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1. INTRODUCTION

Polymer electrolyte membrane fuel cells (PEMFCs) have in-
creasingly received worldwide attention because of their poten-
tial application in transportation and in stationary and portable
electronics. PEMFC technology already provides sufficient per-
formance and durability to be competitive with alternative
technologies in some of these applications. Commercialization
of fuel cells and deployment in these early market applications
is expected to lead to further improvement in performance,
durability, and cost. It is clear from the publication list, as shown in
Figure 1, that the PEMFCs are objects of intent interest. During
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Figure 1. Summary of the number of publications found in four
scientific databases (ScienceDirect, ACS Publications, Wiley Inter-
Science, and SpringerLink). The search keywords were “membrane
fuel cell” and “membrane fuel cells” in all fields.

the past S years, the number of publications concerning PEMFCs
has risen steeply. In particular, research on polymer electrolyte
membranes (PEMs) is very active.

Current PEMFCs containing state-of-the-art perfluorosul-
fonic acid ionomer (PFSI)-based membranes require humid-
ification of the inlet gas. The necessary humidification system is
a major part of the fuel cell system cost. The development of
high-temperature membranes capable of operating at low
relative humidity with sufficiently high ionic conductivity is a
challenge but will decrease the cost and system complexity
associated with humidification. Therefore, it is no exaggeration
to say that improvement in the properties of the membrane
would significantly improve the performance of the PEMFCs.

A fuel cell is an electrochemical device that directly converts
the chemical energy of a fuel (e.g, hydrogen or methanol) into
electrical energy. Figure 2 is a schematic view of a hydrogen-
tueled PEMFC with a proton-conducting membrane. Two plates
sandwich a membrane to form a “membrane electrode assembly”
(MEA), which is the core component of a PEMFC. A PEM

functions as (i) a separator to prevent mixing of reactants; (ii) a
conductor for protons from anode to cathode; (iii) an electrical
insulator to drive electrons through an external path to the
cathode; and (iv) a structural framework to support the electro-
catalysts (in the case of catalyst-coated membrane (CCM)).
When such a H,/O, PEMFC is operating, the anode side is
supplied with hydrogen and the cathode side is fed with oxygen
or air. Under the electrocatalysis, hydrogen is split into protons
and electrons through an oxidation reaction at the anode. The
protons travel across the PEM, and the electrons transfer in an
external circuit to the cathode. At the cathode, oxygen com-
bines with protons and electrons to form water through a reduc-
tion reaction. Thus, a closed circuit that generates electrical energy
is formed.

To be applied in PEMFCs, the advanced membrane mate-
rials should meet the following requirements: (i) high ionic
conductivity; (ii) low fuel permeability; (iii) good thermal and
hydrolytic stability; (iv) excellent electrochemical stability in
an aggressive environment; (v) substantial morphological and
dimensional stability; (vi) outstanding mechanical properties in
both the dry and hydrated states; (vii) sufficient water up-
take and moderate swelling; (viii) suppressed water transport
through diffusion and electroosmosis; (ix) easy fabrication to
form the MEA, and finally, more importantly from a practical
point of view, (x) a competitive low-cost and sufficient long-
term durability.

Although considerable progress in PEMs has been made in
the last several decades, the durability and cost are still two
major obstacles hindering widespread application. The purpose
of this review is to sum up the recent progress on PEMs as a
whole. Polyphosphazene, a fascinating material, is excluded
from this review because of few reports about polyphosphazene-
based PEMs in the past S years and the existence of recent
excellent reviews.' > Computer simulations and theoretical
considerations of PEMs are also not included because they have
already been extensively reviewed in a book series and in topical
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Figure 2. Schematic diagram of a PEMFC.
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This article focuses on five different types of membranes
organized according to their main chain composition and func-
tional groups. These types are PFSI membranes, partially fluori-
nated acid ionomer membranes, nonfluorinated acid ionomer
membranes, polybenzimidazole (PBI)/H;PO, membranes, and
alkaline ionomer membranes. The properties and applications
of those membranes are described one after another and com-
pared in the following sections. The synthesis strategies for these
membrane materials are briefly reviewed and discussed. The future
directions for PEM research and development in fuel cell appli-
cations and the possible approaches for the synthesis and
modification of “future” PEMs are discussed.

2. PERFLUOROSULFONIC ACID IONOMER
MEMBRANES

The perfluorosulfonic acid ionomer membranes, represented by
Nafion (a registered trademark of DuPont Co.), are the most
commonly used PEMs and have served as benchmarks for
membrane performances because of their excellent chemical
and electrochemical stabilities as well as outstanding proton
conductivity. They have unique structures that consist of poly-
(tetra-fluoroethylene)-like hydrophobic main backbones and
pendant side chains with hydrophilic terminated sulfonic
groups. The former endows them with superior properties of
structural integrity, and the latter gives them desirable proton
conductivity when fully hydrated. Water plays an important role
in the proton conductivity by impacting the formation, dimen-
sions, and connectivity of ionic pathways in PEMs. With
increasing water content, the PEM constituents are character-
istically separated into hydrophobic regions and water-filled
hydrophilic cluster phase domains. These cluster phase do-
mains are connected by short narrow nanochannels that form
random water-containing cluster networks embedded in the
continuous, spongelike fluorocarbon phases.'®'® Consider, for
example, Nafion117 membranes, in which the total exchange-
able proton sites are estimated to be 2.5 X 10" sites cm™* or
4.2 x 107> mol cm™2*° The total number of water molecules
per sulfonate group (denoted as 1) is often used to describe the
hydration extent of a PEM. The possible evolution of Nafion
from the dry state to a fully hydrated state may be described as
follows.?'~** For A < 2, only isolated small water clusters are
formed and Nafion behaves like an insulator. As A reaches ~2, a
percolation threshold of proton conductivity occurs. But at this
time, the water molecules are bound tightly to the sulfonate
groups on the inner surface of the channels and clusters to form
solvation shells, which leads to a higher activation energy for
proton transfer and lower proton mobility, resulting in very low
proton conductivity. As A increases from 2 to 5, the water
clusters become increasingly bigger and the channels become
broader. Some of the water molecules exist as free water, but
the majority of them are confined through the coordination of
hydronium ions by multiple sulfonate groups via the strong
electrostatic interaction between them. This impedes a struc-
tural transport (Grotthuss) mechanism and results in a pre-
dominantly vehicular transport mechanism. At this stage, proton
mobility is the major factor determining proton conductivity.
For A between 5 and 7, the Nafion membrane undergoes a
morphology transition and structural reorganization. The water
clusters and channels are further expanded and become par-
tially interconnected. A continuous path for proton conduction
begins to be developed. Furthermore, the proton conductivity
and the percentage of free water in PEM increase gradually.
The structural transport mechanism coexists with the vehicular
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transport mechanism and becomes more significant. Finally, for
A from 7 to a water-saturated hydration level, the average dis-
tance between sulfonate groups becomes larger due to obvious
Nafion swelling, and a well-developed percolated network is
formed. Moreover, the percentage of free water increases mark-
edly. The proton conductivity shows an apparently monotonic
increase and finally approaches a value similar to that of bulk
water when the proton transfer in Nafion is mostly through a
structural transport mechanism.

Because water plays a vital role for proton transportation in
Nafion, the dependence of the conductivity on water makes
Nafion unsuitable at temperatures lower than 0 °C and at tem-
peratures higher than 100 °C because of the decrease of
conductivity induced by the inherent properties of water
(freezing or boiling).@’44 Besides this shortcoming, Nafion also
suffers from other drawbacks, such as (i) insufficient resistance
to methanol crossover; (ii) poor mechanical and chemical stabi-
lity at elevated temperatures; and, most prominently, (iii) high
cost resulting from the complicated manufacturing process
required. To overcome these disadvantages, considerable efforts
have been devoted to modification of conventional polymers or
new alternative membranes. There have been no new PFESI
membranes synthesized, but many modified conventional PFSI
membranes were reported in the last several years. Several
different approaches for the modification of PFSI membranes
have been explored, including (i) physical or chemical treat-
ment; (ii) reinforcement by porous support materials; and (i)
addition of organic or inorganic compounds. Table 1 provides a
summary of modified PFSI membranes.

2.1. PFSI Membranes Treated by Physical or Chemical
Methods

The main strategy for simple physical or chemical treatment
is to form a heterogeneous ultrathin layer on the Nafion sur-
face or to adjust the nanostructure of the Nafion membrane.
Heterogeneous ultrathin layers formed by 4»pr(-:g)aring bifunc-
tional carboxylate/sulfonate PFSI membrane, **° by immersing
Nafion membrane into dopamine aqueous solution,*” by treat-
ing Nafion membrane under perfluoroheptane (C,F;s) and
argon (Ar) plasma,*®** or by degositing Pd or Pd alloy ultra-
thin layers onto Nafion surfaces® >® are aimed at suppressing
methanol crossover. But Nafion membranes with deposited Pd
or Pd alloy ultrathin layers do not work well because of the
cracks caused by the different swelling ratios of the sputtered
metal layer and Nafion membrane, although there does exist
a so-called “pseudo-proton conducting” phenomenon in Pd
membranes.”” Treatment bsy uniaxial prestretchin§,58 by appli-
cation of an electric field,"” by ion irradiation,”” by thermal
annealing,él’62 and with Sc-CO,*** all aim at adjusting the
nanostructure in Nafion membranes, and they all do result in
improvements in the modified PFSI membranes. However, there
is no reduction in cost because the PFSI membranes modified by
these methods are even more costly.

2.2. PFSI Membranes Reinforced with Porous Supporting
Materials

To reduce the costs of PESI membranes, an efficient method of
reinforcement by impregnating PFSI into low-cost sub-um
porous support materials is widely employed (Figure 3). The
porous PTFE membrane is most often selected as a reinforc-
ing material owing to its excellent chemical stability and good
mechanical strength. The reinforced PFSI membranes, having a
thinner membrane thickness by virtue of their higher strength,
have a lower membrane resistance and need less of the expensive
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Table 1. continued

reference

main conclusions and comments

modified methods

base membrane

PFSI composite membranes incorporated with organic or inorganic compounds

139-152

proton conductivity similar to Nafion; improved MEA and methanol
crossover, but HPA leaching often occurs

(e.g, a-ZrP, heteropoly acid (HPA), BPO,, ErTfO)
incorporating two kinds of inorganic particles such as zeolite-Pt, SiO,—Cs, sH, sPWO,, SiO,—SZ, ZrO,—

blending method or impregnation process using Nafion and proton-conductive particles or their precursors

Naﬁon/inorganic proton-
conductive fillers

153—162

better water management and reasonable proton conductivity at high

Nafion/inorganic binary

temperatures and low humidity

Si0,, TiO,—WO;
incorporating inorganic particles with both hydrophilic and proton-conductive functions (e.g, acid-

component fillers
Nafion/bifunctional fillers

163—185

great improvements in methanol permeability without a large

conductivity sacrifice, some of them providing reasonable proton

conductivity above 100 °C

functionalized multiwalled carbon nanotubes (MWCNTs), acid- or CS- functionalized methylcyclopenta-

dienyl manganese tricarbonyl (MMT), sulfonic acid-functionalized zeolite beta, sulfonic acid-functionalized

silica and polysiloxanes)

186

self-humidifying function, OCV of 0.98 V; maximum power density value

PTFE-reinforced SPEEK/Nafion composite membrane containing SiO,-supported platinum catalyst

Pt-SiO,/SPEEK/PTFE/

of 0.8 W cm™? with dry H,/0, at 60 °C
operating >6000 h at 120 °C and 50% RH fed with H,/air and only 1%

Nafion/Pt-SiO,
PFSI composite membrane

187

to 1%o degradation rate of conventional Nafion MEA

NA

2784

Porous support
matenal

Perfluorosul fonic-
acid ionomer

Figure 3. Schematic representation of the cross-sectional morphology
of a reinforced PFSI membrane.

PFSI. In addition, they have other advantages such as improved
dimensional stability, remarkable durability, chemical stability,
and reduced methanol permeability resulting from suppressed
swelling of the PFSI in porous PTFE membranes.

However, the great difference of hydrophilicity between the
hydrophilic PFSI solution and the hydrophobic pores of the
PTFE often induces the formation of voids and bubbles in the
reinforced PFSI/PTFE membranes. When the impregnation
process is done under negative pressure, the problem is greatly
alleviated because the gas pressure in the capillaries of the
porous substrate matrix is the most important factor for
solution impregnation. The PFSI/PTFE PEM fabricated from a
PFSI solution with 5 vol % surfactant concentration under a
pressure of 5 X 10% Pa shows high resistance to hydrogen gas
permeability over 4500 dry/wet cycles, indicating better dura-
bility and stability caused by the improved interface contact.”*
An improved method proposed on this basis for the
preparation of reinforced PFSI/PTFE PEM with high durability
and high chemical stability consisted of impregnating PTFE
frame micropores into the Na* form of the surfactant-con-
taining Nafion ionomers under a pressure of S X 10* Pa. These
Nafion/PTFE PEMs are then heat-treated at 270 °C to induce
cross-linking of the Nafion ionomer. In an in situ accelerating
RH cyclic experiment at 90 °C, the degradation in the OCV of
the fuel cell assembled with the PEM as-prepared above is
3.3 mV h™!, which is significantly lower than that of 13.2 mV h™
for a fuel cell assembled with the commercial Nafion mem-
brane.”” Similarly, impregnating PFSI into the alternative
substrates such as microporous UHMWPE”® and electrospun
PVDE"* for DMEC also leads to better performance than plain
Nafion membrane because the reduction of proton conductivity

dx.doi.org/10.1021/cr200035s | Chem. Rev. 2012, 112, 2780—-2832
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can be compensated by decreased membrane thickness and
significantly reduced methanol crossover.

Some attempts at incorporating a third component into
reinforced PFSI membranes have been made. When hygro-
scopic nanosilicate particles”>~”” or ZrP nanoparticles”®* are
incorporated in situ into reinforced Nafion/PTFE membranes,
the reinforced Nafion/PTFE membranes so prepared are en-
dowed with a self-humidification functionality by the excellent
water-retention property of these third-component particles,
which may make the membranes suitable for application at low
RH and elevated temperature.

Moreover, at 110—130 °C under low humidity, the
reinforced Nafion/PTFE membranes containing ZrP particles
have higher conductivity and better PEMFC performance than
reinforced Nafion/PTFE membranes containing silicate par-
ticles because ZrP particles can provide additional routes for
proton transport.

2.3. PFSI Composite Membranes with Incorporated
Organic or Inorganic Compounds

PFSI composite membranes include macrocomposite, nano-
composite, and/or hybrid organic—inorganic membranes with
organic or inorganic materials incorporated as a modifier. Two
strategies have been considered to incorporate organic or in-
organic materials into Nafion-based PEMs. One of these strat-
egies is the impregnation of commercial Nafion membrane with
organic or inorganic materials or their precursors followed by in
situ synthesis, and the other is solution-casting a Nafion
solution mixed with organic or inorganic particles. The modi-
fiers will block the methanol transport channel and increase the
twist of the channel in PEMs. For the impregnation method,
the hydrophilic regions of Nafion membrane provide the reac-
tion cage for the modifiers, so the original structure of Nafion
membrane is maintained. On the other hand, for the blending
method, the modifiers participate in forming the membrane
structure.'®®

2.3.1. PFSI Composite Membranes with Incorporated
Organic Compounds. Composite membranes containing orga-
nic materials having a sulfonic acid group often show higher
methanol permeability and proton conductivity than do com-
posite membranes containing organic materials without a sulfo-
nic acid group because the sulfonic acid groups on the fillers
can provide additional transport channels for methanol and
protons.*' ~** All these composite membranes do indeed have
reduced methanol permeability because fillers block the
methanol transport channels and increase the channel zigzag.
But only a few modified Nafion membranes have demonstrated
sufficiently low methanol permeability to offset the reduction of
proton conductivity.

Sulfonated FEP/Nafion blend membranes prepared through
mixing Nafion solution with sulfonated FEP powder show
moderate charge transfer resistances and produce well-
laminated interfaces between the PEM and the electrodes. The
maximum power density observed for a fuel cell using this
blend membrane supplied with humidified H, and dry O,
under 0.2 MPa is 861 mW c¢m™~2"® The Nafion/polypyrrole/Pt
composite membranes synthesized by chemical in situ poly-
merization of pyrrole monomers with platinum (Pt) precursors
in the hydrophilic region of Nafion possess higher thermal
stabilities of sulfonic groups and side chains than the pristine
Nafion due to the interaction between Nafion—SO; -
polypyrrole—NH," and the presence of thermally stable Pt.
The cell performance of this composite membrane is significantly
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enhanced compared with that of Nafion due more to the re-
duction of methanol crossover than to the reduction in proton
conductivity.”

However, the Nafion composite membranes made by
blending Nafion solution and organic polymer solutions must
often face the problem of phase separation arising from differ-
ences in specific gravity and in solvent concentration pro-
file."”"~'** These problems can be greatly alleviated by ionic
interactions. Nafion/PBI blend membrane doped with phos-
phoric acid shows better durability. Its lifetime in a H,/O,
single fuel cell is increased by 55% as compared to ghosphoric
acid-doped PBI at 150 °C without humidification.'%

2.3.2. PFSI Composite Membranes with Incorporated
Inorganic Compounds. More intensive efforts have been
made to modify Nafion with inorganic materials than with orga-
nic materials. All inorganic materials used in Nafion modifica-
tion can be classified under three categories: (i) inert hygro-
scopic fillers, (ii) proton-conductive fillers, and (iii) hydrophilic
and proton-conductive bifunctional fillers.

2.3.2.1. PFSI Composite Membranes with Incorporated
Inert Hygroscopic Fillers. Incorporating these inert hygroscopic
fillers into Nafion membranes can reduce the methanol cross-
over, improve the thermal stability, and enhance the water-
retention properties of the Nafion composite membranes and
consequently increase the efficiency of corresponding fuel cells
under low RH or elevated temperature. Adopting the direct
blending method for the introduction of inert hygroscopic
fillers into Nafion membranes usually results in low proton con-
ductivities arising from proton insulation by these inert hygro-
scpoic fillers and impaired mechanical properties from the poor
compatibility between the hygroscopic fillers and Nafion. Thus,
the sol—gel process using Nafion solution and inert hygro-
scopic filler precursors is the preferred technique. Using high-
resolution solid-state NMR, Ye and co-workers showed that
either a lower concentration of the tetraethyl orthosilicate
(TEOS) or a shorter permeation time in the sol—gel process is
necessary to allow complete hydrolysis of the TEOS in Nafion
during the preparation of Nafion/SiO, composites. Otherwise,
incomplete hydrolysis of the TEOS leaves residual ethyl groups
on the silica surface, which not only reduces the amount of
water adsorbed by the silica but also blocks the proton trans-
port pathways in the Nafion/SiO, composites.'®

Tang and co-workers reported a Nafion/SiO, composite
membrane based on self-assembled Nafion—SiO, nanoparticles
(Figure 4) formed through a reformative sol—gel process. The
self-assembled Nafion—SiO, nanoparticles are uniformly
distributed in the Nafion/SiO, composite membrane and have
an average particle size of 2.8 + 0.5 nm. With the addition of
5 wt % SiO, nanoparticles, the Nafion/SiO, composite mem-
brane shows significantly improved performance in terms of
stability and durability at cell/humidifying temperatures of 100/
60 °C under a current density of 600 mA cm™ and has a
degradation rate of 0.12 mV min™', which is almost 20 times
smaller than the 2.33 mV min™" measured on a pristine Nafion212
membrane under the same conditions.""”

