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Abstract This chapter reviews the progress towards applying acid-doped polybenzimidazoles (PBIs) as polymer electrolyte membrane (PEM) fuel cell membranes over
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approximately the last ten years. The major focus of the ﬁrst part of the chapter is
on three main systems: (1) the well-developed meta-PBI (poly(2,2 -m-phenylene-5,5 bibenzimidazole)); (2) the various derivatives and ﬁlled systems based on meta-PBI; and
(3) poly(2,5-benzimidazole) (AB-PBI). The polymer membrane properties, such as thermal and chemical stability, ionic conductivity, mechanical properties, and ability to be
manufactured into a membrane and electrode assembly (MEA), are discussed in detail. Preliminary fuel cell performance is reported for a number of PBI chemistries. The
second section of the chapter highlights recent work on developing a novel process to
produce phosphoric acid (PA)-doped PBI membranes for use in high-temperature PEMFCs. This novel sol-gel process, termed the polyphosphoric acid (PPA) process, allows
production of a gel membrane that exhibits properties not observed with the “traditionally” prepared PBIs, such as improved ionic conductivity, mechanical properties, fuel
cell performance, and long-term stability. The ﬁnal section of the chapter focuses on the
possible degradation modes of the commercially available products from BASF Fuel Cells.
Keywords Acid-doped membranes · High-temperature · PEMFC · Polybenzimidazole ·
Polyphosphoric Acid Process

Abbreviations
PBI
m-PBI
p-PBI
IV
DMAc
PA
moles PA/PRU
PEM(FC)
MEA
AB-PBI
moles PA/BI
RH
ZrP
PWA
SiWA
ZrPBTC
SA
BP
PBI-PrS
SD
PBI-BS
DMFC
sPS
P4VP
DABA
PMA
sAB-PBI
MSA
TMM
PABI

Polybenzimidazole
meta-polybenzimidazole
para-polybenzimidazole
Inherent viscosity
Dimethylacetamide
Phosphoric acid
Moles phosphoric acid per moles polymer repeat unit
Polymer electrolyte membrane (fuel cell)
Membrane and electrode assembly
Poly(2,5-benzimidazole)
moles phosphoric acid per moles benzimidazole unit
Relative humidity
Zirconium phosphate
Phosphotungstic acid
Silicotungstic acid
Zirconium tricarboxybutylphosphonate
Sulfuric acid
Boron phosphate
Propylsulfonated PBI
Degree of sulfonation
Butylsulfonated PBI
Direct methanol fuel cell
sulfonated polysulfone
Poly(4-vinylpyridine)
3,4-Diaminobenzoic acid
Phosphomolybdic acid
sulfonated poly(2,5-benzimidazole)
Methanesulfonic acid
Trimethoxymethane
Poly(amide-benzimidazoles)
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PPA
TAB
TPA
PDA
PPBI
PTFE
GDE
mtx
ECSA
RMFC
MW

65

Polyphosphoric acid
3,3 ,4,4 -Tetraaminobiphenyl
Terephthalic acid
Pyridine dicarboxylic acid
Pyridine-based PBI
Polytetraﬂuoroethylene
Gas diffusion electrode
mass transport
Electrochemical surface area
Reformed methanol fuel cell
Molecular Weight

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

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

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

to be used in fuel cells, additional processing in phosphoric acid is required
to produce an acid imbibed ﬁlm.
In the past several years, there has been a major emphasis on the development of high-temperature (>100 ◦ C) polymer-based proton-exchange
membrane fuel cells. The beneﬁts of operating at higher temperatures include: the reduction or elimination of humidiﬁcation requirements, increased
tolerance to fuel impurities (e.g., CO), wider fuel choices, lower fuel reforming costs, improved electrode kinetics, higher conductivities, and smaller heat
exchangers or radiators. Traditional polymer fuel cell membranes that rely on
water for proton conduction require complicated or expensive water management systems for operation at 80 ◦ C or higher. Initial work on PBI-phosphoric
acid based membranes using the commercially available PBI polymer has
shown that many of the requirements for high-temperature operation could
be satisﬁed by this membrane system [2]. Since these early reports, much
work has been done to more fully evaluate and develop fuel cell membranes
based on PBI polymers.
Typically, PBI-based fuel cells use phosphoric acid (PA) as an electrolyte [2–
6, 8–10], because of its high conductivity and thermal stability. It has been
reported that these membranes exhibit high ionic conductivities at high temperatures, low gas permeability, excellent chemical and thermal stability in the
fuel cell environment, and nearly zero water drag coefﬁcient. Furthermore,
PBI polymer is commercially available; it is well-characterized and methods
of synthesis have been developed thoroughly. However, some of the perceived
problems with using PBI for fuel cell membranes include: the low molecular
weights (IVs of 0.5–0.8 dL g–1 ), low phosphoric acid loading (6–10 moles of
phosphoric acid/moles polymer repeat unit [moles PA/PRU]), phosphoric acid
retention, and membrane durability. Improvements in these properties are the
focus of much research, which should lead to improved membranes that satisfy
the extensive needs of a commercially viable fuel cell membrane.
In this chapter, the early work on PBI-phosphoric acid systems that
demonstrates the general applicability of this polymer-acid membrane to
high-temperature PEM operation will be reviewed. Two different PBI poly-
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mer systems, based on the commercially available meta-PBI and AB-PBI, have
been investigated for this application as acid-imbibed systems. Additionally,
a new sol-gel process was discovered and applied to a much wider variety
of PBI chemical structures. The sol-gel process produces an acid-imbibed
membrane directly upon casting with a morphology and set of properties not
attainable from the conventional imbibing process. The second part of the
chapter reviews these recent advancements, which have been used to further
develop an acid-imbibed membrane that forms the basis for a commercially
available MEA. In the last section of this chapter, the general properties,
performance, and durability of the commercial membrane and MEA will be
reviewed with an outlook on possible degradation modes.

2
Various Polybenzimidazole Membranes Produced
via Conventional Processes
2.1
Introduction to the Polybenzimidazole/Phosphoric Acid Complex
In 1995, Wainright et al. ﬁrst described a polybenzimidazole (PBI)-phopshoric
acid (PA) complex for use in high-temperature fuel cells [2]. Due to its
commercial availability, a large amount of research has focused on m-PBI,
poly(2,2 -m-phenylene-5,5 -bibenzimidazole) (Fig. 1), commonly referred to
as PBI. In this chapter, this speciﬁc structure will be referred to as m-PBI to
identify the orientation of the phenyl ring. Research with this polymer has expanded to include functionalization of m-PBI, inorganic additives, polymer
blends, and doping with different electrolytes. Another PBI structure that
has been widely investigated is poly(2,5-benzimidazole), or AB-PBI (Fig. 1).
It is interesting to note that PBIs have been studied for use in both hydrogen
and direct methanol fuel cells. These membranes have shown an incredible
potential for PEM fuel cell use as alternatives to traditionally investigated
perﬂuorinated sulfonic acid type membranes.
2.2
Meta-PBI
The earliest work describing a PBI/PA complex for fuel cell use was reported by Wainright et al. in 1995 [2]. This research detailed various synthesis methods and characterization of the resulting polymer, and was further
reviewed by Kim and Lim [3]. Because PBI is thermally stable [4–7], mechanically robust, chemically stable, and exhibits high CO tolerance [8], it was
shown to be a promising high-temperature fuel cell membrane candidate.
Since its introduction, the majority of research has focused on increasing the
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low acid-doping levels and, consequently, the conductivity of the m-PBI/PA
complex, as well as improving the mechanical properties of the polymer.
A variety of approaches have been utilized, but most include sulfonation, inorganic ﬁllers, or polymer blends.
Wainright’s work with m-PBI demonstrated that this polymer could be
a viable membrane candidate for fuel cells. Almost all previous PEM work
had focused on perﬂuorosulfonic acid electrolytes, such as Naﬁon. This early
work showed that m-PBI could be cast into ﬁlms from dimethylacetamide solutions, doped with acid (∼5 moles PA/PRU), could retain conductivity even
at high temperatures (0.025 S cm–1 at 150 ◦ C), and function in a fuel cell, all
without loss of polymer properties (IV = 1.2 dL g–1 ). Furthermore, this work
reported a methanol permeability of 15 × 10–16 m3 (STP)m m–2 s–1 Pa–1 and
methanol crossover current of ∼10 mA cm–2 for m-PBI ﬁlms. Typically, the
crossover current for Naﬁon is ∼100 mA cm–2 .
In 1996, in order to determine if m-PBI was a truly acceptable candidate
for high-temperature use, Samms et al. conﬁrmed the thermal stability of the
polymer (Mw = 25 000) by simulating fuel cell operating conditions (swollen
with PA and loaded with Pt) and performing thermal gravimetric analysis [4].
They showed that both the dry polymer and the acid-doped polymer were
stable up to 600 ◦ C in pure nitrogen, 5% hydrogen (nitrogen balance), and
air, concluding that the PBI/PA complex was very stable even under simulated
fuel cell conditions.
Many researchers have worked on characterizing the proton conductivity
of m-PBI/PA [9–13], as well as other PBI structures. Table 1 shows a comprehensive collection of polymer structures, molecular weights, doping levels,
and proton conductivities (with experimental conditions, when available) reported to date. Values are widely reported throughout the literature, with
typical ranges between 0.04–0.08 S cm–1 at 150 ◦ C, and, as generally agreed,
the conductivity is dependent on acid doping level, humidity, temperature,
and pressure. Unfortunately, data on polymer molecular weight, doping levels, or details of the test conditions were not included in some reports.
Speciﬁcally, the conductivity of m-PBI was investigated as a function of
doping electrolyte [9–11, 15–18], and was nicely discussed by Schuster and
Meyer [19]. Overall, it was found that m-PBI with a doping level between
2–8 moles PA/PRU typically has a conductivity between 10–1 and 10–4 S cm–1
in low humidiﬁcation or nonhumidiﬁed conditions at high temperatures
(>120 ◦ C). In general, for the m-PBI/sulfuric acid complex, conductivities
were similar to the m-PBI/PA complex or slightly lower [10, 11, 16, 17]. The
higher values are comparable to the current state of the art perﬂuorinated
sulfonic acid membrane (Naﬁon) at atmospheric pressure and full hydration.
However, the m-PBI/PA complex is the most widely studied, because of its
conductivity and thermal stability.
Wainright et al. [2] and Wang et al. [20] described some early results of
fuel cell testing in direct methanol and hydrogen/oxygen cells, respectively.

