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Glossary

Combined Heat and Power (CHP): Stationary
fuel cell devices that are used to produce both
heat and electricity. High temperature PBI fuel
cell membranes are well suited for this
application.

Conventional Imbibing: The original process of
impregnating polymer membranes with dop-
ants. The precast, fully dense membranes are
placed in baths of dopants and allowed to absorb
the dopant which assists in proton conductivity.

Membrane Electrode Assembly (MEA): A
device that is comprised of a PEM that is
sandwiched between two electrodes.

Polybenzimidazoles (PBIs): A class of poly-
mers recognized for their excellent thermal

and chemical stability, PBIs have historically
been spun into fibers and woven into thermal
protective clothing. In the past decade, PBIs
have been cast into membranes and incorpo-
rated into fuel cells.

Polymer Electrolyte Membrane (PEM): Also
referred to as Proton Exchange Membranes,
PEMs are semi-permeable membranes that con-
duct and transport protons while preventing the
transmission of gases and electrons.

PPA Process: A recently developed imbibing
process, PBIs are polymerized and cast in a
polyphosphoric acid solvent. Under controlled
hydrolysis conditions, Polyphosphoric acid, a
good solvent for PBI, is converted into phos-
phoric acid, a poor solvent for PBI.
A mechanically stable PBI gel membrane that
is highly doped with phosphoric acid is pro-
duced by means of a sol-to-gel transition.

Proton Conductivity: A measure of how well a
material can transfer protons. In fuel cell tech-
nology, it is used to gauge the viability of
proton exchange membranes.

Definition of the Subject

After approximately 15 years of development,
polybenzimidazole (PBI) chemistries and the con-
comitant manufacturing processes have evolved
into commercially produced membrane electrode
assemblies (MEAs). PBI MEAs can operate reli-
ably without complex water humidification hard-
ware and are able to run at elevated temperatures
of 120–180

�
C due to the physical and chemical

robustness of PBI membranes. These higher tem-
peratures improve the electrode kinetics and con-
ductivity of the MEAs, simplify the water and
thermal management of the systems, and signifi-
cantly increase their tolerance to fuel impurities.
Membranes cast by a newly developed poly-
phosphoric acid (PPA) process possessed excel-
lent mechanical properties, higher phosphoric
acid (PA)/PBI ratios, and enhanced proton con-
ductivities as compared to previous methods of
membrane preparation. The p-PBI and m-PBI are
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the most common polymers in PBI-based fuel cell
systems, although AB-PBI and other derivatives
have been investigated. This chapter reports on
the chemistries and sustainable usages of PBI-
based high temperature proton exchange mem-
brane fuel cells (PEMFCs).

Introduction to Polybenzimidazole Fuel
Cell Sustainability

Alternative energy is often defined as any energy
derived from sources other than fossil fuels or
nuclear fission. These alternative energy sources,
which include solar, wind, hydro, and geothermal
energy, are considered renewable because they are
naturally replenished and their supply is seem-
ingly limitless. In contrast, the Earth’s supply of
fossil fuels is constantly being diminished. Fossil
fuels, which include crude oil, coal, and natural
gas, continue to be the dominating sources of
energy in the world (Fig. 1). Fossil fuels provide
more than 86% of the total energy consumed
globally [1, 2]. In 2009, the electrical power sector
was the largest source of carbon dioxide emis-
sions (40% of all energy-related CO2 emissions)
and was followed closely by the transportation
sector which was (34% of the total) [3]. It is
predicted that the global demand for fossil fuels
will continue to increase over the next
10–20 years due to economic growth. One may
conclude that the importance of renewable energy
will steadily increase as the Earth’s supply of
fossil fuels continues to be depleted.

Polymer electrolyte membrane (PEM) fuel
cells, also known as proton exchange membrane
fuel cells (PEMFCs), are energy conversion
devices that could provide the world with clean
and efficient energy. Due to their excellent energy
production, inexpensive starting materials, and
lack of pollutant byproducts, these cells have
exponentially gained in popularity over the past
decade. Electricity is produced at the heart of the
fuel cell by the membrane electrode assembly
(MEA), a component that is comprised of a proton
exchange membrane sandwiched between two
electrodes. Fueled by a hydrogen-based source, a
metal catalyst at the anode splits the hydrogen into

protons and electrons. As the protons are trans-
ported through the proton electrolyte membrane
to the cathode, the electrons provide electrical
work by traveling around the membrane through
an external circuit from the anode to the cathode.
The protons and electrons react with an oxidant
(typically air or pure oxygen) at the cathode to
form water, thereby completing the electrochem-
ical cycle. Hydrogen gas is commonly used as a
fuel source for the cells, but other fuels such as
methane, methanol, and ethanol have been
explored.

PEM fuel cells provide multiple advantages
over conventional fossil fuel energy production.
Because water is the only byproduct of the elec-
trochemical process, these fuel cells are clean
and environmentally friendly. If one considers
the tremendous amount of carbon dioxide cre-
ated by energy production on the global scale
(Fig. 2), PEM fuel cells offer a method to signif-
icantly reduce hazardous gas emissions. Minimal
moving parts reduces the amount of maintenance
of each cell, and the lack of combustion signifi-
cantly decreases the amount of harmful pollut-
ants such as sulfur oxides and nitrogen oxides. In
addition, PEM fuel cells are much more efficient
at producing energy (this is discussed in detail in
section “PBI/PA Fuel Cell Systems and Their
Applications”), and much like a combustion
engine, the cell can run continuously as long as
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Polybenzimidazole Fuel Cell Technology: Theory,
Performance, and Applications, Fig. 1 World net elec-
tricity production by source, 2012–2040 (trillion kilowatt
hours) [1]
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fuel and oxidant are provided. Although fuel
cells are an environmentally friendly energy con-
version device, one must consider the way
hydrogen is gathered. Both hydrogen production
and conversion from chemical to electrical
energy need to be sustainable to make the overall
process sustainable. Hydrogen production, how-
ever, will only briefly be discussed in this
chapter.

The efficiency of a PEM fuel cell is largely
dependent on the materials used and their
arrangement in the cell. Fuel cells use an array
of different catalysts, electrodes, membranes,
and dopants, each of which function under spe-
cific operating conditions. Cells that use low-
boiling dopants, such as water, operate at approx-
imately 60–80

�
C to avoid vaporization of the

proton-transfer agent. Large heat exchangers are
required to ensure the heat generated by the cell
does not vaporize the electrolyte. Consequently,
system complexity is increased as extra compo-
nents and controls are required to ensure that the
membrane remains hydrated during operation.
Moreover, cell operation at such low

temperatures allows trace amounts of reformate
byproducts, especially carbon monoxide, to bind
to the catalyst. These highly-competitive, non-
reversible reactions “poison” the catalyst,
thereby decreasing and possibly terminating the
functionality of the fuel cell. Therefore, low tem-
perature fuel cells require an extremely pure fuel
source.

In contrast to low-temperature cells, high-
temperature PEMs use high-boiling dopants,
such as phosphoric acid and sulfuric acid, and
function at temperatures of 120–200

�
C.Operating

at elevated temperatures alleviates the need for
excessive heat exchangers and at these tempera-
tures fuel pollutants bind reversibly to the catalyst,
which helps to prevent catalyst poisoning. Conse-
quently, high-temperature PEMs can use
reformed gases with much higher levels of impu-
rities and lower reformation costs. Furthermore,
high temperatures typically improve both the elec-
trode kinetics and operating abilities of the cell.
This chapter reports on the chemistries and sus-
tainable usages of PBI-based high temperature
PEMFCs.

Polybenzimidazole Fuel Cell Technology: Theory, Performance, and Applications, Fig. 2 Global production of
carbon dioxide annually from 1990 to 2015 [4]
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History and Technical Information of
Polybenzimidazole Membranes

Polybenzimidazoles (PBIs) are a class of polymers
recognized for their excellent thermal and chemical
stability. PBI is used in multiple applications
including matrix resins, high strength adhesives,
thermal and electrical insulating foams, and ther-
mally resistant fibers. PBI fibers were originally
synthesized in the early 1960s by a cooperative
effort of the United States Air Force Materials
Laboratory with DuPont and the Celanese
Research Company. One of the first PBIs to
bewidely investigatedwas poly(2,20-m-phenylene-
5,50-bibenzimidazole), which is commonly
referred to as m-PBI (Fig. 3). Because m-PBI is
non-flammable, resistant to chemicals, physically
stable at high temperatures, and can be spun into
fibers, this polymer has been used in astronaut
space suits, firefighter’s turnout coats and suits,
and high temperature protective gloves.

Polybenzimidazole membranes are excellent
candidates for high-temperature fuel cells because
of their thermal and chemical stability and proton
conducting ability. The stability of PBIs is attrib-
uted to its aromatic structure (alternating single
and double bonds) and the rigid nature of its bonds
[5]. While the membrane structure allows protons
to flow from one side to the other, it acts as a
barrier to the crossover of gases and electrons.
The chemical stability of PBIs allows the mem-
branes to withstand the chemically reactive envi-
ronments of the anode and cathode. Furthermore,
the basic nature of the polymer allows it to be
highly doped with phosphoric or sulfuric acid.
The dopants interact with the polymer matrix
and provide a network through which protons
can be transported. These acids are used as elec-
trolytes because of their high conductivity, ther-
mal stability, and enhanced proton-transport
capabilities. It is important to note that the proton
conductivity of PBI membranes without a dopant
is negligible. For liquid phosphoric acid, the pro-
ton jump rate is orders of magnitude larger than
the diffusion of the phosphoric acid molecule as a
whole [6]. Additionally, it has been reported that
both protons and phosphate moieties have a sub-
stantially decreased diffusion coefficient when

blended with basic polymers as opposed to liquid
phosphoric acid [7]. Therefore, a heterogeneous,
two-phase system in which the PBI membrane is
phase-separated and imbibed with phosphoric
acid has a higher conductivity than its homoge-
neous counterpart [8]. More recently, Kreuer et al.
demonstrated that the interaction of phosphoric
acid and PBI reduces the hydrogen bond network
frustration, which in turn reduces phosphoric
acid’s very high acidity and hygroscopicity;
reducing electroosmotic drag as well. They sug-
gest this to be a reason why, in fuel cells, PBI-
phosphoric acid membranes perform better than
other phosphoric acid containing electrolytes with
higher protonic conductivity [9]. As evidence of
the growing attention in this area, a book on high
temperature PEM fuel cells has recently been
released [10].