TiO, is another inert hygroscopic filler often employed in
composite PEMs. The composite membranes based on meso-
porous anatase TiO, powders (Tpps) and Nafion show large
improvements in PEMFC performance under low RH and
elevated temperature. For H,/O, PEMFC with 3 wt % of Tpg
in the composite membrane, the best power density delivered
at a voltage of 0.4 V, a temperatue of 120 °C, and with RH
below 50% is 669 mW cm™, 5.7 times higher than the value
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Figure 4. Scheme for the formation of the Nafion—SiO, nanoparticles by self-assembly method. The inset shows the transmission electron
microscopy (TEM) micrograph of the self-assembled Nafion—SiO, nanoparticles."’” Reprinted with permission from ref 117. Copyright 2007

Elsevier.

obtained under the same conditions from the recast Nafion
membrane."*°

2.3.2.2. PFSI Composite Membranes with Incorporated
Proton-Conductive Fillers. Among the proton-conducting fillers
used in Nafion composite membranes, a-ZrP is the most investi-
gated compound.'**~"" Particles of a-ZrP, a Bronsted acid with
the ability to donate protons, can increase water retention of
Nafion composite membranes at elevated temperatures by acting as
nanotanks, and thus improve membrane conductivity. Therefore,
the a-ZrP-based Nafion composite membranes are expected to have
enhanced proton conductivities under high temperature. In a
Nafion composite membrane with homogeneously dispersed a-ZrP
particles, as is produced by an in situ precipitation of a-ZrP within
the Nafion membrane, the particles are 56 nm wide platelets with a
thickness of 7 nm, which corresponds to stacking of about 10—13
layers of @-ZrP."* The increase in the a-ZrP loading is associated
with an enhancement of the elastic modulus and with a decrease in
the membrane conductivity, especially at low RH values. As a con-
sequence of the higher elastic modulus values, the conductivity of
the composite membranes exhibits an enlarged stability region at
higher temperature (up to 140 °C) and RH values in comparison
with the parent Nafion membrane."* Moreover, this kind of
composite membrane can decrease methanol crossover by ~50% so
that, for example, the peak power density of DMFC with 10 M
methanol as fuel at 75 °C using Nafion/a-ZrP composite
membrane is 76.19 mW cm ™2, ~2 times higher than that of plain
Nafion115."* Also, attention should be paid to Nafion/ErTfO
composite membranes because it has been reported that ErTfO/
Nafion composite membranes exhibit decreased fuel permeability,
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increased tensile strength, better chemical stability, and decreased
membrane swelling without compromising proton conductivity.'*’

Moving a step forward, some inorganic binary component
materials are preﬁpared and used as fillers to modify the Nafion
membrane.'>>~'* Incorporating inorganic binary component
materials is an effective method for simultaneously improving
proton conductivity and water uptake of Nafion membrane at
high temperatures and RH due to synergistic effects.

The actual function of partial inorganic binary component
materials is to behave as hydrophilic and proton-conductive
bifunctional fillers. Uniformly dispersed Cs,H,sPWO,, suppor-
ted on SiO, in a Nafion composite membrane minimizes mem-
brane conductivity loss under dry conditions and obviously improves
its cell performance under both humidified and dry conditions at 60
and 80 °C."** A single cell employing selfhumidifying Nafion/
SiO,—SZ composite membrane exhibits a maximum peak power
density of 0.98 W cm™ under dry H,/O, conditions at 60 °C
as compared to 074 W cm™ of Nafion/SiO, membrane and
0.64 W cm™ of recast Nafion membrane, respectively.**

The Nafion composite membranes show potential for use in
high-temperature operation. For example, the recast Nafion
composite membrane containing ZrO,—SiO, binary oxide
(Zr/Si = 0.5) gives a cell performance of 683 mW cm™> under
conditions of humidified H,/air gases, 120 °C, 50% RH, and
2 atm.”® Di Noto and co-workers prepared two nanofillers with
core—shell structure consisting of harder core covered by softer
shell (“ZrO,—Si0,” and “TiO,—WO;”). Both of them were
used to blend with Nafion solution for preparing Nafion
composite membranes. The conductivity and thermal stability
of those two kinds of Nafion composite membranes are influenced
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significantly by the concentration and strength of the dynamic
cross-links between the sulfonic anion side groups of Nafion
and the oxoclusters of the core—shell nanofillers, R—
SO;H:-[“Zr0,—-Si0,” or “Ti0,—WO;"]--HSO;—R. The high-
est conductivities for these two core—shell nanofillers are 4.3 X
107 and 5.0 X 107> S cm™!, respectively, at 135 °C, whereas
under the same conditions, Nafion only shows a conductivity of
2.8 X 1072 S cm ™11V

2.3.2.3. PFSI Composite Membranes with Incorporated
Bifunctional Fillers. To minimize the Nafion composite mem-
brane proton conductivity loss caused by the addition of the
inorganic fillers, a particularly interesting approach that serves
to increase the net sulfonic acid content has been extensively
explored. This approach involves first introducing acidic surface
groups onto the inorganic fillers to form bifunctional fillers and
then incorporating them into Nafion composite membranes.
The most widely used bifunctional fillers include functionalized
MWCNT, MMT, zeolite, and silicon.

Usually, the content of acid-functionalized MWCNT' in Nafion
composite membranes is very low (<2.0 wt %) because of the risk
of short-circuits. Hence, only limited improvements in PEMFC
performance can be achieved."®*'** A novel strategy of deliberate
manipulation of hydrophilic domain sizes in Nafion composite mem-
brane by gradually introducing sulfonic acid-functionalized MWCNT
into the Nafion can markedly improve the cell performance using a
trifle of sulfonic acid-functionalized MWCNTs. The H,/O, fuel cell
employing the Nafion composite membrane with 0.05 wt % sulfonic
acid-functionalized MWCNT has a maximum power density of
380 mW cm™> at 70 °C, higher than that of Nafionll$
(250 mW cm2).'%> Although functionalized MMT"%*~' and
functionalized zeolite beta'”® are also employed to enhance the
performance of Nafion, very promising results are still lacking.

More attention has been paid to Nafion composite
membranes doped with bifunctional inorganic fillers containing
silicon, including silica'”"™7® and polysiloxane.'””~*** Most of
these reports demonstrate that Nafion composite membranes
modified by incorporating the bifunctional particles containing
silicon into the Nafion matrix show better membrane pro-
perties such as improved water management, a different proton-
conducting kinetic mechanism, and a lower methanol per-
meability than pristine Nafion due to the hygroscopic and
proton-conductive properties of bifunctional fillers (Figure S).

The common method of modifing silica particles is to use the
silanol groups on the particle surface (Figure 6)."”" "7 Tay and
co-workers used a different technique to prepare nanoparticles
with a core—shell structure consisting of a silica core (<10 nm)
and a densely grafted oligomeric ionomer layer. The resultant
Nafion composite membrane can not only improve proton con-
ductivity considerably but also repress methanol permeability
by a factor of almost four. However, to obtain the core—shell
structured nanoparticles, three steps including silylation, bro-
mination, and atom transfer radical polymerization (ATRP) are
required, which makes the synthetic process very complex.'”

Phosphonic acid-functionalized silica is seldom an alternative
to sulfonic acid-functionalized silica. The Nafion nanocomposite
membrane containing 3 wt % phosphoric acid-functionalized
(3-aminopropyl)triethoxysilane (3-APTES) has a methanol
permeability at least 50% lower than that of Nafion and a maxi-
mum proton conductivity of 0.07 S cm™, which is comparable
with the conductivity of Nafion. However, the stability of the
phosphoric acid group on 3-APTES has not been evaluated."””

Polyphenylsilsesquioxane (PPSQ) is a class of polysiloxane which
has high heat stability, high crystallinity, and fuel suppressibility.
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Figure S. Schematic diagram of water and proton transport in Nafion
membrane modified by inorganic fillers with hygroscopic and proton-
conductive properties.
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Figure 6. Schematic diagram of the silica particles modified by sulfonic
acid groups.

The Nafion composite membranes with 5 wt % sulfonated PPSQ_
can give a proton conductivity of 1.57 X 107" S cm™ at 120 °C
and yield better cell performance than Nafion115 at temperatures
ranging from 100 to 120 °C and at pressures from 1 to 2 bar.'”®

Polysiloxanes incorporated in Nafion are commonly syn-
thesized by an in situ sol—gel technique within Nafion membranes
through corresponding organically functionalized silicon alkoxide
precursors containing a thiol (—SH) group (e.g.,, mercaptopropyl-
trimethoxysilane (MPTMS) and (3-mercaptopropyl)methyl-
dimethoxysilane (MPMDMS)"*°) to give a Nafion composite
membrane that is further treated with H,O, solution to convert
the —SH to —SO;H. The incorporation of polysiloxanes in
Sc-CO, equipment can also enhance the performance of modified
PFSI membranes. The results indicated that poly(MPMDMS)
particles with sizes of about 40—70 nm are homogeneously
dispersed in the composite membranes and are not restricted in
the ion clusters phase due to a low surface tension of Sc-CO, and
a specific interaction between Sc-CO, and the C—F bonds of
fluoropolymers. The highest selectivity value of the modified PFSI
membrane with 13.9 wt % poly(MPMDMS) is ~5.88 times that
of Nafion117 because of its higher proton conductivity and lower
methanol permeability.'**'**

Combining several methods mentioned above, Zhang and
co-workers proposed the idea of a PTFE-reinforced SPEEK/
Nafion self-humidifying composite membrane containing SiO,-
supported platinum catalyst (Figure 7). This self-humidifying
membrane exhibits a higher OCV of 0.98 V and a maximum
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Figure 7. Schematic diagram of the Pt—SiO,/SPEEK/PTFE/Nafion/Pt-SiO, self-humidifying membrane.'®® Reprinted with permission from ref

186. Copyright 2007 Elsevier.
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power density value of 0.8 W cm™ with dry H,/0,.'*® Appar-

ently, this method can greatly reduce the use of Nafion, but the
durability of this composite membrane is still questionable.
The perfluorinated polymer composite membrane developed
by Endoh and Hommura showed promising performance. The
MEA composed of this perfluorinated polymer composite
membrane operated for >6000 h at 120 °C and 50% RH. The
degradation rate was reduced to 1/100th to 1/1000th of that of
the conventional MEA."®” Although details of the membrane
structure have not been disclosed, it is apparent that their effort
opened the door for operating PEMFCs at 120 °C and low RH.

3. PARTIALLY FLUORINATED ACID IONOMER
MEMBRANES

In this section, the partially fluorinated acid ionomer mem-
branes that include radiation grafted membranes and blending
membranes using commercial fluoropolymers as main body are
described in detail. Although it is not easy to obtain PEMs with
expected characteristics through modification of existing
fluoropolymers using the blending method, the modification
of existing fluoropolymers through radiation-grafting polymer-
ization, which has little influence on the most inherent char-
acteristics of the main body, offers a facile route for preparing
PEMs with desirable characteristics.

3.1. Partially Fluorinated Acid lonomer Membranes via
Radiation Grafting Polymerization

The membranes fabricated by radiation-induced grafting pro-
vide a cost-competitive option because inexpensive commercial
materials are used, and the preparation procedure is based on
established industrial processes.'” This methodology has two
major advantages: (i) commercial polymer films are modified,
thus obviating the need for film formation steps; and (ii) a
wealth of adjustable experimental parameters are available (e.g.,
radiation dose/type, temperature, film thickness), thus allow-
ing a large degree of tailorability and customization.'”" There are
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three steps involved during the preparation procedure: the
preirradiation of the base matrix by ionizing sources, the graft-
ing of a versatile monomer such as styrene onto the matrix, and
the sulfonation of the grafted membrane (Figure 8).

The common base fluoropolymer films used for the pre-
paration of radiation-grafted membranes include PTFE, FEP,
poly(tetrafluoroethylene)-co-perfluorinated alkyl vinyl ethers)
(PFA), PVDF, P(VdF-co-hexafluoropropylene) (P(VdF-co-HFP)),
P(VDF-co-chlorotrifluoroethylene) (P(VDF-co-CTEE)), ethylene-
tetrafluoroethylene (ETFE), poly(vinyl fluoride) (PVF), and
cPTFE films. Except for PTFE and PVF films, the per-
fluorinated film-based membranes are promising materials for
the hydrogen-fed PEMFCs because of their significant chemical
stability, and the partially fluorinated film-based membranes are
appropriate for the DMFCs because of their considerable
mechanical strength. PTFE and PVF films are not suitable for
the preparation of fuel cell membranes by radiation-induced
grafting because the former is quite unstable for radia-
tion and the latter only undergoes surface grafting.'”

One solution of the problem with PTFE is to use UV-
induced photografting instead of y-ray radiation grafting to
reduce the damage to the PTFE base film. As an effect of the
ionic clusters formed in the membrane, the resulting PTFE-
gpoly(styrene sulfonic acid) (PTFE-g-PSSA) membranes by
UV-induced photografting have a conductivity similar to that of
Nafion membranes even though the degree of grafting is
<10%."”* In this reference paper, a lake—river—forest mecha-
nism is proposed. The “lake” and “river” are the sulfonated
grafted hydrophilic domains, which are distributed in the forest
and are responsible for the transport of protons and water,
while the “forest” consists of the ungrafted regions. Another
solution to the problem with PTFE is the utilization of
cPTFE'*'** or PTFE/PFA polymer alloys,"*® both of which
can greatly improve the radiation resistance of PTFE.

FEP is an interesting base material for the membrane because
the presence of the fluorinated matrix confers excellent aggressive
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media resistance on FEP. The un-cross-linked FEP-g-PSSA
membrane with a thickness of 125 um shows a high proton
conductivity of 0.25 S cm™,'*”"*® and the PEMFC using cross-
linked FEP-g-PSSA membrane with a thickness of around
35 pm shows negligible degradation after a durability test of
4000 h at 80—85 °C."”” However, the un-cross-linked FEP-g-
PSSA membrane is susceptible to oxidative degradation, so two
alternative grafting monomers, a-methylstyrene (AMS) and
methacrylonitrile (MAN), are also employed to graft FEP films.
They have a high tendency to form an alternating copolymer
chain of AMS and MAN. The resulting un-cross-linked mem-
branes have proton conductivity between 50 and 100 mS cm™
and PEMFC durability ~10 times as long as that of an un-cross-
linked FEP-g-PSSA membrane at a temperature of 80 °C.
Further improvement is possible through the cross-linking of
the graft copolymer. Moreover, the cografting of AMS and
MAN onto FEP base film leads to a chemical degradation
different from that of FEP-g-PSSA membranes. The serious
degradation region of the former is close to the hydrogen inlet,
whereas the serious degradation region of the latter is close to the
oxygen inlet.”*

The ETFE is widely used as base matrix for radiation-
induced grafting membranes and has been investigated in detail
because of its high radiation stability and superior mechanical

properties. Two modified radiation-induced grafting techniques
have been used to enhance the performance of ETFE-g-PSSA
membranes. In the first of these techniques, the ETFE film is
subjected to pretreatment by swift heavy ion-beams of'**Xe?*
to create latent tracks extending fully through the ETFE film
(Figure 9) followed by y-ray preirradiation grafting of styrene.
The ETFE-g-PSSA membrane thus-prepared exhibits highly
anisotropic proton conductivity, with proton conductivity in the
thickness direction 3 times greater than that in the surface direction
because the styrene is readily grafted in the latent track region.””!

In the second technique, the ETFE film is subjected to
selective exposure to hard synchrotron X-rays through high
aspect ratio Ni-masks to create patterns of free radicals that are
used as initiators for grafting of the styrene/divinylbenzene
(DVB) (Figure 10). The structured ETFE-g-PSSA membranes
are more homogenously grafted and have a higher flexibility
than the unstructured ones. In fuel cell tests the structured
membranes have slightly lower performance due to a 10%
lower active area but have a significantly longer lifetime due to
confined diffusion of oxidative chemical degradation species by
the ungrafted ETFE features.*%*

Table 2 shows a comprehensive collection of partially fluorinated
acid ionomer membranes by radiation-grafting polymerization.

129X e23* jons

Latent track

(1) lon irradiation and heat-treatmen‘t/

Cross
section

(2) v -ray “onducting tunnel
(3) .
4)
(2) Pre-irradiation
(3) Grafting Proton-conducting membrane

(4) Sulfonation

Figure 9. Schematic diagram for the preparation process of Xe-irradiated ETFE-based proton-conducting membranes.”** Reprinted with permission

from ref 201. Copyright 2007 Elsevier.
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Figure 10. Production process scheme of the nickel shadow masks.””> Reprinted with permission from ref 202. Copyright 2008 Elsevier.
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Table 2. Summary of the Partially Fluorinated Acid Ionomer Membranes by Radiation-Grafting Polymerization

monomers
PTFE base film

styrene

styrene

cPTFE base film

styrene

grafting methods

y-ray preirradiation grafting

UV-induced photografting

y-ray preirradiation grafting

Cross-linked PTFE/PFA polymer-alloy film

styrene

FEP base film

styrene or acrylic acid

styrene

styrene/DVB

AMS and MAN

ETFE base film
styrene/DVB

styrene

styrene/DVB

styrene/DVB

styrene

MeSt/tBuSt/DVB

styrene and MAN

e BrTFF

® styrene
StSi

e styrene
o a-ZrP

soft-electron beam (EB)-induced
grafting

preirradiation grafting

simultaneous irradiation grafting

EB-induced grafting

preirradiation grafting

y-ray preirradiation grafting

- swift heavy ion-beams of >*Xe?**

creating latent tracks through ETFE
films
- y-ray preirradiation grafting

- selective exposures of ETFE with
hard X-rays to create patterns of free
radicals
- grafting

preirradiation grafting

preirradiation grafting

preirradiation grafting

preirradiation grafting

- simultaneous y-ray irradiation
grafting
- ATRP

- y-ray preirradiation grafting
- hydrolysis and condensation
- sulfonation

- preirradiation grafting

- doping

2790

main conclusions and comments

undergoes substantial structural changes; increased ionic sites;
enhanced hydrophilicity; reduced hydrophobicity; decreased
crystallinity, and without mechanical properties examined

avoids significant degradation of the PTFE main chains; proton
conductivity in the thickness direction similar to that of Nafion
even if the degree of grafting is <10%

improved radiation resistance of PTFE; 50% lower self-diffusion
coefficient of water than that of Nafion112; excellent thermal
stability up to 200 °C

proton conductivity of 0.17 S cm™! at 60 °C and 95% RH;
delamination of the three-phase interface of MEA occurs when
operated above 80 °C

cross-linking of the FEP matrix leads to remarkable improvements in
the thermal durability and mechanical properties, whereas the
cross-linking of the polystyrene phase profoundly influences the
surface composition of PEM

has a considerably higher value of proton conductivity and less
methanol crossover than for the corresponding properties of
Nafion; the proton conductivity ranges up to 0.25 S cm™, but it
has a greater susceptibility to oxidative degradation

