly-
mers [56]

Polymer Molar mass ~ Molar mass  IEC Conductivity Water uptake
hydrophilic ~ hydrophobic (mmol/g) at room at room
block (g/mol) block (g/mol) temperature temperature

(mS/cm) (%)

1 5000 2800 2.3 320 470

2 5000 5000 1.5 120 130

3 15000 15000 1.46 160 260
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Clearly, separation of the requirements of “high IEC” and “good mechani-
cal properties” in different blocks by combining segments with high degree of
sulfonation with totally unsulfonated, hydrophobic segments is an attractive
concept, despite the increased synthesis effort.

34
Blends of S-PAEK with Inert Polymers

Blending sulfonated proton conducting polymers with non-sulfonated inert
polymers is another approach to separate the requirements for high proton
conductivity on one hand and good mechanical properties on the other. Re-
cently, sulfonated poly(arylene ether ketone)s have been blended with various
elastomers [68], PVAF [69] [70], polyacrylonitrile [71], polyethylene [72, 73],
and phenolic resins [74]. In most cases, it is possible to approach the con-
ductivity of Nafion® type materials under fully hydrated conditions, and at
the same time reduce the water uptake and swelling in comparison to the
sulfonated parent polymers. Also, mechanical properties can be improved.
However, in order to achieve high conductivities, a high degree of sulfonation
of the parent polymer is necessary, raising the issue of long-term durability
and potential extraction of soluble fractions.

3.5
Poly(para-phenylene)s

Another class of chemically exceptionally stable polymers are the poly(para-
phenylene)s. In addition, they are stiff, rod-like polymers. This feature usu-
ally tends to cause insolubility of polymers, which is an attractive approach:
rod-like polymers can be expected to be insoluble in water at much higher
IEC values than polymers consisting of flexible chains, such as poly(arylene
ether)s. Since proton conductivity depends on IEC, such polymers have the
potential to form membranes with high conductivity at relatively low degrees
of swelling and good dimensional and mechanical stability.

Derivatives which are soluble in organic solvents can be prepared from
substituted monomers. Considering the very demanding conditions in fuel
cells, fully aromatic structures are preferred. An attractive system is based
on the coupling of substituted dichlorophenyl monomers using a Nickel cata-
lyst, with the most popular monomer being 2,5-dichlorobenzophenone. The
resulting polymers are typically soluble in dipolar aprotic solvents and can
be sulfonated similar to poly(arylene ether ketone)s and poly(arylene ether
sulfone)s [6, 26, 75-82]. Figure 14 shows the chemical structures involved.

The poly(para-phenylenes)s can be considered rigid rod polymers, which
distinguishes them from all other types of polymers typically used for pro-
ton conducting membranes, possibly with the exception of certain polyimides.
A striking consequence of the rigid rod structure is the fact that the poly(para-
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Fig. 14 Structures and synthesis of poly(para-phenylene)s for proton transport mem-
branes

phenylenes)s can be sulfonated to very high IECs without rendering them
soluble in water. For example, poly(2-benzoyl-1,4-phenylene) is still insoluble
in water at an IEC of 4.0 mmol/g. Its water uptake at room temperature in liquid
water is 115%. Sulfonation up to IEC of 6.5 mmol/g is possible, although at this
extreme degree of sulfonation the polymer does become water soluble.
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Fig. 15 Poly(para-phenylene)s by Diels-Alder reaction [77]

Probably because of limited molar mass, the brittleness of these poly(para-
phenylene)s can be compensated by incorporating them as sulfonated seg-
ments into block copolymers with poly(aryl ether sulfone)s [78]. As for the
poly(aryl ether ketone) block copolymers, water uptake is reduced while rela-
tively high conductivity (considering the IEC) is maintained [78].

Another method [77] for the synthesis of poly(para-phenylene)s utilizes
a reaction which was already successfully used by Stille [83-85] in the 1960s:
Diels-Alder reaction (Fig. 15).

Diels-Alder additions are generally regioselective, resulting in predom-
inantly para linkages of the polymer chain. However, in sterically crowded
systems regioselectivity may be lost to some degree, which introduces some
meta linkages. Thus, these polymers may not be as strictly rod-like as the
polymers prepared by catalytic aryl coupling. Their phenyl substituents pro-
vide a large number of potential sites for sulfonation, which can be achieved
with chlorosulfonic acid. Above an IEC of 2.2 mmol/g, corresponding to ap-
proximately two sulfonic acid groups per repeating unit, they were reported
to undergo excessive swelling and form a hydrogel in water [77].

A third pathway to soluble poly(para-phenylene)s is Ullmann coupling of
sulfonated dibromo biphenyl monomers [80] (Fig. 16).

For the coupling reaction, it is useful to exchange the protons of the
sulfonic acids for organic cations, such as pyridinium or trimethyl benzylam-
monium. In order to modify the polymer properties, some of the sulfonic acid
groups can be used to introduce aromatic substituents by sulfone formation.
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Fig. 16 Poly(para-phenylene)s by Ullmann coupling [80]

Table 5 IEC, water uptake and conductivity of selected poly(para-phenylene)s [77-80]

Polymer IEC Water uptake at 30 °C Conductivity at room
(mmol/g)  in liquid water % (w/w) temperature in liquid
water (mS/cm)

Nafion® 112 0.91 25 100
S-DAPP4 (Fig. 15) 2.2 137 123
S-DAPP3 (Fig.15) 1.8 75 87
S-DAPP2 (Fig.15) 1.4 36 49
S-P1 (Fig. 14) 4.0 115 50
S-P1 (Fig. 14) 2.8 83 40
Copolymer 5% di- 5.7 (50% v/v 250
tert.butylphenol from 22% r.h.
(Fig. 16) to 100% r.h.)
Copolymer 5% di- 6.1 (87% viv 700
tert.-butylphenyl from 22% r.h.
(Fig. 16) to 100% r.h.)

Table 5 summarizes characterization data of some poly(para-phenylene)s.
Values for Nafion® are added for comparison.

An interesting comparison was drawn between sulfonated PEEK and sul-
fonated poly(2-(4-phenoxy)benzoyl-1,4-phenylene) (Fig. 17). They are almost
structural isomers, except for one more ether bridge in PEEK. Yet, at compa-
rable degrees of sulfonation, the poly(para-phenylen) derivative showed up to
2 orders of magnitude higher proton conductivity when measured under the
same conditions [6], and the proton conductivity did not drop off at tempera-
tures up to 110 °C (Fig. 17).

3.6
Non-Rigid Rod Polyphenylenes

In principle, all dichloro aromatics can be coupled with the same Nickel
based system which has been used for the synthesis of the poly(2-benzoyl-
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Fig.17 Comparison of the proton conductivity of S-PEEK and S-PPBP a vs. temperature
and b vs. relative humidity [6]

1,4-phenylene) described above. However, whenever the coupling is not ex-
clusively para, the resulting polymers are no rigid rods.

For example, Frey and Miilhaupt et al. [86] studied copolymers from
1,3-dichlorobenzene and 4,4’-dichlorodiphenyl sulfone, which had either car-
boxylic or sulfonic acid side groups. Figure 18 shows the structures.
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Fig. 18 Non-rigid rod sulfonated polyphenylenes [86]

With sufficiently high IEC, these polymers had higher proton conductivity
than Nafion® 117 over a temperature range from 20-110 °C (fully hydrated,
in a gas-tight sample holder). Water uptake was very high: more than 500%
at 90 °C. Interestingly, a blend of a carboxylated and a sulfonated polymer of
this type with an overall IEC value of 4.8 mmol/g still showed a conductivity
comparable to that of Nafion® 117, but had a water uptake of only 132% at 90 °C.

3.7
Poly(Phenylene Sulphide)

Poly(phenylene sulphide) itself is a semicrystalline material with excellent
mechanical properties and good chemical stability. Due to its electron-rich
structure, it can be sulfonated relatively easily up to a degree of sulfona-
tion corresponding to 0.85 sulfonic acid group per phenyl ring (IEC =
4.5 mmol/g) [87]. Even higher sulfonation, up to two sulfonic acid groups
per phenyl ring (IEC = 7.4 mmol/g), cannot be achieved directly due to
crosslinking, but is accessible though a cationic intermediate, which prevents
crosslinking [88, 89]. The proton conductivity of this material was found to be
20 mS/cm at 20 °C and 95% relative humidity [89].

4
Polysulfones

Over the past three decades, several aromatic poly(arylene ether sulfone)s
have been commercialized. These polymers show unique combinations of
chemical and physical properties, including high stability against hydrolysis,
high thermal stabilty, high stability against oxidation and UV-light, high
glass transition temperature, and good transparency, when amorphous. First
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Fig. 19 Synthesis of poly(ethersulfone)s by A Friedel-Crafts sulfonylation and B by nucleo-
philic polycondensation in solution using phenolates and C melt polycondensation using
trimethylsilyl derivatives of bisphenols

attempts to synthesize polysulfones were succesfully carried out by a Friedel-
Crafts sulfonylation reaction of arylene disulfonyl chlorides, e.g., diphenyl
ether-4,4'-disulfonyl chloride with diaryl ethers, e.g., diphenyl ether, or by
self-condensation of 4-phenoxy benzene sulfonyl chloride in the presence of
FeCl; [90,91] (Fig. 19A). While the former reaction bears the risk of side re-
actions, namely, sulfonylation not only in para but also in ortho position, the
latter gives only the desired linear all-para product.

Meanwhile, most commercial polysulfones (PSU) and poly(ether sulfone)s
(PES) are obtained from conversion of suitable aromatic dihalides with
bisphenols by nucleophilic displacement polycondensation (Fig. 19B). Gen-
erally, 4,4'-dichlorodiphenyl sulfone (DCDPS) is reacted with alkali salts of
bisphenols [92, 93]. The reaction is carried out in solution using N-methyl-2-
pyrrolidone (NMP), N,N-dimethyl acetamide (DMAc), or dimethyl sulfoxide
(DMSO) as the solvent. Occasionally, the more reactive, but also more expen-
sive, 4,4'-difluorodiphenyl sulfone might be used for experimental purposes.
Usually, the electronegativity of the sulfone linkage is sufficient to increase the
reactivity of the aromatic chloride in DCDPS (Fig. 19).

Alternatively, the bistrimethylsilyl ethers of the bisphenols can be used in-
stead of the alkali salts. This approach has the advantage, since the formation
of water and, thus, the risk of a hydrolytic cleavage of C-F bonds is avoided.
Furthermore, the purification of the silylated bisphenols can be achieved by
simple vacuum distillation. The use of silylated bisphenols also allows for the
preparation of poly(arylene ether)s in the melt (T 130-300 °C) in the pres-
ence of catalytic amounts of CsF or KF, thus, avoiding the removal of large
amounts of inorganic salts and solvents [94-96] (Fig. 19C).

Polysulfones (PSU) and poly(ether sulfone)s (PES) have been widely used
as membrane materials for ultrafiltration, pervaporation [97-99], or electro-
dialysis [100], due to their chemical und thermal stability, high glass transi-
tion temperature (Tg), which is in the range of 180 °C to values well above
200 °C, as well as their good film-forming properties and solubility in dipolar
aprotic solvents, such as NMP, DMAc, or DMSO.

Besides the classical polyethersulfone (Fig. 19A) derived from the re-
action of 4,4'-dihalodiphenyl sulfone and 4,4'-hydroxydiphenyl sulfone or
self-condensation of 4-halo-4'-hydroxydiphenyl sulfone and polysulfone
(Fig. 19B) derived from the reaction of bisphenol A (2,2-bis-(4-hydroxy-
phenyl) propane) and 4,4'-dihalodiphenyl sulfone, a large number of polysul-
fones have been either commercialized or prepared for research purpose by
variation of the bisphenol moieties.
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5
Functionalization of Poly(Ether Sulfone)s

Functionalized (e.g., sulfonated or phosphonated) poly(arylene ether sul-
fone)s can be attained by two different routes. The most suitable and most
often applied way to obtain functionalized and, in particular, sulfonated poly-
mers is the post-treatment (sulfonation) of a given polymer [101]. While
sulfonated poly(arylene ether sulfone)s are easily accessible by electrophilic
or nucleophilic substitution at the aromatic ring, the phosphonation is much
more complicated and is described in the literature less often than the sul-
fonation [102-104]. Phosphonic acids and, in particular, arylphosphonic
acids are not of such strong interest as proton conducting membrane mate-
rials in fuel cells, because of their lower acidic activity compared to the cor-
responding sulfonic acids. Therefore, a much higher concentration of phos-
phonic acid groups in the polymer is required in order to get a high proton
conductivity. Furthermore, synthetic routes for the preparation of phospho-
nated polymers are rather limited as compared to sulfonic acid derivatives.
On the other hand, arylphosphonic acids show a higher thermostability and
are not susceptible to “dephosphonation”. In addition, phosphonated poly-
mers are considered to be promising candidates for membranes with suffi-
cient proton conductivities at low humidification levels or even in the absence
of humidity.

The second route to obtain functionalized polymers is given by the use of
monomers already bearing functional groups, e.g., sulfonic acid groups. This
method has the advantage that (a) the site of functionalization, (b) the num-
ber of functional groups, and (c) the distribution of functional groups, either
randomly or blockwise, can be easily controlled in the polymer chain.

Both methods, the post-sulfonation of preformed poly(arylene ether sul-
fone)s and the preparation of functionalized polymers by the use of sul-
fonated monomers, have been widely described in the literature and will be
discussed in the following sections.

5.1
Post-Sulfonation and Post-Phosphonation of Polysulfones

Depending on the chemical composition of the polymer backbone and the
desired degree of sulfonation, various sulfonating agents with different reac-
tivities can be selected and are commercially available (Table 6).

Although easy to carry out, post-sulfonation of poly(arylene ether sul-
fone)s bears some risks and disadvantages over the synthesis of the same type
of polymer using sulfonated monomers. These are mainly degradation of the
polymer backbone and the homogeneity. Iojoiu et al. studied the influence of
various processing paramaters of sulfonation of different poly(arylene ether
sulfone)s on the degree of sulfonation as well as on the material properties
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Table 6 Sulfonating Agents

Sulfonating Agent Reactivity Reaction site ~Comments
Chlorosulfonic acid High Electron-rich Inexpensive, side-reactions
ring (degradation, crosslinking)
Fuming sulfuric acid High Electron-rich Inexpensive, crosslinking
(Oleum) ring
Sulfuric acid High Electron-rich Inexpensive, lowering of reactiv-
ring ity by reaction product water
Sulfur trioxide/ Medium  Electron-rich Inexpensive, reactivity might
triethylphosphate (TEP)  to high ring be controlled by TEP content
Trimethylsilylsulfonyl Medium  Electron-rich Relatively expensive
chloride ring
Acetylsulfate Low Aliphatic Inexpensive
double bonds
BulLi + SO, High Electron-poor Expensive
or SO3 ring
Buli + sultones, High Electron-poor Expensive
halogenoalkylsulfonic ring
acids. ..

in a recent paper [105] (the reader is also referred to the literature cited in
this paper for more detailed information). Most attractive seems to be the
sulfonation in concentrated sulfuric acid (i.e. 98%) [78, 106-108] or chloro-
sulfonic acid [97, 99, 109-117], acting both as solvent and as sulfonating agent
since both reagents are inexpensive and readily available. As reported by
Blanco et al. [116], a rapid degradation occurs when sulfonating PSU, which
makes this method at least questionable for a number of poly(ether sulfone)s.
They proposed a degradation mechanism which involves the protonation of
the ether oxygen [116]. A much higher stability was observed for PES-C (for
chemical structure see Fig. 20). Furthermore, when using sulfuric acid for
the sulfonation the byproduct water dilutes the reaction medium, thus de-
creasing its reactivity. The effect of acid concentration on the sulfonation
kinetics has been studied for a poly(ether ether ketone), for example, by
Huang et al. [118]. On the other hand, PES, which is not soluble in concen-
trated sulfuric acid, or PPSU are both soluble in halogenated solvents, which
are well adapted to electrophilic substitution. Although the starting materials
are perfectly soluble in these solvents, the sulfonated products obtained by the
reaction with chlorosulfonic acid [18,74,97,117,119] or SO3; (PPSU, [120])
are not, and they precipitate during the reaction, which leads to inhomoge-
neously sulfonated products and the degree of sulfonation is uncontrolled. To
overcome this problem, Genova-Dimitrova et al. [30] suggested to add small
amounts of DMF to the reaction mixture in order to keep the polymer in
solution.
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In other studies, the sulfonation with SOj;-triethylphosphate complex in
dichloromethane has been proposed and was described to be more reliable
with a minimum risk of side reactions [101,121-123]. The disadvantage of
using SO3-triethylphosphate complex is its toxicity and high reactivity of SO3,
as well as the exothermic reaction with triethylphosphate which makes it dif-
ficult to use.

An alternative approach to carry out the sulfonation reaction under homo-
geneous conditions is based on the use of trimethylsilyl chlorosulfonate as
sulfonating agent and dichloromethane or dichloroethane as solvents [27,
30, 50, 120, 124, 127]. The reaction mixture remains homogeneous when kept
anhydrous, due to the trimethyl silylester formed during the reaction. The
ester further reduces the risk of side reactions, namely, crosslinking or
degradation, as reported from sulfonation reactions with chlorosulfonic acid.
Dyck et al. [120] reported a much more homogeneous reaction product and
a much better control of the degree of sulfonation when using trimethylsi-
lyl chlorosulfonate instead of SO3-TEP complex for the sulfonation of PPSU.
The sulfonation with the SO3-TEP complex always led to the formation
of two fractions: a water-soluble one with a high degree of sulfonation
(>2.88 mmol/g) and a water-insoluble fraction with a degree of sulfonation
<1.5mmol/g). The degree of sulfonation was controlled by either reaction
time or by the amount of trimethylsilyl chlorosulfonate added to the reac-
tion mixture. The inhomogeneity is also reflected in the membrane properties
as, for example, the methanol permeability. The SO3-TEP sulfonated mem-
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branes showed a methanol permeability comparable to Nafion®, which are
ca. two-fold higher than that of the more homogeneously sulfonated products
yielded from the reaction with trimethylsilyl chlorosulfonate. While gen-
erally dense symmetric membranes are employed in fuel cell applications,
Dyck et al. [120] described the preparation of an asymmetric membrane with
a thin dense top layer and a support layer exhibiting a closed-cell structure.
An asymmetric membrane with an IEC of 2.08 mmol/g showed a four-fold
higher proton conductivity (ca. 55 mS/cm at 80 °C) compared to a symmetric
membrane from the same material and of the same thickness. Park et al. [124]
investigated the effect of thermal treatment of sulfonated membranes (sPSU)
on membrane properties, such as water uptake, proton conductivity, and
methanol permeability. The sulfonation was achieved by treatment of PSU
with a 1:1 molar mixture of chlorosulfonic acid/chlorotrimethylsilane in 1,2-
dichloroethane. The degree of sulfonation was controlled by the amount of
sulfonating agent added to the reaction mixture. A maximum degree of sul-
fonation of 75%, corresponding to an IEC of 1.45 mmol/g was achieved. Ther-
mal treatment of the membranes for 2h at 150 °C, which is well below the
glass transition temperatures (Tg) of the membrane materials (193-225 °C,
depending on the degree of sulfonation) resulted in a pronounced lowering of
the methanol permeability but it only slightly affected the water uptake and
the proton conductivities, especially for membranes with low ion-exchange
capacities (0.55-0.85 mmol/g).

Yang et al. reported on the preparation of polysulfone-block-PVDF copoly-
mers [50,51]. Again, the sulfonation of the polysulfone was conducted with
trimethylsilyl chlorosulfonate and the degree of sulfonation was controlled by
the amount of sulfonating agent added to the reaction mixture. As a result, the
block copolymers showed higher proton conductivities at IECs <1.4 mmol/g
than sulfonated homopolymers with comparable IECs. For lowest IEC poly-
mers (ca. 0.8 mmol/g) the conductivity was enhanced by a factor of 4 over
a temperature range from 30 °C up to 80 °C. With higher IECs no differ-
ences between the two different types of membranes were found. Since the
A-values (mol H,O/mol SOsH) were nearly identical for the two membrane
types, the conductivity differences could not be associated with differences in
A. TEM micrographs revealed that in both polymers with low IEC ionic ag-
gregates exist, being larger in the block copolymer (50-200 nm) than in the
homopolymer. It was proposed that the presence of the hydrophobic block
promotes the phase separation between sulfonated and non-sulfonated do-
mains and thus the formation of ionic aggregates and an ionic network,
leading to the observed conductivity enhancement. In high IEC membranes
with fully developed ionic network, the relatively small hydrophobic blocks
have only little or no effect on the conductivity.

An interesting approach to obtaining sulfonated poly(arylene ether sul-
fone)s was reported by Zhang et al. [52,125]. They prepared poly(arylene
ether sulfone)-block-polybutadiene copolymers and achieved a selective sul-
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fonation of the remaining double bonds in the flexible polybutadiene block-
segments by using acetylsulfate. Although IECs were only in the range from
0.107 mmol/g to 0.624 mmol/g, relatively high proton conductivities up to
30 mS/cm (IEC 0.624 mmol/g) at 25 °C were recorded. This was attributed
to the fixation of the proton conducting groups to the flexible polybutadi-
ene segments (Tgs ranging from - 37.7 °C to - 4.5 °C), which provides greater
mobility and allows for easier formation of ionic pathways. In a second at-
tempt to enhance the ion-exchange capacity of the block copolymers, both
the poly(arylene ether sulfone) (PAES) segments as well as the polybutadiene
segments were sulfonated. While the former were obtained by polymerization
of sulfonated and non-sulfonated DCDPS with bisphenol A, the latter were
obtained by selective sulfonation with acetylsulfate. The degree of sulfona-
tion of the PAES segments were controlled by the ratio of DCDPS to SDCDPS.
Double bonds, which still remained in the flexible block after the sulfonation
process, were epoxidized to further reduce the gas permeability. The intro-
duction of the sulfonated PAES segments resulted in a remarkable increase
in intramolecular and intermolecular chain interactions, leading to higher
Tg and Ty, of the membranes. Furthermore, the microstructure of the mem-
branes were found to correspond to DS of the PAES segments, as the size
of polybutadiene domains increased with increasing DS up to 40 mol % SD-
CDPS (IEC = 0.622 mmol/g) of sulfonated PAES segments. The latter sample
showed the highest proton conductivity (0.108 S/cm at 90 °C) of all samples
under investigation in this study due to the formation of an interpenetrating
ionic network. Further increase of the DS of sPAES resulted in a demix-
ing of the different blocks. In order to get sulfonated polysulfones with the
functional groups in the side-chain and a predefined degree of sulfonation,
Meier-Haack et al. prepared polysulfones with phenylhydroquinone moieties
in the backbone [126-128]. The sulfonation was conducted with various sul-
fonating agents, such as concentrated sulfuric acid or chlorosulfonic acid
trimethylsilylester. Contrary to the sulfonation of similar poly(ether ether ke-
tone)s [129, 130], the sulfonation of the poly(ether sulfone)s occurred always
at the side-chain as well as at the main-chain. Despite the mixed and partly
“oversulfonation” (IECitr, > IECpeo.) samples with an IEC up to 1.5 mmol/g,
(water uptake of 25 mol water/mol SO3H) showed promising properties (pro-
ton diffusion, methanol diffusion) concerning future applications, e.g., in fuel
cells. Furthermore, these materials showed no hydrolytic cleavage of the sul-
fonic acid group and no backbone degradation upon heating in water for
168 h at 130 °C.

5.2
Functionalization by Chemical Grafting Reactions

A promising alternative to the direct functionalization (sulfonation; phospho-
nation) of high performance polymers is offered by the chemical grafting
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reaction. This synthetic route involves first an activitation step, e.g., by irradi-
ation (UV, ion beam, electron beam, y-ray) or chemical treatment followed by
conversion of the activated sites.

Belfort and co-workers, for example, described the photochemical mod-
ification of poly(ether sulfone) and sulfonated poly(sulfone) nanofiltration
membranes for the control of fouling [131, 132]. Irradiation of sPES or PSU
with UV light of a wavelength of 254 nm led to scission of the S—-C bond in the
polymer backbone, thus, forming a radical at that position. In the presence
of N-vinyl pyrrolidone,for example, grafting occurs. With no vinyl monomer
present, the radical terminates with a hydroxyl group. In both cases more hy-
drophilic membranes with lower fouling tendency were obtained. However,
since the activation is realized by bond breaking within the polymer main-
chain, the molecular weight and, therefore, the mechanical properties of the
membrane material might be negatively influenced. This might also be the
reason why this method has not so far been applied in the production of
ion-exchange membranes for fuel cell applications.

Another method to functionalize poly(arylene ether sulfone)s is given
with the metalation (lithiation) route, which has been intensively employed
by several research groups [4, 5,32,102, 133-145], and has been the subject
of a recently published review by Jannasch [146]. The activation is usually
achieved by the treatment of the respective polymer with a strong base, such
as butyllithium or alkali hydrides (NaH, LiH), at low temperatures (- 78 °C
to - 30°C) in an inert solvent, such as THE Further reaction of the acti-
vated polymers with, for example, carboxylic acid, sulfuric acid, or phos-
phonic acid derivatives, leads to carboxylated, sulfonated, or phosphonated
polymers, respectively. This method is not limited to the introduction of
acidic groups. The activated polymers can be treated with numerous elec-
trophilic substances, many of which are commercially available (Fig.21).
Amination and hydroxylation, for example, have been reported in the lit-
erature by Guiver and co-workers [135] and Kerres and co-workers [32].
Phosphonation of poly(arylene ether sulfone)s via the metalation route has
been recently described by Jannasch and co-workers [102, 147]. The phos-
phonic acid group was linked directly to the polysulfone main-chain by
the lithiation method. In the second work, Lafitte and Jannasch described
the phosphonation of benzoyl-modified polysulfones in the side-chain. In
the first step, the polysulfone was reacted with methyl iodobenzoat by the
lithiation method to give iodobenzoyl-PSU. This product was further con-
verted into benzoyl-difluoromethylphosphonate via a CuBr mediated cross-
coupling reaction with diethyl(bromodifluoromethyl)phosphonate and sub-
sequent hydrolysis with bromotrimethylsilane (Fig. 21). Membranes with an
IEC of 1.79 mmol/g showed a very low water uptake of less than 10 wt. %
in the range from 20 °C to 100 °C and a reasonable proton conductivity of
5mS/cm at 100 °C.
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Fig.21 Possible reactions leading to sulfonated or phosphonated polymers via lithiation
route

Since the polymers to be activated need to have at least one acidic pro-
ton in the main chain and must be soluble in suitable solvents, the number
of polymers which can be modified by this particular method is limited. So
far only the modification of poly(arylene ether sulfone)s and polybenzimida-
zoles as suitable materials for fuel cell membranes has been reported in the
literature [4, 5, 32,102, 136-146, 148-151]. The attempt to lithiate poly(ether
sulfone) under homogeneous conditions failed so far, due to poor solubil-
ity and the alternating electron-donating and electron-withdrawing linkages
present in poly(ether sulfone), which result in an overall unfavorable balance
in the polymer chain.

When dealing with sulfonated aromatic systems, one has to keep in mind
that sulfonated aromatic rings are susceptible to desulfonation, depending
on the electron density at the sulfonated site and on the conditions in the
medium, such as elevated temperatures and the presence of acid. Since
the direct sulfonation is an electrophilic reaction, the sulfonation occurs at
electron-rich sites of the polymer backbone, which is the ortho-position to
the ether linkage in polysulfones. The advantage of the metalation method
over the direct sulfonation is that the activition takes place at electron-
poor sites of the polymer backbone, in general, in ortho-position to the
electron-withdrawing sulfone-linkage. Thus, these sulfonated polysulfones
are expected to be less sensitive to desulfonation than those obtained by the
direct sulfonation method. However, the site of conversion can be shifted
from the electron-poor (ortho-position to the sulfone linkage) site to the
electron-rich site (ortho-position to the ether linkage) by introduction of
bromine atoms into the polymer main chain either by bromination or by
using brominated monomers. At low temperatures, lithium-bromine rather
than lithium-hydrogen exchange occurs exclusively [133]. While Guiver and
co-workers used the lithiation method to modify NF, RO, and UF membranes,
Kerres and co-workers employed this method for the preparation of ion-
exchange membranes for electrochemical applications, such as fuel cells, by
the introduction of sulfonic acid groups. This was accomplished by conver-
sion of the lithiated species, for example, with SO,, followed by oxidation of
the obtained sulfinic acid giving the sulfonic acid. The sulfinic acid derivatives
were also subject to further reaction with dihalogenoalkyls, e.g., dilodobu-
tane, to achieve a covalent crosslinking (Fig. 22A) in order to reduce extensive
swelling of highly sulfonated membrane materials [32].

Besides the covalent crosslinking, Kerres et al. investigated the properties
of fuel cell membranes of ionically crosslinked polysulfonic acids. This type
of crosslinking was achieved by blending sulfonated poly(arylene ether sul-
fone)s and poly(arylene ether ketone)s with basic polymers, such as polyben-
zimidazole, poly(ethylene imine), poly(vinyl pyridine), or amino functional-



G. Maier - J. Meier-Haack

SO5Li
LiO,S

NaOCl or H,0,

LiO,S

O=wn=0 O

SO,Li
I

-2 Lil

LiO,S

O—n=—="0

SO,Li

Fig.22 Crosslinking of poly(ether sulfone)s by conversion of lithium sulfinate groups with

diiodobutane



Sulfonated Aromatic Polymers for Fuel Cell Membranes 41

ized polysulfone [138, 140, 141]. The latter was obtained by conversion of the
lithiated PSU, for example, with 4-acetylpyridine or bis(diethylamino)benzo-
phenone. Ionically, covalently, and both ionically and covalently crosslinked
membranes with IECs in the range from 1.1 to 1.25 mmol/g showed low
swelling (40-45%) in water up to temperatures of 60 °C [141]. At higher
temperatures the covalently crosslinked membrane showed highest dimen-
sional stability, followed by the ionically crosslinked membrane, which was
explained with the breakdown of the ionic crosslinks. Surprisingly, at least
dimensionally stable was the “double crosslinked” sample. Due to incompati-
bilities between the sulfonated PEK and the sulfinated PSU, a phase separated
morphology occurs in the resulting membrane with the ionically crosslinked
polymers as continuous phase. Therefore, the swelling of this membrane is
mainly determined by the weaker ionically crosslinked phase rather than
by the dispersed covalently crosslinked particles. Both the covalently and
the ionically crosslinked membranes showed in DMFC tests at temperatures
ranging from 25 °C up to 110 °C quite similar behavior to Nafion® 105, but
with much lower methanol crossover [141].

Jannasch and co-workers used the lithiation route to place the sulfonic
acid groups into the side-chain rather than the main-chain. The activated
polysulfone was reacted with either 2-sulfobenzoic acid anhydride [142] or
4-fluorobenzoyl chloride. The latter was further reacted with hydroxyaryl sul-
fonic acids, such as 4-sulfophenol sodium salt or 2-naphthol-7-sulfonic acid
sodium salt [144] (Fig. 23). In another approach, lithiated PSU or PPSU were
first reacted with SO,, then further converted with a bromoalkyl sulfonic
acid sodium salt, or with 1,3-propane sultone, or 1,4-butane sultone [143]
(Fig. 21). Thus, the alkyl sulfonic acids are bonded to the polymer back-
bone via a sulfone linkage, which, in contrast to a phenyl-alkyl ether linkage,
should be resistant towards acidic hydrolysis. The latter can be obtained
by reacting sultones with hydroxyl groups in the polymer backbone as de-
scribed, for example, by Kricheldorf and co-workers [152] and Orugi and
co-workers [153,154]. The introduction of the sulfonic acid group into the
side-chains might have some advantages over the “traditional” main-chain
sulfonation. Separating the ionic sites from the main-chain opens up the op-
portunity to manipulate and influence the phase separation into hydrophilic
and hydrophobic domains, which occurs in the membranes while in contact
with water. This may give rise to the formation of more stable morphologies,
despite the presence of a highly swollen phase. Thus, the introduction of the
ionic group into the side-chain may allow for higher IEC without compro-
mising the resistance towards swelling. Sulfo-alkylated and sulfo-phenylated
poly(arylene ether sulfone)s showed thermostabilities up to 300 °C, as re-
vealed by TGA measurements. The proton conductivities of the sulfoalkylated
poly(arylene ether sulfone)s were reported to be 77 mS/cm at 70 °C and 100%
relative humidity for PSU carrying 0.9 sulfopropyl groups per repeating unit.
The major drawback of these polymers is their high water uptake at tempera-
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tures above 75 °C, which was assigned to the plasticization effect of the alkyl
chains on the PSU main chain. More promising with respect to swelling seems
to be the grafting of arylsulfonic acids onto the PSU main-chain. Jannasch
and co-workers reported a moderate swelling (15-18 H,0/SO3H) of sulfo-
phenylated PPSU membranes (0.9 side chains/repeat unit; IEC = 1.63 mmol/g)
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at temperatures up to 140 °C. A PSU membrane, having the same degree of
grafting (IEC = 1.51 mmol/g) was dimensionally stable up to 120 °C. The pro-
ton conductivities of PPSU membranes (degree of grafting of 0.9) were in the
range from 37 mS/cm at 30 °C to 42 mS/cm at 140 °C. Increasing the length
and stiffness of the sulfonated side-chain by grafting of 4-sulfophenoxy ben-
zoyl leads to lower proton conductivities at 120 °C, 11 mS/cm, and 32 mS/cm
for a degree of grafting of 0.5 and 0.9, respectively. The introduction of 7-
sulfo-2-naphthoxy benzoyl groups resulted in very brittle membranes, which
were, therefore, not further characterized in terms of electrochemical prop-
erties [144] (Fig. 23). The same authors introduced side-chains consisting of
higly sulfonated naphthoxybenzoyl (double sulfonated) or pyrenoxybenzoyl
groups (3-fold sulfonated) to a polysulfone backbone [155]. This chemical
structure leads to the formation of larger and more uniform ionic clusters than
conventionally sulfonated polysulfones with sulfonic acid groups distributed
along the main-chain. This particular architecture allows the formation of
networks of water-filled nanopores, which facilitated high levels of proton
conductivity up to 300 mS/cm at 100 °C (exceeding commercial Nafion®) at
moderate levels of water uptake. Recently, Lafitte and Jannasch reported on the
fuel cell performance of a 2-sulfobenzoyl-PSU membrane (IEC 1.2 mmol/g) in
the temperature range from 60 to 110 °C [156]. A lifetime of at least 300 h at
the operation temperature of 60 °C was stated for this membrane. The compar-
atively lower performance to Nafion® 117 was explained with non-optimized
Nafion ®-containing electrodes.

5.3
Functionalized Poly(Arylene Ether Sulfone)s from Sulfonated Monomers

An alternative approach to the post-functionalization route is the use of func-
tionalized monomers. This method has the advantage of overcoming the risks
of side reactions, such as degradation or crosslinking connected with the
post-functionalization route. Furthermore, it provides an easy route to con-
trol the degree and site of functionalization as well as the distribution of
functional groups along the polymer chain. Several research groups have fo-
cused their work on this area. Most often a sulfonated 4,4'-dichlorodiphenyl
sulfone, or 4,4'-difluorodiphenyl sulfone, or, in the case of poly(arylene ether
ketone)s, sulfonated 4,4'-dihalobenzophenone, is used together with the non-
sulfonated monomer and various types of bisphenols, such as bisphenol A,
4,4'-dihydroxy biphenyl, phenolphthalein, and others [67, 100, 157-171]. The
sulfonated monomer can be easily obtained by sulfonation of the dihalo sul-
fone with fuming sulfuric acid (30% SO3) at 90 °C for 6 h [157] (Fig. 24A).
Here, the sulfonated monomer was used for the preparation of more hy-
drophilic polysulfones, but for no specific application. Other groups used
the commercially available sodium salt of hydroquinone sulfonic acid as
sulfonated monomer in the synthesis of sulfonated poly(arylene ether sul-
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fone)s [58,67, 172, 173]. Kozlowski mentioned in a patent the incorporation
of 3,3'-sulfonyl-bis-(6-hydroxybenzene sulfonic acid) (sulfonated bisphenol S;
Fig. 24B) into polymers [174].

The sulfonation of the dihalide monomer has the advantage that the de-
activated ring in ortho-position to the halogene is sulfonated, giving rise to
higher stability with respect to desulfonation, and second two sulfonic acid
groups are incorporated into the repeating unit. Furthermore, the reactivity
of these monomers to nucleophilic displacement reactions is enhanced due
to the electron-withdrawing effect of the introduced sulfonic acid groups. Al-
though in ortho-position to the ether linkage in the polymer, the sulfonic
acid groups should be more stable against desulfonation than in the hydro-
quinone units due to the electron-withdrawing and therefore deactivating
effect of the sulfone or ketone linkage. In the hydroquinone sulfonic acid
based poly(arylene ether)s, the sulfonic acid groups are positioned at an ac-
tivated benzene ring with two ether linkages. However, as reported by Vogel
et al., poly(arylene ether sulfone)s sulfonated at the hydroquinone moiety
showed a high resistance against desulfonation at 130 °C in water [175].

Takeuchi [176] reported on the self-condensation of 2,6-bis(p-sodium sul-
fophenoxy)benzonitrile at 140 °C in phosphorous pentoxide/methane sul-
fonic acid, giving sulfonated hyperbranched polymers (Fig. 25). This product
with an equivalent weight of 436 g/mol was soluble in DMSO and water
and showed no film-forming properties. Membranes with an IEC ranging
from 0.31-1.20 mmol/g were obtained by blending various amounts of the
hyperbranched polymer with poly(vinyl alcohol). Although the matrix was
crosslinked with glutaraldehyde, the membranes had a high water uptake be-
tween 59% and 101%. Interestingly, the membrane with the highest content
of the hyperbranched polymer showed the second least water uptake (62%)
of all samples under investigation.

Xiao et al. [177] reported on sulfonated poly(arylene ether ketone)s
based on bisphenol S and 4,4'-difluorobenzophenone and sulfonated 4,4'-
difluorobenzophenone (sodium salt). The ion-exchange capacity was varied
between 1.23 mmol/g (30 mol% sulfonated monomer) and 1.73 mmol/g
(45 mol % sulfonated monomer). These polymers were amorphous in nature
and showed an increasing Tg ranging from 268 °C to 317 °C, with increasing
amount of the sulfonated moiety in the polymer backbone. The water uptake
of the membranes was reported to be much lower than that of Nafion® 115.

The electrochemical properties of cation-exchange membranes based on
sulfonated poly(arylene ether sulfone)s (s-PES) were described in a paper by
Kang et al. [100]. The intended applications for these membranes were gen-
eral electro-membrane rather than fuel cell applications. The properties of
the membranes prepared in this work were compared to commercially avail-
able ion-exchange membranes (Neosepta® CM-1, CMX, and CMB), as well as
to sulfonated polysulfones obtained by post-sulfonation of Udel® 1700 with
chlorosulfonic acid (s-PSU) (Fig. 26). The s-PES membrane materials were
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composed of 4,4’-dichlorodiphenylsulfone, 4,4’-dihydoxybiphenyl, and vary-
ing amounts of sulfonated 4,4’-dichlorodiphenylsulfone, in order to adjust the
ion-exchange capacity between 1.13 and 2.21 mmol/g. By variation of the sul-
fonation time, ion-exchange capacities of s-PSU between 0.87 mmol/g and
1.26 mmol/g were achieved. These values correspond to degrees of sulfona-
tion ranging from 50% to 72%, taking into account that only one sulfonic acid
group is introduced to the bisphenol A unit. Furthermore, it should be men-
tioned that the s-PSU material was sulfonated at the electron-rich bisphenol A
moiety in the polymer backbone.

Despite having higher IEC, s-PES samples swelled much less than the s-PSU
samples. Contrary to these findings, the specific resistances of s-PSU samples
were significantly higher. The s-PES membranes with an IEC ranging from
1.86 mmol/g up to 2.21 mmol/g exhibited electrical properties comparable to
the commercial membranes. The electrical resistances of these membranes
were below 1.0 Qcm?. However, the mechanical properties were drastically
weakened when the IEC exceeded 2 mmol/g. These findings were rationalized
with the lower molecular weight of these polymers due to the low reactivity
of the sulfonated monomer, which prevents the formation of high molecular
weight samples. In these membranes the plasticizing effect of absorbed wa-
ter is more pronounced than in a high molecular weight sample of lower IEC.
However, no molecular weights for the prepared polymers were given in the
paper. Chronopotentiometric measurements indicated excellent electrochem-
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ical properties, making the s-PES membranes suitable for electro-membrane
application at high current ranges, especially electro-dialysis.

Shin et al. reported on sulfonated poly(arylene ether sulfone)s prepared
from 4,4’ -difluorodiphenylsulfone, hydroquinone, and hydroquinone sulfonic
acid [67]. The degree of sulfonation was controlled by variation of the hy-
droquinone/hydroquinone sulfonic acid ratio. The IECs calculated from the
monomer composition were in the range from 0.59 mmol/g to 2.47 mmol/g
(determined 2.13 mmol/g). Despite the high IEC the water uptake was very
low, corresponding to 8.8 to 10 water molecules per sulfonic acid group. Due
to their good mechanical and thermal properties, these polymers are consid-
ered to be promising candidates for fuel cell applications. However, neither
proton conductivities nor fuel cell test data were reported.

Lakshmi et al. [173], Meier-Haack et al. [172], and Taeger et al. [58] used
the silyl-method for the preparation of sulfonated poly(arylene ether sul-
fone)s. Like Shin et al. [67], these authors used hydroquinone sulfonic acid
as source for the proton exchange group. Polymers were prepared from the
more reactive 4,4’ -difluorodiphenyl sulfone rather than 4,4’-dichlorodiphenyl
sulfone and various silylated bisphenol comonomers, such as hydroquinone,
phenolphthalein, 2,6-dihydroxynaphthalene, bisphenol A [173], or 4,4'-
dihydroxybiphenyl [58, 172, 173]. The use of silylethers and difluoro aromates
allows for lower reaction temperatures (150 °C), as in the case of dichloro aro-
mates and free bisphenols (180-190 °C). In the latter case, the water formed
has to be removed by azeotropic distillation and the lower reactivity of the
dichloro compound has to be taken into account.

Polymers with 75 or 60mol% of hydroquinone sulfonic acid were
prepared, resulting in membranes with theoretical IECs ranging from
1.32 mmol/g to 1.95 mmol/g [173]. The water uptake of the samples varied
with the IEC as well as with the chemical structure of the polymer back-
bone. Samples with the highest IEC showed the highest water uptake. It was
found that the water uptake could be reduced when bulky bisphenols, such as
2,6-dihydroxynaphthalene, phenophthalein, or 4,4’-dihydroxybiphenyl, were
incorporated into the polymer backbone. On the other hand, the highest
proton conductivities were detected for membranes derived from polymers
with hydroquinone (3.3 mS/cm at 25 °C (IEC 1.95 mmol/g)) or bisphenol A
(3.05mS/cm at 25 °C (IEC 1.81 mmol/g)).