Synthesis of Polybenzimidazoles
One of the first PBI membranes investigated
for fuel cell use was poly(2,20-m-phenylene-5,50-
bibenzimidazole) (m-PBI). At the time, there was
a vast amount of research previously reported on
m-PBI and it was renowned for its
excellent thermal and mechanical properties
[6]. The polymer is synthesized by the reaction
of 3,30,4,40-tetraaminobiphenyl (TAB) with
diphenylisophthalate (DPIP) during a melt/solid
polymerization (Scheme 1). The resulting poly-
mer is extracted and has an inherent viscosity
(IVs) between 0.5 and 0.8 dL g�1, which
corresponds to a polymer with low to moderate
molecular weight. The m-PBI is further
purified by dissolving it in a solution of N,
N-dimethylacetamide and lithium chloride
(DMAc/LiCl) under 60–100 psi and 250

�
C and

then filtering; this step removes any crosslinked
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Polybenzimidazole Fuel Cell Technology: Theory,
Performance, and Applications, Fig. 3 Chemical
structure of poly(2,20-m-phenylene-5,50-bibenzimidazole)
(m-PBI)
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m-PBI. The polymer is then cast as a film and
dried at 140

�
C under vacuum to evaporate the

solvent. The m-PBI membrane is washed in boil-
ing water to remove any residual DMAc/LiCl
solution trapped in the polymer matrix. After the
polymer has been dried, an acid bath is used to
dope the membrane; the doping level of the mem-
brane can be partially controlled by varying the
concentration of acid in the bath. Originally, this
conventionally imbibed process created mem-
branes with molar ratios of phosphoric acid/poly-
mer repeat unit (PA/PRU) approximately 6–10
[11]. A “direct acid casting” (DAC) technique
was later developed to allow the PBI membrane
to retain more PA [12]. Both the conventional
imbibing process and DAC were developed fol-
lowing the research performed by Jean-Claude
Lasegues, who was one of the first scientists that
investigated basic polymeric acid systems
(a summary of his work is reviewed in reference
[13]). The DAC technique consists of extracting
low molecular weight PBI components from PBI
powder, and then dissolving the high molecular
weight PBI components in trifluoroacetic acid
(TFA). Phosphoric acid is added to the TFA/PBI
mixture, which is then cast onto glass plates with a
casting blade. One may tune the doping level of
the polymer by adjusting the amount of phospho-
ric acid that is added to the TFA/PBI mixture.
However, as one increases the PA doping level
of a DAC PBI membrane, its mechanical strength
decreases to the point where it can no longer be
used in a fuel cell. Modern imbibing processes can
increase the PA/PBI ratio to 12–16, and these fuel
cell membranes are reported to have proton con-
ductivities as high as 0.08 S cm�1 at 150

�
C at

various humidities.
A novel synthetic process for producing high

molecular weight PBIs, the “PPA Process” was
developed at Rensselaer Polytechnic Institute
with cooperation from BASF Fuel Cell GmbH.
This process has previously been discussed by
Xiao et al. [14] The general synthesis of PBI by
this method requires the combination of a tetra-
amine with a dicarboxylic acid in polyphosphoric
acid (PPA) in a dry environment. The step-growth
polycondensation reaction typically occurs
ca. 200

�
C for 16–24 h in a nitrogen atmosphere,

producing high molecular weight polymer. This
solution is cast directly from PPA as a thin film on
a substrate, and upon absorption of water, the PPA
hydrolyzes in situ to form phosphoric acid. Note
that PPA is a good solvent for PBI while PA is a
poor solvent. Under controlled hydrolysis condi-
tions, a mechanically stable PBI gel membrane
that is highly doped with phosphoric acid is pro-
duced. The multiple physical and chemical trans-
formations that explain the solution-to-gel phase
transition are summarized in Fig. 4.

The PA doped m-PBI fuel cell membrane
maintains thermal and physical stability while
operating at high temperature. To illuminate the
fundamental differences in polymer film architec-
ture, polymers with similar physical characteris-
tics were prepared by the conventional and PPA
Process (Table 1). Even though the ratio of phos-
phoric acid-to-polymer repeat unit (PA/PRU)
achieved by both processes were nearly identical,
the PPA Process produces membranes with much
higher proton diffusion coefficients and conduc-
tivities. One can conclude that the PPA Process
creates a membrane with a proton transport archi-
tecture superior to that of the conventionally
imbibed PBI membrane. The higher proton diffu-
sion coefficients of the membranes produced by
the PPA process versus conventionally imbibed
membranes were confirmed by NMR [15]. In
addition, inherent viscosity data indicates that
the PPA Process produces polymers of much
higher molecular weight [14]. It was subsequently
shown that improved membrane morphology and
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Polybenzimidazole Fuel Cell Technology: Theory,
Performance, and Applications, Scheme 1 Polymeri-
zation of 3,30,4,40-tetraaminobiphenyl (a) and
diphenylisophthalate (b) to form m-PBI
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increased molecular weight allow the polymer to
retain much more phosphoric acid than tradition-
ally cast PBI membranes. An increased PA doping
level typically improves the conductivity of the
membrane and may even increase the perfor-
mance of the cell.

Properties and Performance of Synthetically
Modified PBI
In this chapter the synthesis of significant PBI
membranes (Fig. 5) and their use in fuel cells are
described. Synthetically modified PBIs are inves-
tigated for enhanced thermo-oxidative stability,
solubility, and flexibility; these attributes allow
for improved process ability and production of
membranes with good chemical and mechanical
properties. All PBI membranes are produced by
means of step-growth polycondensation reactions
and are generally imbibed by either the conven-
tional technique or made by the PPA Process. To
synthesize modified polymers, one may either

polymerize modified monomers or use post-
polymerization crosslinking or substitution reac-
tions. The following sections briefly detail the
syntheses of PBI derivatives and their perfor-
mances as fuel cell membranes.

m-PBI
One of the first PBI membranes investigated for
fuel cell use was m-PBI (Fig. 5a). As previously
discussed, the film can be processed by using
either the conventional imbibing method or the
PPA Process. Using the conventional imbibing
method, the inherent viscosity of the membrane
is usually between 0.50 and 1.00 dL g�1 at 30

�
C,

which indicates polymers of moderate molecular
weight. In contrast, m-PBI membranes synthe-
sized and doped via the PPA Process have inher-
ent viscosities of approximately 1.00–2.35 dL g�1

at 30
�
C, which corresponds to higher molecular

weight polymers [11]. Using the PPA process,
higher molecular weight polymers have contrib-
uted to higher doping levels. Phosphoric acid
doping levels for conventionally prepared m-PBI
ranged from 6 to 10 moles PA/PRU, whereas the
doping levels for polymer films prepared via the
PPA Process range from 14 to 26 moles PA/PRU
[5]. Trends show that the mechanical stability of
conventionally prepared membranes decrease as
the doping level increases and/or as the molecular
weight of the polymer decreases. The doping
level, casting technique, temperature, and humid-
ity all influence the conductivity of am-PBI mem-
brane. Under various humidities, conventionally
prepared m-PBI membranes have been reported
having conductivities in the range of 0.04–0.08 S

Polybenzimidazole Fuel Cell Technology: Theory,
Performance, and Applications, Fig. 4 State diagram
of the PPA sol-gel process [14]

Polybenzimidazole Fuel Cell Technology: Theory, Performance, and Applications, Table 1 Comparison of
conventionally imbibed m-PBI vs. m-PBI synthesized from the PPA process [16]

IVa

(dl g�1) Film process
Polymer
(wt%)

PA
(wt
%)

Water
(wt%)

PA/PBI
(molar
ratio)

Proton diffusion
coefficientb (cm2 s�1)

Conductivityc

(S cm�1)

0.89 Conventionally
imbibed

15.6 60.7 23.7 12.2 10�7 0.048

1.49 PPA process 14.4 63.3 22.3 13.8 3 � 10�6 0.13
a Inherent viscosity (IV) was measured at a polymer concentration of 0.2 g dl�1 in concentrated sulfuric acid (96%) at
30 �C, using a Canon Ubbelohde viscometer
b Estimation of upper bound for conventionally imbibed m-PBI at 180 �C; PPA-prepared m-PBI measured at 180 �C
c Measured at 160 �C after an initial heating to 160 �C to remove water
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cm�1 [17]. Using the PPA Process, the conductiv-
ity values of m-PBI membranes are typically
higher than that of the conventionally imbibed
process. One study reported [18] m-PBI mem-
branes formed by the PPA process as having a
conductivity of 0.13 S cm�1 at 160

�
C under

nonhumidified conditions.
Phosphoric acid doped m-PBI membranes that

have been formed by the conventional imbibing
method have been extensively studied for use in
fuel cells. Li et al. [19] demonstrated that a mem-
brane with 6.2 PA/PRU doping level obtains a
current density of approximately 0.7 A cm�2 at
0.6 V using hydrogen and oxygen gases; these
results were promising because the gases were
not humidified. Zhai et al. [20] studied the degra-
dation mechanisms of the PA/m-PBI system by
continuously operating it at 0.640 A cm�2 at
150

�
C with unhumidified hydrogen and oxygen

for 550 h; the fuel cell was operated intermittently
the last 50 h with shutoffs every 12 h. The voltage
increased from 0.57 to 0.66 V during the begin-
ning 90-h activation period, and the following
450 h period showed a steady decrease to

0.58 V. The performance of the system rapidly
decreased in the following 10 h due to agglomer-
ation of the platinum from the catalyst, leaching of
the phosphoric acid, and hydrogen crossover.
Kongstein et al. [21] employed use of a dual
layer electrode to prevent the oxidation of carbon
in the polymer membrane, which can occur in
acidic environments at high voltages. This elec-
trode would improve the structural integrity of the
polymer and help prevent hydrogen crossover
from occurring. The PA/m-PBI membrane had a
maximum of 0.6 Vat 0.6 A cm�2 with a maximum
power density of 0.83 W cm�2 at 0.4 V. These
performances were lower than that of other PEM
systems, such as Nafion, but were still impressive
because they could be run at much higher
temperatures.

Poly(2,5-polybenzimidazole): AB-PBI

Commonly referred to as AB-PBI, poly(2,5-poly-
benzimidazole) has a much simpler structure than
that of m-PBI and other polybenzimidizoles
(Fig. 5b). Whereas m-PBI is synthesized from

Polybenzimidazole Fuel Cell Technology: Theory,
Performance, and Applications, Fig. 5 Various syn-
thetically modified polybenzimidazoles for use in fuel
cells. (a) m-PBI, (b) AB-PBI, (c) p-PBI, (d) py-PBI, (e)

s-PBI, (f) s-PBI/p-PBI segmented block copolymer, (g)
6F-PBI, (h) 2OH-PBI, (i) m-SPBI / p-PBI segmented
block copolymer

Polybenzimidazole Fuel Cell Technology: Theory, Performance, and Applications 483



3,30,4,40-tetraaminobiphenyl and DPIP, AB-PBI
is polymerized from a single monomer,
3,4-diaminobenzoic acid (DABA). This monomer
is commercially available and is less expensive
than the starting materials of m-PBI. The polymer
membrane can be cast and imbibed with phospho-
ric acid by the conventional imbibing method in a
mixture of methanesulfonic acid (MSA) and
phosphorous pentoxide (P2O5) [22] or DMAc. It
can also be cast by direct acid casting using tri-
fluoroacetic acid (TFA) [12, 17] or by the PPA
Process [12, 23–25] . AB-PBI membranes pre-
pared by the conventional imbibing method had
IV values around 2.0–2.5 dL g�1 as reported by
Asensio et al. [25] and 6–8 dL g�1 by Litt et al.
[17] Polymers produced from recrystallized
DABA by the PPA Process have IV values greater
than 10 dL g�1 [26]; however, membranes of
AB-PBI could not be easily formed via the PPA
Process because of the polymer’s high solubility
in acids.

Because AB-PBI has a high concentration of
basic sites (amine and imine groups), it has a high
solubility and affinity to acids. Due to this affinity,
it can be doped with phosphoric acid and
sulfonated with sulfuric acid. Sulfonation of
AB-PBI (sAB-PBI) is performed by soaking the
precast polymer in sulfuric acid followed by
treating the mixture with heat. Asensio et al. [25]
reported sAB-PBI/PA membranes having an
enhanced conductivity over that of AB-PBI/PA
and to be both mechanically strong and thermally
stable. Using the direct casting method from
MSA-P2O5, Kim et al. [22] produced AB-PBI/
PA membranes with conductivities similar that
of Asensio, having values ranging from
0.02–0.06 S cm�1 at 110

�
C with no humidifica-

tion. The conductivity values and physical-
chemical properties resemble that of m-PBI, mak-
ing it a good candidate for fuel cell use.

Yu [27] synthesized p-PBI-block-AB-PBI
membranes to lower the membrane’s solubility
in acids while maintaining a high acid doping
level. Different molar ratios of each polymer
block were synthesized, and their conductivities
and acid doping levels were investigated. As
detailed in Table 2, the proton conductivities of
the segmented block copolymers were enhanced

by an order of magnitude over that of native
AB-PBI. Stress-strain studies showed that these
block copolymers were strong enough to be used
in fuel cell tests. Polarization curves (Fig. 6) of
these membranes illustrate that copolymers II, III,
and IV have excellent fuel cell properties
(approximately 0.6 Vat 0.2 A cm�2); polarization
curves for copolymer V and VI could not be
measured due to poor thermal stability of the
membrane (re-dissolution) at 160

�
C.