PEMEC single-cell durability test over 7900 h at a cell temperature of
80—85 °C at 500 mA cm > of current density shows negligible
degradation during the first 4000 h

proton conductivity between 50 and 100 mS cm™'; PEMFC
durability ~10 times as long as that of a FEP-g-PSSA membrane
(both are un-cross-linked); different chemical degradation than
FEP-g-PSSA membranes

proton conductivity in thickness direction and the chemical stability
of PEM are strongly affected by the choice of grafting solvent; an
optimum proton conductivity up to 0.11 S cm™ " at 25 °C

has highly anisotropic proton conductivity: with protons the
conductivity in the thickness direction is 3 times higher than that in
the surface direction

slightly lower performance than that of conventional FEP-g-PSSA
membrane, but significantly longer lifetime

significantly influenced graft level, conductivity, and water uptake by
DVB concentration, while slightly influenced crystallinity and
thermal stability

melting temperature (T,,) stays almost constant with increasing
irradiation dose, whereas crystallinity increases slightly with
irradiation dose; weight loss and crystallinity strongly affected by
graft level, while degradation temperatures are independent of graft
level

significantly improved chemical stability with a durability time of
~200 h in H,O, solution at 60 °C

proton conductivity is >50 mS cm™" with lower hydration numbers
and considerably improved chemical stability with a single fuel cell
lifetime exceeding 1000 h

existing phase separation between hydrocarbon poly(styrene)
branches and ETFE-g-PBrTFF film; higher proton conductivity
than that of Nafion117; a durability time of ~20 h in H,0,
solution at 60 °C

enhanced chemical and thermal stabilities superior to DVB-cross-
linked FEP-g-PSSA membrane; an optimum membrane shows an
appropriate proton conductivity of 0.06 S cm™; a durability time of
~200 h in H,0, solution at 60 °C; a methanol permeability almost
6 times as low as Nafion

not suited for fuel cells due to instability or brittleness

reference

203

193

194, 195

196

204-206

197, 198

199

200

207, 208

201

202

209

210

211, 212

213

214-216

217, 218

219
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Table 2. continued

monomers
ETFE base film

4VP or N-vinylformamide (NVF) or
1VIm

PVDF base film

sodium styrene sulfonate (SSS)/N,N-
dimethyl formamide (DMF)/H,SO,

styrene

e 3-(trimethoxysilyl)

grafting methods

- electron beam irradiation grafting

- doping with phosphoric acid

EB-induced grafting
simultaneous EB-induced grafting®

- ATRP
- hydrolysis and condensation

main conclusions and comments

exceptional flexibility and mechanical stability and a thermal
resistance up to at least 160 °C in air; proton conductivity up to
0.10 S cm™" at 120 °C without humidification; power density of a
H,/0, fuel cell up to 150 mW cm™ at 120 °C without
humidification

grafting level up to 65%; proton conductivity of 0.114 S cm™; a very
good combination of basic physicochemical properties for PEMFC

grafting level up to 46%; proton conductivity of 5.59 X 107 S cm™

at room temperature

good mechanical and thermal properties but with low proton
conductivity (only 0.01 S cm™" at 70 °C)

reference

220, 221

222

223

224

propyl methacrylate

(TMSPMA)
e 3-aminopropyltrime-

thoxysilane (APTMS)/
phosphotungstic acid
(PWA)

P(VDF-co-CTFE) base film

- ATRP
e SSS - forming end-functional azide group
e NaN; - cross-linking by UV irradiation

- ATRP
- cross-linking through esterification
- doping with phosphoric acid

e poly(hydroxy ethyl

acrylate) (PHEA)
e 4,5-imidazole dicarbox-

ylic acid (IDA)

styrene ATRP

P(VDF-co-HFP) base film

- radical telomerization

® 2-mercaptoethylamine "o ing

hydrochloride
(MEHCI)/SSS

proton conductivity from 0.074 to 0.068 S cm™' at room

good mechanical properties; high thermal stability up to 250 °C;

properties of PEMs are significantly affected by their

proton conductivity is 100 times lower than that of Nafion; good

225-229
temperature; improved hydrolytic stability of >200 h in deionized
water at 80 °C; a large reduction in swelling

230
maximum proton conductivity of 0.015 S cm™" at 120 °C under
anhydrous conditions

231
nanoarchitectured morphology; interconnected network of small

ionic clusters of 2—3 nm in size; ion-exchange capacity (IEC) up to

2.22 mmol g’1 without excessive swelling and dissolution

232
thermal stability up to 200 °C

“In the reference paper (ref 223), the PVDF base film is a porous PVDF film (70% porosity, 0.22 ym average pore size, and 110 ym thickness).

Because of the active H atom at the a-hydrogen position on the
styrene sulfonic acid group in the PSSA-grafted membrane, these
membranes are prone to free radical attack under fuel cell condi-
tions, although substantial efforts have been devoted to remedying
this shortcoming. Co-graftings of MeSt and tBuSt*'"*'* or styrene
and MAN*" into ETFE films have demonstrated significantly
improved chemical stability and rather enhanced lifetime.

Chen and co-workers grafted cross-linkable silane monomer,
StSi, into the ETFE film by y-ray preirradiation to fabricate ETFE-
g-StSi films. After undergoing hydrolysis, condensation, and
sulfonation, ETFE-g-StSi membranes with inorganic —Si—O—Si—
cross-linking structures are produced. The resultant cross-linked
proton-conducting hybrid PEMs possess enhanced chemical and
thermal stabilities that are superior to DVB-cross-linked styrene-
grafted membranes. An optimum membrane with a trade-off
among the proton conductivity, chemical stability, and methanol
permeability has an appropriate proton conductivity of 0.06 S
em™, a durability time of ~200 h in the 3% H,O, solution at
60 °C, and a methanol permeability almost 6 times as low as
Nafion. All the properties of the StSi-grafted cross-linked hybrid

PEMs make them promising materials for fuel cells. 217218
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The PVDF is another representative partially fluorinated
polymer with excellent thermal, mechanical, and chemical
stability along with low cost compared to Nafion. The PVDF-
g-PSSA membranes prepared by a single-step synthesis method
have grafting levels up to 65% and a higher degree of crystalli-
nity than that in similar PVDF-g-PSSA membranes prepared by
the conventional multistep method. The PVDF-g-PSSA
membrane with 65% grafting level shows a proton conductivity
of 0.114 S cm™" and a very good combination of basic physico-
chemical properties for PEMFC.>*

Kim and co-workers also explored the single-step synthesis of
grafted fluoropolymer films via ATRP.>*7*?° However, the
characteristics of their studies lie on the further modified tech-
nique to these grafted fluoropolymer films through ATRP. For
example, after P(VDF-co-CTFE)-g-PSSS films are synthesized
using ATRP, the terminal chlorine atoms on them are con-
verted to end-functional azide groups and sequentially cross-
linked by UV irradiation (Figure 11). Although the cross-linked
P(VDF-co-CTFE)-g-PSSA membrane with 73 wt % PSSA
content exhibits a proton conductivity reduced from 0.074 to
0.068 S cm™" at room temperature compared with the un-cross-
linked membrane, it shows water uptake reduced from 300 to

dx.doi.org/10.1021/cr200035s | Chem. Rev. 2012, 112, 2780—-2832
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Figure 11. Schematic procedure for the preparation of cross-linked P(VdF-co-CTFE)-g-PSSA membranes.”

5

83% and tensile strength increased from 21.1 to 26.2 MPa.
Furthermore, the cross-linked P(VDF-co-CTFE)-g-PSSA mem-
brane is stable without breaking >200 h in deionized water at
80 °C, showing good hydrolytic stability.***

3.2. Partially Fluorinated Acid lonomer Membranes via
Blending or Doping Method

Polymer blending or doping as a valuable technique is also used
to modify and improve the mechanical, thermal, surface, and
conductive properties of fluoropolymers. Most of the fluoro-
polymers using this technique are PVDF or its copolymers
as a mechanical support or a binder. The proton-conductin%
components include sulfuric acid,*** phosphoric acid,***~**
room-temperature ionic liquids (RTILs)**’~>* such as 2,3-
dimethyl-1-octylimidazolium hexafluorophosphate (DMOImPF),
(1-n-butyl-3-methylimidazolium tetrafluoroborate) [C,mim]-
[BF,], (1-n-butyl-3-methylimidazolium hexafluorophosphate)
[Cymim][PF], (1-n-octyl-3-methylimidazolium hexafluoro-
phosphate) [Cgmim][PF], 2,3-dimethyl-1-octylimidazolium
tetrafluoroborate (DMOImBF,), 1-ethyl-3-methylimidazolium
fluorohydrogenates [EMIm](FH),F (n 1.3 and 2.3),
N-ethylimidazolium bis(trifluoromethanesulfonyl)imide
(EImTFSI), N-methylimidazolium bis(trifluoromethane-
sulfonyl)imide (MImTFSI), and 1-methylpyrrolidinium bis-
(trifluoromethanesulfonyl)imide (MPyTFSI), trifluoroacetic
propylamine (TFAPA), zeolite,****’ HPA,>**** 7rpSpp,>*°
silica-containing surface-anchored sulfonic acid,**"*%? gulfo-
nated polystyrene (SPS),***> SPEEK,*** poly(styrene-co-styrene
sulfonic acid)-b-poly(methyl methacrylate) [P(S-co-SSA)-b-
PMMA],>* and PSSA.>*® Unfortunately, few reports described
exciting properties of these materials relative to PEMFCs.
3.2.1. Partially Fluorinated Acid lonomer Membranes
without Proton-Conducting Polymer Components. When
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phosphoric acid is doped in microporous composite films
containing PVDF for protonic conductivity, the resultant
composite membranes show a conductivity higher than 0.1 S
cm™ under low RH at 80 °C due to the combined effect of the
inert filler and the membrane microstructure (tortuosity, pore
size, pore interconnection, and size distributions).***>*® How-
ever, the inevitable leaching out of phosphoric acid has a signi-
ficant negative influence on the durability of these membranes.

It is well-known that RTILs are a kind of room-temperature
molten salt (ionic liquid) with unique properties such as high
ionic conductivity, negligible vapor pressure, nonflammability,
good thermal stability, and a wide electrochemical window.
In particular, the protic RTILs have proton-donor and -acceptor
sites, which can be used to build up a hydrogen-bonded net-
work.”*” Hence, attempts at incorporating them into inert poly-
mer matrices to yield highly thermal stable proton-conducting
membranes have been reported. Regrettably, most of them are
not practicable for PEMFCs due to low proton conductivities
of 107*=107% § cm™ 12" 7**"*** The composite membranes
based on the protic ionic liquid EImTFSI and P(VDF-co-HFP)
copolymer achieve desirable conductivities on the order of
1072 S cm™ at room temperature, which remains stable up to
140 °C.***** The proton conductivity of the TEAPA/PVDF
composite membranes using a strong acid of trifluorometha-
nesulfonic acid (TFMSA) as an additive can be increased from
6.1 X 107*to 1.2 X 1072 S cm™! at 150 °C, but the leakage of
RTILs and TEMSA is still a severe problem.”**

Two separate nearly fabulous results are reported by two
groups. Both of them are based on blending membranes con-
sisting of silica nanopowders anchored by sulfonic acid groups
and P(VDF-co-HFP) or PVDF. The former with a loading
of 50 wt % P(VDF-co-HFP) exhibits power densities above

dx.doi.org/10.1021/cr200035s | Chem. Rev. 2012, 112, 2780—-2832
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and e.3%®

1 W cm™ at 70 °C in single-cell fuel cell tests with nonhydrated
H,/0, feeds®" whereas the latter with ~100 um thickness
shows maximum power densities of 127, 208, and 290 mW cm™>
in DMFC tests with a 1 M methanol solution at 80, 110, and
130 °C, respectively.”>*

3.2.2. Partially Fluorinated Acid lonomer Membranes
with Proton-Conducting Polymer Components. Although
polymer blending of low-cost hydrocarbons and partially fluori-
nated polymers is a very much easier method of fabricating PEMs,
it is difficult to obtain highly compatible blend membranes be-
cause of the poor compatibility between the two components.
Incorporating miscible blocks along with the PVDF in proton-
conducting polymer components can improve their compati-
bility. The blending PEMs based on P(S-co-SSA)-b-PMMA and
PVDF show a well-ordered microphase-separated structure
and have better proton conductivity than membranes with
randomly ordered morphology.*>> The PVDF/PSSA/DVB com-
posite membranes synthesized in an Sc-CO, apparatus are
interpenetrating polymer networks (IPNs) that show decreased
proton conductivity and methanol permeability with increasing
concentration of DVB.>*

Besides the partially fluorinated acid ionomer membranes
mentioned above, there are two composite membranes that use
PTFE as a supporting material. One is a sulfonated polyimide
(SPI)/PTFE reinforced membrane, which has performance
comparable to that of an H,/O, fuel cell based on the com-
mercial NRE-212 membrane at 80 °C under fully humidified
conditions.”*® The other is the sulfonated poly(fluorinated arylene
ether)s (SDF-F)/VI/PTFE/H;PO, layered membrane, which has
good mechanical strength and good high-temperature perform-
ance comparable to that of PBI/H;PO, composite membranes.”>”

4. NONFLUORINATED ACID IONOMER MEMBRANES

The nonfluorinated acid ionomer membranes are a very
important branch of alternative PEMs. The materials used for
these PEMs, which include poly(arylene ether)s, polyimides
(PIs), poly(ether imide)s (PEIs), styrene and its derivatives,
glass electrolytes, etc., will be discussed in the following section.
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4.1. Poly(arylene ether)-Based Membranes

The poly(arylene ether)-based membranes are one of the most
promising alternative PEMs because of their availability, pro-
cessability, excellent thermal and chemical stability, good
mechanical properties, and low cost.”® The sulfonic acid groups
are proton-exchange sites in poly(arylene ether)-based membranes
and are more readily introduced into aromatic rings than carboxy-
lic acids and phosphonic acids.*®' Because an excellent review”"*
has been dedicated to the proton-conducting membranes carrying
phosphonic acid groups, this discussion of the poly(arylene ether)-
based membranes is mainly focused on the proton-conducting
membranes carrying sulfonic acid groups.

4.1.1. Modification of SPEEK Membrane. The most
widely used and intensively studied poly(arylene ether)-based
membrane is SPEEK (Figure 12a) because its original polymer,
poly(ether ether ketone) (PEEK), is commercially available and
has important properties similar to those of many classes of aro-
matic polymers.”** Although the large majority of membranes
based on SPEEK does not have the desired lifetime because of the
hydroxy radical initiated degradation of SPEEK, there are still
some clever routes worthy of being mentioned (Table 3) for
improving SPEEK membranes. Large improvements in durability
have been attained by double cross-linking”"" or the radiation-
grafting®'* method, but further improvements are still needed.

In view of the problems of SPEEK membranes, such as
brittleness at elevated temperatures, excessive swelling, and
relatively high methanol crossover in membranes with a high
degree of sulfonation all leading to insufficient durability, many
researchers have investigated other poly(arylene ether)-based
membranes with aromatic skeletons different from
PEEK.3%7*¢ With very few exceptions,379_386 the significant
advances in poly(arylene ether)-based membranes are based
mainly on four classes of poly(arylene ether)s and their
derivatives (Table 4). They are (i) poly(arylene ether)s with
cross-linkable groups,®” 7 (ii) poly(arylene ether)s with pendant
sulfonated groups or side-chains,**~*** (iii) poly(arylene ether)s with
backbones containing heteroatoms such as F, N, § and P, and
(iv) multiblock copoly(arylene ether)s synthesized by the coupling
reaction of hydrophilic and hydrophobic macromonomers.*”*~*?

dx.doi.org/10.1021/cr200035s | Chem. Rev. 2012, 112, 2780—-2832
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Table 3. Summary of the Modified SPEEK Membranes

modified methods
blending method

blending method

blending method

modified sol—gel
process

blending method

sol—gel process

silylation

radiation and thermal
cross-linking
techniques

radiation grafting

sol—gel process

applying electric field

new components
Pt catalyst supported by
Cs,5sHosPWO,0

3-aminopropyl functionalized
silica (Figure 12b)

functionalized silica powder
with sulfonic acid groups
(Figure 12c)

phosphonated
polysilsesquioxane

charged surface-modifying
macromolecule (Figure 12d)
TiO, network

silylated PEEK (Figure 12e)

doubly cross-linked SPEEK

ethyl styrenesulfonate/DVB
$i0,/ZtP

cross-linked poly(dimethyl

main conclusions and comments reference

inorganic/organic self-humidifying membrane; PEMFC with dry H,/air exhibiting peak power density 283
of 540 mW cm™ at 60 °C; no obvious drop of OCV and voltage at 800 mA cm ™ lasting at least 100 h

decreased water uptake and swelling; PEMFC with humidified H, and air at 3 absolute bar showing a 284
maximum power density of 246 mW cm ™ at 120 °C

increased proton conductivity and dimensional stability; reduced swelling and methanol permeability; 288
proton conductivity of 0.17 S cm™ at 145 °C and 100% RH

proton conductivity of 0.142 S cm™! at 120 °C and 100% RH, higher than that of Nafion117 at the same 289
conditions

good improvements in methanol permeability with a large conductivity reduction 296

improved mechanical and thermal properties and hydrolytic stability; proton conductivity of 5.8 X 1072 302
S em™ at 120 °C and 100% RH

significantly improved thermal and mechanical stabilities; proton conductivity of 0.2 S cm™ at 90 °C  303-310
under wet conditions; well-established correlation among proton conductivity, elastic modulus, and
water uptake coefficient

maintenance more than 200 h in 100 °C water; proton conductivity of 0.11 S cm™" at 100 °C; great 311
improvements in methanol permeability, thermal stability, and mechanical strength

good proton conductivity similar to Nafion; much better mechanical strength than Nafion; PEMFC 314
running >1000 h at 95 °C and 80% RH

enhanced mechanical properties and a large reduction in methanol permeability with reasonable proton 280
conductivity

forming electric field-induced structure; reduced amount of particles for the percolation threshold of 321

siloxane)”

creating proton conductance; low proton conductivity and high fuel permeability

“The SPEEK particles are dispersed in cross-linked poly(dimethyl siloxane).

The sulfonated poly(arylene ether)s (Figure 13), excluding the
four classes of poly(arylene ether)s and their derivatives listed in
Table 3, include mainly three series. The first of these series is the
microblock ionomers,”* which among them have similar equi-
valent weights (EWs) but very different sulfonic acid distributions
along the ionomer backbone. During synthesis, the sulfonic acid
groups are specifically presented as singlets, doublets, or quadru-
plets. They are alternately and strictly organized with progressively
longer nonionic segments to maintain an approximately constant
EW. The results indicated that extending the nonionic spacer
length in the repeat unit leads to a progressively higher degree of
nanophase separation between hydrophilic and hydrophobic
domains in these microblock ionomers, which enables the fabrica-
tion of swelling-resistant hydrocarbon membranes with very much
higher IEC (>2.0 mmol g™"). However, these microblock ionomer
membranes do not present a clear advantage in absolute per-
formance over commercial perfluorinated membranes.