m-PBI from
conventional
processes

Common structure

Tetraamines;
difunctional phenyl
carboxylic acids

Monomers, Additives,
or Misc. Info

0.6
0.6
0.6
1.2
1.2
1.2
1.2
0.6
NR
NR
NR
NR
NR
NR
1.0
Mw = 21 900
Mw = 25 100
Mw = 55 000
NR
NR
NR

IV
(dL g–1 )

Table 1 Polymer Structure, Characterization, and Membrane Conductivities for PBI Polymers

5.01
5
3.38
6.3
6.3
6.3
6.3
3.05
5.01
0.8
4.2
3.38
6.0
6.13
16
6.6
6.2
6.6
1.9
5.6
5.7

Acid doping
(PA/PRU)

Refs.

[2, 11]
[2, 11]
[2]
[9]
[9]
[9]
[9]
[10]
[11]
[11]
[11]
[16]
[16, 18]
[16]
[21]
[22]
[22]
[22]
[23]
[31]
[31]

Conductivity
S cm–1 /◦ C/RH
NR = not reported
2 × 10–2 /130/NR
2.5 × 10–2 /150/NR
5 × 10–3 /130/NR
5 × 10–2 /140/30
2 × 10–2 /140/5
5.9 × 10–2 /150/30
4.7 × 10–3 /150/5
7 × 10–6 /30/NR
3.5 × 10–2 /190/NR
5 × 10–5 /25/NR
4 × 10–3 /25/NR
2.5 × 10–3 /130/dry
4.5 × 10–5 /25/dry
10–4 /20–160/NR
1.3 × 10–1 /160/NR
6.1 × 10–2 /140/20
5.7 × 10–2 /140/20
6.3 × 10–2 /140/20
10–5 /160/anhydrous
6.8 × 10–2 /200/5
7.9 × 10–2 /200/5
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m-PBI
PPA process

Common structure

Table 1 (continued)

Tetraamines;
difunctional phenyl
carboxylic acids

3.8
4.5
NR
5.6
None
NR
14.4
14.4
14.4
14.4
14.4
14.4
14.4
14.4

With PWA
With ZrP
With ZrPBTC
With ZrPBTC

NR
NR
NR
NR
NR
NR
1.49
1.49
1.49
1.49
1.49
1.49
1.49
1.49

Acid doping
(PA/PRU)

Monomers, Additives, IV
or Misc. Info
(dL g–1 )

Refs.

[107]
[108]
[33]
[34]
[37]
[37]
[123]
[123]
[123]
[123]
[123]
[123]
[123]
[123]

Conductivity
S cm–1 /◦ C/RH
NR = not reported
2.5 × 10–3 /130/NR
4.6 × 10–2 /165/NR
3.0 × 10–3 /100/100
9.6 × 10–2 /200/5
3.82 × 10–3 /200/NR
5.24 × 10–3 /200/NR
5.16 × 10–2 /dry/25
5.28 × 10–2 /dry/40
6.23 × 10–2 /dry/60
7.99 × 10–2 /dry/80
9.52 × 10–2 /dry/100
1.1 × 10–1 /dry/120
1.2 × 10–1 /dry/140
1.27 × 10–1 /dry/160
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Commercially available
m-PBI with
1,3 propanesulfone
in LiH/DMAc

PBI-PrS

0.1 M
0.1 M
6M
6M

Not doped
Not doped

Acid doping
(PA/PRU)

Mw = 230 000 Not doped

NR
NR
NR
NR

SD: 75%
75%
75%
0%

sPBI with
aryl group

IV
(dL g–1 )

Commercially available NR
m-PBI, thermal treatment NR
in sulfuric acid

Monomers, Additives,
or Misc. Info

sPBI

Common structure

Table 1 (continued)
Refs.

[53]
[53]

[55]
[55]
[55]
[55]

[60]

Conductivity
S cm–1 /◦ C/RH
NR = not reported
3 × 10–6 /40/100
7.5 × 10–5 /160/100

6 × 10–3 /25/100
2 × 10–3 /25/100
1 × 10–2 /50/100
2 × 10–4 /50/100

∼4 × 10–4 /90/100
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Commercially
available
m-PBI with 1,4
butanesulfone in
LiH/DMAc

Commercially
available
m-PBI, usually
sulfonated via
chlorosulfonic
acid
(next column:
wt % PBI/SD)

sPS
Blend
with
m-PBI

20/20
75/20
75/36
75/70
20/20
75/20
75/36
75/70
75/36
75/36

Monomers, Additives,
or Misc. Info

PBI-BS

Common structure

Table 1 (continued)

NR
NR
NR
NR
NR
NR
NR
NR
NR
NR

5
5
5
5
5
5
5
5
11
11

[60]

[50]
[50]
[50]
[50]
[50]
[50]
[50]
[50]
[50]
[50]

1.5 × 10–2 /25/80
2.7 × 10–2 /25/80
3.9 × 10–2 /25/80
4.5 × 10–2 /25/80
5.5 × 10–2 /160/80
7 × 10–2 /160/80
7.8 × 10–2 /160/80
1 × 10–1 /160/80
7 × 10–2 /25/80
2.1 × 10–1 /160/80

Refs.

∼3 × 10–3 /90/100

Acid doping Conductivity
(PA/PRU)
S cm–1 /◦ C/RH
NR = not reported

Mw = 230 000 Not doped

IV
(dL g–1 )
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Commercially available
m-PBI, sulfonated via
sulfuric acid
(SD: 25.4%)
Blend compositions are
70/30 and 50/50 for
doping levels 2.1 and 3.2
respectively

sPPO
Blend with m-PBI

P4VP
Blend with m-PBI

Monomers, Additives,
or Misc. Info

next column:
wt % PBI/SD

Common structure

sPhosphazene
Blend with m-PBI

Table 1 (continued)

NR
NR

NR
NR

3/NR NR

IV
(dL g–1 )

2.1
3.2

NR
NR

NR

Acid doping
(PA/PRU)

Refs.

[68]

[42]
[42]

[66]
[66]

Conductivity
S cm–1 /◦ C/RH
NR = not reported
6 × 10–2 /60/in water

∼9 × 10–3 /25/0.1 M
KCl (SD: 42.4%)
∼1 × 10–2 /25/0.1 M
KCl
10–3 /200/NR
10–2 /170/NR
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sAB-PBI

AB-PBI

Phenylpyridine-co-sPS
Blend with m-PBI

Table 1 (continued)

Common structure

NR
2.4
2.4
2.4
2.4
1.5–1.8

NR

IV
(dL g–1 )

2.7
With PMA and PA
3,4-diaminobenzoic acid,
NR
sulfonation is sulfuric acid NR
with heat treatment
SD = 28% (3 × 10–2 ) and
41% (3.5 × 10–2 )

3,4-diaminobenzoic acid;
diaminobenzoic acid salts

Blend composition is
50/50 (m-PBI/copolymer)

Monomers, Additives,
or Misc. Info

[12]
[70]
[70]
[71]
[71, 74]
[72]

10–4 /25/NR
6.2 × 10–2 /150/30
3.9 × 10–2 /180/5
1.5 × 10–2 /180/dry
2.5 × 10–2 /180/dry
2.6 × 10–2 –
6 × 10–2 /110/dry
3 × 10–2 /185/dry
∼3 × 10–2 /185/dry
3.5 × 10–2 /185/dry
5
3
3
3
2.7
1.6–3.7

[13, 74]
[76]
[13]

[67]

7 × 10–2 /150/30

220 wt %

NR
4.6
4.6

Refs.

Conductivity
S cm–1 /◦ C/RH
NR = not reported

Acid doping
(PA/PRU)
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2.5–3.1
2.5–3.1

2,5-pyridine
dicarboxylic acid,
3,4-tetraaminobiphenyl

2,6-pyridine
dicarboxylic acid,
3,4-tetraaminobiphenyl

2,5-PPBI
PPA Process

2,6-PPBI
PPA Process

1.3
1.3

3.0
3.0

IV
(dL g–1 )

Tetra-amines;
difunctional
carboxylic acids

Monomers, Additives,
or Misc. Info

p-PBI
PPA Process

Common structure

Table 1 (continued)

8.5
8.5

20.4
20.4

32
32

Acid doping
(PA/PRU)

[90]
[90]

1.0 × 10–2 /25/dry
2.6 × 10–1 /200/dry

[110]
1 × 10–2 /25/dry
1 × 10–1 /160–200/dry [110]

[110]
1.8 × 10–2 /25/dry
2 × 10–1 /160–200/dry [110]

Refs.