Poly(2,20-(1,4-phenylene)5,50-bibenzimidazole):
p-PBI
Poly(2,20-(1,4-phenylene)5,50-bibenzimidazole)
(p-PBI, Fig. 5c) is one of the highest performing
PBI membranes for high-temperature fuel cell
use. Due to the rigid nature of p-PBI, high molec-
ular weight polymers have typically been difficult
to fabricate or process. The first reported high
molecular weight p-PBI with an IV value of
4.2 dL g�1 was synthesized in 1974 by the United
States Air Force Materials Laboratory
[28]. Because it could not be spun into fibers as
easily as m-PBI, p-PBI was not investigated fur-
ther until after the turn of the century. Using the
PPA Process, Xiao et al. [16] and Yu et al. [29]
synthesized high molecular weight p-PBI with IV
values as high as 3.8 dL g�1. The PA doping level
of the corresponding polymer membranes was
>30 mol PA/PRU, allowing the membrane to
achieve a conductivity of 0.24 S cm�1 at
160

�
C. Xiao and Yu showed that p-PBI mem-

brane achieves a much higher acid doping level
and conductivity than that of m-PBI, which only
achieves a doping level of 13–16 mol PA/PRU
with a conductivity of 0.1–0.13 S cm�1. Because
p-PBI had excellent mechanical properties at this
high doping level, it was a prime candidate for
fuel cell performance tests.

The polarization curves of an MEA using
p-PBI produced by the PPA Process at various
temperatures are shown in Fig. 7. Hydrogen was
used as the fuel and air was used as the oxidant.
The p-PBI outperformed the m-PBI at all temper-
atures, and the performance of the MEA increased
as the temperature increased. Using a load of
0.2 A cm�2, the cell was able to produce a voltage
of 0.606 Vat 120

�
C; upon raising the temperature

484 Polybenzimidazole Fuel Cell Technology: Theory, Performance, and Applications



to 180
�
C, the voltage increased to 0.663 V. This

was especially promising because the gases were
unhumidified.

Pyridine-PBI
Pyridine polybenzimidazoles (py-PBIs, Fig. 5d)
have been investigated for their use in fuel cells
because of their high concentration of basic sites
(amine and imine groups). Similar to AB-PBI, the
high concentration of basic sites allow these poly-
mers to have a high affinity to acids. The pyridine
moiety is commonly combined with the tradi-
tional PBI structure by including it as part of the
backbone structure.

Xiao et al. synthesized an array of py-PBIs
that have the pyridine moiety as part of the
polymer backbone [14, 30, 31]. These polymers
were synthesized by a reaction of 2,4-, 2,5-, 2,6-,
or 3,5-pyridine dicarboxylic acid with

3,30,4,40-tetraaminobiphenyl (TAB) using the
PPA Process. Exceedingly pure monomers were
required to polymerize the py-PBIs, and IV
values of 1.0–2.5 dL g�1 were obtained. The
2,4- and 2,5-py-PBI membranes formed
mechanically strong films, whereas the 2,6-py-
PBI membrane was mechanically weak and the
3,5-py-PBI was unable to form films due to high
solubility in PPA. All of the py-PBI structures
were thermally stable in both nitrogen and air in
temperatures up to 420

�
C. The 2,5- and 2,6-py-

PBI were reported as having conductivities of
0.2 S cm�1 and 0.1 S cm�1 at 160–200

�
C,

respectively. The 2,5-py-PBI was found to have
the most mechanically robust structure. It was
hypothesized that the enhancement of mechani-
cal properties was due to its para-orientation as
opposed to the other py-PBIs having a meta-
orientation. In addition, the doping level of

Polybenzimidazole Fuel Cell Technology: Theory, Performance, and Applications, Table 2 Percent composi-
tion, acid doping level, and proton conductivity data for various p-PBI-block-AB-PBI membranes [27]

Para-PBI/AB-PBI
(mole ratio, x/y)

Acid doping level (PA/2
benzimidazole)

Proton conductivity
(S/cm @ 160 �C)

Membrane composition (%)

Polymer H3PO4 Water

I 100/0 42.9 0.25 4.13 60.38 35.11

II 75/25 19.1 0.25 8.68 58.09 33.22

III 50/50 24.1 0.27 6.59 54.53 38.88

IV 25/75 21.8 0.23 7.79 63.31 28.90

V 10/90 17.3 0.15 8.84 63.23 27.94

VI 0/100 N/A N/A

Polybenzimidazole Fuel
Cell Technology: Theory,
Performance, and
Applications,
Fig. 6 Polarization curves
(filled symbols) and power
density curves (unfilled
symbols) of p-PBI
(Polymer I, ■ □) and
p-PBI-block-AB-PBI
membranes (75/25,
Polymer II, ●○, 50/50
Polymer III, ~D, 25/75,
Polymer IV, ♦◊) at 160

�
C

with H2 (1.2 stoic)/Air (2.0
stoic) under atmospheric
pressure [27]
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2,5-py-PBI averaged 20 mol of phosphoric acid
per polymer repeat unit. Because PPA processed
2,5-py-PBI was an extremely good candidate for
fuel cell testing, polarization tests of the MEA
were performed (Fig. 8). The platinum loading
on the anode and cathode was 1.0 mg cm�2 with
30% Pt in Vulcan XC-72 carbon black. The
active area for the MEA was 10 cm2. The mem-
branes used nonhumidified H2/O2 and higher
temperatures improved the performances of
2,5-py-PBI MEA.

There have been studies indicating that blends
of PBI polymers with pyridine-containing poly-
mers could prove useful in a high-temperature
PEM fuel cell. Kallitsis et al. [33] combined
commercially supplied m-PBI with an aromatic
polyether that contained a pyridine moiety in the
main chain (PPyPO); these polymer blends were
then soaked in 85% wt PA. Dynamic mechanical
analysis of a 75/25 PBI/PPyPO block copolymer
showed reasonable mechanical strength and
flexibility. The conductivity of this copolymer
was not reported, but the conductivity of 85/15
PBI/PPyPO block copolymer was 0.013 S cm�1

at a relatively low PA doping level. Further
investigation of these systems is required to
prove its utility as a fuel cell membrane.

Sulfonated PBI
Sulfonated aromatic polymers have been widely
investigated [34–44] for fuel cell use due to their
enhanced physical and chemical robustness, acid
and water retention, and conductivity over that of
Nafion and other perfluorosulfonic acid-type
polymers. Thus, due to the enhanced properties
of PBI, it was logical to investigate the physical
and chemical properties of sulfonated PBI (s-PBI)
membranes. Sulfonation of PBI typically occurs
by either direct sulfonation of the polymer back-
bone [25, 45, 46], grafting sulfonated moieties
onto the backbone [25, 47], or by a polyconden-
sation reaction that bonds aromatic tetra-amines to
sulfonated aromatic diacids [48–51]. Compared to
other sulfonation methods, polycondensation
reactions provide more control over the degree
of sulfonation.

Mader investigated the physical and chemical
properties of s-PBI with PA as the dopant (Fig. 5e)
[50]. The polymer was synthesized by two differ-
ent synthetic pathways; the first was a direct poly-
condensation reaction of 2-sulfoterephthalic acid
(s-TPA) and TAB using the PPA Process, and the
second was a postsulfonation reaction of p-PBI
using concentrated sulfuric acid. The IV values
for the polymer membranes derived from the
polycondensation reaction ranged from 1 to 2 dL
g�1; these polymers had sufficiently high molec-
ular weights to allow strong films to be cast. In
addition, these polymer membranes could achieve
doping levels between 28 and 53 mol PA/PRU,
which resulted in significantly high conductivity
values (all above 0.1 S cm�1 at all temperatures
between 100

�
C and 200

�
C).

Based on the preliminary data, s-PBI
polymer membranes were excellent candidates
for fuel cell tests. Polarization tests were run
using an s-PBI membrane with an IV value
of 1.71 dL g�1, a PA doping level of 52.33 mol
PA/PRU, and a conductivity of 0.248 S cm�1;
the results are depicted in Fig. 9. The s-PBI
membrane exhibited its highest performance at
160

�
C, producing 0.6788 V at a current

density of 0.2 A cm�2. This performance com-
pares well to that of other PBIs produced by the
PPA Process, which is typically around
0.6–0.7 V at 0.2 A cm�2.

Polybenzimidazole Fuel Cell Technology: Theory,
Performance, and Applications, Fig. 7 Polarization
curves of PPA-processed p-PBI MEA using hydrogen/air
at 120

�
C (squares), 140

�
C (circles), 160

�
C (triangles),

and 180
�
C (stars). Open squares represent DMAc cast

m-PBI MEA at 150
�
C [29]
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The s-PBI homopolymer was shown to have
both excellent resistance to gas impurities and
excellent longevity. A reformate gas composed
of 70% hydrogen, 28% carbon dioxide, and 2%
carbon monoxide was used as the fuel while air
was used as the oxidant. As depicted in Fig. 10,
the fuel cell performance increased with increas-
ing temperature; this is explained by the retarda-
tion of carbon monoxide poisoning that occurs at
high temperatures. The performance loss of s-PBI
MEAwas measured by holding the MEA at 0.2 A
cm�2 at 160

�
C for 1200 h using H2/O2. After

reaching stabilization at the 343rd h, the MEA had
a voltage loss of 0.024 mV hr�1 for the remainder
of the test.

Mader also investigated s-PBI/p-PBI random
copolymers (Fig. 5f) for use in fuel cells [51]. The
random copolymer was synthesized by reacting
TAB, TPA, and s-TPA in a reaction flask and the
membrane was cast via the PPA Process. High
molecular weight polymers were achieved with
IV values exceeding 1.8 dL g�1; this allowed for
mechanically strong films to be cast. As the ratio
of s-PBI/p-PBI decreased, the molecular weight
of the polymer proportionally increased. Higher
PA loading was seen at lower s-PBI/p-PBI ratios,
which almost directly corresponded to the

conductivity of the membranes. The 75/25
s-PBI/p-PBI membrane had a PA loading value
of 20.32 mol PA/PBI and a conductivity of
0.157 S cm�1, whereas the 25/75 s-PBI/p-PBI
membrane had a PA loading value of 40.69 mol
PA/PBI and a conductivity of 0.291 S cm�1.

Fuel cell performance tests were conducted on
the random copolymers. Even though the 25/75
s-PBI/p-PBI random copolymer had a higher con-
ductivity than that of p-PBI homopolymer, it was
found that all of the random copolymers showed
lower performance than p-PBI. The 50/50 and
75/25 s-PBI/p-PBI random copolymers had lower
performance than the s-PBI homopolymer at all PA
doping levels. However, the 25/75 s-PBI/p-PBI
random copolymer performed comparably to the
s-PBI homopolymer at equivalent PA doping
levels.

PBI-Inorganic Composites
For conventionally prepared PBI membranes, as
the acid doping levels of PBIs increase, the con-
ductivity and overall performance of the PBI
membranes also tend to increase. However, as
high acid doping levels are reached for PBI mem-
branes, the mechanical strength of the membrane
significantly decreases. Inorganic fillers for PBI

Polybenzimidazole Fuel
Cell Technology: Theory,
Performance, and
Applications,
Fig. 8 Polarization curves
under hydrogen and oxygen
gases at various
temperatures of PA-doped
2,5-py-PBI membranes [32]
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membranes have been investigated to improve
membrane film strength, thermal stability, water
and acid uptake, and conductivity. These compos-
ite membranes have only been examined using
m-PBI and the conventional casting method.

He et al. investigated the use of zirconium phos-
phate (ZrP) in a PA/PBI system [52]. The conduc-
tivity of m-PBI with a doping level of 5.6 PA/PRU
increased from 0.068 S cm�1 to 0.096 S cm�1 with
the addition of 15 wt % ZrP at 200

�
C and at 5%

relative humidity. As seen in Fig. 11, the conduc-
tivity of the membrane increased as the relative
humidity and temperature of its environment
increased. Conductivities of other inorganic fillers,
such as phosphotungstic acid, silicotungstic acid,
and tricarboxylbutylphosphonate, are comparable
or lower than that of ZrP. Unfortunately, there have
been no fuel cell performance tests published on
these systems. Overall, these inorganic fillers
improved the conductivity of m-PBI membranes.