It is well accepted that the superior properties of Nafion® membranes
result from a phase separation between the hydrophobic perfluorinated
polymer backbone and the sulfonic acid bearing side-chains. This phase
separation leads to the formation of ion-conducting channels in the nm-
range. Also ion-exchange membranes derived from sulfonated styrene-
ethylene/butylene-styrene triblock copolymers (s-SEBS) exhibit a phase-
separated morphology, which led to proton conductivities similar to Nafion®
but with a much lower methanol crossover [178].
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Table 7 Ion exchange capacity and water uptake of poly(ether sulfone) membrane samples
(taken from [58])

Sample? Water/ H,0/SO3H Ion exchange capacity (mmol/g)

uptake mol/mol  calculated from

(%) monomer comp. titration =~ NMR
HPA 1.4 - 0 - -
HPB n.d.? - 2.48 - -
PAE-MBC 5/5 34.4 19 1.24 0.83 0.99
PAE-MBC 10/5 21.7 14 0.83 0.67 0.86
PAE-MBC 15/5 12.6 12 0.62 0.46 0.59
PAE-MBC 20/5 9.5 9 0.51 0.35 0.59
PAE-MBC 10/10  28.3 14 1.24 0.84 1.14
PAE-MBC 20/20  34.8 16 1.24 0.90 1.19
PAE-RC 1/1 33.2 16 1.24 1.15 1.14
PAE-RC 2/1 16.9 12 0.83 0.85 0.81
PAE-RC 3/1 11.8 11 0.62 0.45 0.61
PAE-RC 4/1 8.4 10 0.50 0.08 0.48
Nafion® 117 28.9 21 0.91° 0.77 -

2 not determined due to solubility in water
* [27]

Taeger et al. [58] and Meier-Haack et al. [172] investigated the proper-
ties s-PES block copolymers and the corresponding random copolymers. The
aim of this work was to provide fully aromatic ion-exchange membranes with
a phase-separated morphology. Both, block and random copolymers were
prepared from 4,4’-difluorodiphenylsulfone, hydroquinone sulfonic acid, and
4,4'-dihydroxybiphenyl. The theoretical IECs were adjusted by monomer
composition between 0 mmol/g (homopolymer from 4,4’ -dihydroxybiphenyl
and 4,4’ -difluorodiphenylsulfone) and 2.48 mmol/g (homopolymer from hy-
droquinone sulfonic acid and 4,4’-difluorodiphenylsulfone).

The water uptake and ion-exchange capacities for poly(ether sulfone)
membranes are given in Table 7. The ion-exchange capacities, determined by
'H NMR spectroscopy are in good agreement with the values calculated from
the initial monomer composition. However, using the titration method, the
values are somewhat lower, which is rationalized by the fact that only a part of
the sulfonic acids groups is accessible to the sodium ions. On the other hand,
with NMR spectroscopy, all sulfonic acid groups are detected, regardless of
whether they play an active role in the ion-exchange process or not. There-
fore, the IEC determined by the titration method gives a more realistic value
than that obtained from NMR spectroscopy concerning the behavior of the
membrane in the fuel cells.

The water uptake shows a nearly linear dependence from the ion-exchange
capacity of the membranes. It is in the same range as observed for the Nafion®
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Fig.27 Influence of reaction time on the monomer ratio in the polymer followed by NMR
spectroscopy as illustrated by the preparation of PAE-RC 4/1 (taken from [58])

membranes. Unexpectedly, no difference between the water uptake of ran-
dom and multiblock copolymers was observed in contrast to sulfonated pol-
yaramide membranes [179]. From studies following the polymerization pro-
cess of a random sulfonated copoly(ether sulfone), it was deduced, that during
the preparation of random copolymers, a block-like structure is obtained due
to differences in the reactivity of the monomers (Fig. 27). Therefore, it is
likely that the morphology of the membranes prepared from random or block
copolymers is very similar, resulting in a similar behavior of the membranes.

As expected, the diffusion coefficients increased with increasing IEC, due
to higher hydrophilicity resulting in an enhanced swelling of the membranes.
At comparable IEC, the methanol diffusion coefficients for poly(ether sul-
fone) membranes are one to two orders of magnitude lower than those of
the Nafion® membrane, indicating improved barrier properties for methanol
(lower methanol crossover) of poly(ether sulfone) membranes. Still, for most
membranes the proton diffusion coefficients were also lower than those of the
Nafion® membrane. The proton conductivities (Fig. 28A) are reflecting the
findings of the diffusion coefficient measurements. Although by a factor of
two lower than that of Nafion® 117, the fuel cell performances of the s-PES
membranes were comparable to that of Nafion® (Fig. 28B).

The McGrath group [159-171] extensively studied the use of sulfonated
4,4'-dichlorodiphenylsulfone in combination with various bisphenols, such
as bisphenol A, bisphenol 6F, hydroquinone, biphenol, and 4,4’-dichloro-
diphenylsulfone, for the preparation of ion-exchange materials. The main
results of this work were recently published in a review [170]. In general, the
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Fig.28 Electrical properties of poly(ether sulfone) membranes compared to Nafion® 117
membrane; A conductivity at 100% relative humidity; B polarization curves from DMFC
tests at 110 °C (1.5 mol/l MeOH; 2.5 bar air) (taken from [58])

free bisphenols were reacted with the dichloro compounds in NMP at 190 °C,
in the presence of K;CO3. The prepared materials showed thermo stabilities
up to temperatures of 400 °C (weight loss 5%) in nitrogen atmosphere and
up to 220 °C in air (30 min). Polymers (BPSH) based on biphenol and DCDPS
with up to 60 mol % of the sulfonated monomer (sDCDPS) gave stable mem-
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branes, while those with 100 mol % sulfonated monomer (IEC 3.6 mmol/g)
were water soluble. The sodium salt form of the sulfonated polymers swelled
less in water than in the acid form. Furthermore, the thermo stability of the
sodium form was much better than that of protonated membranes. High pro-
ton conductivities were achieved with biphenol as the phenolic component.
For example a polymer with 40 mol % of the sulfonated monomer (IEC =
1.72 mmol/g) showed a proton conductivity of 110 mS/cm at 25 °C, whereas
a polymer with 60% sulfonated monomer (IEC = 2.42 mmol/g) had a conduc-
tivity of 170 mS/cm [160]. The value for Nafion® 1135 (IEC = 0.91 mmol/g)
given in this paper was 120 mS/cm. A phase separated morphology was re-
ported with hydrophilic domains with a size ranging from 10 to 25 nm,
depending on the degree of sulfonation. At sulfonation levels higher than
50% (50 mol% of sulfonated monomer) a phase inversion was observed
using AFM. These findings correlated very well with an immense increase
of water uptake. Furthermore, samples with more than 50 mol % sDCDPS
showed two Tgs in the DSC curves, indicating a well organized phase sepa-
ration in these systems [165]. Such poly(arylene ether sulfone) membranes
showed similar or even better performance in both hydrogen/air and es-
pecially direct methanol fuel cell tests than Nafion® 117 membranes [170].
The long-term tests in a hydrogen/air fuel cell (800h at 80°C, 0.5V, and
100% r.h.) revealed a high stability of the poly(arylene ether sulfone) under
these conditions.

In a further study, Kim et al. [164] reported on the properties of sulfonated
poly(arylene ether sulfone) membranes (BPSH) blended with heteropoly-
acid (HPA). The blend membrane composed of 70 wt. % of an sulfonated
poly(arylene ether sulfone), having an IEC of 1.72 mmol/g and 30 wt. %
HPA, showed much higher conductivities than non-blended membranes and
even Nafion® 1135 (Fig. 29). After treatment, the weight loss of the blend
membranes increased with increasing degree of sulfonation of the poly-
mer matrix, but was only 2% after 48h in liquid water at 30 °C and ca.
1% after 15h at 100°C in water vapor. In a recent paper, Kim et al. re-
ported on poly(arylene ether sulfone)s based on sDCDPS, bisphenol 6F, and
2,6-difluorobenzonitrile [169]. These partly fluorinated membranes with an
IEC of 1.32 mmol/g exhibited a 33% higher current density at 0.5V than
that of the above discussed poly(arylene ether sulfone) membranes (IEC
1.72 mmol/g) and a recasted Nafion® 1100 membrane with comparable thick-
nesses. Similar proton conductivities were detected for all membranes dis-
cussed in this paper. Although having a slightly higher water uptake, the
fluorinated membrane exhibited an approximately 2-fold lower methanol
permeability when compared to Nafion®.

In more fundamental works, Kim et al. studied the influence of (hydro)-
thermal pre-treatment and the state of water in sulfonated polymers on the
membrane performance [166-168]. Again, BPSH samples with different de-
gree of sulfonation were used for the investigations. Kim indicated three
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Fig.29 Proton conductivities of sulfonated poy(arylene ether sulfone) membrane and its
blend with a heteropolyacid in comparison with Nafion® 117 (data taken from [164])

irreversible morphological states (regimes, borders indicated by arrows in
Fig. 30), which can be controlled by the copolymer composition, and the pre-
treatment parameters (temperatures). Regime 1 describes the morphology
of the as-casted membrane with isolated hydrophilic domains. Within this
regime the water absorption increases only slightly with the temperature.
In regime 2, where interconnection between hydrophilic domains occurs,
the water absorption increases steadily (linear) with treatment temperature,
while in regime 3 a rapid water absorption with temperature is observed
(Fig. 30). In this regime, the hydrophilic/hydrophobic domain structure was
no longer well defined. But not only the water uptake is influenced by the
morphological changes. The mechanical properties (Fig. 31) and the proton
conductivities (Fig. 32) also show dependencies on hydro-thermal treatment.

The transition temperatures of poly(arylene ether sulfone)s and Nafion®
1135 are given in Table 8. The formation of destinct morphological regimes
on thermal treatment allows to adjust the membrane properties in terms
of proton conductivity, water uptake, and mechanical strength at an opti-
mum, by treatment at an appropriate temperature. On the other hand, the
knowledge of the transition temperatures could be used to predict the up-
per operation temperature of ion-exchange membranes in fuel cells. These
findings also demonstrated that the performance loss of ion-exchange mem-
branes at elevated temperatures might not only be based on dehydration but
also on morphological changes as indicated by comparison of the ion con-
ductivities at elevated temperature and the regime transition temperatures
of the respective polymer membranes. The morphological changes can be
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Table 8 Transition temperatures of sulfonated poly(arylene ether sulfone)s and Nafion®
(data taken from [166])

Sample Transition temperature (°C) Transition temperature (°C)
Regime 1/Regime 2 Regime 2/Regime 3

BPSH-20 1302 n.d.

BPSH-30 100 140

BPSH-35 80 110

BPSH-40 70 100

BPSH-45 50 (53P) 90

BPSH-50 30 80

BPSH-60 n.d.© 60 (59°)

Nafion® 1135 n.d. 100

2 Detected by swelling measurements
b Detected by dynamic mechanical measurements
¢ n.d. not detected

attributed to the Ty depression in the presence of absorbed water. For the
poly(arylene ether sulfone) membranes, the lowering of Ty with the water
content was much more pronounced than for Nafion® 1135 [168].

Similar results were reported by the same author while performing acidifi-
cation treatment under different conditions (variation of time and tempera-
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ture) [167]. Contrary to the findings for poly(arylene ether sulfone) mem-
branes, the conductivity and water sorption were invariant with treatment
temperature.

5.4
Poly(Arylene Thioether Sulfone)s

Poly(phenylene sulfide)s (PPS) are an interesting class of high perform-
ance engineering thermoplastics. They possess high melting temperatures,
good mechanical properties, as well as good chemical resistances, which
is on one hand of certain interest for fuel cell membranes, for example.
On the other hand, some of these properties are restricting the process-
ability of poly(phenylene sulfide)s, in particular to membranes, due to
their very limited solubility in common organic solvents. Schauer and Bro-
zova reported on the sulfonation of PPS with chlorosulfonic acid in 1,2-
dichloroethane [180]. Even samples having an IEC of 1.6 mmol/g were insol-
uble in organic solvents. Liu et al. [181] reported on the effect of preparation
conditions on the properties of poly(phenylene sulfide sulfone), which has
been described as an amorphous polymer with a T around 217 °C (see ref. 4
and 5 in [181]) and which is now soluble in dipolar aprotic solvents, such as
NMP or DMAc. In a paper of the McGrath group, Wiles et al. [182] reported
on poly(arylene thio ether sulfone)s based on 4,4'-difluorodiphenylsulfone,
sulfonated 4,4’-difluorodiphenylsulfone, and 4,4’-thiobisbenzenethiol (for
further references on the synthesis of (sulfonated) poly(arylene thio ether)s
the reader is referred to ref [183] and the literature cited in there). High-
proton conductivities up to 160 mS/cm at 30 °C in water with an IEC of
1.65 mmol/g were observed. AFM-images revealed the build-up of a con-
tinuous hydrophilic matrix when the content of the sulfonated monomer
in the polymer backbone exceeds 40 mol %. Since then, severals groups re-
ported on the synthesis of sulfonated poly(arylene tio ether sulfone) and/or
sulfonated poly(arylene thio ether ketone)s as potential ion-exchange materi-
als for fuel cell applications [184-190]. In all cases, 4,4’-thiobisbenzenethiol
was used as thiol-component, which was reacted with various sulfonated and
non-sulfonated dihalogeno aromatics such as difluorobenzophenon, difluo-
rodiphenylsulfone, and others. On treatment with water at elevated tempera-
tures, all these sulfonated poly(sulfide sulfone)s and poly(sulfide ketone)s
showed excellent dimensional stability, even at high ion-exchange capacities
(up to 3.2 mmol/g). These high IECs are responsible for proton conductiv-
ities higher than those observed for Nafion under similar test conditions.
Furthermore, a very high oxidative stability was observed. Shen et al. [184]
reported on the formation of sulfone groups as a result of the oxidation of
the thio ether groups. In order to further improve the mechanical properties
and the dimensional stability of these materials, Bai et al. [187] and Lee and
Kerres [189] prepared blend membranes with polybenzimidazole as blend
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partner. The proton conductivities were slightly lowered due to the forma-
tion of ion-pairs (SO3 H-imidazole), but the effect on water uptake (reduction)
was much more pronounced. As a side-effect, the oxidative stability was
also improved. Another approach towards the improvement of mechanical
properties and reduction of methanol permeability was described by Zhang
et al. [188]. They prepared chemically crosslinked membranes (compared to
ionically crosslinked membranes discussed before) by the treatment of sul-
fonated poly(sulfide sulfone) membrane with polyphosphoric acid at 180 °C
for 1.5 h. Since the crosslinking occurs by the intermolecular reaction of sul-
fonic acid groups within non-sulfonated aromatic rings of neighbor chains,
a loss of ion-exchange capacity (10-20%) and, therefore, proton conductiv-
ity is unavoidable (up to 50%). Simultaneously, the water uptake and the
methanol crossover was reduced by 50% and 50 to 80%, respectively. Recently,
Schonberger and Kerres reported on the synthesis of multiblock copolymers,
including poly(sulfide sulfone)s, consisting of hydrophilic sulfonated seg-
ments and fluorinated hydrophobic segments. These authors reported on the
effect of different building blocks (monomers) linking elements on the sta-
bility of the resulting polymer. It turned out, that thio ether groups linked to
assymetrically substituted rings are less stable than thio ether groups between
symmetrically substituted rings. The properties of the latter were similar to
those ionomers with sulfone linkages although having a slightly lower oxida-
tive stability.

As the hydrolytic stability of aromatic sulfonic acids depends strongly
on the electron densitiy and, therefore, on the substitutes at the aromatic
ring, electron-withdrawing groups should protect the sulfonic acid groups
from hydrolytic cleavage. The electron-withdrawing groups should further
increase the acidic strength of the sulfonic acid group when attached to
the same ring. Shen et al. [184] and other researchers already mentioned
that the thio ether linkage in poly(arylene thio ether)s is oxidized to sul-
foxides or sulfones on treatment with Fenton’s reagent, for example. Taking
this fact into account, Schuster et al. synthesized highly sulfonated poly(p-
phenylen sulfide)s and converted these polymers into the corresponding sul-
fonated poly(p-phenylen sulfones) [183, 191]. This synthetic route is a smart
way to get sulfonated poly(p-phenylene sulfone)s by converting the electron-
donating thio ether groups into electron-withdrawing groups, which are not
accessable by the direct sulfonation of poly(phenylene sulfone). Secondly, the
hydrolytic stability and the acidity of the sulfonic acid groups is very much
improved [183]. Although many of the properties for a highly effective fuel
cell membrane are improved, it should be mentioned that low IEC materi-
als are insoluble in common organic solvents and that high IEC materials are
very brittle.
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Abstract This chapter reviews the progress towards applying acid-doped polybenzim-
idazoles (PBIs) as polymer electrolyte membrane (PEM) fuel cell membranes over
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approximately the last ten years. The major focus of the first part of the chapter is
on three main systems: (1) the well-developed meta-PBI (poly(2,2'-m-phenylene-5,5'-
bibenzimidazole)); (2) the various derivatives and filled systems based on meta-PBI; and
(3) poly(2,5-benzimidazole) (AB-PBI). The polymer membrane properties, such as ther-
mal and chemical stability, ionic conductivity, mechanical properties, and ability to be
manufactured into a membrane and electrode assembly (MEA), are discussed in de-
tail. Preliminary fuel cell performance is reported for a number of PBI chemistries. The
second section of the chapter highlights recent work on developing a novel process to
produce phosphoric acid (PA)-doped PBI membranes for use in high-temperature PEM-
ECs. This novel sol-gel process, termed the polyphosphoric acid (PPA) process, allows
production of a gel membrane that exhibits properties not observed with the “trad-
itionally” prepared PBIs, such as improved ionic conductivity, mechanical properties, fuel
cell performance, and long-term stability. The final section of the chapter focuses on the
possible degradation modes of the commercially available products from BASF Fuel Cells.

Keywords Acid-doped membranes - High-temperature - PEMFC - Polybenzimidazole -
Polyphosphoric Acid Process

Abbreviations

PBI Polybenzimidazole

m-PBI meta-polybenzimidazole

p-PBI para-polybenzimidazole

v Inherent viscosity

DMAc Dimethylacetamide

PA Phosphoric acid

moles PA/PRU Moles phosphoric acid per moles polymer repeat unit
PEM(FC) Polymer electrolyte membrane (fuel cell)

MEA Membrane and electrode assembly

AB-PBI Poly(2,5-benzimidazole)

moles PA/BI  moles phosphoric acid per moles benzimidazole unit
RH Relative humidity

ZrP Zirconium phosphate

PWA Phosphotungstic acid

SiWA Silicotungstic acid

ZrPBTC Zirconium tricarboxybutylphosphonate
SA Sulfuric acid

BP Boron phosphate

PBI-PrS Propylsulfonated PBI

SD Degree of sulfonation

PBI-BS Butylsulfonated PBI

DMFC Direct methanol fuel cell

sPS sulfonated polysulfone

P4VP Poly(4-vinylpyridine)

DABA 3,4-Diaminobenzoic acid

PMA Phosphomolybdic acid

sAB-PBI sulfonated poly(2,5-benzimidazole)
MSA Methanesulfonic acid

TMM Trimethoxymethane

PABI Poly(amide-benzimidazoles)
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PPA Polyphosphoric acid

TAB 3,3,4,4’ -Tetraaminobiphenyl
TPA Terephthalic acid

PDA Pyridine dicarboxylic acid
PPBI Pyridine-based PBI

PTFE Polytetrafluoroethylene
GDE Gas diffusion electrode

mtx mass transport

ECSA Electrochemical surface area
RMFC Reformed methanol fuel cell
MW Molecular Weight

1

Introduction to Polybenzimidazoles

Polybenzimidazoles (PBIs) are a class of well-known polymers, which have
applications as thermally stable and nonflammable textile fibers, high-
temperature matrix resins, adhesives, and foams. The wholly aromatic PBIs
were developed for high-performance fiber applications in the early 1960s by
the United States Air Force Materials Laboratory in conjunction with Dupont
and the Celanese Research Company. The first wholly aromatic PBI was syn-
thesized in 1961 by Vogel and Marvel [1]. Fibers and textiles made from the
m-PBI shown in Fig. 1 display excellent properties, such as high tempera-
ture stability, nonflammability, and high chemical resistance. Because of these
properties, PBI fiber has traditionally been used in firefighter’s turnout coats,
astronaut space suits, and gloves used in metalworking industries.

oo o

m-PBI AB-PBI

Fig.1 Chemical structure of poly(2,2’-m-phenylene-5,5-bibenzimidazole) (m-PBI) and
poly(2,5-benzimidazole) (AB-PBI)

The commercial PBI polymer synthesis and fiber formation is a multi-
step process. The polymer is made from 3,3',4,4’-tetraaminobiphenyl and
diphenyl isophthalate in a two-step, melt/solid polymerization process that
produces PBI powder and byproducts of phenol and water (see Scheme 1).
This process produces polymer with inherent viscosities (IV) of between 0.5
and 0.8 dL g!, which corresponds to low to moderate molecular weights. The
polymer is then dissolved under high pressure in DMAc/LiCl, filtered, dry
spun into fibers, washed, dried, drawn, acid treated, and wound up for subse-
quent textile processing. A similar process is used to produce films. For films
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o

2ol Dbt

Scheme 1 Polymerization of m-PBI from 3,3’,4,4'-tetraaminobiphenyl and diphenyl isoph-
thalate

to be used in fuel cells, additional processing in phosphoric acid is required
to produce an acid imbibed film.

In the past several years, there has been a major emphasis on the de-
velopment of high-temperature (>100°C) polymer-based proton-exchange
membrane fuel cells. The benefits of operating at higher temperatures in-
clude: the reduction or elimination of humidification requirements, increased
tolerance to fuel impurities (e.g., CO), wider fuel choices, lower fuel reform-
ing costs, improved electrode kinetics, higher conductivities, and smaller heat
exchangers or radiators. Traditional polymer fuel cell membranes that rely on
water for proton conduction require complicated or expensive water manage-
ment systems for operation at 80 °C or higher. Initial work on PBI-phosphoric
acid based membranes using the commercially available PBI polymer has
shown that many of the requirements for high-temperature operation could
be satisfied by this membrane system [2]. Since these early reports, much
work has been done to more fully evaluate and develop fuel cell membranes
based on PBI polymers.

Typically, PBI-based fuel cells use phosphoric acid (PA) as an electrolyte [2-
6,8-10], because of its high conductivity and thermal stability. It has been
reported that these membranes exhibit high ionic conductivities at high tem-
peratures, low gas permeability, excellent chemical and thermal stability in the
fuel cell environment, and nearly zero water drag coefficient. Furthermore,
PBI polymer is commercially available; it is well-characterized and methods
of synthesis have been developed thoroughly. However, some of the perceived
problems with using PBI for fuel cell membranes include: the low molecular
weights (IVs of 0.5-0.8 dL g™!), low phosphoric acid loading (6-10 moles of
phosphoric acid/moles polymer repeat unit [moles PA/PRU]), phosphoricacid
retention, and membrane durability. Improvements in these properties are the
focus of much research, which should lead to improved membranes that satisfy
the extensive needs of a commercially viable fuel cell membrane.

In this chapter, the early work on PBI-phosphoric acid systems that
demonstrates the general applicability of this polymer-acid membrane to
high-temperature PEM operation will be reviewed. Two different PBI poly-
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mer systems, based on the commercially available meta-PBI and AB-PBI, have
been investigated for this application as acid-imbibed systems. Additionally,
a new sol-gel process was discovered and applied to a much wider variety
of PBI chemical structures. The sol-gel process produces an acid-imbibed
membrane directly upon casting with a morphology and set of properties not
attainable from the conventional imbibing process. The second part of the
chapter reviews these recent advancements, which have been used to further
develop an acid-imbibed membrane that forms the basis for a commercially
available MEA. In the last section of this chapter, the general properties,
performance, and durability of the commercial membrane and MEA will be
reviewed with an outlook on possible degradation modes.

2
Various Polybenzimidazole Membranes Produced
via Conventional Processes

2.1
Introduction to the Polybenzimidazole/Phosphoric Acid Complex

In 1995, Wainright et al. first described a polybenzimidazole (PBI)-phopshoric
acid (PA) complex for use in high-temperature fuel cells [2]. Due to its
commercial availability, a large amount of research has focused on m-PBI,
poly(2,2'-m-phenylene-5,5'-bibenzimidazole) (Fig. 1), commonly referred to
as PBI. In this chapter, this specific structure will be referred to as m-PBI to
identify the orientation of the phenyl ring. Research with this polymer has ex-
panded to include functionalization of m-PBI, inorganic additives, polymer
blends, and doping with different electrolytes. Another PBI structure that
has been widely investigated is poly(2,5-benzimidazole), or AB-PBI (Fig. 1).
It is interesting to note that PBIs have been studied for use in both hydrogen
and direct methanol fuel cells. These membranes have shown an incredible
potential for PEM fuel cell use as alternatives to traditionally investigated
perfluorinated sulfonic acid type membranes.

2.2
Meta-PBI

The earliest work describing a PBI/PA complex for fuel cell use was re-
ported by Wainright et al. in 1995 [2]. This research detailed various synthe-
sis methods and characterization of the resulting polymer, and was further
reviewed by Kim and Lim [3]. Because PBI is thermally stable [4-7], mech-
anically robust, chemically stable, and exhibits high CO tolerance [8], it was
shown to be a promising high-temperature fuel cell membrane candidate.
Since its introduction, the majority of research has focused on increasing the
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low acid-doping levels and, consequently, the conductivity of the m-PBI/PA
complex, as well as improving the mechanical properties of the polymer.
A variety of approaches have been utilized, but most include sulfonation, in-
organic fillers, or polymer blends.

Wainright’s work with m-PBI demonstrated that this polymer could be
a viable membrane candidate for fuel cells. Almost all previous PEM work
had focused on perfluorosulfonic acid electrolytes, such as Nafion. This early
work showed that m-PBI could be cast into films from dimethylacetamide so-
lutions, doped with acid (~5 moles PA/PRU), could retain conductivity even
at high temperatures (0.025 S cm™! at 150 °C), and function in a fuel cell, all
without loss of polymer properties (IV = 1.2 dL g™'). Furthermore, this work
reported a methanol permeability of 15 x 1071 m? (STP)m m~2 s~! Pa! and
methanol crossover current of ~10 mA cm~ for m-PBI films. Typically, the
crossover current for Nafion is ~100 mA cm™.

In 1996, in order to determine if m-PBI was a truly acceptable candidate
for high-temperature use, Samms et al. confirmed the thermal stability of the
polymer (M, =25000) by simulating fuel cell operating conditions (swollen
with PA and loaded with Pt) and performing thermal gravimetric analysis [4].
They showed that both the dry polymer and the acid-doped polymer were
stable up to 600 °C in pure nitrogen, 5% hydrogen (nitrogen balance), and
air, concluding that the PBI/PA complex was very stable even under simulated
fuel cell conditions.

Many researchers have worked on characterizing the proton conductivity
of m-PBI/PA [9-13], as well as other PBI structures. Table 1 shows a com-
prehensive collection of polymer structures, molecular weights, doping levels,
and proton conductivities (with experimental conditions, when available) re-
ported to date. Values are widely reported throughout the literature, with
typical ranges between 0.04-0.08 Scm™! at 150 °C, and, as generally agreed,
the conductivity is dependent on acid doping level, humidity, temperature,
and pressure. Unfortunately, data on polymer molecular weight, doping lev-
els, or details of the test conditions were not included in some reports.

Specifically, the conductivity of m-PBI was investigated as a function of
doping electrolyte [9-11,15-18], and was nicely discussed by Schuster and
Meyer [19]. Overall, it was found that m-PBI with a doping level between
2-8 moles PA/PRU typically has a conductivity between 10~! and 107 S cm™!
in low humidification or nonhumidified conditions at high temperatures
(>120°C). In general, for the m-PBI/sulfuric acid complex, conductivities
were similar to the m-PBI/PA complex or slightly lower [10,11,16,17]. The
higher values are comparable to the current state of the art perfluorinated
sulfonic acid membrane (Nafion) at atmospheric pressure and full hydration.
However, the m-PBI/PA complex is the most widely studied, because of its
conductivity and thermal stability.

Wainright et al. [2] and Wang et al. [20] described some early results of
fuel cell testing in direct methanol and hydrogen/oxygen cells, respectively.
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The performance of a methanol cell tested by Wainright et al. was compara-
ble to a Nafion-based cell. The polarization curve showed a voltage of ~0.45V
at a current density of 0.20 A cm2. These results were considered promising,
because of m-PBI’s resistance to methanol crossover and the early stage of de-
velopment of m-PBI membranes. Wang et al. operated a m-PBI/PA fuel cell
on humidified hydrogen/oxygen and reported a voltage of ~0.6 V at a current
density of 0.20 A cm™. The m-PBI/PA complex was also tested in a humid-
ified hydrogen/air cell with lower performance (~0.5V at 0.20 Acm™), as
expected based on the Nernst Equation. While these results were lower than
those of a Nafion cell, they are quite impressive when cell temperature is taken
into consideration. All of Wang’s cells operated at 150 °C and showed excel-
lent stability for 200 hours. Nafion-based cells typically cannot operate above
80 °C without humidification or pressurized feed gases.

In an effort to increase the amount of acid held by m-PBI, many experi-
mental methods have been investigated. Generally, it is believed that higher
acid-doping levels lead to increased proton conductivity and, hopefully, im-
proved fuel cell performance. This was highlighted by Li et al. [21] for a m-
PBI/PA complex with 16 moles PA/PRU and a conductivity of 0.13Scm™ at
160 °C. This is comparable to a fully hydrated Nafion system running at 80 °C.
However, at this high doping level, the membrane was mechanically unstable
and could not be made into an MEA. This research also showed a correla-
tion between conductivity and doping level; i.e., the conductivity increased
with higher doping levels. Unfortunately, the mechanical strength decreased
proportionally with the increase in doping level, leading to a loss of mechan-
ical properties at higher doping levels. Preliminary hydrogen/oxygen fuel cell
tests using membranes with 620 mol % doping level showed promise at vary-
ing temperatures and atmospheric pressure with no humidification (~0.6 V
at 0.7 Acm2, 190 °C).

For a more in-depth look at physicochemical properties of the m-PBI/PA
complex, He et al. [22] conducted a study on gas permeability, volume swelling,
mechanical integrity, and conductivity. They separated out by fractionation
PBI samples with molecular weight (MW) of approximately 25000. They
found that an increased doping level led to an increase in volume swelling
(0.3 mol PA/PRU had 22% swelling, while 5mol PA/PRU corresponded to
188% swelling), seen mostly in the thickness of the polymer sample due to
separation of the PBI backbone by acid molecules. Interestingly, at 125°C
with a doping level of less than 2 mol PA/PRU, mechanical strength increased
slightly due to H-bonding, then decreased sharply as acid loading increased.
At 180 °C, a linear decrease in mechanical integrity was seen with increasing
doping level, and values were overall lower than those at 125 °C: for PBI with
doping level of 2.3, stress at break was 160 MPa at 125 °C and 48 MPa at 180 °C.
Elongation at break increased with higher dopinglevels, because the membrane
became more plastic at high acid doping levels and could more easily rearrange
under load. Mechanical properties were also improved with higher molecular
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weights, as shown by the 3.5 MPa stress at break for PBI with MW of 17 800 and
the 6 MPa stress at break for PBI with MW of 25 000. Gas permeability studies
found that both the hydrogen and oxygen crossover increased as temperature
and/or doping level increased, though it was more prominent for oxygen. It was
found that there was no significant effect on the conductivity of membranes
with different MW and similar doping levels.

Kawahara et al. also tried to increase acid doping levels by using var-
ious inorganic acids, such as phosphoric acid, sulfuric acid, and me-
thane(or ethane)sulfonic acid [23]. They found that the m-PBI/PA com-
plex was stable up to 500 °C, with an anhydrous proton conductivity of
107> Scm™!. The doped films were prepared by immersing m-PBI films into
strong acid/methanol solutions. Characterization by Fourier transform in-
frared (FTIR) spectroscopy, thermogravimetric analysis (TGA), and electrical
impedance was then performed. Acid absorption level was found to increase
with the increased concentration of the strong acid. A maximum doping
level of 2.9 moles PA/PRU was achieved for the m-PBI/PA complex. FTIR
showed that sulfuric acid, methanesulfonic acid, and ethanesulfonic acid pro-
tonated the basic N moiety on the imidazole, but phosphoric acid interacted
through hydrogen bonding of the OH and NH groups instead. The thermal
stability of m-PBI/strong acid complex was highest for phosphoric acid, and
decreased in the order of sulfuric acid, methanesulfonic acid, and ethane-
sulfonic acid. The higher thermal stability of the PBI/PA suggests that the
hydrogen bonding interaction imparts stability to the polymer/acid complex.
The decomposition of the various polymer/acid complexes was believed to
be due to elimination of the acid molecules from the complexes. The high-
est conductivity measured with PA at a doping level of 1.9 was 107 Scm™!
at 160 °C. The conductivity of all other polymer/acid complexes decreased at
temperatures greater than 80 °C.

Li et al. [24] have examined the relationships between phosphoric acid
doping level and water uptake. They showed that the water uptake of m-
PBI was comparable to or even exceeded that of the commercially avail-
able Nafion, both when membranes were immersed in water or when
placed in varying relative humidities, especially at higher acid doping levels
(~6 moles PA/PRU). An in-depth discussion can be found in Li’s review [25]
of PBI-based membranes.

Kim et al. [26] synthesized m-PBI in a mixture of P,0Os, CH3SO3H, and
CF3SO3H, but the membrane did not show significant conductivity or per-
formance improvements over other methods, even at comparable polymer
inherent viscosities. Schechter and Savinell [27] studied the proton conduc-
tion pathway in m-PBI/PA complexes, as well as the use of imidazole or
methyl imidazole additives, which did not result in any improvements in con-
ductivity over previous work.

Hu et al. performed a five hundred hour long term performance test on
PA-doped PBI. They also developed a one dimensional model to predict
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degradation over time [28]. The one dimensional model was developed for
high-temperature operation and took into account the measured internal cell
resistance and cathode area exchange current. However, in order to reduce
complexity, many parameters were kept constant (such as electrochemical
surface area (ESA)) and assumed simplifications, such as steady state cell op-
eration, even temperature distribution across the electrode, ideal gases, etc.,
which do not reflect operational circumstances. The model was shown to have
a good agreement with experimental data, with the largest deviations thought
to occur because the modeling equations hold ESA constant, while it de-
creases with time in operational fuel cells. The MEA was built using PA-doped
PBI (level unspecified) and electrodes made with some PBI ionomer in them.
The cell was operated for 500 hours at 150 °C, using hydrogen and oxygen
with a constant load of 640 mA cm~? and measurements taken every 24 hours.
The cell was assumed to be in activation phase for the first 100 hours, with the
voltage increasing from 0.5 V to 0.58 V over this time period. Linear scanning
voltammetry showed an increase in ESA up to 100 hours. Both the fuel cell
performance and ESA decreased over the following 400 hours. The cell per-
formance decreased linearly at a rate of ~150 mV h™!. The decrease in ESA
is thought to come from Pt sintering; TEM imaging confirmed an increase
in average particle size from an initial value of 3.8 nm to 6.9 nm at test com-
pletion. Scanning electron microscopy (SEM) imaging was performed on the
MEA before and after the long-term test to study the effect of delamination
on cell failure. It was determined that this did not contribute to performance
losses, as there was no increased separation after 500 h of testing. The re-
searchers concluded that the major loss of performance was due to the large
decrease in ESA.

The temperature effects on cell performance and catalyst stability were in-
vestigated by Lobato et al. [29]. Measurements were carried out on a single
5 cm? cell from 100 to 175 °C. The MEA was made with electrodes with acid-
doped PBI ionomer and a PBI membrane with doping level of 6.5 mol PA/PRU
and the fuel and oxidant were hydrogen and oxygen, respectively. Each cell was
conditioned at a certain temperature for 24 h and then polarization curves were
taken. All results were related to the initial conditioning temperature, rather
than the temperature at which measurements were taken. Cyclic voltamme-
try (CV) was used to determine catalyst stability. X-ray diffraction was used to
record any change in the structure of the catalyst during CV measurements. It
was found that at conditioning temperatures of 100 and 125 °C, a stable current
value was reached after ~5 hours, while currents for the conditioning tempera-
tures of 150 and 175 °C continued to drop at a constant rate (1 mA cm™' h™! and
2.8 mA cm! h7!, respectively) even after 24 hours. This may be due to the rapid
loss of absorbed water at the higher temperatures and, therefore, decreased
proton conductivity. Also playing a large role was the oligomerization of phos-
phoric acid to pyrophosphoric acid, causing a drop in proton conductivity.
By collecting the Nyquist plots of these membranes at various temperatures,
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the various resistances could be separated. It was determined that at 100 and
125 °C, cell performance was mainly affected by the reduction of ohmic and po-
larization resistance, accounting for better performance. However, at 150 and
175 °C ohmic resistance increased greatly and the polarization resistance de-
crease was not large enough to overcome the difference. After conditioning
the cells, the short-term response of the system was studied by changing the
temperature from the conditioned value and immediately recording a polar-
ization curve. It was found that the short-term response was governed by the
faster electrode kinetics and increased electrolyte conductivity. For long-term
effects, higher conditioning temperatures led to lower overall fuel cell perform-
ance, as the temperature was changed. This was especially true for those cells
conditioned at 150 and 175 °C, which was thought to be a function of the pro-
gressive and constant dehydration of phosphoric acid during conditioning.
It was thought that the dehydration was the major cause of cell-performance
degradation in these experiments. Water loss (free and from PA dehydration)
under the conditioning/operating temperatures was confirmed by TGA.

CV studies showed a progressive loss of active area of Pt when subjected to
a harsh acid environment similar to an operating fuel cell. These losses may
be explained by Pt migration and/or Pt dissolution-redeposition throughout
the electrode. Particle redistribution after the CV study was confirmed by
X-ray diffraction with the result of Pt agglomeration.

Zhai et al. further studied the degradation mechanisms of the MEA in
PA/PBI high-temperature fuel cells [30] by performing a 550 h long-term
test. The first 500 h was continuous operation at 640 mA cm™2, while the last
50 h was intermittent operation with shutoffs every 12 hours. The tests were
performed at 150 °C with unhumidified hydrogen and oxygen. It was found
that there were three main regions in the long-term performance curve. The
first region, up to ~90 hours, was considered the activation period, and the
voltage increased from 0.57 to 0.66 V. The next 450 h of operation showed
a continual steady decrease of ~18 mV h™! in performance, with an overall
change from 0.66 to 0.58 V. The last 10 h showed a rapid decrease in perform-
ance, due to severe membrane damage. The best performance was recorded
at 96 h, with a power density of 0.95 W cm™. At the end of the 500 hours of
continuous operation, the power density was 0.70 W cm™2, which corresponds
to an overall loss of ~26%. The major causes for loss of performance were
concluded to be Pt agglomeration, leaching of phosphoric acid, and hydro-
gen crossover. Pt agglomeration was shown by CV and SEM. After about 90 h,
when the active area of Pt had reached the maximum, a steady decrease in ac-
tive area was observed. This was confirmed by SEM at 480 h, which showed an
increase in average particle size from 4.02 to 8.88 nm and a distribution shift
to larger particle sizes. It was concluded that this was the major cause of per-
formance loss, and that it represents the main stability issue to be overcome
in the future. The leaching of PA was confirmed by EIS and showed as a slight
increase in internal resistance during operation. The elemental distribution
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of phosphorus across the MEA was analyzed using energy dispersive X-ray
analysis and showed no obvious variation in membrane phosphorus during
the lifetime of the test. However, the phosphorus levels in the catalyst layer
decreased severely. Interestingly, it was found by linear scanning voltam-
metry that hydrogen crossover was steady during the continuous operation
portion of the test. When the cell was switched into intermittent operation,
the hydrogen crossover increased drastically, because the electrode potentials
were higher. This led to cracks in the membrane (as seen by SEM), which al-
lowed for increased hydrogen crossover. These cracks were surmised to be
a result of oxidative degradation during operation.

Kongstein et al. formulated a method to make PBI-based electrode mater-
ials and tested them in a high-temperature acid-doped PBI fuel cell [31]. It
is well known that the choice of electrode can significantly impact the fuel
cell performance. This is especially important with PBI fuel cells, because at
high voltages, carbon can be oxidized in acidic environments. To help improve
PBI fuel cell performance, a dual layer electrode was formulated. A microp-
orous layer made of carbon fiber paper treated with PTFE was fabricated, and
then, the catalytic layer was sprayed from a dispersion of platinum on car-
bon in PBI/DMAc. First, the portion of the electrode that would be in contact
with the membrane was sprayed with 50 wt % Pt/C, and then the outer part
was sprayed with 20 wt % Pt/C and the DMAc was removed by evaporation
at 190 °C. The MEA was made by hot-pressing of the electrodes onto a PBI
membrane with a doping level of 5.6 mol PA/PRU. Polarization curves were
collected in a 2x 2 cm? cell using hydrogen and oxygen. The highest perform-
ance was found with electrodes containing both PBI and PTFE ionomers and
with Pt loading of 0.4 mg cm™ on the anode and 0.6 mg cm™ on the cathode.
The amount of PBI ionomer in the electrode was of crucial importance. Too
high a concentration led to a coating of electrically insulating PBI over the
Pt surfaces, while too little PBI content led to lower ionic conductivity. It was
found that the best performance was with electrodes containing between 0.2
and 0.4 mg PBI cm™2. The fuel cell performance was lower than Nafion, but still
impressive for high-temperature operation, with a maximum of 0.6 A cm™2 at
0.6 V. The maximum power density achieved was 0.83 W cm™ at 0.4 V.

2.2.1
Acid-Doped Polybenzimidazole/Inorganic Fillers

Inorganic fillers are typically added to increase the proton conductivity and/or
acid uptake of PBI films. A number of methods for filling, blending, and sul-
fonating PBI have been investigated and were reviewed by Kerres [32]. The
following is a more detailed look at specific research on inorganic fillers. Staiti
et al. [33] used phosphotungstic acid adsorbed on silicon dioxide to increase
the PA doping levels. It was found that the conductivity increased with higher
loadings of phosphotungstic acid. The maximum conductivity at 100 °C and
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100% RH was 3.0 x 107> S cm™, which was comparable with the lower values
reported for a m-PBI/PA complexes. The membrane exhibited promising me-
chanical and thermal stability, which could lead to potential use in PEMFC’s.

He et al. [34] synthesized a number of PA-doped m-PBI/inorganic filler
blends, including zirconium phosphate, phosphotungstic acid, and sili-
cotungstic acid as fillers. The conductivity of the PA-doped m-PBI and
m-PBI composite membranes was found to depend on PA doping level,
relative humidity, and temperature. The conductivity for a PA-doped PBI
(5.6 moles PA/PRU) at 200 °C and 5% RH was 6.8 x 102 Scm™'. The addition
of 15wt % zirconium phosphate to the membrane increased the conductiv-
ity to 9.6 x 1072 Scm™ when tested under the same conditions. m-PBI/PA
membranes containing 20-30 wt % phosphotungstic acid and 20-30 wt %
silicotungstic acid exhibited conductivities similar to the unfilled PA-doped
m-PBI membrane at temperatures up to 110 °C.

When tested in a hydrogen atmosphere or humidified atmosphere, it
was found that the conductivity of unfilled PA-doped m-PBI membranes
increased dramatically with temperature. A humidity control experiment
demonstrated that the conductivity of PA-doped m-PBI membranes was de-
pendent on the relative humidity present at a specific temperature, partic-
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Fig.2 Conductivity of m-PBI membrane vs. temperature at H3PO,4 doping level of 5.6. The
relative humidity (RH) at each temperature is indicated in the figure with (a) humidity
control; (b) under hydrogen atmosphere, saturated with water vapor at room temperature;
(c) RH of hydrogen atmosphere saturated with water vapor at room temperature vs. tem-
perature; (d) conductivity of Nafion 117 at 80% RH and 25-80 °C. Reprinted from [34],
with kind permission from Elsevier
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ularly when dealing with very low relative humidities (RH). However, the
complex’s RH dependence was not as drastic as Nafion 117’s conductivity de-
pendence on RH. For example, when the RH was increased from 0.15% to 5%
at 200 °C, the PBI conductivity increased from 0.032Scm™ to 0.068 Scm™.
The conductivity dependency of acid-doped PBI and Nafion 117 membranes
on temperature is shown in Fig. 2. Figure 3 shows the conductivity depen-
dence of PA-doped m-PBI membranes at different temperatures and relative
humidities. Clearly, the relative humidity dependence is much greater for
Nafion than for PBI. As temperature increased, conductivity for all levels
of acid doping and relative humidity also increased. The highest perform-
ance (0.079 Scm™) was measured on the membrane with a doping level of
5.7 moles PA/RPU and relative humidity of 5% at 200 °C.

