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ABSTRACT: The scientific community is focused on the development of inexpensive and high-performing membrane materials
for proton exchange membrane (PEM) fuel cells (FCs). The major approach to reducing the cost of FCs, which is crucial for the
widespread acceptance of FCs as energy sources for various practical applications, is reducing the cost of the membrane. Efforts
are being made in the development of advanced polymeric materials, which will satisfy the technical and economic demands of
the consumers. Because most alternative membranes are outperformed by Nafion membranes over an entire set of important
properties, it may be worthwhile to compromise on certain parameters to develop alternative specialized membranes. This review
presents the properties (mainly conductivity and chemical and mechanical stability) of modern solid polymer electrolytes (SPEs)

for PEM FCs.

1. INTRODUCTION

Fuel cells (FCs) are electrochemical devices that produce
electrical energy from the chemical energy of a fuel and oxygen.
Although the most common fuel is hydrogen, other fuels, such
as methanol, are also used. For the past S decades, FCs have
been recognized as a preferred energy source for a wide variety
of applications. Hydrogen contains more energy per unit weight
than any other fuel, and therefore, a hydrogen-based power
plant may be more efficient on a weight basis than a
conventional power plant that uses other fuels; this aspect is
particularly important for air, ground, and marine trans-
portation. Moreover, the advantage of direct electricity
generation from hydrogen via a FC is evident if electrical
energy is used directly (e.g, in domestic power supplies,
communication equipment, electronic devices, and portable
electronics) rather than indirectly to generate mechanical
movement. Since the 1960s, FCs have been used to power
numerous mechanical and electronic systems, from spacecraft
systems to electric vehicles, submarines, and portable
electronics.

In a FC, hydrogen (or another fuel) is supplied to the anode
side, whereas oxygen (pure oxygen or air) is supplied to the
cathode side. At the anode, electrons are stripped from
hydrogen atoms; the process is facilitated by a catalyst [e.g,,
platinum (Pt)-containing compounds]. The produced protons
pass through a proton-conducting electrolyte, whereas the
electrons are directed through an external path, powering an
attached device and leading to the cathode, reducing oxygen. At
the cathode, the protons are combined with oxygen, forming
water. Overall, the FC combines hydrogen and oxygen to
produce water and electricity.

The first FC was developed as early as 1839 by Sir William
Robert Grove (1811—1896); at that time, his work was not
considered for the development of a chemical power source but
as a demonstration of a process, which was to invert electrolytic
water decomposition. Sir Grove employed several electrolytic
cells with separated anodic and cathodic compartments
equipped with Pt electrodes and filled with a sulfuric-acid-
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based electrolyte; the anodic compartments contained gaseous
hydrogen, while the cathodic compartments contained gaseous
oxygen. He discovered that a voltage was generated between
the electrodes of the cell and that several of these cells
connected in series comprised a battery that produced a voltage
that was sufficiently high to decompose water." The original
drawing of Sir Grove’s experiment is presented in Figure 1.
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Figure 1. Grove’s drawing of his wet cell or “gas battery” (acquired
with permission from ref 1).

Further research explaining how these “gas cells” actually
work was conducted for over a century by Christian
Schénbein,” Friedrich Wilhelm Ostwald,? Ludwig Mond,*
Charles R. Alder Wright,5 William W. _]acques,6 Emil Bau,’
and Francis Thomas Bacon.*” The construction of the first
practical and operational FC is commonly attributed to Francis
Thomas Bacon. Research continued during World War II but

with few practical implementations. In the early 1950s, military
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demands for a robust power supply for space and mobile
applications began to promote the idea of producing electricity
via an electrochemical process that used atmospheric or stored
oxygen and employed a device without moving parts. Because
these technological improvements were designed for space and
military applications, the research costs were often of secondary
importance. Because air is not available in space or underwater
and it is impractical to store oxygen for internal combustion
engines, chemical power sources (i.e., batteries) may serve as
reliable power sources.

The conventional batteries of the 1950s were extremely
heavy. This fact stimulated the National Aeronautics and Space
Administration (NASA) to develop FCs as a provisional
chemical power source. The full implementation of FCs in
submarines required an additional 40 years, with the first non-
nuclear, air-independent-propulsion submarines entering serv-
ice in European fleets in the early 2000s.

FCs with solid polymer electrolyte (SPE) membranes
separating the anodic (fuel) compartment from the cathodic
(oxidant) compartment were first introduced in the Gemini
space program in the early 1960s. Those cells were expensive
and had short lifetimes because of the poor stability of the SPE
membranes. The sulfonated polystyrene—divinylbenzene mem-
branes suffered from rapid oxidative degradation. Additionally,
this material was prohibitively expensive for practical
commercial applications.

Commercial applications of FCs gradually became more
attractive over the past 5 decades. This acceptance was
primarily driven by the growing demand for environmentally
friendly power plants, for vehicle and stationary energy
applications (see Figure 2), zero-emission power sources for
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Figure 2. Annual FC system shipments worldwide (acquired and
modified with permission from ref 10).

confined environments, and high energy density power sources
for mobile devices. The major types of FCs are schematically
presented in Figure 3. FCs are classified by the type of
electrolytes that they use. Table 1 presents a comparison of
different FC technologies.

Polymer electrolyte membrane (PEM) FCs are considered
the optimum FC for applications such as backup power
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Figure 3. Summary of FC types.

sources, power sources for portable electronics, distributed
power generation, and electric vehicles. An exemplified
structure of a PEM FC is shown in Figure 4.

A practical FC-based power source is composed of a FC
stack (as presented in Figure S) and auxiliary devices (e.g,
manifolds, humidifiers, air pumps, and thermal controls). The
FC stack is, in turn, composed of a membrane electrode
assembly (MEA) and bipolar plates, which serve as current
collectors and supply reagents to the MEA electrodes. Bipolar
plates also electrically connect multiple MEAs in series.

Many important PEM FC features depend upon the
properties of the PEM. The important properties of the SPE
for a PEM are (a) high proton conductivity, (b) low electronic
conductivity, (c) low fuel and oxidant permeability, (d)
adequate electrochemical and chemical stability in a real (ie.,
a highly aggressive) FC environment, (e) high stability under
FC operation conditions (i.e., the SPE should have good
thermal and hydrolytic stability) (water and peroxides are the
reaction products in a FC), (f) significant dimensional and
morphological stability, (g) adequate water transport (diffusion
and electro-osmotic) properties because the proton-trans-
porting properties of most PEMs depend upon the membrane
hydration, (h) good mechanical properties in all hydration
states (this feature is essential for the reliable operation of the
MEA and facilitates the FC manufacturing process), (i) a

dx.doi.org/10.1021/ef501977k | Energy Fuels 2014, 28, 7303—-7330
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Figure 4. Schematic representation of a PEM FC design (acquired and modified with permission from ref 12).
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Figure S. PEM FC stack (acquired and modified with permission from ref 13).

sufficiently long lifetime under FC operation conditions, and (j)
a satisfactorily low cost.

Indeed, the PEM is the largest contributor to the overall FC
cost (see Figure 6). The current shipment statistics indicate
that less than 1000 pieces of 80 kW PEM FCs are shipped per
year, which can also be inferred from the data presented in
Figure 2 (PEM FCs account for approximately 90% of all FC
shipments)."’

For portable applications, a methanol FC [direct methanol
FC (DMFC)] is currently being considered as a promising
power source. A low rate of methanol crossover is a
requirement for such FCs. Methanol diffusion from the
anode to the cathode results in cathode depolarization and,
thus, lowers the cell voltage efficiency and reduces the fuel
efficiency of the system. Methanol is also poisonous for many
cathode catalysts.

A few extensive reviews on SPE materials are available, and
the reader is kindly directed to them.'>™>* The present work
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aims to discuss recent developments in the field of practical and
viable SPE materials for H,/O, PEM FCs and DMFCs.

2. POLY(PERFLUOROSULFONIC ACID) (NAFION)-TYPE
MEMBRANES

2.1. Introduction. The use of organic cation exchange
membrane polymers in FCs was originally developed in 1959
by GE researcher Willard T. Grubb.”>?® The intended function
of the membrane was to provide a proton-conducting gas
barrier. Strong acids were used to provide contact between the
membrane and catalytic surfaces. Further development
demonstrated that the cell could function well without the
acid contact layer; at present, PEM FCs do not use any
electrolytes other than the membrane itself. In the 1960s, the
membrane was found to be a key factor in the FC because the
PEM acts as an electrolyte and the structure of the PEM/
(electrode catalyst) interface controls the reaction kinetics.
From this understanding, a substantial part of the FC-related

dx.doi.org/10.1021/ef501977k | Energy Fuels 2014, 28, 7303—7330
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Figure 6. Breakdown of the 2013 projected FC stack cost at 1000/year production of 80 kW systems (data acquired with permission from ref 14).

research was focused on improving PEM properties, developing
a stronger, more durable, and flexible SPE, and increasing SPE
proton conductivity.

Currently, Nafion is the PEM that serves as a benchmark in
the FC industry. This material was developed in the late 1960s
by Dr. Walther Grot from DuPont (this material was originally
suggested to be employed as a permselective separator in
chloralkali electrolyzers).”” Nafion was developed by modifying
another DuPont product, Teflon,”® which was the first synthetic
polymer with ionic properties (ionomers) ever developed. Ionic
properties are impelled to Nafion by adding a pendant sulfonic
acid group into the polymer backbone. The exemplified
structure of Nafion is shown in Figure 7, where the sulfonic

CF CF
~ =72 ”
CF, l’CF :
0\ 0
CR 0 CF, /
~ St g
l:(|: F N 5
z + -
CF, H O

Figure 7. Nafion formula (acquired and modified with permission
from ref 29).

acid group is shown in its anhydrous form, SO;H. When
exposed to water, the hydrolyzed form (SO, H;0") appears,
allowing for proton transport across the material.