Polybenzimidazole Fuel
Cell Technology: Theory,
Performance, and
Applications,
Fig. 9 Polarization curves
(filled symbols) and power
density curves (unfilled
symbols) of s-PBI using (a)
hydrogen and oxygen and
(b) hydrogen and air [50]
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Other Modified PBIs
Multitudes of other organically modified PBI
membranes exist that include, but are not limited
to, fluorinated PBI, ionically and covalently
crosslinked PBI, PBI blends, and a wide variety
of PBI copolymers. Because there are far too
many to describe, this subsection will highlight
select PBI membranes that have not been included
in the prior subsections.

Qian et al. investigated the use of
hexafluoroisopropylidene-containing poly-
benzimidazole (6F-PBI, Fig. 5g) in fuel cell
[53]. The polymer was synthesized via the PPA

Process through the reaction of TAB with 2,2-Bis
(4-carboxyphenyl) hexafluoropropane in PPA.
High molecular weight polymer with an IV
value of 0.98 dL g�1 was achieved. Although
the PA doping level of 6F-PBI was considerably
high (30–40 mol PA/PRU), the membrane only
achieved a peak conductivity value of 0.09 S
cm�1 at 180 �C. This is lower than that of PPA-
processed p-PBI that achieved approximately
0.25 S cm�1 at 160 �C.

The mechanical strength of 6F-PBI at high PA
doping levels was strong enough to fabricate a
membrane for fuel cell testing. Polarization and
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0.25Polybenzimidazole Fuel
Cell Technology: Theory,
Performance, and
Applications,
Fig. 10 Polarization
curves (filled symbols) and
power density curves
(unfilled symbols) of s-PBI
using reformate and air [50]

Polybenzimidazole Fuel
Cell Technology: Theory,
Performance, and
Applications,
Fig. 11 Conductivity
study of ZrP/m-PBI system
for (a) m-PBI at 140

�
C, (a0)

m-PBI at 200
�
C, (b) 15wt%

ZrP in m-PBI at 140
�
C, (b0)

15wt% ZrP in m-PBI at
200

�
C, (c) 20wt% ZrP in

m-PBI at 140
�
C, and (c0)

20wt% ZrP in m-PBI at
200

�
C [52]
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power density curves of 6F-PBI using hydrogen
and reformate gases as fuel are illustrated in
Fig. 12. Using hydrogen as fuel and air as the
oxidant, the 6F-PBI MEA achieved a steady-
state voltage of 0.58 V at a current density of
0.2 A cm�2. When oxygen was used as the oxi-
dant at the same current density, the steady state
voltage increased to 0.67 V. Additionally, the
MEA showed excellent resistance to carbon mon-
oxide poisoning.When a reformate gas comprised
of 40% hydrogen, 40.8% nitrogen, 19% CO2, and
0.2% CO was used as fuel and air was used as the
oxidant, the CO poisoning effects produced an
approximate 3 mV reduction in voltage. This
study illustrates that low levels of CO poisoning
have little effect on the 6F-PBI MEA operating at
this temperature.

Commonly known as 2OH-PBI (Fig. 5h), poly
(2,20-(dihydroxy-1,4-phenylene)5,50-bibenzimidazo-
le) is another PBI membrane with extremely promis-
ing properties. Yu and Benicewicz [54] synthesized
2OH-PBI homopolymer by combining TAB with
2,5-dihydroxyterephthalic acid (2OH-TPA) in PPA
and cast it via the PPA Process. Yu also synthesized
the 2OH-PBI/p-PBI random copolymer by reacting
both 2OH-TPA and TPA simultaneously with TAB;
the copolymer membrane was also cast using the
PPA Process. It was proposed that the 2OH-PBI
homopolymer was significantly crosslinked through
phosphoric acid ester bridges. Because of this

crosslinking, the polymer was unable to be dissolved
and an IV value could not be determined. Upon
hydrolysis of the ester bridges by sodium hydroxide,
the IV value of the homopolymer was measured as
0.74 dL g�1. The acid doping level of 2OH-PBI
homopolymer was approximately 25 PA/PRU, and
its conductivity at 160

�
C was 0.35 S cm�1. It is

important to note that at all temperatures between
room temperature and 180

�
C, the conductivity of

2OH-PBI homopolymer was greater than that of
p-PBI. As the ratio of 2OH-PBI/p-PBI decreased in
the random copolymer, the doping level and conduc-
tivity decreased. It was found that the conductivity of
the material was highly dependent on the chemical
structure of the PBI membrane and not just the dop-
ing level.

Using a Pt anode electrode and a Pt alloy
cathode electrode, polarization tests were
performed on the homopolymer 2OH-PBI MEA
(Fig. 13). The homopolymer produced a voltage
of 0.69 Vusing a load of 0.2 A cm�2 at 180

�
C and

H2/air; this is greater than the 0.663 V produced
by p-PBI under the same conditions. The high
acid doping level and the membrane chemistry
significantly contribute to the excellent perfor-
mance of the 2OH-PBI membrane. Overall, the
fuel cell performance of 2OH-PBI is comparable
to that of p-PBI.

Segmented PBI block copolymers have also
been explored for fuel cell use [55]. Scanlon
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Polybenzimidazole Fuel Cell Technology: Theory,
Performance, and Applications, Fig. 12 Graph (a)
Polarization curves (filled symbols) and power density
curves (unfilled symbols) of 6F-PBI using H2/Air

(squares) and H2/O2 (circles). Graph (b) Polarization
curves of 6F-PBI using H2/air (circles) and reformate/air
(triangles) [53]
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synthesized a 52/48 p-PBI/m-SPBI (Fig. 5i) seg-
mented block copolymer by polymerizing the
oligomer of p-PBI with that of m-SPBI. The olig-
omers were polymerized in PPA and cast by the
PPA Method. Even with an extremely high PA
doping level of 91.5 mol PA/PRU, the polymer
film had very strong mechanical properties. Under
low humidity at 160

�
C, the segmented copolymer

achieved a conductivity of 0.46 S cm�1. Because
of the great results, a p-PBI/m-SPBI MEA was
constructed for use in fuel cell performance tests.
The polarization curves of the segmented copoly-
mer MEA displayed a voltage of 0.62 V at 0.2 A
cm�2 at 160

�
C and 0.65 Vat 0.2 A cm�2 at 200

�
C.

As implied by the data, thesemembranes are excel-
lent candidates for high temperature fuel cells.

Membrane Electrode Assembly Durability
As explained in a previous section, a membrane
electrode assembly (MEA) consists of the polymer
membrane that is sandwiched between an anode
and a cathode electrode, respectively. The elec-
trodes are composed of a conductive carbon net-
work that supports a catalyst on a gas diffusion
layer. An additive, such as polytetrafluoroethylene
(PTFE), helps bind the Pt/C catalyst to the gas
diffusion layer. At the anode, the catalyst facilitates
the oxidation of hydrogen into its constituent

electrons and protons. As the protons are passed
through the acid-doped membrane to the cathode,
the electrons are passed through an external circuit,
thereby creating electricity. Finally, the electrons
and protons react with oxygen at the cathode elec-
trode to form water as the final reaction product.

Although PBI membranes are highly resistant
to degradation, it is possible for the membranes to
fail. Common degradation modes for PBI mem-
branes at operating temperatures of 120–200

�
C

include membrane thinning and pin-hole forma-
tion. If there is too much pressure on the mem-
brane, phosphoric acid could be pushed out of the
polymer matrix and “thin out” the membrane. An
extreme occurrence of membrane thinning results
in pin-hole formations. Both of these occurrences
result in increased fuel crossover and reduced fuel
cell efficiency. Firm gasket materials help to
evenly distribute pressure and prevent over-
compression of the membrane [56]. Compressive
stress of the membrane overtime can also lead to
creep, or viscoelastic material flow. Creep and
stress relaxation can result in PEM thinning and
loss of contact with the electrodes causing degra-
dation in performance.

Chen et al. [57–59] used the compression creep
and creep recovery method to study the time-
dependent creep behavior of PBI gel membranes.
Creep compliance under uniaxial compression
offers a direct method to measure viscoelastic
deformation under a constant compressive stress.
The data was used to directly compare different
gel membranes’ creep deformation and can then
be rationalized in terms of the polymer solids
content and polymer composition. Twenty-three
different PBI chemistries and 60 different 24 h
creep tests were employed to investigate PBI
creep behavior. As intuition would suggest, the
membranes creep compliance decreased as the
polymer solid content increase, when studying
the same membrane composition. However, dis-
tinct bands of creep compliances were seen across
different membrane compositions, see Fig. 14.
For example, let us compare p-PBI to m-PBI.
The p-PBI is unable to achieve as high a polymer
solids content compared to m-PBI but has a lower
creep compliance. However, in both compositions
creep compliance decreases with increasing

Polybenzimidazole Fuel Cell Technology: Theory,
Performance, and Applications, Fig. 13 Polarization
curves of 2OH–PBI using hydrogen as the fuel and air as
the oxidant at 120 �C (squares), 140

�
C (circles), 160 �C

(triangles), and 180
�
C (down-triangles) [54]
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polymer solids content. This work uncovered the
challenge of finding an optimal compromise
between factors that increase polymer solubility
in PPA and those that increase sol-gel network
strength in PA. This becomes somewhat of a
trade-off as the characteristics in which make
PBI more soluble in PPA (i.e., increased chain
flexibility which promote polymer-solvent inter-
actions) typically decrease the gel network
strength.

A potential solution to this problem is design-
ing copolymers containing both a more soluble
(flexible) polymer with a more rigid type. This

could allow for a higher polymer content while
maintaining gel network strength. This was
attempted with good results by Benicewicz et al.,
who looked at multiple different copolymer chem-
istries. Most notably was the polybenzimidazole
3,5-pyridine-para copolymer made in a 1–5 ratio
(83% para and 17% 3,5-pyridine repeat units),
Scheme 2.

This copolymer structure allows for the syn-
thesis of a 15% polymer content gel membrane,
before preconditioning of the sample, about a 6%
increase from the para homopolymer counterpart,
with a final post-creep solids content of 31.4%.
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Polybenzimidazole Fuel
Cell Technology: Theory,
Performance, and
Applications,
Fig. 14 Steady-state
recoverable compliance J0s
(a) and extensional
viscosity �0 (b) as functions
of final solids wt % for para-
PBI, meta-PBI, 2,5-pyr-
PBI, and 2OH-PBI
homopolymers. The solid
curves are trend lines fit to
the para-PBI and meta-PBI
data. The shaded regions are
extrapolations of the trend
lines, broadened to visually
encompass the data points.
Each data point is a single
compression creep
experiment [57]
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The increase in polymer solids due to the copoly-
mer structure demonstrates a creep compliance
that falls on the extrapolated para-PBI creep com-
pliance curve, boasting a recoverable compliance
(Jos ) of ~0.6 MPa�1, Fig. 15.

There are other possible avenues to consider
when trying to strengthen the polymer network,
and those would lie in postmodification tech-
niques. These routes can be employed on both
gel and conventionally imbibed PBI membranes.
Sondergaard et al. [60] recently published work
on enhancing the long-term durability of high
temperature PEM fuel cells by thermally cross-
linking the PBI membranes. Membranes were
fabricated from m-PBI by solution casting from
N,N-dimethylacetamide (DMAc) (a solids content
of 10%) on to glass substrates. DMAc was mostly
evaporated off by heating the plates to 60 �C for
24 h. The membranes were then thoroughly
washed with demineralized water and dried
again at 120 �C for an additional 24 h. Following
these steps, the membrane underwent a thermal
treatment at 350 �C under an argon atmosphere.
The now thermally cross-linked membranes were
then imbibed with 85% phosphoric acid by
soaking in an 85% phosphoric acid bath for
24 h. Long-term fuel cell testing was conducted
at 160 �C and a constant current bias of 0.2 A/cm2

with hydrogen and air flows on the anode and
cathode of stoichiometries of 2 and 4, respec-
tively. Long-term data of these fuel cells suggest
that the thermal cross-linking increased stability
over the nonthermally treated membrane with
respect to the voltage degradation. The thermally
cured PBI membrane had an average voltage
decay rate relative to peak performance of

1.4 mV h�1 in contrast to the 4.6 mV h�1 of an
equivalent cell without a membrane thermal treat-
ment, over a 13,000 h period. It is important to
note that shortly after start-up, the fuel cells with-
out the thermally treated membranes showed bet-
ter performance than the thermally cross-linked,
Fig. 16.