Because very high acid doping can lead to deterioration of the mechan-
ical properties of PBI films, inorganic fillers were subsequently introduced
to increase film strength, as well as water uptake, thermal stability, and con-
ductivity. Zirconium phosphate (ZrP) was the first inorganic filler tested with
acid-doped m-PBI. The conductivity of the m-PBI/PA complexes increased
with filler loading level, and it dramatically increased with temperature, as
shown in Fig. 4. This is consistent with other literature reports of acid-doped
polymer/ZrP blends.
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Fig.3 Conductivity vs. relative humidity (RH) for Nafion 117 and acid doped m-PBI
membranes at a H3PO, doping level of 5.6. (a) Nafion 117, 50°C; (b) m-PBI, 80°C;
(¢) m-PBI, 140 °C; (d) m-PBI, 200 °C. Reprinted from [34], with kind permission from
Elsevier
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Fig.4 Conductivity of ZrP/m-PBI composite membranes vs. relative humidity (RH) at
H3PO, doping level of 5.6. The temperatures were 140 °C for: (a-c) and 200 °C for: (a'-
c). (a) and (a’) m-PBI; (b) and (b') 15wt % ZrP in m-PBI; (c) and (¢') 20 wt% ZrP in
m-PBI. Reprinted from [34], with kind permission from Elsevier

The effect of phosphotungstic (PWA) and silicotungstic acid (SiWA) on
conductivity was also investigated. These additives increased the proton con-
ductivity (Fig. 5), but they were extremely sensitive to relative humidity and
temperature (Fig. 6). Because of this sensitivity, it may be difficult to use these
membranes in practical fuel cell applications. Although the conductivities of
filled membranes were lower than the unfilled m-PBI/PA complex, they may
still be useful as conductivity enhancers for polymer membranes.

Other groups have investigated additional inorganic additives, such as zir-
conium tricarboxybutylphosphonate (ZrPBTC), for use in a direct methanol
fuel cell [35-37]. They also applied a post-sulfonation thermal treatment
to the m-PBI/ZrPBTC membrane to increase the conductivity. ZrPBTC was
introduced into the polymer by dispersing ZrPBTC powder in a DMAc so-
lution of m-PBI [37]. The solvent was evaporated, leaving behind a 50 wt %
ZrPBTC/m-PBI composite membrane. The membrane was then soaked in
hydrochloric acid to introduce protons. Further immersion in either phos-
phoric acid or sulfuric acid produced a doped membrane. The sulfuric acid
(SA)-doped membrane was then thermally treated at 480 °C for 60 s.

Under fully humidified conditions, the conductivity of these membranes
was improved over the native m-PBI/PA complex and varied between 107
and nearly 102 S cm™!, with conductivities increasing with temperature. The
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Fig.5 Conductivity of m-PBI and phosphotungstic acid (PWA) m-PBI and silicotungtic
acid (SWA)/m-PBI composite membranes. The relative humidity was 95% for 25 °C, 20%
for 80 °C and 110 °C, 10% for 140 °C, and 5% for 170 °C and 200 °C. (a) m-PBI, PA doping
level was 4.4; (b) 30 wt % PWA in m-PBI, PA doping 4.4; (c) 30 wt % SWA in m-PBI, PA
doping 5.1. Reprinted from [34], with kind permission from Elsevier

m-PBI/ZrPBTC membrane showed a conductivity of 3.82 x 10 Scm™' at
200 °C, while the m-PB1/ZrPBTC/PA and m-PBI/ZrPCTC/SA showed conduc-
tivities of 5.24 x 10~ and 8.21 x 103 Scm™, respectively, at the same tem-
perature. It was believed that the high conductivity of the thermally treated
SA complex was due to a conductive network of sulfonic acid groups strongly
associated with the imidazole groups.

Zaidi [38] investigated a blend of sulfonated poly(etheretherketone)
(s-PEEK), m-PBI, and boron phosphate (BP). The solid boron phosphate was
blended into the composite membrane at 10-40 wt %. The conductivities of
the composite films increased with increasing BP content to a maximum value
of 6 x 107> Scm™. Since these membranes were not acid doped, the conduc-
tivity was significantly lower than doped membranes, but still significantly
higher than native PBI. Even though the water uptake decreased with incor-
poration of BP compared to the s-PEEK/PBI blend, the conductivity was still
higher. The author concluded that the BP may have increased the acidity of
the sulfonic acid groups of the PEEK component in the blend. These blended
membranes still exhibited good thermal stability in the temperature range
desirable for PEM fuel cell use.
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Fig.6 Conductivity vs. relative humidity (RH) for m-PBI and phosphotungstic acid
(PWA)/m-PBI and silicotungstic acid (SWA)/m-PBI composite membranes. (a) m-PBI
doping level 4.4, 140 °C; (b) 20 wt % PWA in m-PBI, doping level 4.4, 140 °C; (c) 30 wt %
PWA in m-PBI, doping level 4.4, 140 °C; (d) m-PBI, doping level 5.1, 200 °C; (e) 20 wt %
SWA in m-PBI, doping level 5.1, 200 °C; (f) 30 wt% SWA in m-PBI, doping level 5.1,
200 °C. Reprinted from [34], with kind permission from Elsevier

On the whole, commercially produced m-PBI has shown great promise for
development as a high-temperature membrane. The polymer and film are
commercially available, relatively inexpensive, have outstanding chemical and
thermal stability, mechanical robustness, high CO tolerance, acceptable con-
ductivity, and can be doped with a variety of inorganic acids. The major focus
of current research is to increase conductivity, generally through increasing
the acid doping levels. The results so far are very encouraging and indicate
that m-PBI is an excellent candidate for high-temperature fuel cell use. How-
ever, additional challenges still remain, such as phosphoric acid retention,
membrane durability at higher doping levels, and improvement of the fuel cell
performance under practical operating conditions.

23
Sulfonated Polybenzimidazole and Its Derivatives

Nafion, a perfluorinated sulfonic acid membrane (Fig. 7) is often considered
the state of the art membrane for fuel cells operating at temperatures below
about 80 °C. Because the acid functionality in the presence of water is ne-
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Fig.7 Chemical structure of the perfluorosulfonic acid polymer used in Nafion mem-
branes

cessary for the efficient transport of protons, most explorations of Nafion
alternatives have included this group in the chemical structure. This adher-
ence to water-based proton conduction is commonly reported as degree of
sulfonation (SD), the equivalent weight (EW), or lambda (1), the number of
waters per sulfonic acid group. The sulfonated alternatives to Nafion are often
blended with other polymers [39-42] or contain inorganic fillers [33, 43] in
an effort to increase conductivity. Recent reviews by Li et al. [44] and Hick-
ner et al. [45] provided a thorough overview of problems remaining with PEM
fuel cells and some of the alternative membranes and structure variations that
have been developed. Similarly, Jannasch reviewed new ionomer and hybrid
membranes [46]. A significant amount of work has been done on phospho-
nated poly(arylene ether)s [47], sulfonated polysulfones [48], and sulfonated
polyimides [49]. Recently, m-PBI has been used as a blend component with
some of these sulfonated alternatives [40, 42, 50, 51], such as m-PBI/sulfonated
poly(etheretherketone) or m-PBI/sulfonated poly(ethersulfone).

Acid-doped sulfonated PBIs (sPBI) have been synthesized by multiple re-
search groups [12,15,40-42,50-54]. Typical approaches to sulfonation in-
clude direct sulfonation of the PBI backbone, chemical grafting of func-
tionalized monomers onto the chain, or copolycondensation of sulfonated
monomers. The last approach is highly favored, because side reactions can
be avoided and degree of sulfonation easily controlled. A recent review by
Rikukawa and Sanui [54] thoroughly describes the preparation of sulfonated
hydrocarbon polymers and the properties of the sulfonated membranes.

Qing et al. [52] synthesized sPBIs with varying sulfonation degrees by con-
trolling the stoichiometric ratios of sulfonated to nonsulfonated monomers.
These polymers were solution cast from polar aprotic solvents into tough,
flexible, transparent films with good thermal stability and mechanical proper-
ties. Furthermore these sulfonated polymers retained good mechanical prop-
erties at high temperatures (>300 °C), making them potential candidates for
high-temperature fuel cells. The extreme hygroscopicity of this type of mem-
brane also makes s-PBIs attractive Nafion alternatives.

Glipa et al. [55] successfully grafted sulfonated aryl groups onto m-PBI,
leading to a proton conducting polymer with various degrees of sulfonation
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(see Fig. 8). Room temperature conductivity increased from ~10™* Scm™ to
>1072 Scm™! for highly sulfonated samples that were thermally stable in their
dry state up to 350 °C. Mechanical properties of the hydrated films were pre-
served by balancing the degree of sulfonation with the swelling behavior of
the membranes. Overall, the degree of post-sulfonation was easily controlled
by reaction time.
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Fig.8 m-PBI grafted with a methyl benzenesulfonic acid side chain

Although these initial results appear promising, additional work is needed
to understand the relationships between degree of sulfonation, water uptake,
proton conductivity, swelling behavior, and fuel cell performance. Earlier
work by Gieselman and Reynolds [56] showed that these polymers were fully
soluble in water at high degrees of sulfonation.

Ariza et al. [57] applied a post-sulfonation thermal treatment to an already
synthesized PBI backbone to attach sulfonic acid groups to m-PBI. The at-
tachment was achieved by soaking “a pre-formed PBI film in dilute sulfuric
acid solution, then heating the acid-complexed membrane in an inert atmos-
phere at a high temperature during a determined period of time.” While
this method worked, there was not a clear definition of the effects of phos-
phoric acid concentration, heating time, and temperature on the membrane
properties important for fuel cell applications. Characterization performed
by FTIR showed evidence of sulfonation on the m-PBI backbone via an ionic
interaction between the inorganic acid and polymer. Additional evidence of
covalent attachment and possible cross-linking was obtained from combined
FTIR analysis, solubility studies, and elemental analysis after thorough water
washing treatments.

The membrane conductivity remained low (2.4 x 10 Scm™) due to the
low degree of sulfonation, but it was improved by one order of magnitude
over the native m-PBI. The membrane was stable up to at least 300 °C, but
degraded at temperatures lower than that of native m-PBI, as shown by TGA.
Future development of these membranes appears dependent on the ability to
achieve higher proton conductivities.

Kawahara et al. [58] produced a propylsulfonated-PBI (PBI-PrS) via a ring-
opening reaction of 1,3-propanesulfone with the N—H groups of the imida-
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zole functionality, as previously described by Gieselman and Reynolds [59],
and investigated the conductivity of the resulting membranes. The conductiv-
ity increased with both temperature and SD, and a maximum of ~107 S cm™!
at 140 °C was reported for a SD of 73.1 mole percent. Conductivity also in-
creased with increasing water uptake per sulfonic acid group, with a max-
imum of ~107> Scm™ at 140 °C and 11.1 H,0/SO3H. A comparison of Nafion
115 (7.6 H,0/SO3H) to PBI-PrS (SD of 73.1, 11.1 H,0/SO3H) showed similar
conductivities up to about 90 °C. At higher temperatures, Nafion’s conduc-
tivity dropped sharply and continued to decrease up to 140 °C, while the
conductivity of PBI-PrS gradually increased over this temperature range.

Similarly, Bae et al. [60] compared the propylsulfonated and butylsul-
fonated PBIs, shown in Fig. 9, in conductivity and fuel cell tests. In con-
ductivity tests, the butylsulfonated-PBI exhibited a higher conductivity
(~3x 1072 Scm™, 90 °C, 100% RH) than propylsulfonated-PBI (~1073Sem™,
90 °C, 100% RH) and was able to maintain acceptable conductivities up to
160 °C. The propylsulfonated-PBI had relatively low overall conductivity, per-
haps because of the rigidity of the shorter alkyl spacer. Fuel cell performance
(ambient pressure, H/O;) of the butylsulfonated-PBI was moderate com-
pared to Nafion systems. Under testing conditions of 80 °C and 100% RH,
at a current density of 0.20 A cm™, the voltage was ~0.45 V. The maximum
power density of 200 mW cm™2 was achieved at 0.7 Acm™ and 0.3 V.

SOsH  HOsS
HO5S SO4H

Fig.9 Chemical structures of propylsulfonated and butylsulfonated m-PBI

Using the Eaton reagent, Jouanneau et al. [61] synthesized a novel sul-
fonated PBI based on a sulfonated tetraamine monomer, bis-3-amino-4-
[3-(triethylammoniumsulfonato) phenylamino]phenyl sulfone (BASPAPS).
A nonsulfonated amine (bis-3,4-diaminophenyl sulfone, BDAPS) was used as
a comonomer in copolymer synthesis to vary the IEC. Before polymeriza-
tion, model compounds containing only one carboxylic acid were made to
help refine the polymerization conditions needed to achieve high molecu-
lar weight polymer. Both random and sequenced copolymers were made to
control the variation of IEC. Blends of the sulfonated PBI were also made.
Polymer structures were confirmed by FTIR, °C, and 'H NMR. It was found
that by varying the composition of nonsulfonated tetraamine, the IEC could
be controlled between 0 and 2.57 meqg™ (0-100% BASPAPS). Using the
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novel monomer, the architecture, MW, and IEC could be controlled by using
various types of polymer synthesis. However, because of the low lambda (5-8
water molecules per sulfonic acid), only low conductivities were achieved.
While the performance is not yet as high as Nafion-based polymers, these
membranes show that there are promising hydrocarbon alternatives that need
further optimization.

24
Blends of Polybenzimidazole and Sulfonated Polymers

Many different sulfonated polymers have been investigated as single com-
ponents or as blends with m-PBI to improve different aspects of membrane
properties (Fig. 10) with widely varying results [40, 42, 44, 50, 62-65]. Some
polymer blends swelled to such an extent that mechanical properties were lost,
while others were immiscible and did not form usable blends. However, some
polymer blends showed improvements in conductivity at temperatures greater
than 100 °C. Efforts have also been made to reduce the swelling problems
through cross-linking and to increase conductivity via inorganic fillers. How-
ever, limited fuel cell performance testing was reported and, therefore, limited
conclusions can be made on the significance of the improved conductivities. As
mentioned earlier, a recent review by Li et al. [44] discusses and compares the
fundamental membrane properties of these exploratory polymers and blends.

A blend of m-PBI and sulfonated polysulfone (m-PBI/sPS) was investi-
gated for direct methanol fuel cell use [62]. The ion exchange capacity of one
membrane of particular interest was 1.01 meq per gram dry polymer. The
methanol permeation was approximately one order of magnitude less than
that of Nafion 117 for methanol weight concentrations of 20-75%, while the
swelling was similar.

Silva et al. [63] developed a mixture of sulfonated-poly(etheretherketone)
(s-PEEK) with a 42 or 68% degree of sulfonation, m-PBI, and zirconium phos-
phate (ZrP) for use in a direct methanol fuel cell. This blend was originally
designed to increase the chemical and thermal stability of the s-PEEK. The
proton conductivity and DMFC performance were also tested. Although the
membrane swelling and methanol permeability decreased, the membrane
conductivity also decreased. In general terms, however, the addition of the
m-PBI and ZrP imparted chemical stability and increased DMFC efficiency at
temperatures up to 130 °C.

Sulfonated PBIs, other sulfonated polymers, and their blends show great
potential for use as membranes in high-temperature fuel cells. The synthesis,
conductivity, mechanical properties, and performance still require further
development, but results so far are promising. Further investigation remains
to determine whether these problems can be overcome and useful chemistries
developed to meet the needs of high-temperature membranes with perform-
ance characteristics comparable to lower-temperature membranes.
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Fig. 10 Some sulfonated hydrocarbons used alone or as blends with m-PBI. I: sulfonated
polystyrene; 2: poly(benzylsulfonic acid siloxane); 3: sulfonated poly(etheretherketone);
4: sulfonated poly(4-phenoxybenzoyl-1,4-phenylene); 5: sulfonated polysulfone; 6: sul-
fonated polysulfone; 7: sulfonated m-PBI; 8: sulfonated poly(phenylquinoxalines);

9: sulfonated poly(2,6-diphenyl-4-phenylene oxide); 10: sulfonated polyphenylenesulfide.
Reprinted with kind permission from [44]
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25
Acid-Based Blends of Polybenzimidazole and Other Polymers

To increase the thermal stability, acid uptake, water uptake, and conductivity
of m-PBI, many blended membranes have been investigated. Pu investigated
m-PBI/poly(4-vinylpyridine) (P4VP) blends and their proton conductivity
after acid doping [66]. The polymers were chosen because, due to strong
intermolecular hydrogen bonding, they form miscible blends and can be
used as proton conductors. The thermal stability of the blends was lower
than that of m-PBI, but significantly higher than that of P4VP. The thermal
stability decreased with increasing P4VP content, with decomposition begin-
ning around 350 °C. The conductivity for a PBI/P4VP blend (70/30) reached
a maximum of approximately 10 Scm™ at 200 °C with a doping level of
2.1 moles PA/PRU (RH not specified). The maximum conductivity was re-
ported for a 50/50 blend (doping level of 3.2 moles PA/PRU) and was on the
order of ~1072Scm™.

Daletou et al. blended m-PBI with aromatic polyethers containing pyridine
units [67] to improve acid uptake and conductivity. The oxidative stability
of each membrane was tested by immersion in hydrogen peroxide and iron
(IT) chloride (Fenton Test), followed by TGA and DMA. The copolymers made
were based on bisphenol A combined with 2,5-bis(4-hydroxyphenyl)pyridine
and, in some cases, blended with m-PBI. DMA was also used to assess the
miscibility of the polymer blends. The doping level, specified as weight per-
cent of PA per gram of copolymer or per gram copolymer/blend, reached
a maximum of 450 wt % with a PBI/(50/50 phenylpyridine-co-sPS) blend. The
conductivity of a PBI/(50/50 phenylpyridine-co-sPS) blend with doping level
of 220 wt % was ~0.07 Scm™! at 150 °C and 30% RH. It was found that there
was still relatively high conductivity at elevated temperatures. Furthermore,
the thermal stability of the blends remained high even after oxidative degra-
dation, as did the mechanical properties, making these miscible blends viable
membrane candidates for fuel cells.

Wrycisk et al. studied sulfonated polyphosphazene/m-PBI blended mem-
branes for direct methanol fuel cell use [68], where m-PBI provided stabi-
lization via strong ionic interactions. The water swelling and conductivity
were measured at room temperature, while the methanol permeability and
DMEC performance were studied at 60 °C. Sulfonated polyphosphazene was
prepared and blended with m-PBI (3, 5, 8, 10, and 12 wt %) to control swelling
and mechanical properties. The ion exchange capacity, swelling, and conduc-
tivity decreased as the amount of PBI increased, presumably due to the ionic
interactions of the sulfonic acid groups with the basic nitrogens of m-PBI.
The methanol permeability also decreased with increased percentage of PBI
(3-20 times lower than Nafion 117 at 60 °C). Fuel cell performance at 60 °C of
blends with 3 or 5wt % m-PBI was comparable to that of Nafion 117. A max-
imum conductivity of 0.06 Scm™' was measured for the 3 wt % m-PBI blend,
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which is a promising result. These membranes showed good thermal stability
and mechanical properties as well as excellent fuel cell performance, warrant-
ing further study for use in DMFCs.

Jeong et al. [69] synthesized acid-doped sulfonated poly(aryl ether benz-
imidazole) (s-PAEBI) copolymers for use in high-temperature fuel cells. The
polymer was made in a direct polymerization (structure confirmed with
'H NMR) and doped with phosphoric acid to levels of 0.7-5.7. The degree of
sulfonation was varied from 0-60%. The copolymer’s physicochemical prop-
erties were studied using AFM, TGA, and conductivity measurements. TGA
runs showed good stability of the nonsulfonated, sulfonated, and acid-doped
sulfonated membranes up to ~450 °C, with a slow decline above this tempera-
ture. The conductivity depended on the doping level of the polymer. At 130 °C
with no humidification, a polymer with a doping level of 5.7 had a conductiv-
ity of 7.3 x 1072 Scm™.

A number of other blends have been studied for use in fuel cells, but are
similar in approach and properties to those presented here. Clearly, deriva-
tives or blends of PBI may provide property and performance improvements
over the simple homopolymer. Ongoing investigations will explore further
functionalization and extend our understanding of the relationships between
polymer properties and fuel cell performance.

2.6
AB-PBI: Poly(2,5-benzimidazole)

Poly(2,5-benzimidazole), or AB-PBI, (Fig. 1) is another polybenzimidazole
derivative that has been investigated as an alternative fuel cell membrane ma-
terial. AB-PBI is synthesized from 3,4-diaminobenzoic acid (DABA), a rela-
tively inexpensive and widely available monomer. Discussions on AB-PBI and
comparisons to other PBIs must be done with some caution. The repeat unit
of AB-PBI contains a single benzimidazole moiety, while the repeat unit of
PBIs made from TAB contain two benzimidazoles. If one assume the acid-
base interactions are important for membrane properties, then this difference
is important. For clarification in this chapter, the polymer acid ratio for AB-
PBI will be expressed as moles phosphoric acid per moles benzimidazole
moiety (moles PA/BI). Doubling this value will provide an estimate for the
TAB-based PBI “equivalent” loading levels.

AB-PBI was doped with phosphoric acid (up to 5moles PA/BI) and re-
mained thermally stable at temperatures well above those needed for PEM
fuel cells [12]. Conductivities as high as 10 Scm™ were reported in this
study. Interestingly, although AB-PBI absorbed more acid than the sulfonated
and m-PBI tested (above 3 moles PA/BI), conductivity improvements were not
observed.

Asensio et al. [13] incorporated different polyanions, such as phospho-
molybic acid (PMA), into the AB-PBI system, as well as some sulfonated
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PBI derivatives. Sulfonation was performed by immersing pre-cast AB-PBI
membranes in sulfuric acid followed by heat treatment. The amount of
PA absorption in the unfilled membranes was in the order of sAB-PBI
(4.6 moles PA/BI), AB-PBI (2.7 moles PA/BI), and m-PBI (6.7 moles PA/PRU
or 3.35moles PA/BI). Although the molar PA doping level of m-PBI was
higher than the AB-PBIs, the weight percent of PA was the same for all the
membranes. The PMA-doped membranes also showed increased acid uptake
over those without PMA. Thermogravimetric analysis of all phosphoric acid
impregnated membranes showed stability up to at least 200 °C. The conduc-
tivity was tested up to 185 °C, with the conductivity order being sAB-PBI/PA
> AB-PBI/PMA/PA > m-PBI/PA > AB-PBI/PA. The maximum conductivity
for sSAB-PBI/PA was 3.5 x 102 Scm™ at 185 °C in dry conditions, while AB-
PBI/PMA/PA reached 3.0 x 1072 Scm™!. The conductivities of m-PBI/PA and
AB-PBI/PA were very similar, indicating that AB-PBI is a viable alternative
membrane to m-PBI, as studied under these conditions.

Additional work by the same group focused on further developing and
characterizing AB-PBI [70]. The membranes were prepared in a similar
manner to the previous work (casting followed by PA bath immersion).
Characterization included thermogravimetric analysis, conductivity, FTIR
spectroscopy, X-ray diffraction, and scanning electron microscopy (SEM).
It was found that the membranes had an average inherent viscosity of
2.3-2.4dL g, which was high enough for membrane casting. Immersion in
a PA bath led to doping levels of 5 moles PA/BI. Interestingly, if the AB-PBI
was immersed in a concentrated acid bath (85%), the membrane fully dis-
solved. X-ray diffraction showed that the polymer was amorphous in both
the doped and undoped states, but developed more crystallinity on heating.
TGA showed the membrane was stable up to 150 °C; above this temperature,
absorbed water was lost. Between 150-210 °C, additional loss of water was
detected from phosphoric acid dehydration.

Conductivity measurements (membrane with 3.0 moles PA/BI) were made
in the range 50-200 °C with 5-30% RH. Conductivities as high as 6.2x
102 S cm™! were measured at 150 °C and 30% RH. As reported earlier, conduc-
tivity increased with temperature, and exhibited lower values (3.9x 102 Scm™
at 180 °C, 5% RH) at lower RH between 180 and 200 °C. Preliminary fuel cell
tests with hydrogen and oxygen were performed from 100 to 150 °C. When the
gases were switched from dry to humidified at 150 °C, a 50% increase in power
density was measured. Maximum values for power densities (175 mW cm™2)
were obtained at 130 °C and are comparable to other reports.

Asensio et al. [71] also developed a method for producing acid-doped
membranes by direct casting from an AB-PBI/phosphoric acid (PA)/methane-
sulfonic acid (MSA) solution. The methanesulfonic acid was evaporated to
produce a very homogenous, nearly transparent film with controlled com-
position and up to 3 moles PA/BI. This method of preparation was much
more convenient than the typical multi-step, organic solvent based process.
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X-ray diffraction measurements show a much higher crystallinity than the
conventionally imbibed membranes, which was increased further by heat-
ing. Unfortunately, the conductivities of the directly cast membranes were
lower than the conventionally imbibed membranes, attaining a maximum of
1.5x 1072 Scm™! and 2.5 x 1072 S cm™, respectively (dry conditions, 180 °C),
even though the conventionally imbibed membrane had a slightly lower acid
doping level (2.7 vs. 3.0 moles PA/BI). The lower conductivity was believed
to result from dehydration of phosphoric acid at the temperatures needed to
evaporate MSA (>150 °C).

Kim et al. also developed a direct casting method from a mixture of AB-PBI,
methanesulfonic acid, and P,0s [72]. This solution casting method produced
very fine polymer fibers that were easy to work up or could also be cast directly
into a translucent membrane and assembled into an MEA. The acid-doped film
was obtained by immersion in a PA bath. Conductivities ranged from 0.02 to
0.06 Scm! at 110 °C with no humidification, while inherent viscosities ranged
from 1.5 to 1.8dLg™!, and doping levels ranged from 1.6-3.7 moles PA/BI.
These undoped membranes also showed good mechanical properties, with
tensile strengths between 88 and 121 MPa and elongation at break between
31 and 65 percent, with the higher values from polymer produced at longer
polymerization times and, therefore, higher molecular weights.

Cho et al. performed a more in-depth study of the structure of the AB-
PBI/PA complex [73]. The AB-PBI films were cast from a mixture of sodium
hydroxide and ethanol, and then followed by immersion in a PA bath for
doping. The doped films were then stretched about 450% and washed with
boiling water to remove excess acid. X-ray diffraction was performed to inves-
tigate the complex structure. Crystalline ordering was apparent in the AB-PBI
films before doping, but not afterwards. Molecular modeling was also per-
formed to determine the conformation of the polymer chain based on the
torsion of the bond between the repeat units. In general, it was found that
the cast films had a uniplanar orientation, which was destroyed upon addition
of phosphoric acid. Subsequent annealing helped plasticize the polymer and
aided in the retention of the thermal and mechanical stability.

Gomez-Romero et al. [74] revisited the phosphomolybdic acid (PMA)-
doped AB-PBI in a recent paper. They cast PMA impregnated films directly
from a methanesulfonic acid (MSA) solution, and then doped the films with
phosphoric acid. The AB-PBI had an IV of 2.3-2.4 dLg! and the films con-
tained up to 60 wt % PMA. It was found that a 60 wt % PMA film could be
doped in a bath of up to 68% PA. The AB-PBI films dissolved when placed
in higher PA bath concentrations. FTIR spectroscopy showed that the PMA
and phosphoric acid were interacting with the polymer. X-ray diffraction of
the polymer-acid complex indicated a quasi-amorphous structure, which is
consistent with previous reports. TGA showed the membranes to be stable
up to 200 °C after phosphoric acid doping, which is well within the tem-
perature range needed to operate a PEM fuel cell. The conductivity of the
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AB-PBI/PMA/PA membrane was slightly higher than the only PA-doped AB-
PBI (maximum of 0.03 and 0.025 S cm™! at 185 °C, respectively). The work of
the Gomez-Romero et al. group was recently reviewed [75].

Asensio et al. also revisited the concept of a sulfonated AB-PBI (sAB-
PBI) [68]. The membranes were prepared as discussed before ( i.e., sulfuric
acid and thermal treatment, casting from a MSA solution, then PA doping).
The degree of sulfonation, thermal stability, and nonhumidified proton con-
ductivity were studied. At a degree of sulfonation of 41%, the imbibed mem-
brane held 4.6 moles PA/BI. These undoped membranes were stable up to
400 °C and initial decomposition related to the sulfonic acid groups began at
490 °C. The maximum conductivity for this membrane was 3.5 x 1072 Scm™!
at 185 °C with no humidification. As previously observed, conductivity in-
creased with temperature and acid doping level, as well as sulfonation level
(e.g, ~3.0x1072Scm™! for sulfonation level 28%). These membranes are
interesting because of their increased conductivity over native AB-PBI and
PBI, good thermal stability, and excellent mechanical properties.

Overall, AB-PBI and sAB-PBI are possible alternative to Nafion-type mem-
branes, because of the nearly zero dependence of conductivity on water. These
membranes also have the requisite mechanical and thermal stability, while
achieving moderate levels of proton conductivity that can be further modified
with inorganic additives, such as heteropolyacids.

2.7
Other Polybenzimidazole Explorations

A number of other interesting uses have been found for polybenzimidazole
membranes, including a propane fueled fuel cell, an alkaline based fuel cell,
a trimethoxymethane based fuel cell, and a quasi-direct methanol fuel cell.
Wang et al. investigated trimethoxymethane (TMM) as an alternative fuel for
a m-PBI direct oxidation fuel cell [77]. The oxidation of TMM was analyzed
by an online mass spectrometer and online FTIR spectroscopy. The PBI mem-
branes used in the TMM study were doped with 5 moles PA/PRU. The TMM
was hydrolyzed to form a mixture of methylformate, methanol, and formic
acid. At temperatures at or above 120 °C, the TMM hydrolyzed in the pres-
ence of water without an acid catalyst. The anode performance of the different
fuels increased in the order of methanol < TMM < formic acid/methanol <
methylformate. The improved performance of TMM over just methanol was
most likely due to the electrochemical activity of formic acid.

Xing and Savadogo investigated a hydrogen/oxygen fuel cell based on an
alkaline-doped PBI instead of the traditional acid-doped film [78]. The re-
searchers doped m-PBI films with potassium hydroxide, lithium hydroxide,
and sodium hydroxide. The concentration of base in the film depended on the
immersion time and temperature. It was found that m-PBI had a remarkable
ability to hold potassium hydroxide and attained room temperature conduc-
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tivities of up to 9 x 102 S cm™!, which approaches maximum values reported
for Nafion 117. The lowest conductivity was found with lithium hydrox-
ide. The conductivity reported for m-PBI/LiOH was 1500 times lower than
m-PBI/NaOH, and 3000 times lower than m-PBI/KOH. Optimum conductiv-
ities were reported at base concentrations of 4 M LiOH (2.5 x 10 Scm™),
15M NaOH (3x 102 Scm™!), and 6 M KOH (4 x 1072 Scm™"). Conductiv-
ity increased with immersion time and the alkaline-doped m-PBI membrane
showed comparable performance to both acid-doped m-PBI and Nafion
membranes. Further investigation is needed to optimize immersion tech-
niques, measure fuel cell performance and durability, determine the mechan-
ism of conduction, and investigate the effects of water uptake, but this early
research appears quite promising.

Cheng et al. investigated propane fuel cells using acid-doped m-PBI mem-
branes [79]. Under anhydrous conditions, the overall reaction for the fuel
cell was 2C3Hg(g) + O(g) — 2C3He(g) + 2H20(g). The cells were tested up to
250 °C with a maximum open circuit voltage of 0.9 V. For the propane-oxygen
anhydrous fuel cells, performance was very poor and unsustainable (the cur-
rent density decreased from 2 mA cm™ to about 0.3 mA cm™2, over 600 s at
200 °C). However, when humidity was introduced into the system, the cell
was able to generate higher and somewhat sustainable current densities (the
current density decreased from 0.6 mA cm™ to 0.4 mA cm™ over 1000 s at
250 °C) with only CO and CO; as the carbon byproducts, which were formed
from an oxygen-containing partial oxidation Cs intermediate and facilitated
by water present in the humidified gas stream.

Li et al. investigated a quasi-direct or reformed methanol fuel cell (RMFC)
based on a polybenzimidazole/polysulfone (m-PBI/PS) blend [80]. This cell
operated up to 200 °C, significantly above a Nafion based system, and toler-
ated up to 3 volume percent CO poisoning due to the higher temperature.
Since the methanol reformer operated at a similar temperature, system in-
tegration is possible. The membrane was doped at 5 moles PA/PRU of the
blended polymer. Figure 11 shows the performance of the fuel cell at 200 °C
(m-PBI/PS blend was 75/25, PS had SD 36%). At 200 °C with pure hydro-
gen and oxygen feed gases, the current density was 0.67 Acm™ at 0.6 V.
Performance decreased only slightly with 1.0 or 3.0 volume percent CO poi-
soning. These results demonstrate the interest in using acid-doped PBI and
PBI blends for high-temperature fuel cells.

Similarly, Pan et al. integrated a high-temperature fuel cell with a methanol
reformer [81]. Methanol was reformed via steam reforming to produce a hydro-
gen rich fuel stream that would power a high-temperature (185-260 °C) m-PBI
based PEMFC. The MEA was made from acid-doped m-PBI and acid impreg-
nated Pt — C electrodes. The performance at 205 °C at atmospheric pressure
with the reformed methanol was adequate with a current density of 0.2 A cm™
and corresponding voltage of ~0.7 V.
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Fig.11 Cell voltage and power density vs. current density of the high-temperature poly-
mer membrane electrolyte fuel cell under atmospheric pressure at 200 °C. Electrodes
were prepared with a platinum loading of 0.45 mg cm™. The membrane comprised 75%
PBI and 25% SPSF (sulfonation degree 36%), doped with 520 mol % H3POy. The fuel gas
was pure hydrogen or hydrogen containing 1.0 and 3.0% CO, as indicated in the figure,
and the oxidant was oxygen gas. Reprinted with kind permission from [80]

An interesting variation on the meta-PBI structure was explored by Ban-
ihashemi and Atabaki [82] in hopes of increasing the backbone solubility
and, thus, processability. They prepared a new benzofuro[2,3-b]benzofuran-
2,9-dicarboxyl-bis-phenylamide-4,4’-dicarboxylic acid monomer and a series
of poly(amide-benzimidazoles) (PABIs) with several aromatic tetraamines in
polyphosphoricacid. These model compounds contained larger aromatic func-
tional groups between imidazole functionalities, as well as an aromatic/oxygen
containing moiety in place of the normal meta phenylene ring. All of the new
polymers were produced in good yield and exhibited excellent thermal sta-
bility up to at least 400 °C. Solubility studies showed that most of the various
polymers were insoluble in polar aprotic solvents, such as DMSO, DMAc, NMP,
and DMFE. However, all of the polymers were swollen or soluble in sulfuric acid.
These membranes need further characterization and development before their
application in fuel cells can be demonstrated, but this research shows the cur-
rent interest in developing alternative PBI chemistries for fuel cells. The data
on phosphoric acid loading or characterization were not reported.

Another interesting change in PBI morphology was performed by Mecer-
reyes et al. [83]. They prepared porous films, which were then doped with
phosphoric acid. The films were made by leaching out a low-molecular weight
compound using a selective solvent to control porosity up to 75%. Initially,
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m-PBI and porogen were dissolved in DMAc. After casting and solvent evap-
oration, the porogen was removed by soaking in methanol, leaving a PBI
film with pores. The porogens investigated were dimethyl phthalate, diethyl
phthalate, dibutyl phthalate, diphenyl phthalate, and triphenyl phosphate.
These films were then doped by immersion in 11 M phosphoric acid for four
days. It was found that the pore size and morphology were dependent on
the porogen/PBI ratio. Acid uptake increased with increasing porosity and
a room temperature film conductivity of 5 x 1072 Scm™' was achieved while
remaining mechanically stable. SEM micrographs clearly showed a micro-
porous film structure with larger pores, as the weight percent porogen in-
creased. At the lowest weight percent porogen loading (25wt %), no pores
were seen, indicating the pores were less than 100 nm (a transparent film).
At approximately 50 wt % porogen loading, the pores were irregular, roughly
spherical with diameters of 1-5 um. At 70 wt % porogen loading, the pores
were interconnected, with irregular shapes of 2-10 um. By 80 wt %, the large
(5-15 um) pores formed irregular and highly interconnected structures. SEM
micrograph studies of the different porogens showed a clear relationship be-
tween pore size and the aliphatic/aromatic structure of the porogen. A larger
aliphatic tail on the porogen molecule produced larger pores at equivalent
loading levels. The highest PA uptake measured was 439 wt % (for the 70 wt %
dibutyl phthalate film), as compared to 132 wt % (nonporous m-PBI). This
high weight percent corresponds to 1460 mol % for the 70% porous mem-
brane. In general, a linear increase in conductivity was seen with increasing
porogen content. The long-term stability and conductivity are under investi-
gation to determine possible application in fuel cells.

Xu et al. synthesized novel hyperbranced PBIs with interesting proper-
ties via A, + B3 monomers [84]. It was theorized that the three dimensional
branched structure of these polymers might open up many cavities for the
sorption of phosphoric acid. Also, by crosslinking these structures, it may
be possible to “lock” the phosphoric acid in place and prevent leaching.
The polymers were modified using varying amounts of the crosslinker tere-
phthaldehyde (TPA). It was found that these membranes exhibit good me-
chanical properties and doping levels (5-7 mol PA/PRU) and are comparable
to commercially available PBI even with the higher doping level of the hyper-
branched PBIs.

Larson et al. compared the performance of PA-doped m-PBI with bis-
fluorinated acid-doped phenylene oxide benzimidazole (PBIO) [85]. PBI was
purchased from Celanese and PBIO was purchased from Fumatech. The poly-
mers were dissolved in DMAc and NMP, respectively, after IR, elemental
analysis, and NMR confirmed structure. The PBIO polymer solution was
combined with solutions of bisfluorinated acids (disulfonate, C1-bis-imide,
or C4-bis-imide) or solutions of bisfluorinated acid and silica. The polymers
were cast onto glass plates and solvent was removed to form a membrane. m-
PBI membranes were doped with 85% phosphoric acid to a level of 600 mol
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percent. Fuel cell testing was done with carbon paper electrodes (0.4 mg cm™

Pt) in a 5cm? cell with hydrogen and air. The properties of the membrane-
acid complex were tested by attempting to wash out the acid with water or
squeeze it out with mechanical pressing. It was found that the addition of
silica decreased the amount of acid exuded. Interestingly, the best fuel cell
performances were not shown for the membranes with highest doping, but
for those with the best balance between amount of acid exuded, resistance to
wash out, and mechanical strength. Better performances were obtained with
PBIO than m-PBI at both 100 and 110 °C, even though the conductivity of the
PBIO was an order of magnitude lower than m-PBI at all temperatures tested.
There was also a much greater improvement in fuel cell performance between
100 and 110 °C for the PBIO membrane than for the m-PBI membrane.

The effect of the transient evolution of carbon monoxide poisoning on
PBI fuel cells was modeled by Wang et al. [86] and confirmed with experi-
mental studies. A one dimensional model of hydrogen/carbon monoxide fuel
streams for fuel cell performance was developed. It was found from modeling
that over time, with all fuel compositions (hydrogen 40-80%, CO 1-3%, bal-
ance is a mix of CO; and nitrogen), CO — Pt bonding increased, while H, — Pt
bonding decreased. The hydrogen coverage of Pt also decreased. At higher
concentrations of CO, this hydrogen dilution effect becomes significantly
more prominent. The modeling simulation shows good agreement with ex-
perimental procedures, especially considering that the model does not take
into account important parameters, such as the three dimensional nature of
the fuel cell, flow channels, or the gas diffusion layer. With further refinement,
it is hoped that this model could be applied to the designing of an integrated
reformer and fuel cell system with accurate prediction of performance.

A more in-depth look on the effect of electrode PBI ionomer content on
fuel cell performance was undertaken by Kim et al. [87]. A cathode electrode
was developed using Pt on carbon paper and m-PBI with a doping level of
6 moles PA/PRU as the ionomer (5-40 wt %). The 2 cm? cell was made using
acid-doped AB-PBI, and it was tested at 150 °C without humidification and
hydrogen as the fuel, and oxygen or air as the oxidant. It was found that fuel
cell performance increased with ionomer loadings up to 20 wt %, and then
decreased with higher m-PBI content. The best performance was observed
at 20 wt % ionomer content, because the ohmic resistance was lowest at this
loading and showed the optimum balance between ionic and electrical con-
ductivities. The activation loss was lowest between 10 and 20 wt % loading.
An increase in the concentration loss with increased ionomer content was
observed, due to the increased mass transport of hydrogen and oxygen. The
degree of catalyst particle interconnection increased with ionomer content
and, therefore, the active area was decreased. The researchers concluded that
the activation loss was the largest contributor to overall fuel cell performance
loss, perhaps because PBI is applied as a liquid ionomer (unlike PTFE) and,
therefore, it penetrates into all pores and decreases Pt utilization.
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Recently, BASF Fuel Cells has developed a new membrane for use with
liquid feed DMFCs called CeltecV [88]. CeltecV is based on a blend of poly-
benzimidazole and polyvinylphosphonic acid. The phosphonic acid based
electrolyte was immobilized in the PBI matrix and could not be leached out
during operation. Single cell performance tests of CeltecV and Nafion 117
were carried out and compared. It was found that CeltecV MEAs showed
~50% lower methanol crossover than Nafion. The electroosmotic drag of
water was found to be five times lower for CeltecV which greatly reduced
cathode flooding and allowed a lower cathode air flow stoichiometry. Interest-
ingly, Nafion performed better at 90 and 110 °C at a low methanol concentra-
tion (0.5 M). However, at methanol concentrations of 1.0 and 2.0 M, CeltecV
showed superior performance, especially at higher concentrations, probably
due to the lower crossover of methanol and, therefore, increased stoichiomet-
ric availability of oxygen. A long-term durability test performed over 500 h
showed an increase in membrane resistance of 18%, and future work will seek
to elucidate whether this is an effect of a change in membrane chemistry or
a deterioration of the membrane/electrode interface.

In order to improve both the mechanical properties and acid reten-
tion of m-PBI membranes, Li et al. [89] synthesized cross-linked polymers.
p-Xylenedibromide was used as the cross-linking agent in varying amounts.
Cross-linked membranes showed significantly lower solubility in DMAc, es-
pecially at higher cross-linker content. High doping levels were also achieved
for these membranes. Linear m-PBI had a doping level of 15.5 mol PA/PRU,
while membranes with cross-linking degrees of 1.1, 3.6, and 13.0% had 15.1,
14.1 and 8.5 mol PA/PRU, respectively. Doping level can be tailored by con-
trolling immersion time and temperature of the phosphoric acid-doping bath.
The volume percent swelling of these membranes was much lower than that
of the native PBI. The cross-linked membranes showed significantly improved
mechanical stability over native PBI. For example, a 13% cross-linked mem-
brane with doping of 8.5 molPA/PRU was comparable to linear PBI with
a doping level of 6 mol PA/PRU. The conductivity of these cross-linked mem-
branes was vastly increased over linear PBI at the same RH and temperature,
due to the improved mechanical properties and higher doping levels. The
Fenton test was performed on the membranes to determine the chemical
stability and resistance to radical attack. The cross-linked films showed im-
proved stability over linear PBI and a higher degree of cross-linking had
improved stability, because of the reduced number of sites available for rad-
ical attack.