Commercial Nafion membranes with thicknesses of 2, S, 7,
and 10 mil (1 mil = 25.4 ym; Nafion 112, 115, 117, and 1110,
respectively) appear to be the most widely used grades of
Nafion. This material provides high proton conductivity and
moderate water swelling. The thinner membranes are generally
applied to hydrogen/air applications to minimize ohmic losses,
whereas the thicker membranes are employed for DMFCs for
methanol crossover reduction.””

Being similar to Teflon, Nafion exhibits excellent resistance
to chemical attacks and an extremely low release rate of
degradation products into the surrounding medium; it also has
a relatively high operation temperature range and may be used
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in many applications at temperatures up to 190 °C. Nafion has
a high proton conductivity and acts as a superacid catalyst
because its sulfonic acid groups act as an extremely strong
proton donor. The interaction of sulfonic acid groups with
water results in rapid water absorption and water transport
through the Nafion material.

2.2. Nafion Membrane Conductivity. Hydrophilic
sulfonic groups, which are side-attached to the fluorinated
hydrophobic backbone of Nafion, may be subjected to
hydration; i.e., water molecules may accumulate around these
groups. Water affects the Nafion proton conductivity by
controlling the formation, dimensions, and connectivity of
proton pathways in Nafion. As more water molecules become
available, these water clusters grow in size and the Nafion
material separates into hydrophobic regions and water-filled
hydrophilic domains.**™*° Nafion with a low water content
contains only small isolated water clusters and behaves as an
insulator. Eventually, a percolation threshold of proton
conductivity is passed. At this point, the water clusters are
connected in a random network embedded in a continuous,
sponge-like fluorocarbon phase. However, most of the water
molecules are still located at the borders of the clusters, and
thus, most of the water molecules inside the percolation
channels accumulate in sulfonate group solvation shells. This
leads to a high activation energy for proton transfer, which
impedes a “hop-turn” (i.e., Grotthuss-type) proton conductivity
and results in a primarily proton-diffusion-based conductivity.
At the same time, the low proton mobility results in small
proton conductivity. As the water content increases, the
channels become broader and more free water molecules
become available. However, the strong electrostatic interaction
between the hydronium ions and multiple sulfonate groups still
impedes Grotthuss-type proton conductivity and results in a
predominantly diffusion-based proton conductivity. Under this
hydration state, proton mobility is a key factor that determines
the proton conductivity.

As the water content increases, the water clusters and
channels increase in size and the amount of available free water
inside the aqueous phase increases. This results in an increasing
dominance of the Grotthuss-type conductivity, which increases
proton transport capabilities. Once Nafion becomes fully
saturated with water, its structure is patterned with highly

dx.doi.org/10.1021/ef501977k | Energy Fuels 2014, 28, 7303—-7330
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interconnected water channels and nearly spherical small
hydrophilic domains containing water drops. These nearly
spherical domains are surrounded by the hydrophobic polymer
backbone chains, with the hydrophilic ionic groups located at
the interface. A well-developed percolated network is formed,
with the network comprising channels filled with free water.
Thus, a saturated Nafion membrane resembles a phase-
separated system containing hydrophobic main chain agglom-
erates and hydrophilic water/acid segments. The proton
conductivity of the Nafion membrane approaches a value
close to the conductivities of bulk aqueous electrolytes, and the
conductivity is controlled by a Grotthuss-type mechanism.
DuPont’s Nafion is not entirely unique, and similar
perfluorinated ionomers have been developed by other
companies (e egy Aciplex and Flemion of Asahi Chemical
Company).*® Nafion-type perfluorinated ionomers with
shorter pendant groups (such as AQUIVION of Solvay
Solexis) are also currently marketed and appear to outperform
Nafion, hav1n§ a lower methanol crossover and superior water
management.

2.3. Nafion Membrane Drawbacks. Although Nafion
currently dommates the market, particularly in FC design and
productlon, it has some serious drawbacks. (a) Because the
proton conductivity is determined by the water-filled channels,
Nafion is not adequate for temperatures materially lower than 0
°C or significantly over 100 °C.*** (b) Nafion is seemingly
stable against peroxide-type ion and radical degradation (which
are intermediate products of the reactions at the electrodes of
the FC);** eg, it is stable against 30% H,O, even at 80 °C.
However, alien cations (i.e., other than H') are known to
catalyze the polymer chain decomposition.**® Additionally, a
few of the hydrogen-containing terminal groups of the polymer
are susceptible to peroxide radical attacks.*” (c) Contaminating
ions, especially multi-charged ions,**** may also drastically
decrease the membrane conductlvn;r and decrease the water
content of the Nafion membrane.*** Thus, alien ion impurities
should be minimized during membrane production and
operation. (d) Nafion has poor mechanical and chemical
stabilities at elevated temperatures.’’ > Being a part of an
assembled MEA, the membrane suffers from severe degradation
in the course of multiple thermal and hydration/dehydration
cycles.>* ™% Because membrane mechanical degradation is
typically the limiting parameter in determining FC lifetimes,
substantial efforts were made to avoid or at least minimize this
type of degradation. The membrane operational life also largely
depends upon the MEA design and MEA assembly
process.”’ >’ The appropriate routes for improving the
mechanical stability of a Nafion membrane are through the
precise controls of membrane swelling, temperature, and
temperature gradient>¥%~% d the reinforcement of the
membranes with an inert matrix,** "% which may be composed
of a polymer structure®>*”~7° or an inorganic matrix.
Composite membranes comprising Nafion and inorganic fillers
have been used. This is the general method to improve the
membrane chemical and temperature stabilities the method is
less commonly used to enhance the membrane mechanical
stability.***>7°™%* The introduction of a reinforcing matrix
typically decreases the membrane-specific conductivity and
water vapor permeability. These changes appear because a part
of Nafion is substituted with the matrix material, which is
impermeable to water and protons. The effects of the matrix
extend beyond a simple substitution of a portion of an active
material with inert media. An inert matrix-embedded Nafion

7308

membrane may have lower proton conductivity and water
vapor permeability than bulk Nafion because of a decrease in
the membrane connectivity and because of the matrix-restricted
macromolecular transport.”” However, several additives may be
used to enhance the proton conductivity of the reinforced
Nafion membranes (e.g,, phosphotungstic acid).** The employ-
ment of a reinforcing matrix may result in an increase in the
overall membrane conductivity because the reinforced mem-
brane may be substantially thinner than the Nafion
membrane.”” The presence of inorganic fillers with grafted
functional groups is more efficient and enhances the overall
composite membrane properties, such as water uptake, ion
exchange capacity (IEC), and conductivity, while maintaining
the mechanical properties of the composite membrane. The
shape of the inorganic fillers also strongly affects the properties
of the composite membranes.** Surface treatments may also
result in the improvement of membrane mechanical proper-
ties.5%¢ (e) Nafion has insufficient resistance to methanol
crossover. This feature stems from the fact that, although the
water-filled network provides a path for proton transfer, it also
provides a route for methanol diffusion. This drawback of
Nafion may be addressed by the addition of fine inorganic
particles to the polymer matrix.®” Another way to overcome the
high methanol permeability of Nafion is to introduce other
polymers with different properties inside the Nafion void
space.”® There are two approaches to such a modification: the
first approach suggests the introduction of individual polymer
molecules inside the voidspace (ie., semi-interpenetrating
polymer networks or a semi-IPN architecture),**™"° and the
second approach suggests the introduction of an intercon-
nected polymer net comprising cross-linked polymer molecules
(ie., interpenetrating polymer network or IPN).”" The high
methanol permeability of Nafion is an issue, particularly if a
PEM DMEFC uses only this membrane. (f) The cost of a SPE is
critical from a practical perspective. Nafion membranes are
prohibitively expensive because of their complex manufacturing
process.

3. NON-NAFION SPE

The development of Nafion in the early 1960s was followed by
a significant decline in the development of non-Nafion SPE
materials in subsequent decades. However, the aforementioned
drawbacks (particularly the high price of Nafion) has become a
driving force for the development of new polymer electrolytes,
which are expected to be more affordable, more mechanically
and chemically stable, and less permeable to methanol
compared to Nafion. There has also been a growing demand
for materials capable of operating at high (>100 °C) and
medium (>80 °C) temperatures with high conductivity at low
hydration levels. The operation of FCs at elevated temperatures
offers several substantial advantages.”***%>~%°

First, the commonly used Pt-based catalysts are poisoned by
carbon monoxide (CO) at low operational temperatures;
unfortunately, CO is often present in fuel-grade H,. This
requires an expensive H, fuel purification process for PEM FCs.
At high temperatures (particularly at temperatures above
approximately 160 °C), catalyst poisoning does not occur
and the cell may tolerate up to 3% CO in the H, fuel without
significant power losses.**”® Second, faster electrode kinetics
are expected at elevated temperatures, which increases the FC
efficiency. Third, the absence of biphasic water (vapor and
liquid) simplifies water management.

dx.doi.org/10.1021/ef501977k | Energy Fuels 2014, 28, 7303—-7330
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Figure 9. Performance degradation of a PEM FC with a PSSA membrane for different operation times, H,/O, FC, 80 °C, 0.20 MPa, and 1000 mA/

cm? (data acquired with permission from ref 110).

Modern SPE-related research is focused on the following
areas: (a) developing SPEs for H,/O, FCs with high operation
temperatures (such SPEs are expected to operate under low-
humidity conditions), (b) developing SPEs for DMFCs with
high protonic conductivity but low methanol permeability, and
(c) developing low-cost substitutes for Nafion-type membranes.

Numerous partially fluorinated SPE and non-fluorinated
(hydrocarbon) SPE materials have been investigated”” (ref 98
provides an extensive review of methods using such SPEs).
These SPE materials have similar proton conductivity
mechanisms as Nafion. However, these materials may
potentially offer advantages over Nafion depending upon the
presence of water inside the polymer,” '°! the specifics of
production costs, water management, methanol crossover, and
thermal cycling stability.