The second of the series included is the sulfonated poly(arylene
ether) membranes containing a hydrophobic component of differ-
ent size (Figure 13, parts a—d). SPE membrane (Figure 13b), for
example, provides proton conductivities comparable to that of
Nafion at high RH (>80%). However, once the RH is decreased,
proton conductivities decrease by several orders of magnitude.
Further studies show that small hydrophobic components (i.e,
SPE3 and SPE4) are preferable for PEMFC applications because
these small hydrophobic components can induce larger and more
developed hydrophilic clusters than can the bulky hydrophobic
ones (ie, SPEI and SPE2) 3%

Finally, the third series included is the modified PPO as PEMs,
which have been intensively reviewed by Xu and co-workers.*®’ In
a new solvent-free route for preparing favorable PEMs based on
PPO (Figure 13e) proposed by Xu and co-workers, bromomethy-
lated PPO is dissolved in monomer mixtures of styrene and DVB,
and then the polymer and monomer mixtures are precast onto a
reinforcing material of woven screening fibers, followed in
sequence by in situ polymerization and sulfonation. This method
can also be applied to other compatible systems of (aromatic)
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. 8
polymers and (aromatic) monomers.>® Woo and co-workers

fabricated an asymmetric porous substrate using bromomethylated
PPO through a wet-phase inversion technique and impregnated it
with sulfonated PPO to prepare a PEM. Because the porous
substrate consisted of a dense top layer and a finger or sponge-
type sublayer, the resultant asymmetric PEM had different
hydrophilicity on the two sides. When the relatively hydrophilic
side of the membrane faces the cathode of PEMFC, the asymme-
tric membrane can facilitate water management by improving the
diffusion of water accumulated in the cathode to the anode,
thereby enhancing the overall fuel cell performance under both
humidified and nonhumidified conditions.>*®

4.1.2. Poly(arylene ether)s with Cross-Linkable
Groups. To overcome the swelling problem, some groups
reported novel acid—base copolymers consisting of sulfonated
poly(arylene ether) copolymers containing basic groups.***~*%*
These acid—base copolymer membranes exhibit moderate
water swelling ratio and obviously improved thermal, oxidative,
and dimensional stability due to the strong intermolecular and
intramolecular acid—base interactions between the basic groups
and the sulfonic acid groups. Contrary to conventional PEMs,
which consist of an acid polymer and a base polymer and often
swell unacceptably at temperatures above 70—90 °C,*” some
acid—base copolymer membranes with high IEC can be used at
temperatures above 100 °C, which shows promise for high-
temperature PEMFC applications.***~#%°

Of course, successful efforts in acid—base copolymer synthesis
are still rare because of the low reactivity of the relevant mono-
mers. An accessible approach suggested by the cross-linking
concept is incorporating aromatic monomers with cross-linkable
groups such as an unsaturated propenyl group into sulfonated
poly(arylene ether)s. Following this method, the cross-linked
sulfonated poly(arylene ether) membranes show greatly decreased
methanol crossover, enhanced dimensional stability, and slightly
reduced but acceptable proton conductivity.**®

The cross-linking of allyl-terminated telechelic sulfonated
poly(ether sulfone)s (Figure 15, parts b and c) is done using a

dx.doi.org/10.1021/cr200035s | Chem. Rev. 2012, 112, 2780—-2832
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bisazide as a cross-linker under thermal curing. The resulting stability, a proton conductivity 1.6 times as high as that of
cross-linked membrane offers excellent hydrolytic and oxidative Nafion at 100 °C, and a methanol permeability that is only 17%
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of that of Nafion at room temperature.*'' The cross-linked DS of 0.72 exhibits the maximum proton conductivity of
membrane from cross-linkable sulfonated poly(ether sulfone) 0.072 S cm™! at room temperature and a water uptake of
(Figure 1§d) with 4,4’-dihy.drc.)xystilbene. and 'c?ther commer- 33 wt %.*'> The cross-linking of multiblock sulfonated
cially available monomers is insoluble in b(l)lhng water and poly(aryl ether ketone) containing benzophenone units and

has a proton conductivity of 0.12 S cm™ at room tem-
perature and 100% RH. The PEMFC based on this cross-
linked membrane shows a power density of 900 mW cm ™2 at
0.6 V with humidified oxygen and hydrogen at 70 °C.*'* The
cross-linking of cross-linkable sulfonated poly(arylene ether

methyl moieties (Figure 15f) is completed by UV irradiation
to induce cross-linking between benzophenone units and
methyl moieties (Figure 15g). On the basis of experimental
results, it is concluded that the combination of a multiblock

ketone) containing ethynyl moiety (SPAEK) membrane structure and a cross-linking system led to the decreased
(Figure 1Se) is achieved by forming a benzene ring from the methanol permeability without decreasing the proton
ethynyl moiety. The cross-linked SPAEK membrane with conductivity.*?

2798 dx.doi.org/10.1021/cr200035s | Chem. Rev. 2012, 112, 2780—2832
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Figure 16. Different macromolecular architectures in poly(arylene ether)s with pendant sulfonated groups or side-chains.

The sulfonated poly(bis-A)sulfone (SPSF) membrane is
cross-linked by a method different from those that proceed
without the consumption of sulfonic acid groups. It is
immersed into a mixture of phosphorus pentoxide/methane-
sulfonic acid (PPMA) to form cross-links consisting of the very
stable sulfonyl group between the sulfonic acid groups and the
activated phenyl rings. The cross-linking represses the swelling,
reduces the water uptake, and enhances the dimensional
stability of SPSF membranes with only a slight sacrifice in
proton conductivity. The proton conductivity of cross-linked
SPSF membranes remains at the same levels as in Nafion.*'¢

4.1.3. Poly(arylene ether)s with Pendant Sulfonated
Groups or Side-Chains. It is generally considered that the
polymers with pendant sulfonic acid groups or side-chains are
more stable against hydrolysis than those with sulfonic acid
groups directly on the backbone of the polymers. The architec-
tures of sulfonated poly(arylene ether)s with pendant sulfonic
acid groups or side-chains are shown in Figure 16.

The poly(arylene ether)s containing sulfofluorenyl groups
can produce tough, flexible, and transparent membranes by
solution casting. The best one (Figure 17a) shows proton con-
ductivity comparable to that of Nafion112 under a wide range
of conditions (80—120 °C and 20—93% RH). The highest
proton conductivity, 0.3 S cm™, is achieved at 80 °C and 93% RH.
Furthermore, it can still maintain the proton conductivity at
acceptable levels for fuel cell operation after a 10000 h dura-
bility test. The scanning transmission electron microscopic
(STEM) image shows that the connectivity of ionic clusters in

2799

this excellent membrane is similar to that of the Nafion112
membrane.*'*"*° These results obviously approach the 2015
technical targets of the Department of Energy (DOE), U.S.A,,
for membranes.*”® The membranes based on locally sulfonated
poly(ether sulfone)s with highly sulfonated units can also be
endowed with well-defined phase-separated structures and well-
connected proton channels because of the high contrast in
polarity between highly sulfonated units and hydrophobic
poly(ether sulfone) units. The optimized membrane of this
type (Figure 17b) shows proton conductivity comparable to
that of Nafion 117 over a wide range of RH at 80 °C. Regrettably,
there are no experimental results concerning durability tests on
them.*”

The comb-shaped copolymers attaching sulfonic acid groups
on polymer side-chains can decrease the limitation of main-
chain rigidity on the mobility of the sulfonic acid groups, en-
hance their degree of freedom, and thus lead to distinct phase
separation and high proton conductivity. A variety of comb-
shaped sulfonated polymers have been prepared by chemical
grafting, direct copolymerization, or postsulfonation process to
introduce sulfonated groups to the polymer side-chains.***~*!
Compared with classical sulfonated arylene main-chain poly-
mer membranes, the comb-shaped copolymer membranes
have good dimensional stability, the preferred proton conductivity,
and well-developed hydrophilic/hydrophobic nanophase
separation.

The hydrophilic—hydrophobic separation of comb-shaped

copolymers can be enhanced by increasing the local sulfonic

dx.doi.org/10.1021/cr200035s | Chem. Rev. 2012, 112, 2780—-2832
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acid group concentration. The comb-shaped poly(arylene ether)
copolymers with hypersulfonated aromatic side chains for con-
centrating the sulfonic acid units locally were synthesized by
Jannasch’s group (Figure 17d) and Guiver’s group (Figure 17e).
Both of them show that high local sulfonic acid group concen-
tration induces a distinct phase separation and, consequently,
the formation of an advantageous morphology. However, higher

2800

local sulfonic acid group concentrations led to larger ionic clus-
ters and hence to broader ion channels formed by the hydro-
philic domains, all of which may promote methanol permeability.
So it is the moderate, not the highest, local sulfonic acid group
concentrations that produce efficient channel networks and
well-balanced properties of the comb-shaped poly(arylene ether)
copolymers with hypersulfonated aromatic side-chains. The
membrane based on PSU-dsnb with an IEC of 1.69 mmol g™
has a similar proton transfer activation energy as Nafion amd a
much higher proton conductivity than that of Nafion in the
temperature range 20—120 °C. The membrane based on S2-
PAES with an IEC of 1.80 mmol g~ shows a proton con-
ductivity of 0.088 S cm™" at 80 °C and a methanol permeability
of 1.73 X 1077 cm® s™" at 30 °C.?**3

However, the comb-shaped sulfonated poly(arylene ether)s
containing sulfonic acid groups on aliphatic side-chains are
not always as good as their wholly aromatic analogues due to
the chemical instability of aliphatic side-chains. For example,
although the DMFC of highly fluorinated comb-shaped sul-
fonated poly(arylene ether) copolymer membrane (Figurel?7 f)
offers a power density of 144.5 mW cm™ at 80 °C when fed
with a 2 M methanol solution and humidified air, the DMFC
performance shows apparent loss after the 65 h life test.**’

Only a few branched sulfonated poly(arylene ether) copo-
lymers have been reported, and they often need blending and
cross-linking with their linear analogues to improve their
mechanical properties and prevent leaching caused by their low
molecular weight.*** The first example of a branched copoly-
mer membrane without blending and cross-linking was branched
wholly aromatic poly(ether ketone)s bearing clusters of sulfonic
acid groups only on the end groups (Figure 17g), which is
characteristic of both high local sulfonic acid group
concentrations and hyperbranching. The resulting membrane
shows significant phase-separated, wormlike, and highly
connected morphology. Although its IEC is only similar to
Nafion, the proton conductivity is still comparable to Nafion.**?

4.1.4. Poly(arylene ether)s with Backbones Contain-
ing Heteroatoms Such as F, N, S, and P. The aromatic
polymers featuring heteroatoms in the skeleton generally show
very attractive properties such as low swelling, improved
thermooxidative stability, and high hydrolytic stability. The
membranes from poly(arylene ether)s with backbones con-
taining F atoms often demonstrate improved swelling behaviors
and enhanced hydrophilic/ hydroghoblc phase separation owing
to the character of the F atom.”* **! For example, the sulfo-
nated poly(fluorenyl ether) polymer-containing perfluorocyclo-
butane (PFCB) moieties (SPFE-PFCB) membrane (Figure 18a)
with an IEC value of 1.86 mmol g™' exhibits a water content of
25%, similar to that of Nafionl1S, but shows higher proton
conductivity than Nafion11$S over the temperature range 25—
80 °C due to the strong hydrophobicity of PFCB and the
bulkiness of fluorene in main chains.

The phthalazinone-based poly(arylene ether) polymers are a
remarkable heterocyclic copolymer family and form a well-
explored class of high performance polymers with excellent
thermal, mechanical, and oxidative properties as well as good
proton conductivity. In the synthesis of these polymers, the
pivotal monomer is 4-(4-hydroxyphenyl)-2,3-phthalazin-1-one
(DHPZ) (Figure 19a), which can readily undergo a nucleo-
philic substitution reaction to give polymer because the phtha—
lazinone NH groups behave like phenolic OH groups.**
Compared with sulfonated poly(arylene ether) copolymers
with similar structure but not containing DHPZ, the sulfonated

dx.doi.org/10.1021/cr200035s | Chem. Rev. 2012, 112, 2780—-2832
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poly(arylene ether) copolymers incorporating DHPZ show
relatively lower water uptake, methanol permeability, improved
mechanical and thermal properties, and oxidative stability
arising both from the inherent twisted noncoplanar structure of
the DHPZ moiety and from the hydrogen bonding between the
hydrogen atoms of the sulfonic acid and the carbonyl groups of
the oxyphenyl phthalazinone unit.*****>

The sulfonated poly(arylene ether) copolymers containing
heterocycle units such as benzoxazole, oxadiazole, oxadiazole
triazole, and pyridine are yet another kind of heterocyclic
polymers. The sulfonated poly(arylene ether) copolymers
containing the benzoxazole moiety (SPAEBO) (Figure 19b)
show a different proton-conducting trend than do the general
sulfonated poly(arylene ether) copolymers at 120 °C without
external humidification in that their proton conductivities
decrease with DS or IEC. The SPAEBO with an IEC of 0.18
mmol g~" has a proton conductivity of 1.8 X 107> S cm ™', while
the SPAEBO with an IEC of 1.59 mmol g™ has a proton
conductivity of only 7.6 X 10™* S cm™ at 120 °C without
external humidification because higher benzoxazole content
leads to a larger amount of strongly bound water. The former
exhibits a surprisingly long oxidative stability (>1200 h) in
Fenton’s reagent at room temperature, whereas the latter only
extends to 5 h.*** The high molecular weight sulfonated poly-
(oxadiazole triazole) copolymers (SPOD-SPT) (Figure 19d)
can be synthesized by polycondensation of sulfonated
hydrazine with an aromatic dicarboxylic acid and a sulfonated
or nonsulfonated daniline in poly(phosphoric acid) using short
reaction times. The SPOD-SPT membranes have good mecha-
nical properties and high thermal stability and have a high
proton conductivity of up to 6 X 107> S ecm™" at 150 °C and
100% RH.*® After the SPOD-SPT membranes are doped with
1H-benzimidazole-2-sulfonic acid, an amphoteric molecule,
these membranes can attain conductivity values on the order
of 107 S cm™' under high-temperature and extremely low-
humidity conditions.**

2801

Kallitsis’s group has synthesized a series of pyridine-based
aromatic copolymers that, when doped with phosphoric acid,
are used as PEMs for operation under high-temperature and
very low-humidity conditions. Most of the copolymers studied
exhibit good mechanical properties, excellent film-forming
properties, high oxidative and thermal stabilities, and an acid-
doping ability with high acid uptake.***™*%* For instance, the
pyridine-based poly(ethersulfone) (Ppy-PES) (Figure 19e)
membrane has a high conductivity value of 1.4 X 107> S
cm™" with a doping level of 240 wt % H;PO, at 160 °C. These
membrane samples retain their mechanical integrity as well as
their thermal stability up to 470 °C after treatment with
Fenton’s reagent for 72 h at 80 °C. The H,/O, PEMFC using
the Ppy-PES membrane with an initial phosphoric acid doping
level of 220 wt % generates a maximum performance of 214
mA cm ™ at a cell voltage of 0.5 V at 180 °C using dry gases
under ambient pressure.**®

The most common poly(arylene ether) polymer containing
sulfur atom on the backbone is poly(phenylene sulfide) (PPS),
also called poly(thiophenylene). It is a highly resistant
engineering plastic and is almost totally insoluble in organic
solvents below 200 °C.*** The sulfonated PPS powders with a
DS of 0.70 show 0.12 S cm™" proton conductivity at 127 °C
and 50% RH, but they are water-soluble and extremely brittle,
which prevents them from being used as PEMs.*°

The sulfonated poly(arylenethioethersulfone) (SPTES)
(Figure 19f) polymer membranes exhibit excellent thermal
stability, mechanical properties, and dimensional stability along
with high oxidative stability, good water affinity, and sufficient
proton conductivity. After incorporating hexafluoroisopropyli-
dene groups into SPTES main chains, the hexafluorinated
SPTES membranes still have high proton conductivity, but the
water retention is inferior to that of their nonfluorinated
counterparts.***~** However, it is difficult to synthesize high
molecular weight poly(arylene ether) polymers containing sul-
fur because of the low reactivity of sulfur-containing monomers.
To enhance the dimensional stability of such polymers, ionic or

dx.doi.org/10.1021/cr200035s | Chem. Rev. 2012, 112, 2780—-2832
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covalent cross-linking is used.*’°~*"* For instance, cross-linked membranes. The maximum output power density of an H,/O,
SPTES (Figure 19g) membranes exhibit better mechanical PEMEC using cross-linked SPTES membrane under a back-
properties, lower water uptake, and lower methanol perme- pressure of 0.2 MPa is 1.32 W cm™> under 80 °C and 100%
ability than those of the corresponding un-cross-linked SPTES RH, which is slightly lower than that attained using an un-cross-
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linked SPTES membrane with a similar IEC, whereas the OCV
decay rate in the cross-linked case is significantly slower than
that in the un-cross-linked case. This indicates that the PEMFC
lifetime is significantly improved by the cross-linking at the cost
of negligible PEMFC performance loss. The high polyphos-
phoric acid (PPA) uptake of ~800 g PPA/100 g SPTES is
attained during the cross-linking treatment of SPTES, which
may provide an option of PEMs doping with H;PO, for high-
temperature PEMFCs.*”?

The cross-linking of the sulfonated poly(phenylene sulfide
sulfone nitrile) (SPPSSfN) can be done by using the Friedel—
Crafts acylation reaction (Figure 19h). The cross-links are
formed between the carboxylic acid groups in the 4,4-
oxybis(benzoic acid) cross-linker and the nucleophilic phenyl
rings in SPPSS{N rather than the —SO;H groups, which only
act as a benign solid catalyst. The cross-linked SPPSSfN mem-
branes show lower water swelling and lower methanol per-
meability than do un-cross-linked SPPSSfN membranes while
maintaining proton conductivity, thus indicating that Friedel—
Crafts cross-linking is very effective at improving dimensional
stability.*”*

Phosphine oxide moieties endow materials with good water
retention and adhesive ability with inorganic compounds. The
poly(arylene ether phosphine oxide)s and poly(arylene
thioether phosphine oxide)s show excellent mechanical proper-
ties, thermal stability, and chemical stability.475 However, there
are few reports on PEMs derived from sulfonated poly(arylene
ether) copolymers containing phosphine oxides.