The alternative explorations of PBI as electrode ionomer, modified mem-
brane, and in various types of fuel cells show great promise for the wide
adaptability of PBI membranes. Further characterization and development
are needed, but these initial forays give important insights into the nature of
PBI interactions with electrode and reactants.
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3
A New Approach: Polybenzimidazole from the Polyphosphoric Acid Process

3.1
Introduction to the Polyphosphoric Acid Process

A new process for synthesizing high molecular weight polybenzimidazoles
and membrane casting was developed at Rensselaer Polytechnic Institute
(RPI) in conjunction with the group that now constitutes BASF Fuel Cells.
Collaboration between the two groups began in late 1998. This new method,
termed “the PPA process”, uses polyphosphoric acid (PPA) as the polycon-
densation agent, polymerization solvent, and membrane casting solvent [76].
PBIs were synthesized mostly from 3,3',4,4'-tetraaminobiphenyl (TAB) and
various dicarboxylic acids, although many combinations of tetraamines and
diacids are possible. After polymerization, the PBI solutions in PPA were cast
and the PPA hydrolyzed in-situ to phosphoric acid (PA). Under appropriate
conditions, a sol-gel transition occurred to produce a film with a combi-
nation of desirable physicochemical properties not obtainable from conven-
tional imbibing processes. These membranes had high PA-doping levels, good
mechanical properties, excellent conductivities, and excellent long-term sta-
bilities, even when operating at temperatures over 150 °C. A state diagram,
shown in Fig. 12, was proposed to describe the multiple chemical and phys-
ical transformations that occurred during the conversion of monomer to final
membrane. A critical part of the process is the sol-gel transition that oc-
curs for many heteroaromatic polymers. The sol-gel transition is induced by
a change in the nature of the solvent, when PPA (a good solvent for many PBI
polymers) is converted to PA (a poor solvent) via a simple hydrolysis reaction
following absorption of water during a post-casting process. In its simplest
form, this is performed by exposing the cast solutions to ambient air at a set

115% | Monomers ———y Polymer,Filmcasting

PPA Conc.

Temperature

Fig.12 State diagram of the PPA Process
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Fig. 13 3!P NMR of PBI membrane cast from polyphosphoric acid and its conversion to
phosphoric acid. Note that the asterisk identifies the 0 ppm peak

relative humidity. The in-situ PPA hydrolysis process was confirmed using
3lp spectroscopy [90] (Fig. 13).

As can be seen from these spectra, the amount of PPA decreased with time
upon exposure to the moisture in the ambient air, while the amount of PA in-
creased proportionately. If desired, quantitative information, such as rate of
hydrolysis, may be obtained from these spectra. A number of PBI chemistries
have been investigated in conjunction with the PPA process, including m-PBI,
p-PBI, AB-PBI, and pyridine-based PBIs. Since the thermal conversion of PA
to PPA occurs at temperatures far above 200 °C, the films remain stable for
extended periods of time in an operating fuel cell.

3.2
Meta- Polybenzimidazole

One of the first PBI polymers to be synthesized by the PPA process was meta-
PBI (m-PBI) (Fig. 1). Many polymerizations were performed to determine the
effect of monomer concentration (2-12 wt %), PA loading, conductivity, me-
chanical properties, and morphology on fuel cell performance. It was found
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that monomer concentration had a marked effect on the polymer molecular
weight, most easily seen in terms of inherent viscosity (IV). As seen in Fig. 14,
maximum IV’s were obtained at monomer concentrations of 8-8.5 wt %. The
polymerization method (PPA process) produced high molecular weight poly-
mers as compared to typical values reported in the literature. The highest IV’s
were almost a threefold increase over typical commercially available m-PBI
polymers.

The levels of phosphoric acid doping that occur in m-PBI membranes pro-
duced by the PPA process are 14-26 moles PA/PRU. A membrane with 14.4
moles PA/PRU generally corresponds to about 64 wt% PA, 14.1 wt% PBI
polymer, and 21.5 wt % water in the gel film [91]. The level of phosphoric
acid doping for conventionally imbibed membranes has been reported to be
6-10 moles PA/PRU [2].

Proton conductivies for the PPA produced membranes were relatively high.
A conductivity-temperature curve is presented in Fig. 15, showing conductiv-
ity of 0.13Scm™! at 160 °C measured under non-humidified conditions. The
curve was recorded as a second heating run after an initial heating to 160 °C
was conducted to remove the excess water. Literature reports of m-PBI/PA
membranes [92] from conventional imbibing processes report conductivities
of 0.04-0.08 S/cm at 150 °C at varying humidities. The conductivity was re-
ported to be stable at these conditions for extended periods.

244
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Fig. 14 Effect of monomer concentration on polymer inherent viscosity for a number of
m-PBI polymerizations at 190 °C via the PPA Process
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Fig. 16 Performance curves of hydrogen/air m-PBI/PA fuel cells at different temperatures
and 1 atm (absolute) pressure. Note that the fuel cell operating conditions are as follows:
constant flow rate, H, at 400 SCCM, air at 1300 SCCM, no humidification, 44 cm? active
area, 1.0 mg cm Pt catalyst loading, Pt — C 30% on each electrode
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Fuel cell performance of the PPA produced m-PBI membranes is shown
in Fig. 16. Although the fuel cell performance was measured under constant
high flow-rate conditions, the membranes were operated reliably at high tem-
peratures and dry gases. Additional work also showed that the fuel cells could
run on a synthetic reformate containing 2000 ppm of carbon monoxide.

33
Para-Polybenzimidazole

Another chemical structure, para-PBI (p-PBI), shown in Fig. 17 has also been
investigated using the PPA process. The typical polymerization process pre-
viously reported in the literature was a melt/solid polymerization of diphenyl
terephthalate and 3,3',4,4’-tetraaminobiphenyl, which produced a final poly-
mer with an IV of ~1 dL g~!. Historically, little research has been reported for
p-PBI, because it was thought to be too difficult to synthesize and process.
These limitations probably result from the rigid nature of the polymer and
the inability to produce fibers unless copolymerized with other monomers to
prepare polybenzoxazole or polybenzthiazole copolymers [93-96]. It was not
until the 1970s that high molecular weight (IV of 4.2 dL g™') p-PBI was syn-
thesized [97]. However, since p-PBI was soluble only in strong acid solvents
and at concentrations too low for fiber processing, research on p-PBI was not
pursued [98, 99].

H
7
N N
H
Fig.17 Chemical structure of p-PBI

The synthesis of p-PBI in PPA was also difficult, due to the poor solubil-
ity of terephthalic acid (TPA) in PPA. The method developed by Delano [97]
required several weeks of heating to produce the 4.2 dL g~! IV polymer. Ulti-
mately, the low solubility of TPA was not entirely limiting, because the solid
TPA slowly dissolved in the PPA, ensuring a constant concentration through-
out the polymerization.

Recently, Xiao et al. [90] reported that high molecular weight p-PBI could
be produced using the PPA process at much shorter polymerization times
and that membranes could be cast from the polymerization solutions. The
mechanical properties of the doped films were critically dependent on the
polymer IV and doping levels were very high, typically 20-40 moles PA/PRU.
The doping levels of these mechanically stable films were much higher than
all previous reports on PA/PBI films, and they resulted in conductivities that
were greater than 0.2Scm™' at temperatures above approximately 140 °C.
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Fig.18 Fuel cell performance for the p-PBI membranes from the sol-gel process. Polar-
ization curves of fuel cells under H,/air (squares) and H,/O; (circles), without any feed
gas humidification. The membrane PA doping level was approximately 32 mol PA/PRU.
The catalyst loading in both electrodes was 1.0 mgcm™ Pt, and the cell was operated at
160 °C at constant stoichiometry of 1.2 stoic and 2.5 stoic at the anode and the cathode,
respectively

This is probably the first report of the processing of high molecular weight
p-PBI into useful articles.

These membranes also showed excellent high-temperature performance in
fuel cells when tested with dry hydrogen/air and hydrogen/oxygen gases at
160 °C. The polarization curves are shown in Fig. 18 using anode and cathode
stoichiometries of 1.2 and 2.5, respectively. Exceptional long-term stability
was demonstrated in cell performance tests.

34
Pyridine-Based Polybenzimidazole Membranes

Among a variety of PBI structures, only limited types of PBIs, which primar-
ily included the commercially available PBI, poly[2,2’-(m-phenylene)-5,5'-
bibenzimidazole] (i.e., m-PBI), sulfonated or phosphorylated m-PBI, as well
as the poly(2,5-benzimidazole) (i.e., AB-PBI), have been explored for fuel cell
applications [100]. A systematic synthesis of PBIs with different structures
was initiated at RPI to study the effect of the PBI polymer molecular structure
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on the final film properties. The substitution of pyridine dicarboxylic acids
(PDA) for the iso-/terephthalic acids is particularly interesting, since it in-
creases the number of basic groups in the polymer backbones. Xiao et al. syn-
thesized a series of pyridine-based polybenzimidazole (PPBI) homopolymers
from 3,3',4,4'-tetraaminobiphenyl (TAB) and 2,4, 2,6-, 2,5-, and 3,5-pyridine
dicarboxylic acids using the PPA Process, as shown in Scheme 2 [90, 101]. Dif-
ferent diacid monomers gave different substitution patterns on the pyridine
ring. For instance, two carboxylic acid groups on 2,5-PDA are opposite to
each other and give “para-orientation,” while all the other monomers (3,5-,
2,6-, 2,4-) give “meta-orientation.”

HoN NH, ~ COOH
+ HOOCw- yCOOH ~ HOOC. -~ ~COOH B
HoN NH, N | _ P
N N~ >COOH
Polyphosphoric acid
» (PFPA) 3,5-PDA 2,4-PDA
HOOC._~ «
N N X | |
! > N” “COOH HOOC™ “N” “COOH
N N N .
N N ) 2,5-PDA 2,6-PDA

Scheme 2 Synthesis of PPBI homopolymers

There were some previous reports on the preparation of the PPBIs in PPA
that resulted in low IV polymers or incomplete imidazole ring closure [102,
103]. In the present study, the initial polymerizations using diacid monomers
without further purification gave PPBIs with IVs less than 1.0dLg™, as
shown in Table 2. Based on the Carother’s equation, monomer purity and
accurate stoichiometry are crucial to obtain high IV polycondensation poly-
mers. Therefore, a detailed study of the monomer purity and purification
method was carried out on all the diacid monomers. DSC scans were em-
ployed to monitor the relative purity of the monomers. They confirmed the
improved monomer purity after purification. Table 2 shows that all diacid
monomers polymerized to yield high IV PPBIs after appropriate purification
of starting materials and careful manipulation of polymerization conditions.

As mentioned previously, one of the major barriers to the extensive ap-
plication of the rigid rod PBI polymers has been their poor solubility and
processability [104]. The polymerizations of p-PBI in PPA are difficult to con-
trol at a polymerization concentration higher than 4.5%, because the polymer
precipitates [105, 106]. Surprisingly, the simple substitution of the pyridine
ring for the phenyl ring allowed the polymerization of 2,5-PPBI in PPA at
polymerization concentrations up to 18%. Clearly, the incorporation of the
extra nitrogen in the polymer backbone significantly improved the solubility
of the polymer in PPA and, thus, enhanced the polymer processability.
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Table 2 Inherent Viscosity and Polymerization Data of PPBIs

Polymer Monomer purity IV Polymerization concentration Film
(dLg™') (wt % of the final polymer) formation
process
2,5-PPBI  As received 0.8 4% ~ 18% Mechanically
Recrystallized — 2.5-3.1 strong film
3,5-PPBI As received 0.6 4% ~ 20% No liquid drain-off,
Recrystallized 1.3-1.9 Not film-forming,
honey-like solution
2,4-PPBI  As received 0.3 ~ 7% Mechanically
Recrystallized 1.0 strong film
2,6-PPBI  As received 0.2 ~ 7% Liquid drain-off
Recrystallized 1.3 Mechanically
weak film

The TGA thermograms of the pyridine-based PBIs were obtained in both
flowing nitrogen (20 mL min~!) and flowing air (20 mL min~!) at 20 °C min~!.
Curves for all the PPBI structures (2,4-, 2,6-) were similar and showed that
the thermal stabilities of all PPBIs were quite high in both nitrogen and air,
with an initial decomposition temperature of approximately 420 °C in air, as
expected from the characteristic wholly aromatic structures of the PPBI poly-
mer backbone. Thus, it was demonstrated that PPBI polymers incorporating
main chain pyridine groups retained the inherently high thermo-oxidative
stability of polybenzimidazoles.

The ionic conductivities of the PA-doped 2,5-PPBI and 2,6-PPBI mem-
branes are shown in Fig. 19. The para-oriented 2,5-PPBI membrane with
20.4 moles of PA/PRU exhibited a conductivity of 0.018 Scm™ at room
temperature and approximately 0.2Scm™ at 160-200°C. For the meta-
oriented 2,6-PPBI membranes with 8.5 moles PA/PRU, the conductivity was
0.01 Scm™! at room temperature and approximately 0.1 S cm™ at 160-200 °C.
It was concluded that polymer structure exerted a strong influence on mem-
brane processing, PA doping levels, and final membrane properties.

Preliminary fuel cell evaluations were performed on the 2,5-PPBI mem-
brane from the PPA process and are shown in Fig. 20. All of the tests were
conducted on non-humidified feed gases and performed reliably under these
completely dry conditions.

Among four types of PPBI homopolymers, the para-structured 2,5-PPBI
gave mechanically strong membranes with a high PA doping level of ap-
proximately 20 moles PA/PRU, which contributed to the high proton con-
ductivities. As expected, the fuel cell performance increased with increas-
ing temperature. Overall, the major differences in membrane formation, PA
loadings, mechanical properties, and fuel cell performance were surprisingly
large, considering the seemingly minor changes in chemical structure. Fur-
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Fig. 19 Temperature dependence of ionic conductivity of PA-doped 2,5-PPBI and 2,6-PPBI
membranes

ther work is being conducted to fully understand the effects of polymer
structure on the fundamental membrane properties (PA content, PA reten-
tion, etc.) as well as the effects on fuel cell performance.
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Fig.20 Polarization curves of H, /O, fuel cells with 2,5 PPBI membrane from the PPA pro-
cess. Electrodes were 1.0 mg cm™ Pt, 30% Pt on Vulcan XC-72 carbon. Fuel cell tests were
performed on 10 cm? cells at ambient pressure, no external humidification, constant flow
H, (120 mLmin™') and O, (70 mL min™!) at temperatures of 120 °C (open circles), 140 °C
(open squares), and 160 °C (open diamonds)

4
Durability and Degradation
in High-Temperature Polymer Electrolyte Membrane Fuel Cells

BASEF Fuel Cells (formerly PEMEAS or Celanese Ventures) produces polybenz-
imidazole (PBI)-based high-temperature membrane and electrode assemblies
sold under the brand name Celtec®. These MEAs operate at temperatures be-
tween 120 °C and 180 °C. One of the distinct advantages of high-temperature
PEMEFCs is exhibited in their high tolerance toward fuel gas impurities,
such as CO (up to 3%), H,S (up to 10 ppm), NH3, or methanol (up to sev-
eral percent), compared to low-temperature PEMFCs. Additionally, waste
heat can be effectively used and, therefore, the overall system efficiency
is increased.

Although several distinct advantages from an electrocatalysis perspective
are present when a fuel cell operates at temperatures above 120 °C, care has
to be taken when selecting the materials for MEAs. The catalyst materials
must be highly active for the oxidation of realistic reformates and the oxy-
gen reduction reaction, but, in addition, high stability towards corrosion is
needed in order to ensure long fuel cell lifetimes (e.g., for stationary power
applications at least 40 000 hours) at sustained high power output.
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In order to get insight into some of the typical degradation modes de-
scribed in the next section, specific experiments were designed [111] and are
presented here.

4.1
Typical Degradation Mechanisms and Material Requirements

Table 3 summarizes the most important degradation modes observed in high-
temperature MEAs operating up to 200 °C. However, it must be noted that,
except for acid loss modes, which are unique to liquid acid based fuel cells,
all other degradation modes are also observed in low-temperature PEMFCs.

Table 3 a: Possible Membrane Degradation Modes

Cause Effects Mechanisms

Creep, fibers,
flcompression)
Creep, fibers,
flcompression)
Phosphoric acid evaporation Proton conductivity, IR-drop increase Evaporation, f(T, p)

Pin hole formation H, cross over, fuel loss, short cuts

Membrane thinning H, cross over, fuel loss, short cuts

Table 3 b: Possible Electrode Degradation Modes (mtx = mass transport; ECSA = electro-
chemical surface area)

Cause

Pt particle growth

Pt/alloy dissolution
Phosphoric acid
evaporation from

catalyst layer
Carbon corrosion

GDL corrosion

PTFE degradation

Effects

Loss of ECSA, decrease of
reaction kinetics

Loss of ECSA, decrease of
reaction kinetics
Loss of ECSA, decrease of
reaction kinetics

Loss of ECSA, flooding, decrease
of reaction kinetics, increase of
mtx overpotentials, increase of
IR-drop

Loss of structural integrity,
flooding, decrease of

reaction kinetics, increase

of mtx overpotentials

Loss of hydrophobicity, flooding,
increase of mtx overpotentials

Mechanisms

Migration, f(T);
Dissolution/recrystallization,
J(T,E)

Electrochemical dissolution,
f(T,E)

Evaporation,

f(Tp); f(porosity changes)

Electrochemical oxidation,

AT Ep)

Electrochemical corrosion

f(T,E,p)

tbd
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411
Degradation Modes Related to the Membrane

Typical membrane degradation modes include (i) the possibility of pin hole
formation, due to thinning of the membrane, which leads to increased fuel
crossover and loss of fuel efficiency and (ii) acid evaporation. By choosing
the appropriate gasket material, the former effect can be minimized even over
extended operation times. In order to effectively reduce the pressure on the
membrane in the MEA, hard gasket materials are most suitable.

The acid evaporation due to the operating temperatures of 120 °C to 180 °C
was found to be of no concern, due to the unique properties of the membrane.
The small amounts of gaseous PA that are transported with the product
water and excess gases out of the fuel cell were collected over approximately
8000 hours operation at 160 °C. The overall acid evaporation rate was found
to be ~0.5ugPAm™s7!. Based on the acid evaporation rates and the ini-
tial MEA acid content, a theoretical lifetime of more than 80000 hours can
be calculated. Additionally, during the 8000 hour test, the ohmic cell resist-
ance changes by only 415 m$2 cm?, demonstrating that there is no significant
impact of acid evaporation on cell lifetime.

41.2
Degradation Modes Related to Electrodes

The typical electrode degradation modes are: (i) corrosion of the catalyst
metal (both particle growth and dissolution), (ii) corrosion of the carbon
materials in electrodes (catalyst support and GDL materials), and (iii) degra-
dation of PTFE. The first two modes are both strong functions of the electro-
chemical potential and the operating temperature. Pt-metal particle growth
can occur through Ostwald ripening in a simple surface diffusion process
or through dissolution/recrystallization process [112]. Pt dissolution con-
comitant with an irreversible loss of the active metal phase can become
a severe issue when the fuel cell is operated for extended periods of time
at potentials above 0.85V [112]. Both lead to reduction of the electrochem-
ical active surface area and manifest mainly as a decrease in the cathode
kinetics.

Electrochemical corrosion of carbon supports was widely studied in the
context of phosphoric acid fuel cell development [113,114]. However, re-
cently, the low-temperature fuel cell community has also given more attention
to this process [115,116]. Carbon corrosion at the fuel cell cathode in the
form of surface oxidation can lead to functionalization of the carbon surface
(e.g., quinone, lactones, carboxylic acids, etc.), with a concomitant change in
the surface properties. This clearly results in changes to the hydrophobicity
of the catalyst layer. Additionally, and even more severe, total oxidation of
the carbon with the overall reaction leads to a substantial loss of the catalyst



Polybenzimidazole/Acid Complexes as High-Temperature Membranes 113

layer itself and can also result in losses of the electrical connection of the Pt
particles in the electrode. The overall reaction is as follows:

C+2H;0 — CO, + 4H™ + 4¢ (1)

In addition to the electrochemical carbon corrosion rates, which are func-
tions of temperature, electrochemical potential, and water partial pressure,
the carbon morphology also plays an important role [99, 103].

In order to get some impression of the corrosion behavior of different car-
bon materials at the PBI/PA/carbon interface, a corrosion study of different
carbon materials was performed at 180 °C and 1.0 V vs. RHE. The corrosion
currents were continuously recorded for ~1000 minutes. Subsequently, from
the mass specific charge at a given corrosion time, Q(t), the maximum weight
loss, assuming a 4-electron reaction, is calculated according to the following:

AW(t) =100-Q(t) - M/(4F) (2)

with M being the atomic mass of carbon and F the Faraday constant. Al-
though the assumption of the 4-electron reaction process may not be entirely
valid, especially at shorter time scales, the high potential, temperature, and
low pH drive the reaction towards CO, formation [114]. In Table 4, the results
from eight different carbons are presented. Six of these samples are typi-
cal carbon black materials (furnace or thermal blacks), whereas two samples
represent synthetic high-surface area graphites. Comparing the weight loss
values from the carbon black material, the well-known trend observed was

Table 4 Corrosion Behavior of Different Carbon Materials

Carbon Weight loss [%] Weight loss [%] BET surface area Carbon Type

t =100 min t = 800 min [m? g
TIMCAL 2 12 130 Synthetic graphite
HSAG 100
TIMCAL 4 13 280 Synthetic graphite
HSAG 300
TIMCAL 13 73 770 Furnace black
Ensaco 350G
Degussa 4 22 125 Furnace black
HiBlack 40B
Degussa 8 50 250 Furnace black
Printex L6
Vulcan XC72 9 35 250 Furnace black
Ketjen Black 14 45 800 Furnace black
Shawinigan 3 12 75 Thermal black
Acetylene

Black
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that high surface area carbons seem more susceptible to corrosion than car-
bon blacks with lower surface area. However, this did not seem to be the case
for the high surface area graphites (Timcal HSAG 100 and 300) with almost
identical weight losses after 800 minutes, even though surface area differed
by a factor of two. Based on the results from Table 4, a much higher stabil-
ity of fuel cell catalysts can be expected when using one of the high surface
area graphite supports, as compared to conventional carbon black materials.
Even more important, the well-known loss of catalyst dispersion on graphi-
tized carbon blacks, due to the significant reduction of the carbon surface
area during graphitization, can be avoided, due to the high surface area of the
synthetic graphite samples.

4,2
Impact of High Cathode Potentials

In order to get detailed insights on the impact of high cathodic operation po-
tentials on the degradation of a Celtec®-P Series 1000 MEA, a 50 cm? single
cell was operated at 180 °C and 0.02 A cm™ for close to 2000 hours. The test
was designed to determine the kinetic and mass transport changes induced
by Pt particle growth and carbon (surface) corrosion.

The steady state cell potential at 0.02 Acm™ as a function of runtime is
illustrated in Fig. 21a (gray circles). Quite obviously, the cell potential de-
creased from 0.795V to ~0.765V. Since at this low current density, mass
transport overpotentials are negligible, this difference of 30 mV can be safely
attributed to a reduction of the cathode kinetics. For confirmation, H, — O,
polarization curves were recorded at the beginning of life (f = 72 h) and after
500, 1000, and 1800 h of operation (see the resulting Tafel plots in Fig. 21b).
The Tafel slope was found to be ~95 mV dec™!, very close to the theoretical
2.3 RT/F value (90 mV dec™! at 180 °C). Interestingly, the cathode kinetics de-
creased within the first 500 hours operation by 30 mV and then remained
constant for the rest of the experiment. However, from an initial straight Tafel
line with one single slope of the complete current density range, a bending
of the Tafel line was observed for longer operation times (>500h), pointing
to additional changes in the mass transport properties of the cathode [118].
The reduction of the cathode kinetics by 30 mV corresponded to a reduction
of the electrochemical surface area by ~52% with respect to the initial sur-
face area, which was mainly attributed to the typical initial sintering/particle
growth process in fuel cell cathodes.

In order to quantify changes in the mass transport overpotentials, add-
itional Hy-air polarization curves (stoichiometries 1.2/1.3 for Hj/air) were
recorded. In Fig. 21a (white squares), the cell potential at 0.2 A cm™ is plot-
ted, showing a total reduction of 47 mV after 1800 h, compared to beginning
of life. The additional 17 mV of degradation were due to increased mass
transport overpotentials, which resulted from changes in the hydrophobic-
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Fig.21 a Steady state potential at 0.02 A cm™ (gray circles) and cell voltage at 0.2 A cm™
from H,-Air polarization curves. T =180 °C, H,-Air stoichiometries 1.2/1.3, p = 1 bar,;
b IR-corrected Tafel plots after 72, 500, 1025, and 1820 hours, respectively. T =180 °C,
H, — O, stoichiometries 1.2/9.5, p = 1 bar,; ¢ Low temperature short stack data taken
from [104]. i = 0.2 Acm™2, T = 80 °C, H,-Air stoichiometries 2/2, p = 1.5bar,, fully hu-
midified

ity of the catalyst layer due to oxidation of the carbon. Although the total
degradation did not seem to be a linear function (see Fig. 21a), the calculated
degradation rate was 26 uV h™! under the conditions of 0.2 A cm used in the
study.

Interestingly, recently published data from a GM low-temperature short
stack with Gore 5510 MEAs operated at 0.2 A cm™ at 80 °C and 1.5 bar, (100%
RH) at cell potentials between 0.78 V and 0.73 V showed a nearly identical
degradation rate of 25 pV h™! [119], shown in Fig. 21c. In this publication, the
kinetic losses were attributed to a reduction of the electrochemical Pt surface
area of 50% (similar to the value of 52% found with Celtec® MEAs). The simi-
larity of the degradation rates and mechanisms of MEAs operated at 80 °C
(Gore) and 180 °C (Celtec®) are quite astonishing, especially when consider-
ing the 100 °C temperature difference. One factor, which certainly plays an
important role in the corrosion/oxidation of the carbon materials, is the water
partial pressure. In the low-temperature case, the stack is operated with fully
humidified gases, whereas the high-temperature MEA is operated with dry
gases. In conclusion, although the operating temperature of a Celtec® MEA
was 100 °C higher than for typical PESA-type MEAs, no increase in degrada-
tion rate was observed.
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4.3
Membrane and Electrode Assembly Durability

This section summarizes still ongoing durability experiments performed on
a Celtec®-P Series 1000 MEA. The MEA was operated at a constant load of
0.2 A cm™ at 160 °C using nonhumidified dry hydrogen and air (Fig. 22). The
overall degradation rate under these conditions amounts to -6 WV h".

To obtain insight into the different cathode degradation modes, a Tafel
slope analysis was performed at the beginning of life and subsequently for an
additional nine times. The initial IR-free cell performances using Hj-air and
H, — O, are shown in Fig. 23. A single Tafel slope of 90 mV dec™! can be fitted
throughout the whole current density range (the fitted slope closely reflects
the theoretical value of 2.3 RT/F (85 mV dec™! at 160 °C)) and directly points
to pure kinetic reaction control without interference of mass transport losses.
The same Tafel slope can be fitted for the Hj-air polarization curve, although
only up to 0.1 A cm™.

At higher current densities, the plot significantly deviates from linearity,
pointing to the presence of the well-known mass transport resistances, when
using air as the oxidant. Following a similar analysis as described in de-
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Fig.22 Durability of a Celtec®-P Series 1000 MEA at 160 °C, 1 bar,, using pure hydrogen
and air with stoichiometries of 1.2 and 2, respectively. The test was conducted in a 50 cm?
single cell
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Fig.23 Initial IR-free polarization data with H,-Air and H, — O, at 160 °C. The current
density is corrected for the initial H, crossover current of 1mA cm™2. H, stoichio-
metry 1.2, air stoichiometry 2, O, stoichiometry 9.5

tail [120, 121], the IR-free cell potential, E.¢j 1r-free> can be given by Eq. 3:

Ecell, IR-free = E° (PHz/Oz/Hzoa T) - NoRR — Ncathode, mtx ~ MTHOR ~ Nanode, mtx >

3)

where E°(px, T) represents the temperature and Hj, O, and H,O partial
pressure dependent equilibrium potential, norr and nror the kinetic overpo-
tentials for the oxygen reduction and hydrogen oxidation reaction and 7y mtx,
the mass transport overpotentials on the cathode and anode, respectively.
All anodic overpotentials are negligible under the applied conditions. This
was checked by polarization measurements with increased hydrogen utiliza-
tions. Additionally, as concluded from Fig. 23, the oxygen polarization curve
is under pure kinetic reaction control and no mass transport resistances are
present. That is, Eq. 3 reduces to:

Ecell, R-free = E° (PHz/Oz/Hzoa T) - NORR - (4)

By proper calculation of E°(py, T), the oxygen reduction overpotential can
be determined using Eq. 4 from the measured oxygen polarization curve,
which follows an oxygen partial pressure dependent Butler-Volmer expres-
sion [121, 122]. The theoretical Tafel line for air polarization should be just
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shifted to lower cell potentials by AEo,-ajr, given by:
AEOz-Air =AE°+b- Y- 10g(P02 /PAir) (5)

with AE° being the difference between the equilibrium potentials for pure
oxygen and air, b and y are the Tafel slope (b = 2.3 RT/F), and the kinetic re-
action order (y =~ 0.6) and p, being the partial pressures for pure oxygen and
air. Deviations from the theoretical Tafel line for air polarization to lower cell
potentials can be considered to be cathodic mass transport overpotentials.
The changes in oxygen reduction overpotentials and cathode mass transport
overpotentials are plotted as functions of current density (Fig. 24) and run-
time (Fig. 25).

All oxygen Tafel slopes were found to be in the range of 90-94 mV dec™!,
although at longer operation times (>10000 h), the lines could only be fit-
ted up to 0.1-0.2 A cm™2. At higher current densities, a bending to lower cell
voltages could be clearly observed, pointing to the fact that at higher cur-
rent densities both kinetic and mass transport reaction control were present.
However, over approximately the first 10000 h operation, the oxygen reduc-
tion kinetics decreased by only 15% as compared to the initial kinetics, which
was ascribed to initial loss of electrochemical surface area through sinter-
ing of the catalyst particles within the first 1000 hours operation. However, at

0 2 4 6 8 10 12 14 16 18
runtime [1000*h]

Fig.24 Oxygen reduction overpotentials in V as a function of current density and MEA
runtime
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Fig.25 Mass transport overpotentials in mV as a function of current density and MEA
runtime

longer operation times, the kinetics further decreased (the oxygen reduction
kinetics were reduced by ~35mV at 0.2 A cm™ after 18000 hours). Although
not entirely clear at this point in time, the major part of the kinetic losses
might be due to a reduction of the electrochemical surface area, due to par-
ticle sintering. However, most likely, at least during the last 4000 to 5000 hours
operation, electrical isolation of active catalyst particles due to the corrosion
of the carbon perimeter can be assumed.

The mass transport overpotentials calculated from the air polarization
curves were increasing during the first 9000 hours of operation from ~5mV
(0.2Acm™) to 39 mV (0.2 Acm™2). During the following 5000 h, the mass
transport overpotentials remained almost constant. During the last 4000 h of
operation, an additional 30 mV increase was observed. The main reason for
an increase of the mass transport overpotenials on the cathode side is the
slowly occurring flooding of the cathode catalyst layer structure with PA (see
Table 3). It is noteworthy that only during the last 4000 hours of operation,
both the kinetic and mass transport overpotentials increased significantly,
which was interpreted as a concomitant corrosion of the carbon perimeter of
the catalyst particles. This led to an increased flooding and an electrical dis-
connection of the catalyst particles. Further work (both in-situ and ex-situ),
especially at the end of life, is necessary in order to completely clarify this
process.
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44
Summary and Conclusions

This summarizes the major degradation modes observed in polymer elec-
trolyte fuel cells with a strong emphasis on the modes observed for high-
temperature PEMFCs based on PBI/PA membranes. In a test over 8000 hours
at 160 °C, the overall PA evaporation rate was only 0.5 jig m~2 57!, resulting in
projected lifetimes of more than 50 000 hours, and showing that acid evapora-
tion does not constitute an issue that affects MEA durability. Furthermore, it
was shown that the degradation rate of a Celtec®-P Series 1000 MEA operated
at 180 °C is very similar to a low-temperature MEA operated at 80 °C when
both cells were operated in the same potential range.

Finally, a continuously ongoing durability test of a Celtec®-P Series 1000
MEA was discussed in light of cathode degradation. The MEA itself has cur-
rently been running for more than 18000 hours at constant current density
with an overall degradation rate of -6 WV h~!. At this current density, the
main part (55%) of the degradation is due to increased mass transport over-
potentials and by reduced oxygen reduction kinetics (30%). The remaining
15% can be ascribed to a slight increase in ohmic cell resistance.

5
Conclusions and Future Directions

The fuel cell systems based on acid-doped m-PBI and AB-PBI membranes
have been well-characterized with respect to polymer properties, such as
ionic conductivity, thermal and chemical stability, and in many cases, me-
chanical properties. In addition to these standard chemical structures, a num-
ber of modifications to the polymer backbone have been investigated. These
modifications mostly include some type of sulfonated derivatives or blend-
ing with other membranes with the aim of increasing ionic conductivity via
higher acid-doping levels while still retaining adequate mechanical proper-
ties. Further investigation of filled systems (nanoparticles, inorganic acid,
etc.) has been done to improve mechanical strength and also to increase
acid-doping levels. While a general picture that defines the properties and
performance of these membranes has emerged, specific comparisons are
sometimes difficult because of the minimal polymer and fuel cell character-
ization performed in some studies.

In comparison with the PBI membranes cast from organic solvents and sub-
sequentlyimbibed with phosphoric acid, the PA-doped PBI polymer electrolyte
membranes prepared via the PPA process possessed high PA loading levels with
good mechanical properties and enhanced proton conductivities. It was shown
that the polymer molecular structures significantly affected the properties of
the polymers and the corresponding film formation process. In addition to
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this, improved fuel cell performance (especially at high temperatures) is seen
compared to the “traditionally” prepared acid imbibed membranes.

Industrially, BASF Fuel Cells has a commercially prepared, ready made MEA
(Celtec®) that shows great promise. The carbon corrosion, PA evaporation
rates, and degradation losses are all minimal. The demonstrated long-term sta-
bility is excellent, with the ability to run for atleast 18 000 hours, nearly halfway
the United States Department of Energy target of 40000 hours, for stationary
applications with only a very small voltage loss over this time period.

In the future, for all membranes prepared and characterized, more fuel cell
testing needs to be done under a variety of conditions. This is especially im-
portant because data gathered during initial studies may not accurately reflect
fuel cell performance. At this time, there is still a relatively small amount of
fuel cell performance data reported for PBI membranes. Also, different appli-
cations (stationary, portable, automotive) may require significantly different
testing protocols and MEA requirements to fulfill their needs.

To attain widespread use of fuel cells, performance data must be available
to prove to industry developers and consumers that fuel cells are indeed a vi-
able option for replacing or supplementing conventional power systems. In
order to make fuel cell systems practical, more research on preparation of
MEAs, catalysts, and incorporation into stacks is needed. However, an ex-
cellent and promising start to using PBI in real world applications has been
achieved and will undoubtedly continue to blossom in the future.
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Abstract The results of the research of novel proton-conducting membranes carrying
phosphonic acid groups have been analyzed and summarized with respect to their appli-
cation in fuel cells. General approaches to the preparation of heterochain and heterocyclic
polymers carrying phosphonic acid groups have been considered, including polycon-
densation of phosphonic acid functionalized monomers and phosphorylation of existing

polymers. The bibliography includes 85 references.
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Abbreviations

BPA Bis-phenol A

NMR Nuclear magnetic resonance

'H NMR Proton nuclear magnetic resonance
3lp_NMR Phosphorus-31 nuclear magnetic resonance
DCB o-dichlorobenzene

DEP Diethyl phosphite

DMA Dimethylacetamide

DMF Dimethylformamide
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DMSO  Dimethylsulfoxide

DCP 3,5-dicarboxylbenzenephosphonic acid
GPC Gel permeation chromatography

IEC Ion-exchange capacity

N-MP N-methyl-2-pyrrolidone

PBI Poly(Benzimidazole)

PEMFC  Proton-exchanging membrane fuel cells
PSU Polysulfone

STA 2-sulfoterephthalic acid

TEA Triethylamine

TGA Thermogravimetric analysis

THF Tetrahydrofuran

1
Introduction

Proton-conducting ionomers for polymer electrolyte membrane fuel cell
(PEMEC) is one area in which extensive research is ongoing to modify aro-
matic main chain polymers to tailor their properties as proton conductors [1-
18]. When it comes to modifying these polymers with the aim of preparing
ionomers, sulfonic acid units have been by far the acidic moiety of choice [1-
19]. This is at least partly due to the wide range of reactants that are com-
mercially available for sulfonation. Besides direct sulfonation by electrophilic
substitution reactions with, for example, fuming sulfuric acid, sulfonated
ionomers have been also accomplished by chemical grafting [20,21] and by
direct polymerization of sulfonated monomers [22-27].

Nowadays, research in the field of PEMFCs is mainly driven by the insuf-
ficiency of properties of Nafion membrane at temperatures above 100 °C [11,
13, 28]. Operating a fuel cell at these temperatures increases the kinetics of the
electrode reactions, reduces the risk of catalyst poisoning, lowers the amount
of catalyst needed, and reduces cathode flooding [7].

As a result, the overall performance and cost efficiency of the fuel cell
system can be expected to be significantly improved. However, at high tem-
perature, desulfonation, which is a loss of the sulfonic acid unit through
hydrolysis, may become a critical issue [29]. This is currently motivating
the search for ionomers with alternative acidic moieties, such as phosphonic
acid [30, 31], which have higher chemical and thermal stabilities than sulfonic
acid moieties [32-34].

Even though phosphonic acid units are less acidic than sulfonic acid
units [35], they are known to have a greater ability to retain water than sul-
fonic acid unit [36]. This is crucial for maintaining high conductivities at
elevated temperatures.

In spite of their potential usefulness, polymers containing phosphonic acid
units have scarcely been studied for fuel cell applications, because the syn-
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thetic procedures available for phosphonation are limited and complex in
comparison to sulfonation procedure. Furthermore, lower acidity of phos-
phonic acids, compared to sulfonic acids, requires higher degrees of substi-
tution for sufficient proton exchange performance.

2
Proton-Conducting Polymers
and Membranes Carrying Phosphonic Acid Groups

The first proton-conducting perfluorinated membrane carrying phospho-
nic acid units was prepared by Kotov et al. [34]. Several co- and ter-
fluoropolymers based on tetrafluoroethylene and perfluorovinylenes, such
as

CF, = CFO(CF,),P(0)(0CyHs)2 ,

CF, = CFO(CF,)3P(0)(0CyHs),,

CFZ = CFOCF2CF(CF3)O(CFz)zp(O)(OC2H5)2, and
CF, = CFOCsF7,

were synthesized via redox-initiated emulsion polymerization. The polymers
were subjected to acid hydrolysis and the corresponding fluorinated poly-
meric phosphonic acids were obtained. Both the polymeric phosphonated
and phosphonic acids can be readily processed into films by compression
molding. Perfluorinated phosphonic acid membranes with an ion-exchange
capacity (IEC) within the range 2.5-3.5 milliequivalents per gram and a ther-
mal stability of 300-350 °C were prepared. The characteristics of these acid
membranes were explored, and these films show promising electrochemical
properties, such as proton conductivity (0.006-0.076 S/cm) comparable with
Nafion membranes.

Perfluorinated polymers with pendant phosphonic acid groups were also
described in [37]. These polymers are analogues of Nafion and their synthesis
requires demanding and expensive fluorine chemistry.

In addition, there are several investigations on proton exchange polymers,
whose phosphonic acid sites are linked to aromatic ring directly or by means
of alkylene spacers. These polymers can be prepared by polycondensation
of phosphonic acid functionalized monomers or phosphorylation of exist-
ing aromatic condensation polymers. There are several methods reported
for the preparation of arene phosphonates from aryl bromides [38-40]. The
classical Arbuzow reaction [41, 42] is commonly used, in which triethylphos-
phite and nickel dichloride are employed as catalysts. The reaction often
requires harsh conditions (160 °C) and suffers from low yields. Alterna-
tive palladium-catalyzed reaction [43-45] useful for phosphonation proceeds
more smoothly.
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2.1
Polycondensation of Phosphonic Acid Functionalized Monomers

Phosphonic and phosphinic acid moieties may be incorporated in the main
chains of macromolecules or in the side groups.

In general, few articles on the polycondensation of phosphonic acid func-
tionalized monomers can be found.

Miyatake and Hay [46] reported the first phosphonic acid containing poly-
mers and copolymers from three phosphine-containing aromatic difluorides,
prepared in accordance with the following Scheme 1:

1. Mg
. | (EtO H,PHO ” H202
< > T ether i : C CH20|2
1. K2Cqu aq
0 2.Bul, 16-crown-6_
F P F
OH CHsCN OBu

Scheme 1

The aforementioned difluoromonomers were polymerized with bis-
phenol A (BPA) bis-(propylcarbamate) under basic conditions at 160 °C in
DMSO to produce the corresponding poly-(arylene ether)s (Scheme 2):

o, Pr
0 Chs coN
OO e OO
0=C CHs
H

3
X

/
Pr

K,CO;4 CHs O
DMSO ¢ © J

H X
160°C CHs

X=-H, -OH, -OBu

— )-o

Scheme 2

Because the carbamoyl-masking groups improve these kinds of nucleo-
philic-substitution polymerization reactions [47], BPA bis-(propylcarbamate)
was used.

Target polyethers were prepared with 25-78% yields [47].

Their general properties are given in Table 1.
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Table 1 Properties of the polyethers of general formula

CH, 0
% )6 )0 )t o
CHs X
n

-X Yield % 3in (dLg™')* Tg (°C) Tdi09,° (°C)
-H 52 0.24 200 477
- OH 25 0.14 102 422
— OBu 78 0.30 125 325

2 In NMP at 27°C
b Temperature for 10% weight loss under nitrogen

Polyether with phosphonic acid groups in the main chain (- X = - OH) was
very soluble in polar organic solvents (DMFE, N-MP, DMSO), slightly soluble in
chloroform, but insoluble in water. Polyether with n-butil phosphinate ester
groups was soluble in many organic solvents like benzene, chloroform, THE,

and DME

"~ Wy
X Chis CN
OO

0O=C
O |
I N-H
Us S USI

(0]

]

K,COj3

DMSO
160°C

]

CHs
q@o«@—e{ >—o
CH,3 X P
CHa Q
AYanWa aWs
CHs, 1-p

]

-X=-H, -OH, -OBu

Scheme 3
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Films obtained by casting from solution were brittle and self-supporting.

To produce higher molecular weight polymers, copolymerization with bis-
(4-flourophenyl)sulfone was investigated (Scheme 3).

The copolymerization was successful and gave copolymers with a higher
solution viscosities (up to 0.39 dLg™! in N-MP) than that of corresponding
homopolymers (Table 2).

Table 2 Properties of the copolyethers of general formula
2 C
o
|
P

Cls .
OO

CH, X
Chts Q
9@0—@?@0

CH3 1-,0

o}
-X p Yield % 3 (dLg™')® Tg (°C) Tdy0%° (°C)
-H 0.5 78 0.32 202 432
—-H¢ 0.5 65 0.39 225 454
- OH 0.1 85 0.33 191 490
- OH 0.2 67 0.37 183 452
- OH 0.3 59 0.14 184 465
- OH 0.5 31 0.14 157 428
—OBu 0.2 91 0.19 175 445
—OBu 0.4 81 0.11 183 401

2 In NMP at 27°C
b Temperature for 10% weight loss under nitrogen
¢ Polymerization run in N,N-dimethylacetamide

Because the copolymers were more soluble than the homopolymers and
even somewhat soluble in methanol, the isolated yields were not quantitative.

From the stoichiometric investigations, it was found that trace amounts of
water are crucial, and that they hydrolyze fluoride monomers. A 7 mol % ex-
cess of difluoride monomer was used to obtain the highest molecular weight
copolymer (Table 3).

Copolymer with the highest viscosity was soluble in many organic sol-
vents and gave a film by casting from solution. A high thermal stability
(Tg =178°C, Tgec109% = 432 °C) was observed.

The polymers did not have high hydrophilicity; however, small amount of
polar organic solvents helped them to swell in water.