3.1. Polystyrene-Based Membranes. Polystyrene—sul-
fonic acid (PSSA) membranes were the first commercial
polymer membranes® (see Figure 8). The first polystyrene
membranes were developed in 1955 by GE and were used in
the first-ever operational PEM FC (the Grubb—Niedrach FC)
in the Gemini program.'®>'*> However, the system exhibited a
short lifetime (<200 h) because of membrane degradation, and
the emergence of Nafion reduced interest in the development
of polystyrene-based membrane materials.

The call for materials with medium and high operating
temperatures and with high conductivity at low water contents
has revived the interest in polystyrene-based membrane
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materials.”> Given that the cost of SPE is a focus of the FC
industry, the attractive feature of PSSA-based membranes is
that polystyrene, its derivatives, and many styrene-containing
copolymers are relatively inexpensive. Furthermore, the
methanol permeability of PSSA-based membranes is lower
than that of Nafion'®*'% (i.e., the methanol selectivity 5'°° of
the PSSA membrane is larger).

However, PSSA membranes are unstable ™ under practical
FC operation conditions. SSA fragments are lost at high rates
(i.e., up to approximately 0.1% per hour),'**'* which results in
IEC and conductivity loss and membrane performance
degradation (see Figure 9).

The PSSA polymer chain contained weak points at a ternary
benzylic hydrogen and the aromatic ring protons (see Figure
8). The degradation of PSSA is due to peroxide attacks on the
hydrogen atoms in these positions.'®*"' =11

Relatively stable PSSA-based membranes were developed by
eliminating the ternary hydrogens through various modifica-
tions of the styrene group.'"> The ternary hydrogens were
substituted for methyl groups''”> and fluorine [which gives
phosphonated or sulfonated poly(a,f,S-trifluorostyrene) mem-
branes] ;“6_123 all substitutions resulted in a more stable
membrane. However, the reported poly(a,f3,S-trifluorostyrene)
membrane lifetime was strongly dependent upon the operating
conditions, e.g., 3000 h at 50 °C and a low current density and
only 500 h “under practical FC conditions”.""* A maximum
operation time of 15 000 h (BAM3G membrane, H,/air, and 85

107
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°C) was reported for the pre-commercial BAM3G series SPE
membranes. These membranes contained (a,f3,f-trifluorostyr-
ene)-sulfonated pendant groups and perfluorinated backbones
(see Figure 10)."°"'¥!>* BAM membranes also demonstrated
fair 1%(lmductivity values of between 5 X 107 and 9 X 1072 S/
cm.

~-cR,—cF

\ {
Jm \

CF;—CF

\
In

SO,H R

R stands for alkyls, halogens, CFy = CF-, CN-, NO-, OH- groups
R also stands for R4-O- group, here Ry stands for alkils & halogens

Figure 10. General structure of the sulfonated poly(a,ff-trifluor-
ostyrene) BAM3G membrane (acquired with permission from ref
119).

We were unable to find substantial information on the critical
parameters of these membranes (e.g., available thickness and
mechanical strength). These membranes may not be
commercially available. Because this material is partially
fluorinated, it is expected to have several of the same
disadvantages as Nafion membranes, such as being non-
environmentally friendly, which poses a problem with their
safe production and disposal. The costs and unit pricing for
these membranes were also not available. The PSSA-based
membrane material has a substantially higher water content
than Nafion membranes but a lower conductivity (see Figure
11)."9%12* These conductivity values are still acceptable for FC
applications.

This suggests that PSSA-based materials offer a slimmer and
less interlinked water-filled network (the presence of such a
hydrophilic network is now considered a requirement for SPE
proton conductivity'**). The amount of sulfonic acid functional
groups is also lower. These factors result in unfavorable
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Figure 11. Proton conductivity versus water content for PSSA material
with different degrees of sulfonation and for Nafion 117 (acquired and
modified with permission from ref 124).
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material swelling and a steep decline in conductivity with a
decreasing membrane water content. However, the electro-
osmotic water drag is expected to be advantageously reduced in
comparison to Nafion.'*® The attempts to control these
parameters of a PSSA-based SPE led to the use of various
SSA copolymers'*”'*® [using polymers with various (R;)
groups of different lengths (n3); see Figure 8] because the
features of the SPE depend upon the properties of the polymer
backbone.>"'**

SPEs containing various SSA copolymers, including sulfo-
nated poly(styrene-block-isobutylene-block-styrene) triblock
copolymers,"*>"3! sulfonated polystyrene-block-(ethylene-ran-
butylene)-block-polystyrene,"*>"** sulfonated styrene—ethylene
copolymers,"** sulfonated polystyrene(ethylene—butylene)-
polystyrene triblock copolymers,'*>>"*® and poly-
[norbornenylethylstyrene-s-styrene]-poly(n-propyl-p-styrene-
sulfonate) (PNS—PSSP) block polymers,"*” were prepared and
investigated. These SPEs often demonstrated higher proton
conductivity (up to 107" S/cm) than Nafion. These materials
also often demonstrated superior methanol selectivity com-
pared to Nafion. However, the stability data for these
membranes were typically not reported in the literature, and
the applicability of PSSA-co-polymer polymers in FCs is likely
limited because the sulfonated polystyrene unit has a rather low
oxidative stability.

The next step was to graft oligomer SSA fragments onto the
backbone of a highly stable polymer. Such grafted polymer
membranes offered a substantially higher IECs with moderate
swelling because these membranes possessed isotropically
connected ionic domains with high proton concentrations.
Block copolymer membranes swelled excessively even at low
IEC, which resulted in lower proton concentrations and
conductivity. This prevented copolymer-based SPEs from
attaining a high IEC; furthermore, higgh hydration compromised
membrane mechanical properties."

Next, polystyrene SSA-grafted membranes were investi-
gated."*”™"*" These membranes were synthesized by the
preliminary preparation of SSA—oligomer segments, followed
by their copolymerization with styrene. The prepared
membranes demonstrated high proton conductivity (up to
0.24 S/cm), and these results have stimulated further
development in the field.

Stable polymers, such as tetrafluoroethylene (PTFE, Teflon),
poly(tetrafluoroethylene-co-hexafluoropropylene) (FEP), poly-
(tetrafluoroethylene-co-perfluoropropyl vinyl ether) (PFA),
polyvinylidene fluoride (PVDF), poly(vinylidene fluoride-co-
hexafluoropropylene) (PVDF-co-HEP), poly(ethylene-alt-tetra-
fluoroethylene) (ETFE), polyvinyl fluoride (PVF), and poly-
ethylene, present attractive skeleton structures for SSA-grafted
membranes.*”'**~'* Radiation-induced grafting is a common
method for the preparation of such polymers with SSA and
modified SSA segments.

PVDF-g-SSA membranes (see Figure 12) demonstrated
good proton conductivity (up to 0.13 S/cm). Unfortunately,
these membranes exhibited substantially higher water absorp-
tion (up to S9 water molecules per SO; unit) than Nafion,
which is a disadvantage for SPE materials."**"*/

Teflon-g-SSA, (low-density polyethylene)-g-SSA, and [tetra-
fluoroethylene-co-perfluoropropylene (FEP, Teflon 100)]-g-
SSA materials were prepared by radiation-induced grafting
and also demonstrated initial conductivities in the range from
0.1 X 107> to 10 X 107> S/cm, but the conductivity diminished
by several orders of magnitude after treating the membranes
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Figure 12. Suggested PVDF-g-PSSA structure (acquired and modified
with permission from ref 148).

with 30% H,0,.'*” FEP-g-SSA membranes promptly lose the
SSAs at FC operation condltlons (up to approximately 0.1% of
the initial IEC value per hour)."?

The substrate structure has a substantial impact on the
properties of the grafted membranes. SSA—PTFE membranes
have higher conductivities than SSA-g-PVDF membranes, and
the latter have higher conductivities than SSA-g-ETFE
membranes. SSA-g-ETFE membranes are the most chemically
stable, and SSA-g-PVDF membranes are the least stable (3%
H,0, at 60 °C)."** The employment of a pre-irradiated and
cross-linked PTFE substrate film is advantageous. Such SSA-g-
(cross-linked PTFE) membranes offer a considerably higher
grafting degree than SSA-g-(regular PTFE). Such membranes
have higher IECs and exhibit less swelling than Nafion
membranes.>”'%!

Whereas membranes grafted with styrene sulfonic acid
exhibit low stability, the membranes grafted with an a-
substituted styrene sulfonic acid (e.g, a,B,f-trifluorostyrene
and a-methylstyrene) exhibit improved stability: a-methylstyr-
ene-g-ETFE did not show degradation after a 1053 h test in
H,/O, FC at 60 °C."**> However, the preparation of such
membranes is problematic because of the low grafting
rate."'>"?%'33 To address this problem, styrene sulfonic acid
was grafted with other monomers (i.e., co-grafted membranes).
Specifically, such monomers as methacrylonitrile (MAN),
acrylonitrile (AN), methyl methacrylate (MMA), and meth-
acrylic acid (MAA) were co-grafted to an ETFE substrate. This
approach provided a route to synthesize modified SSA-g-ETFE
membranes with conductivities of up to 0.16 S/cm at room
temperature at adequate membrane IEC and hydration.
However, the addition of these comonomers increased the
water uptake of the membrane with the same IEC without
improving the conductivity. Additionally, the presence of a co-
monomer resulted in a loss of conductivity at low hydration
levels. All co-grafted membranes demonstrated a substantially
lower conductivity than the Nafion and SSA-g-ETFE
membranes at the same hydration levels.">>'**

It was suggested that this behavior is due to the
inhomogeneous distribution of the SSA—pendant segments,
thereby impairing proton conductivity at low hydration levels.
A more uniform distribution may result in better connectivity
between the hydrophilic clusters and thus in better conductivity
at low hydration."** To date, DMFCs with PSSA membranes
have maintained performance levels that are inferior to the
performance of Nafion MEA-based FCs (18 versus 31 mW/
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Figure 15. Mechanism of hydrolytic degradation in polyimides (acquired and modified with permission from ref 169).

cm?), despite the lower methanol permeability of PSSA
membranes.'*’

3.2. Sulfonated Polyimide (SPI)-Based Membranes.
Polyimides are a family of thermostable polymers, featuring a
combination of high mechanical and thermal properties and a
durability against aggressive chemicals and heat.*>**'36715%
These polymers are typically good insulators and may be
modified with sulfonic groups. This modification imparts
hydrophilicity and proton conductivity. The two routes for
the sulfonation of polyimides are illustrated in Figure 13:
sulfonation of the main polymer chain and sulfonation of the
pendant polymer chains.'*®

The use of SPI in FC membrane applications was first
demonstrated by Zhang et al.'® The major driving force of
polyimide-based membrane development was the expectation
that polyimide-based materials would be substantially less
expensive than Nafion. It was soon discovered that, although
SPI swelled in humid environments and required hydration to
enable proton conductivity (which is similar to Nafion
features), the water uptake, swelling ratio, and water osmotic
drag coeflicient did not substantially vary over a broad
temperature range, in contrast to Nafion (see Figure 14).
These features are favorable for medium-temperature FC
operations (these features diminish as membrane degradation
occurs during the on/off cycling and also reduce the
dehydration of the anode side of the MEA).