The catalyst-coated electrodes of the MEA
must be extremely durable in the presence of
harsh physical and chemical environments. The
oxidation and reduction processes create immense
stress on the electrodes and trigger physical and
chemical reactions to occur. A summary of the
main MEA and component degradation modes
have been previously reported [56, 61]. By
means of electrochemical Ostwald ripening,
Pt-metal agglomeration causes the loss of electro-
chemical surface area and decrease of reaction
kinetics mainly through a dissolution-
recrystallization process [62–64]. Oxidation reac-
tions can also cause corrosion of the gas diffusion
layer and carbon components in the electrodes,
which would result in acid flooding, an increase
in mass transport overpotentials, a decrease of
reaction kinetics and also, most severely, the loss
of the mechanical integrity of the electrodes.
Phosphoric acid can dissolve the Pt-metal catalyst
and phosphoric acid anions (H2PO4

‑) could
adsorb onto the catalyst surface; both of these
events would decrease the electrochemical sur-
face area and reaction kinetics. In addition, phos-
phoric acid evaporation from the catalyst layer
would result in similar consequences.

Typical commercial gas diffusion electrodes
contain high-surface area carbon supported cata-
lysts, e.g., Pt/Vulcan XC 72. Platinum is
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typically used as the catalyst at both the anode
and cathode electrodes because it facilitates
the reduction and oxidation reactions at high
efficiency. However, due to the degradation
modes previously mentioned, performance of
the catalyst is lost over time. Novel platinum-
based catalysts have been developed to increase
the stability of the electrode catalysts. Com-
pared to a commercial Pt/C (46.6 wt.% TKK),

Pt4ZrO2/C catalysts have been shown to
decrease the overall performance loss of the
MEA [65]. The Pt4ZrO2/C catalyst showed a
higher resistance to Pt-sintering than Pt/C fol-
lowing 3000 cycles of a potential sweep test
between 0.6 and 1.2 V versus reversible hydro-
gen electrode (20 mV s�1). The ZrO2 is thought
to act as an anchor to slow the agglomeration of
platinum particles.
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Polybenzimidazole Fuel Cell Technology: Theory,
Performance, and Applications, Fig. 15 Steady-state
recoverable compliance as a function of final solids wt %
for para-PBI and 2OH-PBI homopolymers and related
copolymers. For the para-based copolymers, each data
point is an average of 2–4 replicate measurements for

copolymers with the same copolymer ratio (as indicated
in the plot). The data points for the homopolymers and the
2OH-based copolymers are single measurements. The
shaded region is the extrapolated trend curve for para-
PBI homopolymer [57]

Polybenzimidazole Fuel
Cell Technology: Theory,
Performance, and
Applications,
Fig. 16 Steady state
lifetime curves for MEAS
operated at 160 �C, 200 mA
cm�2, stoichiometries of
4 and 2 for air and hydrogen
respectively. The insert
presents an overview of the
twoMEA samples that were
tested the longest [60]
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In order to improve especially the cathode cat-
alyst kinetics and the catalyst stability, alloying of
Pt with a base metal such as nickel or cobalt is
widely practiced. Origins of these alloys date back
to early phosphoric acid fuel cell development
[66]. These alloys have been reported to typically
improve the cathode kinetics for oxygen reduction
by roughly 25–40 mV [66] or a factor of 1.5 to
4 when considering reaction rates. Commercial
MEAs using PBI-based membranes also use
Pt-base metal alloy catalyst on the cathode [67,
68]. The origin of the kinetic improvements for
the Pt-base metal alloys is discussed manifold in
the literature [69 –77]: (i) modification of the
electronic structure of Pt (5-d) orbital vacancies);
(ii) change in the physical structure of Pt (Pt-Pt
bond distance and coordination number); (iii)
adsorption of oxygen-containing species from
the electrolyte onto the Pt or alloying element;
and/or (iv) redox-type processes involving the
first-row transition alloying elements. However,
as discussed in detail in the recent work by
Stamenkovic et al. [76], the main effect is a shift
of the Pt d-band center to lower energy values
which induces a surface which adsorbs oxygen-
ated and spectator species to a lower extent and
therefore makes more active sites available for the
oxygen reduction to proceed.

Other additives to platinum-based electrodes,
such as tin-oxide (SnOx) [78], have also been
shown to significantly improve the catalytic activ-
ity of the oxygen reduction reaction. Using a PPA
processedm-PBI membrane with a 7 wt.% SnO in
Pt/SnO2/C catalyst under unhumidified H2/O2 at
180

�
C, a voltage of 0.58 V under a load of 0.2 A

cm�2 was produced. Under the same conditions, a
m-PBI MEA using a Pt/C catalyst produced only
0.4 V at 0.2 A cm�2.

PBI has also been investigated as an additive to
platinum-based electrodes. It is thought that incor-
poration of PBI in the catalyst layer would provide
a better interface for proton conduction between
the electrode and membrane. Qian [79] incorpo-
rated 6F-PBI into the electrodes by four different
methods: formation of a PBI bilayer inserting a
thin 6F-PBI membrane between an E-TEK cath-
ode and p-PBI membrane, casting 6F-PBI/PPA
directly onto the E-TEK electrodes and

hydrolyzing to form the gel, spraying a 6F-PBI/
DMAc solution onto the electrodes, and coating
the electrodes with a mixture of 6F-PBI and cata-
lyst (the PBI replaced PTFE). The bilayer method
decreased fuel cell performance, and it is pro-
posed that this occurred by creating a large inter-
face resistance between the two PBI layers. Both
the casting method and the spraying method
improved electrode kinetics, and it is postulated
that this occurred due to a lower interface resis-
tance. In addition, a significant decrease in fuel
cell performance showed that 6F-PBI could not be
used to replace PTFE.

As an outlook to further improvements of cat-
alyst kinetics and durability in low and high tem-
perature polymer electrolyte fuel cells, several
possibilities are currently under investigation
[80]: (1) extended large scale Pt and Pt-alloy
surfaces [76]; (2) extended nanostructured Pt and
Pt-alloy films [81]; (3) de-alloyed Pt-alloy nano-
particles [82]; (4) precious metal free catalyst as
described by Lefèvre et al. [83], e.g., Fe/N/C
catalysts; (5) additives to the electrolyte which
modify both adsorption properties of anions and
spectator species and also the solubility of oxygen
[84]. The latter approach is specific to fuel cells
using phosphoric acid as electrolyte.

More recently, catalyst work has been
conducted on trying to eliminate the need for
expensive platinum. Li et al. [85] have begun
work on a platinum-free Fe3C based oxygen
reduction catalyst. They synthesized hollow
microsphere morphologies consisting of a graph-
ite layer encapsulated Fe3C nanoparticles by
means of high temperature autoclave pyrolysis.
The prepared catalysts demonstrated poor perfor-
mance compared to traditional platinum based
oxygen reduction catalysts; high current densities
could not be achieved coupled with low initial
voltage output and large voltage decay. Nonethe-
less, creating a working platinum-free catalyst is
notable. More work is still needed in this area if
platinum-free catalysts are to become a viable
option. An often overlooked area of fuel cell con-
struction is of the flow plates themselves. In 2017
Singdeo et al. [86] modified the conventional
serpentine flow field by developing a 5 channel,
6 turn configuration. The conventional flow field,
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for some time, has been at the forefront of fuel cell
research; however, it displays problematic current
density gradients across the cell. At the inlet of the
serpentine flow plate the current density has been
recorded to be 143% above the mean and 50%
below the mean at the outlet; when using 1.3 and
1.4 stoichiometries at the anode and cathode,
respectively [84]. This corresponds to a unifor-
mity factor of 0.96. However, with the modified
serpentine flow pattern the uniformity factor was
increased to 0.998, showing the improved current
density distribution. Simulated fuel cell perfor-
mance testing showed that the new gas flow path
improved power output by ~22% at 0.57 V. This
work demonstrates that the flow field construction
can play a pivotal role in fuel cell performance and
further research and experimentation should be
considered.

PBI/PA Fuel Cell Systems and Their
Applications

Para-PBI is one of the most common polymers
used in commercial PBI-based fuel cell systems.
A mechanically strong and chemically stable
polymer, p-PBI has proved to be one of the most
reliable PBI polymers for MEA use. Load, ther-
mal, and shutdown-startup cycling tests
performed on the p-PBI MEA indicated that high
temperatures (180 and 190

�
C) and high load

conditions resulted in slightly increased PA loss
from the MEA system. However, steady-state fuel
cell operation at 80–160

�
C studies showed that

PA loss would not be a significant factor in fuel
cell degradation [61, 87]. Long-term studies
showed minimal performance degradation over a
two-year span and indicated excellent commercial
fuel cell potential [56]. Compared to state-of-the-
art phosphoric acid PEMFCs [88], evaporation of
phosphoric acid from commercial PBI-based
Celtec P1000 MEAs is reduced by a factor of
roughly 2–3. This is a key factor of long-term
stable operation for PBI-based fuel cells.

For the transition of PBI-based fuel cell science
into commercial products, the appropriate
manufacturing processes need to be developed.
Most companies rely on manual operations [89]

for PBI-based MEA fabrication. Only recently
have significant efforts been devoted to develop-
ing automated production lines because simple
changes in MEA materials and architecture
could necessitate the use of different manufactur-
ing equipment. To accommodate the evolution of
fuel cell science, a flexible modular manufactur-
ing line has been developed. In 2002, BASF Fuel
Cell GmbH (previously PEMEAS) began using
the line to accommodate three generations of
MEAs. The details of their manufacturing process
will be further discussed in section “Advances in
PBI MEAManufacturing.” It is important to men-
tion that BASF Fuel Cell GmbH is no longer in
existence; however, they are continuing to supply
PBI-based MEAs into the commercial market.

Commercial PBI-based high temperature
PEMFCs provide energy to a wide array of elec-
tronic devices. Hydrogen fuel cell vehicles, both
for the private consumer and public transporta-
tion, are growing in popularity as pollution and
fossil fuel prices continue to increase. Hydrogen
offers 2–3 times the overall efficiency in a fuel cell
as gasoline does in a typical combustion engine
[90]. High temperature fuel cells are also popular
as backup generators and combined heat and
power devices for stationary use. These types of
systems typically produce 1–10 kW, which is
enough energy to power a house or a multifamily
dwelling. In addition to providing energy, com-
bined heat and power devices use waste heat to
heat water and preheat the fuel cell system com-
ponents, thereby increasing the overall efficiency
of the fuel cell system. Fuel cells also offer appli-
cations in mobile electronic devices such as lap-
tops and cell phones. Commonly coupled with a
methanol reformer, these fuel cell systems are
remarkably portable and can power electronics
for many hours of continuous use.

In addition to producing electricity, these
PEMs have been used as a purification device
for hydrogen gas. Consider the purification device
to have the same basic architecture as a fuel cell.
A platinum catalyst splits contaminated hydrogen
gas into protons and electrons at the anode. Using
an external power source, the electrons are driven
through an external circuit to the cathode while
the protons are allowed to transport across the
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membrane from the anode to the cathode. The
electrons and protons recombine, thereby creating
a higher purity hydrogen gas at the cathode while
leaving behind the undesired constituents at the
anode. These hydrogen pump devices will be
further discussed in section “H2 Pump.”