Ma and co-workers report high molecular weight sulfonated
poly(arylene thioether phosphine oxide) (SPATPO) (Figure
19i) copolymers. They found that the SPATPO membrane
with an IEC of 1.14 mmol g~" exhibits a swelling ratio of 11.6%
at 80 °C and a proton conductivity of 7.83 X 107> S cm™" at 90 °C
and 100% RH. But the SPATPO membranes with higher IEC
often swell excessively and even dissolved in water at tem-
peratures of >70 °C.*’® One of the ways to resolve this problem
is to incorporate the DHPZ units into sulfonated poly(arylene
ether) copolymers containing phosphine oxides to obtain sulfo-
nated poly(phthalazinone ether phosphine oxide)s (SPPEPO)
(Figure 19j). The experimental results indicate that SPPEPO
membranes with high IEC exhibit high proton conductivity
while they still maintain low swelling. It has been reported for
instance that two typical SPPEPO membranes with IECs of
1.54 and 1.69 mmol g™' exhibit high proton conductivities of
0.091 and 0.19 S cm™" and low swelling ratios of 14.3% and
19.5% at 80 °C, respectively. This can be attributed to strong
intermolecular interactions such as electrostatic forces and
hydrogen bonds.*””

4.1.5. Multiblock Copoly(arylene ether)s Synthesized
by the Coupling Reaction of Hydrophilic and Hydro-
phobic Macromonomers. Studies on sulfonated multiblock
poly(arylene ether) copolymers have indicated that multiblock
copolymer systems with well-defined sulfonated regions may
provide proton conductivities superior to those of the cor-
responding sulfonated statistical analogues, especially at low
relative humidity.*”®~*#"%2 They are usually synthesized by
the coupling reaction of hydrophilic and hydrophobic telechelic
oligomers, but highly reactive chain extenders such as
decafluorobiphenyl (DFBP) and hexafluorobenzene (HFB)
are needed because of the poor coupling reactivity between the
two oligomers. The highly reactive nature of their fluorine-
terminated telechelic oligomers permits the coupling reaction at
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a significantly lower temperature, which can prevent potential
ether—ether exchange side-reactions.**

4.1.5.1. Long-Block-Induced Microstructure. Hydrophilic—
hydrophobic multiblock copolymers based on poly(arylene
ether)s have higher protonic conductivity, lower activation
energy, and much improved self-diffusion coefficients for water
as compared with the random copolymers with similar IEC
values. Their proton and water transport increase significantly
with increasing block length because the longer block induces a
more developed phase separation. When the hydrophilic and
hydrophobic block lengths are greater than or even near to
10 K g mol™!, this phenomenon will be much more evident.
A cocontinuous hydrophilic—hydrophobic morphology with
enhanced phase separation (which can be called “long-
block-induced microstructure”) encourages the formation of free
water, even at lower IEC values or under partially hydrated con-
ditions where the morphology is more important than the acidity
of the system.*>™* Lee and co-workers find that the
hydrophilic—hydrophobic multiblock copolymers based on poly-
(arylene ether sulfone) membranes show anisotropic swelling
behaviors, whereas the random analogues are isotropic. Their in-
plane swelling is lower than their through-plane swelling, especially
when the block lengths exceed 10 K g mol™.*” Nakabayashi and
co-workers incorporated hexafluoroisopropylidene groups into
sulfonated multiblock copoly(ether sulfone)s and found that,
because of enhanced phase separation by hydrophobic domains
with fluorine groups, the resultant membranes have a lower
water uptake but a protonic conductivity similar to the
sulfonated multiblock copoly(ether sulfone)s lacking fluorine
groups.***** Takimoto and co-workers investigated multiblock
poly(arylene ether sulfone)s. They found that the non-
conductive regions on the surface of the multiblock poly-
(arylene ether sulfone) (10 K—10 K g mol™") membrane is
near 50% due to well-developed hydrophilic/hydrophobic
microphase separation, which will affect the interfacial
connection with the electrode and lead to poor PEMFC
performance under low RH conditions.**°

Yu and co-workers reported an effective synthetic method for
sulfonated multiblock poly(arylene ether) copolymers that
allows the hydrophobic and hydrophilic block length and the
IEC to be changed simultaneously. They synthesized a series of
sulfonated multiblock poly(arylene ether) copolymers (BisSF-
BPSH) (Figure 20) and found that the properties of the BisSF-
BPSH membranes can be tailored to some degree by altering
the IEC, the hydrophilic block length, or the hydrophobic block
length independently. For example, within a certain range, the
proton conductivity of a BisSF-BPSH membrane at low
hydration levels can be increased by three methods: increasing
the IEC, increasing the hydrophilic block length, or decreasing
the hydrophobic block length. Through careful balance of the
three methods, the optimal trade-off between performance
(proton conductivity under partially hydrated conditions) and
water uptake is obtained within a BisSF-BPSH (17 K—12 K g
mol™) (IEC = 1.5) copolymer membrane, and it is the only
one in the series that is able to outperform Nafion112 while still
maintaining a low water uptake (~40 wt %) well within the
acceptable range.*’!

4.1.5.2. Similarity between the BisSF-BPSH and Pore-
Filling Blending Membranes. In fact, if one considers the
porosity of the reinforcing material in the pore-filling mem-
brane***** as an apparent IEC, then many similarities between
the BisSF-BPSH and the pore-filling blended membrane may
be found. The three parameters of BisSF-BPSH (the IEC, the
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hydrophilic block length, and the hydrophobic block length)
then correspond to the porosity, the degree of sulfonation of
the sulfonated poly(ether sulfone) (SPES), and the connec-
tivity of the porous substrate in the pore-filling membrane,
respectively.

But there are still two main dissimilarities between the pore-
filling membrane and BisSF-BPSH. The hydrophilic blocks and
hydrophobic blocks in BisSF-BPSH are connected by chemical
bonds, whereas there is only physical interfacial interaction
between the reinforcing material and SPES. The BisSF-BPSH
can swell freely, whereas the swelling of the pore-filling mem-
brane is considerably suppressed by the rigid substrate, which
leads to no free water in the latter. As a result, the pore-filling
membrane only has a proton conductivity of 0.052 S cm™" at
25 °C but has a methanol permeability 300 times lower than
that of Nafion117 at 25 °C.**** Although the methanol
permeability of the BisSF-BPSH has not been reported, it can
be surmised that those data will not be encouraging because of
the clear hydrophilic/hydrophobic phase-separated structure in
BisSE-BPSH.

4.2, Polyimide-Based Membranes

SPIs, especially sulfonated six-membered ring (naphthalenic)
polyimides, are proposed as promising candidates for PEMs
because of their excellent chemical and thermal stability, high
mechanical strength, good film-forming ability, and low fuel gas
(or liquid) crossover. Most of their physicochemical properties
are rather different from those of Nafion.****% These differ-
ences are (i) that they swell mainly along the membrane thick-
ness due to their structural anisotropy, (ii) the incomplete
separation between their hydrophobic and hydrophilic
domains, (iii) their almost constant value of A over a wide
range of ion content, and (iv) a multiscale foliated structure
packed along the membrane thickness. All of them yield a
performance comparable to that of Nafion for PEMFC and
DMEC but also give low water stability because of high sen-
sitivity of the imide rings to hydrolysis under moist conditions
and moderate temperatures (>70 °C).

Various approaches for enhancing the hydrolytic stability
of sulfonated polyimides have been developed, including (i)
using monomers with flexible linkages,501 (ii) using monomers
without a sulfonic acid group and an amine group both in
the same ring,502 (iii) using diamine monomers with high
nucleophilicity,503 (iv) using aliphatic diamines,*** (v) using
napthalenic dianhydrides,** (vi) using diamines with the sulfo-
nic acid group in a side-chain,”® (vii) using trifunctionalized
monomers with cross-linkable groups to initiate cross-linking,***
(viii) blending with aromatic engineering plastics or inorganic
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particles,*® !¢ and (ix) forming semi—interspenetrating poly-

mer networks with suitable materials.’'”*'® This section
focuses on introducing the synthesis of sulfonated poly-
imides using new monomers to increase their membrane
stability. More comprehensive information can be found in the
review about sulfonated polyimides.>*

Because it is difficult to control the sulfonic group distri-
bution along the SPI chains through the postsulfonation method,
some SPIs using the postsulfonation method have been
reported.>’*~>*! On the contrary, most SPIs are synthesized
by the condensation of sulfonated and unsulfonated diamines
with naphthalenic dianhydrides.**~>** Typical SPIs are listed
in Figure 21. From Table S, it appears that hydrolytic stability
and oxidative stability are opposing trends in SPIs, which
indicates that improvement of durability for SPIs is more
difficult than that for SPEs.

4.2.1. SPIs Based on NTDA. All of the SPIs based on
1,4,5,8-naphthalenetetracarboxylic dianhydride (NTDA) show
proton conductivities comparable to or higher than that of
Nafion at high relative humidity and high temperature, as well
as methanol permeability almost 10 times lower than that of
Nafion. However, the hydrolytic and oxidative stability are very
different. The following observations may be made:

(1) The incorporation of flexible linkages into NTDA-based
SPIs (e.g, SPI-a,>** SPI-b,**® SPI-h**’) can increase the
hydrolytic stability, flexibility, and solubility of the final
PEMs.

The NTDA-based SPI-d membranes with smaller
interacid separations of sulfonic acid groups show
much lower water uptake and higher proton conductiv-
ities than those of SPI-c membranes with similar IECs.>**
The low water uptake confers a good hydrolytic stability
on the SPI-d membranes (240—500 h at 100 °C
depending on the IEC). However, their oxidation
stabilities are insufficient, being only 10—17 h in Fenton’s
reagent at 30 °C.

The NTDA-based SPIs with nonplanar structures give
varying results. SPI-c membranes with a nonplanar
binaphthyl result in easy relaxation of the polymer chain
and produce large interchain spaces to hold water. The
SPI-c membrane having an IEC of 1.50 mmol g
exhibits a swelling ratio greater than 40% at 80 °C,>
whereas the SPI-k membrane containing DHPZ with an
IEC of 1.42 mmol g~" has a swelling ratio of only 7.5% at
80 °C 531,532

The NTDA-based SPIs bearing sulfophenyl pendant
groups (SPI-¢,”*® SPI-£>°) show a markedly anisotropic

)
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character and fairly high water stability. The SPI-f mem- proton conductivity of 0.05 S cm™" under 50% RH at
brane with an IEC of 1.58 mmol g_1 has a swelling in the 120 °C. Under conditions of 90 °C, 0.3 MPa, and
thickness direction (34%) 10 times larger than in the in- 30% RH, the SPI-i membrane gives a high PEMFC
plane direction (3%). In addition, the side-chain-type performance of 1.09 W cm™ due to the easy back-
SPIs (SPI-i,** SPI->*°) also possess anisotropy and im- diffusion of water.

proved hydrolytic stability compared with the main- (5) The NTDA-based SPIs with aliphatic side-chains (SPI-
chain-type polyimides due to enhanced basicity of the g% SPI-h,**® SPLI***%%) often show favorable long-
amine groups as well as increased separation of the term durability. Both SPI-h and SPI-] membranes have a
sulfonic acid group from the imide functionality. The long-term durability of 5000 h in H,/air PEMFC
SPI-i membrane with an IEC of 1.84 mmol g~ has a operation at 80 °C.
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Table 5. Property Comparison of Typical SPIs

dimensional
changes
IEC water uptake hydrolytic oxidative proton conductivity methanol
SPI (mmol/g) (%W/W) A At Al stability (h)  stability (h) (S/cm) permeability (cm* s™') reference
SPLb 157  30(80°C,95% RH) NR® NR NR >48 (140 °C) >1 (80 °C)  0.10 (80 °C, 95% RH) NR 523
SPLd 159 198 NR 009 003 320 (100°C) 15 (30°C)  0.138 (80 °C water) 3.8 X 1077 (25 °C) 524
SPl-e 180 50 (60 °C) 1S 013 006 <48 (130°C) NR 0.106 (60 °C water) ~ NR 525
SPLf 1.58 79 (100 °C) 19 034 003 <192 (130 °C) NR 0.121 (60 °C water)  NR 526
SPl-g 232 542 130 NR NR 784 (80°C) 36 (30 °C) 0.110)(80 °C,90%  NR 527
RH
SPIL4 1.84 78 (30 °C) 23 0.39 0.026 500 (130 °C) NR 0.168 (60 °C water) NR 529
SPLj 194 53 15 NR NR 120(80°C) NR 0.043 (25 °C water) NR 530
SPLk 142 395 (80 °C) NR NR NR 34 (90 °C) 17 (25 °C) 0.038)(95 °C, 100% NR 532
RH
SPI-m 1.94 52 15 NR NR NR NR 0.040 (90 °C, 100% NR 536
RH)
SPI-n 175 79 (80 °C) NR NR NR 390 (80°C) 095 (80°C) 0.140 (60 °C water) 3.7 X 1077 (30 °C) 537
SPLo 176 75 (80 °C) NR NR NR  >1000 (80 °C) 0.60 (80 °C) 0.140 (60 °C water) 3.2 X 1077 (30 °C) 537
SPI-p 142 76 28 048 0.019 NR NR 0.156 (60 °C water)” NR 538
SPI-q 221 53 13 NR NR >800 (100 °C) NR 0.206)(60 °C, 100% 225 x 1077 (25 °C) 539
RH
SPLr 171 405 129 018 001 800 (90°C)  35(30°C) 0.147 (80 °C water) NR 540
SPLs 159 375 125 013 001 130 (90°C) 48 (30 °C)  0.139 (80 °C water) ~NR 540
SPLt 221 50 122 011 002 >1000 (90 °C) 4(30°C) 0201 (80 °C water) 2.7 X 1077 (25 °C) 541
SPIu 226 55 13.5 018 006 >1000 (90 °C) 16 (30 °C)  0.166 (80 °C water) 2.4 X 1077 (25 °C) 542
SPL-v 227 57 139 0.6 0.06 >1000 (90 °C) 16 (30 °C)  0.178 (80 °C water) 2.5 X 1077 (25 °C) 542
SPLw 171 43 14 011 0069 <300 (130 °C) NR 0.070 (60 °C water) ~ NR 543
SPIx 179 55 16 012 0038 300 (130 °C) NR 1.240 (60 °C water) ~NR 543
SPL-y 20.9 63 17 NR NR NR NR 0.143 (60 °C water) NR 544
NPI(1)-SPP 200 72 94 021 009 250 (140°C) 10 (25°C)  0.321 (80 °C water) 62 X 1077 (25 °C) 545
NPI(2)-SPP 188 39 115 006 004 NR 41 (30 °C)  0.106 (80 °C water) ~NR 546
NPI(3)-SPP 165 61 119 019 003 196 (100 °C) >83 (25 °C) 0260 (80 °C water) NR 547
NPI(4)-SPP 1.89 31 53 015 002 <23 (100°C) 50 (25°C)  0.075 (80 °C water) 1.8 X 1077 (25 °C) 547

“In-plane proton conductivity; its through-plane proton conductivity is only 0.033 S cm™. “NR = not reported

(6) Incorporation of benzimidazole heterocycles into the
NTDA-based SPIs (SPI-m®°) results in enhanced
thermal and mechanical stability because of strong inter-
actions between imidazole and sulfonic acid groups, but
the proton conductivity is fairly low (~4.0 X 1072
S cm™) even above 100 °C at 100% RH.

Contrary to the case of SPEs containing a sulfur atom,
the SPIs containing a sulfur atom have inferior oxidative
stability, probably due to the stronger electron-donating
effect of the thio-ether group.>>’

The multiblock NTDA-based SPIs (SPI-p>**) with block
lengths higher than 10 K g mol™" also possess a long-
block-induced microstructure that leads to higher water
uptake than that of the controlled SPI. However, the hy-
drophilic and hydrophobic domains of SPI-p are oriented
in the in-plane direction of the membrane to form a
layer-like structure, which causes anisotropic swelling and
proton conductivity. These SPI-p membranes have lower
PEMEC performance than the random analogues be-
cause of the lower through-plane conductivity. It seems
that the multiblock SPIs with large hydrophilic and
hydrophobic block lengths are unfavorable for PEMs due
to the anisotropy of their proton conductivity.

4.2.2. SPIs based on BNTDA. 4,4"-Binaphthyl-1,1',8,8'"
tetracarboxylic dianhydride (BNTDA), with higher electron
density in carbonyl carbon atoms than NTDA, is employed to
prepare SPIs because the dianhydrides with higher electron

)

(8)
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density in the carbonyl carbon atoms can produce polyimides
with higher hydrolytic stability.>**~>* The BNTDA-based SPIs
(SPI-q,>*" SPIL1,** SPI-s>*°) have much better oxidative and
hydrolytic stability than those based on NTDA owing to the
higher electron density in the carbonyl carbon atoms of
BNTDA. However, the existence of the hexafluoroisopropyli-
dene group in the SPI-s membrane greatly impairs its hydrolytic
stability.

The BNTDA-based SPI bearing basic triphenylamine groups
(SPI-t) with an IEC of 2.21 mmol g has a proton conductivity
of 0.11 S cm™, a methanol permeability of 2.7 X 1077 cm?* s™*
at 20 °C, and a hydrolytic stability of >1000 h in water at 90 °C.
However, it only resists Fenton’s reagent for 4 h at 30 °C, indi-
cating the very poor oxidative stability caused by the high elec-
tron density on the triphenylamine groups and the reactivity of
the nitrogen atoms with highly oxidative radical species.’*'

Unlike SPI-m, the BNTDA-based SPIs containing benzimida-
zole groups (SPI-u and SPI-v)*** show high proton con-
ductivity even at 20 °C and 100% RH. The SPI-u membrane
with an IEC of 2.01 mmol ¢! has a proton conductivity of
4.8 X 1072'S cm™ at 20 °C and 100% RH and a low methanol
permeability of 1.5 X 1077 cm* s™!, because the formation of an
acid—base complex reduces the vacant space that absorbs free
water molecules and thus induces a much denser structure that
acts as a methanol barrier.

All of the SPI-u and SPI-v membranes have a hydrolytic
stability of >1000 h in 90 °C water, but only those membranes
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with an IEC lower than 2.0 mmol g~' can endure 18 h without
dissolving in Fenton’s reagent at 30 °C.

4.2.3. SPIs Based on Other Dianhydrides. There are a
few SPIs with different structures than those mentioned
above.>* 7% The flexible 4,4-ketone dinaphthalene 1,1'8,8"
tetracarboxylic dianhydride (KDNTDA)-based SPIs (SPI-w)
have good solubility in common aprotic solvents, but they show
slightly lower water stability than do the NTDA-based ones.
This is probably due to the better solubility in hot water of
the KDNTDA-based sulfonated oligomer or the hydrolysis
product. When 1,3,5-tris(4-aminophenoxy)benzene (TAPB) is
incorporated, the branched/cross-linked KDNTDA-based SPIs
(SPI-x) are obtained. The SPI-x membrane with an IEC of 1.85
mmol g~ has greater water stability and still maintains good
mechanical properties and proton conductivity even after aging
in water at 130 °C for 300 h.>*

The multiblock KDNTDA-based SPIs bearing dimethyl silo-
xane oligomers (SPL-y) display reasonably acceptable proton
conductivity, thermal stability, anisotropic swelling, and
mechanical properties. The SPI-y membrane with an IEC
of 2.09 mmol g~ exhibits a rather humidity-dependent proton
conductivity of 43 X 107> S cm™ at 60 °C and 70% RH.
However, the ratio of SiRDA monomer in SPI-y to the feed is
only ~10% due to low reactive activity between the hydro-
phobic 4})oly(sﬂoxane imide) block and the hydrophilic SPI
block.®

The SPIs with asymmetrical chain structure (NPI(1)-SPP,
NPI(2)-SPP, NPI(3)-SPP) exhibit enhanced free volume and
decreased interchain interaction because of both the loosened
chain packing and the markedly increased interchain space,
which are derived from their idiographic chain structure. As a
result, all of them have higher water uptake and better hydro-
Iytic stability than the SPIs with symmetrical chain structure
(NPI(4)-SPP) because of the decreased positive charge
densities in the asymmetrical imide rings and the protection
of the hydrophobic groups at the ortho-position of the imido
bond.>*~** Although SPEs containing phosphine oxides also
have unique properties, the SPIs (SPPO-PI) derived from
sulfonated bis(3-aminophenyl)phenylphosphine oxide may not
provide satisfactory hydrolytic stability because of the five-
membered imide rings.548

What is worthy of note is that the novel sulfonated graft
copolyimides in which the sulfonated polyimide is graft-
polymerized to the fluorinated polyimide as the main-chain
polymer present significantly higher proton conductivity, even
exceeding that of Nafion. The SPI membrane with an IEC of
2.41 mmol g™" exhibits a proton conductivity of 0.69 S cm™ at
90 °C and 98% RH, an oxidative stability of 4.5 h (completely
dissolved in 80 °C Fenton’s reagent), and a hydrolysis stability
of 1300 h in 80 °C water.>*’

4.3. Hydrocarbon Polymer with Aliphatic
Main-Chain-Based Membranes

Many researchers are interested in hydrocarbon polymers with
an aliphatic main chain for PEMs. However, this kind of PEM is
mainly used for low-temperature PEMFC or DMFC due to the
inferior oxidative stability of these aliphatic main-chain hydro-
carbon polymers.**'~®*" The frequently used aliphatic main-
chain hydrocarbon polymers include varieties of styrene-based
block copolymers, CS, poly(vinyl alcohol) (PVA), and so on.
To enhance mechanical strength, methanol barrier, or proton
conductivity, these polymers often require doping with
inorganic proton-conducting moieties, blending with polymer
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pairs, or forming into IPNs. Most of them do not give
encouraging results, but there are still some particularly
attractive routes worthy of being noted.