Whereas the first generation of SPI materials demonstrated
conductivities from 2 X 107> to 4 X 1072 S/ cm,léz’ls3 which
were substantially lower than the conductivity of Nafion, the
next generation of SPI electrolytes exhibited adequate
conductivities of up to 1.67 S/cm at 120 °C'* and 1.201 S/
cm at 80 °C for a SPI—graphene composite.'®® These materials
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are currently believed to be promising candidates for PEM
applications for temperatures between 40 and 100 °C; in
addition, SPT membranes demonstrate methanol permeabilities
several times lower than the methanol permeability of Nafion,
particularly at elevated temperatures.'***¢’

The major obstacle to the commercialization of SPI-based
membranes is their instability in hydrated states. There are
several facets to this problem: hydrolytic stability, oxidative
stability, and swelling-stress stability. The overall stability of any
PEM FC membrane is a combination of these membrane
material parameters.

With regard to the hydrolytic stability of the material, imide-
type links are highly susceptible to hydrolysis. This feature
results in main polyimide chain scissions (see Figure
15),"7'7° e.g, a substantial decrease in the average length
of the SPI molecules (approximately 4-fold after nearly 200 h at
130 °C) was reported‘171 This decreased length, in turn,
resulted in the degradation of the mechanical properties of the
SPI membrane, as evidenced by cracking and increased gas
permeability, which ultimately led to the low FC operational
lifetime.

The hydrolysis of imide is the result of the nucleophilic
interaction of water with the carbon atom of the neighboring
carbonyl group. Thus, molecules with higher electron densities
at the carbonyl carbon are more stable against hydrolysis.'”>'”
These considerations serve as the theoretical basis for
numerous works focused on improving the hydrolytic stability
of SPI membranes. In course of these studies changed the
formulation of the polyimide repeating unit was changed and
the electron density at the carbonyl carbon was increased. (a)
The electron density at the carbonyl carbon increased when
switching from five-membered heterocycles (i.e., phthalic
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polyimides) to six-membered heterocycles (i.e,, naphthalenic
polyimides). This results in naphthalenic polyimides with
higher hydrolytic stability.'**'”'7*!7% (b) The electron density
distribution may be changed by the introduction of bulky
aliphatic fraégments in both the main chain and pendant
fragments."”'”” (c) The electron density on carbonyl may also
be increased by introducing “bridging” electron-donating sulfur
in the main polyimide chain. This sulfur substantially decreases
the electrophilicity of the carbonyl carbon, and such modified
polyimides demonstrate a higher resistance to hydroly-
sis."”*7'% (d) Electron-donating phenoxy groups can also be
introduced into the imide rings. These groups decrease the
electrophilicity of the imide rings, thus enhancing their
susceptibility to hydrolysis."®" Additionally, the benzophenone
group at the meta position of the imide group positively
influences on the hydrolytic stability of the SPI materials.'** (e)
The electron density on the carbonyl carbons of the
naphthalimide ring strongly depends upon the monomer
structure. If the main chain of the polyimide comprises
monomer units with a common aromatic moiety (type A in
Figure 14), it actually contains four carbonyl groups in the same
aromatic system. This structure offers a lower electron density
for each amide group than in the case of the monomer units
composed of two naphtyl rings separated by an aliphatic-type
link (type B in Figure 16). As a result, the binaphtylimide

Monomer unit with common

Monomer unit with common  S0.H .
% c system 3 |romat\u: system
Q S~ (o] A ™
D = ey,
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\ " { ‘m\
a 0 o g s
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Figure 16. SPIs with (A) monomer unit with common aromatic
(naphtyl) system and (B) binaphthyl-type monomer unit, ie., two
naphtyl rings separated with aliphatic-type link (acquired and modified
with permission from refs 183 and 185).

configuration decreases the possibility of a nucleophilic attack
at this position. This enhances the material hydrolytic stability,
and SPIs of type B have an improved hydrolytic stability
compared to SPIs of type A."*>'®* (f) Because the sulfonic acid
group is a strong electron-withdrawing group, the distancing
from the imide is also expected to result in an increase in the
hydrolytic stability of the polyimide main chain. Indeed, the
membranes, which are made of SPIs with sulfonated pendant
chains, were found to be more stable when comlpared to a
similar main chain of sulfonated polyimides.'””'*® (g) In
contrast, the introduction of trifluoromethyl groups, which have
a strong electron-withdrawing ability, compromised the stability
of the imide group."®” (h) The hydrolysis reaction of the imide
rings was found to be equilibrated by a reverse condensation
reaction.'®® This is the basis of the assumption that the main
polyamide chain may be regenerated. The rigidity of the main
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polymer chain helped the two ends of the scissoned chain
remain to be close to one another and, thus, assist in chain
repolymerization.'®” This assumption was supported by the
observations that, in the case of the cross-linked SPIs with
different cross-linker alkyl chain lengths, the hydrolytic
resistance of the membrane decreased with an increased alkyl
chain length (i.e., with an increased polymer net flexibility).'”

With regard to swelling-stress stability, it is commonly
accepted that water absorption causes polymer chain tension,
which results in SPE degradation. The conductivity of a proton-
conductive SPE was found to increase with an increasing
material water content.'”" The latter is particularly true with
respect to the SPIs, which have a substantially lower
conductivity than Nafion at low water contents. Nafion
contains a substantial amount of small water clusters, even at
an overall low water content. These clusters form channels for
proton transport;>* this is not the case for the SPIs."*® Proton
conductivity also increased with increasing IEC (i.e., the density
of the sulfonic acid groups).'” The water absorption of SPE
materials also increased with increasing IEC because the SO,
groups are strongly hydrophilic.'”> This general provision is
also true for SPIs (e.g, the absorption of up to 12 water
molecules per acid group has been reported).'”

Branched and/or cross-linked polymers counteract the
hydration-related stresses better than their linear-chain counter-
parts; such types of SPIs have been reported.'**'?* %7
Branched and/or cross-linked polymers have typically demon-
strated higher degradation stability than their linear equivalents.
Another way to reduce the polymer chain tension upon
hydration is the use of flexible polyimide chains.'*®~>%*
However, although the polymer chain flexibility accommodates
the mechanical stresses of water absorption, the flexibility also
interferes with the repolymerization of the polyimide backbone
(see point h). No solution to this issue has been found to date.

Interestingly, it was recently found that compound
membranes comprising a porous spongy-like polyimide film
with pores filled with a series of SPIs demonstrated higher
hydrolytic stability than membranes prepared from these SPIs
without matrices.**®

FCs (H,/O, EC at 0.2 A/cm?) with various main-chain
sulfonated polyimide membranes were tested between 60 and
90 °C.*** The MEA lifetime strongly depended upon the
temperature and sulfonation. The MEA operational time was
small at 90 °C. FCs (H,/0, FC at 0.2 A/cm? and 80 °C) with
SPI with sulfonated pendant segments demonstrated substan-
tially higher stability over 5000 h of operation.”***%® These
MEAs demonstrated a fair performance; however, they were
outperformed by a Nafion-based MEA (see Figure 17).

FC testing (H,/O, FC at 0.2 A/cm® and 70 °C) revealed
that cross-linked sulfonated poly(imide-siloxane) MEAs per-
form substantially better than Nafion 212 MEAs at lower
humidification levels'® but have similar performance levels at
higher humidification. Unfortunately, the authors did not report
data on the operational lifetime of their MEAs. The SPI MEA
performance and conductivity also strongly depended upon the
FC operational mode such that the membrane conductivity and
FC performance degraded rapidly for a higher testing current
density.>””

Although testing SPI MEA membranes using practical FC
operation conditions is an appropriate approach, the results of
this testing are influenced by the stability of the membrane and
the stability of the membrane/catalyst interface.
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3.3. Polyphosphazene-Based Membranes. Polyphos-
phazenes have backbones composed of alternating phosphorus
and nitrogen atoms and organic, inorganic, or organometallic
side groups attached to the phosphorus atoms (Figure 18). A
thorough review of polyphosphazene synthesis methods and
properties may be found in refs 208—210.