In-Depth Analysis of PPA Processed p-PBI MEA
PBI-based high temperature MEAs offer many
benefits over more well-known perfluorosulfonic
acid PFSA PEMs. Unlike low temperature PFSA
MEAs, high temperature PA-doped PBI mem-
branes do not need to be hydrated, and therefore,
do not require an external humidification of the
gases. Additionally, running at high temperatures
generally improves electrode kinetics and proton
conductivities while requiring smaller heat
exchangers. For PBI fuel cell science to transition
into commercially available products, the reliabil-
ity of PBI fuel cell stacks needs to meet specific
requirements. The Department of Energy (DOE)
specified durability targets of >5,000 h
(>150,000 miles) of automotive fuel cell opera-
tion and >40,000 h for stationary applications for
2010. Primarily, the durability of the fuel cell
stack dictates the durability of the entire system
[91]. In depth durability studies of PBI MEAs
have been performed [56, 61, 68, 87, 92–94] to
evaluate the viability of commercial PBI fuel
cells. In addition to fuel impurity and PA retention
tests, load, thermal, and shutdown-startup cycling
tests are commonly performed to evaluate
the MEAs.

p-PBI MEAs have displayed a relatively high
resistance to carbon monoxide and sulfur contam-
inants [87, 92, 95, 96]. While Nafion and other
traditional low-temperature PEM fuel cells are
often poisoned by small amounts of carbon mon-
oxide (5–50 ppm) in the fuel or oxidant, p-PBI
and other PBI membranes have been shown to
perform with minimal voltage loss in 104 ppm of
carbon monoxide. Operating the fuel cell at
180

�
Cwith a load of 0.2 A cm�2 with a reformate

gas (70% H2, 1.0% CO, and 29% CO2), the volt-
age loss was only 24 mV as compared to pure
hydrogen [29]. This decrease in voltage occurred
as a result of fuel dilution and carbon monoxide
poisoning. As explained in section “Introduction

to Polybenzimidazole Fuel Cell Sustainability,”
the cell is able to resist poisoning because the
high operating temperatures allow for reversible
binding of carbon monoxide from the catalyst.
Details on the CO adsorption isotherms in the
presence of hydrogen under fuel cell operation
conditions between 150

�
C and 190

�
C can be

found in literature [96]. Similarly, Garseny et al.
[95] reported that a PBI MEA from BASF Fuel
Cell GmbH (Celtec-P Series 1000) is 70 times
more resistant to sulfur contaminants than Nafion
MEAs. Using air contaminated with 1 ppmH2S or
SO2 as the oxidant, the performance of Nafion
decreased by 82.9% while the performance of
the Celtec-P MEA decreased by <2%. Garseny
et al. proposed that H2S is converted to SO2, and
that SO2 adsorbs onto the Pt catalyst surface. At
temperatures above 140

�
C, this SO2 is desorbed

and flushed out of the system. Schmidt and
Baurmeister showed that the H2S tolerance of
PBI-based Celtec P1000 MEAs is in the range of
10 ppm [92], a value significant larger than typical
fuel processing catalyst can tolerate. More than
3000 h operation in reformate with 5 ppmH2S and
2% CO was demonstrated. Overall, p-PBI-based
fuel cells can resist contaminant poisoning far
better than traditional low-temperature PEM fuel
cells, an effect which canmainly be ascribed to the
operation temperature between 150 �C and
190 �C.

Under continuous operation and appropriate
stack design and components, the PBI membranes
retain phosphoric acid extremely well. Long-term
performance tests show that p-PBI fuel cells can
operate for over two years with minimal perfor-
mance degradation (Fig. 17). This durability is
attributed to the unique nature of PBI membrane
formed by the PPA process, which allows it to
retain PA under continuous operating conditions.
The amount of PA lost from the p-PBI MEA per h
was approximately 10 ng h�1 cm�2, which is
equivalent to a 50 cm2 cell losing 8.74 mg PA
after two years of operation. Such a small loss
strongly suggests that the life span of a p-PBI
PEM fuel cell would not be significantly
influenced by PA depletion.

Phosphoric acid loss was also monitored dur-
ing a selection of dynamic durability tests,
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including load and thermal cycling tests [87]. A
single load cycle test involved measuring the volt-
age at 160

�
C under at three different loads: open

circuit voltage (OCV), 0.2 A cm�2, and 0.6 A
cm�2. Air and pure hydrogen were supplied to
the MEA as oxidant and fuel, respectively. The
voltage of the MEA was measured at OCV for
2 min, followed by 0.2 A cm�2 for 30 min and
then 0.6 A cm�2 for 30 min. A total of 500 load
cycles were performed on a p-PBI MEA, and the
results indicated that larger loads corresponded to
an increased PA loss rate (approximately 20 ng
h�1 cm�2). Thermal cycling tests were performed
by measuring the voltage of the MEA with a
constant applied current density of 0.2 A cm�2

while either cycling the temperature between
120

�
C and 180

�
C (for a high temperature cycle)

or between 80
�
C and 120

�
C (for a low tempera-

ture cycle). Both the high and low temperature
cycles were performed 100 times each. The results
showed that higher temperatures were associated
with an increased PA loss rate (almost 70 ng h�1

cm�2 for the high temperature cycle and 20 ng h�1

cm�2 for the low temperature cycle). It was pro-
posed that at the higher load and temperature
conditions, more water is generated at the cath-
ode. By means of a steam distillation mechanism,
an increased amount of PA is lost from the MEA.
As indicated by both cycling tests, phosphoric
acid loss becomes a significant factor of cell deg-
radation only under extreme conditions.

Shutdown-startup cycling tests have been
extensively studied by Schmidt and Baurmeister

of BASF Fuel Cell GmbH [61, 68]. Two PBI-
based PEFC Celtec-P 1000 MEAs were tested
under different operation modes; one was run
under shutdown-startup cycling parameters (12 h
shutdown followed by operation for 12 h at 160

�
C

under a load of 0.2 A cm�2) while the other was
continuously operated at 160

�
C under a load of

0.2 A cm�2. Both MEAs were operated for more
than 6000 h, during which the shutdown-startup
cycling MEA underwent more than 270 cycles.
While the continuously operating MEA had an
average voltage degradation rate of roughly
5 mV h�1, the cycling MEA averaged a voltage
degradation of 11 mV h�1 or 0.2 mV cycle�1. This
increase in voltage degradation was attributed to
an increased corrosion of the cathode catalyst
support, thereby significantly increasing the
cathodic mass transport overpotential. The
observed corrosion was a result of a reverse-
current mechanism that occurs under shutdown-
startup cycling conditions [97].

Illustrated by the previously discussed durabil-
ity tests, p-PBI MEAs have been shown to be
physically and chemically robust. Highly resistant
to fuel contaminants, PBI MEAs are resistant to
poisoning effects that would typically expunge a
low temperature PFSA fuel cell system. Long
term steady-state and dynamic durability tests
showed that PA loss typically is not a cause of
cell degradation. Additionally, Schmidt and
Baurmeister showed that PBI MEAs are suscepti-
ble to cell degradation under extreme shutdown-
startup conditions. Overall, p-PBI MEAs have

Polybenzimidazole Fuel
Cell Technology: Theory,
Performance, and
Applications,
Fig. 17 Long-term
durability test of p-PBI
MEA at 160

�
C using

hydrogen/air without
humidification
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exhibited much potential for use in fuel cell
systems.

Advances in PBI MEA Manufacturing

As previously discussed, the manufacturing pro-
cesses of PBI-based fuel cells need to be improved
to make fuel cells a viable commercial product. To
put this requirement into perspective, the United
States Department of Energy has set a goal of
producing 500,000 fuel cell cars each year. If
these vehicles are powered using current p-PBI
membranes, this goal requires the production of
seven MEAs per second and approximately
250,000 m2 of electrode per day. Additionally,
the performance of each of these MEAs would
need to be tested; this is a process called “burn-in
testing.” A typical test stand is 25 ft2, costs
roughly $50,000, and can only test one stack of
MEAs at a time. If each stack requires a 24 h burn-
in test, the test facility size would exceed
34,000 ft2 and house equipment costing over
$68.5 million. Existing manufacturing processes
need to be improved in order to reach this goal.

The Center for Automation Technologies and
Systems (CATS) at Rensselaer Polytechnic Insti-
tute has developed a flexible manufacturing pro-
cess for BASF Fuel Cell GmbH to accommodate
the evolving science of fuel cells [98–100]. If one
changes the fuel cell type, size, materials, MEA
architecture, design, or application, the
manufacturing line could be significantly
affected. Therefore, a modular manufacturing
line was developed by CATS in 2002 that could
produce a large range of MEA sizes
(1–1000 cm2), could handle a wide variety of
materials (membranes, gaskets, electrodes, etc.),
could assemble these materials in different archi-
tectures, and could be expanded to integrate addi-
tional systems. Each module could be singularly
operated or could operate as a subset of the entire
process; this modular construction is shown in
Fig. 15. Over the past eight years, this manufactur-
ing line has evolved over three generations of
MEA devices (Fig. 18).

Members of CATS continue to make great
strides in order to reduce costs and improve the
overall efficiency of MEA fabrication. Laser

cutting and joining of the PBI membranes both
uses less power and delivers tighter tolerances
than that of conventional cutting and joining.
Ultrasonic technology has also been explored to
replace the thermal joining of the three compo-
nents of an MEA. Preliminary results exhibited a
significant reduction in pressing time by approx-
imately 90% in addition to using less energy.
Additionally, an automated visual inspection of
the MEA has been developed using a high preci-
sionmotion system, multiple cameras and lighting
equipment, and software MAT-LAB 7.0 with
Image Processing Toolbox [99]. As fuel cell sci-
ence continues to evolve, so will the manufactur-
ing processes.

Combined Heat and Power
Stationary combined heat and power (CHP)
devices are often considered the primary applica-
tion of high temperature PBI-based fuel cells.
These devices are used to provide both electricity
and heat (in the form of hot air or water) to small
scale residential homes or large scale industrial
plants using hydrogen derived from the widely
distributed natural gas network. PBI MEAs are
ideally situated for combined heat and power
devices because they efficiently provide electric-
ity while generating heat as a byproduct. Further-
more, these devices could be used to provide
reliable backup power to residential homes, hos-
pitals, servers, etc.

J.-Fr. Hake et al. [101] compared the conven-
tional generation of heat and electricity to that of
small scale combined heat and power generation
by high temperature fuel cells, and the results of
which are shown in Fig. 19. The small scale CHP
devices studied were used to provide electricity,
space heat, and warm water to both residential and
commercial buildings. The conventional genera-
tion of electricity is much less efficient than that of
small scale CHP devices due to the issues of
transportation and storage. In addition to effi-
ciently converting chemical energy into electrical
energy, CHP fuel cell systems further act as a
sustainable energy conversion device by reducing
the total amount of greenhouse gas emissions.
Hake et al. considered the penetration of small
scale CHP fuel cell technology into the US
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residential sector market starting in 2014 until a
saturation point as a logarithmic function. To
improve the accuracy of the study, Hake consid-
ered the trends of the Japanese small scale CHP
market [101, 102]. A typical CHP device in Japan
costs roughly $30,000, but analysts expect the
price to drop to $5000 within five years. Analysts
also claim that by the year 2050, one in four
homes in Japan will run on fuel cells. Also con-
sidering current CO2 emissions, Hake et al. con-
cluded that adoption of this technology in the US

could reduce CO2 emissions by up to approxi-
mately 50 million tons by 2050; this corresponds
to a 4% reduction in the residential sector.

As the largest producer of PBI MEAs, BASF
Fuel Cell (previously PEMEAS) produces p-PBI
PEM MEAs for a wide variety of fuel cell appli-
cations. The Celtec®-P 1000 PEM MEA is typi-
cally integrated into either back-up or auxiliary
power units and can produce from 0.25 to 10 kW.
The MEA is also advertised as maintaining per-
formance for over 20,000 h with only a 6 mV h�1

Polybenzimidazole Fuel
Cell Technology: Theory,
Performance, and
Applications, Fig. 18 A
portion of the 2002 pilot
line depicting its modular
construction [98]

Polybenzimidazole Fuel Cell Technology: Theory, Performance, and Applications, Fig. 19 Side-by-side com-
parison of conventional generation of heat and electricity to fuel cell combined heat and electricity generation [101]
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voltage drop at 160
�
C [98]. The Celtec®-P 2100

PEMMEA is used in stationary CHP systems and
is capable of producing 0.74–10 kW. The MEA
has a long term stability of over 20,000 h under
both steady state and cycling conditions
(300 shutdown-startup cycles with 13 m h�1 volt-
age drop). Polarization curves of a Celtec®-P
MEA at 160

�
C using an active area of 45 cm2

are shown in Fig. 20. PBI-based CHP devices
have been commercially test marketed by a vari-
ety of companies, including Serenergy, Plug
Power, and ClearEdge Power, although large
scale adoption has not yet been achieved.