Conductivity
S cm–1 /◦ C/RH
NR = not reported
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The performance of a methanol cell tested by Wainright et al. was comparable to a Naﬁon-based cell. The polarization curve showed a voltage of ∼0.45 V
at a current density of 0.20 A cm–2 . These results were considered promising,
because of m-PBI’s resistance to methanol crossover and the early stage of development of m-PBI membranes. Wang et al. operated a m-PBI/PA fuel cell
on humidiﬁed hydrogen/oxygen and reported a voltage of ∼0.6 V at a current
density of 0.20 A cm–2 . The m-PBI/PA complex was also tested in a humidiﬁed hydrogen/air cell with lower performance (∼0.5 V at 0.20 A cm–2 ), as
expected based on the Nernst Equation. While these results were lower than
those of a Naﬁon cell, they are quite impressive when cell temperature is taken
into consideration. All of Wang’s cells operated at 150 ◦ C and showed excellent stability for 200 hours. Naﬁon-based cells typically cannot operate above
80 ◦ C without humidiﬁcation or pressurized feed gases.
In an effort to increase the amount of acid held by m-PBI, many experimental methods have been investigated. Generally, it is believed that higher
acid-doping levels lead to increased proton conductivity and, hopefully, improved fuel cell performance. This was highlighted by Li et al. [21] for a mPBI/PA complex with 16 moles PA/PRU and a conductivity of 0.13 S cm–1 at
160 ◦ C. This is comparable to a fully hydrated Naﬁon system running at 80 ◦ C.
However, at this high doping level, the membrane was mechanically unstable
and could not be made into an MEA. This research also showed a correlation between conductivity and doping level; i.e., the conductivity increased
with higher doping levels. Unfortunately, the mechanical strength decreased
proportionally with the increase in doping level, leading to a loss of mechanical properties at higher doping levels. Preliminary hydrogen/oxygen fuel cell
tests using membranes with 620 mol % doping level showed promise at varying temperatures and atmospheric pressure with no humidiﬁcation (∼0.6 V
at 0.7 A cm–2 , 190 ◦ C).
For a more in-depth look at physicochemical properties of the m-PBI/PA
complex, He et al. [22] conducted a study on gas permeability, volume swelling,
mechanical integrity, and conductivity. They separated out by fractionation
PBI samples with molecular weight (MW) of approximately 25 000. They
found that an increased doping level led to an increase in volume swelling
(0.3 mol PA/PRU had 22% swelling, while 5 mol PA/PRU corresponded to
188% swelling), seen mostly in the thickness of the polymer sample due to
separation of the PBI backbone by acid molecules. Interestingly, at 125 ◦ C
with a doping level of less than 2 mol PA/PRU, mechanical strength increased
slightly due to H-bonding, then decreased sharply as acid loading increased.
At 180 ◦ C, a linear decrease in mechanical integrity was seen with increasing
doping level, and values were overall lower than those at 125 ◦ C: for PBI with
doping level of 2.3, stress at break was 160 MPa at 125 ◦ C and 48 MPa at 180 ◦ C.
Elongation at break increased with higher doping levels, because the membrane
became more plastic at high acid doping levels and could more easily rearrange
under load. Mechanical properties were also improved with higher molecular
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weights, as shown by the 3.5 MPa stress at break for PBI with MW of 17 800 and
the 6 MPa stress at break for PBI with MW of 25 000. Gas permeability studies
found that both the hydrogen and oxygen crossover increased as temperature
and/or doping level increased, though it was more prominent for oxygen. It was
found that there was no signiﬁcant effect on the conductivity of membranes
with different MW and similar doping levels.
Kawahara et al. also tried to increase acid doping levels by using various inorganic acids, such as phosphoric acid, sulfuric acid, and methane(or ethane)sulfonic acid [23]. They found that the m-PBI/PA complex was stable up to 500 ◦ C, with an anhydrous proton conductivity of
10–5 S cm–1 . The doped ﬁlms were prepared by immersing m-PBI ﬁlms into
strong acid/methanol solutions. Characterization by Fourier transform infrared (FTIR) spectroscopy, thermogravimetric analysis (TGA), and electrical
impedance was then performed. Acid absorption level was found to increase
with the increased concentration of the strong acid. A maximum doping
level of 2.9 moles PA/PRU was achieved for the m-PBI/PA complex. FTIR
showed that sulfuric acid, methanesulfonic acid, and ethanesulfonic acid protonated the basic N moiety on the imidazole, but phosphoric acid interacted
through hydrogen bonding of the OH and NH groups instead. The thermal
stability of m-PBI/strong acid complex was highest for phosphoric acid, and
decreased in the order of sulfuric acid, methanesulfonic acid, and ethanesulfonic acid. The higher thermal stability of the PBI/PA suggests that the
hydrogen bonding interaction imparts stability to the polymer/acid complex.
The decomposition of the various polymer/acid complexes was believed to
be due to elimination of the acid molecules from the complexes. The highest conductivity measured with PA at a doping level of 1.9 was 10–5 S cm–1
at 160 ◦ C. The conductivity of all other polymer/acid complexes decreased at
temperatures greater than 80 ◦ C.
Li et al. [24] have examined the relationships between phosphoric acid
doping level and water uptake. They showed that the water uptake of mPBI was comparable to or even exceeded that of the commercially available Naﬁon, both when membranes were immersed in water or when
placed in varying relative humidities, especially at higher acid doping levels
(∼6 moles PA/PRU). An in-depth discussion can be found in Li’s review [25]
of PBI-based membranes.
Kim et al. [26] synthesized m-PBI in a mixture of P2 O5 , CH3 SO3 H, and
CF3 SO3 H, but the membrane did not show signiﬁcant conductivity or performance improvements over other methods, even at comparable polymer
inherent viscosities. Schechter and Savinell [27] studied the proton conduction pathway in m-PBI/PA complexes, as well as the use of imidazole or
methyl imidazole additives, which did not result in any improvements in conductivity over previous work.
Hu et al. performed a ﬁve hundred hour long term performance test on
PA-doped PBI. They also developed a one dimensional model to predict
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degradation over time [28]. The one dimensional model was developed for
high-temperature operation and took into account the measured internal cell
resistance and cathode area exchange current. However, in order to reduce
complexity, many parameters were kept constant (such as electrochemical
surface area (ESA)) and assumed simpliﬁcations, such as steady state cell operation, even temperature distribution across the electrode, ideal gases, etc.,
which do not reﬂect operational circumstances. The model was shown to have
a good agreement with experimental data, with the largest deviations thought
to occur because the modeling equations hold ESA constant, while it decreases with time in operational fuel cells. The MEA was built using PA-doped
PBI (level unspeciﬁed) and electrodes made with some PBI ionomer in them.
The cell was operated for 500 hours at 150 ◦ C, using hydrogen and oxygen
with a constant load of 640 mA cm–2 and measurements taken every 24 hours.
The cell was assumed to be in activation phase for the ﬁrst 100 hours, with the
voltage increasing from 0.5 V to 0.58 V over this time period. Linear scanning
voltammetry showed an increase in ESA up to 100 hours. Both the fuel cell
performance and ESA decreased over the following 400 hours. The cell performance decreased linearly at a rate of ∼150 mV h–1 . The decrease in ESA
is thought to come from Pt sintering; TEM imaging conﬁrmed an increase
in average particle size from an initial value of 3.8 nm to 6.9 nm at test completion. Scanning electron microscopy (SEM) imaging was performed on the
MEA before and after the long-term test to study the effect of delamination
on cell failure. It was determined that this did not contribute to performance
losses, as there was no increased separation after 500 h of testing. The researchers concluded that the major loss of performance was due to the large
decrease in ESA.
The temperature effects on cell performance and catalyst stability were investigated by Lobato et al. [29]. Measurements were carried out on a single
5 cm2 cell from 100 to 175 ◦ C. The MEA was made with electrodes with aciddoped PBI ionomer and a PBI membrane with doping level of 6.5 mol PA/PRU
and the fuel and oxidant were hydrogen and oxygen, respectively. Each cell was
conditioned at a certain temperature for 24 h and then polarization curves were
taken. All results were related to the initial conditioning temperature, rather
than the temperature at which measurements were taken. Cyclic voltammetry (CV) was used to determine catalyst stability. X-ray diffraction was used to
record any change in the structure of the catalyst during CV measurements. It
was found that at conditioning temperatures of 100 and 125 ◦ C, a stable current
value was reached after ∼5 hours, while currents for the conditioning temperatures of 150 and 175 ◦ C continued to drop at a constant rate (1 mA cm–1 h–1 and
2.8 mA cm–1 h–1 , respectively) even after 24 hours. This may be due to the rapid
loss of absorbed water at the higher temperatures and, therefore, decreased
proton conductivity. Also playing a large role was the oligomerization of phosphoric acid to pyrophosphoric acid, causing a drop in proton conductivity.
By collecting the Nyquist plots of these membranes at various temperatures,
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the various resistances could be separated. It was determined that at 100 and
125 ◦ C, cell performance was mainly affected by the reduction of ohmic and polarization resistance, accounting for better performance. However, at 150 and
175 ◦ C ohmic resistance increased greatly and the polarization resistance decrease was not large enough to overcome the difference. After conditioning
the cells, the short-term response of the system was studied by changing the
temperature from the conditioned value and immediately recording a polarization curve. It was found that the short-term response was governed by the
faster electrode kinetics and increased electrolyte conductivity. For long-term
effects, higher conditioning temperatures led to lower overall fuel cell performance, as the temperature was changed. This was especially true for those cells
conditioned at 150 and 175 ◦ C, which was thought to be a function of the progressive and constant dehydration of phosphoric acid during conditioning.
It was thought that the dehydration was the major cause of cell-performance
degradation in these experiments. Water loss (free and from PA dehydration)
under the conditioning/operating temperatures was conﬁrmed by TGA.
CV studies showed a progressive loss of active area of Pt when subjected to
a harsh acid environment similar to an operating fuel cell. These losses may
be explained by Pt migration and/or Pt dissolution-redeposition throughout
the electrode. Particle redistribution after the CV study was conﬁrmed by
X-ray diffraction with the result of Pt agglomeration.
Zhai et al. further studied the degradation mechanisms of the MEA in
PA/PBI high-temperature fuel cells [30] by performing a 550 h long-term
test. The ﬁrst 500 h was continuous operation at 640 mA cm–2 , while the last
50 h was intermittent operation with shutoffs every 12 hours. The tests were
performed at 150 ◦ C with unhumidiﬁed hydrogen and oxygen. It was found
that there were three main regions in the long-term performance curve. The
ﬁrst region, up to ∼90 hours, was considered the activation period, and the
voltage increased from 0.57 to 0.66 V. The next 450 h of operation showed
a continual steady decrease of ∼18 mV h–1 in performance, with an overall
change from 0.66 to 0.58 V. The last 10 h showed a rapid decrease in performance, due to severe membrane damage. The best performance was recorded
at 96 h, with a power density of 0.95 W cm–2 . At the end of the 500 hours of
continuous operation, the power density was 0.70 W cm–2 , which corresponds
to an overall loss of ∼26%. The major causes for loss of performance were
concluded to be Pt agglomeration, leaching of phosphoric acid, and hydrogen crossover. Pt agglomeration was shown by CV and SEM. After about 90 h,
when the active area of Pt had reached the maximum, a steady decrease in active area was observed. This was conﬁrmed by SEM at 480 h, which showed an
increase in average particle size from 4.02 to 8.88 nm and a distribution shift
to larger particle sizes. It was concluded that this was the major cause of performance loss, and that it represents the main stability issue to be overcome
in the future. The leaching of PA was conﬁrmed by EIS and showed as a slight
increase in internal resistance during operation. The elemental distribution
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of phosphorus across the MEA was analyzed using energy dispersive X-ray
analysis and showed no obvious variation in membrane phosphorus during
the lifetime of the test. However, the phosphorus levels in the catalyst layer
decreased severely. Interestingly, it was found by linear scanning voltammetry that hydrogen crossover was steady during the continuous operation
portion of the test. When the cell was switched into intermittent operation,
the hydrogen crossover increased drastically, because the electrode potentials
were higher. This led to cracks in the membrane (as seen by SEM), which allowed for increased hydrogen crossover. These cracks were surmised to be
a result of oxidative degradation during operation.
Kongstein et al. formulated a method to make PBI-based electrode materials and tested them in a high-temperature acid-doped PBI fuel cell [31]. It
is well known that the choice of electrode can signiﬁcantly impact the fuel
cell performance. This is especially important with PBI fuel cells, because at
high voltages, carbon can be oxidized in acidic environments. To help improve
PBI fuel cell performance, a dual layer electrode was formulated. A microporous layer made of carbon ﬁber paper treated with PTFE was fabricated, and
then, the catalytic layer was sprayed from a dispersion of platinum on carbon in PBI/DMAc. First, the portion of the electrode that would be in contact
with the membrane was sprayed with 50 wt % Pt/C, and then the outer part
was sprayed with 20 wt % Pt/C and the DMAc was removed by evaporation
at 190 ◦ C. The MEA was made by hot-pressing of the electrodes onto a PBI
membrane with a doping level of 5.6 mol PA/PRU. Polarization curves were
collected in a 2×2 cm2 cell using hydrogen and oxygen. The highest performance was found with electrodes containing both PBI and PTFE ionomers and
with Pt loading of 0.4 mg cm–2 on the anode and 0.6 mg cm–2 on the cathode.
The amount of PBI ionomer in the electrode was of crucial importance. Too
high a concentration led to a coating of electrically insulating PBI over the
Pt surfaces, while too little PBI content led to lower ionic conductivity. It was
found that the best performance was with electrodes containing between 0.2
and 0.4 mg PBI cm–2 . The fuel cell performance was lower than Naﬁon, but still
impressive for high-temperature operation, with a maximum of 0.6 A cm–2 at
0.6 V. The maximum power density achieved was 0.83 W cm–2 at 0.4 V.
2.2.1
Acid-Doped Polybenzimidazole/Inorganic Fillers
Inorganic ﬁllers are typically added to increase the proton conductivity and/or
acid uptake of PBI ﬁlms. A number of methods for ﬁlling, blending, and sulfonating PBI have been investigated and were reviewed by Kerres [32]. The
following is a more detailed look at speciﬁc research on inorganic ﬁllers. Staiti
et al. [33] used phosphotungstic acid adsorbed on silicon dioxide to increase
the PA doping levels. It was found that the conductivity increased with higher
loadings of phosphotungstic acid. The maximum conductivity at 100 ◦ C and
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100% RH was 3.0 × 10–3 S cm–1 , which was comparable with the lower values
reported for a m-PBI/PA complexes. The membrane exhibited promising mechanical and thermal stability, which could lead to potential use in PEMFC’s.
He et al. [34] synthesized a number of PA-doped m-PBI/inorganic ﬁller
blends, including zirconium phosphate, phosphotungstic acid, and silicotungstic acid as ﬁllers. The conductivity of the PA-doped m-PBI and
m-PBI composite membranes was found to depend on PA doping level,
relative humidity, and temperature. The conductivity for a PA-doped PBI
(5.6 moles PA/PRU) at 200 ◦ C and 5% RH was 6.8 × 10–2 S cm–1 . The addition
of 15 wt % zirconium phosphate to the membrane increased the conductivity to 9.6 × 10–2 S cm–1 when tested under the same conditions. m-PBI/PA
membranes containing 20–30 wt % phosphotungstic acid and 20–30 wt %
silicotungstic acid exhibited conductivities similar to the unﬁlled PA-doped
m-PBI membrane at temperatures up to 110 ◦ C.
When tested in a hydrogen atmosphere or humidiﬁed atmosphere, it
was found that the conductivity of unﬁlled PA-doped m-PBI membranes
increased dramatically with temperature. A humidity control experiment
demonstrated that the conductivity of PA-doped m-PBI membranes was dependent on the relative humidity present at a speciﬁc temperature, partic-