Phosphazenes [PPZs, polymers with repeating subunits of
(=N=P-)] offer many advantageous properties because of
their modifications through diverse pending groups. The
phosphorus—nitrogen bonds have a high torsional mobility
(the polymers have a low glass-transition temperature).”""
Most phosphazenes are non-flammable and resistant to
aggressive conditions”'* because the phosphorus and nitrogen
atoms of each subunit are in their highest oxidation states. The
most valuable feature is that the (—N=P-) backbone is
particularly stable against free-radical cleavage reactions, which
renders phosphazenes advantageous for PEM FCs. These
features, along with their relatively low cost, make phospha-
zenes an attractive platform for PEM FCs. The first attempt to
synthesize a phosphazene-based ion-conducting material was
made by Blonsky and Shriver.”"® The first preparations of
sulfonated phosphazenes (S-PPZs), which would be capable of
being used as a material for a proton-conducting FC
membrane, were reported by Wysics et al. and Allcock et
o] 214215

The considerable hydrophilicity of the (—N=P—) backbone
suggests that conductivity takes place via a Grotthuss
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mechanism.*'® This also indicates the possibility of using
phosphazene in osmotic drug carriers with a low water content
and a low methanol permeability. These features, along with the
high-temperature backbone stability, make S-PPZ attractive for
high-temperature FC and DMFC applications. S-PPZ-made FC
membranes were first demonstrated in refs 217 and 218.

Linear and cross-linked S-PPZs {sulfonated [bis(3-
methylphenoxy) Jphosphazene; compound B in Figure 18}
were employed. The materials exhibited a substantially low
water (and methanol) diffusivity; ie., the corresponding
diffusion coefficients D,; were nearly 2 orders of magnitude
lower for the S-PPZ membrane than for the Nafion 117
membrane. Furthermore, the D, for linear S-PPZ was higher
than the D, for cross-linked S-PPZ. Many water molecules are
bonded to the polymer backbone of S-PPZ polymers (because
of the lone electron pair on the nitrogen atom) and are
relatively immobile. Proton conductivity is maintained through
Grotthuss chains without requiring the displacement of water
molecules. The only available water for diffusion is the small
amount bound to the SO; groups in cross-linked S-PPZ
membranes (even at high water activity). Additionally, cross-
linked S-PPZs have lower swelling compared to linear S-PPZs,
which results in increased pathway tortuosity.

The conductivities of S-PPZ materials are in the range from
approximately 1 X 1072 to 12 X 107> S/cm and increase with
increasing IEC (.., the degree of sulfonation) *0%2'4~217219
The typical conductivity of Nafion is approximately 0.1 S/cm at
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Figure 19. General structures of poly(benzimidazole) compounds, PBI compounds, and ABPBI compounds (acquired and modified with permission

from ref 241).

room temperature.”>’ Low methanol permeability is the most
distinguishable (and practically appreciated) PPZ membrane
feature.”*" There was some variance in the reported data on
methanol crossover through PPZ-based membranes, which
might be due to the differences in experimental conditions and
PEM preparation techniques (i.e., different membrane
morphologies). The following are well-established facts on
the methanol/(PPZ-based membrane) permeability: (a) The
methanol permeability of S-PPZ membranes is substantially
lower than methanol permeability of Nafion.>*®*'¥?**72** Eor
example, the reported permeability value of cross-linked
sulfonated poly[bis(3-methylphenoxy)]phosphazene is 75
times lower than the permeability of the Nafion membrane.**®
(b) The permeability of cross-linked S-PPZ is lower than the
permeability of non-cross-linked S-PPZ;****** its conductivity
may also be lower.”*® (c) Phosphonic-group-functionalized
PPZ (P-PPZ) has a lower methanol permeability than S-
PPy, 208222223

P-PPZ membranes have lower conductivity than S-
PPZ.2%%*'92*” Sulfonic-group-functionalized materials typically
require some hydration to demonstrate superior conductivity
over phosphonic-functionalized materials.”***** However,
water is always available in practical FC operations because it
is a reaction product. The reported selectivity, ' is often
higher for P-PPZ. For example, the reported f for a S-PPZ
membrane is greater than that of Nafion 117 only at
temperatures below 85 °C, whereas the selectivity of a P-PPZ
membrane is greater than that of Nafion 117 up to 125 °C.***

Adequate mechanical properties are also important for the
implementation of ion-functionalized PPZ membranes for FC.
It was found that a high IEC compromises the mechanical
stability of the material but is necessary for good proton
conductivity.*'* To maintain conductivity and address the
mechanical stability, functionalized PPZ were cross-linked and
blended with other polymers.>*®*3°72%*

Blending may occur on the chemical level, and such mixing
was demonstrated.>****> The membranes were prepared by
cross-linking S-PPZ with segments of polybenzimidazole. It was
reported that a DMFC with such a membrane demonstrated
maximum power close to that of a DMFC with a Nafion
membrane at 60 °C. The MEA degradation test (100 h, DMFC
at 0.10 A/cm, and 60 °C) revealed a cell voltage degradation of
approximately 0.8 mV/h. Additionally, S-PPZ membranes
prepared by the cross-linking of S-PPZ with polyacrylonitrile
were reported.”>' The membrane, which was prepared via a
physical mixture of S-PPZ and PVDF, was reported.”*®
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Unfortunately, in all cases, detailed data on the improve-
ments to the mechanical stability were not presented. Data on
PPZ-based membranes testing under real FC operation
conditions are scarce. H,/O, FC with S-PPZ MEA exhibited
a power density of 0.47 W cm™ at 80 °C and 0.36 W cm ™ at
room temperature (maximum power).”'* We are not aware of
any reported data on the operational life of PPZ-based MEAs.

3.4. Polybenzimidazole (PBI)-Based Membranes. The
concept of a PBI-based FC membrane originates from the
design of a phosphoric acid FC (PAFC). PAFCs operate
between 160 and 220 °C, and thus, they demonstrate high-
temperature operation advantages. PAFCs contain a “liquid-in-
sponge” proton-conducting membrane: a thin silicon carbide
ceramic-type matrix impregnated with Hy;PO,.>***%

Although PAFC is well on its way toward commercialization,
there are still problems that stem from employing a liquid
electrolyte: (a) electrolyte leakage and its loss via evaporation,
which necessitate refills during operation, or providing an acid
reservoir (acid reservoir plates with an acid recovery system are
commonly employed),*® (b) the presence of a liquid
electrolyte, suggesting the possibility of gas diffusion layer
flooding, and (c) conventional PAFCs having low thermal
cyclability and, thus, not being suitable for portable and
transport applications.237

The above matter implied the development of an improved
matrix for H;PO,; the natural choice is “molecular-scale”
matrices to impregnate a polymer with H;PO,. Although the
common macroporous matrices maintain the acid by capillary
forces, the molecular-scale polymer matrix fixes the acid by
chemical-type interactions. Such matrices may be formed by
polymers with chains containing basic sites, such as ethers,
alcohols, imines, amides, and imides. These groups react with
acids, acting as proton acceptors and forming ion pairs.”** Such
acid—base poly salt systems are a new class of proton-
conducting PEMs.

Many polymers and acids have been tested [e.g, poly-
(vinylpyrrolidone), poly(4-vinylpyridine), poly(ethylene
oxide), polyacrylamide, poly(2-vinylpyridine), linear/branched
poly(ethylenimine), poly(aminosilicate) aminosils] and com-
bined with phosphoric, sulfuric, and perchloric acids.”**~>**
Many low-acid-content poly salts demonstrated reduced (<107
S) conductivity. Membranes with a high acid content possessed
poor mechanical properties, particularly at temperatures over
100 °C.** The highest conductivity of acid—polymer
combinations can be secured by the employment of amphoteric
acids, e.g., phosphoric or phosphonic acids. The mechanically
and thermally stable poly(benzimidazole)-based polymers>*®
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are the most appropriate materials for high-temperature FC
membranes.”*>**/

FC-related application of (PBI/H;PO,) poly salts was first
demonstrated in ref 248. A detailed explanation of such a FC
was first reported in ref 249. The development of PBI/
(phosphoric acid) membranes has progressed to the stage at
which such membranes are commercially available (e.g,
CeltecL, CeltecP1000, and CeltecV from BASF).>%%>%! Poly-
[2,2’-(m-phenylene)-S5,5’-bibenzimidazole] (PBI) and poly(2,5-
benzimidazole) (ABPBI) are the most frequently employed
membranes for FCs. Their structures are presented in Figure
19**' The mechanism of proton conductivity of the (PBI/
H;PO,) poly salt is illustrated in Figure 20.

Poly-salt formed by phosphoric acid doping of PBI.
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Figure 20. (PBI/H;PO,) poly salt and its proton conductivity
(acquired and modified with permission from ref 241).

There are two possibilities for proton transfer: the
[(benzimidazol ring) = (phosphoric acid)] path (path A)
and proton transfer through a chain of phosphoric acid
molecules (path B). Nearly all acid molecules donate protons
to unprotonated imino groups at all acid-doping levels with less
than two acid molecules per repeating polymer unit (as
observed for other acids).”** Thus, all acid molecules are
strongly bound to the polymer.**>**® As this process takes
place, proton exchange occurs via path A. However, this type of
proton exchange suggests a considerably low conductivity (less
than 107° S for two acid molecules per PBI unit at 160 °C).**

Proton transfer by path B is possible if the acid content is
over two acid molecules per repeating polymer unit. Path B
provides substantially higher membrane conductivities.”>*>>*
This Grotthuss-type mechanism®*>>%° suggests that the
membranes have proton transference numbers close to 1°%*
and a nearly 0 water drug coefficient.””’

The conductivity of (PBI/H;PO,) poly salts is typically
lower than the conductivity of the corresponding pure acids or

Macroporous material impregnated with the acid (see Figure
21).2°
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Figure 21. Conductivities of liquid H;PO,, a glass fiber film
impregnated with H,PO,, and PBI/H,;PO, membrane at different
acid contents at room temperature (acquired with permission from ref
258).

A greater acid content results in a higher membrane
conductivity. Indeed, a low acid content (up to 2.4 H;PO,
per PBI monomer unit) provides conductivities of less than
approximately 107 S/cm at 160 °C, whereas a high acid
content (11 acid molecules per repeating polymer unit)
provides hjs%h conductivity values of up to 0.15 S at 160—180
°C.*32992¢0 Overall, the conductivity of PBI exceed the
conductivity target value of 0.1 S cm™" for high-temperature
membranes.*"

An increase in the H;PO, content results in the mechanical
deterioration of the membrane: tensile strength decreases, the
membrane becomes inhomogeneous (i.e., the acid phase
separates from the polymer matrix),**> and the membrane
gas permeability increases.*> **> An example of these related
properties is presented in Figure 22. Phosphoric acid also tends
to be easily detached and may corrode the electrodes and

bipolar plates of the FC.*%
025 - 30
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Figure 22. Tensile strength and conductivity of a H,PO,/PBI
membrane at different acid loadings (acquired with permission from
ref 258).