There are two strategies that have been employed to enhance
their oxidative stability. One strategy is cross-linking to form a
compact structure to decrease the probability of the OHe
radical diffusing into the membranes.>* The other strategy is
incorporating an HOe trapping material such as fullerene into
the membrane (Figure 22).°%
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Figure 22. Mechanism of the fullerene trapping HO® species.®
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PEMs (Figure 23) prepared by the synchronous cross-linking
imidized method possess good mechanical strength, high
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Figure 23. Schematic representation for PEMs based on SMA cross-
linked by polyoxyalkylenediamine (PEGDA).>*

thermal stability, and excellent flexibility. The final membrane
with an IEC of 1.25 mmol ¢! has a proton conductivity of
021 Scm™ at 30 °C and 0.49 S cm™! at 95 °C, and it survives
7 h in Fenton’s reagent at 30 °C before the membrane becomes
a little brittle.’>>*>® However, a large improvement in the
oxidative stability of hydrocarbon polymers with an aliphatic
main chain has been achieved by Fu and co-workers.>**%%
They prepared the composite membranes with semi-IPN via
styrene-impregnated polymerization within a nonporous dense
PVC supporting film followed by sulfonation. The developed
membranes cross-linked with DVB display a durability of 4.0
days in 3 wt % aqueous H,O, solution at 60 °C. The pre-
liminary data for PEMFC fed with humidified H, and O,
showed a maximum power density of ~740 mW cm™ under
atmospheric pressure and 60 °C, which is comparable to
commercial Nafion. When inorganic silica is covalently bound
in these composite membranes, the mechanical strength and
oxidative stability of the resultant membranes can be further
enhanced, while their proton conductivity is simultaneously
reduced.

The hybrid membranes composed of inorganic Si—O—Si
linkages and organic polymer chains covalently immobilized
with phosphonic acid (Figure 24a) have good thermal stability
up to 200 °C. The proton conductivity of an optimum hybrid mem-
brane achieves 4.0 X 1072 S cm™" under 100% RH at 130 °C.%¢"*%

dx.doi.org/10.1021/cr200035s | Chem. Rev. 2012, 112, 2780—-2832
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Saxena and co-workers prepared highly conductive and stable
organic—inorganic nanocomposite PEMs with controlled
spacing between the inorganic segment and covalently bound
sulfonic acid functional groups (Figure 24b) through a more
ingenious method. The resulting PEMs exhibit obvious
improvement over the Nafion membrane as evidenced by the
higher ratio of proton conductivity to methanol permeability
(f-value), which is caused by the lower methanol perme-
ability.>%

Park and co-workers studied the influence of block lengths
on the properties of PEMs prepared from PSS-b-PMB copo-
lymer. Because of the flexibility of their aliphatic main chains,
the long-block-induced microstructures can be established in the
PEMs with relatively low-block molecular weight (>1.8 K—
14 K g mol™"). In PSS-b-PMB PEMs with block lengths no
larger than 5.1 K—4.6 K g mol™}, an unusual behavior can be
observed: their moisture content increases as the temperature
of the surrounding air is increased at constant RH. These PEMs
have hydrophilic PSS phases with widths ranging from 2 to
S nm, which results in capillary condensation. The PSS-b-PMB
membrane containing hydrophilic domains with a width of
2.5 nm (IEC = 2.168 mmol g~') exhibits the highest proton
conductivity at 50% RH, with a value of ~0.045 S cm™ at
90 °C. It is also found that the sulfonation levels of the PSS-
b-PMB copolymers play an important role in determining domain
orientation. These findings may give some guidance in the
construction of more efficient high-temperature PEMs.>”*"*

The CS, a natural and low-cost biopolymer, is a cationic
polyelectrolyte containing functional amino and hydroxyl
groups on the polymer chains. Considering S-values, few com-
posite membranes based on CS show remarkable advantages
over Nafion.

The leakage problem of HPAs such as PWA, phosphomo-
lybdic acid (PMA), or silicotungstic acid (SIWA) can be over-
come by blending them with CS because insoluble complexes
can be formed between HPAs and CS through strong elec-
trostatic interaction. The best PMA/CS membrane reported
has a low methanol permeability (2.7 X 107 cm” s™") and com-
paratively high proton conductivity (0.015 S cm™ at 25 °C).5'%"!

Wang and co-workers sulfonated zeolite S-particles ~800 nm in
size using three different approaches and incorporated them
into CS to prepare composite membranes. The experimental
results indicate that the introduction of sulfonic groups can
suppress the methanol permeability further as a result of the
enhanced interfacial interaction between zeolite f and CS
matrix. The highest f-value of these composite membranes is
4.6 times higher than that of Nafion117 when a 12 M
concentration of methanol is used.’*®

The PVA also is a fairly attractive polymer rich in hydroxyl
groups for PEMs because it can function as an excellent
methanol barrier due to the dense molecular packing structure
caused by inter- and intramolecular hydrogen bonding.
However, there are not any negatively charged ions on PVA,
so the proton-conducting groups or conductors generally need
to be incorporated. Most PVA-based membranes show notably
lower methanol permeability values and also comparatively
lower proton conductivity values than those of Nafion.
Similarly, few PVA-based membranes show significant advan-
tages over Nafion.

In the organic/inorganic hybrid membranes that are
prepared through solution blending of PVA and sulfonated
polyhedral oligosilsesquioxane (sPOSS) followed by cross-
linking with ethylenediaminetetraacetic dianhydride (EDTAD),
it has been shown that the proton conductivity increases and
methanol permeability decreases with increasing sPOSS
content in the hybrid membranes. The hybrid membrane
with 50 wt % sPOSS gives a proton conductivity as high as
0.042 S cm™" at 25 °C while providing a methanol permeability
~1 order of magnitude lower than that of Nafion.”*® Kim and
co-workers prepared cross-linked PVA membranes using poly-
(styrene sulfonic acid-co-maleic acid) (PSSA-MA) as a cross-
linking agent as well as a donor of the hydrophilic groups, and
the surfaces of these membranes are subjected to a fluorination
treatment to reduce water content and maintain proton con-
ductivity. Direct fluorination dramatically improves surface pro-
perties, and the proton conductivity increases with increasing
fluorination time for all cross-linked membranes. For example,
the proton conductivity of nonfluorinated PVA/PSSA-MA 5 wt %

Ho\?/OH
P
| H
T%cm]—rcm
m n
H
15_ 2 CHj
\O’SII‘O/S\I\ —
CH; CHs
]
N
CH,—C CH,—C
2 H 2’ FI’
HO” I "OH
o)

—CH—CH,—CH—CH— £
o= =0 =
£
OH ©Q 5
0 rl
SOH  —o—si—0— £
| k:
0 §
CHe s
@
CH, £
! L
|_?_vn E
om oo | &
0 S
5 =N
H =
=%
o= =0 &
—CH—CH,—CH-—CH— &

a) Chemical structure of inorganic-organic hybrid membrane b) Chemical structure and schematic representation of inorganic-
organic hybrid membrane with controlled spacing between inorganic
segment and covalently bound sulfonic acid groups

based on Si-O networks with phosphonic acid groups

Figure 24. Structures of two inorganic—organic hybrid membranes: 2, b, Reprinted with permission from ref 563. Copyright 2007 American

Chemical Society.
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membrane increases from 0.0386 to 0.053 S cm™! at room

temperature after 60 min fluorination while its methanol
permeability decreases from 8.45 X 1077 to 5.0 X 1077 cm* s~
at the same time, thus demonstrating desirable properties for
DMFC.*”

4.4. Glass Membranes

The glass membranes display a high proton conductivity as well
as excellent mechanical, chemical, electrochemical, and thermal
stabilities comparable to those of Nafion and provide a superior
methanol barrier and a lower cost. They primarily serve as
PEMs under low RH operational conditions. This section
primarily describes glass membranes, ceramic membranes,
and organic—inorganic hybrid membranes based on a silicate
matrix.”**7%® Uma and co-workers prepared a series of glass
membranes, including PMA—P,0;—SiO,, PMA/PWA—P,04—
Si0,, PWA/TiO,—P,0,—Si0,, Ti0O,/ZrO,—P,0,—SiO,,
PMA/ZrO,—P,0,—Si0,, and PWA/ZrO,—P,0,—SiO, glass
membranes.***”%*® Their investigations indicate that the proton
conductivity in the glass membranes mainly occurs through the
hydrogen bonding of water and hydroxyl groups on the net-
work structure. The proton conductivity is considerably
dependent on the temperature, humidity conditions, and pore
characteristics such as the pore size and the functional groups
on the pore surfaces (i.e., SiOH, POH, and P=0), as well as
on the chemical composition. However, it depends only weakly
on the thickness. On the other hand, the PEMFC performance
is notedly influenced by the thickness of the glass membranes.
The performance characteristics of glass membranes with
various compositions are listed in Table 6.

Mesoporous acid-free silica xerogels with average pore size of
3.7 nm can be used to prepare 0.5 pym thin supported films.
Their proton conductivity is highly sensitive to RH, and the
highest value of proton conductivity, 2.0 X 1072 S em™, is
achieved at 80 °C and 81% RH.®*

Some of the organic—inorganic hybrid membranes based on
silicate matrix have excellent performance under high temper-
ature and low RH. After mesoporous silica materials with highly
ordered high surfaces are functionalized by imidazole groups
or sulfonic acid groups, they may serve as promising water-
retaining additives to PEMs for applications at low RH operat-
ing conditions. The hybrid membrane derived from SO;H-
functionalized mesoporous silica particles and a polysiloxane
matrix with sulfonic acid and benzimidazole groups exhibits

higher proton conductivity than that of Nafion by a factor of 10
at temperatures > 180 °C and RH < 10%.°°*7%°° When the
cofunctionalized perfluorosulfonic acid—aluminosilica films,
which are functionalized free-standing mesostructured silica
thin films with three-dimensionally interconnected pore
networks, are back-filled with 8 wt % triflic acid, the final
PEMs can give a proton conductivity ~1.50 X 107> S cm™" at
50% RH and maintain this value up to 160 °C.°*° Similarly, the
proton-conducting solid electrolyte membranes based on
polyvinyl phosphonic acid (PVPA) and 3-glycidoxypropyltri-
methoxysilane (GPTMS) (Figure 25) have a proton con-
ductivity of 1.3 X 107> S cm™" at 125 °C and 30% RH, which is
similar to that of Nafion at the same temperature under 100%
RH,*” whereas the inorganic—organic hybrid membranes
based on dimethylethoxyvinylsilane (DMEVS), vinylphos-
phonic acid (VPA), and GPTMS display a proton conductivity
of 63 X 1072 S cm™! at 130 °C and 100% RH.***

The remaining organic—inorganic hybrid membranes based
on a silicate matrix can serve as an effective resistance to
methanol permeability. The three-dimensionally ordered
macroporous (3DOM) silica composite membranes filled
with a binary polymer (PAMPS-SPEES), which possess a
core—shell-like structure, a 3DOM silica surface coated by
SPEES, and the remaining vacancy occupied by PAMPS,
display methanol permeability decreasing from 1.9 X 107 to
3.2 X 1077 em® s7" at 30 °C. The proton conductivity is mainly
dependent on the SPEES phase coating on the 3DOM pore
surface. The f value of PAMPS-SPEES-3DOM composite
membrane is >10 times higher than that of Nafion.®*

But the greatest infusive progress in this field was reported by
Horan and co-workers.*®® They fabricated a highly proton-
conductive membrane via copolymerization of divinylsilyl-
11-silicotungstic acid (vinyl-functionalized SiWA) with butyl
acrylate (BA) and hexanediol diacrylate (HDDA). The
resulting hybrid membrane exhibits at 100% RH superior
proton conductivity as compared to Nafion. Its H,/air fuel cell
displays an OCV of 0.86 V and a power density of 180 mW
cm™ at 0.3 V under 70 °C and 75% RH, indicating significant
potential for application in PEMFC under low RH and elevated
temperature conditions.

5. POLYBENZIMIDAZOLE/H;PO, MEMBRANES

It is well-known that the high-temperature PEMFCs provide
several potential benefits such as improved electrode kinetics,

Table 6. Performance Characteristics of Glass Membranes with Various Compositions

compositions average pore size
glass membrane (mol %) (nm)

PMA—P,04—SiO, 4—4-92 NR®
PMA/PWA~-P,0,-SiO, 1/2—-2-95 3.7-54
PWA/TiO,~P,04-Si0, 5/1-5-85 ~2.5-3
TiO,/Zr0,—P,05—Si0, 4/5-5-86 ~2.2
PMA/ZrO,—P,05—SiO, 2/4—4-90 ~3
PWA/ZrO,—P,0,—SiO, 6/2—5-87 ~3

(e]6)\% Power density”

proton conductivity (S/cm) W) (mW/cm?) reference
1.0 X 107 (30 °C, 30% RH)  ~1 239 (30 °C, 30% RH) 642
134 X 1071 (90 °C, 70% RH) ~ ~093 350 (30 °C, 30% RH) 643, 644
72 % 1072 (85 °C, 80% RH) 095 463 (28 °C) 645
5.8 X 1073 (80 °C, 50% RH) NR NR 646
~1073 (30 °C, 80% RH) ~1 320 (29 °C, 30% RH) 647
NR ~092 430 (27 °C, 30% RH) 648

“All H,/0, fuel cells with glass membranes are conducted at 1 atmospheric pressure. ’NR = not reported.

CHs
o i—OCH
ooy + <O 3
o=$ —OH o] OCHj3
OH GPTMS
PVPA

Figure 25. Schematic reaction process for fabricating PVPA-based hybrid membranes.’
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high tolerance to fuel impurities (e.g,, CO), enhanced efficiency
of the waste heat utilization, and simplified thermal and water
management systems. The PBI is a basic polymer with excellent
thermal and chemical stability. When it is dipped in aqueous
phosphoric acid to form an acid—base complex, the PBI/
H;PO, complex shows high proton conductivity at high
temperatures even in the anhydrous state, low gas permeability,
and nearly zero water drag coefficient. It has been realized that
this system is a promising candidate for high-temperature (from
100 to 200 °C, especially from 150 to 200 °C) PEMFCs.

Because of its commercial availability, the most systematically
studied PBI is the poly[2,2"-(m-phenylene)-5,5"-bibenzimida-
zole] (mPBI) (Figure 26a), but its processability is limited by
its very rigid molecular structure, which gives very poor
solubility in common organic solvents. When it is doped with
H;PO,, the composite system will further encounter several
disadvantages, including leaching out of H;PO,, poisoning of
cathode Pt electrocatalyst by H;PO,, self-dehydration of H;PO,
above 140 °C, low loading level of H;PO,, and deterioration of
mechanical stability by H;PO, particularly at high H;PO,
concentrations and high temperatures, because only the dry-
doped mPBI membranes with low acid uptake (<6 H;PO,
molecules per mPBI repeating unit, molecules/RU) are tough
films, or else they become flexible in nature.®® Despite the fact
that pure phosphoric acid may have a proton conductivity of
7.7 X 1072 S cm™ at 42 °C, high temperature is often needed
to maintain sufficient mPBI/H;PO, composite membrane
proton conductivity caused by the low mobility of phosphate
species and the low H;PO,-doping levels.

Solving these problems has been a challenge. Two detailed
overviews of the progress and present state of the PBI/PA
complex for high-temperature PEMFC have been pub-
lished.*>"" The major focus of this section is on the appro-
aches used to increase the conductivity of the PBI/H;PO,
complex and improve their mechanical properties, includin:
optimization of preparing and operating parameters,’’>”%
functionalization of mPBI®*? inorganic additives,®®+7%8
polymer blends,®**™** and doping with different electro-
lytes®**°® and the synthesis of PBIs with different
structures.®~7*! The structure and performance of the acid-
doped PBIs are listed in Table 7.