Fig. 2 Conductivity of m-PBI membrane vs. temperature at H3 PO4 doping level of 5.6. The
relative humidity (RH) at each temperature is indicated in the ﬁgure with (a) humidity
control; (b) under hydrogen atmosphere, saturated with water vapor at room temperature;
(c) RH of hydrogen atmosphere saturated with water vapor at room temperature vs. temperature; (d) conductivity of Naﬁon 117 at 80% RH and 25–80 ◦ C. Reprinted from [34],
with kind permission from Elsevier
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ularly when dealing with very low relative humidities (RH). However, the
complex’s RH dependence was not as drastic as Naﬁon 117’s conductivity dependence on RH. For example, when the RH was increased from 0.15% to 5%
at 200 ◦ C, the PBI conductivity increased from 0.032 S cm–1 to 0.068 S cm–1 .
The conductivity dependency of acid-doped PBI and Naﬁon 117 membranes
on temperature is shown in Fig. 2. Figure 3 shows the conductivity dependence of PA-doped m-PBI membranes at different temperatures and relative
humidities. Clearly, the relative humidity dependence is much greater for
Naﬁon than for PBI. As temperature increased, conductivity for all levels
of acid doping and relative humidity also increased. The highest performance (0.079 S cm–1 ) was measured on the membrane with a doping level of
5.7 moles PA/RPU and relative humidity of 5% at 200 ◦ C.
Because very high acid doping can lead to deterioration of the mechanical properties of PBI ﬁlms, inorganic ﬁllers were subsequently introduced
to increase ﬁlm strength, as well as water uptake, thermal stability, and conductivity. Zirconium phosphate (ZrP) was the ﬁrst inorganic ﬁller tested with
acid-doped m-PBI. The conductivity of the m-PBI/PA complexes increased
with ﬁller loading level, and it dramatically increased with temperature, as
shown in Fig. 4. This is consistent with other literature reports of acid-doped
polymer/ZrP blends.

Fig. 3 Conductivity vs. relative humidity (RH) for Naﬁon 117 and acid doped m-PBI
membranes at a H3 PO4 doping level of 5.6. (a) Naﬁon 117, 50 ◦ C; (b) m-PBI, 80 ◦ C;
(c) m-PBI, 140 ◦ C; (d) m-PBI, 200 ◦ C. Reprinted from [34], with kind permission from
Elsevier
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Fig. 4 Conductivity of ZrP/m-PBI composite membranes vs. relative humidity (RH) at
H3 PO4 doping level of 5.6. The temperatures were 140 ◦ C for: (a–c) and 200 ◦ C for: (a –
c ). (a) and (a ) m-PBI; (b) and (b ) 15 wt % ZrP in m-PBI; (c) and (c ) 20 wt % ZrP in
m-PBI. Reprinted from [34], with kind permission from Elsevier