Additionally, phosphate ions, which adsorb onto electrodes
at high acid concentrations, inhibit catalyst activity.**”

An optimal H;PO, content must be maintained”*® to achieve
membrane strength and conductivity. This optimal acid content
depends upon the particularities of the polymer matrix and
membrane structure. The cross-linking of the linear PBI

dx.doi.org/10.1021/ef501977k | Energy Fuels 2014, 28, 7303—-7330
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polymer is a robust technique to enhance both mechanical and
conductive properties.”**">’*> The modification of the main PBI
chain [using poly(imide benzimidazole) random copolymers*”*
and partially fluorinated PBI membranes]*’* offers an enhanced
mechanical strength at high acid-doping levels. Additionally,
attempts were made to introduce sulfonic groups into the main
chains of PBI-based material to enhance the conductivity for
low H;PO, content. This would increase the mechanical
properties of the membrane without compromising its
conductivity. However, a substantial increase in the membrane
mechanical properties was not observed.”’® Another approach
uses reinforced membranes. Reinforced PBI/H;PO, mem-
branes demonstrated good conductivity (up to 0.14 S/cm at
160 °C) and improved mechanical properties.””” Nevertheless,
the development of PBI membranes with high strength (and
high conductivity) at high acid contents remains a challenge.

Another aspect of FC membrane stability is chemical
stability. The membrane material is under OH® and OOH"®
radical attack during FC operation.** The PBI in H,PO,-
impregnated poly(benzimidazole) membranes is a peroxide-
radical-vulnerable component. The Fenton reactive tests” >
revealed that the chemical degradation of PBI generally occurs
at higher rates than that of Nafion.””**”” PBI undergoes weight
loss and depolymerization.”®® The degradation of higher
molecular weight and cross-linked PBI proceeds at a slower
pace than that of the linear and lower molecular weight
polymers.”’97?7>?81282 The presence of phosphoric acid
significantly moderated the desgradation of PBI polymers and
increased membrane stability.>*!

H;PO, evaporates and slowly leaches out of PBI-type
molecular matrices (see Figure 23).”**7*% After an initial
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Figure 23. H;PO, leached/evaporated from a FC stack during a
durability test: PBI/H;PO, membrane, total membrane area of 150
cm? 02 A/cm’, and initiall membrane doping level of 6.6 acid
molecules per polymer repeating unit (acquired with permission from
ref 285).

period, acid leaching stops and the membrane acid content
stabilizes.”®* The employment of grafted phosphoric groups is a
promising approach to increasing acid retention.”*®

3.4.1. MEAs with PBI/H;PO, Membranes under FC
Operational Conditions. Most results on the overall PBI
membrane durability are reported on the basis of MEA testing
under practical FC operations. Such tests are practical and
reveal the stability of the entire MEA complex but are not
scientifically informative. MEAs with PBI-based membranes
demonstrate diverse stability depending upon the test mode.
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Membrane degradation mainly involves H;PO, leaching and
chemical polymer degradation, which result in conductivity
decay. The degradation of membrane mechanical properties is
important for variable loads. For example, FCs with poly(2,5-
benzimidazole)/H;PO, membranes (160 °C and H,/air
operation) were tested in ref 284; the voltage loss amounted
to —20 4V/h for constant-current tests (an approximately 3%
decrease in cell voltage during 1000 h of operation). The
degradation rates for dynamic and start/stop tests were
reported to be substantially larger (—180 and —120 uV/h,
respectively).

BASF reported on the long-term stability of its Celtec-
P1100W membranes of more than 20000 h with a 6 uV/h
voltage drop (160 °C and H,/air operation) “at optimized
conditions”.”®” Similar stability data were reported for the
BASF Celtec-P2100 membrane,” with a voltage drop in the
range of 6—9 uV/h (6000 h test, 160 °C, H,/air, and 0.2 A/
cm?). Operation at high temperatures resulted in a more rapid
voltage drop (19 V/h at 180 °C). Other reported voltage drop
data range between 6 and 45 1V/h (from MEA tests conducted
in the range of 80—180 °C and H,/O, and H,/air
operations).”™ The lifetime requirements for commercially
viable stationary FC are greater than approximately 40 000 h.”?

It is widely believed that PBI/H;PO, MEA may be used in
DMEGCs. This belief is based on the low methanol permeability
of acid-free PBI films.**® The apparent phosphoric acid leaching
in hot methanol solution from the membrane may be addressed
by the addition of high-molecular-weight inorganic acids (e.g,
phosphotungstic and silicotungstic acids).””' ="

There are still challenges to be met in employing PBI/H;PO,
MEAs for DMFCs.

First, poor methanol oxidation kinetics on common catalysts
in a phosphoric acid environment were reported.””*

Second, the methanol permeability of PBI/H;PO, is
substantially higher than the permeability of films without
phosphoric acid (ie, plain PBI) and increases with the acid
content. Unfortunately, crossover values were reported for
different A values (ie., the number of H;PO, molecules per
monomer unit). Specifically, A was 5.6,% 6.7 and 1.5-3.2¢
Methanol crossover strongly increases for high methanol
concentrations.””*

The performance of a methanol FC using a PBI/H;PO, acid
membrane-based MEA is still low because of catalyst inhibition
and methanol vapor crossover.””*>%

3.5. Sulfonated Aromatic Main-Chain Polymers I:
Poly(arylene ether)-Based SPEs. Sulfonated aromatic
main-chain polymers have attracted considerable interest
because of their low cost, high mechanical strength, and
excellent chemical and thermal stability (even considering that
sulfonation compromises thermal stability to some ex-
tent).”””**® Among these compounds, sulfonated poly(arylene
ether ketone)s (SPAEKs) and sulfonated poly(ether ether
ketone)s (SPEEKs), in particular, are the most stud-
ied.*>***~3°! SPEEK-type membranes are the most thoroughly
investigated membranes among other SPAEK membranes
because their progenitor polymers (PEEK) are commercially
available and feature important properties of many other
aromatic polymers.>> The exemplified formulas of such
membranes are presented in Figure 24.

Although operational times of over 3000 h have been
reported for SPAEK-based MEA,>* the material durability of
SPAEK is inferior to that of Nafion under practical FC
operating conditions. Material degradation begins with the
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Figure 24. Exemplified formulas of sulfonated poly(ether ketone) and its copolymer membranes.

addition of hydroxyl radicals on the non-sulfonated phenyl
ether aromatic rings. The resulting phenolic groups are prone
to oxidation, which results in scissions in the main SPAEK
chain**® The vulnerable points of SPAEK materials are
indicated by arrows in Figure 25.

Critical point

Critical point

Critical point
Critical point

Figure 25. Possible sites for HO® radical attacks on SPAEK (acquired
and modified with permission from ref 304).

Attempts to improve the stability of SPAEK have included
optimization of the sulfonic group position (SPAEK is more
stable if SO; groups are attached to the pendant chain than to
the main chain) and fluorination of the main-chain phenyl
groups.*** The proton conductivity of SPAEK reached the FC
range at high sulfonation levels. The hydrophilic channels are
substantially narrower in SPAEKs compared to Nafion channels
because of the rigid aromatic backbone. Being strongly
restricted to these narrow channels water has a rather low
dielectric constant, which results in a reduced dissociation level
of sulfonic groups. However, these narrow hydrophilic channels

7318

are also branched and have numerous cul-de-sacs. This results
in a larger average partition between sulfonic acid functional
groups, which impedes proton transport. These percolation and
proton localization issues cause a steep decline in proton
conductivity, in addition to the decreased conductivity with
reduced hydration in SPAEK membranes."”® For example,
SPEEK membranes with sulfonation levels of over 74% exhibit
conductivities of over 1072 S/cm at 60 °C.3%° A high
sulfonation degree compromises the chemical stability of
SPEEK membranes as hydroxyl radicals initiate material
deterioration and induce high swelling.*****® For example, a
SPEEK membrane with an IEC of 2.2 mmol/g is extensively
deformed after prolonged immersion in hot water*”” and may
even turn into a gel-like material.**® High water absorption, in
turn, results in degraded mechanical properties (the hydro-
phobic domains of the polymer backbone provide the hydrated
membrane with mechanical strength; the sulfonic-acid-group-
containing hydrophilic domains provide proton conductivity
and also determine the water absorption)'>® and leads to
elevated hydrogen and methanol crossover during FC
operation. The increased fuel crossover counterbalances the
gain in conductivity, and SPEAK membrane-based FCs exhibit
optimum performance at a certain threshold sulfonation level,
which depends upon the specific polymer backbone structure
and membrane morphology; optimal DMFC performance was
reported for a SPEEK membrane with 43% sulfonation™” and a
SPEEK membrane with 71% sulfonation.**

Two characteristics of SPAEK are responsible for such
behaviors. First, the sulfonic acid functional groups of SPAEKs
have relatively low pK, values (Nafion has a substantially higher
acidity than SPAEKs). Second, there are fewer hydrophobic/
hydrophilic areas in SPAEKs compared to Nafion membranes,

dx.doi.org/10.1021/ef501977k | Energy Fuels 2014, 28, 7303—-7330
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which results in a slimmer and poorly connected water-filled
network; the latter suggests larger separations between the
sulfonic groups (i.e., less acidic than in Nafion case), 1263107313
Currently, SPAEK membranes with fair conductivity (up to
0.048 S/cm at room temperature) are being devel-
oped.?*>3%%31* SPEEK membranes with conductivities over
0.1 S/cm were also reported.311

Differently modified SPAEK membranes have been
developed to improve their properties.”® Cross-linking SPEEK
improves the thermal stability, mechanical strength, and
hydrolytic and oxidative stabilities of the membranes. The
cross-linked membranes also demonstrate lower water uptake
and methanol diffusion compared to their non-cross-linked
counterparts. However, cross-linking compromises the elonga-
tion-at-break and proton conductivities of the mem-
branes.*’*7**' Naturally, the degree of changes in the
aforementioned properties, particularly the transport properties
and water absorption, depends greatly upon the cross-linking
density (see Figure 26).3%

SPAEK backbone

bl

~~cross-linker

Increase of cross-linker density in c-SPAEK >

Figure 26. Effect of the cross-linking density on the structure of cross-
linked SPAEK (c-SPAEK) (acquired and modified with permission
from ref 322).