Furthermore, Celtec®-P 1100W is an improved
version to Celtec®-P 1000. It provides more uni-
formity and a greater degree of manufacturing
readiness (Fig. 21) [104].

Plug Power of Latham, New York produced a
line of PBI-based small scale CHP devices includ-
ing the GenSys Blue (Fig. 22) [105]. The GenSys
Blue was capable of producing 0.5–5 kW of con-
tinuous output and capable of reducing home
energy costs by 20–40%. An autothermal (ATR)
reformer reacts to natural gas (methane) with oxy-
gen and carbon dioxide to produce hydrogen gas

that fuels the PEM stack. An inverter was used to
improve the efficiency of the CHP device by
specifically supplying enough energy to power
the home, thereby minimizing energy losses and
reducing CO2 emissions by 25–35%. Addition-
ally, an integrated peak heater ensures proper
heating of the entire home. More recently, Plug
Power has focused on integrating low temperature
PEMFC’s into forklift trucks.

Serenergy, which is based in Hobro, Denmark,
also produced a PBI-based fuel cell CHP devices
[106]. Serenergy’s Serenus 166 Air C v2.5 and
390 Air C v2.5 micro-CHP modules nominally
produce 1 and 3.5 kW, respectively. While the
166 model was comprised of one MEA stack of
65 cells, the 390 model uses three MEA stacks
each with 89 cells. Both of these systems were
able to tolerate fuel impurities up to 5% CO con-
centrations and 10 ppm H2S at 160

�
C. Because

the excess energy can be used to heat up air or
water, Serenergy claims that over 80% of the total
heat and power generated can be used and that the
system efficiency is as high as 57% (the efficiency
data was not available). These systems can also be
used as auxiliary energy conversion devices.

Polybenzimidazole Fuel Cell Technology: Theory,
Performance, and Applications, Fig. 20 Polarization
curves of a Celtec®-P MEA [103]. The blue line represents

using hydrogen/air as fuel/oxidant. The gray line repre-
sents a steam reformate of 70% H2, 29% CO2, and 1%
CO/Air
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ClearEdge Power produced a line of small
scale CHP devices, one of which is the
ClearEdge5 [107]. Capable of producing 5 kW
h�1 and up to 20,000 BTU h�1 while running at
150

�
C, the ClearEdge5 couples a methane

reformer to a PBI fuel cell stack using MEAs
provided by BASF Fuel Cell GmbH. ClearEdge
advertised that the CHP device could reduce util-
ity bills by up to 50% and cut CO2 emissions by
over 33%. Annually, the device was capable of
producing 43,000 kWh in electricity and
50,000 kWh (equivalent) in heat. Similar to
other CHP devices, the ClearEdge5 offered
at-home production of energy, thereby eliminat-
ing the losses associated with transferring the
energy. However, ClearEdge Power closed oper-
ations in 2014.

In 2016 the fuel-cell industry had an estimated
total worth of $3.6 billion and is expected to grow
into a $25.5 billion market by 2024, according to
research from Global Markets Insight [108]. With
that said, many of the major players listed above
are no longer in existence or have very little
impact on the industry. For example, BASF-Fuel
Cell has reduced its market share considerably
and now only supplies Celtec®-P 1100W, leaving
only Plug Power Inc. and FuelCell Energy Inc. as
the major market contributers. However, despite
the bullish predictions neither of these two have
turned a significant profit. Currently there is
uncertainty for the fuel cell technology market,
as part of the alternative-energy sector. Hydrogen

and fuel companies do not boast the same govern-
ment incentives as solar and wind firms, however,
if this is levied in the future there might be a
possible surge in growth of the technology. With
emerging needs of sustainable, clean energy in
other countries, like China who has invested
$100 billion into fuel-cell energy to date, there
are other possible avenues for the technology to
grow. Fuel cells still remain a viable option for
clean energy and to reduce dependence on fossil
fuels, leaving hope that they might be an integral
part of the growing alternative energy sector
[108]. With that said, the research and develop-
ment on fuel cell technologies has laid the foun-
dation for other possible devices that could
alleviate the use of fossil fuels. These include
both hydrogen pumping, which can be used to
purify hydrogen from a mixed gas stream, as
well as the hybrid sulfur cycle, which is an entic-
ing thermal-electrochemical process used for the
production of pure hydrogen. These will be
discussed more in depth in sections “H2 Pump”
and “The HyS Cycle.”

Automotive Transportation
Producing 1.9253 billion metric tons of carbon
dioxide, which is roughly 33% of the United
States’ total carbon dioxide emissions, the trans-
portation sector was the largest contributor to
pollution in 2008 [109]. According to another
2009 study by the U.S. Department of Energy
[3], all transportation in the US produced

Polybenzimidazole Fuel Cell Technology: Theory,
Performance, and Applications, Fig. 22 Plug Power’s
GenSys Blue (a), Serenergy’s Serenus 166 Air C v2.5 (b),

and Serenergy’s Serenus 390 Air C v2.5 (c) CHP fuel cell
devices [105, 106]

Polybenzimidazole Fuel Cell Technology: Theory, Performance, and Applications 503



approximately 1850 million metric tons of carbon
dioxide emissions. Considering both of these
facts, one can conclude that a more sustainable
energy source could significantly reduce the car-
bon footprint of the transportation sector. For the
transition of fuel cell science into a viable com-
mercial product to occur, the U.S. Department of
Energy has set numerous targets for automotive
fuel cell systems. Because a typical internal com-
bustion engine costs roughly $25–35/kW, a fuel
cell system will need to cost roughly $30/kW to
become competitive enough to penetrate the US
market. Furthermore, the system must be durable
enough to operate for at least 5000 h (or roughly
150,000 miles). Additional issues of system size
and management of air, heat, and water will also
play a role in automotive fuel cell viability.

Over the past decade, fuel cell technology has
been adapted by the major automotive industries as
a cleaner, more efficient method of providing
energy to vehicles. In addition to the issue of fuel
cell automotive viability, issues of hydrogen
sources, hydrogen storage, and fueling stations
continue to be addressed and solved. The Califor-
nia Fuel Cell Partnership (CaFCP) is a collabora-
tion of auto manufacturers, energy providers,
government agencies, and fuel cell technology
companies to promote the commercialization of
fuel cell vehicles. In 2009, California had only six
public hydrogen fueling stations that were used to
fuel roughly 200 vehicles [90]. To date, there are
28 fueling stations open for retail business through-
out California and 17 more are under construction.
The State of California committed funding to
design, build, and provide operation and mainte-
nance support for 100 hydrogen stations [110]. The
hydrogen used to fuel these stations can be domes-
tically produced as either a low carbon fuel or
potentially as a zero-carbon fuel when produced
from renewable sources (such as splitting water
into oxygen and hydrogen with solar energy).
According to California regulations, at least 33%
of the hydrogen must come from such renewable
sources [111].

SunHydro, one of the world’s first hydrogen
fueling station chains, has set a goal of providing
fueling stations along the entire east coast of the

US. Using solar cell technology, every SunHydro
station will harvest solar energy to electrolytically
split water into hydrogen and oxygen gases. This
process is extremely sustainable and will create
much less greenhouse gas emissions. This hydro-
gen highway will stretch from Scarborough, ME
to Miami, FL and consist of eleven stations. Each
station will cost an estimated $2–3 million to
construct and will be paid for by private funders.
Currently there is one hydrogen refueling station
open for retail use in Wallingford, Connecticut
with plans for a second station to be opened in
Braintree, Massachusetts [112].

Over the past decade, many automotive and
fuel cell industries have used PBI technology in
the development of fuel cell vehicles. In
November of 2008, Volkswagen unveiled the
VW Passat Lingyu at a Los Angeles Auto Show
[113]. The VWLingyu uses an AB-PBI based fuel
cell stack that utilizes a trade-secret coating that
helps prevent PA from leeching out of the mem-
brane. Metha Energy Solutions, in cooperation
with Serenergy, revealed a hybrid electric/fuel
cell vehicle in December of 2009 [114]. In this
system, a methanol reformer is used to provide
hydrogen to the PBI-based fuel cell. It was
advertized that this vehicle could travel up to
310 miles on one tank of gas and takes only
2 min to refuel. EnerFuel, a subsidiary of Ener1,
has also recently produced a hybrid electric/fuel
cell vehicle. The EnerFuel EV uses a reformed
methanol PBI fuel cell that works in conjunction
with a lithium ion battery. The lithium battery is
used to start the vehicle and to power the vehicle
while driving, while the fuel cell system produces
3–5 kW to continuously recharge the battery.
These fuel cell systems would not generate
enough power to drive the vehicle but would act
as a range extender for the battery system. The
target market of the EnerFuel EVs is not for those
who drive 200+ miles daily but instead for those
with short daily commutes.

In July of 2009, the German Aerospace Center
demonstrated that fuel cells have the potential of
powering air-transportation vehicles [115,
116]. Designed in cooperation with Lange Avia-
tion, BASF Fuel Cell, DLR Institute for Technical
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Thermodynamics, and Serenergy, the Antares
DLR-H2 became the world’s first piloted aircraft
with a propulsion system powered only by PBI-
based fuel cells. Besides creating zero CO2 emis-
sions during flight, the aircraft also generates
much less noise than other comparable motor
gliders. Using a fuel cell stack capable of produc-
ing up to 25 kW, the Antares DLR-H2 has a
cruising range of 750 km (or 5 h) and can travel
at speeds up to 170 km h�1. Similar fuel cell
systems could be coupled with current commer-
cial and military aircrafts as auxiliary power units
(APUs) to improve fuel efficiency.

Portable
Microelectricalmechanical (MEM) systems uti-
lizing methanol reformers and PBI fuel cells
have been developed for portable use. These
devices are generally used to generate power in
the range of 5–50 W for laptops, communication
systems, and global positioning systems. Com-
pared to batteries that offer equivalent amounts
of power, these micro-fuel cell systems are ligh-
ter, generate less waste, and are overall more cost
effective. Similar to other reformed methanol/
PBI fuel cell systems, these MEMS are a sustain-
able technology by reducing the amount of
greenhouse gases produced per unit of electricity
generated.

UltraCell of Livermore, CA is a well-known
producer of PBI MEM fuel cell systems. Funded
and field tested by the U.S. Army, the UltraCell
XX25 is capable of providing 25 W of continu-
ous maximum power [117]. Depending on
the size of the fuel cartridge, the device is capa-
ble of delivering 20 Wof continuous power from
9 h to 25 days. The fuel cartridge weighs less
than a pound and the XX25 MEM system has
been shown to power radio gear, mobile com-
puter systems, communication devices, and a
variety of other electrical devices. The XX25
provides roughly 70% in weight savings when
compared to a typical battery on a 72-h mission
(1.24 kg without the cartridge) and is rugged
enough to operate in extremely cold or hot envi-
ronments. In addition, it meets OSHA standards
for safe indoor and in-vehicle use. Similar to the

XX25, the newly developed UltraCell XX55
is capable of generating 55 W of continuous
power for up to two weeks using the largest
fuel cartridge [118]. Only 0.36 kg heavier than
the XX25, the XX55 has an optional battery
module that can provide a peak power output of
85 W. Similar to the XX25, it is a very rugged
device that can be used essentially in any
conditions [118].

Larger than the Ultracell devices, Serenergy
test marketed the Serenus E-350, which was a
reformed methanol/fuel cell hybrid with an
approximate mass of 11 kg. At nominal power
levels, it was capable of producing approximately
350 W [119]. The device was fueled by a 60–40
methanol-deionized water mixture. It took
approximately 45 min to start-up, at which point
it consumed fuel at a rate of 0.45 L h�1. Serenergy
has, since then, stopped producing the smaller
device and replaced it with a midsized model;
the H3 2500 and 5000 (both weighing around
65–75 kg) [120].