5.1. Modifications to mPBI

5.1.1. Optimizations of Preparation and Operation of
Acid-Doped mPBI System. On the basis of the effects of the
optimization of preparation and operation parameters, it can be
concluded that there are two types of polymer sites that
complex with the doping acid: one with a higher affinity and the
other with a lower affinity.””*> Cell temperature is an important
parameter that influences the cell performance significantly;
increasing temperature can lead to rapidly improved electrolyte
conductivity and electrode kinetics, but it impairs cell
performance in the long term by reducing the hydration level
of the membrane or by self-dehydration of the phosphoric
acid 673675

It is necessary to control precisely the amounts of H;PO,
dopant in the mPBI membrane and the catalyst layer. Excess
H;PO, often results in blocking the oxygen supply into the
catalyst layer and solid material build-up in the flow field plate
and the MEA. On the other hand, insufficient H;PO, usually
leads to the incomplete contact area between the catalyst and
the mPBI/H,PO, ionomer.5°~%"° Kongstein and co-workers

2810

optimized gas diffusion electrodes (GDEs) and used them in
the H,/O, PEMFC with mPBI/H;PO,, to give a H,/O,
PEMFC with an OCV of 0.9 V and a maximum power density
of 830 mW cm™* at 0.4 V under atmospheric pressure and
175 °C.°* Lobato and co-workers investigated the influence
of several parameters on the polycondensation synthesis of
the high molecular weight mPBI from 3,3"-diaminobenzidine
(DAB) and isophthalic acid (IPA) using PPA as the
polycondensing agent. They concluded that the dosage of
PPA and the reaction temperature significantly affect the
molecular weight of the resulting mPBI and that a reaction time
of 9 h appears to be long enough to produce a high-quality
mPBI at no more than 275 °C. Compared to those from low
molecular weight mPBIs, membranes cast from these high
molecular weight mPBIs have enhanced mechanical resistance,
a reduced degradation rate in Fenton’s reagent at 68 °C, and a
high thermal stability even after hydrogen peroxide treatment.
These high molecular weight mPBI membranes still maintain
acceptable mechanical properties even when impregnated with
massive amounts of acid (doping level of 14.5 molecules/RU),
which implies a significant increase in the proton
conductivity and a much enhanced cell performance. For
example, the mPBI membranes with acid-doping levels of
4.7, 6.7, and 14.5 molecules/RU display proton conductiv-
ities of 0.018, 0.022, and 0.079 S cm™, respectively, at 150 °C.%!
In addition, the high-temperature vapor-fed DMFC with
mPBI/H;PO, as the electrolyte has also been studied. It was
found that the methanol concentration requires optimization,
because small amounts of methanol limits mass transfer, but
large amounts of methanol promote crossover and limit
availability of water for methanol oxidation. The DMFC fed
by 33.3 wt % methanol concentration and pure O, without
back-pressure displays an OCV of 0.7 V and a maximum power
density of 1385 mW cm™ at 200 °C. Furthermore, a
preliminary durability test shows quite stable performance
over 120 h.°®

5.1.2. Modified mPBI/H;PO, System. Only some modi-
fied mPBI’s containing H;PO, exhibit properties superior to
those of pristine mPBI/H;PO,. The incorporation of inorganic
additives such as Cs, H,sPMo;,0,y (CsPOM) and function-
alized SiO, particles into mPBi membranes can result in
increased acid-retention capability and consequently enhanced
proton conductivity of modified mPBI/H;PO, membranes. For
example, the proton conductivity of the CsPOM/mPBI com-
posite membrane doped with H;PO, achieves at least 0.15 S
ecm™! at 160 °C and 8.4% RH. Its H,/O, PEMFC exhibits a
maximum power density near 700 mW cm > at 150 °C under
atmospheric pressure, which is close to 300 mW cm™ larger
than that of the mPBI/H,PO, membrane.®®*

The blending membranes based on partially fluorinated SPE
with high DS and mPBI reveal excellent oxidative stability,
which is comparable to that of Nafion in 68 °C Fenton’s
reagent. When they are doped with H;PO, up to 10—13
molecules/RU, the resultant ternary blend membranes still
show small swelling and excellent mechanical strength. At an
acid doping level of 11 H;PO, molecules/RU, a proton
conductivity of 0.12 S cm™ can be obtained at 175 °C and 10%
RH. More than 40 MEAs with an active area of 256 cm® have
been prepared for a 2 kW, stack and display good performance
and reproducibility.*®%*>

The PTFE/mPBI composite membrane doped with H;PO,
has larger proton conductivity than that of mPBI doped
with phosphoric acid. The PTFE/mPBI membrane with a

dx.doi.org/10.1021/cr200035s | Chem. Rev. 2012, 112, 2780—-2832
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300% H;PO, doping level achieves a conductivity higher than 5.2. pPBI
0.3 S cm™ at 8:4% RH and 180 °C, and the PEMFC using it with To achieve more favorable performance, PBIs with different

dry H,/O, at 1 bar overpressure gives a peak power density of chemical structures than mPBI have been designed and
12 W cm™2 at 170 °C.% implemented. Compared with the meta-structured mPBI,
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poly[2,2-(p-phenylene)-5,5"bibenzimidazole] (pPBI) (Figure 26b)
has superior mechanical properties, and it can sustain its
mechanical strength with a high acid-doping level. Just like
mPBIL, pPBI is not suitable for industrial-scale production
because of its low processability caused by poor solubility. Kim
and co-workers fabricated pPBI membranes by a direct-casting
method using the hot pPBI polymerization solution of PPA and
subsequently in situ hydrolysis of PPA to HyPO, (named the
PPA process) or by a solution-casting method using MSA as a
casting solvent. The pPBI membranes display higher acid-
doping levels, larger water uptake, and remarkably higher
tensile strength values than mPBI membranes. The pPBI
membranes prepared by the PPA process also have an almost
amorphous structure and much higher acid-doping levels and
larger water uptake values than pPBI membranes prepared by
the solution-casting method. The pPBI membrane from the
PPA process with a doping level of 8.78 molecules/RU exhibits
a proton conductivity of 0.15 S cm™! at 180 °C and 1% RH.*”
The acid-doping level of pPBI membranes from the PPA
process can achieve 30—40 molecules/RU, while the content of
pPBI is only 3—6 wt %. The pPBI membrane with a doping
level of 27.7 molecules/RU made by this process gives a high
proton conductivity of 0.24 S cm™" at 160 °C mainly due to the
high acid content in the gel membrane. The H,/air PEMFC
based on this membrane shows excellent performance (power
density of higher than >400 mW cm™ at 04 V under
atmospheric pressure and 160 °C) and minimal CO poisoning
effects. Long-term durability testing of this membrane indicated
that the voltage degradation rate over 2500 h during steady-
state fuel cell operation at 160 °C is only 4.9 uV h™" and the
H,PO, loss is a fairly small amount relative to abundance of
H,PO, in membranes. From the H;PO, loss in the membrane
aspect, long-term operation (>10 000 h) is expected for steady-
state fuel cell operation using this membrane in the range of
80—160 °C./%%7%!

5.3. ABPBI

Poly(2,5-benzimidazole) (ABPBI) (Figure 26¢), another member
of the polybenzimidazoles, uses a single 3,4-diaminobenzoic acid
monomer for the polycondensation. Different casting proce-
dures of ABPBIs can induce distinct morphology. The ABPBI
membranes produced by a low-temperature casting procedure
using formic acid as casting solvent (type I) show polymer
chain aggregation yielding fibers ~25 nm in diameter, whereas
the ABPBI membranes produced by the classical high-
temperature casting from MSA (type II) reveal more important
polymer-chain aggregation resulting in fibers ~200 nm in
diameter. As a consequence, ABPBI membranes of type I yield
higher acid-doping levels compared with ABPBI and mPBI
membranes of type II due to a larger number of exposed acid
sorption sites caused by a less compact supramolecular
packing.””> However, the increased acid-absorbing capability
causes ABPBI membranes to have more significant dimensional
swelling than mPBI membranes when using a high concen-
tration of H;PO,, which makes the reproducible production of
MEAs for cells with a large active area difficult. Wannek and co-
workers developed an easy and reproducible fabrication
method for MEAs using ABPBI membrane with large active
areas. They impregnated electrocatalyst layers instead of
predoped membranes with H;PO,. A power density of ~300
mW cm™* was achieved at full load under ambient pressure and
160 °C with hydrogen and air as reactants. Under stationary
conditions, the voltage degradation rate is about —25 4V h™" at
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200 mA cm™?, which is deduced from a 1000 h durability
test. Under dynamic load changes or during start—stop
cycling, the degradation rate is significantly increased
because of a large loss of catalytically active sites, which
can be corroborated by a significant increase in the catalyst
particle size.”*>7%*

ABPBI membranes using the PPA process and zirconium
pyrophosphate (ZPP)/ABPBI composite membranes have
been prepared to enhance the dimensional stability of ABPBI
membranes. The ABPBI membranes were prepared by
controlling the doping level of phosphoric acid to obtain a
certain level of proton conductivity because of their increased
acid-absorbing capability compared to type II ABPBI
membranes. As a result, the ABPBI membrane with a
phosphoric acid doping level of only 2.5 molecules/RU dis-
plays a very high proton conductivity of 0.14 S cm™" at 180 °C
and 1% RH. On the other hand, the ZPP/ABPBI membranes
immersed in 85 wt % phosphoric acid solution for 3 days still
maintain their shape, indicating good dimensional stability,
whereas the ABPBI membranes dissolved completely when
they were immersed in 85 wt % phosphoric acid solution for
3 days.”% The copolymers of ABPBI and pPBI (AB-pPBI)
(Figure 26d) can also enhance the stability of ABPBI and im-
prove the processability of rigid pPBI through taking advantage
of the properties of both constituents. The acid-doped
copolymer membranes display better dimensional stability
and mechanical properties than the acid-doped ABPBI
membrane, as well as a larger acid-absorbing ability and higher
proton conductivity values as compared with commercial mPBI
membranes. The AB-pPBI containing 80 mol % of ABPBI unit
membrane displays a tensile strength 3 times larger than that of
the mPBI membrane at the same acid content (59 wt %) and
also achieves a very high proton conductivity of 0.15 S cm™
at 180 °C under anhydrous conditions.”*®

5.4. Explorations of Other PBIs

5.4.1. PBI Containing Hexafluoroisopropylidene
Groups. The incorporation of the hexafluoroisopropylidene
group into polymers such as SPE and SPI has been widely used
to improve the membrane performance. Likewise, the PBI
containing hexafluoroisopropylidene group (6FPBI) (Figure
26e) has been properly explored. The thermally and chemically
stable 6FPBI in high molecular weight polymers exhibits
excellent resistance to hydroxyl/peroxyl radical attack in
Fenton’s reagent at low and high temperatures.

These 6FPBI membranes with high H;PO, doping levels (up
to 30—40 molecules/RU) exhibit tensile strengths greater than
0.8 MPa and elongations at break ~100% as well as proton
conductivity of 0.09 S cm™' at 180 °C under anhydrous
conditions. The power density of their H,/O, fuel cells reaches
~430 mW cm™ at 1 A cm™ at 160 °C and atmospheric
pressure. The CO tolerance test indicates that, at an operation
temperature of 160 °C, the presence of CO at 0.2% has a
relatively minor effect on the fuel cell performance.”’” Several
methods have been adopted by Chuang and co-workers to
further reduce the methanol permeability of the 6FPBI
system.”®*~7'” The most effective method is to synthesize a
6FPBI copolymer containing hydroxyl groups that provide the
bonding sites for the bonding agent (OH-6FPBI). The OH-
6FPBI/silica nanocomposite membranes (Figure 26f) display
good compatibility between the OH-6FPBI polymer and the
inorganic silica phase, which leads to enhanced mechanical
properties and reduces the methanol permeability. Although

dx.doi.org/10.1021/cr200035s | Chem. Rev. 2012, 112, 2780—-2832



Chemical Reviews

the conductivity is slightly decreased by the silica, the overall
performance of the nanocomposite membranes is still obviously
improved by the addition of silica.”*°

5.4.2. PBI Containing Perfluorocyclobutyl Group.
High molecular weight perfluorocyclobutyl-containing PBI
(PFCB-PBI) (Figure 26g) membranes, which are prepared by a
modified PPA process and have a very high phosphoric acid-
doping level (>50 molecules/RU), display sufficient strength to
fabricate into MEAs. The maximum power densities of fuel cells
with phosphoric acid-doped PFCB-PBI membranes are 210
mW cm™? (H,/0,) and 150 mW cm™2 (H,/air) at 140 °C and
atmospheric pressure. However, the redissolution of the PFCB-
PBI membranes in phosphoric acid occurs when the temper-
ature is beyond 140 °C, which limits the operation of fuel cells
based on phosphoric acid doped PFCB—PBI membranes
containing high levels of phosphoric acid.”"'

5.4.3. Poly(aryl ether benzimidazole) Copolymers.
The incorporation of flexible aryl ether linkages into PBI can
improve the solubility of the copolymer, increase the chain d-
spacings of the polymer backbones, and decrease the
crystallinity of the copolymers. Membranes of the poly(aryl
ether benzimidazole) copolymers bearing different aryl ether
linkage contents (poPBI) (Figure 26h) display reasonably high
thermal and mechanical stability as well as high proton
conductivity. For instance, the copolymer membrane with
30 mol % ether linkage exhibits a tensile strength of 43 MPa (at
26 °C and 40% RH) at an acid-doping level of 7.5 molecules/
RU and a proton conductivity of 0.098 S cm™" (at 180 °C and
anhydrous conditions) at an acid-doping level of 6.6 molecules/
RU, which is comparable to that of the conventional mPBI
membrane at the same doping level.”*?

5.4.4. PBIs with Sulfonic Acid Groups. Theoretically, the
addition of H3PO, in PBI membranes is avoidable by
incorporating conducting groups such as sulfonic acid groups
into the backbone of PBI through chemical linkage. Practically,
because the acid—base interaction between the benzimidazole
and sulfonic acid groups results in insufficient proton carriers
for proton conduction at high temperature and under
anhydrous conditions, H;PO, is still needed.

Bai and co-workers synthesized sulfonated PBI copolymers
from DAB, OBBA, and S-sulfoisophthalic acid (SIPA) (OBBA-
SPBI) (Figure 26j). The pure OBBA-SPBI copolymer
membrane is fabricated by the traditional solution-casting
techniquem and the OBBA-SPBI/H;PO, composite membrane
is prepared through the PPA process. The membranes prepared
by both methods possess desirable mechanical, chemical,
thermal, and hydrolytic stability. However, the pure copolymer
membrane exhibits very poor proton conductivity due to the
acid—base interaction between the benzimidazole and the
sulfonic acid groups. On the other hand, the OBBA-SPBI/
H;PO, composite membrane from the PPA process shows
extremely high proton conductivity (>0.1 S cm™) at high
temperatures (>120 °C) and low RH, even under anhydrous
conditions.”"

5.4.5. Pyridine-Based PBIs. The incorporation of the extra
nitrogen in the PBI backbone, e.g, the poly-2,2-(2,6-pyridine)-
5,5"-bibenzimidazole (PBI-SN, Figure 26l), significantly im-
proves the acid retention and thus enhances the permanent
conductivity. A small amount of SiO,-based fillers such as
imidazole-functionalized SiO, or mesoporous silica can greatly
increase the permanent proton conductivity of PBI-SN/SiO,
composite membranes. Permanent conductivity values higher
than 107> S cm™! have been obtained at 120 °C and 50% RH
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after the washing procedure, which causes leaching of the acid
fractions that are not hydrogen-bonded to the nitrogen
atoms.”"” Similar results are also found for the mPBI/SiO,-
based filler system.’*®

5.4.6. Multiblock PBI Copolymers. As mentioned above,
multiblock copolymers display unique structures and proper-
ties. Multiblock PBI copolymers based on poly(arylene ether
sulfone) and PBI with different block lengths (BPS-PBI)
(Figure 26m) have been prepared by Lee and co-workers.”"®
The doping level strongly depends on the concentration of
H,;PO,, and the H;PO, is selectively absorbed into the PBI
phase, which leads to significantly reduced swelling behavior
compared with a conventional mPBI/H;PO, membrane. Among
the BPS-PBI membranes, the highest proton conductivity (0.047 S
cm™" at 200 °C without external humidification) was attained by
BPS-BPI (15 K—15 K g mol ') membrane with a doping level of
11.5 molecules/RU. The proton conductivity increases signifi-
cantly beyond a particular doping level (~4 molecules/RU) for all
the BPS-PBI membranes, which is attributed to the appearance of
“free” phosphoric acid. As the block lengths increase from S to
10 K g mol ™, a morphological change occurs and the long-block-
induced microstructures with well-connected phase-separated
morphology emerge. Consequently, the proton conductivities of
these BPS-BPI membranes increase with increasing block length,
especially at low doping levels (6—7 molecules/RU), because the
well-connected phase-separated morphology is favorable for
lowering the morphological barrier to proton transport.

5.4.7. Mesoporous PBI Filled with H;PO,. Weber and
co-workers prepared mesoporous (~10 nm) PBI (mp-PBI)
(Figure 26n) networks by a solvent-mediated hard-templating
procedure and impregnated H;PO, into them. The impregna-
tion of H;PO, into mp-PBI proceeds in two steps: a fast step
during which the mesopores are filled with molten H;PO, and
a second slower step, which leads to the incorporation of
H;PO, into the pores of the wall. The driving force of the first
step is capillarity, and that for the second step is salt formation
(an acid/base reaction). The mp-PBIs filled with an excess of
H;PO, show very good conductivities due to the existence of a
two-phase structure made of PBI and phosphoric acid domains.
The conductivity of the nanostructured material, mp-PBI with
excess H;PO,, is 1—2 orders of magnitude higher than that of
the corresponding nonporous PBI with excess H;PO,.”"” These
results, that the PBI/H;PO, membranes with a well-defined
biphasic structure have better proton conductivity than those
with a less clearly defined biphasic structure, are to some extent
in accordance with the multiblock BPS-PBI/H;PO, mem-
branes, thus validating certain similarities between multiblock
copolymer membranes and pore-filling membranes.

6. ALKALINE IONOMER MEMBRANES

Alkaline fuel cells (AFCs) have an advantage over proton-
exchange membrane fuel cells in both cathode kinetics and
ohmic polarization. The inherently faster kinetics of the oxygen
reduction reaction in an alkaline fuel cell allows the use of Pt-
free electrocatalysts that, while contributing directly to lower
short-term costs, also have environmental benefits.”**7%3
However, despite their early success in certain applications,
alkaline fuel cells have an intrinsic difficulty with carbonation
that is prohibitive for broad commercialization. This section
describes the technology of anion-exchange membrane fuel
cells. Using an anion-exchange membrane instead of a liquid
caustic alkali electrolyte in an alkaline fuel cell avoids the
problems of leakage, carbonation, precipitation of carbonate
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salts, and preventing the gas electrode flooding, thus increasing
the volumetric energy density.