Recent advancements in the development of new cross-
linkers and cross-linking techniques has resulted in the
improvement of properties of cross-linked SPEEKs.*'® The
results suggest that cross-linked SPAEK membranes may be

adequate for use in medium- and high-temperature FCs.>**~>

Figure 27 illustrates that it is possible to prepare a material that
combines high conductivity with moderate water absorption.***
SO,-cross-linked SPEEK has a high proton conductivity of
approximately 0.1 S/cm and moderate water absorption.*"”

A new SPEEK cross-linker was used.’”® It provided
membranes with a proton conductivity of 0.122 S cm™" (at
60 °C), low methanol permeability (equal to just '/,, of that of
Nafion membranes), exceptional stability, and low swelling.
Branched SPAEKs have also been reported.””” Such materials
may be classified as intermediates between the linear and cross-
linked materials.

The hydrophilic backbone domains of the polymer control
conductivity and water absorption, whereas the hydrophobic
domains control the mechanical strength. SPAEK copolymers
have a backbone composed of hydrophilic (sulfonated) and
hydrophobic segments. This multi-block copolymer structure
presents an advantageous structure having interconnected
hydrophilic domains and hydrophobic moieties. The hydro-
philic net supports proton conductivity even under low
hydration, and the hydrophobic moiety maintains the
mechanical properties. Furthermore, the ordered hydro-
philic=hydrophobic block sequence provides higher proton
conductivity than random copolymers.*”*7>*' In this manner,
membranes with excellent mechanical properties, fair proton
conductivity, and good chemical stability at relatively lower IEC
were prepared. The membranes demonstrated conductivities of
0.92 X 107* and 2.09 X 107> S/cm at IEC = 1.13 mequiv/g and
temperatures of 30 and 80 °C, respectively.®> Employed
copolymers may also be SPAEKs but with various pendant
chains.**?

The hydrophilic sulfonic groups may also be located in the
pendant groups of PAEK>** and PAEK copolymers.**?*>73%
Such materials may present low swelling with fair FC-range
conductivity (see Figure 28). PAEKs with pendant chains may
also be cross-linked.>** Cross-linking and main-chain copoly-
merization may be combined. Such materials may provide a
membrane with an exceptional water uptake of 37.5%, a good
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Figure 27. Water uptake and conductivity of Nafion, SPAEK, and c-SPAEK (80% sulfonation) membranes at different temperatures (data acquired

with permission from ref 324).
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Figure 28. Arrhenius plot of proton conductivity (the membranes are immersed in water) and water volume fraction versus temperature for PAEK

with flexible tetrasulfonated pendant chains.**®

proton conductivity of 0.091 S/cm, and a methanol selectivity
B, which is approximately 30 times larger than the S of
Nafion.***

Other common ways to improve the properties of SPAEK
membranes is to mix SPAEK material with other polymers or
to incorporate inorganic fillers into the membrane. Recently,
several good reviews on such composite SPAEK membranes
were published.*®%>'2¢315 SPAEK has been combined with
polybenzimidazole,>*"*** poly(ether sulfone),***™** sulfo-
nated/silylated polyphenylsulfone,®*® sulfonated cyclodex-
trin,>*’ poly(vinylidene fluoride)***™*%! (a model DMFC with
such a membrane demonstrated a low decay of maximum
power density of approximately 5.7 X 107> W/cm? per hour for
a cell operating up to 1300 h),*** poly(vinylidene fluoride-co-
hexafluoro propylene),*' phosphonated polysulfone,*> 3-
aminopropyltriethoxysilane,** sulfonated phenolphthalein
poly(ether sulfone),*® acrylic acid-co-4-vinylimidazole,**®
phenoxy resin,®’ polyimide,**® poly(ether imide),**° poly-
pyrrole,*® Nafion (SPAEK and Nafion are incompatible;
SPAEK demonstrates a “flaky” sediment inside the Nafion
matrix),**" covalent-type Nafion introduction into SPAEK
followed by cross-linking,*** polyacrylonitrile,**® epoxy res-
ins,***3%* polystyrenesulfonic acid,**® sulfonated and/or
silylated polyphenylsulfone,**” and poly(vinyl alcohol).**®
Although the blended membranes are mainly linear, the
blended membranes may be prepared by cross-linking the
mixture of linear polymers (SPAEK and the additive), which
results in interpenetrating polymer nets.*¥ 737!

Composite, multi-layer SPAEK membranes have also been
developed to account for the apparent asymmetry in FCs; ie.,
fuel diffusion occurs on the cell anode side, whereas peroxide-
related issues (the major source of the membrane degradation)
occur at the cathode side. The idea of a multi-layer membrane
is that the anode protective layer would be prepared from a
material with a low fuel permeability and, thus, may be
extremely thin and will not compromise the overall membrane
conductivity and mechanical properties. The cathode layer
would be prepared from a thin material that is stable against
peroxide.*”*
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It was reported that thin (10 mem or thinner) layers of a
cross-linked chitosan increased the membrane methanol
selectivity # by S-fold while not significantly decreasing the
membrane conductivity.’”> A thin layer of poly(vinyl alcohol)
was also tested as a barrier against methanol diffusion.*”* The
SPAEK may be used as a thin layer to block methanol diffusion
in the Nafion/SPAEK/Nafion structure.>”>

Preparation of SPAEK/inorganic filler composites is a
common technique to improve proton conductivity, water
retention (particularly at high temperatures), and mechanical
properties.66

The combination of SPAEK with solid heteropolyacids is a
promising way to improve the membrane proton conductivity
and hydrolytic stability and to diminish methanol perme-
ability.*’ Such heteropolyacids and their salts, e.g,, H;PW,,0,,
H,SiW 1,040, H;P M°1204o;377 Na,HPW,0,p, CsH,PW ;04
Cs,HPW 1,040, CsysHo sPW 1,04, Csy sHo sPW1,040/Pt,
H,PW,,0,,/Si0,, H;PW,,0,,/molecular sieve, y-
KoSiW,(0,6,>°" H,;SiW,,0,,/8i0,—-A1,0,,°”% and
H,SiW,,0,o/montmorillonite, were reported.””® Composite
SPAEK-based membranes with incorporated small cross-linked
polycarboxylic acid spheres (150 nm in diameter)**® and
polymeric phosphonic acid sub-micrometer spheres®®' were
also reported.

The combination of SPAEK with non-acid inorganic
materials is another promising method to improve SPAEK-
based membranes.’***> SPAEK was combined with zirconium
hydrogen phosphate, which diminished the methanol perme-
ability and water uptake without compromising mechanical
stability; however, proton conductivity decreased.®®*** SPAEK
was also combined with zirconium phosphate sulfophenylen-
phosphonates; these membranes demonstrated a high con-
ductivity (up to 0.1 S/cm at 80 °C).°*****%5 The SPAEK
composite membranes with surface-modified SiO,,**>*%~3%¢
7r0,,****° Ti0, and TiO, with a modified surface,**~*** and
Zr/Ti/phosphate®”* and SPAEK composite membranes with
methanesulfonic-acid-modified zeolite 44, Fe304,396 and
boron orthophosphate (BPO,)**”**® were also reported.
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Energy & Fuels

-0 Qe O=-Orte-0- OOt

Sulfonated polyphenylsulfone

CHj SO4H

fO—@—%}—QO*@S%-‘@)ﬂ'{o_@_(::_@n_gm?’@; L

CH3

Sulfonated polysulfone

[Zatse carse

SO,4H

Sulfonated polyethersulfone

p

i
S0, ¥

$0,H

Sulfobutylated polyethersulfone
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Figure 30. Influence of Fenton’s reagent on remaining IEC as a function of the immersion time for the different sulfonated membranes (acquired

and modified with permission from ref 407).

SPAEK-based membranes exhibit inferior performance
compared to current Nafion membranes in H,/air FCs because
of their inadequate proton conductivity and lower membrane
stability. Current efforts on these membranes are focused on
improving the conductivity, maintaining a low water uptake,
and improving the membrane lifetime. SPAEK membranes
often exhibit significantly higher methanol selectivity compared
to Nafion membranes.””¥30~39%3%

3.6. Sulfonated Aromatic Main-Chain Polymers Il:
Polysulfone-, Polysulfone-Ether-, and Polyphenylsul-
fone-Based SPEs. Sulfonated poly(aryl sulfones) (SPAS),
such as polysulfones (SPSUs), polysulfone ethers (SPSEs), and
polyphenylsulfones (SPPSUs), are sulfonated aromatic main-
chain polymers, similar to SPAEKs. The first preparation of
SPAS membranes was reported in ref 400, and the first
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chemical power source (alkaline Zn/redox battery) was
reported in ref 401. The precursor polymers are commercially
available and inexpensive as well as thermally and chemically
stable; thus, the sulfonated modifications of these materials are
also expected to retain these features. These polymers are fully
amorphous, and therefore, their mechanical properties depend
upon chemical modification,*****® as opposed to SPAEKs. The
exemplified formulas of PPSUs, SPPSUs, and SPSEs are
presented in Figure 29.