The effect of phosphotungstic (PWA) and silicotungstic acid (SiWA) on
conductivity was also investigated. These additives increased the proton conductivity (Fig. 5), but they were extremely sensitive to relative humidity and
temperature (Fig. 6). Because of this sensitivity, it may be difﬁcult to use these
membranes in practical fuel cell applications. Although the conductivities of
ﬁlled membranes were lower than the unﬁlled m-PBI/PA complex, they may
still be useful as conductivity enhancers for polymer membranes.
Other groups have investigated additional inorganic additives, such as zirconium tricarboxybutylphosphonate (ZrPBTC), for use in a direct methanol
fuel cell [35–37]. They also applied a post-sulfonation thermal treatment
to the m-PBI/ZrPBTC membrane to increase the conductivity. ZrPBTC was
introduced into the polymer by dispersing ZrPBTC powder in a DMAc solution of m-PBI [37]. The solvent was evaporated, leaving behind a 50 wt %
ZrPBTC/m-PBI composite membrane. The membrane was then soaked in
hydrochloric acid to introduce protons. Further immersion in either phosphoric acid or sulfuric acid produced a doped membrane. The sulfuric acid
(SA)-doped membrane was then thermally treated at 480 ◦ C for 60 s.
Under fully humidiﬁed conditions, the conductivity of these membranes
was improved over the native m-PBI/PA complex and varied between 10–3
and nearly 10–2 S cm–1 , with conductivities increasing with temperature. The
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Fig. 5 Conductivity of m-PBI and phosphotungstic acid (PWA) m-PBI and silicotungtic
acid (SWA)/m-PBI composite membranes. The relative humidity was 95% for 25 ◦ C, 20%
for 80 ◦ C and 110 ◦ C, 10% for 140 ◦ C, and 5% for 170 ◦ C and 200 ◦ C. (a) m-PBI, PA doping
level was 4.4; (b) 30 wt % PWA in m-PBI, PA doping 4.4; (c) 30 wt % SWA in m-PBI, PA
doping 5.1. Reprinted from [34], with kind permission from Elsevier

m-PBI/ZrPBTC membrane showed a conductivity of 3.82 × 10–3 S cm–1 at
200 ◦ C, while the m-PBI/ZrPBTC/PA and m-PBI/ZrPCTC/SA showed conductivities of 5.24 × 10–3 and 8.21 × 10–3 S cm–1 , respectively, at the same temperature. It was believed that the high conductivity of the thermally treated
SA complex was due to a conductive network of sulfonic acid groups strongly
associated with the imidazole groups.
Zaidi [38] investigated a blend of sulfonated poly(etheretherketone)
(s-PEEK), m-PBI, and boron phosphate (BP). The solid boron phosphate was
blended into the composite membrane at 10–40 wt %. The conductivities of
the composite ﬁlms increased with increasing BP content to a maximum value
of 6 × 10–3 S cm–1 . Since these membranes were not acid doped, the conductivity was signiﬁcantly lower than doped membranes, but still signiﬁcantly
higher than native PBI. Even though the water uptake decreased with incorporation of BP compared to the s-PEEK/PBI blend, the conductivity was still
higher. The author concluded that the BP may have increased the acidity of
the sulfonic acid groups of the PEEK component in the blend. These blended
membranes still exhibited good thermal stability in the temperature range
desirable for PEM fuel cell use.
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Fig. 6 Conductivity vs. relative humidity (RH) for m-PBI and phosphotungstic acid
(PWA)/m-PBI and silicotungstic acid (SWA)/m-PBI composite membranes. (a) m-PBI
doping level 4.4, 140 ◦ C; (b) 20 wt % PWA in m-PBI, doping level 4.4, 140 ◦ C; (c) 30 wt %
PWA in m-PBI, doping level 4.4, 140 ◦ C; (d) m-PBI, doping level 5.1, 200 ◦ C; (e) 20 wt %
SWA in m-PBI, doping level 5.1, 200 ◦ C; (f ) 30 wt % SWA in m-PBI, doping level 5.1,
200 ◦ C. Reprinted from [34], with kind permission from Elsevier

On the whole, commercially produced m-PBI has shown great promise for
development as a high-temperature membrane. The polymer and ﬁlm are
commercially available, relatively inexpensive, have outstanding chemical and
thermal stability, mechanical robustness, high CO tolerance, acceptable conductivity, and can be doped with a variety of inorganic acids. The major focus
of current research is to increase conductivity, generally through increasing
the acid doping levels. The results so far are very encouraging and indicate
that m-PBI is an excellent candidate for high-temperature fuel cell use. However, additional challenges still remain, such as phosphoric acid retention,
membrane durability at higher doping levels, and improvement of the fuel cell
performance under practical operating conditions.
2.3
Sulfonated Polybenzimidazole and Its Derivatives
Naﬁon, a perﬂuorinated sulfonic acid membrane (Fig. 7) is often considered
the state of the art membrane for fuel cells operating at temperatures below
about 80 ◦ C. Because the acid functionality in the presence of water is ne-
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Fig. 7 Chemical structure of the perﬂuorosulfonic acid polymer used in Naﬁon membranes

cessary for the efﬁcient transport of protons, most explorations of Naﬁon
alternatives have included this group in the chemical structure. This adherence to water-based proton conduction is commonly reported as degree of
sulfonation (SD), the equivalent weight (EW), or lambda (λ), the number of
waters per sulfonic acid group. The sulfonated alternatives to Naﬁon are often
blended with other polymers [39–42] or contain inorganic ﬁllers [33, 43] in
an effort to increase conductivity. Recent reviews by Li et al. [44] and Hickner et al. [45] provided a thorough overview of problems remaining with PEM
fuel cells and some of the alternative membranes and structure variations that
have been developed. Similarly, Jannasch reviewed new ionomer and hybrid
membranes [46]. A signiﬁcant amount of work has been done on phosphonated poly(arylene ether)s [47], sulfonated polysulfones [48], and sulfonated
polyimides [49]. Recently, m-PBI has been used as a blend component with
some of these sulfonated alternatives [40, 42, 50, 51], such as m-PBI/sulfonated
poly(etheretherketone) or m-PBI/sulfonated poly(ethersulfone).
Acid-doped sulfonated PBIs (sPBI) have been synthesized by multiple research groups [12, 15, 40–42, 50–54]. Typical approaches to sulfonation include direct sulfonation of the PBI backbone, chemical grafting of functionalized monomers onto the chain, or copolycondensation of sulfonated
monomers. The last approach is highly favored, because side reactions can
be avoided and degree of sulfonation easily controlled. A recent review by
Rikukawa and Sanui [54] thoroughly describes the preparation of sulfonated
hydrocarbon polymers and the properties of the sulfonated membranes.
Qing et al. [52] synthesized sPBIs with varying sulfonation degrees by controlling the stoichiometric ratios of sulfonated to nonsulfonated monomers.
These polymers were solution cast from polar aprotic solvents into tough,
ﬂexible, transparent ﬁlms with good thermal stability and mechanical properties. Furthermore these sulfonated polymers retained good mechanical properties at high temperatures (>300 ◦ C), making them potential candidates for
high-temperature fuel cells. The extreme hygroscopicity of this type of membrane also makes s-PBIs attractive Naﬁon alternatives.
Glipa et al. [55] successfully grafted sulfonated aryl groups onto m-PBI,
leading to a proton conducting polymer with various degrees of sulfonation
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(see Fig. 8). Room temperature conductivity increased from ∼10–4 S cm–1 to
>10–2 S cm–1 for highly sulfonated samples that were thermally stable in their
dry state up to 350 ◦ C. Mechanical properties of the hydrated ﬁlms were preserved by balancing the degree of sulfonation with the swelling behavior of
the membranes. Overall, the degree of post-sulfonation was easily controlled
by reaction time.

Fig. 8 m-PBI grafted with a methyl benzenesulfonic acid side chain

Although these initial results appear promising, additional work is needed
to understand the relationships between degree of sulfonation, water uptake,
proton conductivity, swelling behavior, and fuel cell performance. Earlier
work by Gieselman and Reynolds [56] showed that these polymers were fully
soluble in water at high degrees of sulfonation.
Ariza et al. [57] applied a post-sulfonation thermal treatment to an already
synthesized PBI backbone to attach sulfonic acid groups to m-PBI. The attachment was achieved by soaking “a pre-formed PBI ﬁlm in dilute sulfuric
acid solution, then heating the acid-complexed membrane in an inert atmosphere at a high temperature during a determined period of time.” While
this method worked, there was not a clear deﬁnition of the effects of phosphoric acid concentration, heating time, and temperature on the membrane
properties important for fuel cell applications. Characterization performed
by FTIR showed evidence of sulfonation on the m-PBI backbone via an ionic
interaction between the inorganic acid and polymer. Additional evidence of
covalent attachment and possible cross-linking was obtained from combined
FTIR analysis, solubility studies, and elemental analysis after thorough water
washing treatments.
The membrane conductivity remained low (2.4 × 10–5 S cm–1 ) due to the
low degree of sulfonation, but it was improved by one order of magnitude
over the native m-PBI. The membrane was stable up to at least 300 ◦ C, but
degraded at temperatures lower than that of native m-PBI, as shown by TGA.
Future development of these membranes appears dependent on the ability to
achieve higher proton conductivities.
Kawahara et al. [58] produced a propylsulfonated-PBI (PBI-PrS) via a ringopening reaction of 1,3-propanesulfone with the N – H groups of the imida-
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zole functionality, as previously described by Gieselman and Reynolds [59],
and investigated the conductivity of the resulting membranes. The conductivity increased with both temperature and SD, and a maximum of ∼10–3 S cm–1
at 140 ◦ C was reported for a SD of 73.1 mole percent. Conductivity also increased with increasing water uptake per sulfonic acid group, with a maximum of ∼10–3 S cm–1 at 140 ◦ C and 11.1 H2 O/SO3 H. A comparison of Naﬁon
115 (7.6 H2 O/SO3 H) to PBI-PrS (SD of 73.1, 11.1 H2 O/SO3 H) showed similar
conductivities up to about 90 ◦ C. At higher temperatures, Naﬁon’s conductivity dropped sharply and continued to decrease up to 140 ◦ C, while the
conductivity of PBI-PrS gradually increased over this temperature range.
Similarly, Bae et al. [60] compared the propylsulfonated and butylsulfonated PBIs, shown in Fig. 9, in conductivity and fuel cell tests. In conductivity tests, the butylsulfonated-PBI exhibited a higher conductivity
(∼3 × 10–3 S cm–1 , 90 ◦ C, 100% RH) than propylsulfonated-PBI (∼10–3 S cm–1 ,
90 ◦ C, 100% RH) and was able to maintain acceptable conductivities up to
160 ◦ C. The propylsulfonated-PBI had relatively low overall conductivity, perhaps because of the rigidity of the shorter alkyl spacer. Fuel cell performance
(ambient pressure, H2 /O2 ) of the butylsulfonated-PBI was moderate compared to Naﬁon systems. Under testing conditions of 80 ◦ C and 100% RH,
at a current density of 0.20 A cm–2 , the voltage was ∼0.45 V. The maximum
power density of 200 mW cm–2 was achieved at 0.7 A cm–2 and 0.3 V.