Alkaline ionomer membranes (also called anion-exchange
membranes (AEMs) or anion-conducting PEMs) are a class of
solid-state polymer electrolyte fixed with basic functional
groups. The fuel cells using alkaline ionomer membranes, a
kind of PEMFC, can be called anion-exchange membrane fuel
cells (AEMFCs) or alkaline membrane fuel cells (AMFCs).
These have several important advantages: (i) a facile electro-
kinetics in high-pH environment for methanol oxidation, oxy-
gen reduction, and carbon monoxide oxidation, (ii) extended
selective range of Pt-free electrocatalysts, e.g, Ni, Pd, Ag, or
alloys, (iii) reverse methanol crossover direction to hydroxide
(OH") ion migration, (iv) potentially simplified water mana-
gement, (v) improved radical oxidation stability of hydrocarbon
membranes in alkaline environments, (vi) superior corrosion
resistance of metal components in alkaline environments, (vii)
simple fabrication of the membranes with good mechanical
strength, (viii) wide choice of fuels, and so on.”**~7**

Nevertheless, the application of AEMFCs faces many
challenges before they can compete with acidic PEMFC.
First, AEMFCs have an inherently high thermodynamic voltage
loss of >300 mV due to the pH difference, which lowers their
OCV.”** Although the pH difference can dwindle with in-
creasing temperature, it is never decreased greatly. Second, the
basic functional groups of most AEMs are quaternary
ammonium groups, but they are unstable at temperatures
above 60 °C because they are apt to be replaced by OH™ ions
via a direct nucleophilic displacement or a Hofmann
elimination reaction when pf-hydrogens are present. Good
solvation of the quaternary ammonium head-groups and OH™
ions is favorable for the overall chemical stability of alkaline
membranes.”*® Third, the ionic conductivity of alkaline PEMs is
lower than that of acidic PEMs because the transfer number of
OH-—, which is only 0.25 times the transfer number of H+, is
inherently much lower than that of H+.”** Lastly, AEMFCs lack
universally soluble ionomers that can be used in MEA as a
binder to build an efficient three-phase boundary, just like
the functions of Nafion ionomers in MEA used for acidic
PEMFC.”* Because of the sluggish development of AEMs, the
investigation of AEMFC:s still remains at its initial stage. Recent
progress in AEMs and binding materials for MEAs of AEMFC
and PEMFCs with combined configuration will be well
reviewed. The progress in the AEMFC can be found in two
published reviews.”>*”’

6.1. Status Quo of AEMs

Even though they may have a hydroxide ion conductivity of
0.53 S cm™" under ambient temperature and a power density of
100 mW cm™2 (H,/O,) at room temperature,738_746 this
section will not describe composite membranes doped with
liquid alkaline electrolyte, e.g, KOH, because of their
difficulties with leaching out and carbonate-precipitate issues.
Only limited AEMs for AEMFCs were reported, including the
organic—inorganic hybrid membranes through a sol—gel
reaction based on alkoxysilane,”*’~”* modified aliphatic poly-
mer membranes incorporating basic functional groups,”**~%!
and quaternized aromatic polymer membranes.”*>””> The
structures and performance of AEMs are shown in Table 8.
6.1.1. AEMs Based on Modified Aliphatic Polymer
Membranes. The organic—inorganic hybrid AEMs give only
inadequate hydroxide ion conductivity (107*~107> S cm™)
because of the inherent low hydroxide ion transport ability and

2815

Table 8. Status Quo of AEMs

reference

main conclusions and comments

preparing methods

membranes

747749
750-753

inadequate hydroxide ion conductivity of only 107*~107% S cm™

sol—gel reaction based on alkoxysilane

organic—inorganic hybrid AEMs

quaternized PVA (Figure 27a)

at 60 °C

-1

improved thermal stability and reduced methanol permeability; hydroxide ion conductivity of 1.4 X 107> S cm

cross-linked by GA or reacting with TEOS or
blending with quaternized CS

754

hydroxide ion conductivity of 0.312 S cm™! at room temperature, but KOH solution is needed

PVA and acrylic acid monomer mixture

IPN based on PVA and poly(acrylic acid)

solutions irradiated by UV
chloride substitution on the —CH,Cl function

755
756
757
759
767, 768

762
763
764

-1
ermeability less than 107 cm? s™" at 30 °C, but low hydroxide ion conductivity (1.6 X 107> to

S em™) at 20-60 °C

increased water crossover from the anode to the cathode; power density of 230 mW cm™ at 50 °C (H,/O, AEMFC)
hydroxide ion conductivity ranging from 9.21 X 107* to 4.20 X 10 S cm™ at 24 °C

power density of H,/air AEMFC using 2.0 mg cm™> Ag/C at the cathode, which is comparable to the one with

insensitive to Hoffman elimination; thermal stability up to 220 °C; hydroxide ion conductivity of 1.3 X 107> S cm™ at 60 °C
0.5 mg cm™* Pt/C

and 98% RH without any KOH
ionic conductivities from 0.89 X 107 to 1.36 X 107> S cm™" depending on the IEC; facile swollen polymer structure

intercross-linking structure; enhanced mechanical properties and thermal stability; low methanol permeability
(1.35 X 1077 to 1.46 X 1077 cm* s™") and comparatively high hydroxyl conductivity (2.2 X 107> to

hydroxide ion conductivity only 5§ X 107* S cm
32 % 1072 S cm™! at 25 °C)

methanol
5.1 % 107°

of the epichlorhydrin units
chloromethylation/quaternization

chloromethylation/quaternization
chloroacetylated PPO/bromomethylated PPO  blending/heat-treating

plasma treatment
E-beam irradiation

amination

mer with cyclic diamines
membranes (Figure 27g)

ethyleneimine

brane
quaternized cardo polyetherketone (Figure 27c) chloromethylation/quaternization

poly(epichlorydrin allyl glycidyl ether) copoly-
polymerized 4-vinylpyridine-based thin mem-
aminated chlorinated polypropylene by poly-
ETFE with quaternary ammonium groups
quaternized poly(ether imide) (Figure 27d)

quaternized polysulfones
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the poor conductivity of silica components.”*’~"* On the Hoffman elimination and show good thermal stability up to
contrary, some modified aliphatic polymer membranes with 220 °C. The membrane with an IEC of 1.3 mmol g~ without
basic functional groups incorporated show relatively high KOH displays a hydroxide ion conductivity of 1.3 X 107> S cm™
hydroxide ion conductivity. Xiong and co-workers prepared a at 60 °C and 98% RH, indicating a promising prospect for low-
series of quaternized PVA (QAPVA) membranes (Figure 27a) temperature alkaline DMFC applications. Moreover, the
and then employed glutaraldehyde (GA) or TEOS to form reinforcement of these membranes using polyamide supports
modified QAPVA membranes. The introduction of silica considerably improves the mechanical properties without com-
improves the thermal stability and decreases the methanol promising ionic conductivity.”>>
permeability of the final QAPVA membranes. The highest Water is an important reactant at the cathode for the
hydroxide ion conductivity of these QAPVA membranes can formation of OH™ ions from gaseous O,, so the decrease in
achieve 1.4 X 107> S cm™" at 60 °C. The cross-linked com- AEM thickness can result in an increase in water crossover from
posite membranes consisting of QAPVA and quaternized CS the anode to the cathode and improve the performance of
have also been studied. These composite membranes show AEMFCs. The performance of H,/O, AEMFCs using the
properties similar to QAPVA/silica hybrid membranes and thinnest ETFE membrane with quaternary ammonium groups
have greater improvement when compared to plain cross-linked (17 pm) can attain a power density of up to 230 mW cm™>

750~753 o~ 759
quaternized CS membranes. at 50 °C.

Stoica and co-workers have studied the incorporation of two 6.1.2. AEMs Based on Quaternized Aromatic Polymer
cyclic diamines, 1,4-diazabicyclo-[2.2.2]-octane (DABCO) and Membranes. The quaternized aromatic polymer membranes
1-azabicyclo-[2.2.2]-octane (Quinuclidine), into poly- are usually prepared via chloromethylation, quaternization, and
(epichlorydrin allyl glycidyl ether) copolymer to form anion- alkalization. The general process is outlined in Figure 27b.”*
conducting membranes. These membranes are insensitive to Park and co-workers prepared chloromethylated polysulfones
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and aminated them with a diamine or a mixture of monoamine
and diamine. They show that the use of a diamine with a longer
alkyl chain in the mixture can enhance the hydroxide ion con-
ductivity and thermal properties of AEMs. The H,/air AEMFC
performance using 0.5 mg cm™> Pt/C at both the anode and
cathode is comparable to one with 0.5 mg cm™ Pt/C at the
anode and 2.0 mg cm —2 Ag/C at the cathode. It is evident that
AEMFCs allow nonprecious catalysts at the cathode.”®
Quaternized cardo polyetherketone (QPEK-C) (Figure 27c),
quaternized poly(ether imide) (QPEI) (Figure 27d), quaternized
poly(arylene ether sulfone) jonomers containing fluorenyl
groups, and quaternized polyphthalazione ether sulfone)
(QPPES) (Figure 27f) membranes have also been explored, but
no exciting results have been obtained.”**~7%

Wu and co-workers have developed a series of AEMs
obtainable by a convenient and effective method and based
on chloroacetylated PPO with bromomethylated PPO
(Figure 27g). An intercross-linking structure is formed in the
final AEMs, and most of them have IEC values exceeding
1.5 mmol g~'. Their toughness, mechanical properties, and
thermal stabilities are remarkably enhanced by the cross-linked
structures. Furthermore, low methanol permeability (1.35 X
1077 to 1.46 X 1077 cm® s™") and comparatively high hydroxyl
conductivity (2.2 X 107> to 3.2 X 1072 S cm™ at 25 °C) are
achieved. These results indicate a good prospect for use of these
AEMs in low-temperature alkaline DMFC applications.”®””%®

Pan and co-workers developed a self-cross-linked quaternary
ammonia polysulfone AEM by substituting a part of the
quaternary ammonium group with a tertiary amino group. The
resultant AEM displays excellent dimensional stability and a
hydroxyl conductivity of 4.3 X 107> S cm™" at 90 °C. More
importantly, it shows no sign of degradation after immersion in
90 °C water for 500 h.””° Lin and co-workers prepared AEMs
based on alkaline imidazolium-type ionic liquids (Figure 27h)
that maintain hydroxide conductivity above 107> S cm™ at
30 °C, even after immersion in 1 M KOH solution at 60 °C for
400 h, and thus also showing excellent chemical stability.””

It can be deduced from these published papers that very few
AEMs display hydroxide ion conductivities exceeding 107> S
cm™ at room temperature, in contrast to PEMs. Besides the
relatively weak basicity of quaternary ammonium functional
groups and the inherent low mobility of hydroxyl anions, the
morphology and water-binding properties of AEMs also play a
considerablely important role in this result. The AEMs have a
greater self-diffusion coefficient for water and a lower water
binding, but a lower ionic conductivity than acidic PEMs with
similar IEC because the AEMs lack a percolated ionic mor-
phology formed by phase-separated domains. This lack arises
from the generally used postamination process that prevents
formation of ionic clusters.””*””*

6.2. Binding Materials for MEAs of AEMFC

Some attractive efforts have been made in binding materials
used for MEAs of AEMs. Valade and co-workers partially re-
place the anions of a water-soluble commercially available
poly(diallyldimethylammonium chloride) [poly(DADMAC)]
by fluorinated bistrifluoromethanesulfonimide (TFSI™) anions
followed by OH™ exchange for the remaining CI™ anions in
poly(DADMAC). The resulting materials (Figure 28a) with
IEC up to 0.7 mmol g~" are soluble in DMSO but insoluble in
water. When used in a MEA as a binder, encouraging improve-
ments in the performance of the AEMFC (with a 50% increase
of the open circuit voltage, a 580% in current density, and a
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Figure 28. Chemical structures of two ionomers used for binders: a”’®

and b.7%

540% in accessible power) are obtained. However, the material
only displays a hydroxyl conductivity of 107> S cm™, which will
limit steady operation of the AEMFC under high current
density.””

Gu and co-workers presented an exciting result about a
hydroxide-conductive ionomer that can be used as a binder in
MEAs of AEMFCs. They synthesized a quaternary phospho-
nium based ionomer, tris(2,4,6-trimethoxyphenyl) polysulfone
methylene quaternary phosphonium hydroxide (TPQPOH,
Figure 28b), which is soluble in low-boiling-point water-soluble
solvents and possesses high hydroxide ion conductivity. The
TPQPOH ionomer with an IEC of 1.09 mmol g~' exhibits a
remarkable hydroxide ion conductivity of 2.7 X 107> S cm™.
Moreover, no decrease of ionic conductivity is observed for
TPQPOH after immersion in either deionized water or 1 M
KOH solution for 30 days, indicating good long-term stability
arising from participation of the 2,4,6-trimethoxyphenyl groups
in conjugation. They are also strong electron donors, which,
along with the conjugation, enhances the stability of the
quaternary phosphonium group. Besides, the high steric bulk of
tris(2,4,6-trimethoxyphenyl) phosphine also protects the core
phosphorus atom and the a-carbon atom against hydroxide
attack. The peak power density of the H,/O, (back-pressure of
2.50 MPa) AEMFC using a commercial AEM and TPQPOH
ionomer as a binder is 3.5 times higher than the one without
TPQPOH ionomer at 50 °C (138 vs 40 mW cm™2), indicating
the more efficient three-phase boundary in the MEA with
TPQPOH.”*> When a 50 ym TPQPOH membrane and
TPQPOH ionomer are used, the AEMFC achieves the peak
power density of 258 mW cm™> at 70 °C under the same con-
ditions, showing good potential of TPQPOH for applications in
AEMFCs.””’

Finally, the concept of a hybrid PEMFC that binds an alkaline
PEM and an acidic PEM in series must be mentioned. This kind
of hybrid PEMFC can work like a self-hydrating PEMFC due
to proton-hydroxide recombination at the junction of two

dx.doi.org/10.1021/cr200035s | Chem. Rev. 2012, 112, 2780—-2832



Chemical Reviews

membranes. Thus, they may offer obvious advantages compared
with the conventional humidified acidic PEM fuel cells because
nonplatinum catalysts can be considered, and self-humidification
can allow operation under low RH or dry conditions.””® When
methanol is used as fuel, the hybrid PEM can effectively suppress
methanol permeability without a large reduction of conductivity
because the proton or hydroxide ion must only move half of the
hybrid PEM thickness to recombine, while the methanol has to
transfer across the full thickness of the hybrid PEM. Although the
current performance of the hybrid PEMFC is still inferior to that
of conventional self-humidified acidic PEM fuel cells due to the
immature AEM, they will show more merits with the advance of
AEM technology.

7. SUMMARY AND OUTLOOK

The PEMs are an important part of fuel cell systems, and the
success of PEMs is able to pave the road toward
commercialization of PEMFCs. From this review, it can be
deduced that the dramatic advance leading to PEMFCs being
cheaper than fossil fuels used by internal combustion engines
(ICEs) has not yet been reported in spite of intense research
efforts toward development of less-expensive and more-efficient
PEMs. The membranes described in this article each show their
own respective unique characteristics, but each one is still far
from perfect. Table 9 briefly compares the advantages,
disadvantages, and applications of these five types of PEMs.

In the foreseeable future, it will be difficult to completely
replace PFSI membranes, especially at temperatures less than
80 °C, because of their excellent oxidative stability and superior
proton conductivity. The PFSI membranes reinforced by filling
pores offer a cost-effective option under this condition.
Radiation-grafted membranes can be prepared in large scale
via established industrial processes, but their durability is still
unacceptable. Hydrocarbon membranes are the main candi-
dates for the replacement of the expensive PFSI membranes.
Aromatic and heteroaromatic hydrocarbon polymer mem-
branes with high IEC do exhibit excellent conductivities in the
fully hydrated state, especially for applications above 80 °C, but
they are often subject to excessive swelling and are very brittle
in the dry state. However, the poly(arylene ether) membrane
with a durability of 10000 h suggests a promising perspective
for alternatives to PFSI membranes. As for the hydrocarbon
polymer membranes with aliphatic main chains, they are only
profitable supplements to PEMs for applications below 80 °C.
The phosphoric acid-doped PBI membrane-based fuel cells are
not good for a pure hydrogen feed, and they provide
performance inferior to that of Nafion-based fuel cells but
provide performance superior to that of Nafion-based fuel cells
above a certain CO level in the gas feed. The AEMs are still not
competitive with acidic PEMs in the present stage or in the
near future, even at low temperatures (i.e., <60 °C), but the
promising binding material casts a new light on the
development of AEMFCs. It is necessary to collect information
on the lifetime and degradation of the AEMs and modified
PEMs under realistic operating conditions.

As far as the future directions for PEM research and deve-
lopments in fuel cell applications are concerned, the competitive
cost of the nonfluorinated acidic ionomer membranes makes them
one of the most important directions for development. One of the
possible approaches for the “future” PEMs is to enhance well-
defined phase separation by properly increasing the length of
blocks or side-chains (e.g,, multiblock copolymers or comb-shaped
copolymers). To improve swelling and durability, it is necessary to

2818

Table 9. Comparison of the Advantages, Disadvantages, and Applications of Five Types of PEM

applications

disadvantages

advantages

PEMs

intolerant to CO in impure H,; expensive; high methanol crossover; prone to low-temperature PEMFC (<80 °C);

excellent chemical and electrochemical stability, superior proton conductivity

perfluorosulfonic

partial modified PFSI membranes up to

120 °C
low-temperature PEMFC and DMFC

dehydrate above 80 °C

acid ionomer
membranes

in PEMFC and DMFC

potential alternatives to PFSI membranes
using impure H,

groups at temperature above 60 °C; low ionic conductivity; lack of universal

intolerant to CO in impure H, or poisonous byproduct in DMFC
binder for MEA; low efficiency

leaching out of H;PO,; corrosion of mechanical stability by Hy;PO, at high  high-temperature PEMFC (120—200 °C)
H;PO, concentrations and high temperatures

unacceptable low durability; intolerant to CO in impure H,

carbon monooxide oxidation, extended selective range of metal catalysts, improved radical

accumulations from other fields, base matrix with good anti-free radical oxidation, low
oxidation stability of hydrocarbon membranes

methanol crossover
thermal and water management systems, operating temperature up to 200 °C

cost
facile electrokinetics in high-pH environment for methanol oxidation, oxygen reduction, and  inherently high thermodynamic voltage loss; unstable quaternary ammonium low-temperature PEMFC (<60 °C)

high tolerance to fuel impurities, enhanced efficiency of the waste heat utilization, simplified

inexpensive commercial base films, reduced film-forming step, abundant experimental
nonfluorinated acid  proton conductivity comparable to Nafion at high water uptake, low methanol crossover, low excessive swelling at high water uptake above 80 °C; inadequate durability;
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attach cross-linkable groups to the “future” PEMs and/or to
reinforce them at the same time.

It is impractical to expect that a single type of membrane can
meet the requirements of all of the automotive, stationary, and
portable fuel cell applications. In such a highly interdisciplinary
field, what is needed are collaborations of experts from various
fields including polymer chemists, physicists, electrochemists,
and process engineers. As a consequence, the educational
community may afford the opportunity for developing more
effective and economical PEMs based on well-studied materials. It
is expected that the useful data and knowledge concerning PEMS
will become much more extensive. If the present fervor for PEM
research continues, a bright prospect for PEMs lies ahead.
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LIST OF SYMBOLS AND ABBREVIATIONS

1VIm 1-vinylimidazole

3-APTES 3-aminopropyl triethoxysilane

3DOM three-dimensionally ordered macropo-
rous

4VP 4-vinylpyridine

ABPBI poly(2,5-benzimidazole)

AEM anion-exchange membranes

AEMEC anion-exchange membrane fuel cell

AESA-Na 2-aminoethanesulfonic acid sodium salt

AMEFC alkaline membrane fuel cell

AMS a-methylstyrene

APTMS 3-aminopropyltrimethoxysilane

ATRP atom transfer radical polymerization

p ratio of proton conductivity to metha-
nol permeability

BA butyl acrylate

BMMT biofunctionalized montmorillonite

BNTDA 4,4'-binaphthyl-1,1',8,8"-tetracarboxylic
dianhydride

BPO benzoyl peroxide

bpy 2,2-bipyridyl

BrTFF 2-bromotetrafluoroethyl trifluorovinyl
ether

cPTFE cross-linked poly(tetrafluoroethylene)

CS chitosan

Cs, Hy, s PWO,, Cs-substituted tungstophosphoric acid
salt

cSMM charged surface-modifying macromole-
cule

DAB 3,3'-diaminobenzidine

DFBP decafluorobiphenyl

DHPZ 4-(4-hydroxyphenyl)-2,3-phthalazin-1-
one

DMEVS dimethylethoxyvinylsilane

DMF N,N-dimethyl formamide

DMEC direct methanol fuel cell

DMSO dimethyl sulfoxide

DS degree of sulfonation
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DVB
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EW
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A
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ion-exchange capacity

isophthalic acid

interpenetrating polymer network
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methylstyrene
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poly[2,2"-(m-phenylene)-S,5"-bibenzi-
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(3-mercaptopropyl)methyldimethoxy-
silane
(3-mercaptopropyl)trimethoxysilane
methanesulfonic acid

multiwalled carbon nanotube

nuclear magnetic resonance
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P(VDF-co-CTFE)

P(VDE-co-HFP)

PVF
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PVOS
PVPA
PWA
QPEK-C
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RTILs
Sc-CO,
SEM
SiO-NH,
Sio,
Si0,-SZ
SIPA
SIWA
SMA
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SPAEK
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SPEEK

poly(ether ether ketone)

polymer electrolyte membrane
polymer electrolyte membrane fuel cell
poly(ethylene oxide)
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perfluorosulfonic acid ionomer
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