Hay et al. [48, 49] have synthesized phosphonic acid containing bis-phenol
by the interaction of 4,9-bis-(4-hydroxyphenyl)benzoisobenzofuran-1,3-
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Table 3 Stoichiometric effect on the copolymerization of bis-(4-fluorophenyl)-phosphonic
acid and bis-(4-fluorophenyl)-sulfone with BPA

Excess of Yield % 3in (dLg™h)?  Tg (°C) leo%b (°C)
bis-(4-fluoro-phenyl)-
phosphinic acid

0 31 0.14 157 428
0.013 35 0.34 164 432
0.05 42 0.25 156 433
0.07 70 0.78 178 432
0.07¢ 45 0.16 171 422
0.1 48 0.29 169 439

2 In NMP at 27°C
b Temperature for 10% weight loss under nitrogen
¢ Polymerization run at 200 °C in NMP

HO OH HO OH
o "l e
(o} C. °C
98 o
0 b
0

C
ST e S
- reflux
Cop— o

Scheme 4



132 A.L. Rusanov et al.

dione - phenolphtaleine derivative [50, 51] - with m-aminophenylphosphonic
acid (Scheme 4).

Poly(arylene ethers) containing phosphonic acid groups were prepared
from the bis-phenol (mixed with bis-phenol A) and 4,4’ -difluorodiphenyl sul-
fone [48,49] in accordance with Scheme 5:

oA o
9 CHj3
n n+m m
CH3

(0]
pH
Px
HO (0] DMSO
KoCO;3
180°C

0 o
0-C G0

@
P

HO

. Q CHg3 ?
OV W W e W n e W
CHgy
n

~0

Scheme 5

The poly(arylene ethers) with various compositions were prepared.

Because of the very low nucleophilicity of phosphonic acid salts, high mo-
lecular weight polymers were obtained in a prolonged time of 5hrs. The
phosphorus-31 nuclear magnetic resonance (*!P-NMR) spectrum of poly-
mers showed a single peak at 12.286 ppm indicating the presence of phospho-
nic acid group in the polymer chain.

Thus, general properties of the polymers were obtained, as given in Table 4.

As listed in Table 4, all the polymers have high molecular weights.
Therefore, these polymers can easily be cast into tough clear and flex-
ible films. Polymer based on 3-[4,9-bis(4-hydroxyphenyl)-1,3-dioxo-(1,3-
dihydrobenzo|f]isoindolo-2-yl)-phenyl]-phosphonic acid only has the lowest
molecular weight since the polymer precipitated during the polymerization
reaction. Tg; of the copolymers increase linearly with increasing phosphonic
acid group content. The introduction of ionic moiety into the polymer gen-
erally leads to an increase of the interaction among the polymers chains;
therefore, homopolymer (n. = 10.0) has no detectable Tg. The thermogravi-
metric data indicates that the polymers listed in Table 4 are thermooxidatively
stable, while the TGAopset Of these polymers decrease with the increase of
phosphonic acid content. Nevertheless 5% weight loss temperature (TGAs5o,)
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Table 4 Properties of polymers

n % m%  3iph EM? Water? Tg TGAonset TGAse, Proton
Absorption % (°C) (°C) (°C) Conductivity
(Scm™)
25 75 0.67 518 3.2 254  289.8 502.4 6.78 x 107°
50 50 0.60 596 4.7 277  245.7 498.0 2.96x 107
75 25 0.54 673 6.4 315 229.1 480.5 1.86 x 107>
100 0 0.43 750 7.5 ND 194.2 476.1 1.32%x 107

2 EM-equivalent molecular weights that are defined as the equivalent weight per phospho-
nic acid group
b Water absorption in hot water (12 hrs)

is much higher than TGAqnget for these polymers, demonstrating that these
polymers are more stable than Nafion [52].

The proton conductivity of copolymer (50 :50) was determined to be
2.96 x 10 Scm™!. It is three orders of magnitude lower than that of Nafion
(1072 Scm™! under moisture). Surprisingly, there was no further increase in
conductivity when the phosphonic acid moiety was larger than 50%. The
conductivity decreased by a factor of two to 1.32 x 10 Scm™, because the
increase in Tg values leads to the decrease in conductivity.

New diamine containing phosphonic acid groups - (4-[4,5-bis(3-amino-
phenyl)-1H-imidazol-2-yl]-phenyl)phosphonic acid diethyl ester — [53] was

H : 02N N02
C

o) NO, ol
/‘33 NH
G
O,N o) mod. Radziewski
ozNNo2 H2NNH2
Pd(dpa); [H] NH
CHClIj4
Et3N, 110°C
(EtO)Px (EtO)Px

Scheme 6
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prepared in accordance with the scheme, including the interaction of 3,3'-
dinitrobenzyl with p-bromobenzaldehyde [54] P — C coupling and reduction
of the diethyl phosphonate (Scheme 6).
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Interaction of this diamine with two-fold molar amount of naphthalic an-
hydride and equimolar amount of naphthalene-1,4,5,8-tetracarboxylic acid
dianhydride led to the formation of bis (model) compound and poly-
naphthylimide-containing phosphonic acid groups, respectively (Scheme 7).

Phosphonated polybenzimidazoles were prepared by the interaction of
3,3’ ,4,4'-tetraaminodiphenylsulfone with 3,5-dicarboxylbenzenephosphonic
acid (DCP) (Scheme 8) [55].

O O

HaN 1 I
Q Ho™© Con _PPA
H2N § NH2 + -
)
NH, HO-P-OH
o)
-0 -
i I
=S
11 {—
—— O NH HI}I/Q
N=C C=p
HO-P-OH
L (0] In

Scheme 8

The proton conductivity of such polymers was close to 10 Scm™, and
it was higher than that of sulfonated polymers. Although the phospho-
nated structure has advantage of increasing the proton conductivity in ion-
containing polybenzimidazole, incorporation of DCP in these polymers de-
creases the solubility in N-methyl-2-pyrrolidone (N-MP).

In order to obtain the membrane in which both conductivity and solubil-
ity coexist, copolymers containing sulfonic and phosphonic acid groups at the
same time were prepared (Schemes 9, 10) [55]. As dicarboxylic acids contain-
ing sulfonic acid groups 5-sulfoisophthalic acid monosodium salt (SIA) and
2-sulfoterephthalic acid monosodium salt (STA) were used.

The copolymer with STA : DCP = 50 : 50 showed good solubility in N-MP,
but only similar level of conductivity to the sulfonated polymer. When the
content of DCP was increased to STA/DCP = 30 : 70, the conductivity jumped
to similar level of phosphonated polymer, while maintaining the solubility in
N-MP. Further increase of DCP content to STA/DCP = 15 : 85 induced the de-
crease in solubility. There is a narrow region where good conductivity and
solubility coexist in these copolymers. Ion-containing polybenzimidazoles
showed excellent stability against hydrolysis, radical attack and dimensional
change in wet/dry cycles.
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O
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Scheme 9

n=m+p

Scheme 10

In a recent preliminary report [56], Shanze et al. described poly(phenylene
ethynylene) which feature phosphonate groups appended to the polymer
backbone (Scheme 11).

The phosphonated polymer was prepared via a neutral precursor polymer,
which was soluble in organic solvents, enabling the material to be character-
ized by nuclear magnetic resonance (NMR) and gel permeation chromatog-
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raphy (GPC). Sonogashira polymerization of phosphonate monomer and 1,4-
diethynylbenzene afforded neutral polymer in a 46% yield. Analysis of the
neutral precursor polymer indicated M, = 18.3 kD and polydispercity 2.9.

The target polymer was prepared by bromotrimethylsilane-induced cleav-
age of the n-butyl phosphonate ester group in neutral precursor polymer.
After neutralization of the reaction mixture with aqueous sodium hydroxide,
target polymer exhibited good solubility in water.

Generally, preparation of phosphonic acid functionalized monomers
and their polymerization are problematic, because of the strong aggre-
gation and condensation of phosphonic acid units which result in poor
yields [7, 33,56-58]. Consequently, a more attractive strategy is to phospho-
rylate existing polymers [59].

2.2
Phosphorylation of Existing Polymers

A number of procedures are well established for the preparation of aryl phos-
phonic acids by introducing phosphonic functional groups into aromatic
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compounds of low molecular weight [60], but some of them proved to be
inappropriate for a polymeric starting material. The Friedel-Crafts reaction
using phosphorus trichloride is, for example, a common efficient and low-
cost procedure for direct phosphonation of aromatic rings. Systematic studies
of this reaction on polystyrenes showed, however, that the trifunctionality of
phosphorus trichloride leads to cross-linked products regardless of reaction
conditions [61, 62].

Nevertheless, the possibility of modification of polysulfones main chains
by Friedel-Crafts reaction with phosphorus trichloride and SnCly as a cata-
lyst was demonstrated by Ziaja et al. [63].

Recently, Jakoby et al. [64,65] reported a synthesis of phosphonated
polyphenylsulfone. This group has focused their efforts on two straightfor-
ward reactions for the synthesis of aryl phosphonic acids from brominated or
iodinated aromatic starting materials.

The bromination of different polysulfones, including polyphenylsulfone,
was described in details by Guiver et al. [66]. The characterization of the
product by elemental analysis gave a degree of substitution of 2 Br atoms per
repeating unit of the polymeric structure.

The electron-donating effect of the ether linkages of the main chain activates
the phenylene rings of the bis-phenol part towards nuclephilic attack, and they
may, thus, be used as positions for halogenation, such as bromination [66].

After bromination, two different procedures were tested for a bromine-
phosphorus exchange. The first one is the Michaelis-Arbuzow reaction in the
presence of transition metal salt catalysts [41, 42]; the second one is a P—C
coupling reaction catalyzed by Pd (0) complexes [43-45]. Both reactions are
usually carried out without any solvent. It was found that the reaction con-
ditions of the P — C coupling reaction could be adapted to the application of
polymeric substrates [65].

The Michaelis-Arbuzow reaction was adapted to polymeric substrates
using high-boiling solvents, such as dimethylacetamide (DMA) and N-MP.
The application of these polar solvents was necessary, because triethyl phos-
phite is a very strong precipitation medium for polymeric substrate. It turned
out that the Michaelis—Arbuzow reaction was very slow, either due to the di-
lution of the components in the mixture or due to the sterical hindrance of
reaction sites on the polymer chain. As a consequence, the reduction of the
metal catalyst by triethyl phosphite, which is a common and well-known side
reaction for this procedure [41], was favored and became predominant. The
rapid reductive deactivation process of the catalyst could be observed by color
changes of the reaction mixture. After adding the first drops of triethyl phos-
phite to the mixture at 150 °C, the green active catalyst species were converted
into colorless Ni(0) complexes or black Pd metal particles within 1 hour.

The Pd(O)-catalyzed P — C bond formation is another convenient modern
method for the preparation of aryl phosphonic acids from aryl bromides or
iodides and diethyl phosphite (DEP). The reaction conditions had to be modi-
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fied again for polymeric substrates, because the conversion is usually carried

out with liquid aryl halides at 90 °C in the absence of an additional solvent.

The reaction for dibrominated polyphenylsulfone is depicted in Scheme 12:
Brz

- O-O--0-+OF
Lo 0+O

diethyl phosphite,
triethylamine,
Pd(0)-catalyst

O

OCHQCH3

(72}

e

O

conc. hydrobromic acid

rotigl!

Diethyl phosphite turned out to be a less efficient precipitation medium for
the dibrominated polyphenylsulfone than triethyl phosphite.

Systematic investigations showed that the polymer is soluble in mixtures
of diethyl phosphite and o-dichlorobenzene (DEP:DCB =1:2.5v/vor 2:1
v/v), and insoluble in any of the pure components. Two different Pd(O) com-
plexes with triphenyl phosphine or dibenzylideneacetone (dba) were used as
ligands. Triethylamine (TEA) was required for the removal of the HBr side
product. It is well known that the molar rations of the components, the choice
of the catalyst, and the reaction temperature have a strong influence on the
yield of the phosphonation product [67, 68]. Therefore, systematic variations
of these parameters and their effect on the degree of phosphonation of the
polymer material were investigated (Table 5).

O

Br
oo

Scheme 12



140 A.L. Rusanov et al.

Table 5 Influence of reaction conditions on the substitution (phosphonation) degree (DS
- number of phosphoric groups per monomer unit)

Product Temp. Catalyst Procedure Solvent  DS? Product
no. °C weight® g
1 90 Pd(PPh;), 2 DCB 0.40 8.5

2 120 Pd(PPh3), 2 DCB 0.58 7.9

3 140 Pd(PPh3), 2 DCB decomposition

4 120 Pd,(dba); - CHCl; 2 DCB 0.77 8.5

5 120 Pd;(dba); - CHCI;3 3 DPE 0.88 9.2

6° 120 Pd,(dba); - CHCl; 4 none 0.79 8.3

7 110 Pd(PPh3), 2 pyridine decomposition

2 Determined by 'H NMR spectroscopy
b Post-phosphonation of product 4 in the absence of any additional solvent
¢ Starting from 10 g polymer

Due to solubility problems of the polymer, the reaction had to be started
in presence of only 9-13 equivalents of diethyl phosphite and 1-2 equiva-
lents of triethylamine, related to aryl bromide units. As the solubility of the
polymer improved during phosphonation, the concentration of DEP and TEA
could gradually be increased, until, finally, a molar ratio of ArBr:DEP:TEA
= 1:22:4 resulted, which comes close to the reaction conditions described
in [69].

An increase of the reaction temperature from 90 to 120 °C enhances the de-
gree of phosphonation. If the temperature was further increased to 140 °C, the
yellow color of the reaction mixture turned dark, and decomposition was ob-
served. The Pd catalyst was obviously more active in the absence of triphenyl
phosphine ligands. The highest degrees of phosphonation were achieved by
using diphenyl ether as a solvent, instead of o-dichlorobenzene.

All phosphonated products could easily be converted into the free phos-
phonic acids by acid hydrolysis of the esters.

Concerning the polymer stability, the TGA curves show weight loss in the
temperature range between 225 and 325 °C. According to the literature [34,
70], a weight loss between 250 and 350 °C is attributed to the fragmentation
of the ethyl phosphonate units into the free acid and ethylene, and possibly
a subsequent formation of anhydride groups from two phosphonic acids. This
explains why the first weight loss in TGA curves was not found for free phos-
phonic acid samples.

The decomposition of the polymeric free phosphonic acids only started
above 350 °C. Unreacted bromine atoms are also believed to split above
250°C [70].

All the polymers with free phosphonic acid pendant groups are insoluble
in methanol and water. They are soluble in DMA or DMSO up to a DS of
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0.58, whereas the highly phosphonated sample with a DS above 0.75 did not
completely dissolve any longer. In DMA, these samples only formed a highly
swollen polymer gel. It turned out, however, that the addition of 2 vol % of
concentrated hydrobromic acid to the mixtures led to rapid dissolution. The
gelation is supposed to be caused by strong ionic clusters in the highly func-
tionalized material. These clusters are destroyed by the mineral acid.

For film casting, a solution with 8 wt % of polymer in DMA was prepared
in the presence of 2 vol % of concentrated HBr. The resulting polymer films
were mechanically stable and clear. These films are under investigation as
solid electrolyte membranes for fuel cell applications.

Transformation of the brominated polyethersulfones to the phosphonated
polyethersulfones was carried also using Ni catalysts. Mulhaupt et al. [71] have
prepared phosphonated polyethersulfones via the treatment of the brominated
polyethersulfone with tris-(trimethylsilyl)phosphate (TMSP) catalyzed with
NiCl, and subsequent methanolysis of the reaction product (Scheme 13).

Br
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Q CHs NiCl,, Ph-O-Ph, 200°C
|| 0 0 >
CHj n - Me3SiBr

SlMe3
P\ ,S|Me3
“ CH3;0H
o
“ C . . n -2 Me;SiOH
HQ
/,
OB on
o CH; o
— ol 1o
CHs n

Scheme 13

Resulting polymers dissolve in N-MP or N-MP containing 2-5 vol % conc.
HCL In accordance with TGA data, degradation of polymers with arylphos-
phonic acids groups started at temperature >325 °C. Analog of this polymer
containing sulfonic acid groups started to desulfonate at >200 °C. Depend-
ing on the conversion degree, protonic conductivity of the phosphonated
polyethersulfone was ranged between 1.2-8.7 mSmcm™!, which was lower
than the conductivity of the polyethersulfone containing sulfonic acid groups
(20 mSm cm™1).

Another attractive way of functionalizing poly(arylene ether sulfone) is
lithiation, followed by the reaction of the lithiated sites with an electrophile.
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Savignac et al. [72] made an extensive study on the synthesis of phosphonates
by nucleophilic substitution at phosphorus, a so-called SyP(V) reaction. They
showed that organolithium compounds are the reagents of choice for the
synthesis of phosphonates, because these compounds generally minimize the
formation of side products.

In the frame of work [59],the feasibility of employing an SyP(V) reac-
tion between lithiated polysulfones and either dialkylchlorophosphates or
diarylchlorophosphates to phosphonate polysulfones without the use of a cat-
alyst was investigated (Scheme 14):
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CHy 0
O
CHs o
RO),Px
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THF | 2)0,1 MHCI

Scheme 14

Polysulfone, PSU, is an amorphous aromatic polymer that consists of al-
ternating bisphenol A and biphenyl sulfone segments. The strong electron-
withdrawing effect of the sulfone units gives a slight acidic character to the
ortho-to-sulfone aromatic hydrogen. Thus, the carbon at these positions may
be metalyzed by the use of a strong base, such as n-BulLi [73].

The use of lithium chemistry is a versatile and convenient way of modify-
ing PSU. Moreover, lithiation and a subsequent reaction with an electrophile
do not give rise to chain scission or any other degradation in the polysulfone
main chain [74].

Polysulfones carrying benzoyl(difluoromethylenephosphonic) acid side
groups [75] were prepared in accordance with (Scheme 15):
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In the first step, polysulfones were lithiated and reacted with methyl
iodobenzoates to prepare p- and o-iodobenzoyl polysulfones. Next, the
phosphonated polysulfones were prepared via CuBr - mediated cross-
coupling reactions between the iodinated polymer and [(diethoxyphos-
phinyl)difluoromethyl]zinc bromide. Finally, dealkylation with bromotri-
methylsilane afforded highly acidic — CF, — PO3H, derivatives. The replace-
ment of the iodine atoms by — CF, — PO3H; units was almost quantitative in
the case of 0-iodobenzoul polysulfone. Membranes based on ionomers having
0.90 mmol of phosphonic acid units/g of dry polymer demonstrated pro-
tonic conductivities up to 5 mSm cm™! at 100 °C. Thermogravimetry revealed
that aryl-CF, — PO3H, arrangement decomposed at approximately 230 °C via
cleavage of the C— P bond [75].
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Alternative approach to the phosphonated PSU is based on lithiation of
brominated PSU, because the halogen-lithium exchange is favored over the
proton-lithium exchange at low temperatures [66] (Scheme 16):
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Scheme 16

Along with poly(arylene ether sulfones), some other polymers were phos-
phonated using above-mentioned procedures.

Hay and coworkers [76] reported on a catalyzed P — C coupling reaction to
synthesize phosphonated poly(arylene ethers) (Scheme 17).

Starting bis-propylcarbomate-masked derivatives of mono- and dibromo-
tetraphenylhydroquinone were prepared in accordance with the Scheme 18.

Highly fluorinated poly(aryl ether) with a phosphonic acid group was pre-
pared by Guiver et al. [77] in accordance with the Scheme 19.
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The polymer obtained has high thermal stability - no obvious decompos-
ition is observed until the main chain decomposition at ~420 °C. Polymer is
readily soluble in DMA, DMF, DMSO, and N-MP. The high solubility of the
polymers enables thin films to readily be prepared.

Because of its higher temperature stability than its — SO;H analog and the
possibility of conductivity at low humidity levels, polymer with phospho-
nic acid groups (— PO3H;) has been studied as potential candidate for use
as PEM material. It showed promising conductivity up to 2.6 x 107> S cm™!
in water at room temperature, and 6.0 x 107> Scm™ at 95% relative humid-
ity at 80 °C. It also exhibits an extremely low methanol permeability value of
1.07 x 107 cm* 71,

An attempt to synthesize ethylphosphorylated polybenzimidazole was re-
ported [2] using the Scheme 20.

The substitution reaction at the NH sites of benzimidazole rings was per-
formed successfully, but the resulting polymer appeared to be insoluble in
organic solvents. The reason for this could be aggregation of phosphoric acid
groups during the substitution reaction. Ethylphosphorylated PBI exhibited
high proton conductivity (10 S cm™) even in the pellet form. According to
the results obtained, the presence of polar phosphoric acid groups enhances
the proton conductivity of polymer electrolytes.

Polybenzimidazole, whose phosphoric acid sites are linked to aromatic
rings by means of alkylene spacers, were prepared by deprotonation of start-
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ing polymers and subsequent conversion with chloro- or bromoalkylphos-
phonates [58].

The instability of benzylic methylene groups in an oxidizing environment
is, however, a severe shortcoming of these materials for fuel cell applications.

N-substituted polybenzimidazoles, containing phosphonic acid groups
which are linked to benzimidazole cycles by means of ethylenic groups, were
prepared by treatment of different polybenzimidazoles with diethylvinylphos-
phonate [78] in accordance with Scheme 21.

Allcock and coworkers [79-81] reported on phosphonation of polyphos-
phazenes. Incorporation of pendent phosphate groups into aryloxyphos-
phazenes through phosphorylation (phosphorus-oxygen-carbon linkages)
led to the formation of polymers containing phosphate ester bonds.
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However, phosphate ester bounds are known to have limited thermal sta-
bility and are subject to chemical attack by hydroxide ions, which may result
in hydrolysis of the phosphorous-oxygen-carbon linkage and cleavage of pen-
dent phosphate group [82].

As a result, the incorporation of pendent phosphate groups into ary-
loxyphosphazenes attached through phosphonate (phosphorus-carbon) link-
ages was examined. The use of direct phosphorus-carbon bond ensures
greater thermal and chemical stability [82, 83], which should provide materi-
als with more versatile properties.

The linkage of pendent phosphate groups to aryloxyphosphazenes is of
interest, because the conversion of pendent dialkyl phosphate groups to phos-
phoric acid groups could lead to interesting and useful proton conducting
membranes.

Two methods for the incorporation of dialkyl phosphonate units into the
side groups of aryloxyphosphazenes were developed [80].

In the first approach, small molecule cyclic (Scheme 22) and high poly-
meric (Scheme 23) phosphazenes bearing bromomethylene - phenoxy side
groups are treated with a sodium dialkyl phosphite, as shown in Scheme 22.

This method yields well-defined products at both the small-molecule and
high polymeric level.

In the second route, a previously attempted procedure [64] was used, in
which small-molecule cyclic (Scheme 24) and high polymeric (Scheme 25)
phosphazenes bearing bromophenoxy side groups are treated with n-butyl-
lithium, followed by a dialkyl chlorophosphonate, as shown in Scheme 24.

This method was improved for the synthesis of aryloxyphosphazenes with
pendent dialkylphosphonate groups, and it led to well-defined products at
both the small-molecule and polymeric level.



Proton-Conducting Polymers and Membranes Carrying Phosphonic Acid Groups 149

(BuO)QP/’O
CH,Br ] Na CH,
/©/ BuO-P-OBu /©/
N o) 0
__N:FI) ___N:|I3—_
0 THF, 25°C 0\3
L CH.Br _|3 L (|3H2 13
(BUO),Pxq
Scheme 22

[ CH; | [ CH,Br |

'd i o .

N=R N=P

L L

L CH; J16L CHs 04
Na
BuO-P-OBu | THF,25°C
o)
) B Osp(0BU),
CHj | CHy ]
o S 9 :
TN=R N=P
L L
L CHz 16 L CHz o4
Scheme 23

Conversion of these pendent dialkyl phosphonate groups to phosphonic
acid groups is a potential route to proton-conductive fuel cell membranes.

Phenylphosphonic acid functionalized poly-[aryloxyphosphazenes] were
prepared [81] in accordance with the Scheme 26.

Phosphonation of poly(aryloxyphosphazenes) via lithiophenoxy interme-
diates was realized via addition of tert-butyllithium to a solution of the poly-
mer in THF at -75 °C. The lithiated polymers were then treated with diphenyl
chlorophosphate, and subsequent basic hydrolysis and acidification yielded
phenylphosphonic groups, as shown in Scheme 26.

Initial attempts to phosphonate the lithiated polymers via the dropwise
addition of diphenyl chlorophosphate resulted in precipitation of the polymer
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Scheme 25
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and formation of insoluble product. However, soluble product was obtained
by the rapid addition of diphenyl chlorophosphate. On the basis of ' P-NMR
spectroscopy data, it was concluded that intramolecular coupling reaction
takes place; in this reaction diphenyl phosphonate ester sites on the polymer
react with a second lithio-phenoxy side groups on the same polymer back-
bone, resulting in a phosphorus bridge between two aryloxy side groups, as
shown in Scheme 27.

This was attributed to an intramolecular reaction rather than the analo-
gous intermolecular cross-linking reaction, due to the high solubility of the

polymers.
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Scheme 26

The overall efficiency of the phosphonation method, with respect to per-
cent conversion of the initial bromine atoms present, was determined by
3IP_NMR spectroscopy.

Phosphonation of polymers via lithiophenoxy intermediates proceeded
with ~50% conversion of the bromophenoxy side groups to diphenyl phos-
phonate ester side groups. The total percentage of lithiophenoxy groups that
had reacted with the diphenyl chlorophosphate was 70%. However, only
~50% of the lithiophenoxy groups resulted in formation of the diphenyl
phosphonate ester.



152 A.L. Rusanov et al.

U PhO 0
o Q PhO OPh 2 ;
e N=P—N=Pw ?
0O O - LiCl N' - LiOPh . FI’
Scheme 27

Elemental analysis revealed that >90% of the initial bromine atoms had
been lithiated. Thus, rather than incomplete lithiation, the limiting factor in
the overall reaction appears to be the side reaction of the highly reactive
lithiophenoxy intermediate, which may occur during the addition of diphenyl
chlorophosphate. This is also consistent with observations made using diethyl
chlorophosphate [81].

Hydrolysis of the diphenyl phosphonate ester groups was accomplished by
treatment of a THF solution of the phosphonated polymers with 1.0 M NaOH
over 24 h. During this reaction, the polymer precipitates from solution, at
which point little further hydrolysis take place. No change in the molecular
weight of the polymers was detected, confirming the stability of the phos-
phazenes backbone to the basic hydrolysis conditions.

The advantage of this synthesis protocol is the freedom to tune the poly-
mer composition and properties by varying the initial aryloxy side group
ration, the degree of lithiation, and the amount of ester hydrolysis.

These polymers have been evaluated as membrane materials for fuel
cell applications [84,85]. They have low methanol diffusion characteristics;
methanol diffusion coefficients for these membranes were found to be at
least 12 times lower than that for Nafion 117 and 6 times lower than that for
a cross-linked sulfonated polyphosphazene membrane [83,84]. Membranes
were found to have IEC values between 1.17 and 1.47 mequiv/g and proton
conductivities between 1072 and 107! S/cm. They appear to be superior to
sulfonated polyphosphazene analogues [84, 85].

3
Conclusions

To summarize, the aforesaid shows that heterochain and heterocyclic poly-
mers carrying phosphonic acid groups can be thought of as candidates
for fuel cell applications. Of especially great interest are phosphorylated
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polyethers, polysulfones, polybenzimidazoles, and polyphosphazenes pre-
pared on the basis of phosphonic acid functionalized monomers or by phos-
phorylation of existing polymers. Further investigations are required to de-
sign proton-conducting materials exhibiting long-term thermal stability and
mechanical strength, capable of operating at high temperatures.
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Abstract Polyphosphazenes possess numerous properties that are attractive for PEM fuel-
cell applications, including thermal and chemical stability and the unlimited possibility
for side-group functionalization. There are some impressive results in the literature, in
particular where sulfonated polyphosphazenes are used in a direct methanol fuel cell.
There is much less data on polyphosphazene fuel-cell membranes with phosphonic acid
or sulfonimide side groups, but preliminary physical and transport property data on these
materials is encouraging. Clearly, more work is needed to truly exploit the full potential
of this important class of inorganic polymers, including the development of new polymer
synthesis schemes and the use of combinatorial methods to screen the unlimited number
of side group-substituted polymers. Herein an overview of prior research on the synthe-
sis and use of acid-functionalized polyphosphazenes in proton exchange membrane fuel
cells is presented.

Keywords Fuel cells - Polyphosphazenes - Proton-conducting polymers - Sulfonation
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Abbreviations

MEA Membrane-electrode assembly

PAN Polyacrylonitrile

PB3MPP  Poly[bis(3-methylphenoxy)phosphazene]

P3MP4EPP Poly[(3-methylphenoxy)(4-ethylphenoxy)phosphazene]
P4EPPP Poly[(4-ethylphenoxy)(phenoxy)phosphazene]

PBPP Poly[bis(phenoxy)phosphazene]

PDCP Poly(dichlorophosphazene)

PBI Polybenzimidazole

SPBPP Sulfonated poly[bis(phenoxy)phosphazene]
PVDF Poly(vinylidene fluoride)

POP Polyorganophosphazene

SPOP Sulfonated polyorganophosphazene

1

Introduction

The proton-conducting membrane in a hydrogen/air or direct methanol fuel
cell (DMFC) performs a number of critically important functions. It physically
separates the anode and cathode to prevent an electrical short circuit, it sepa-
rates the fuel and oxidant to eliminate a chemical short circuit, and it provides
pathways for the flow of protons from the anode (where they are generated)
to the cathode (where they are consumed in the oxygen reduction reaction).
The general requirements of the ion exchange membrane in a proton-exchange
membrane (PEM) fuel cell include [1]: high ionic conductivity (with zero elec-
tronic conductivity) under cell operating conditions, long-term chemical and
mechanical stability, low fuel (H, or methanol) and O, gas crossover, interfa-
cial chemical/mechanical compatibility with catalyst layers, and low cost.

Recent fuel-cell membrane research efforts have been focused on three
areas [2]: (1) membranes for hydrogen/air fuel cells that operate above 100 °C
at low humidity conditions, (2) high proton conductivity and low methanol
permeability membranes for direct methanol fuel cells and (3) low-cost al-
ternatives to perfluorosulfonic acid membranes for both DMFCs and hydro-
gen/air fuel cells.

The most widely studied fuel-cell membrane is DuPont’s Nafion®, a copoly-
mer of tetrafluoroethylene and perfluoro(4-methyl-3,6-dioxa-7-octene-1-
sulfonic acid). Nafion is the membrane material of choice for most proton-
exchange membrane fuel cells that operate at a temperature <80 °C. While
Nafion offers high conductivity combined with exceptional chemical and
mechanical stability [3], it suffers from several critical drawbacks. When used
in a direct methanol fuel cell, Nafion shows significant methanol leakage
(crossover from the anode to the cathode) with the resultant reduction in
fuel-cell performance. To overcome this shortcoming the methanol concen-
tration in the anode feed is usually reduced to 0.5-2.0 M, which necessitates
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either a highly diluted methanol fuel cartridge or the addition of a complex
on-board methanol dilution subsystem. For automotive applications, a high-
temperature (100-140 °C) fuel cell that operates at ambient pressure and less
than 100% relative humidity would be highly desirable (such a fuel cell would
be compatible with present-day automotive radiator cooling systems and with
the use of reformate fuels with trace amounts of CO). Unfortunately, Nafion
dehydrates with a resultant loss in proton conductivity at such temperature
and humidity conditions. Additionally, the cost of Nafion (about $600/m?)
is too high for any serious (large-scale) commercialization for automotive or
stationary power. DuPont’s recent R&D efforts have been directed toward de-
creasing the thickness of Nafion (to lower ohmic losses in a fuel cell) and
improving Nafion durability. Cost projections indicate a Nafion price drop to
$5-20/m? for an annual fuel-cell production rate of 10 million m?/year [4].
Nevertheless, there is a strong drive in the U.S., Europe, and Japan to de-
velop alternative membrane polymers that would offer cost and performance
benefits as compared to Nafion.

A variety of membrane materials have been investigated for possible use
in hydrogen/air fuel cells and DMFCs, including sulfonated polyimides, sul-
fonated poly(arylene ethers), sulfonated poly(ether ether ketones), and phos-
phoric acid-doped polybenzimidazole [5-12]. Many of these membrane ma-
terials suffer from poor oxidative stability, excessive swelling when wet and
brittleness when dry, and only moderately high proton conductivity. Thus, no
one polymer has yet emerged as the preferred proton exchange membrane
material for fuel-cell applications. Polyphosphazene-based membranes also
are potential candidates for PEM fuel cells [13], although they have not been
studied to the same extent as those polymeric materials listed above. Herein,
a summary is presented of polyphosphazene polymer synthesis and func-
tionalization, membrane fabrication and characterization techniques, and
fuel-cell test data.

2
Polyphosphazenes

Polyphosphazenes [14-17] are inorganic polymers, with a backbone con-
sisting of alternating phosphorus and nitrogen atoms, with two side groups
attached to each phosphorus (Fig. 1). The side groups can be organic, inor-
ganic or organometallic. A very broad range of groups can be easily incorpo-
rated into the polyphosphazene chain, which creates unlimited possibilities
for derivatization and fine tuning the properties of the resultant material.
The initial interest in polyphosphazenes as high-performance elastomers has
expanded to solid polymer electrolytes for batteries, membranes for gas
and liquid separations, optically active polymers, biomaterials and proton-
exchange membranes for fuel cells.
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Fig.1 General structure of polyphosphazenes. In most cases R1 and R2 are aryloxy
groups

There are several synthetic schemes for polyphosphazene synthesis but
the most widely used method is the thermal ring-opening polymerization of
chlorophosphazene cyclic trimer, developed by Allcock [18-20] and shown
schematically in Fig.2. The scheme begins with the reaction of phospho-
rus pentachloride and ammonium chloride resulting in hexachlorocyclot-
riphosphazene (step a in Fig. 2). After a multi-stage purification involving
sublimation, this compound is polymerized (step b) by heating at 250 °C
in an evacuated and sealed glass tube for 24-72 h. Next, the resultant lin-
ear poly(dichlorophosphazene) (henceforth abbreviated as PDCP) is iso-
lated, by either sublimation or extraction of low molecular weight species,
or by dissolution and precipitation. The molecular weight of the poly-
mer is often very high, M, ~ 10°, but with a broad molecular weight dis-
tribution. In the final step (c), poly(dichlorophosphazene) is dissolved in
an inert solvent, usually tetrahydrofurane (THF), and mixed with the ap-
propriate nucleophilic reagent(s). The product polyphosphazene is isolated
by precipitation.

Cl
PCI N i
5 Ng N 250°C_ RX'
o +P N+ —+-p=n-
NH,Cl  ClP._ F>C|2 [
N R

() (b) (c)

Fig.2 Polyphosphazene synthesis scheme developed by Allcock: a trimer synthesis, b ring-
opening polymerization, and ¢ macromolecular nucleophilic substitution

Other methods of polyphosphazene synthesis have also been reported [17].
The most interesting is the “living” cationic condensation polymerization of
phosphoranimines [21, 22] as it offers access to polyphosphazenes with con-
trolled molecular weight, low polydispersity, and more complex architectures,
e.g. block or graft copolymers. At the present time, only moderate molecular
weights (My, = 10-10°) are available via the condensation route.
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2.1
Problems with the Synthesis and Stabilization of Poly(dichlorophosphazene)

Although there are numerous papers in the literature on the synthesis and
characterization of various polyphosphazene derivatives, the preparation of
a high-quality polyorganophosphazene with reproducible physicochemical
characteristics requires experience and attention to experimental details. The
key challenges are: (1) minimization of branching and crosslinking during the
later stages of the ring-opening polymerization of the trimer, (2) stabilization
of the PDCP material, and (3) complete replacement of chlorine during the
nucleophilic substitution step.

Careful control of the reaction conditions is required to achieve high
conversion of the ring-opening reaction while minimizing branching and
crosslinking at the final stages of PDCP polymerization. Andrianov et al. [23]
concluded that out of two possible crosslinking mechanisms, one involving
cationic side-chain growth and the other via intermolecular condensation be-
tween P — Cl and P — OH groups (Fig. 3), experimental results supported the
former mechanism.

; C|:| ?I ?l
Cl—ﬁ—cl ....... T:N_P:N_T:N .....
Cl N Cl Cl | Cl
| | o
...... P:N_T:N_P:N""" C|:| | (i.:|
cl cl e Fl):N_Fl):N_Fl):N .....
Cl Cl Cl

(a) (b)

Fig.3 Two possible crosslinking routes: a cationic growth via P — N = P link, and b inter-
molecular condensation with formation of P — O — P crosslinks

Because of the extreme hydrolytic sensitivity of PDCP, either immediate
nucleophilic derivatization or appropriate stabilization is required to avoid
crosslinking. Andrianov and co-workers [23] studied the precipitation/gel
formation of PDCP solutions in anhydrous THE. Depending on the polymer
concentration, the presence of minute amounts of water (as little as 0.0009%
H,0) resulted in polymer crosslinking within several days. The addition of
diglyme, however, resulted in a dramatic increase in the stability of PDCP so-
lutions. In [20], the authors reported no sign of crosslinking in pure diglyme,
even after 4 years of storage.

To ensure proper hydrolytic stability of the final polyphosphazene ma-
terial, substitution of all the chlorine atoms of PDCP is necessary. Stewart
et al. [24] found that 3'P NMR spectroscopy was well suited for tracking the
progress of nucleophilic substitution. For example, during the synthesis of
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poly[bis(phenoxy)phosphazene] (PBPP), the initial NMR spectrum consisted
of three signals: the most intense one at —-16 ppm originating from PN(OPh)Cl
species, another at -17.5 ppm due to presence of PN(OPh),, and the third
signal at —17.8 ppm, reflecting resonance of PNCl, units. After refluxing at
115°C for 37h in toluene/diglyme solution, the intensity of the PN(OPh)CI
and PNCI, signals decreased significantly and after 55 h, the two peaks dis-
appeared completely.

2.2
Sulfonated Polyphosphazenes

For a polyphosphazene to be used as the membrane material in a fuel cell,
it must possess some kind of protogenic functionality, to allow the polymer
to conduct protons. The most widely used protogenic group is the sulfonic
acid moiety which can be incorporated into the macromolecular chain ei-
ther at the polymer synthesis step (Fig. 4a) or later, during postsulfonation
(Fig. 4b). While the postsulfonation reaction is generally easier to carry out, it
is the direct synthesis of the functionalized polyphosphazene that should give
better control over the final material properties and minimize unwanted side

©o S oo OOS—OH
R,R",NO S—ONR’,R", | S

S - —}P:N{:

0.1M KOH, 1M HCI

I

(a)

@ L

Fig.4 Synthesis of sulfonated polyphosphazenes by: a direct substitution of PDCP with
a protected sulfonic acid nucleophile, and b postsulfonation using concentrated sulfuric
acid
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reactions, including degradation of molecular weight. Unfortunately, there
are only two reported attempts to use a direct sulfonation route through
the replacement of chlorine atoms of the PDCP precursor with a sulfonic-
acid-containing nucleophile [25, 26]. Problems arose from the fact that either
alkoxy or aryloxy sulfonate nucleophiles acted as difunctional reagents to-
wards PDCP leading to an unstable product that later underwent degradation.

2.2.1
Direct Synthesis of Sulfonated Polyphosphazenes

A partial solution to the problem of difunctional reactivity of alkoxy sulfonate
nucleophiles during the macromolecular substitution of PDCP was proposed
by Ganapathiappan et al. [25] and is presented in Fig. 5. Here the disodium
salt of 2-hydroxyethanesulfonic acid is reacted with an excess of linear PDCP
in the presence of a phase-transfer catalyst. A partially substituted, crosslinked
semi-product is obtained, which is then treated with another nucleophile, the
monofunctional sodium salt of 2-(2-methoxyethoxy)ethanol, to displace the
sulfonate groups and chlorines attached to phosphorous atoms. It was found
that the amount of sulfonate groups incorporated into the polyphosphazene
was generally 50% of that initially used in the reaction mixture.

STEPI OCzH4SOgNa
0S0,C,H,ONa
| 2C2Hs
P—=N—P=N
+| + NaOC,H,SO;Na +| | %F
él n 15C5 l |
TN
n
STEP I cl Cl
OC2H4SO3Na OC2H4SO3N8

NaOR (|)R ?R
a
- = P—N—P—N + P—N—P—N + NaOC,H,;,SO3Na
+| | t +| | %?
OR OR OR OR

Fig.5 Direct synthesis of sulfonated polyphosphazene using disodium salts of 2-hydroxy-
ethanesulfonic acid and 2-(2-methoxyethoxy)ethanol

2.2.2
Non-Covalent Protection of Sulfonic Groups

Recently, Andrianov et al. [26] published on an elegant protection scheme
(Fig. 4a) that eliminates unstable intermediates and makes direct sulfonation
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a viable option. When the dimethyldipalmitylammonium salt of hydroxy-
benzenesulfonic acid was used in the nucleophilic substitution rather than
the disodium salt, the reaction yielded high molecular weight polyphosp-
hazene sulfonate. The protective groups were removed through reaction with
potassium hydroxide. Polyphosphazene copolymers containing sulfophenoxy
and ethylphenoxy substituents were also prepared using the new protection
method.

2,23
Post-Sulfonation of Polyphosphazenes

Although the single-step, direct synthesis is promising, postsulfonation of
various poly[(aryloxy)phosphazenes] is the most practical way to prepare
sulfonated derivatives. On the basis of the work of Montoneri and co-
workers [27, 28], Wycisk et al. [29] synthesized and characterized for the first
time proton-conducting membranes from sulfonated poly[(aryloxy)phospha-
zenes]. The general scheme is shown in Fig. 6. Dichloroethane was employed
as the polymer solvent and sulfur trioxide (SO3) as the sulfonating agent.
Poly[(3-methylphenoxy)(phenoxy)phosphazene] was found to be the best
starting material in terms of the ease of controlling the sulfonation degree
and in attaining the highest ion-exchange capacity for a water insoluble poly-
mer (Fig. 7a). Depending on the molar ratio of SO3 to the polymer mer, water
insoluble membranes were prepared with an ion-exchange capacity rang-
ing from near 0 to 2.3 mmol/g, an AC impedance in 0.1 M NaCl between
48 kohm m and 0.04 ohm m, and water swelling from 0.1 to 0.9 g/g.

o o
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Fig.6 Sulfonation scheme used by Pintauro and co-workers for sulfonation of various
polyaryloxyphosphazenes (see [28-32])

A

Tang et al. [30] and Guo et al. [31] found that sulfonated poly[bis(3-
methylphenoxy)phosphazene] (denoted as SPB3MPP) (Fig. 7b) offered an
attractive combination of good proton conductivity, crosslinkability and low
methanol permeability; features especially important for direct methanol
fuel-cell membranes. UV-crosslinked membranes prepared from SPB3MPP
of IEC 1.4 mmol/g exhibited a methanol diffusion coefficient on the order
of 1.0 x 1077 cm?/s, which was significantly smaller than that in a Nafion
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Fig.7 Example structures of polyphosphazene sulfonic acids: a sulfonated poly[(me-
thylphenoxy)(phenoxy)phosphazene], b sulfonated poly[bis(3-methylphenoxy)(phenoxy)-
phosphazene], ¢ sulfonated poly[bis(phenoxy)phosphazene] and d sulfonated poly[bis(2-
phenoxyethoxy)phosphazene]

117 membrane. Additionally, the oxidative stability of the membranes (tested
in Fenton’s reagent) surpassed that of commercial styrenic cation-exchange
membranes and was comparable to the stability of Nafion perfluorosulfonic
acid (less then 5% weight loss over 24 h in a 3% H,0,/4 ppm Fe*? solution
at 68 °C). These materials were studied intensively (e.g., NMR and IR spec-
troscopy [30], proton conductivity and water diffusivity measurements [31, 32]
and small-angle X-ray analyses [32]) and direct methanol fuel-cell results were
later published [33] (DMFC results are presented below in Sects. 4.1 and 4.2).