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

Using the Eaton reagent, Jouanneau et al. [61] synthesized a novel sulfonated PBI based on a sulfonated tetraamine monomer, bis-3-amino-4[3-(triethylammoniumsulfonato) phenylamino]phenyl sulfone (BASPAPS).
A nonsulfonated amine (bis-3,4-diaminophenyl sulfone, BDAPS) was used as
a comonomer in copolymer synthesis to vary the IEC. Before polymerization, model compounds containing only one carboxylic acid were made to
help reﬁne the polymerization conditions needed to achieve high molecular weight polymer. Both random and sequenced copolymers were made to
control the variation of IEC. Blends of the sulfonated PBI were also made.
Polymer structures were conﬁrmed by FTIR, 13 C, and 1 H NMR. It was found
that by varying the composition of nonsulfonated tetraamine, the IEC could
be controlled between 0 and 2.57 meq g–1 (0–100% BASPAPS). Using the
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novel monomer, the architecture, MW, and IEC could be controlled by using
various types of polymer synthesis. However, because of the low lambda (5–8
water molecules per sulfonic acid), only low conductivities were achieved.
While the performance is not yet as high as Naﬁon-based polymers, these
membranes show that there are promising hydrocarbon alternatives that need
further optimization.
2.4
Blends of Polybenzimidazole and Sulfonated Polymers
Many different sulfonated polymers have been investigated as single components or as blends with m-PBI to improve different aspects of membrane
properties (Fig. 10) with widely varying results [40, 42, 44, 50, 62–65]. Some
polymer blends swelled to such an extent that mechanical properties were lost,
while others were immiscible and did not form usable blends. However, some
polymer blends showed improvements in conductivity at temperatures greater
than 100 ◦ C. Efforts have also been made to reduce the swelling problems
through cross-linking and to increase conductivity via inorganic ﬁllers. However, limited fuel cell performance testing was reported and, therefore, limited
conclusions can be made on the signiﬁcance of the improved conductivities. As
mentioned earlier, a recent review by Li et al. [44] discusses and compares the
fundamental membrane properties of these exploratory polymers and blends.
A blend of m-PBI and sulfonated polysulfone (m-PBI/sPS) was investigated for direct methanol fuel cell use [62]. The ion exchange capacity of one
membrane of particular interest was 1.01 meq per gram dry polymer. The
methanol permeation was approximately one order of magnitude less than
that of Naﬁon 117 for methanol weight concentrations of 20–75%, while the
swelling was similar.
Silva et al. [63] developed a mixture of sulfonated-poly(etheretherketone)
(s-PEEK) with a 42 or 68% degree of sulfonation, m-PBI, and zirconium phosphate (ZrP) for use in a direct methanol fuel cell. This blend was originally
designed to increase the chemical and thermal stability of the s-PEEK. The
proton conductivity and DMFC performance were also tested. Although the
membrane swelling and methanol permeability decreased, the membrane
conductivity also decreased. In general terms, however, the addition of the
m-PBI and ZrP imparted chemical stability and increased DMFC efﬁciency at
temperatures up to 130 ◦ C.
Sulfonated PBIs, other sulfonated polymers, and their blends show great
potential for use as membranes in high-temperature fuel cells. The synthesis,
conductivity, mechanical properties, and performance still require further
development, but results so far are promising. Further investigation remains
to determine whether these problems can be overcome and useful chemistries
developed to meet the needs of high-temperature membranes with performance characteristics comparable to lower-temperature membranes.
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Fig. 10 Some sulfonated hydrocarbons used alone or as blends with m-PBI. 1: sulfonated
polystyrene; 2: poly(benzylsulfonic acid siloxane); 3: sulfonated poly(etheretherketone);
4: sulfonated poly(4-phenoxybenzoyl-1,4-phenylene); 5: sulfonated polysulfone; 6: sulfonated polysulfone; 7: sulfonated m-PBI; 8: sulfonated poly(phenylquinoxalines);
9: sulfonated poly(2,6-diphenyl-4-phenylene oxide); 10: sulfonated polyphenylenesulﬁde.
Reprinted with kind permission from [44]