H2 Pump
Efficient purification of hydrogen is becoming a
common interest in both the industrial and
energy sectors. In particular, technology which
can efficiently purify, pump, and pressurize
hydrogen at low to moderate flow rates is needed
but is not readily available. Of course, there are
existing methods for hydrogen purification
which include various combinations of mechan-
ical compression with cryogenic cleanup, palla-
dium membranes, pressure swing absorption,
and passive membrane separators to name a
few. However, these technologies are challenged
by certain limitations: (1) cryogenic cleanup pro-
duces high purity hydrogen, but requires costly
refrigeration equipment and is suitable for very
large-scale specialty applications; (2) palladium
membrane purification can be fairly simple in
design and construction but requires pressuriza-
tion to drive the hydrogen separation process and
suffers from poor utilization when purifying
hydrogen from gases containing low fractions
of hydrogen; (3) pressure swing absorption
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(PSA) is widely used in high volume industrial
processes and relies on large, mechanical com-
ponents that are subject to frequent maintenance
and inherent inefficiency. Such devices are not
easily scaled to smaller sizes or localized gener-
ation/purification needs. Furthermore, it is
important to state that all of the above processes
require expensive, high maintenance,
compressors.

Electrochemical pumping is not a new concept
and has in fact been utilized as a diagnostic tech-
nique within the electrochemical industry for
years. General Electric developed this concept in
the early 1970s [121].

The use of polymer electrolyte membranes for
electrochemical hydrogen compression has been
demonstrated in water electrolysis (H2 genera-
tion) devices at United Technologies Corpora-
tion, reaching 3000 psia [122], as well as
studied in academic institutions [123]. The elec-
trochemical hydrogen pump, first developed in
the 1960s and 1970s, was derived from the orig-
inal proton exchange membrane fuel cell efforts.
The concept is simple, requires little power, and
has been shown to pump hydrogen to high pres-
sures. In the original work, the membrane trans-
port medium was a perfluorosulfonic acid
(PFSA) material, similar to the material used in
many fuel cells today. The process is quite ele-
gant in that like a fuel cell, molecular hydrogen
enters the anode compartment, is oxidized to
protons and electrons at the catalyst, and
then the protons are driven through the mem-
brane while the electrons are driven through the
electrically conductive elements of the cell
(Fig. 23).

Themajor difference in this cell as compared to
a fuel cell is that the pump is operated in an
electrolytic mode, not galvanic, meaning that
power is required to “drive” the proton move-
ment. Once the protons emerge from the mem-
brane at the cathode, they recombine to form
molecular hydrogen. Thus, hydrogen can be
pumped and purified in a single step with a non-
mechanical device. The pump concept builds
upon the understanding of proton transport mem-
branes. The overall chemicals are described by
Eq. 1:

Anode : H2 ! 2Hþ þ 2eþ

Cathode : 2Hþ þ 2e� ! H2

Total Reaction : H2 anodeð Þ ! H2 cathodeð Þ
(1)

The cell voltage between the anode and cath-
ode can then be described by the Eq. 2. The Nernst
potential, ENernst, is given by the Nernst Eq. 3,
where E

�
is the standard potential of a hydrogen

reaction, R is the gas constant, T is the tempera-
ture in Kelvin, F is Faraday’s constant, and pcathode
and pandode are the partial pressures of hydrogen at
the anode and cathode respectively.

E ¼ ENernst � Epolarization � Eohmic (2)

ENernst ¼ E
� � RT

2F
ln
pcathode
panode

(3)

Epolarization is the polarization overpotential which
is the sum of the polarization overpotentials at the
anode and cathode. This can be described using
the Butler-Volmer equation. The polarization
overpotential can be approximated at low over-
potentials, Eq. 4, where R is the gas constant, T is
the temperature in Kelvin, F is Faraday’s constant,
i is the current density, and i0 is the exchange
current density.

Epolarization ¼ RTi

2Fi0
(4)

Clearly, the proton conducting membrane
properties are critical. Desirable properties
include: high proton conductivity, mechanical sta-
bility, low solubility and permeability of impurity
gases, and sufficient operating temperature to sup-
port tolerance to impurities (CO and H2S) found
in reformed gases. The application of the PBI
membrane to electrochemical hydrogen pumping
provides high proton conductivity (0.2–0.4 S/cm),
mechanical stability, enhanced gas separation, and
up to 180 �C operation. The high operating tem-
perature eliminates water management difficulties
typically experienced with the low operating tem-
peratures of PSFA membranes while also provid-
ing tolerance to poisonous gas species such as
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CO. This is a crucial quality in electrochemical
hydrogen pumping as many of the common impu-
rities being removed from the feed stream are
known to poison the catalyst. As such, the PBI
membrane and electrode assembly represents a
significant new opportunity and paradigm shift
in electrochemical hydrogen pumps as well as in
advancing the science of hydrogen separation,
purification, and pressurization. This concept has
been evaluated and demonstrated in recent work
using PBI membranes [124]. The hydrogen pump
was shown to operate with fairly low power
requirements and generally needed less than
100 mv when operating at 0.2–0.4 A/cm2. This
was accomplished without the critical water man-
agement commonly encountered in low tempera-
ture, water-based membranes. The cathodic flow
of hydrogen from the device was nearly identical
to the theoretical Faradic flows. This suggests that

the hydrogen pump could have applications as a
hydrogen metering device since the hydrogen
flow could be easily and accurately controlled by
the current of the power source. The initial work
reported devices that could operate for several
thousand hours with little change in the operating
parameters. This would be expected from the
related work on PBI membranes for fuel cells
which show outstanding long-term durability. In
fuel cell applications, the ability to operate at high
temperatures provides benefits for gas cleanup
and durability on reformed fuels. In hydrogen
pump applications, this tolerance to fuel impuri-
ties enables the hydrogen pump to purify hydro-
gen from hydrogen gas feeds containing such
impurities. Figure 24 shows the operation of a
PBI-based hydrogen pump operating on pure
hydrogen, as well as two different synthetic refor-
mates. The flow rates are nearly unaffected by the

Polybenzimidazole Fuel Cell Technology: Theory, Performance, and Applications, Fig. 23 Polymer electrolyte
based hydrogen electrolysis
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composition of the gas feed at the various operat-
ing conditions (the data points are superimposed
for the different gases). The data demonstrates that
the pump was capable of operating at high CO
levels (1% in this work) and extracting hydrogen
from dilute feed streams (<40% hydrogen). Addi-
tionally, the hydrogen pump was capable to pro-
ducing hydrogen with purities greater than 99%,
with the final purity dependent on operating con-
ditions. This device could play a prominent role
for both the current industrial hydrogen users, as
well as in a future economy that is more heavily
reliant on hydrogen as an energy carrier. Commer-
cial development of this device is underway.

The HyS Cycle
More recently, the hybrid sulfur thermochemical
cycle has drawn a great amount of attention due to
its potential to provide clean hydrogen on a large
scale using considerably less energy than water
electrolysis. The hybrid sulfur (HyS) process con-
tains two steps: (1) a high temperature decompo-
sition of sulfuric acid to produce sulfur dioxide,

oxygen, and water and (2) a low temperature
electrochemical oxidation of sulfur dioxide in
the presence of water to form sulfuric acid and
gaseous hydrogen. The entire process recycles
sulfur compounds which leave a net reaction split-
ting water into hydrogen and oxygen. Herein we
describe advancements in the low temperature
sulfur oxidation step that could be coupled with
next generation solar power plants or high tem-
perature nuclear reactors.

Since the HyS process involves the transfer of
protons it is not surprising that proton exchange
membranes (PEMs) are the most investigated
materials. Historically, Nafion has been usually
the most widely studied due to its availability.
Nation’s performance in the HyS electrolyzer
has been thoroughly examined with the prediction
of mass transport through the membrane as a
function of operating potential and other design
variables. Nafion does, however, have many
drawbacks including the inability to operate at
elevated temperatures (above 100 �C) and since
water is needed for its conductivity, there is

Polybenzimidazole Fuel Cell Technology: Theory,
Performance, and Applications, Fig. 24 The cathodic
flow rates of a hydrogen pump operated at 160

�
C and 0%

relative humidity and fueled by pure hydrogen (unfilled
squares), a reformate gas comprised of 35.8% H2, 11.9%
CO2, 1906 ppm CO, and 52.11% N2 (filled circles), and a

reformate gas comprised of 69.17% H2, 29.8% CO2, and
1.03% CO (filled triangles). The values are nearly identi-
cal, and thus, the symbols appear superimposed. The dot-
ted line represents the theoretical flow rate at 100%
efficiency [124]
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decreased performance at high acid concentra-
tions or low water concentrations [125].

Polybenzimidazole (PBI) membranes are high
temperature PEMs that are imbibed with acid as
its electrolyte. We have shown that PBI mem-
branes are a good alternative to Nafion in fuel
cells and offer a solution to the HyS process as
an avenue to higher temperature operation, which
minimizes voltage losses, as well as the ability to
perform under high acid concentration conditions
that allow for reduced energy demands necessary
for water separation. Weidner et al. show the
successful operation of the HyS electrolyzer
using sulfuric acid doped PBI membranes and
have determined that the area-specific resistance
of sulfonated PBI (s-PBI) compares favorably
with Nafion, yet is not adversely affected by con-
centrated sulfuric acid conditions within the
electrolyzer. Importantly, the PBI-based cell
could be operated at low pressures and without
significant water dilution of the sulfuric acid pro-
duced. Additionally, a model for high temperature
and high-pressure operation of the s-PBI mem-
brane in the electrolyzer has been constructed
allowing for further analysis of the system to
determine operating conditions for economically
viable operation [125, 126].

Conclusions and Future Directions

After approximately 15 years of development,
PBI chemistries and the concomitant manufactur-
ing processes have evolved to produce commer-
cially available MEAs. PBI MEAs can operate
reliably without complex water humidification
hardware and are able to run at elevated tempera-
tures of 120–180

�
C due to the physical and

chemical robustness of PBI membranes. These
higher temperatures improve the electrode kinet-
ics and conductivity of the MEAs, simplify the
water and thermal management of the systems,
and significantly increase their tolerance to fuel
impurities. Membranes cast by a newly developed
PPA Process possessed excellent mechanical
properties, higher PA/PBI ratios, and enhanced
proton conductivities as compared to previous
methods of membrane preparation.

The robustness of p-PBI membranes cast by
the PPA Process has been tested and character-
ized by a variety of methods. Under a constant
load, p-PBI has been shown to perform for well
over two years with very little reduction in per-
formance. Using synthetic reformates, p-PBI
MEAs have demonstrated excellent resistances
to impurities such as CO, CO2, and SO2.
p-PBI membranes have also been shown to retain
PA extremely well, and evidence strongly sug-
gests that this small rate of PA loss would not
significantly influence the life span of a MEA.
Load, thermal, and shutdown-startup cycling
tests of p-PBI fuel cells have also indicated com-
parable or improved results over other commer-
cially available fuel cell systems. p-PBI is the
most common polymer in PBI-based fuel cell
systems, although AB-PBI, m-PBI, and other
derivatives have been investigated. Recently
developed 2OH-PBI, which to date has the
highest recorded proton conductivity of all
other PBIs, offers much potential for future fuel
cell use.

Many fuel cell manufacturers are now consid-
ering the benefits of high temperature PBI fuel
cells. BASF Fuel Cell, the largest producer of PBI
MEAs, has been in operation since March of 2007.
BASF offers a wide variety ofMEAs for stationary
systems (combined heat and power, backup gener-
ators, etc.) and portable systems (transportation,
microelectricalmechanical systems, etc.). Other
companies, such as Plug Power, Serenergy,
ClearEdge Power, and UltraCell have incorporated
commercially available MEAs into commercial
fuel cell systems. Additionally, Danish Power Sys-
tems has expanded its offerings and its presence in
offering BI-based MEAs with improved durability.
Companies such as H2 Pump LLC developed elec-
trochemical pumping devices that use PBI mem-
branes for the purification of hydrogen gas. Using
various reformate gases, the devices have been
shown capable of operating at high gas contamina-
tion levels and low hydrogen concentrations.
Depending on operating conditions, the purity of
the extracted hydrogen gas can be greater than
99%. In transportation applications, PBI-based
fuel cells show great promise as APUs or range
extenders for battery powered electric vehicles.
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