More recently, another polyphosphazene membrane was reported [34]. It
was fabricated from a blend of sulfonated poly[bis(phenoxy)phosphazene]
(SPBPP) (Fig. 7c) and polybenzimidazole. SPBPP was prepared by sulfona-
tion of PBPP using concentrated sulfuric acid, which served as both the
solvent and sulfonating agent. Depending on the sulfonation time, polymers
with an IEC from 0.2 to 3.1 mmol/g were obtained. SPBPP with an IEC
of up to 1.4 mmol/g were insoluble in cold and hot water, while polymers
with an ion exchange capacity greater than 2.0 mmol/g dissolved in water at
room temperature. A discussion of the fuel-cell performance of sulfonated
poly[bis(phenoxy)phosphazene] is presented below, in Sect. 4.3.

An interesting polyphosphazene derivative, sulfonated poly[bis(2-phen-
oxyethoxy)phosphazene], was reported by Paulsdorf et al. [35] (Fig. 7d). Liv-
ing cationic polymerization of Cl3P = NSi(CH3)3 monomer was used to ob-
tain PDCP, which was reacted with 2-phenoxyethanol. The aryl substituents
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were then sulfonated with concentrated sulfuric acid. The ionic conductiv-
ity of the polymer in the sodium salt form was tested in a water-saturated
nitrogen atmosphere at temperatures in the range of 20-60 °C. The highest
conductivity (7.1 x 1072 S/cm) was found at 40 °C. This polymer has not been
tested in a fuel cell.

23
Phenylphosphonic Acid Functionalized Polyphosphazenes

The synthesis of polyphosphazenes with phosphonic acid functionalities was
studied by Allcock and co-workers [36-38]. In initial experiments [36], di-
alkyl phosphonate units were incorporated into poly[(aryloxy)phosphazenes]
containing either bromomethanephenoxy or lithiophenoxy (via lithiation of
bromophenoxy) side groups. Later, the approach was extended to poly[(aryl-
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Fig.8 Synthetic route to a phosphonated polyphosphazene
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oxy)phosphazenes] that were functionalized with diphenyl phosphonate
groups and subsequently hydrolyzed to phenylphosphonic acid [37, 38].

The general scheme is shown in Fig. 8. The polyphosphazene-containing
bromophenoxy side-groups were lithiated and then reacted with diphenyl
chlorophosphate. The resultant diphenyl phosphonate ester groups were hy-
drolyzed with 1 M NaOH to give primarily a monoester/monosalt which was
acidified with 0.1 M HCI to give phenylphosphonic acid moieties. It was sur-
prising that full hydrolysis to the diacid was impossible, but the authors
claimed this was due to limited solubility and precipitation of the sodium salt
during the conversion. It was found that approximately 50% of the bromophe-
noxy side groups were converted to phenoxy diphenylphosphonate functions.
The freedom to modify the polymer side group composition and the extent
of phosphonation and hydrolysis were the advantages of the phosphonation
scheme, according to the authors.

Membranes were fabricated from phosphonated poly[(4-methylphenoxy)
(4-bromophenoxy)phosphazenes] with an IEC between 1.17 and 1.43 mmol/g
by solution casting using DMF as the solvent [39, 40]. Some of the membranes
were crosslinked by exposure to ®*Co gamma radiation. The proton conduc-
tivity of the cast films varied from 0.01 to 0.1 S/cm and the equilibrium water
swelling was between 11 and 32% (a higher conductivity and greater swelling
was observed for a higher IEC membrane). Methanol diffusion coefficients
were measured in 3.0 M and 12.0 M aqueous methanol solutions at 80 °C and
2.8 bar. With 3.0 M methanol, the measured diffusivity was between 0.14 x 10°°
and 0.27 x 107 ¢cm? /s, which is over 20-times smaller than that in Nafion 117.
With 12.0 M methanol, the diffusion coefficients were between 0.77 x 107 and
1.51 x 107® cm? /s (2-4-times less than that in Nafion 117). Unfortunately, no
fuel-cell test data were reported with these phosphonated polyphosphazene
membranes.

24
Polyphosphazenes with Sulfonimide Side Groups

As an alternative to sulfonic or phosphonic acid functionalization, the sul-
fonimide group has been shown to possess high acid strength and thus to
provide good proton-conducting capability [41]. Fluoropolymers contain-
ing sulfonimide functions were originally developed by DesMarteau and
co-workers [41,42]. Feiring et al. [43] reported on novel aromatic poly-
mers with pendant sulfonimide groups as potential electrolytes for lithium
batteries and fuel cells. Hofmann et al. [44] published data on the synthe-
sis and characterization of a polyphosphazene that contained sulfonimide
groups. The synthetic reaction scheme for adding sulfonimide sidechains to
poly(dichlorophosphazene) is shown in Fig. 9. First, a suitable sulfonimide-
group-containing phenoxide nucleophile was prepared. At the same time
PDCP is reacted with sodium 4-methylphenoxide to displace ca. 50% of chlor-
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ine atoms. The sulfonimide-bearing sodium phenolate was added to the par-
tially substituted polychlorophosphazene precursor. Finally, the remaining
chlorine atoms were displaced by treatment with sodium 4-methylphenoxide.
Membranes were cast from dioxane and were crosslinked using y-radiation.
The polymer IEC was 0.99 mmol/g and the water swelling decreased from
119% through 73% to 42% when the irradiation dose was increased from 0 to
20 and further to 40 MRads. Accordingly, the proton conductivity varied from
0.049 S/cm (0 MRad) to 0.071 S/cm (20 MRad) and to 0.058 S/cm (40 MRad).
The membranes were later tested in hydrogen fuel cells [45]; this data is pre-
sented below, in Sect. 4.1.

In a follow-up study, Lvov et al. [46] prepared membranes of good
physicochemical characteristics from blends of sulfonimide functionalized
polyphosphazene and PVDE For example, a membrane prepared from poly-
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phosphazene of IEC = 1.2 mmol/g containing 20% PVDF and crosslinked
using 40 MRads of y irradiation showed a proton conductivity (in water at
25°C) of 0.052 S/cm and low room-temperature water swelling (30%). There
is no fuel-cell performance data with this blended membrane.

2.5
Crosslinking and Blending of Sulfonated Polyphosphazenes

Pintauro and co-workers [47] investigated three routes to stabilize and control
the water and methanol swelling properties of sulfonated polyphosphazene
membranes: (1) crosslinking with UV light or e-beam radiation, (2) blend-
ing with an inert polymer, e.g., PVDF or PAN, and (3) a combination of the
above through blending/complexation with PBI. Covalent crosslinking was
accomplished via hydrogen abstraction from the benzylic carbon of alkylphe-
noxyside groups and the subsequent recombination of the macroradicals
(Fig. 10a). Blending of sulfonated poly[bis(3-methylphenoxy)phosphazene]
(SB3MPP) with inert polymers like PVDF or PAN resulted in phase-separated
structures with a domain size in the micrometer range (Fig. 11a,b). Blends of
sulfonated poly[bis(phenoxy)phosphazene] (SPBPP) and polybenzimidazole
(PBI) exhibited a nanodomain morphology (Fig. 11c); good compatibility
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Fig.10 Two methods of polyphosphazene crosslinking: a using benzophenone and UV
irradiation, and b via acid-base complexation with PBI
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Fig.11 SEM micrographs of phase-separated sulfonated polyphosphazene blends:
a SPB3MPP-PVDE, b SPB3MPP-PAN, and ¢ SPBPP-PBI

being the results of energetically favorable interactions between the acidic
protons of the sulfonic groups and the basic nitrogens of the imidazole units
of PBI (Fig. 10b).

While promising results were reported with all of the above systems, espe-
cially encouraging direct methanol fuel-cell performance data were obtained
with membrane prepared from blends of sulfonated poly[bis(phenoxy)phos-
phazene] (SPBPP) and PBI [34]. The effect of PBI content on room-
temperature membrane proton conductivity, room-temperature water up-
take, and methanol permeability (at 60°) is shown in Fig. 12.

It is seen in Fig. 12a that the conductivity of neat 1.4 mmol/g SPBPP
(0.08 S/cm) decreased with addition of PBI to a value of 0.005S/cm when
the membrane contained 12% PBI. The drop in conductivity was associated
with three factors: (1) a simple dilution effect, where an increase in weak pro-
tonic conductor (PBI) content in a mixture with a good conductor (SPBPP)
leads to a decrease in the effective conductivity of the blend, (2) complexation
of PBI with the polyphosphazene, which resulted in reduced water uptake
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Fig.12 Properties of SPBPP-PBI blended membranes as a function of PBI content:
a proton conductivity in water at room temperature, b equilibrium water swelling at room
temperature, and ¢ methanol permeability at 60 °C, for 1.0 M methanol
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(lower equilibrium swelling), and (3) sulfonic acid proton immobilization by
interaction with the basic sites of PBI, which lowered the effective IEC of
the blend and reduced the number of available carriers for charge trans-
port. The effect of PBI content on membrane water swelling is presented in
Fig. 12b. The strong decrease in swelling with increasing PBI concentration
at relatively low PBI contents can be regarded as proof that the SPBPP com-
ponent of the blend is being immobilized via complexation with the resultant
characteristics equivalent to those of a crosslinked polymer. At room tem-
perature, a pure 1.4 mmol/g SPBPP membrane absorbed 0.75 g of water per
1 g of dry polymer. When the PBI concentration was increased to 12%, the
water content dropped to 15 wt %, which is probably the lower swelling limit
for proton conduction (it is important to note that water is necessary to dis-
sociate sulfonic acids and to create proton transporting channels; a reduction
in membrane water content below the percolation limit will result in negli-
gible proton conductivity). Methanol permeabilities, measured in a standard
two-compartment cell at 60 °C with 1.0 M methanol, are plotted in Fig. 12c as
a function of the membrane PBI content. The permeability decreased from
2.0 x 1078 cm?/s for a pure 1.4 mmol/g SPBPP film to 1.0 x 107 cm?/s for
a 1.4 IEC blend containing 12 wt % PBI (these permeabilities are 3-20 times
lower than the methanol permeability in Nafion 117 at 60 °C).

Although electron microscopy testing revealed a submicrometer size do-
main morphology which proved good compatibility between the sulfonated
polyphosphazene and PBI, differential scanning calorimetry was employed to
investigate the glass-transition behavior of the blend. For miscible polymer
blends, it is known that the glass transitions of the individual components
disappear and only one glass transition is observed [48]. This is generally
regarded as proof of polymer miscibility. Samples of SPBPP-PBI blends of
different PBI content were analyzed by DSC using a Mettler Toledo DSC 822
Calorimeter at a heating rate of 10 deg/min under a nitrogen atmosphere. The
sample pans were punctured to allow water vapor removal. Each measure-
ment involved two heating cycles. In the first cycle, the sample was heated
from room temperature to 200 °C, in order to remove any traces of water.
In the second cycle, spanning -40 °C to 200 °C, the actual thermogram was
recorded. Because of the fact that the glass transition of PBI occurs at 399 °C,
which is above the decomposition temperature of SPBPP (ca. 320°), only the
thermal transitions of the polyphosphazene were investigated.

The resultant curves are shown in Fig. 13. It can be seen that upon sulfona-
tion, the glass-transition temperature (Tg) of the polyphosphazene increases
from -3 °C (base polymer) to 59 °C (1.4 mmol/g IEC), and the melting en-
dotherm disappears which indicates loss of crystallinity. Upon blending with
PBI (in the 5-10 wt % range), the Ty decreases, but at 20 and 50 wt % PBI,
the glass-transition temperature of the blend increased substantially to 67 and
90 °C, respectively. This apparently confusing behavior can be explained by
realizing that the glass-transition temperature change was a superposition of
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Fig.13 DSC thermograms of four blends of sulfonated poly[bis(phenoxy)phosphazene]
with PBI (SPBPP-PBI), unsulfonated poly[bis(phenoxy)phosphazene] (PBPP) and pure
sulfonated poly[bis(phenoxy)phosphazene] (SPBPP) with an IEC = 1.4 mmol/g. The two
vertical broken lines depict the glass transitions of the PBPP (-3 °C) and SPBPP (59°)

two effects: the depression in T due to a reduction in the IEC of the blend and
an elevation in Ty due to mixing sulfonated poly[bis(phenoxy)phosphazene]
with the high glass-transition temperature PBI material. If protons of the
sulfonic groups of the SPBPP are immobilized, then they will no longer par-
ticipate in the hydrogen-bonded network of SPBPP and thus there will be an
increase in the polyphosphazene’s backbone flexibility. On the other hand, fa-
vorable interactions with PBI will lead to miscibility, and will drive the Ty of
the blend towards 399 °C (the Ty of neat PBI). So the net effect can be either
a depression or an increase of the blended polymer’s Ty, depending on the
PBI content.

Although the three polyphosphazene-based blended systems described
above, i.e. SB3AMPP-PAN, SB3MPP-PVDF and SPBPP-PBI, differed to some ex-
tent regarding morphological details and macroscopic appearance, there was
one important similarity, which is shown in Fig. 14. As can be seen, there
is a single, linear correlation between water swelling and proton conductiv-
ity of the different membrane blends. The following general conclusion can
be drawn from these results: that proton conductivity is primarily controlled
by the membrane’s water content (which is related to the film’s effective IEC)
and not by the phase structure or specifics regarding the chemical composi-
tion of the blend’s components. While this may be expected when comparing
phase-separated SPB3MPP-PAN and SPB3MPP-PVDF systems, the fact that



Polyphosphazene Membranes for Fuel Cells 173

0.10
= & SPB3MPP/PAN
S A SP3MP4EPP/PVDF .-
2 0.08 - o
A V  SPB3MPP/PVDF o 0
> O SPBPP/PBI C. 0
= 006 [ 89 Y%
§ Q"’,@v
o O %
S 0.04 f % <?,<> .
O A@ > X/
c VR .- Ve O
S o002 f @00 &v
o o B \V/
n- 000 <> %%_ﬁ O 1 1 1
0 20 40 60 80 100

Equilibrium Water Swelling (%)

Fig. 14 Proton conductivity versus water swelling correlation for three types of blended
membranes with sulfonated polyphosphazene

the SPBPP-PBI blends also obey this “universal” conductivity-swelling corre-
lation is somewhat surprising.

3
Polyphosphazene Membranes for Hydrogen Fuel Cells

There is only one example in the literature of polyphosphazene perform-
ance in a proton-exchange membrane (PEM) hydrogen fuel cell. Allcock
and Lvov [45] tested a sulfonimide polyphosphazene membrane in a hy-
drogen/oxygen fuel cell at room temperature and at 80 °C. The membrane-
electrode-assembly (MEA) was fabricated from a 100 um thick sulfon-
imide polyphosphazene membrane that was crosslinked with y-radiation
(40 MRad). The polymer IEC was 0.99 mmol/g, with an equilibrium water
swelling of 42%, and a proton conductivity of 0.058 S/cm. The anode and
cathode were prepared from carbon-supported platinum (20% Pt on Vulcan
XC-72R) at a Pt loading of 0.33 mg/cm?. The electrodes were hot pressed
onto the membrane at 65°C and 400 psi for 30s. As a reference, a Nafion
117 MEA was also prepared with the same electrode catalyst at a loading of
0.26 mg/cm? for the anode and 0.48 mg/cm? for the cathode. For Nafion, the
electrodes were hot pressed at 125 °C and 1400 psi for 2 min.

Fuel-cell tests were performed at 22 °C without humidification of either the
hydrogen or oxygen streams, and at 80 °C with full humidification of both
gases (humidifiers were kept at 95 °C). The H; and O, gasses were pressur-
ized to 3 and 5 bar, respectively, during testing at 22 °C and to 3 and 3.3 bars
for tests at 80 °C. The fuel-cell performance results are shown in Fig. 15. At
both the high and low temperatures, the maximum power density with the
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Fig.15 Hydrogen fuel-cell performance curves with a sulfonimide polyphosphazene
proton-exchange membrane at 22 °C (a) and 80 °C (b)

polyphosphazene MEA exceeded that with Nafion 117. The difference was
more pronounced at the lower temperature (Fig. 15a). At 22 °C the limiting
(maximum) current density was 1.12 A/cm? and the maximum power dens-
ity was 0.36 W/cm?. There was only a modest increase in the limiting current
density (1.29 A/cm?) and maximum power density (0.47 W/ cm?) when the
temperature was increased to 80 °C.

The improved performance of the sulfonimide polyphosphazene MEA,
as compared to that with Nafion 117, was probably the result of the lower
areal resistance of the former (the areal resistance is defined as the ratio of
membrane thickness to proton conductivity). While the conductivity of the
polyphosphazene membrane was approximately 60% that of Nafion 117 (at
room temperature), its thickness was half that of Nafion 117. If temperature
does not alter significantly the thickness to conductivity ratio, then the areal
resistance of the sulfonimide MEA is estimated to be 15-20% less than that
of Nafion 117. It should also be noted that there was no long-term stability
analysis of the sulfonimide membranes. Such tests are critical in evaluating
new membranes for fuel cells.

4
Polyphosphazene Membranes for Direct Methanol Fuel Cells (DMFCs)

The direct methanol fuel-cell performance of three polyphosphazene-based
membrane systems is presented below. The first system deals with blends of
PVDF with either sulfonated poly[(3-methylphenoxy)(4-ethylphenoxy)phos-
phazene] (SP3MP4EPP) or sulfonated poly[(4-ethylphenoxy)(phenoxy)phos-
phazene] (SP4EPPP), where the membranes were prepared by solution cast-
ing mixtures with subsequent crosslinking using electron-beam irradiation
(60 MRad). The second membrane system was based on UV-photocrosslinked
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blends of sulfonated poly[bis(3-methylphenoxy)phosphazene] (SPB3MPP)
and PAN, where benzophenone initiator was added to the polymer solution
prior to film casting. The third membrane group was prepared from blends
of sulfonated poly[bis(phenoxy)phosphazene] (SPBPP) and PBI.

4.1
Membranes from SPB3MPP-PVDF Blends

DMFC tests were performed using a 5cm? MEA (geometric electrode area)
at 60 °C with 1.0 M methanol as the anode feed and ambient pressure air as
the oxidant. To avoid problems (i.e., poor fuel-cell performance) related to
the fabrication of the electrodes (binder content) and electrode attachment
to the membranes (hot pressing conditions), these tests were performed with
a sandwiched MEA where the polyphosphazene membrane was positioned
between two Nafion 112 half-MEAs (an anode hot pressed to one Nafion 112
membrane and the cathode hot pressed to the second Nafion film). Methanol
crossover was determined, at open circuit potential, by measuring the con-
centration of CO; in the air exhaust using a Vaisala GMP222 sensor (any
methanol that passed through the membrane, from the anode to the cathode,
would be oxidized chemically at the cathode, producing CO;).

The fuel-cell performance results of the sandwiched MEAs, along with
a reference i-V curve recorded with a Nafion 117 MEA, are shown in Fig. 16.
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Fig. 16 Direct methanol fuel-cell performance curves with blended membranes composed
of PVDF and either sulfonated poly[(3-methylphenoxy)(4-ethylphenoxy)phosphazene]
(SP3MP4EPP) or sulfonated poly[(4-ethylphenoxy)(phenoxy)phosphazene] (SP4EPPP).
1.0 M methanol feed, 60 °C, air at ambient pressure and 500 sccm. Cross denotes the
methanol crossover flux (mol/cm? min) at open circuit, relative to that in Nafion 117
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As compared to Nafion 117, the methanol crossover was lower by a factor of
four, but the maximum power density was reduced by 31% for the sandwich
MEA with a SP3M4EPP-PVDF membrane. In the case of the SPAEPPP-PVDF
membrane, the methanol crossover was approximately 10-times less than
that for Nafion 117, but the maximum power density was very small, about
20% that of Nafion. Long-term stability tests revealed a slow decrease of
proton conductivity of the blended membranes, which was associated with
leaching-out of the high-IEC polyphosphazene fraction due to inefficient
crosslinking.

4.2
Membranes from SPB3MPP-PAN Blends [33]

Membranes were prepared from sulfonated poly[bis(3-methylphenoxy)phos-
phazene] (PB3MPP, IEC = 2.1 mmol/g) that was blended with polyacryloni-
trile (PAN, at either 40 wt% or 48 wt%) and then UV crosslinked using
benzophenone (5%) as the photoinitiator (benzophenone was dissolved in
the SPB3MPP-PAN membrane casting solution and remained dissolved in
the polymeric film after solvent evaporation). The effective IEC of the mem-
branes was 1.15 (40% PAN) and 1.00 (48% PAN). MEAs with a geometric area
of 5cm? were prepared by painting a catalyst ink onto carbon cloth (ELAT,
E-TEK) and then hot pressing the catalyzed electrodes onto a SPB3MPP-PAN
membrane at 120 °C and 125 psi for 5 min. The catalyst loading for both the
anode (Pt—Ru, 1:1) and the cathode (Pt) was 4 mg/cm2.

Steady-state current density-voltage data were collected using a single-cell
DMEC test station (Scribner Series 890B) with mass flow and temperature
control. The cell was operated at 60 °C, with 1.0 M methanol (20 ml/min) and
humidified air (150 sccm at 30 psi back pressure). The methanol crossover
flux was determined by measuring the carbon dioxide concentration in the
cathode air exhaust at open circuit with a Vaisala GMM12B CO; detector.
The initial (6-8h) performance curves for the two SPB3MPP-PAN-based
MEAs and for a Nafion 117 MEA (as a reference) are shown in Fig. 17. The
open circuit potential for both polyphosphazene MEAs was higher than that
with Nafion 117, indicating lower methanol crossover. While the perform-
ance of the polyphosphazene MEAs at low current densities (<50 mA/cm?)
was better than that with Nafion, the maximum power output was highest
with Nafion. The MEA prepared with the polyphosphazene blend membrane
of higher effective IEC performed well and delivered a maximum power
density of 51.4 mW/ cm? (70% that of a Nafion 117 MEA), with a methanol
crossover flux that was smaller than Nafion by a factor of three. Better
methanol barrier properties were observed with the lower IEC polyphosp-
hazene membrane, with a crossover flux six-times smaller than that in Nafion
117. Unfortunately, the electrochemical performance of this membrane was
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Fig.17 Direct methanol fuel-cell performance curves with blended membranes contain-
ing sulfonated poly[bis(3-methylphenoxy)phosphazene] and PAN. 1.0 M methanol feed,
60 °C, air at 50 sccm and 30 psi back pressure. Cross denotes the methanol crossover flux
(mol/cm? min) at open circuit, relative to that in Nafion 117

poor, with a maximum power density of only 23.4 mW/cm? (30% that of
a Nafion MEA).

4.3
Membranes from PBI-Doped SPBPP [34]

A series of proton-conducting fuel-cell membranes were prepared from
blends of sulfonated poly[bis(phenoxy)phosphazene] (SPBPP) and polybenz-
imidazole (PBI), where the latter, being a polymer base, was used as a com-
plexing agent that effectively crosslinked the membrane. Depending on the
SPOP ion-exchange capacity (1.2 or 1.4 mmol/g) and the amount of added
PBI (5-12 wt %), the resulting membranes had a room-temperature proton
conductivity in the range 0.01-0.08 S/cm, an equilibrium water swelling from
18-75%, and a methanol permeability (at 60 °C and 1.0 M methanol) that
ranged from 1.2 x 10°°~1.2 x 1077 cm?/s (all parameters decreasing with in-
creasing PBI content). The membranes (82-120 pm in thickness) were tested
in a direct methanol fuel cell, operating at 60°C with a 1.0 M aqueous
methanol feed solution and ambient pressure air at 500 sccm. A Scribner
Series 890B fuel-cell test station with mass flow and temperature control
was employed for these experiments. Methanol crossover flux was deter-
mined by measuring the carbon dioxide concentration in the cathode air
exhaust at open circuit with a Vaisala GMMI12B or GMM220A CO, detec-
tor. MEAs (5 cm? electrode area) were prepared by painting catalyst ink onto
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carbon cloth (ELAT, E-TEK) and then hot pressing the catalyzed electrodes
to a membrane at 80 °C and 125 psi for 3 min. The catalyst loading for both
the anode (Pt—Ru, 1:1) and the cathode (Pt) was 4 mg/cmz. Two types of
membrane-electrode assembly (MEA) were examined: (i) a sandwich design,
where a SPOP-PBI film was placed between two half-MEAs prepared from
Nafion 112 and (ii) a standard design, with direct hot-pressing of catalyst
electrodes onto a polyphosphazene-based proton-exchange membrane.

Comparable current-voltage DMFC characteristics were obtained with the
two MEA configurations (sandwich and direct electrode hot pressing), as
shown in Fig. 18. The sandwich-type MEA is attractive for preliminary fuel-
cell screening of new membrane materials; the use of such a configuration
circumvents the need to identify the proper electrode catalyst/binder compo-
sition and hot-pressing conditions. The fuel-cell performance curves for three
sandwiched SPBPP-PBI membranes and a sandwiched Nafion 112 reference
are presented in Fig. 18a. The polyphosphazene curves are ordered accord-
ing to the PBI content of the inner SPBPP-PBI film, indicating that membrane
resistance was the primary factor in determining the shape of the plots (i.e.,
the slope of the plots in the IR regime). The DMFC with membranes contain-
ing 3% PBI generated nearly as much power as that with a Nafion membrane
MEA. The most visible drop in performance occurred for membranes con-
taining 8 and 12% PBI.

Representative i-V curves for MEAs with four different polyphosphazene
membranes are shown in Fig. 18b, along with a reference plot of a Nafion 117-
based MEA. For these tests, the electrodes were hot pressed directly to the
SPBPP/PBI membrane. DMFC performance with a 1.2 mmol/g IEC SPBPP
membrane with 3 wt % PBI was essentially identical to that with Nafion 117,

1.00 1.00
----- Nafion 112, cross. 1.14 ----- Nafion 117, cross. 1.00
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Fig. 18 Direct methanol fuel-cell performance curves with membranes composed of PBI-
doped sulfonated poly[bis(phenoxy)phosphazene] using: a sandwich MEA design, and
b direct hotpressing of electrodes. 1.0 M methanol feed, 60 °C, ambient pressure air at
500 sccm. Cross denotes the methanol crossover flux (mol/cm? min) at open circuit, rela-
tive to that in Nafion 117
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but the methanol crossover was 2.5-times lower than that of Nafion. As the
effective IEC of the doped polyphosphazene decreased (higher PBI con-
tent at a given SPBPP IEC or lower SPBPP IEC at a given PBI content),
the methanol permeability decreased. The best methanol barrier material
(17-times lower methanol permeability, as compared to Nafion) was a film
containing 1.4 mmol/g SPBPP with 12 wt % PBI. Unfortunately, this highly
blocking film had a high areal resistance which resulted in low power output
during fuel cell operation. Thus, depending on the ion-exchange capacity of
the SPOP (either 1.2 or 1.4 mmol/g) and the PBI content of the membrane
(which ranged from 5% to 12%), the maximum DMFC power density ranged
from 23 to 89 mW/cm? (as compared to 96 mW/cm? with Nafion 117),
while the methanol crossover was between 4.2 x 10° mol/cm?min and
5.9 x 107 mol/cm? min (versus 1.17 x 10~ mol/cm? min with Nafion 117).
For many practical applications, especially those dealing with portable
power, a high methanol feed concentration is preferred in a DMFC. The effect
of methanol feed concentration on the DMFC performance of MEAs contain-
ing PBI-doped sulfonated poly[bis(phenoxy)phosphazene] (SPBPP) mem-
branes was determined under the following fuel-cell operating conditions:
60 °C temperature, 2 ml/min methanol flow rate, and ambient pressure air at
500 sccm (humidified at 70 °C). The results are summarized in Fig. 19, where
the maximum power density is compared for Nafion 117 and two SPBPP-
PBI membranes (1.2 mmol/g IEC + 3% PBI with a thickness of 82 um and
1.4 mmol/g IEC + 4% PBI with a thickness of 141 wm) at three methanol feed
concentrations (1.0, 5.0, and 10.0 M). For Nafion, there is a steady and sig-
nificant decline in the maximum power with concentration, from 96 mW/cm?
at 1.0 M methanol to 9 mW/cm? at 10.0 M. The loss in power is due to the
increase in methanol crossover flux with increasing methanol feed concen-
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Fig.19 The effect of methanol feed concentration on the maximum power density in
a direct methanol fuel cell, for Nafion 117 and two PBI-doped sulfonated poly[bis(phen-
oxy)phosphazene] membranes
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tration. The PBI-doped polyphosphazene membranes, on the other hand, are
better methanol blockers and the loss in power with increasing methanol
feed concentration is much less severe. Thus, the maximum power density
in a polyphosphazene-based DMFC was more than 6-times greater than that
with Nafion 117 for a 10.0 M methanol feed.

In lifetime experiments, an MEA was tested in a DMFC for 100 h, at 60 °C
with 1.0 M methanol and ambient pressure air. To extend the longevity of
the electrodes, the fuel cell was operated in a load cycling mode [49], i.e.,
repeated cycling of 59 min with the current on (at 0.10 A/cm?) and 1 min
at open circuit. During the cycling, the voltage was continuously recorded.
The MEA was prepared by hot-pressing electrodes directly onto a SPBPP14-
PBI0O8 membrane (1.4 mmol/g polyphosphazene with 8 wt% PBI). It was
observed that the cell voltage decreased slowly, at a rate of approximately
0.8 mV /h, from an initial value of 0.39 V to 0.31 V (at 0.1 A/cm?) after 100 h.
At the same time, the cell resistance, as measured by a current interrupt
method, slowly increased. Methanol crossover remained unchanged for the
entire 100 —h experiment. The initial cell voltage could be fully recovered by
lowering the temperature to 25 °C and washing the membrane with deion-
ized water for 2 h (either by removing the MEA from the fuel-cell test fixture
or by an in-situ procedure where the methanol feed solution was replaced by
room-temperature water). After this regeneration step and upon further con-
stant current operation, the cell voltage once again began to decrease. At the
present time, the observed voltage loss is associated with an interfacial resist-
ance between the membrane and the Nafion binder in the electrodes, which
increases over time due to a growing difference in swelling between Nafion
and the SPBPP-PBI film. It may be possible to correct this problem by adjust-
ing the membrane IEC and PBI content (e.g., adding more PBI to the blend
should stiffen the membrane and minimize/eliminate the slow, upward drift
in swelling by methanol).

5
Patents on Proton-Conducting Polyphosphazenes

There are three important patents and patent applications related to the use
of polyphosphazene-based proton-exchange membranes in fuel cells. The
first patent, authored by Pintauro and Tang and issued in April 2002 [50],
deals with the use of a polyphosphazene membrane with acidic functional
groups in a proton-exchange membrane fuel cell (either a hydrogen/air or
direct methanol fuel cell). The patent describes membranes composed of sul-
fonated PB3MPP with/without crosslinking and blending, where the IEC of
the polyphosphazene is between 0.8 and 1.9 mmol/g.

The second polyphosphazene fuel-cell patent was authored by Allcock and
co-workers at the Pennsylvania State University [51] and was issued on July 6,
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2004. This patent deals with proton-conducting membranes having improved
resistance to methanol crossover. The membranes are obtained by solution
casting followed by solvent evaporation from a solution containing an or-
ganic solvent, a polymer (preferably a polyphosphazene), and an oxoacid. It is
claimed that a particularly useful application for these polymeric membranes
is in methanol fuel cells.

One of the recent attempts to patent polyphosphazenes for fuel cells is an
application filed by Honda Motor Co., Ltd., Tokyo on January 20, 2005 [52].
The invention deals with the fabrication of membranes composed of highly
sulfonated polyalkylphenoxyphosphazenes, for possible use in a hydrogen/air
or direct methanol fuel cell. Methods of synthesizing polyphosphazenes with
an IEC as high as 4.9 mmol/g are described and the proton conductivity of
the resulting films is presented.

The latest patent application comes from researchers representing Toy-
ota and Case Western Reserve University [53]. The invention describes the
use of multiaromatic ring-sulfonated polyphosphazenes as fuel-cell electrode
binders.

6
Future Prospects for Polyphosphazenes in Fuel Cells

As shown by the research groups of Allcock and Pintauro over the past
decade, interesting functionalizations of polyphosphazenes and good fuel-
cell performance with the resultant materials can be realized, but repro-
ducibility and polymer availability are lingering issues. The synthesis of the
poly(dichlorophosphazene) precursor by thermal ring-opening polymeriza-
tion is a rather capricious process, with inconsistent final molecular weights
and variable branching and/or crosslinking. The use of “living” ionic poly-
merization (as reported by Allcock et al. [21]) might be a promising way to
design appropriately substituted polyphosphazenes, including block copoly-
mers. Such a synthetic route would avoid the “randomness” and dispersion of
the thermal ring-opening polymerization process and, eventually, the macro-
molecular substitution route for adding side groups to the P — N backbone.
Having a methodology for the reproducible synthesis of poly(dichloro-
phosphazene) or, better yet, developing an ionic polymerization scheme
would shorten the time to produce new phosphazene polymers and establish
structure/property correlations associated with such new materials. While
the unlimited functionalization capability of polyphosphazenes can be re-
garded as a great advantage, it can also be viewed as an impediment to the
further development of these polymers for PEM fuel cells. With so many
possible side group choices, which should be investigated first and what are
the anticipated properties of such new materials? Combinatorial chemistry
and high-throughput syntheses might be the best options for identifying new
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polyphosphazene polymers in the future, especially for fuel-cell applications
where there are stringent property requirements.
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Abstract Sulfonated polyimides have been designed to be used as proton conducting
membranes in fuel cells. These materials present most of the required properties for this
application, including a high level of ionic conductivity, a low gas and methanol per-
meability, and good mechanical properties. However, they exhibit a low stability when
immersed in liquid water and in hydrogen peroxide solutions at elevated temperature due
to a high sensitivity of the imide functions to hydrolysis. The aim of this article is to re-
view the different routes of synthesis, the membrane-specific properties, the structural
and transport property characteristics, and finally their behavior in fuel cells in terms of
performance and stability.

Keywords Degradation - Fuel cells - Polymer synthesis - Proton exchange membranes -
Structure - Sulfonated polyimides - Transport properties
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1
Introduction

Proton exchange membrane fuel cells (PEMFCs) are considered as the most
promising power source for automotive transportation in order to preserve
oil resources and reduce significantly greenhouse gas emissions. During
the last 10 years, this technology was significantly improved and numerous
prototypes were unveiled by most of the important car constructors. The
large-scale commercialization is, however, postponed primarily because of
the difficulties encountered in the production, storage, and distribution of
hydrogen and because PEMFCs still suffer from high production costs. More-
over, the operation of prototypes has revealed major reliability problems of
the main components and especially of the membrane-electrode assembly
(MEA). A fuel cell converts directly the chemical energy of hydrogen and
oxygen into electricity through two electrochemical reactions on electrodes
deposited on both sides of a proton exchange membrane (PEM). The main
roles of this membrane are to convey the protons from the anode to the cath-
ode with a minimum of resistance and to separate the reactants as efficiently
as possible. Therefore, the membranes should exhibit very good mechani-
cal and conductive properties whatever the condition of operation and the
external conditions. The benchmark materials for PEMFCs are perfluorosul-
fonated ionomers, of which the most famous representative is Nafion from
E.L. du Pont de Nemours. The Nafion membrane was originally designed
to be used as a selective separator in electrolyzers for chlor-alkali produc-
tion [1,2]. Therefore, in addition to a tremendous ionic conductivity, these
membranes exhibit an exceptionally high stability in corrosive media. The
chemical stability issues from the perfluorinated nature of the polymer, and
the conducting properties are attributed to a specific morphology of the ionic
domains related to the highly hydrophobic properties of the perfluorinated
backbone. Nowadays, many chemical companies commercialize perfluorosul-
fonated membranes and MEAs, which can be an alternative to Nafion for
fuel cell application: Asahi Glass (Flemion™), Asahi Kasei (Aciplex™), Solvay
Solexis (Hyflon™), Gore (Gore select™), 3M,, ...

One of the major drawbacks of Nafion is its dehydration at elevated
temperature (T > 80 °C) when the atmosphere is not fully humidified [3].
Ionomer membranes are constituted of polymer chains bearing sulfonic
groups. They require a minimum water content to become sufficiently pro-
ton conductive for application in fuel cells. The ionic groups cluster together
to form ionic domains embedded in the hydrophobic polymer matrix (es-
pecially when perfluorinated [4, 5]). In the presence of few water molecules,
the ionic groups become ionized and solvated [6]. The additional water
molecules can swell the ionic domains and protons can move freely through
the membrane when these domains are percolated. As a consequence, the
ionic conductivity is directly related to the membrane microstructure. In the
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case of Nafion, the structure has been recently shown to be formed of an
isotropic distribution of bundles of elongated polymer particles [7, 8]. The
ionic groups are located at the solvent/polymer interface of the elongated
highly hydrophobic particles which are likely to be ribbonlike. In such a
model, the ion pathways are already present in the dry state, favoring a fast
solvent penetration and a good ionic conductivity even at low levels of hy-
dration. This is one of the main advantages of this model compared to the
commonly accepted Gierke model [9], which assumes a percolation of spher-
ical clusters by small ionic channels, whereas this percolation threshold is
not experimentally observed in the expected range of water contents. What-
ever the structural model, the swelling of the ionic domain structure induces
a macroscopic swelling with 15% of dimensional changes from the dry state
to fully hydrated state and consequently a mechanical fatigue upon swelling-
contraction cycles.

During the last 10 years, the main development in the field of perfluori-
nated materials was the use of thinner membranes in order to decrease the
ohmic drops within the membrane. The membrane thickness was reduced by
a factor of 10 (from 200 to 20 wm) and this is a practical limit in terms of the
gas barrier properties and mechanical strength. The thickness reduction was
not associated with an actual cost reduction since it is more difficult to pro-
duce large areas of defect-free very thin membranes. Efficient prototypes were
produced based on these new materials since the thickness reduction permit-
ted the car constructor specification to be attained in terms of global power
and power density. However, it has been shown that the lifetime of these
membranes in fuel cell operation was significantly reduced, especially under
cycling conditions. Typically, a PEMFC with a relatively thick membrane,
such as Nafion 117 or 115 (175 and 125 pum, respectively), can operate for up
to 50000 h under stationary conditions [10], while the lifetime with a thinner
membrane under severe cycling electric loading conditions is limited to a few
hundreds of hours [11]. The thinner membranes exhibit a lower resistance to
the mechanical fatigue induced by the swelling—contraction and to heteroge-
neous mechanical loads leading to anticipated membrane rupture. Moreover,
these undesirable effects are enhanced by the fact that the membrane operates
close to its glass transition temperature (Tg). A promising development was
the introduction of chemical modifications on the fluorine backbone in order
to increase the Ty and thus the thermal and mechanical stability. Recently,
the chemical analysis of the water produced by the cell revealed the pres-
ence of a nonnegligible amount of fluorine atoms and sulfate groups, which
shows that Nafion is also subject to chemical degradation depending on the
operating conditions [12, 13].

The development of alternative low cost and stable membranes operating
at high temperatures is thus a priority. Low production costs involve ob-
viously the use of conventional hydrocarbon polymers or eventually lightly
fluorinated ones. Since aliphatic polymer chains are not stable in the highly
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oxidative media encountered in fuel cells, most of the alternative membranes
are now aromatic polymers [14-18]. Aromatic polymers are not intrinsically
proton conductors and they should be either doped or functionalized. Some
polymers, such as polybenzimidazoles, can be doped by strong acids [19, 20],
but elution is always possible in the presence of liquid water and the low
ionic conductivity at low temperature only permits fuel cell operation at
very high temperatures. Therefore, functionalization by grafting of sulfonic
groups on the polymer chain is now preferred. The sulfonic group was cho-
sen because of its strong acidity, which is expected to lead to a very good
dissociation and consequently a good conductivity. Phosphonic polymers can
also be used for maintaining proton conductivity at high temperature [21].
Aromatic polymers are thermostable polymers with very high glass transi-
tion temperatures, the value of which is enhanced by the introduction of
sulfonic acid groups along the polymer chain. Indeed, the T, values of sul-
fonated aromatic polymers are often larger than the degradation temperature.
The glassy nature of the polymer matrix whatever the operating temperature
is expected to limit the dimensional changes associated with water uptake
and thus the sensitivity to physical ageing. A first idea can be the use of
substituted poly(para-phenylene) backbones but the extreme rigidity of the
polymer chain led to brittle membranes, especially in the dry state [22]. More
flexible polymers introducing ketone, ether, or sulfone bridges between the
aromatic rings were developed [15,16] and the number of possible families
was also increased using polyaromatic heterocyclic materials, such as poly-
benzimidazoles [23,24], polybenzoxazoles [25], phthalazinones [26-28] and
polyimides [29-36].

Two routes can be used to introduce sulfonate groups onto a polymer
chain. The first and easiest procedure is the post-sulfonation of commer-
cial polymers by dissolution in concentrated sulfuric acid or using strong
sulfonating agents such as fuming sulfuric acid, chlorosulfonic acid, or sul-
fur trioxide. The degree of sulfonation is then controlled by the duration of
the sulfonation reaction. However, it is difficult to extrapolate such a pro-
cedure on an industrial scale because of the large production of chemical
wastes and the duration of the sulfonation reaction, which can exceed 100 h
to reach the required sulfonation level [15]. Moreover, it has been shown
that this reaction produces some defects on the polymer backbone such
as polymer chain scissions, which limit the lifetime in PEMFCs and can-
not be completely avoided even using mild sulfonation procedures [37]. One
of the major drawbacks of the post-sulfonation method is the absence of
control of the sulfonic group distribution along the polymer chains. The
required number of sulfonic groups is a balance between obtaining a suffi-
cient ionic conductivity and preserving good mechanical properties of the
swollen state at elevated temperatures. On the contrary to post-sulfonation,
the use of a combination of sulfonated and non-sulfonated monomers allows
the synthesis of controlled block copolymers by a two-step direct polymer-
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ization. A nonrandom distribution of the ionic groups along the polymer
chain usually leads to membranes with improved properties. Long nonionic
sequences generate hydrophobic nodes enhancing the mechanical proper-
ties which restrict water swelling, and long ionic sequences favor the for-
mation of well-defined ionic domains. Moreover, multifunctional monomers
can be used to increase the phase separation, while one ionic group per
monomer is a practical limit when the membranes are prepared by post-
sulfonation.

Among the numerous families of polymers which have been proposed as
possible alternative membranes to Nafion during the last 10 years [15, 16],
the sulfonated polyimides (SPIs) are probably the material for which the
most complete studies have been performed in terms of morphology, proper-
ties determination, and stability studies depending on the polymer chemical
structure. SPIs were first developed 35 years ago for application as a cation-
exchange material in electrodialysis [38], but these materials were not studied
afterwards except for the work of Solomin et al. [39]. At the end of the
1990s, the interest in PEMFCs was growing and SPI membranes have engen-
dered new interest as an alternative material to Nafion [29, 30,40]. SPIs are
mostly prepared by polycondensation of a dianhydride and a combination of
disulfonated and non-sulfonated diamines. The first SPIs were based on five-
membered imide rings (called phthalic SPIs) but these polymers exhibited
a very low stability even in mild conditions. Six-membered-ring polyimides
(naphthalenic type) were then designed leading to reasonable performances
in fuel cell conditions [29]. Different series of polymers were then synthe-
sized, characterized, and tested in fuel cells. Despite it soon appearing that
their stability in fuel cells was limited, the research activity on SPI membranes
is continuously growing, with a special emphasis on chemical modifications
based on new monomer synthesis to increase the stability. The aim of this pa-
per is to review the research performed on SPIs from both the chemistry and
characterization points of view, and to try to extract from these data some
general trends for the development of new membranes with high perform-
ance and stability.

2
Synthesis

2.1
Linear Sulfonated Polyimides

SPIs can be synthesized by either post-sulfonation of a polyimide or by dir-
ect polymerization of sulfonated monomers. While the first method is largely
used for the sulfonation of aromatic polymers such as poly(aryl ether ether
ketones) [41-44] or polysulfones [37], it is scarcely used to synthesize SPIs,
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probably because of the very low solubility of these polymers in common
organic solvents and in sulfuric acid solutions.