Materials with such properties are considered potentially
viable for SPE applications.*****> As in the case of SPAEK-
based materials, SPAS-based materials demonstrated lower
stability against superoxides than Nafion.*”® The material
degradation mechanism and critical points of the SPAS
molecule are similar to those of SPAEK (see Figure 25).*%*

dx.doi.org/10.1021/ef501977k | Energy Fuels 2014, 28, 7303—-7330
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Factors such as the specific parameters of the sulfonation
process** and the particular positions of the sulfonic acid
groups have a substantial influence on the conductivity, water
absorption, and stability of SPAS materials (see Figure 30).*"

Other ways to improve the material stability of SPAS
include®™* attaching SO; groups to the pendant chains (such
SPAS are more stable than SPAS with sulfonated main
chains),***"*° fluorination of the main-chain phenyl groups
(partial fluorination increases the chemical stability of
sulfonated arylenes),*'! designing main-chain SPAS with only
strong electron-withdrawing groups (e.g., SO, groups),‘uz_415
and substitution of the main-chain ether group with a thioether
group [poly(arylenethioethersulfone)-type SPE].*'°~** SPAS
membranes with a sulfonation degree of up to 4.1 mequiv/g**’
and with a conductivity up to 159.0 mS cm™" at 80 °C were
reported.*”* However, the proton conductivity of SPAS can
only reach the FC range with high sulfonation levels because of
a similar phenomenon that was previously discussed for
SPAEK, ie, the combined action of the proton mobility
restrictions (because of the narrow hydrophilic channels) and
the low dielectric permeability of the confined water inside the
hydrophilic channels."*® Furthermore, a high sulfonation degree
compromises physical properties of SPAS and increases
methanol permeation in the same manner as that with SPAEKs.

Considerable research has focused on modifying SPAS
membranes. Methods include the introduction of pendant
functional groups,*”**~**5 designing SPAS-co-polymers with
preset hydrophobic/hydrophilic balances,**® grafting pendant
chains with sulfonic and other functional groups to the main
aromatic chain, blending SPAS with other 2polymers, and
preparing SPAS/inorganic filler composites.*”**”~ ! In some
cases, SPAS with sulfonic acid units on the side chains have
exhibited a substantially higher dimensional stability than
membranes based on directly sulfonated SPE with the same
IEC.*”*? There are optimal lengths, types, and flexibilities of
pendant sulfonated chains that provide the highest SPE
conductivity. #>*3

Cross-linking is also extensively used to improve SPSU
membrane properties, such as methanol permeability, hydro-
Iytic stability, and mechanical strength (the cross-linked
materials often have lower conductivity than the non-cross-
linked materials).?! #3444

Information on the testing and evaluation of FC with SPAS-
based membranes is limited; usually the reported performance
of DMFCs with SPAS-based membranes is lower than the
performance of DMFECs with Nafion.**'

3.7. Natural Polymer-Based SPEs.**?> SPEs based on
inexpensive and environmentally friendly natural materials are
promising candidates to replace synthetic polymer-based SPEs
(particularly Nafion) in FCs. There are only a few studies
investiggting natural SPEs based on such natural polymers as
pectin, ™ chitin phosphate,** gelatin,****® agar and alginic
acid,™*** and uracil "84

The research on cellulose and its derivative-based mem-
branes is more extensive.*°"*** Recently, the study on [2-
acrylamido-2-methyl-1-propanesulfonic acid (AMPS)]-grafted
bacterial cellulose membranes was presented.**> The con-
ductivity of these membranes may be close to the conductivity
of Nafion; FCs with these membranes have demonstrated a
maximum power density of 95 mW/cm? (H,/O,, at 50 °C) and
16 mW/cm? (DMFC, at room temperature). The last value is
only 35% of the performance of the same DMFC with a Nafion
membrane.
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Chitosan-based SPEs are the most extensively studied among
all natural polymer-based SPEs.
3.7.1. Chitosan (CS). CS is an easily modified linear

polysaccharide;***~*** its formula is presented in Figure 31. A
w0 S
/ | CH,
OHNH* CH EH_ ’
OH 20 20 OH 0~
-0 o OH 4 0 )
ch, W dhy "
OH OH OH
H\'O H\
W’ 4—~0

Figure 31. Partially acetylated/hydrated CS (acquired and modified
with permission from ref 460).

hydrated CS is a cationic polyelectrolyte (i.e, a hydroxide
conductor). Because the weak alkaline groups of its main chain
are only partially protonated (NH, + H,O < NH; + OH"),*’
the intrinsic conductivity of CS is extremely low. The
conductivity occurs via OH™ transport across the amorphous
areas of CS, despite of the highly crystalline nature of the most
part of CS structure. The intrinsic conductivity of hydrated CS
was reported to be approximately 107* S/cm, which is
inadequate for FC applications.**

Proton conductivity is also possible if the proton donors are
introduced into the CS matrix, which may be achieved by
mixing different acids, heteropolyacids, and acid salts, *61 7468 by
introducing inorganic fillers, such as acidic oxide par-
ticles*®~*"* and ammonium salts,*”*~*’® and grafting acidic
groups to the main CS chain.*”” Proton conductivity occurs via
both transgport mechanisms and the Grotthuss-type mecha-
nism.*”**”* The additives typically increase the conductivity but
compromise the mechanical properties. Such negative effects
may be addressed by covalently or ionically cross-linking CS.**°
Additionally, acidic group grafting and polybasic acid addition
results in ionic cross-linking; the acidic groups may react with
the amino groups in CS.*00#6478:481

Transport-type conductivity, which is related to the diffusion
of hydronium ions (e.g, H;O*, H;O,", and H,0,*), depends
strongly upon CS hydration.*”* The amorphous domains have
larger free volume cavities; thus, ion transport occurs through
the amorphous polymer. Poljmer amorphization favors an
increased conductivity.***~*** CS amorphization may be
achieved by the addition of salts and plasticizers,*’> #5454

covalent cross-linking with glutaraldehyde,**® substitution of
the CS backbone hydroxyl group with a large and bulky butyryl
grou4p9,:89 or grafting of the CS backbones with oligo-p,L-lactic
acid.

The conductivity mechanism of hydrated and partially
hydrated CS—acid mixed membranes (which are acid—base
complexes) depends upon the degree of hydration and
combines transport and Grotthus-type proton transfer. The
conductivity of anhydrous CS—acid membranes has a Grotthus-
type character (see Figure 32). FCs with such membranes are
able to operate at substantially elevated temperatures (up to
160 °C) and at low hydration.*****

CS-based membranes have demonstrated considerably low
conductivity*7*72#%42 byt have markedly lower methanol
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Figure 32. Anhydrous proton-conducting mechanism of CS/mix;
arrows denote proton transfer (acquired and modified with permission
from ref 491).

permeabilities than Nafion.*”*® The latter characteristic

suggests the possibility of using relatively thin CS membranes
for DMFEC, which may counter the low conductivity of the CS
membranes.

Information on FCs using CS-based membranes is scarce.
The model H,/O, FC with a composite CS membrane
demonstrated a maximum power density of 16 mW/cm? at 75
°C. It was suggested that the reported poor performance of this
cell might be due to a problematic MEA fabrication.*”> A
DMEFC using an acid-cross-linked CS membrane demonstrated
maximum power densities of 27.4 and 42.4 mW/ cm? at room
temperature (for CS membranes with different degrees of
deacetylation), whereas the same DMFC using a Nafion-117-
based MEA demonstrated a maximum power density of 74.7
mW/cm2***> The DMFC that used a membrane composed
of CS mixed with phosphotungstic acid and montmorillonite
demonstrated a maximal power density of 60.7 mW/cm® and
an operation stability for more than 100 h at 70 °C. The same
model DMFC using a Nafion 117 membrane demonstrated a
maximal power density of 47 mW/cm?.

4. OVERVIEW AND FUTURE PERSPECTIVE

The emerging FC market is a strong driving force, pushing the
scientific community to develop inexpensive and high-perform-
ing membrane materials. The cost of a FC system should be
reduced by 40%; currently, the cost is approximately $50/kW,
whereas the goal of the U.S. Department of Energy (DOE) is
$30/kW.*® However, the costs for the manufacturing plants
account for more than 50% of the total system cost. This cost
component has not been significantly reduced in the past few
years.*”” The membrane contributes the largest factor of the
overall FC cost (see Figure 6). The cost reduction of the
catalyst (the other essential FC cost component) is possible
only through a reduction in Pt content. However, in the past
few years, the amount of Pt in FCs has remained relatively
constant.*”® The one major approach to reducing the cost of
FCs, which is crucial for the widespread acceptance of FCs as
the primary energy source for various practical applications, is
to reduce the membrane cost.

Considering that Nafion ;)I‘ICBS have not changed signifi-
cantly from 2006 to 2011*” (even considering inflation),**
research and development will be focused on non-Nafion-type
materials. DMFCs are the most promising FCs for trans-
portation and portable electronic applications because of major
concerns related to hydrogen storage (hydrogen has a high
gravimetric specific energy but a low volumetric energy
density). This has motivated the development of membranes
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having a high methanol selectivity, f. Although Nafion
membranes have a low f value, they may be improved by
developing proper Nafion/inorganic and Nafion/polymer
composite materials. In addition, many alternative ionomers
have a substantially higher f than Nafion. Another issue
concerns the limited ability of Nafion to operate at elevated
temperatures. This drawback may be addressed by resorting to
Nafion/inorganic and Nafion/polymer composite membranes.
Furthermore, many alternative ionomers have a significantly
higher temperature operation range than Nafion.

Most alternative membranes are ranked below Nafion
membranes over an entire set of important properties. It may
be worthwhile to compromise on conductivity and develop
alternative membranes that are superior to Nafion in terms of
temperature stability, operability over a wider range of
conditions (e. g., lower humidity) with reduced overall swelling,
lower fuel crossover, and particularly, lower cost. There are
good reasons to believe that the scientific community is capable
of overcoming the problems currently associated with PEM
membranes. Commercially viable FC membranes are “just
around the corner”.
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