Polybenzimidazole/Acid Complexes as High-Temperature Membranes

91

2.5
Acid-Based Blends of Polybenzimidazole and Other Polymers
To increase the thermal stability, acid uptake, water uptake, and conductivity
of m-PBI, many blended membranes have been investigated. Pu investigated
m-PBI/poly(4-vinylpyridine) (P4VP) blends and their proton conductivity
after acid doping [66]. The polymers were chosen because, due to strong
intermolecular hydrogen bonding, they form miscible blends and can be
used as proton conductors. The thermal stability of the blends was lower
than that of m-PBI, but signiﬁcantly higher than that of P4VP. The thermal
stability decreased with increasing P4VP content, with decomposition beginning around 350 ◦ C. The conductivity for a PBI/P4VP blend (70/30) reached
a maximum of approximately 10–3 S cm–1 at 200 ◦ C with a doping level of
2.1 moles PA/PRU (RH not speciﬁed). The maximum conductivity was reported for a 50/50 blend (doping level of 3.2 moles PA/PRU) and was on the
order of ∼10–2 S cm–1 .
Daletou et al. blended m-PBI with aromatic polyethers containing pyridine
units [67] to improve acid uptake and conductivity. The oxidative stability
of each membrane was tested by immersion in hydrogen peroxide and iron
(II) chloride (Fenton Test), followed by TGA and DMA. The copolymers made
were based on bisphenol A combined with 2,5-bis(4-hydroxyphenyl)pyridine
and, in some cases, blended with m-PBI. DMA was also used to assess the
miscibility of the polymer blends. The doping level, speciﬁed as weight percent of PA per gram of copolymer or per gram copolymer/blend, reached
a maximum of 450 wt % with a PBI/(50/50 phenylpyridine-co-sPS) blend. The
conductivity of a PBI/(50/50 phenylpyridine-co-sPS) blend with doping level
of 220 wt % was ∼0.07 S cm–1 at 150 ◦ C and 30% RH. It was found that there
was still relatively high conductivity at elevated temperatures. Furthermore,
the thermal stability of the blends remained high even after oxidative degradation, as did the mechanical properties, making these miscible blends viable
membrane candidates for fuel cells.
Wycisk et al. studied sulfonated polyphosphazene/m-PBI blended membranes for direct methanol fuel cell use [68], where m-PBI provided stabilization via strong ionic interactions. The water swelling and conductivity
were measured at room temperature, while the methanol permeability and
DMFC performance were studied at 60 ◦ C. Sulfonated polyphosphazene was
prepared and blended with m-PBI (3, 5, 8, 10, and 12 wt %) to control swelling
and mechanical properties. The ion exchange capacity, swelling, and conductivity decreased as the amount of PBI increased, presumably due to the ionic
interactions of the sulfonic acid groups with the basic nitrogens of m-PBI.
The methanol permeability also decreased with increased percentage of PBI
(3–20 times lower than Naﬁon 117 at 60 ◦ C). Fuel cell performance at 60 ◦ C of
blends with 3 or 5 wt % m-PBI was comparable to that of Naﬁon 117. A maximum conductivity of 0.06 S cm–1 was measured for the 3 wt % m-PBI blend,
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which is a promising result. These membranes showed good thermal stability
and mechanical properties as well as excellent fuel cell performance, warranting further study for use in DMFCs.
Jeong et al. [69] synthesized acid-doped sulfonated poly(aryl ether benzimidazole) (s-PAEBI) copolymers for use in high-temperature fuel cells. The
polymer was made in a direct polymerization (structure conﬁrmed with
1 H NMR) and doped with phosphoric acid to levels of 0.7–5.7. The degree of
sulfonation was varied from 0–60%. The copolymer’s physicochemical properties were studied using AFM, TGA, and conductivity measurements. TGA
runs showed good stability of the nonsulfonated, sulfonated, and acid-doped
sulfonated membranes up to ∼450 ◦ C, with a slow decline above this temperature. The conductivity depended on the doping level of the polymer. At 130 ◦ C
with no humidiﬁcation, a polymer with a doping level of 5.7 had a conductivity of 7.3 × 10–2 S cm–1 .
A number of other blends have been studied for use in fuel cells, but are
similar in approach and properties to those presented here. Clearly, derivatives or blends of PBI may provide property and performance improvements
over the simple homopolymer. Ongoing investigations will explore further
functionalization and extend our understanding of the relationships between
polymer properties and fuel cell performance.
2.6
AB-PBI: Poly(2,5-benzimidazole)
Poly(2,5-benzimidazole), or AB-PBI, (Fig. 1) is another polybenzimidazole
derivative that has been investigated as an alternative fuel cell membrane material. AB-PBI is synthesized from 3,4-diaminobenzoic acid (DABA), a relatively inexpensive and widely available monomer. Discussions on AB-PBI and
comparisons to other PBIs must be done with some caution. The repeat unit
of AB-PBI contains a single benzimidazole moiety, while the repeat unit of
PBIs made from TAB contain two benzimidazoles. If one assume the acidbase interactions are important for membrane properties, then this difference
is important. For clariﬁcation in this chapter, the polymer acid ratio for ABPBI will be expressed as moles phosphoric acid per moles benzimidazole
moiety (moles PA/BI). Doubling this value will provide an estimate for the
TAB-based PBI “equivalent” loading levels.
AB-PBI was doped with phosphoric acid (up to 5 moles PA/BI) and remained thermally stable at temperatures well above those needed for PEM
fuel cells [12]. Conductivities as high as 10–4 S cm–1 were reported in this
study. Interestingly, although AB-PBI absorbed more acid than the sulfonated
and m-PBI tested (above 3 moles PA/BI), conductivity improvements were not
observed.
Asensio et al. [13] incorporated different polyanions, such as phosphomolybic acid (PMA), into the AB-PBI system, as well as some sulfonated
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PBI derivatives. Sulfonation was performed by immersing pre-cast AB-PBI
membranes in sulfuric acid followed by heat treatment. The amount of
PA absorption in the unﬁlled membranes was in the order of sAB-PBI
(4.6 moles PA/BI), AB-PBI (2.7 moles PA/BI), and m-PBI (6.7 moles PA/PRU
or 3.35 moles PA/BI). Although the molar PA doping level of m-PBI was
higher than the AB-PBIs, the weight percent of PA was the same for all the
membranes. The PMA-doped membranes also showed increased acid uptake
over those without PMA. Thermogravimetric analysis of all phosphoric acid
impregnated membranes showed stability up to at least 200 ◦ C. The conductivity was tested up to 185 ◦ C, with the conductivity order being sAB-PBI/PA
> AB-PBI/PMA/PA > m-PBI/PA > AB-PBI/PA. The maximum conductivity
for sAB-PBI/PA was 3.5 × 10–2 S cm–1 at 185 ◦ C in dry conditions, while ABPBI/PMA/PA reached 3.0 × 10–2 S cm–1 . The conductivities of m-PBI/PA and
AB-PBI/PA were very similar, indicating that AB-PBI is a viable alternative
membrane to m-PBI, as studied under these conditions.
Additional work by the same group focused on further developing and
characterizing AB-PBI [70]. The membranes were prepared in a similar
manner to the previous work (casting followed by PA bath immersion).
Characterization included thermogravimetric analysis, conductivity, FTIR
spectroscopy, X-ray diffraction, and scanning electron microscopy (SEM).
It was found that the membranes had an average inherent viscosity of
2.3–2.4 dL g–1 , which was high enough for membrane casting. Immersion in
a PA bath led to doping levels of 5 moles PA/BI. Interestingly, if the AB-PBI
was immersed in a concentrated acid bath (85%), the membrane fully dissolved. X-ray diffraction showed that the polymer was amorphous in both
the doped and undoped states, but developed more crystallinity on heating.
TGA showed the membrane was stable up to 150 ◦ C; above this temperature,
absorbed water was lost. Between 150–210 ◦ C, additional loss of water was
detected from phosphoric acid dehydration.
Conductivity measurements (membrane with 3.0 moles PA/BI) were made
in the range 50–200 ◦ C with 5–30% RH. Conductivities as high as 6.2×
102 S cm–1 were measured at 150 ◦ C and 30% RH. As reported earlier, conductivity increased with temperature, and exhibited lower values (3.9×102 S cm–1
at 180 ◦ C, 5% RH) at lower RH between 180 and 200 ◦ C. Preliminary fuel cell
tests with hydrogen and oxygen were performed from 100 to 150 ◦ C. When the
gases were switched from dry to humidiﬁed at 150 ◦ C, a 50% increase in power
density was measured. Maximum values for power densities (175 mW cm–2 )
were obtained at 130 ◦ C and are comparable to other reports.
Asensio et al. [71] also developed a method for producing acid-doped
membranes by direct casting from an AB-PBI/phosphoric acid (PA)/methanesulfonic acid (MSA) solution. The methanesulfonic acid was evaporated to
produce a very homogenous, nearly transparent ﬁlm with controlled composition and up to 3 moles PA/BI. This method of preparation was much
more convenient than the typical multi-step, organic solvent based process.
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X-ray diffraction measurements show a much higher crystallinity than the
conventionally imbibed membranes, which was increased further by heating. Unfortunately, the conductivities of the directly cast membranes were
lower than the conventionally imbibed membranes, attaining a maximum of
1.5 × 10–2 S cm–1 and 2.5 × 10–2 S cm–1 , respectively (dry conditions, 180 ◦ C),
even though the conventionally imbibed membrane had a slightly lower acid
doping level (2.7 vs. 3.0 moles PA/BI). The lower conductivity was believed
to result from dehydration of phosphoric acid at the temperatures needed to
evaporate MSA (>150 ◦ C).
Kim et al. also developed a direct casting method from a mixture of AB-PBI,
methanesulfonic acid, and P2 O5 [72]. This solution casting method produced
very ﬁne polymer ﬁbers that were easy to work up or could also be cast directly
into a translucent membrane and assembled into an MEA. The acid-doped ﬁlm
was obtained by immersion in a PA bath. Conductivities ranged from 0.02 to
0.06 S cm–1 at 110 ◦ C with no humidiﬁcation, while inherent viscosities ranged
from 1.5 to 1.8 dL g–1 , and doping levels ranged from 1.6–3.7 moles PA/BI.
These undoped membranes also showed good mechanical properties, with
tensile strengths between 88 and 121 MPa and elongation at break between
31 and 65 percent, with the higher values from polymer produced at longer
polymerization times and, therefore, higher molecular weights.
Cho et al. performed a more in-depth study of the structure of the ABPBI/PA complex [73]. The AB-PBI ﬁlms were cast from a mixture of sodium
hydroxide and ethanol, and then followed by immersion in a PA bath for
doping. The doped ﬁlms were then stretched about 450% and washed with
boiling water to remove excess acid. X-ray diffraction was performed to investigate the complex structure. Crystalline ordering was apparent in the AB-PBI
ﬁlms before doping, but not afterwards. Molecular modeling was also performed to determine the conformation of the polymer chain based on the
torsion of the bond between the repeat units. In general, it was found that
the cast ﬁlms had a uniplanar orientation, which was destroyed upon addition
of phosphoric acid. Subsequent annealing helped plasticize the polymer and
aided in the retention of the thermal and mechanical stability.
Gomez-Romero et al. [74] revisited the phosphomolybdic acid (PMA)doped AB-PBI in a recent paper. They cast PMA impregnated ﬁlms directly
from a methanesulfonic acid (MSA) solution, and then doped the ﬁlms with
phosphoric acid. The AB-PBI had an IV of 2.3–2.4 dL g–1 and the ﬁlms contained up to 60 wt % PMA. It was found that a 60 wt % PMA ﬁlm could be
doped in a bath of up to 68% PA. The AB-PBI ﬁlms dissolved when placed
in higher PA bath concentrations. FTIR spectroscopy showed that the PMA
and phosphoric acid were interacting with the polymer. X-ray diffraction of
the polymer-acid complex indicated a quasi-amorphous structure, which is
consistent with previous reports. TGA showed the membranes to be stable
up to 200 ◦ C after phosphoric acid doping, which is well within the temperature range needed to operate a PEM fuel cell. The conductivity of the
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AB-PBI/PMA/PA membrane was slightly higher than the only PA-doped ABPBI (maximum of 0.03 and 0.025 S cm–1 at 185 ◦ C, respectively). The work of
the Gomez-Romero et al. group was recently reviewed [75].
Asensio et al. also revisited the concept of a sulfonated AB-PBI (sABPBI) [68]. The membranes were prepared as discussed before ( i.e., sulfuric
acid and thermal treatment, casting from a MSA solution, then PA doping).
The degree of sulfonation, thermal stability, and nonhumidiﬁed proton conductivity were studied. At a degree of sulfonation of 41%, the imbibed membrane held 4.6 moles PA/BI. These undoped membranes were stable up to
400 ◦ C and initial decomposition related to the sulfonic acid groups began at
490 ◦ C. The maximum conductivity for this membrane was 3.5 × 10–2 S cm–1
at 185 ◦ C with no humidiﬁcation. As previously observed, conductivity increased with temperature and acid doping level, as well as sulfonation level
(e.g., ∼3.0 × 10–2 S cm–1 for sulfonation level 28%). These membranes are
interesting because of their increased conductivity over native AB-PBI and
PBI, good thermal stability, and excellent mechanical properties.
Overall, AB-PBI and sAB-PBI are possible alternative to Naﬁon-type membranes, because of the nearly zero dependence of conductivity on water. These
membranes also have the requisite mechanical and thermal stability, while
achieving moderate levels of proton conductivity that can be further modiﬁed
with inorganic additives, such as heteropolyacids.
2.7
Other Polybenzimidazole Explorations
A number of other interesting uses have been found for polybenzimidazole
membranes, including a propane fueled fuel cell, an alkaline based fuel cell,
a trimethoxymethane based fuel cell, and a quasi-direct methanol fuel cell.
Wang et al. investigated trimethoxymethane (TMM) as an alternative fuel for
a m-PBI direct oxidation fuel cell [77]. The oxidation of TMM was analyzed
by an online mass spectrometer and online FTIR spectroscopy. The PBI membranes used in the TMM study were doped with 5 moles PA/PRU. The TMM
was hydrolyzed to form a mixture of methylformate, methanol, and formic
acid. At temperatures at or above 120 ◦ C, the TMM hydrolyzed in the presence of water without an acid catalyst. The anode performance of the different
fuels increased in the order of methanol < TMM < formic acid/methanol <
methylformate. The improved performance of TMM over just methanol was
most likely due to the electrochemical activity of formic acid.
Xing and Savadogo investigated a hydrogen/oxygen fuel cell based on an
alkaline-doped PBI instead of the traditional acid-doped ﬁlm [78]. The researchers doped m-PBI ﬁlms with potassium hydroxide, lithium hydroxide,
and sodium hydroxide. The concentration of base in the ﬁlm depended on the
immersion time and temperature. It was found that m-PBI had a remarkable
ability to hold potassium hydroxide and attained room temperature conduc-
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tivities of up to 9 × 10–2 S cm–1 , which approaches maximum values reported
for Naﬁon 117. The lowest conductivity was found with lithium hydroxide. The conductivity reported for m-PBI/LiOH was 1500 times lower than
m-PBI/NaOH, and 3000 times lower than m-PBI/KOH. Optimum conductivities were reported at base concentrations of 4 M LiOH (2.5 × 10–5 S cm–1 ),
15 M NaOH (3 × 10–2 S cm–1 ), and 6 M KOH (4 × 10–2 S cm–1 ). Conductivity increased with immersion time and the alkaline-doped m-PBI membrane
showed comparable performance to both acid-doped m-PBI and Naﬁon
membranes. Further investigation is needed to optimize immersion techniques, measure fuel cell performance and durability, determine the mechanism of conduction, and investigate the effects of water uptake, but this early
research appears quite promising.
Cheng et al. investigated propane fuel cells using acid-doped m-PBI membranes [79]. Under anhydrous conditions, the overall reaction for the fuel
cell was 2C3 H8(g) + O2(g) → 2C3 H6(g) + 2H2 O(g) . The cells were tested up to
250 ◦ C with a maximum open circuit voltage of 0.9 V. For the propane-oxygen
anhydrous fuel cells, performance was very poor and unsustainable (the current density decreased from 2 mA cm–2 to about 0.3 mA cm–2 , over 600 s at
200 ◦ C). However, when humidity was introduced into the system, the cell
was able to generate higher and somewhat sustainable current densities (the
current density decreased from 0.6 mA cm–2 to 0.4 mA cm–2 over 1000 s at
250 ◦ C) with only CO and CO2 as the carbon byproducts, which were formed
from an oxygen-containing partial oxidation C3 intermediate and facilitated
by water present in the humidiﬁed gas stream.
Li et al. investigated a quasi-direct or reformed methanol fuel cell (RMFC)
based on a polybenzimidazole/polysulfone (m-PBI/PS) blend [80]. This cell
operated up to 200 ◦ C, signiﬁcantly above a Naﬁon based system, and tolerated up to 3 volume percent CO poisoning due to the higher temperature.
Since the methanol reformer operated at a similar temperature, system integration is possible. The membrane was doped at 5 moles PA/PRU of the
blended polymer. Figure 11 shows the performance of the fuel cell at 200 ◦ C
(m-PBI/PS blend was 75/25, PS had SD 36%). At 200 ◦ C with pure hydrogen and oxygen feed gases, the current density was 0.67 A cm–2 at 0.6 V.
Performance decreased only slightly with 1.0 or 3.0 volume percent CO poisoning. These results demonstrate the interest in using acid-doped PBI and
PBI blends for high-temperature fuel cells.
Similarly, Pan et al. integrated a high-temperature fuel cell with a methanol
reformer [81]. Methanol was reformed via steam reforming to produce a hydrogen rich fuel stream that would power a high-temperature (185 –260 ◦ C) m-PBI
based PEMFC. The MEA was made from acid-doped m-PBI and acid impregnated Pt – C electrodes. The performance at 205 ◦ C at atmospheric pressure
with the reformed methanol was adequate with a current density of 0.2 A cm–2
and corresponding voltage of ∼0.7 V.