2.1.1
Sulfonated Polyimides by Post-Sulfonation

No research work about the post-sulfonation of a naphthalenic structure
has yet been reported and only few examples of the post-sulfonation of
a phthalic polyimide are mentioned in the literature [45, 46]. Both mentioned
articles are concerned with the sulfonation of the polyimide synthesized from
bis[4-(3-aminophenoxy)phenyl]sulfone and PMDA, either in the presence of
chlorosulfonic acid (CISO3H) or sulfur trioxide-triethyl phosphate (2SOs3 -
TEP) (Fig. 1). Because of the very low solubility of the polyimide precursor,
the post-sulfonation is performed in heterogeneous conditions.

According to the pioneering work of Robeson et al. [47], when the mild sul-
fonating agent 2503 - TEP was used at room temperature, only very low ion-
exchange capacities (IECs) (< 0.41) are obtained. With the stronger chlorosul-
fonic acid, higher IECs can be obtained (0.41-1.29), but the authors mention
some decrease of the polymer mechanical properties which they attribute to
some chain scissions.

Another major problem related to the heterogeneous nature of the reac-
tion is the fairly difficult control of the extent of the sulfonic groups grafted on
the polymer backbone. More interesting is the direct polymerization of a sul-
fonated monomer. Indeed, in that case, the final IEC is fixed by the ratio of
the sulfonated and non-sulfonated comonomers. Moreover, the introduction
of SO3H groups is much better controlled.

Q 0

0 o)
l CISO;H or 2805 TEP

o

‘MOO@

HO4S

Fig.1 Post-sulfonation of a phthalic polyimide
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2.1.2
Sulfonated Polyimides by Direct Polymerization of a Sulfonated Monomer

As reported by Geniés et al. [48] from a study on model compounds, sul-
fonated naphthalenic polyimides prove to be more resistant to hydrolysis than
their phthalic analogues. Few articles are devoted to the synthesis and charac-
terization of sulfonated phthalic polyimides, whereas sulfonated naphthalenic
polyimides have attracted much attention [53]. Rather few different naph-
thalenic dianhydride monomers are reported for the synthesis of SPIs (Fig. 2).

Indeed, besides the perylene tetracarboxylic dianhydride (PTDA) used by
Lee et al. [54] and the bisimide dianhydride synthesized by Kim [55], only
two new naphthalenic dianhydrides have been described. In this respect, 4,4'-
ketone dinaphthalene 1,1’,8,8'-tetracarboxylic dianhydride (KDNTDA, Fig. 3)
is obtained through a multistep synthesis, with a 19% overall yield [56].

BNTDA [57, 58] is synthesized by a biaryl coupling reaction (Fig. 4). The
authors attribute the high hydrolytic stability of the resulting SPI to the
specific structure of the dianhydride monomer. They argue that the noncopla-
nar binaphthyl rings disrupt the electronic conjugation of the dianhydride,
therefore resulting in a higher electronic density of the imide linkage, which
becomes less prone to a water nucleophilic attack.

However, it should be noted that most works related to SPI synthe-
sis involve 1,4,5,8-naphthalenetetracarboxylic dianhydride (NTDA) as naph-
thalenic dianhydride. The sulfonic acid groups are incorporated into the
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Fig.2 Naphthalenic dianhydrides for the synthesis of SPIs
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polymer backbone by the direct copolymerization of sulfonated monomers,
and more precisely of sulfonated diamines. Very few of them are commer-
cially available (Fig. 5).

If 5,5-dimethylbenzidine-2,2'-disulfonic acid (DMBDSA) [59], 2,5-di-
aminobenzenesulfonic acid (DABSA) [60], and 4,4’-diaminostilbene-2,2’-di-
sulfonic acid (DSDSA) [64] are scarcely used, 4,4'-diaminobiphenyl-2,2'-
disulfonic acid (BDSA) has been the most employed in recent years.

From NTDA and BDSA monomers, a wide range of SPIs have been syn-
thesized by changing the non-sulfonated diamine comonomer [30, 31, 36,61-
63], including aliphatic diamines [33, 65, 66]. Different properties (solubility,
water uptake, conductivity, hydrolytic stability) can be fine-tuned by choos-
ing carefully the structure of the non-sulfonated diamines. As developed
in Sect. 3, it has been established that:

e Flexible non-sulfonated diamines increase the solubility of the final poly-
mer as well as its hydrolytic stability.

e Bulky diamines increase the interchain space which induces a higher con-
ductivity at high humidity rates as well as a higher hydrolytic stability.

Based on the research work reported by Faure [40], either random or block
copolymers can be obtained depending on the synthesis pathway. When all
monomers are reacted in one step, random copolymers are obtained. To tailor
a blocklike structure, first the sulfonated diamines with a fraction of NTDA

O O, o)
W W
(0) o) 0]

Fig.4 Synthesis of BNTDA

H2N 803 803
HoN
(L, ﬂ R
SOzH

. HO5S HO,S
DABSA DMBDSA® DSDSA®!
SO3H
HO,S

BDSA

Fig.5 Commercially available sulfonated diamines
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are polymerized. The ratio of the diamine and NTDA is calculated to reach
a desired length of oligomers end-capped with amine groups. The final poly-
mers are obtained by adding precise amounts of NTDA and non-sulfonated
diamine to reach the desired ion content.

As could be expected, the membrane final properties (conductivity,
swelling, hydrolytic stability) depend on the degree of sulfonation which is
usually expressed as the IEC (see Sect. 3.1 for determination). More interest-
ingly, it has been shown that for a given IEC, the properties also depend on
the distribution of the sulfonic groups along the polymer backbone. This ob-
servation suggests that the structure of the polymer greatly influences the
microstructure of the membrane formed and therefore its macroscopic prop-
erties, as detailed in Sect. 3 [67].

Despite the good performances obtained in a long-term fuel cell test at
60 °C (3000 h) [29], BDSA-based SPIs have been reported to display limited
hydrolytic stability, especially at high temperature (> 80 °C) [68]. In order to
improve the resistance of SPIs, recent interest has been devoted to the design
of new sulfonated diamines. From this perspective, different groups have con-
tributed to the synthesis of a wide range of new sulfonated monomers. As the
sulfonic acid groups can either be directly linked to the polymer backbone
or grafted on pendant alkyl or aryl groups, “main-chain” or “side-chain”
monomers can be distinguished.

Most main-chain sulfonated diamines are synthesized by direct sulfona-
tion of a non-sulfonated precursor (Fig. 6) or its dinitro analogue [69]. 4,4'-
Diaminodiphenyl ether-2,2’-disulfonic acid (ODADS), 4,4'-bis(4-aminophen-
oxy)biphenyl-3,3’-disulfonic acid (BAPBDS) [71,72], 2,2’-bis[4-(4-amino-
phenoxy)hexafluoroisopropane disulfonic acid (BAHFDS) [73,74], 9,9-bis
(4-aminophenyl)fluorene-2,7-disulfonic acid (BAPFDS) [35], and 2,2’-bis(4-
aminophenoxy)biphenyl-5,5 -disulfonic acid (0-BAPBDS) [75] were synthe-
sized accordingly. Because of the electrophilic nature of the sulfonation
reaction, the sulfonic acid groups are usually introduced in the ortho/para
position to the electron-donating substituents. Polymer-grade monomers are
obtained with excellent yields (83, 85, and 90%, respectively, for BAPFDS,
ODADS, and p-BAPBDS), except in some cases (0-BAPBDS, 48%).

A slightly different synthetic procedure consists of an aromatic nucleo-
philic substitution involving a sulfonated precursor. In this respect, McGrath
and coworkers [25,76] reported the synthesis of bis[4-(3-aminophenoxy)
phenyl]sulfone-3,3’-disulfonic acid (43% overall yield) by directly reacting
sulfonated dichlorodiphenylsulfone with 3-aminophenol (Fig. 7).

A similar method was used by Zhai [77] for the synthesis of BAPBDS and
4,4’ -bis(4-aminophenylthio)benzophenone-3,3’-disulfonic acid (BAPTBPDS),
as well as by Shobha et al. [78] for the synthesis of sulfonated bis(3-
aminophenyl)phenyl phosphine oxide (SBAPPO). Because of the aromatic
nucleophilic substitution reaction, this procedure leads to the incorporation
of two ether bridges in the corresponding sulfonated diamines. This structure
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both confers a good flexibility to the monomer and is expected to enhance the
nucleophilic character of the amine groups.

By condensation of a biphenol with 2-fluoro-5-nitrobenzenesulfonic acid
sodium salt [79, 80] or 5-amino-2-chlorobenzenesulfonic acid [81], some sul-
fonated diamines bearing the sulfonic group on the terminal amino phenyl
ring can be synthesized (Fig. 8).

In order to enhance the sulfonic acidity and therefore improve the poly-
mer proton conductivity, a different synthetic pathway has been elaborated
to introduce the sulfonic acids in the ortho position to electron-withdrawing
groups (sulfones, ketones). Based on a procedure widely developed by Jan-
nasch et al. for the synthesis of proton exchange polyarylethers [82, 83], Chen
et al. [84] designed an original and interesting monomer (Fig. 9). However,
the harsh experimental conditions required (BuLi, gaseous SO;) and rela-
tively low overall yields (24.7%) should preclude the wide development of
such monomers.

Okamoto et al. classified the different above-mentioned sulfonated di-
amines into two groups (Fig. 10): those having a sulfonic group directly
bonded to the phenyl ring on which the amino group is present (“Type 1”),
and those having the sulfonic group on a bridged phenyl ring (“Type 2”).
According to the authors, such a classification relies on basicity consid-
erations. As the sulfonic acid group is electron-withdrawing, the electron
density of the benzene ring bearing such a group is lowered compared
to the electron density of the unsubstituted aromatic amine, resulting in
a decrease of the corresponding amine basicity. Considering that the re-
activity of the condensation reaction of a diamine with a dianhydride in-
creases with the basicity of the diamine, the authors argue that the reverse
reaction (hydrolysis) should be less important for imide groups based on
Type 2 diamines.

As reported for different aromatic and heterocyclic polymers, the intro-
duction of side-chain sulfonic groups seems particularly interesting [85].

F—<\ >—No2 SO
1b Reduction
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HO,S
HO—__Ar ;—OH 2
——————  H,N 0— Ar _—o0 NH,
HO5S SOH
cl NH,

Fig.8 Introduction of the sulfonic group on the amino phenyl ring by SNAr
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Indeed, the side chains containing sulfonic acid groups are expected to give
microphase separation structures, which could be favorable for proton trans-
port, and undesired desulfonation reaction might be avoided if sulfonic
groups are grafted onto alkyl spacers. Therefore, particular interest has been
devoted to the synthesis of SPIs from diamine-containing sulfonic acid side

Diamine "Type 1" Diamine" Type2"
SO4H
: S R
H,N X—Q*NM
HO3S HO5S Ar:
CFs4
—o )1 )
oF, HO,S O'O SOgH
SO3H
x: BAHFDS BAPFDS
—0— ODADS O SOzH
—0 o HO3S, SOzH
-o{)~<)o- iBAPBDS O . o—
HO,S
-0)-0-  DSBAPB p BAPBDS
o BAPBDS
HO;S, SO3H HO5S SOzH
) o
LG o
BAPTBPDS BAPBPDS
HO3S H038803H
e I
SO3H
p-BAPPS-2DS BAPNDS
HZNO/\ONHz
Ar:
i
N a
HO,S SO4H @\
SA-DAPDS SOsH
SBAPPO
—o~ )= o
HO5S SOzH
m BAPBDS

Fig. 10 Main-chain sulfonated diamines



200 C. Marestin et al.

SOH NH, O(CHp)nSO3H
H,C
ol
HO3S,(H,C)O
cH, OCH,CH,CH,SO3H
SOgH
3,3’-Bis(sulfomethyl)benzidine DAPPS 2,2'BSPB

(n =3, n=4)

HOsSHZC10 H NNH
2/ 2
HZNNHZ o 0 SOsH
O(CHy),SO3H (CHs)n (CHs ) O O
| |
T ! SOzH

3,3'BSPB
(n=3,n=4,n=10)

SOgH SOgH

3.3%-Bis[3-(4- DASSPB
sulfophenoxy)propoxy]benzidine
3,3’-Bis[12-(4-
sulfophenoxy)dodecyloxy]benzidine

n=3,n=12)

SO3H HO5S
o LI
SO4H
O Lo SQaaVar
W,
HOsS HoN NH,

HO5S Q
BNDADS SOH
DASDSPB BSPhB

SOzH SOzH SOsH

? Q. o
Wl O z .

¢}

HO3S

SOgH
SOgH

, BAPSBPS
4 (BSPOB) 2,2’-BSBB

Fig. 11 Side-chain sulfonated diamines

chains (Fig. 11). Such monomers are usually obtained through multistep re-
actions. Detailed syntheses are reported hereafter.

Sulfonic acid groups can be grafted on alkyl side chains directly linked to
a phenyl ring [86]. Accordingly, a new sulfonated diamine bearing a sulfo-
methylene group (3,3'-bis(sulfomethyl)benzidine) was synthesized in three
steps (Fig. 12), with a 66% overall yield. Synthetic difficulties unfortunately
preclude the synthesis of longer alkyl chain analogues.

The formation of alkoxy linkages enables the synthesis of longer sulfonic
acid side chains. In this spirit, Yin et al. [87] reported the synthesis of DAPPS
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in two steps. 2,4-Dinitrophenol is first reacted with 3-bromopropane sulfonic
acid sodium salt. The resulting compound is then reduced (Fig. 13), giving
the expected sulfonated diamine with a 44% overall yield. The limiting step
seems to be the unfavored nucleophilic substitution, due to the electron-
withdrawing effect of the nitro group in the para position to the phenol.

The same authors describe the synthesis of a BDSA-like monomer
with a sulfonated side chain [88-90]. Depending on the reactant (2- or
3-nitrophenol), they succeeded in synthesizing two isomers, 2,2'-bis(3-
sulfopropoxy)benzidine and 3,3'-bis(3-sulfopropoxy)benzidine (Fig. 14).

The four-step synthesis involves an aromatic nucleophilic substitution, the
formation of an azo compound by a reduction reaction in the presence of zinc
powder under basic conditions, and the reduction of this compound into a hy-
drazo analogue. The diamine monomer is then obtained by a rearrangement
in acidic conditions. However, the overall yields of these syntheses remain
rather low (respectively 39.5 and 30% for 2,2- and 3,3'-isomers). Watanabe et
al. [86] report a much longer aliphatic chain analogue (n = 10) by a similar
procedure.

According to another synthetic pathway, initially described by Jénsson
et al. [91,92], Yasuda et al. [93] synthesized 2,2~ and 3,3'-BSPB (Fig. 15) di-
amines, as well as their analogues having butoxy side chains.

The position and the alkyl chain length do not seem to affect the final
properties, except the polymer solubility. The introduction of alkoxy groups
is reported to improve the hydrolytic stability of the polymers. However, the
presence of these alkoxy groups seems to be at the expense of the oxidative
stability, as the membranes are rapidly dissolved in Fenton’s reagent [87, 93].

Watanabe and coworkers [86, 94] describe the synthesis of monomers hav-
ing pendant sulfophenoxypropoxy groups (Fig. 16). This synthesis proceeds
via a four-step reaction: first, the amino functions of the aminophenol reac-
tant are protected by acetylation. The resulting compound is then bromoalky-
lated. Sulfonic acid groups (in the sodium salt form) are therefore grafted on
the side chains by nucleophilic substitution, and a final acidic treatment leads
to the desired monomer (12 and 46% yield, respectively, for chain lengths
n=3and 12).

NO,  Br(CH,);SO;Na  NO2 ) N, N, NHa+
. 90°C, 2h
OH NO: 11(])31(\;/{2811 L Noz o oyma | NHg+
(:CHz)3 ((|3|.|2)3
SO;3Na SOgH
DAPPS

Fig.13 Synthesis of DAPPS
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Whereas the SPIs bearing the longest side chains have better properties
than common main-chain or short side-chain SPIs (a higher oxidative and
better hydrolytic stability, and a comparable proton conductivity) [86], they
showed less water uptake and lower proton conductivity compared to SPIs
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based on BSPB. Based on these results, the authors consider that concerning
proton-conducting properties, there is an optimum side-chain length (three
or four methylene units) [94].

Sulfophenoxy groups can be introduced either on a diamine monomer
by aromatic nucleophilic substitution [95] involving 4-fluorobenzenesulfonic
acid sodium salt or by direct sulfonation [96] of a compound having phenyl
ether linkages (Fig. 17). Both methods were mentioned for the synthesis of
3,3’-BSPOB. The SPI obtained from 3,3’-BSPOB displays an outstanding water
stability (> 2000 h at 100 °C). The argument of the authors to account for this
hydrolytic stability is based on membrane morphological aspects.

A slightly different monomer in which sulfophenyl groups are present
instead of sulfophenoxy or sulfopropoxy groups was obtained by direct sul-
fonation of 2,2'-diphenylbenzidine [34] (Fig. 18). Whereas the water stability
of the membranes based on this monomer seems better than that of the
membranes bearing sulfopropoxy groups, they remain less stable than those
having BSPOB diamines. Moreover, it should be noted that the overall yield
(taking into account the synthesis of the 2,2'-diphenylbenzidine precursor) is
extremely low.

2,2'-Bis(3-sulfobenzoyl)benzidine (2,2'-BSBB) [97], another wholly aro-
matic side chain diamine without any ether or aliphatic groups, is synthesized
in good overall yields (63%). As represented below (Fig. 19), this monomer
is prepared through a nitration reaction, a Friedel-Crafts acylation, a reduc-
tion, and finally a post-sulfonation. Notwithstanding the presence of benzoyl
groups which are more stable than alkoxy linkages, SPI membranes based on
these monomers are quite sensitive toward hydrolysis. One probable reason is
related to the electron-withdrawing effect of the benzoyl group which reduces
the diamine basicity.

3,5-Diamino-3’-sulfo-4’-(4-sulfophenoxy)benzophenone (DASSPB) and
3,5-diamino-3’-sulfo-4’-(2,4-disulfophenoxy)benzophenone (DASDSPB) [98]
were synthesized in a three-step process (respectively 24 and 43% yields).
After a Friedel-Crafts reaction on diphenyl ether, two or three sulfonic acid
groups were grafted, depending on the sulfonation reaction conditions (6 h
at 40°C or 8h at 60 °C). A reduction by stannous chloride dehydrate gave
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the corresponding diamines (Fig. 20). The incorporation of several sulfonic
acid groups on the same monomer side chain was intended to favor the for-
mation of hydrophilic nanodomains. The resulting SPI membranes effectively
present high water uptake at low relative humidity, and consequently high
proton conductivities even in the low RH range. More striking is the isotropic
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swelling in water of these membranes, a phenomenon which might be related
to the specific nature of the monomers involved.

According to a common procedure (aromatic nucleophilic substitution in-
volving a binaphthyl phenol, reduction of the nitro groups, and sulfonation),
a binaphthyl-containing diamine (2,2'-bis(p-aminophenoxy)-1,1'-binaphthyl-
6,6'-disulfonic acid (BNDADS)) has been synthesized by Li et al. [99] (Fig. 21).
Binaphthyl moieties induce a kinked chain structure which is supposed to in-
crease the polymer solubility, inhibit interchain interactions and chain pack-
ing, and therefore increase the free volume accessible to water, thus helping in
the formation of the observed microphase-separated structures.

A multistep reaction involving a lithiation, carbonation, Friedel-Crafts
reaction, sulfonation, and aromatic nucleophilic substitution (overall yield
30%) (Fig. 22) was designed to synthesize a sulfonated diamine similar to
p-BAPPS-2DS, but whose sulfonic acid groups are removed from the main
monomer backbone [100]. The basicity of this diamine is expected to be high
as no electron-withdrawing groups are present on the phenyl ring bearing
the amino groups. The flexibility of this monomer is provided by the two
phenoxy bridges.

Based on the different above-mentioned synthetic pathways, it is possible
to design a great variety of sulfonated diamines. In this respect, the synthe-
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sis of various isomers (such as m-, p-, 0-, or i-BAPBDS) [80] is particularly
interesting as the resulting SPIs have the same chemical composition and
IEC. However, depending on the respective positions of the sulfonic acid
groups or on the specific structure of the monomer (meta or para isomers),
these polymers do have different macroscopic properties (in terms of sol-
ubility, hydrolytic stability, proton conductivity, membrane morphology, or
membrane swelling behavior). Comparing the properties of SPI membranes
bearing SOsH in the main chain or spaced from the backbone by alkyl or
aryl groups is also very meaningful. Therefore, in-depth structure-property
studies result in a better understanding of the phenomena involved during
a fuel cell test and suggest how the polyelectrolyte chemical structure should
be modified in order to improve the membrane performance.

Amongst the different sulfonated diamines recently reported, 2,2’- and
3,3’-BSPB are the most extensively studied. Interestingly, 2,2’- and 3,3'-BSPB
based membranes have shown a much longer water stability at 100 °C com-
pared to BAPBDS membranes [101]. This was attributed to the higher basicity
of the side-chain sulfonated monomer and to the well microphase-separated
structure morphology induced by this monomer [101, 102] (nanosized hy-
drophilic sulfonic acid domains and hydrophobic polyimide domains). How-
ever, at higher temperatures (130 °C), sulfopropoxy groups are cleaved, re-
sulting in a proton conductivity decrease (around 20%) [103]. Nevertheless,
these membranes seem very promising for lower temperature applications
as witnessed by long-term fuel cell tests under H,/O;, [33], Hy/air [104], or
in DMFCs [105-107]. It is worth mentioning that 5000h at 80 °C is up to
now the best long-term test reported for a SPI (and for any sulfonated poly-
aromatic membranes as well).

2.2
Cross-Linked Sulfonated Polyimides

One route to improve the ionic conductivity of these polymers is to increase
the IEC. The presence of a large number of sulfonic groups on the polymer
chain has, however, a detrimental effect on the swelling properties of the
membrane as an excessive water uptake leads to a lower conductivity and
weaker mechanical properties. To overcome such a problem, the idea of cross-
linking the membranes seems particularly attractive, as far as they do not
become brittle.

Different strategies have been described in the literature for obtaining
cross-linked aromatic proton conductive membranes based on polyphos-
phazene [108], polysulfone [109], and polymer blends [110]. However, as
mentioned by Kerres in a review article [111], ionically cross-linked mem-
branes are not suitable for high-temperature applications because of excessive
water membrane swelling. Accordingly, particular interest has been devoted
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to obtaining covalent cross-linked SPI membranes. Different strategies have
been described.

Miyatake et al. [112] have reported the cross-linking of polyimide mem-
branes by electron-beam irradiation (Fig. 23). These membranes are obtained
by classical solvent-casting methods from m-cresol solutions. After acidifi-
cation (HNO3/EtOH), the 50-pum-thick membranes are irradiated with an
electron beam at room temperature and under air. The experimental condi-
tions are designed to induce a cross-linking reaction only in a small depth
(10 wm) on each face, or to affect the whole membrane thickness. However,
the presented results do not show any effect on the molecular weight and the
water uptake, which highly suggests the absence of cross-linking by electron-
beam irradiation.

Watanabe et al. used different branching agents in order to synthe-
size branched/cross-linked SPIs. They introduced either melamine [110,
112] in a fully aromatic SPI (Fig. 24) or tris(aminoethyl)amine in an aro-
matic/aliphatic SPI backbone [33, 113]. In both cases, the proportion of tri-
functional branching agent (leading to a stoichiometric proportion of amine
and anhydride groups) was limited to 2 mol %. The authors studied the ef-
fect of this new polymer architecture on the membrane water uptake and
maximum tensile stress at break.

Another triamine monomer (1,3,5-tris(4-aminophenoxy)benzene, TAPB)
has been used as cross-linking agent by Yin et al. [114,115] (Fig.25).
Typically, anhydride-terminated sulfonated oligomers are prepared from
BAPBDS and NTDA in m-cresol at 180°C for 20 h. After adding some
triamine monomer, in a second step, the reaction medium is kept at mod-
erate temperature (50 °C), resulting in a polyamic acid intermediate. By
a thermal treatment at high temperature or in the presence of an acetic an-
hydride/pyridine mixture, complete imidization is performed during film
formation.

Another way to obtain cross-linked SPI membranes consists of cross-
linking linear high molecular weight SPIs. From this perspective, a spe-
cific comonomer is introduced into the SPI. The addition of bifunctional

(0] O O HO3S O, O (0] O
_Nm e Nm Y .i
o o) SO3H o o) O

Electron Beam
irradiation

Fig.23 Electron beam cross-linking
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cross-linkers enables the formation of covalent bridges between the SPI
chains. A first example is given by Sundar and coworkers [116]. In this case,
the cross-linking is based on the quaternization reaction between acridine
groups of the SPI chain and a dibromoalkane reagent. Series of cross-linked
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SO,

Fig.25 Triamine as cross-linking agent (TAPB)

membranes were prepared by modifying the length of the dibromo com-
pounds. For this purpose, the authors firstly synthesized high molecular
weight SPIs based on NTDA/BDSA, 3,6-diaminoacridine (DAA), and 2-bis[4-
(4-aminophenoxy)phenyl]hexafluoropropane (HFBAPP). Unusually, the re-
action is stirred at room temperature in m-cresol until it becomes homo-
geneous before being chemically imidized. The polymer is then further dis-
solved in cresol before the introduction of dibromoalkanes (Fig. 26). After
casting the solution, the quaternization reaction is realized by curing the films
at 80 °C for 1 h and 120 °C for 12 h. Although no details concerning the retic-
ulation extent are given, one can suppose that a high cross-linking rate could
be obtained with this procedure, according to the acridine monomer propor-
tions involved (20 wt. %).

According to a similar approach, Park et al. [117] described the synthesis
of cross-linked SPIs based on carboxylic acid containing structures and the
formation of ester bridges using various alkane diols. The low hydrolytic sta-
bility of ester linkages in aqueous acidic media precludes any long-term use of
such materials for fuel cell applications. However, using different diols (HO-
(CH;),—OH, n = 2-10) the authors studied the effect of the cross-linker chain
length on the final membrane properties (water uptake, proton conductiv-
ity, methanol permeability). An optimum cross-linker chain length (n = 5-6)
was determined (Fig.27). The same authors [118] also report the use of
N,N-bis(2-hydroxyethyl 2-aminoethanesulfonic acid) (BES) as a sulfonic acid
cross-linker in order to further improve the proton conductivity of the cross-
linked membranes.

Yang et al. [119] have proposed a cross-linking method based on the ther-
mal polymerization of SPI oligomers end-capped with a thermal reaction
function. These authors synthesized sulfonated oligoimides end-capped with
maleimide functions. These telechelic oligomers are either self-cross-linked
or cross-linked with poly(ethylene glycol) diacrylates (PEGDAs). Self-cross-
linked SPI films are obtained from a triethylammonium salt SPI solution
in NMP containing 3 wt. % of 4,4'-azobis(4-cyanovaleric acid) (ACVA). Thin
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films are obtained by spin coating and then cured at 80 °C for 4 h, 120 °C for
6 h, and 180 °C for 3 h.

The same procedure was used for obtaining the cross-linked SPI contain-
ing poly(ethylene glycol) diacrylates (Fig. 28). This approach is interesting
because of the hydrophilic and flexible nature of PEG sequences. The mechan-
ical properties as well as the water uptake of the cross-linked systems are kept,
thus improving the conductivities at high temperatures. However, the stability
of the PEG unit in fuel cell conditions is somewhat questionable.

High IEC and high molecular weight linear SPIs can be easily cross-linked
in the presence of phosphorus pentoxide/methanesulfonic acid (PPMA)
or phosphorus pentoxide. Two different ways were recently described by
Okamoto and his group:

1. Dry SPI membranes (in their acidic form) are immersed into PPMA at
80°C [120, 121].

2. SPIs (in their acidic form) in DMSO solution containing 5 wt. % of phos-
phorus pentoxide are cast into films which are thermally cured at high
temperature and under vacuum [121].

In both cases, the cross-linking reaction is based on the formation of sul-
fonyl linkages, as represented in Fig. 29. As the sulfonic groups are involved in
the cross-linking process, such a reaction leads to a reduction of the SPI ini-
tial IEC. Surprisingly, the resulting cross-linked SPIs show an improved water
stability and a rather high proton conductivity, in spite of a 10 to 20% IEC
decrease.

Another strategy adopted to reduce the degree of swelling of the mem-
branes without significantly losing their proton conductivity consists in the
elaboration of semi-interpenetrating networks (IPNs) based on SPI. Lee and
coworkers [122] polymerized PEGDA in the presence of SPI to synthesize IPN
membranes with various ionic contents (Fig. 30). Thanks to the incorpora-
tion of hydrophilic PEG groups, the proton conductivity was shown to be
improved in spite of rather low IEC values. Moreover, the better structural sta-
bility of such materials resulted in higher water stability compared to that of
the pure SPI membrane.

Organic-inorganic (SPI-SiO,) interpenetrating networks appear to be
very promising materials as solid electrolytes for fuel cell applications. Lee
et al. [123] showed that the presence of silica reduces the membrane water
uptake and methanol permeability, while it increases the membrane selectiv-
ity (Fig. 31). Besides, the formation of an organic IPN improves the material
hydrolytic stability. Hence, the mechanical properties (tensile strength and
elongation at break) are increased by a factor of 100.
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3
Sulfonated Polyimide Membrane Properties and Structure

3.1
lon Content

The first membrane characterization is the determination of its ion content.
It is usually characterized by the IEC, which corresponds to the number of
protons per gram of dry polymer. Typical values for ion-exchange membranes
range from 5 x 107 to 5 x 10~ mol/g and so are expressed in millimoles per
gram (or milliequivalents per gram). In the specific case of PEMs, a too low
IEC does not permit a sufficient fuel cell performance to be obtained, while
a too large value leads to an excessive water uptake and insufficient mechani-
cal properties. The useful range is thus typically restricted to 1.2-2.5 meq/g
for most of the sulfonated aromatic polymers depending on their swelling
properties. The ion content of ionomer membranes is also often defined as
the equivalent weight (EW), which corresponds to the inverse of the IEC value
(EW = 1000/IEC in eq/g). These values are somewhat misleading when com-
pared to Nafion because the dry polymer density can be notably different
from one polymer to another (typical polymer densities are 1 for aliphatic,
1.4 for aromatic, and 2.1 for perfluorinated polymers). Therefore, a more
relevant value should be the equivalent volume expressed in cm?/eq. For ex-
ample, the EW for Nafion is 1100 g/eq (IEC = 0.91 meq/g) and one extensively
studied SPI exihibits an IEC of 1.3 meq/g (EW =770 g/eq). These values seem
significantly different while they are very close when expressed as equiva-
lent volume (524 and 550 cm?®/eq, respectively). However, the polymer matrix
density is not easy to determine experimentally compared to the dry weight
and the equivalent volume is never used.

A theoretical IEC is set during the polymer synthesis through the ratio
of disulfonated and neutral diamines. It can be experimentally confirmed by
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acid-base titration. The acid membrane is neutralized with a large excess of
sodium chloride in order to release the protons in the solution for titration.
While this measurement is easy and reproducible for Nafion, it becomes more
difficult for SPI. The titration curve is no longer characterized by a single
wave and some of the protons are not released when the membrane is neu-
tralized in the concentrated sodium chloride solution. This behavior can be
due to both a difficulty in accessing some protons and to a lower acidity of the
sulfonate group linked to a phenyl group and embedded in a highly charged
environment.

For sulfonated aromatic polymers, the degree of sulfonation can be deter-
mined by the integration of some specific 'H NMR peaks, which gives the
ratio of substituted aromatic rings to unsubstituted ones [124]. However, this
technique requires a good solubility in common deuterated solvents and it
can hardly be applied to SPIs [76] since broad lines are often obtained due
to polymer chain aggregation [31, 63]. Specific infrared bands, such as the
SOj3 vibration bands [50, 63, 125], could be used to evaluate the number of
sulfonic groups. Since the absorption coefficients are not known, a totally
sulfonated homopolymer can be used as reference material or any specific
bands as internal reference [68,126]. However, these bands are pretty weak
and overlap with other bands. Therefore, this technique does not allow a pre-
cise determination of the SO3; content. Transmission infrared spectroscopy
can be performed on very thin films (around 5 um) [68, 126] or by dispersing
a SPI powder in KBr pellets [63]. The attenuated total reflection (ATR) tech-
nique can also be used directly on membranes. In this case, the analysis is
restricted to the first few microns (the penetration depth) and it is necessary
to assume a chemical homogeneity between the membrane surface and bulk.

The last method is the determination of the sulfur content either by elem-
ental analysis or by scanning electron microscopy with energy-dispersive
X-ray analysis (SEM-EDX) [126]. The intensity related to the degree of sul-
fonation is linear as a function of the desired IEC over a wide range of
ion content (Fig. 32). This experiment demonstrates that the synthesis using
functionalized monomers is a very efficient method to control the ion con-
tent. This latter method also permits the sulfur concentration profile across
the membrane to be accessed. Flat profiles were obtained indicating a homo-
geneous distribution of the ionic groups, at least on a micrometer scale. Sulfur
determination by elemental analysis also confirmed the efficiency of the poly-
condensation reaction, since the slope of the actual sulfonation level versus
the designed one was found to be very close to 1 [52]. It has to be pointed out
that, except for the titration method, the IEC determinations give the overall
number of sulfonate groups but they cannot differentiate between SO3 groups
isolated in the hydrophobic matrix and those which participate effectively in
the ion conduction.
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Fig.32 SPI SEM-EDX sulfur content data (M) obtained for various degrees of sulfonation.
Data obtained in the same conditions for sulfonated polyether ether ketones prepared by
post-sulfonation (O) are given for comparison

3.2
Membrane Water Uptake and Swelling Properties

Most of the membrane properties are directly related to the membrane wa-
ter content which thus appears as one of the most important characteristics.
It can be easily measured gravimetrically by either immersing the membrane
in water at room temperature or equilibrating the membrane in saturated va-
por in a closed vessel. The water uptake is then expressed in weight % with
respect to the dry polymer weight. Polyimides are subject to water sorption
due to the presence of hydrophilic carboxyl groups in the imide functions.
However, this water uptake is limited at 1.5 to 5% w/w depending on the
imidization rate and the chemical structure [127, 128]. The introduction of
sulfonate groups greatly enhances the water uptake up to 80% w/w in sat-
urated vapor [129] and to a possible dissolution in liquid water for highly
sulfonated materials [130]. Since the water uptake is strongly related to the
sulfonate content and to the polymer density, a normalized value is now com-
monly used: the number of water molecules per sulfonate group, . The A
values were shown to be constant over a wide range of ion content and for
different structures, as presented in Fig. 33 [33-35, 65,100, 131-133]. This
behavior is specific to SPIs since sulfonated hydrocarbons or perfluorinated
materials usually present a divergence of the water uptake for a critical value
of the ion content [134, 135]. Surprisingly, Myatake et al. observed a nonlinear
behavior of the water uptake as a function of the ion content with a maximum
for fluorenyl-containing SPIs [112]. This discrepancy is probably attributable
to a problem encountered during the polymer synthesis since this effect was
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Fig.33 Swelling data for different 1.3 meq/g BDSA-based SPI membranes: phthalic ODA
(A) and naphthalenic ODA/fluorenyl 1:1 (H); ODA (4); diaminooctane (DAO) with five
sulfonated monomers in the ionic sequence (®; and DAO with nine sulfonated monomers
(x). Swelling data are expressed as water uptake in w/w% (up) and as the number of
water molecules per sulfonate group, A

not reproduced with similar systems (Fig. 15) [136]. Other discrepancies can
be observed for very high IEC values, probably due to a loss of the mechanical
properties or partial dissolution [36, 97]

The X value variation in dependence on the SPI chemical structure is more
difficult to analyze. Lee et al. [54] claimed a significant effect of the chemical
structure on the water uptake, while their values appear similar when normal-
ized by the IEC. Polymers with similar ion content and ion distribution along
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the polymer chain and using different aromatic monomers in the hydropho-
bic sequence were compared and the data of Genies et al. [31] suggest similar
swelling behaviors. However, a large variation can be observed when signifi-
cantly different diamines are used (Fig. 15). For example, aliphatic monomers
such as diaminooctane (DAO) lead to large water uptakes compared to aro-
matic monomers. However, the effect of aliphatic sequences can be counter-
balanced by the use of ionic pendant side chains [33]. It is more difficult to
reach a conclusion when taking into account the numerous data published
from the Yamaguchi University [35,59,70,71, 75,87, 137, 138], probably be-
cause the chemical modifications are operated in both the ionic and neutral
part of the polymer. Geniés et al. [31] observed a nonnegligible effect of the
ion distribution along the polymer chain, since random copolymers exhibit
systematically smaller water uptakes compared to block copolymers. For very
long sequences, larger water uptakes are often observed (Fig. 33). In the case
of ODA SPIs, this difference can be attributed to a macrophase separation
in ion-rich and ion-poor phases (see Sect. 3.3). In addition, the poor solu-
bility and the high glass transition temperature of these polymers probably
induce a strong effect of the casting conditions on the structure, the existence
of porosity, and the swelling properties.

A surprising result also arises from the comparison of the water uptake
values obtained after membrane equilibration in pure water and in a satu-
rated vapor atmosphere. The obtaining of different values in these conditions
where the water activity is supposed to be identical is called Schroeder’s
paradox. This effect was mainly observed at elevated temperature for Nafion
membranes [139] and was shown to be related to the membrane pretreat-
ment [3,140]. In the case of SPIs, a wide difference close to a factor of 2
(A =19 in liquid water and 11 at 100% RH) was observed at room tempera-
ture [141]. Moreover, this effect was shown to be reversible. A membrane
equilibrated in liquid water and placed in a saturated atmosphere will slowly
lose some weight and reach the equilibrium value determined at 100% RH in
around 15 days.

Nowadays, PEMFCs operate at 80 °C and one of the main objectives is to
increase this temperature as much as possible. Thus, the water uptake has
to be measured as a function of temperature or at least at elevated tempera-
ture. For most of the ionomer membranes, the water uptake increases almost
exponentially with temperature up to partial or total dissolution [135, 142].
In the early work of Faure et al. [29], the SPI water uptake was shown to
be independent of the temperature in the range of room temperature to
80 °C for naphthalenic SPIs, while a slight increase was observed for phthalic
SPIs as confirmed recently [50]. However, phthalic SPIs are very sensitive to
hydrolysis, which induces a fast polymer degradation [29, 50]. This sensitivity
increases with temperature and the swelling data recorded at elevated tem-
perature should be considered with care [68].
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The swelling in liquid water could be a nonrelevant value to describe the
membrane behavior in fuel cells. As an example, the sulfonated polyether ke-
tones suffer from an excessive water uptake when immersed in liquid water
at elevated temperatures [135], while a high-temperature fuel cell test over
1400 h has been performed with fully hydrated gases [15]. Therefore, the
swelling in liquid water at elevated temperature is of limited value. Most of
the authors prefer nowadays to determine the water uptake in defined tem-
perature and RH conditions. Water sorption isotherms have been measured
and analyzed [59, 129, 143]. These results confirmed the previous data since
the sorption isotherms are superimposable when expressed in XA values for
different ion content and chemical structures [59,71,75,87]. The sorption
isotherms were classically analyzed as the superposition of different phenom-
ena (Henry, clustering, dual-mode, Flory-Huggins, BET II processes) [143].
The water sorption isotherms exhibit a distinct sorption-desorption hystere-
sis which was attributed to the very low desorption process [59]. The authors
considered that the equilibrium was not attained within the experimental
timescale (1 h of equilibration for each experimental point). However, they
did not present longer experiments to validate this conclusion. The same ex-
periments were carried out varying the equilibration time for each data point
from 60 to 720 min (Fig. 34). While the observed hysteresis is slightly reduced
on increasing the equilibration time, the extrapolation of the kinetic data to
infinite equilibration time clearly indicates that the sorption-desorption hys-
teresis is a true phenomenon. This unexplained behavior is an extension of
Schroeder’s paradox when the water activity is different from 1, since differ-
ent water uptakes are obtained for the same water activity.

Water management is an important issue in fuel cell operation and conse-
quently fuel cell modeling. Water transfer through the membrane is usually
treated using Fick’s law [144] and a diffusion coefficient which depends on
both the water content and the temperature [145]. Since the resolution of
FicK’s law at short times implies a t!/2 evolution of the water uptake, the dif-
fusion coefficients are often extracted from the initial slope of the swelling
kinetics [59,143]. These values, which are determined in the presence of
a concentration gradient and which take into account the surface adsorption
processes, can be considered as more representative than the self-diffusion
coefficients determined using pulse field gradient nuclear magnetic reson-
ance (PFG-NMR), diffusion of radiotracers, or conductivity data through the
Nernst-Einstein equation [146]. Despite it being shown that ionomer mem-
branes exhibit highly non-Fickian behavior [147], this data treatment was
applied to SPI systems and the results suggest that the diffusion coefficients
present a maximum value around 50% RH [59]. However, this model is not
able to reproduce the entire swelling kinetics using the nonapproximated
equation. These discrepancies can be attributed to a series of polymer matrix
relaxations upon swelling which are not encountered in this simplified model.
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Fig.34 Water sorption isotherm of a naphthalenic SPI for various equilibration times for
each data point: (H) 60 min; (@) 120 min; (A) 240 min, and (4) 720 min. Full and empty
symbols correspond to absorption and desorption, respectively

Maréchal et al. [148-150] have studied the hydration mechanisms by in-
frared spectrometry on both acid and neutralized forms and on homopoly-
mers and block copolymers as a function of the relative humidity at room
temperature. The analysis of the hydration spectra reveals different processes
associated with the ionization of the sulfonated groups, the counterion sol-
vation, the hydration of the carboxylated groups in the imide functions, and
the condensation of H,O on other water molecules [150]. Since the analy-
sis is quantitative for each identified process, water sorption isotherms were
built (Figs. 35 and 36) and led to an understanding of the hydration better
than with the Langmuir, clustering, and Henry concepts. The energy transfers
associated with water sorption have been measured [151]. The first step is in-
terpreted as the water sorption in unrelaxed holes and interaction on specific
sites. The second step in the range of activity larger than 0.6 is attributed to
a swelling process. It is characterized by a progressive decrease of the inter-
actions between the water molecules and the specific sites for the benefit of
water-water interactions.

The membrane swelling can also be studied through the macroscopic di-
mensional changes. For most ionomer membranes, the linear expansion is
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found to be identical within the three directions (isotropic swelling), ex-
cept when an orientation is generated by the membrane preparation process
(typical case of extruded membranes). On the contrary, SPI membranes ex-
hibit a strong swelling anisotropy with dimensional changes observed mainly
along the membrane thickness. Cornet et al. [141] have shown the dimen-
sional change along the thickness can vary from 30 to 60% depending on the
ion content and the block character, while the in-plane swelling is limited
to 5-8%. This swelling anisotropy, which was confirmed by the study of
new polymers [34, 79, 97], was attributed to a foliated structure packed along
the membrane thickness. It was also shown that the swelling process is
strongly related to the membrane preparation procedure and it is isotropic for
membranes equilibrated in saturated vapor. In such a case, the dimensional
changes are very small despite the absorption of ten water molecules per sul-
fonic group. It reveals that the first step of the hydration process corresponds
to the filling of nanopores (no porosity is observable by SEM) created dur-
ing the casting procedure [141]. The system becomes glassy during solvent
evaporation, trapping some solvent molecules in a rigid structure. After so-
lution casting and solvent evaporation at high temperature, the membranes
are washed to remove the residual solvent and acidified. Some empty space is
then created by the residual solvent extraction and by the replacement of the
large alkylammonium by small protons. This porosity cannot be relaxed due
to the high glass transition temperature and polymer rigidity.

As for most polyaromatic polymers, SPI membranes exhibit a low
methanol crossover and these membranes were considered as promising ma-
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Fig.35 Water sorption isotherm determined by infrared and decomposition in the differ-
ent hydration mechanisms (reproduced from [150])
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terials for direct methanol fuel cells (DMFCs) [52, 76, 87, 112]. However, it is
difficult to find any data in the literature about the solvent uptake either in
methanol or in water/methanol mixtures. On the contrary to Nafion mem-
branes, which exhibit a high affinity to methanol [142], pure methanol is
obviously a poor solvent for SPI since it can be used to precipitate the poly-
mer from cresol solutions. The methanol uptake is roughly twice smaller than
the water uptake in the same conditions [152], while it is five times larger in
the case of Nafion [142].

3.3
Structure and Morphology

It is commonly accepted that the membrane microstructure has a large im-
pact on the transport properties and should be controlled. The complex
multiscale structure of ionomer membranes has required different series of
complementary experiments and the progress in the experimental setups
over more than 20 years to be partly elucidated [153]. Moreover, only one type
of Nafion membrane was commercially available. It was thus only possible to
vary the external parameters (swelling agent, temperature, counterion, me-
chanical constraints ...) and not the structural ones. The development of new
membranes should have been the opportunity to progress in this field, but
surprisingly only scarce structural studies have been performed on these new
materials and they were mainly conducted on SPI [153]. The ionomer mem-
branes are usually characterized by a nanophase separation of the highly hy-
drophilic ionic groups embedded in the hydrophobic polymer matrix. These
domains are often considered as spherical to minimize the interfacial en-
ergy [4], and they have to be connected to each other to explain the high
values of the ionic conductivity [9]. Nevertheless, this commonly accepted
statement is not straightforward since each ionic group is linked to the poly-
mer chains and the energy of the chains should also be minimized to avoid
too large packing constraints. Recently, a new model was proposed which
seems able to deal with most of the experimental data. This model is based on
elongated particles composed of the fluorinated matrix with the ionic groups
at the interface [7, 8]. However, it is far from being straightforward that such
a model can be directly transposed to non-fluorinated materials. The small-
angle X-ray and neutron scattering (SAXS and SANS) techniques are the most
suitable tools to explore the membrane microstructure [153]. Nevertheless,
the image of the structure is obtained in the reciprocal (Fourier) space, and
an adequate model including the shape and the spatial distribution of the
ionic domains is necessary to interpret the data. A direct image of the struc-
ture can be obtained by electron or atomic force microscopy techniques, but
in the absence of marked structural features the analysis is often subject to
interpretation in addition to many possible artifacts that can arise from the
sample preparation.
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The first SANS analysis of SPI membranes was performed on both naph-
thalenic and phthalic ODA/BDSA block copolymers with five repeat units in
the ionic sequence [29]. The SANS spectra revealed a broad maximum located
at very low angles compared to Nafion (Fig. 18). This low-angle scattering
maximum was also observed by SAXS and called the ionomer peak since
such a peak is commonly observed with ionomer materials [52, 154]. Its ori-
gin is still subject to controversy [153] but its position is usually related to
the characteristic size of the scattering objects (assumed to be ionic clusters).
The low-angle position of the ionomer peak suggests large interdomain dis-
tances and consequently a large domain size (typically 5 to 10 times larger
than in Nafion). This large size was attributed to the block character of the
polymer (five repeat units in the ionic sequence in this case). In the case of
random highly charged SPIs, Myatake et al. did not observe any scattering
peak [110] and concluded the absence of ionic aggregation due to a less pro-
nounced hydrophilic/hydrophobic separation and to the weaker flexibility of
polyaromatic chains. Despite the data being recorded in a very restricted an-
gular range, they confirm the results previously observed by Piroux et al. who
found that the ionomer peak vanishes for highly charged SPIs.

In the SAXS data obtained for phthalic block copolymers where the
ionomer peak is well defined, the peak position was found to be proportional
to the number of repeat units in the ionic sequence [154]. In addition, the in-
tensity of the ionomer peak was shown to be directly related to the electron
density of the counterions, confirming that this low-angle maximum has to
be associated with the ionic domains [154]. The SAXS patterns of fully hy-
drated phthalic SPIs were not found to be sensitive to the ion content [52],
and the authors concluded that the number of water clusters increases as ion
content increases without modification of their size. Essafi et al. found a slight
variation with similar systems, which could also be explained by the increase
of a strong upturn in intensity at low angles related to large-scale hetero-
geneities [154]. Piroux et al. [151, 155] studied the effect of the ion content on
the structure of fluorenyl-based naphthalenic SPIs by SANS from a totally sul-
fonated polymer to a non-sulfonated one. Two regimes were observed: at low
ion content the peak slowly shifts toward large angles as the ion content in-
creases, while this shift is significantly more pronounced at high degrees of
sulfonation. This transition was correlated to the water permeability, which
is very low in the former case and drastically increases at high ion content.
The proposed interpretation is that the ionic domains are dispersed in the
polymer matrix at low ion content, while they form a continuous and prepon-
derant phase for a degree of sulfonation larger than 50% [151].

In the case of rigid naphthalenic polymers, the structural features appear
less marked due to the extreme polymer chain rigidity. The ionomer peak is
restricted to a shoulder on a huge small-angle scattering at very low angles
(Fig. 37). The introduction of flexible segments and bulky groups was shown
to favor a better organization [31, 155]. The surprising result is probably that
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Fig.37 SANS spectra of flexible phthalic (A) and rigid naphthalenic (@) SPI membranes
soaked in deuterated water. The SANS spectrum of a water-swollen Nafion membrane is
given as reference (M). The data were normalized by the scattering invariant for compar-
ison

the small-angle scattering spectra only change in intensity when the water
content is varied. The ionomer peak position does not shift toward small an-
gles, as is usually observed for most of the proton conducting membranes
such as Nafion [154]. It confirms that the swelling mainly corresponds to the
filling of a preexisting porosity created by the membrane preparation process
as explained previously (see Sect. 3.2).

The membrane swelling observed mainly along the membrane thickness
suggested an anisotropic microstructure. Micro-SAXS experiments were con-
ducted using synchrotron radiation with a special optical device to focus the
beam on the sample (1 um half width at half maximum) [156]. The structure
was then studied with the membrane plane parallel and perpendicular to the
X-ray beam. The data revealed a highly anisotropic structure in agreement
with a foliated structure packed along the membrane thickness (Fig. 38). Re-
cently, quadrupolar splitting NMR experiments were performed to quantify
the degree of anisotropy, and it was found that SPI membranes present an
outstandingly high level of orientation on a molecular scale (similar to inor-
ganic clays) [157]. Scanning electron microscopy pictures recorded after cry-
ofracture of swollen membranes and freeze drying also confirmed a foliated
structure but on a micrometric scale [158]. Transmission electron microscopy
pictures of ultrathin membranes neutralized with cesium ions to stain the
ionic domains also revealed a lamellar structure in the intermediate range (50
to 100 nm in Fig. 39) [158]. This result seems to have been confirmed recently
by Myatake et al. [113]. However, they also published STEM images on the
same system which suggest spherical ionic domains [33, 105].

The micro-SAXS data also revealed a new scattering peak at 0.45 A~! (aver-
age distance 15 A) which corresponds to the average distance between ionic
groups in the ionic sequence. Its intensity is anisotropically distributed sug-
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gesting an orientation on the polymer chains and that the anisotropy extends
from the molecular level to the macroscopic size.

For block copolymers presenting long ionic and hydrophobic sequences,
a macroscopic phase separation occurs with a lenticular ion-rich phase dis-
persed in an ion-poor matrix, as demonstrated by the electron contrast when
stained by cesium ions (Fig.39). This phase separation was attributed to
a nonnegligible quantity of triblock copolymers formed of either two ionic
sequences spaced by one hydrophobic sequence or the opposite structure.
These polymers are not miscible and then phase separate.

The micro-SAXS experiments were conducted on membranes at different
levels of hydration. On the contrary to the expected behavior, the “ionomer
peak” does not shift as the water content increases when observed along the
membrane thickness [158]. Two main effects are observed in the spectra upon
swelling. First, the level of intensity increases at very large angles due to the
filling of the nanoporosity without any change in the local structure. This

Fig.39 TEM pictures of SPI ultrathin membranes. Left: SPI with very long ionic sequences
and low ion content inducing a macroscopic phase separation in ion-rich (black) and
ion-poor (white) domains. Right: homogeneous SPI (short ionic sequences) revealing the
foliated structure on a nanometric scale
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nanoporosity thus corresponds to empty space between the sulfonated se-
quences inside the large ionic domains. This result reconciles SAXS data, which
suggest the presence of very large ionic domains, with the electron spin res-
onance (ESR) analysis of the counterion dynamics, which suggests that these
ions evolve in significantly smaller domains than in Nafion (see Sect. 3.4) [152].
The second effect of swelling on SAXS data is the appearance of an intense
small-angle scattering at very low angles suggesting the formation of large wa-
ter domains as observed by SEM. These micrometric domains are responsible
for the thickness increase when immersed in water [158].

34
Transport Properties

The multiscale structure of ionomer membranes should induce multiscale
transport properties [6,159]. In other words, the mobility of molecules in-
side the membrane will depend on the timescale of observation. At very
short timescales (typically in the range of a few picoseconds), the local dy-
namics within the ionic domains was experimentally studied by quasi-elastic
neutron scattering (QENS) [160,161] or numerically by molecular dynam-
ics [162] in the case of Nafion. The local diffusion coefficient of the water
molecules determined by QENS is just slightly lower than in pure water, but
the motion is restricted inside small domains with some jumps from one
domain to another [160, 161]. However, these techniques have not yet been
applied to SPIs and according to our knowledge, the only insight into the
local structure of the ionic aggregates was obtained through an ESR study
of the dynamics of VO,* counterions [152]. The ESR spectra and rotational
correlation time deduced from the simulation are sensitive to the size of the
solvent cluster because of the dynamical effects. The size of the water clus-
ter in Nafion was found to be 30-40 A, in agreement with the scattering
data [9, 163]. The same analysis performed with SPI block copolymers leads
to a size smaller than 30 A, which is roughly one order of magnitude smaller
than the correlation distance deduced from the scattering data for the same
materials. This result suggests that the swollen ionic domains in SPI cannot be
seen as water droplets with the ionic groups at the water/polymer interface,
but present a nonhomogeneous composition with a more or less segregated
distribution of water molecules and of the sulfonated parts of the polymer
chains.

At the opposite side of the timescale (in the range of seconds to minutes),
the macroscopic diffusion coefficient of water in swollen Nafion membranes,
as determined by the diffusion of tritiated water through the membrane, is
lower by a factor of 10 compared to the local diffusion coefficient or the self-
diffusion in bulk water. This high value integrates all the restricted motions,
which shows that the Nafion morphology is favorable to obtain a high ionic
conductivity [160]. One important issue is the identification of the typical
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time and length scales of the mobility restriction and thus the correlation
with the structure features. Two intermediate ranges were recently explored
by NMR experiments. In the range of milliseconds, the dynamical behav-
ior can be studied using PFG-NMR with a water molecule mean free path
of around several microns [164]. This technique was then used to extract
the diffusion coefficients of water within the membrane [165], which is an
important parameter for mass transfer models in operating fuel cells [144].
The water molecules explore many ionic domains and an average contri-
bution to the dynamics is obtained corresponding to the macroscopic dif-
fusion. However, when less mobile solvent molecules or counterions are used,
the mean free path correlated with the same NMR sequence is smaller and
the diffusion coefficients determined by PFG-NMR in Nafion are no longer
constant over the timescale of observation [165,166]. This result was at-
tributed to some heterogeneities in the range from a few tenths of microns
to microns [166]. PFG-NMR was applied to SPI and the same behavior was
observed on combining the data obtained with tetramethylammonium and
lithium counterions as NMR probes of the motion (Fig. 40) [146,158]. In
addition, the diffusion experiments conducted in the membrane plane and
along the membrane thickness revealed some transport anisotropy as ex-
pected with a multiscale foliated structure. Block copolymers with different
equivalent weights and ionic group distributions along the polymer chain
were studied using PFG-NMR, radiotracer diffusion, and conductivity meas-
urements [146]. The in-plane diffusion is not affected by the length of the
ionic sequences, while a strong effect of the ion content is observed in the
transverse direction.

More recently, another intermediate timescale was explored by NMR relax-
ometry [167, 168]. The spin-lattice relaxation times of water molecules were
determined in the range of 20 ns to 20 s by varying the magnetic field fre-
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Fig.40 Diffusion coefficients of lithium and tetramethylammonium ions with SPI mem-
branes determined by pulse field gradient NMR (reproduced from [157])
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Fig.41 Dispersion curves of fully hydrated Nafion and SPI membranes measured by NMR
relaxometry [167]

quency from 10kHz to 20 MHz and depending on the water content. This
technique is well suited for the study of ionomer membranes because of its
extreme sensitivity to water-polymer interactions, but it requires a structural
and dynamical model to extract characteristic features. The authors observed
significantly different dispersion curves for Nafion and SPI membranes with
a 40 times slower dynamic in the SPI (Fig. 41). The effect of confinement is
predominant in polyimides even at high water content (algebraic law with
a slope of - 0.5 characteristic of porous materials), whereas the diffusion
quickly reaches a bulk behavior in Nafion (a plateau is observed at low mag-
netic fields).

35
lonic Conductivity

A high ionic conductivity is required for use in fuel cells. Among the spe-
cifications for PEMs, the desired conductivity is 0.1 S/cm over a wide range
of humidity and temperature. However, its determination is far from be-
ing straightforward. As an example, the values published for various SPIs
vary from a few 10~ to 1.67 S/cm [31,62]. It is difficult to differentiate be-
tween the effects originating from the chemical structure, the ion content, the
membrane morphology, and the use of different measurement protocols. It is
worth noting that normalization using Nafion as reference is not really con-
vincing, since these data are even more scattered due to a strong effect of the
membrane pretreatment on the conductivity values. Two main types of con-
ductivity cells are used in the literature: the mercury electrode cell, in which
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the membrane is sandwiched between two mercury electrodes [31, 141, 146,
158, 159], and the two (or four-probe) platinum electrode cell [52, 61,71, 76,
112]. In the former cell, the conductivity corresponds to the transversal value
(along the membrane thickness, while the platinum cell gives the conductivity
along the membrane plane (longitudinal conductivity). Due to the structural
anisotropy originating from the foliated structure [72, 141, 158], the diffusion
of ionic species is expected to be significantly larger in the membrane plane
compared to the transversal value, as experimentally demonstrated by PFG-
NMR [146]. With respect to fuel cell application, the transversal value is
obviously more relevant. However, the longitudinal cell seems to be easier
to use for a study depending on water content and temperature, because the
membrane is free to equilibrate in the desired medium and the mercury can-
not be heated for security reasons.

The effect of ion content, block length, chemical structure, and tempera-
ture on the ionic conductivity was studied. The data are often compared
to Nafion despite SPI membranes usually presenting a larger ion content.
For similar ion contents (even taking into account the polymer density),
the conductivity is smaller for SPI compared to Nafion [141]. This is com-
monly observed for most of the aromatic polymers and, as a consequence,
it cannot be only attributed to a difference in the membrane morphology.
It is more likely to be essentially due to a lower dissociation of the ionic
groups. The pK, of perfluorinated ionomers is estimated to be highly negative
(- 6) while the value for an aryl sulfonic acid is only - 1 [169]. Neverthe-
less, very high conductivity values (larger than 0.1 S/cm) can be found for
SPIs but they are restricted to highly sulfonated materials (IEC larger than
2 meq/g) [32,35,62,63,71,75,112]. Myatake et al. [62] found 1.67 S/cm at
120 °C for a fluorenyl-containing SPI. This value is probably somewhat sig-
nificantly overestimated since it is the largest value never observed for an
ionomer membrane and it is very close to the maximum theoretical value,
as calculated from the equivalent conductance of free protons taking into
account the concentration and temperature effect. Another group recently
published very high conductivity values (0.95 S/cm at 80 °C) [58]. This value
obtained for a very high ion content (100% sulfonated) suggests that the loss
of the mechanical properties due to large water uptake leads to nonsignificant
values. In other words, these values suggest a complete absence of tortuosity
restriction to proton motion, which is surprising in such materials. A random
distribution of the ionic groups along the polymer chains is not favorable
for the formation of well-defined ion conducting pathways, and a too large
charge segregation increases the distance between ionic domains and the re-
sistance created by the interdomain phase. As a consequence, an optimum
value of four repeat units in the ionic sequences was experimentally observed
for various structures (Fig. 42). However, some authors claim they have ob-
tained large conductivity values using blends of sulfonated homopolyimides
and sulfonated copolyimides [170].
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Fig.42 Effect of the ionic sequence length on the ionic conductivity of phthalic (A) and
naphthalenic ODA (@) and BAHF (H)

The effect of temperature at 100% RH on the ionic conductivity depends
on the ion content (Fig. 43). For highly conductive SPI systems, a linear be-
havior in an Arrhenius plot was observed similar to the data obtained for
Nafion, which indicates a similar activation energy for proton conduction
(21kJmol™) [62,63,112]. It was deduced that both systems share similar
conduction mechanisms involving hydronium ions [62]. Increasing the ion
content not only increases the ionic conductivity but also, after a critical
value, the conductivity no longer increases exponentially with the inverse of
temperature and a maximum value is observed (Fig. 43) [62, 112]. Most of the
less conducting systems also exhibit a linear behavior in Arrhenius plots but
with significantly larger slopes (higher activation energies) [54, 76, 87]. The
introduction of flexible and bulky groups into the hydrophobic sequence of
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Fig.43 Tonic conductivity at 100% RH of fluorenyl-based SPI membranes as a function
of ion content and temperature. The data obtained for Nafion are also reported (dashed
line)
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block copolymers induces a drop of the ionic conductivity by a factor close
to 10, probably because of a less favorable membrane morphology [31, 141].
On the contrary, the introduction of flexibility into the ionic part of the poly-
mer seems to favor the conducting properties [71]. The highly conductive SPI
membranes also exhibit a similar behavior to Nafion as a function of relative
humidity [63, 112], while the other systems lose more rapidly their conduct-
ing properties at low relative humidity [65,71,75]. Some of these systems
were then proposed for use as humidity sensors [171].

Most of the conductivity measurements were performed on the SPI acidic
form since it is the relevant value for the fuel cell application. Nevertheless,
a few data were obtained on neutralized forms [141, 146, 159]. Rollet et al.
used sodium and tetramethylammonium ions to study the transport pro-
cesses within the membranes and a transport anisotropy was clearly observed
from longitudinal and transversal measurements [146].

Cornet et al. [141] used ammonium ions with different sizes in order to
check the occurrence of a critical size for transport restriction. The ionic con-
ductivity first decreases as the ammonium size increases (from 5 to 30 A3)
due to a lower mobility compared to protons. For larger counterion sizes,
the conductivity is roughly constant until 1000 A where a cutoff is observed.
This result suggests a radius of 10 A for the conductive pathways, at least be-
tween two ionic domains. Despite SPI membranes being designed for fuel
cell applications, these membranes can be used efficiently as the separator
in electrodialysis experiments. For example, SPI membranes appear to be
promising materials for separating copper or chromium ions from acidic so-
lutions [172].

3.6
Mechanical and Thermal Properties

For most of the alternative membranes to Nafion, the thermal stability is
studied by thermogravimetric analysis (TGA). The different weight losses de-
pending on temperature have been determined and identified in some cases
by gas chromatographic analysis [71, 138]. The first weight loss is related to
the membrane dehydration between room temperature and 150 °C. The sec-
ond one between 250 and 350 °C was identified as a desulfonation process
(SO, and SO losses) followed by polymer matrix degradation (CO and CO,
losses). From these experiments SPI membranes were considered as ther-
mally stable up to at least 200 °C. However, it is somewhat questionable how
these experiments are representative of the fuel cell environment. Indeed, it is
difficult to consider these dynamic experiments performed with a tempera-
ture increase rate of 10 to 20 °C/min as indicative of the long-term stability
in fuel cells, especially when TGA experiments are conducted in the pres-
ence of an inert gas. These experiments can be used to extract information
on the sulfonate content from the integration of the weight loss related to the
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desulfonation process, since this process does not overlap with other weight
losses [31]. In order to increase the measurement precision, the membranes
can be neutralized with heavy ammonium counterions which will also de-
grade in the same temperature range.

Aromatic heterocyclic polymers, and especially polyimides, are known
to exhibit high glass transition temperatures (Tg) [173]. The Ty is shifted
toward high temperatures by the introduction of ionic groups along the
polymer chain. As a consequence, the thermal analysis of SPIs does not re-
veal any Ty or melting temperature below the decomposition temperature
(=250 °C) [112]. A glassy polymer matrix should induce a lower sensitivity to
physical ageing which is obviously an advantage for the fuel cell application.
Indeed, the membrane should be less subject to creeping under mechanical
constraints and should exhibit minimal dimensional changes upon swelling
and during temperature cycles. Nevertheless, it is difficult to prepare repro-
ducible SPI membranes because the structure is quenched in a nonequilib-
rium state. Therefore, the morphology and properties should be very sensi-
tive to slight modifications of the casting process.

The obtaining of good mechanical properties is obviously an important is-
sue because the end of a fuel cell test is directly related to a general or local
membrane breaking. To our knowledge, the study of SPI mechanical proper-
ties is limited in the literature to the measurement of stress-strain curves in
the dry and water-swollen states [39,110, 112, 126]. These curves present an
elastic behavior limited to few percent of deformation followed by a plastic lin-
ear behavior (Fig. 44). Despite the polymer being in a glassy state, the water
sorption induces plasticization. The maximum tensile stress at break is of the
order of 70 MPa for SPI compared to less than 20 MPa for Nafion and the elon-
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Fig.44 Stress-strain curves obtained for SPI membranes immersed in water as a function
of ion content [126]
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gation at break is significantly smaller (less than 20% for SPI and close to 300%
for Nafion) [39, 110]. Despite the fact that mechanical properties are now of-
ten determined for new ionomers [97, 132], a complete study of the mechanical
properties is still necessary including the combined effect of water content and
temperature.

3.7
Gas and Methanol Permeation

As previously reported for Nafion, the membrane thickness has been reduced
in order to decrease the ohmic drops within the membrane and to enhance the
fuel cell performance. However, it requires alow gas permeation [141]. The gas
barrier properties of Nafion are very good in the dry state [174], but they de-
crease when hydrated due to a higher gas solubility in the water phase than in
the perfluorinated one. The gas permeation properties of SPIs have been deter-
mined as a function of the ion and water content [33, 151, 155, 175, 176]. While
large differences in diffusivity and selectivity are observed in the dry state de-
pending on the ion content [155], the gas permeation is significantly reduced
when hydrated, which suggests the existence of a closed nanoporosity [151].
This porosity located in the ionic domains is then filled by water molecules,
thus reducing the gas permeation. While the gas barrier properties of SPI can
be considered as favorable for its use as a fuel cell membrane, they become a se-
rious drawback for the use of this ionomer to prepare fuel cell electrodes (see
Sect. 4) [177].

Nafion membranes should not be adapted for DMFCs because of an en-
hanced solvent affinity in the presence of alcohols which solvates the per-
fluoroether side chain [142]. This solvent uptake induces a large methanol
crossover through the membrane which depolarizes the electrodes. As a con-
sequence, the power density obtained with DMFCs is significantly lower than
that of hydrogen feed fuel cells (roughly by a factor of 10). Most of the al-
ternative membranes including SPIs present a low affinity to methanol and
consequently a low methanol permeation. Methanol permeabilities were de-
termined for different chemical structures and ion contents [52, 76, 87]. The
values were found to be systematically smaller than those for Nafion (typically
between 1 and 8 x 1077 cm?/s compared to 1 to 2.5 x 107 cm?/s for Nafion).
However, the performance in DMFCs is not significantly improved because
of a significant decrease of the ionic conductivity in the presence of a large
methanol concentration [76, 105, 107].
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4
Fuel Cell Tests and Membrane Stability

While the objective is an application in fuel cells, most of the studies per-
formed on new materials do not include a fuel cell evaluation. Moreover,
when some fuel cell tests are presented, they are restricted to a polarization
curve to estimate the fuel cell performance in comparison to Nafion and only
scarce works concern the long-term stability. The specifications for automo-
tive application are 5000 h of operation at 80 °C over 5 to 10 years and more
than 10000 start-stop cycles (typically three cycles per day over 10 years).
This latter constraint is probably the most difficult to achieve since Nafion
membranes are able to operate for more than 10000 h under stationary load
and temperature conditions but the lifetime is reduced to a few hundred
hours when operating under cycling conditions [11]. The membrane lifetime
is defined as the duration of fuel cell operation until a total or partial rupture
induces gas mixing. It is well known that the membrane stability can be sig-
nificantly enhanced by increasing the membrane thickness or decreasing the
ion content, but this stability would be obtained at the expense of the fuel cell
performance which is not acceptable.

4.1
Fuel Cell Performance

The fuel cell performance of a new membrane material is directly related to
both its ionic conductivity and its gas permeation properties. It is usually
evaluated through the recording of polarization curves, which correspond to
the evolution of the cell voltage against the current density (see an example
in Fig. 45). These curves can be arbitrarily divided into three main parts:
(1) at low current densities the cell voltage depends mainly on the behavior
of the electrodes (activation zone); (2) in the intermediate zone, an almost
linear behavior is observed related to the ohmic drops in the cell; and fi-
nally (3) at large current densities, the cell voltage often drops due to either
the cell flooding, the membrane drying, or gas starvation. Cell flooding oc-
curs when the water produced at the cathode by the electrochemical reaction
and transported by electroosmosis cannot be completely removed and accu-
mulates. Gas starvation occurs when the gas consumption is larger than the
reactant diffusivity inside the active layer of the electrodes and cannot feed
in a sufficient amount of the catalyst particles. In addition, the experimen-
tal conditions, such as the gas humidification, pressure, temperature, and the
use of oxygen or air, are important parameters which influence differently the
fuel cell performance depending on the type of membrane. As an example,
Wainright et al. [178] showed the dramatic effect of air humidification (dry
or RH = 38%) on the SPI-based fuel cell behavior and they obtained only
60 mA/cm? at 0.5V while Faure et al. got 900 mA/cm? at 0.5 V with similar
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Fig.45 Polarization curves obtained for SPI membranes depending on the ion content;
H,/0; fuel cell test at 80 °C with non-hot-pressed Nafion containing electrodes [68]

SPI membranes using fully humidified gases [29]. Therefore, it is always dif-
ficult to evaluate the fuel cell performance obtained for various membranes,
since the optimal conditions can be significantly different from one mem-
brane to another.

The former paper on the development of SPIs for fuel cell application dis-
played results on both fuel cell performance and long-term stability [29]. It
was shown that significantly different performance and lifetime can be ob-
tained for phthalic and naphthalenic structures with the same ion content.
For naphthalenic structures a fuel cell test was run over 3000 h at 60 °C with
a fuel cell performance close to that obtained with a Nafion membrane pre-
senting a similar thickness. On the contrary, the phthalic SPI lifetime was
limited to 70 h with a relatively poor performance, indicating that there are
no direct correlations between lifetime and performance in these systems.
The fuel cell performance is also highly influenced by the quality of the
electrodes. Commercial electrodes are the result of a long-term optimiza-
tion of Nafion and this work cannot be reasonably repeated for each mem-
brane under study. As a consequence, new membrane materials are evaluated
using Nafion-based electrodes. Besse et al. have presented the difficulties in
building electrodes for alternative membranes based on SPI and their ef-
fect on the fuel cell performance [177]. The electrodes were composed of
an active layer made from platinum on carbon powder and a polytetrafluo-
roethylene dispersion on which a Nafion layer was deposited by a spraying
method. The optimized quantity of Nafion is around 0.7-0.9 mg/cm?. The
same procedure was used for SPI membranes using m-cresol solutions of
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SPI instead of Nafion. Best performances were obtained for 1.3 mg/cm?. The
results were very similar to those for electrodes impregnated with Nafion.
To our knowledge, this is the first Nafion-free MEA that has been tested. It
can be considered as an advantage since it is useless to replace the Nafion
from the membrane while it is still used in the electrodes. However, the
lower gas permeation of SPI compared to Nafion does not favor the gas sup-
ply on the catalyst particles. A third generation of electrode was prepared
by double impregnation: a Nafion solution directly on the active layer and
a SPI solution to ensure the quality of the membrane/electrode interface.
In such a case, the fuel cell performance was significantly improved. This
work also demonstrated that the use of organic solvents such as m-cresol
to dissolve the aromatic polymer has no poisoning effect on the Pt cata-
lyst properties. A significant improvement of the performance as the IEC
increases from 1.3 to 2 meq/g was also evidenced. In two recent papers [68,
72], the fuel cell behavior of SPIs based on p-BAPBDS/NTDA/p-BAPB and
BDSA/NTDA/ODA was investigated. The totally sulfonated homopolymer
BAPBDS/NTDA (IEC = 2.63 meq/g) and a 2 : 1 copolymer (IEC = 1.89 meq/g)
were shown to present slightly better fuel cell performance than Nafion. How-
ever, the SPI membrane presented lower thickness (25-40 pm) compared to
Nafion 112 (55 pm). The conductivity of SPI membranes increases exponen-
tially up to 1 meq/g and then reaches a ceiling for larger IEC values [158].
The fuel cell performances of BDSA/NTDA/ODA 0.9, 1.3, and 2 meq/g were
shown to be strongly related to the ionic conductivity and 0.9 meq/g ap-
pears to be a practical lower limit for the IEC value to extract reasonable
current densities (Fig. 45) [68]. This result was attributed to the anisotropic
structure which favors a percolation threshold at low ion content, as con-
firmed by the similar fuel cell performance obtained for the half and to-
tally sulfonated BAPBDS/NTDA/BAPB SPIs [72]. The fuel cell performance of
0-BAPBDS/NTDA/ODA 1.3 meq/g was found to be larger than both 1.3 and
2meq/g BDSA/NTDA/ODA as a consequence of an increase of the ionic
conductivity and water uptake by 40% [68]. In a recent work, a fuel cell per-
formance similar to Nafion 112 was published which can be considered as
a very promising result [33, 104].

SPI membranes have also been recently evaluated in DMFCs [76, 106].
The DMFC performance in identical conditions and with similar thicknesses
is slightly improved with SPI compared to Nafion 112 [106]. The methanol
crossover is twice lower than the other explored range of current densities,
corresponding to a lower permeability as evidenced by the higher open cir-
cuit voltage. However, the current densities are still limited (0.15 A/cm? at
0.5V) and the membrane also exhibited unsatisfactory stability in DMFC
conditions [76].
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4.2
In Situ Stability

The fuel cell stability of alternative membranes is a key issue for their industrial
use in fuel cells. However, the polymer degradation in fuel cells has been actu-
ally studied for only two different systems: the sulfonated polystyrenes (SPSs)
and the SPIs [68, 179-181]. SPS is hydrolytically stable even at high tempera-
ture, and the degradation in fuel cell conditions was shown to be mainly due
to radical attacks on the a-carbon which generate a series of polymer chain
scissions. The molecular weight decreases inducing a loss of the mechanical
properties and the elution of sulfonated oligomers out from the membrane.
A continuous loss of the conducting properties is then observed. The SO3 loss
was observed by infrared spectroscopy and through the analysis of the sulfur
concentration profile in the membrane cross section. The authors concluded
that the degradation mainly takes place at the cathode side of the cell because
the oxygen reaction proceeds through some peroxide intermediates that have
strong oxidative ability. On the contrary, Biichi et al. suggested that the degra-
dation mechanism is due to the formation of HO, " radicals at the anode due to
oxygen diffusion through the membrane and an attack of the tertiary hydrogen
at the a-carbon of SPS [179]. This contradictory interpretation reveals how it
is difficult to analyze the degradation even in an extensively studied system.
The former SPIs used in fuel cells were based on phthalic SPIs and their
lifetime was limited to a few tens of hours [40]. Naphthalenic SPIs were then
synthesized and exhibited a more pronounced stability since 3000 h of opera-
tion at 60 °C were attained. However, this structure was only poorly soluble in
very expensive organic solvents such as 3-chlorophenol. In order to favor the
solubility, the 4,4'-ODA was replaced by a 1 : 1 mixture of 4,4'- and 3,4'-ODA
inducing a decrease of the membrane stability. The SPI fuel cell degradation
has been recently studied in more detail [68]. While the fuel cell performance
continuously decreases upon ageing with SPS membranes [181], the fuel cell
voltage under stationary electric load is remarkably constant over hundreds
of hours when SPI membranes are used [29, 68]. All the polarization curves
recorded every 50 h were similar until the end of the test, which was very sud-
den and caused by the membrane rupture and gas mixing. The lifetime was
determined for different ion contents and temperatures and it was shown that
the degradation is a thermoactivated process (Fig. 46). The post mortem mem-
brane analysis revealed that the sulfur concentration profile in the membrane
cross section is not flat any more, as for the pristine membrane, but is de-
creased on the cathode side. This finding was analyzed to be a result of the
elution of sulfonated oligomers by the water produced by the cell. The obtain-
ing of a constant performance upon ageing appears somewhat contradictory
with a continuous loss of sulfonated oligomers, but a possible explanation can
be that the loss of ionic groups is compensated by higher proton mobility due
to a decrease of the obstruction in the ionic pathways. An infrared study was
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Fig.46 Arrhenius plot of the membrane lifetime in fuel cells obtained for the 1.3 and
2 meq/g SPI membranes with five repeat units in the ionic sequences and ODA as non-
charged monomer (the operating times are expressed in seconds) [68]

conducted on both sides of the membrane after a fuel cell test of 600 h. Since
the number of chemical modifications is pretty low, the spectra before and after
the fuel cell tests are apparently similar and the IR analysis was performed
on difference spectra. At the cathode side, the difference spectrum presents
only negative bands characteristic of sulfonated oligomers, indicating that the
main process is chain scission by hydrolysis and elution. On the contrary, the
difference spectrum recorded at the anode side is more complex with a super-
position of positive and negative bands. This spectrum suggests the occurrence
of an additional process, which is likely to be an oxidation process due radical
attack as previously suggested by Biichi et al. [179]. More recently, a fuel cell
test was performed [33, 104] and fairly stable performances over 5000 h were
obtained at 80 °C and 0.2 A/cm? which up to now is the best result obtained
with a sulfonated polyaromatic membrane. In addition, the open circuit volt-
age (OCV) does not vary significantly over these 5000 h, indicating the absence
of gas permeation through the membrane [104].

43
Ex Situ Studies of the Stability

Since a lot of new SPI structures have been prepared, it was necessary to
develop a fast and easy to reproduce stability test to avoid a time- and
material-consuming fuel cell test. Polyimides are known to be sensitive to
hydrolysis [182]. The introduction of sulfonate groups along the polymer
chains increases the overall hydrophilicity and thus the water diffusion within
the structure, which favors the hydrolytic process. Two different tests are now
commonly used in the literature: (1) the membrane is immersed in liquid
water at 80 °C to test the stability against hydrolysis [35, 61]; and (2) the mem-
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brane is soaked in Fenton’s reagent (3% H,O; solution containing 2 ppm of
FeSO4 at 80 °C [110] or 30% H,0; and 30 ppm of FeSOy4 at 30 °C [71]) to eval-
uate the stability in oxidative media [35, 62]. The stability is then controlled
through a simple mechanical test (the membranes were broken when lightly
bent) or when they start to dissolve [35]. In some recent papers, more quan-
titative data have been produced that measure either the weight loss [34] or
the decrease of the mechanical properties [58,79, 183]. However, these data
are limited to a few points are not an actual kinetic analysis. The stability
can vary from 5 up to 200 h depending on the chemical structure and the
ion content. Selected chemical modifications can increase the hydrolytic sta-
bility up to 1000 h [58,132]. The Yamaguchi University group defined two
classes of sulfonated diamine monomers (see Sect. 2.1.2 and Fig. 3): the sul-
fonated diamines in which the amine and sulfonated groups are located on
the same phenyl ring and those in which these groups are separated by at
least one phenyl ring [35, 75]. A higher basicity of the amine group is invoked
in the second case to explain a higher hydrolytic stability. It is well known
that aromatic diamines with higher basicity are more reactive with dianhy-
drides. Therefore, since hydrolysis is the reverse reaction to polycondensa-
tion, these monomers should lead to more stable polymers as experimentally
observed [35, 75].

In order to quantify the loss of the mechanical properties, stress—strain
curves were recorded as a function of the ageing time in hot water [79, 126,
183]. As expected, the membranes become more brittle and the plastic de-
formation decreases and completely disappears in the stress-strain curves
(Fig. 47). This effect is faster as temperature and ion content increase. The
same analysis was performed on a NTDA/o-BAPBDS SPI, which confirmed
that the mechanical stability was improved compared to NTDA/ODA SPI.
A significantly longer degradation time (roughly by a factor of 3) was neces-
sary to produce a 50% loss of the plastic deformation [68]. However, a shorter
lifetime was obtained when tested in fuel cell conditions. This example re-
veals the difficulty in developing ex situ degradation tests which are really
representative of the lifetime in fuel cells. The discrepancy can be attributed
to the fact that the polymer probably presents a lower molecular weight since
the polycondensation reaction has not been optimized for this material. The
membrane rupture in fuel cell conditions will appear at a critical value of the
molecular weight. This value can be rapidly reached because of a high degra-
dation rate (high number of polymer chain scissions per hour of operation)
or because of a low value of the initial molecular weight (low number of pos-
sible scissions until reaching the critical value). Improved stability could then
be obtained by the choice of the monomers and increasing the total molecular
weight.

The analysis of both the membrane material after ageing and the degra-
dation products extracted from the membrane revealed that the number of
sulfonated species within the membrane decreases [126]. These sulfonated
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in water at 70 °C [126]

species were mainly identified as sulfonated oligomers with a very low pro-
portion of the sulfonated monomer. To interpret this result it is necessary
to take into account the fact that water solubility significantly increases with
the length of the oligomers because of the increasing number of free sul-
fonic acid compared to terminal amine groups. Sulfur content analysis by
scanning electron microscopy reveals that the concentration profiles across
the membrane are homogeneous whatever the degradation time, as con-
firmed by infrared analysis [126]. This result indicates that the elution of
soluble sulfonated oligomers is very fast. The degradation kinetics suggests
that the block copolymers are more stable than random ones. However, above
a critical length of the blocks a macroscopic phase separation occurs (see
Fig. 39). In this case, the very fast degradation of the ion-rich phase will in-
duce a fragility of the overall material which will break selectively along this
phase. The effect of degradation on the membrane microstructure was ana-
lyzed by SAXS and SANS. A strong effect is observed on the SAXS data [126],
since the ionomer peak of Cs* neutralized membranes continuously vanishes
while the SANS spectra are only slightly modified for membranes soaked
in deuterated water (Fig. 48). The difference is attributable to the origin of
the contrast. With X-rays, the contrast mainly arises from the difference in
the electron density between a phase containing the ionic group and the
polymer matrix. With neutrons, the contrast is due to the higher hydrogen
density in the hydrocarbon matrix compared to the ionic domains filled by
the deuterated water, and this contrast is decreased by the presence of ionic
hydrocarbon polymer sequences within the ionic domains. The elution of
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Fig.48 SAXS (top) and SANS (bottom) spectra of ODA 1.3 meq/g SPI membranes as
a function of the immersion time in water at 80 °C

sulfonated oligomers decreases the density of ionic groups within the ionic
domains and thus the signal in X-ray experiments. On the contrary, these
sulfonated oligomers are replaced by some D,0 molecules because of the
absence of reorganization (glassy structure) and the contrast increases in
neutron experiments. Another effect is a continuous change of the behavior at
large angles, which can be interpreted as a more marked interface in the aged
samples once again related to the elution of the sulfonated component and the
creation of more defined water domains.

The addition of 0.5% H,0; to the aggressive medium induces an acceler-
ated degradation, as revealed by the fast kinetics (Fig. 49). In a first approx-
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Fig.49 Kinetics of the loss of imide function determined by infrared in pure water and
0.5% H,0; solution [126]

imation, the infrared study does not indicate any new degradation process.
The ageing is still limited to the hydrolysis of the imide rings [126]. The con-
centration was then adjusted to reproduce the degradation observed in fuel
cell conditions at the same temperature and the corresponding concentra-
tion was found to be 0.05%. However, further experiments will be necessary
to evaluate the relevant concentration depending on the fuel cell conditions
(temperature, current density, gas humidification ...).

Geniés et al. have studied the degradation mechanisms using model com-
pounds [48]. Such a study permits the identification and quantification of the
degradation products as the reaction proceeds. Indeed, the spectra obtained
with polymers are more complex, the effect of the chemical degradation is
restricted to the modification of only a few chemical bonds, and the degrada-
tion products are more numerous and difficult to isolate and identify. Once
modifications are identified on model compounds, it is then easier to look for
them in the data obtained with aged polymers. Different degradation prod-
ucts of phthalic models were identified by NMR as issued from a partial and
complete hydrolysis of the imide rings, namely amide-acid and diacid com-
pounds, respectively. The kinetics reveals that the amide-acid appears at the
beginning of degradation and then its concentration presents a maximum
after 2 h of ageing, while a continuously increasing content of diacid mate-
rial is observed. On the contrary to phthalic structures, the degradation of
the naphthalenic compounds does not lead to the formation of an amide-acid
structure (absence of characteristic peaks in *C NMR data). The analysis of
the NMR spectra suggests that the degradation of the naphthalene imide after
120 h at 80 °C leads to the complete hydrolysis of only one imide function. It is
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worth noting that, after 1200 h of ageing at 80 °C, the NMR spectrum is iden-
tical to the one obtained after only 120 h. This result was interpreted through
the existence of several equilibriums allowing the regeneration of the imide
ring. Despite it being surprising to observe the formation of imide and an-
hydride functions in water solution, this process explains the fact that some
plateaus are observed in the degradation kinetics of membranes followed by
infrared, because two scissions on the same chain are necessary to produce
a sulfonated oligomer that can be eluted out from the membrane [126]. The
regeneration of the imide rings will also be favored by the rigid structure
in the membrane which allows the two segments to stay in close vicinity.
It would be interesting to synthesize and analyze model compounds corres-
ponding to the two amine types defined by the Yamaguchi group in order
to compare the hydrolysis kinetics and the rate of recombination. The mul-
tiplication and the combination of new monomers offer a large number of
possibilities that cannot be completely evaluated. Moreover, the estimation of
the stability strongly depends on the initial molecular weight and therefore
on the synthesis conditions. The determination of the degradation kinetics
through the study of model compounds is the only way to actually quantify
the polymer stability. In addition, these model compounds can also be used to
study and optimize the polymer synthesis in order to increase the molecular
weights [55].

5
Conclusion

Sulfonated polyimides are considered as promising materials to be used as
proton exchange membranes for fuel cells. Different series of polymers were
synthesized by varying the chemical structure, the ion content, and the ion
distribution along the polymer chain. The main route for the functional-
ization is direct polymerization using sulfonated monomers. The two main
developments in this field are the synthesis of new monomers to increase
the membrane stability and the use of trifunctionalized monomers to ini-
tiate some cross-links. The properties of SPI materials have been widely
studied. The swelling properties are unusual since (1) the swelling is observed
mainly along the membrane thickness, (2) the water uptake appears constant
when expressed as the number of water molecules per sulfonic group over
a wide range of ion content, (3) the effect of temperature is very limited,
and (4) a strong difference in the water uptake is observed on the sorption
isotherms between sorption and desorption experiments and for the mem-
brane equilibrated in liquid water and saturated vapor. The ionic conductivity
of highly charged SPIs is similar to that of Nafion. The structure was studied
by small-angle scattering and electron microscopy techniques and a multi-
scale foliated structure packed along the membrane thickness was evidenced.
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The transport properties are strongly influenced by this structural anisotropy
and can be analyzed as the diffusion inside a nanoporous material. Finally,
fuel cell tests in PEMFCs and DMFCs indicate a pretty good performance but
a low stability. In situ and ex situ membrane degradation was studied and
the main degradation process is the hydrolysis of the imide rings, which is
accelerated when used in fuel cells due to the presence of radicals. As a con-
sequence, these materials will be a reasonable alternative to Nafion when the
stability is improved by at least a factor of 10, which appears to be a realistic
goal according to the improvements of the chemical stability using specially
designed monomers.
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