Polybenzimidazole/Acid Complexes as High-Temperature Membranes

97

Fig. 11 Cell voltage and power density vs. current density of the high-temperature polymer membrane electrolyte fuel cell under atmospheric pressure at 200 ◦ C. Electrodes
were prepared with a platinum loading of 0.45 mg cm–2 . The membrane comprised 75%
PBI and 25% SPSF (sulfonation degree 36%), doped with 520 mol % H3 PO4 . The fuel gas
was pure hydrogen or hydrogen containing 1.0 and 3.0% CO, as indicated in the ﬁgure,
and the oxidant was oxygen gas. Reprinted with kind permission from [80]

An interesting variation on the meta-PBI structure was explored by Banihashemi and Atabaki [82] in hopes of increasing the backbone solubility
and, thus, processability. They prepared a new benzofuro[2,3-b]benzofuran2,9-dicarboxyl-bis-phenylamide-4,4 -dicarboxylic acid monomer and a series
of poly(amide-benzimidazoles) (PABIs) with several aromatic tetraamines in
polyphosphoric acid. These model compounds contained larger aromatic functional groups between imidazole functionalities, as well as an aromatic/oxygen
containing moiety in place of the normal meta phenylene ring. All of the new
polymers were produced in good yield and exhibited excellent thermal stability up to at least 400 ◦ C. Solubility studies showed that most of the various
polymers were insoluble in polar aprotic solvents, such as DMSO, DMAc, NMP,
and DMF. However, all of the polymers were swollen or soluble in sulfuric acid.
These membranes need further characterization and development before their
application in fuel cells can be demonstrated, but this research shows the current interest in developing alternative PBI chemistries for fuel cells. The data
on phosphoric acid loading or characterization were not reported.
Another interesting change in PBI morphology was performed by Mecerreyes et al. [83]. They prepared porous ﬁlms, which were then doped with
phosphoric acid. The ﬁlms were made by leaching out a low-molecular weight
compound using a selective solvent to control porosity up to 75%. Initially,
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m-PBI and porogen were dissolved in DMAc. After casting and solvent evaporation, the porogen was removed by soaking in methanol, leaving a PBI
ﬁlm with pores. The porogens investigated were dimethyl phthalate, diethyl
phthalate, dibutyl phthalate, diphenyl phthalate, and triphenyl phosphate.
These ﬁlms were then doped by immersion in 11 M phosphoric acid for four
days. It was found that the pore size and morphology were dependent on
the porogen/PBI ratio. Acid uptake increased with increasing porosity and
a room temperature ﬁlm conductivity of 5 × 10–2 S cm–1 was achieved while
remaining mechanically stable. SEM micrographs clearly showed a microporous ﬁlm structure with larger pores, as the weight percent porogen increased. At the lowest weight percent porogen loading (25 wt %), no pores
were seen, indicating the pores were less than 100 nm (a transparent ﬁlm).
At approximately 50 wt % porogen loading, the pores were irregular, roughly
spherical with diameters of 1–5 µm. At 70 wt % porogen loading, the pores
were interconnected, with irregular shapes of 2–10 µm. By 80 wt %, the large
(5–15 µm) pores formed irregular and highly interconnected structures. SEM
micrograph studies of the different porogens showed a clear relationship between pore size and the aliphatic/aromatic structure of the porogen. A larger
aliphatic tail on the porogen molecule produced larger pores at equivalent
loading levels. The highest PA uptake measured was 439 wt % (for the 70 wt %
dibutyl phthalate ﬁlm), as compared to 132 wt % (nonporous m-PBI). This
high weight percent corresponds to 1460 mol % for the 70% porous membrane. In general, a linear increase in conductivity was seen with increasing
porogen content. The long-term stability and conductivity are under investigation to determine possible application in fuel cells.
Xu et al. synthesized novel hyperbranced PBIs with interesting properties via A2 + B3 monomers [84]. It was theorized that the three dimensional
branched structure of these polymers might open up many cavities for the
sorption of phosphoric acid. Also, by crosslinking these structures, it may
be possible to “lock” the phosphoric acid in place and prevent leaching.
The polymers were modiﬁed using varying amounts of the crosslinker terephthaldehyde (TPA). It was found that these membranes exhibit good mechanical properties and doping levels (5–7 mol PA/PRU) and are comparable
to commercially available PBI even with the higher doping level of the hyperbranched PBIs.
Larson et al. compared the performance of PA-doped m-PBI with bisﬂuorinated acid-doped phenylene oxide benzimidazole (PBIO) [85]. PBI was
purchased from Celanese and PBIO was purchased from Fumatech. The polymers were dissolved in DMAc and NMP, respectively, after IR, elemental
analysis, and NMR conﬁrmed structure. The PBIO polymer solution was
combined with solutions of bisﬂuorinated acids (disulfonate, C1-bis-imide,
or C4-bis-imide) or solutions of bisﬂuorinated acid and silica. The polymers
were cast onto glass plates and solvent was removed to form a membrane. mPBI membranes were doped with 85% phosphoric acid to a level of 600 mol
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percent. Fuel cell testing was done with carbon paper electrodes (0.4 mg cm–2
Pt) in a 5 cm2 cell with hydrogen and air. The properties of the membraneacid complex were tested by attempting to wash out the acid with water or
squeeze it out with mechanical pressing. It was found that the addition of
silica decreased the amount of acid exuded. Interestingly, the best fuel cell
performances were not shown for the membranes with highest doping, but
for those with the best balance between amount of acid exuded, resistance to
wash out, and mechanical strength. Better performances were obtained with
PBIO than m-PBI at both 100 and 110 ◦ C, even though the conductivity of the
PBIO was an order of magnitude lower than m-PBI at all temperatures tested.
There was also a much greater improvement in fuel cell performance between
100 and 110 ◦ C for the PBIO membrane than for the m-PBI membrane.
The effect of the transient evolution of carbon monoxide poisoning on
PBI fuel cells was modeled by Wang et al. [86] and conﬁrmed with experimental studies. A one dimensional model of hydrogen/carbon monoxide fuel
streams for fuel cell performance was developed. It was found from modeling
that over time, with all fuel compositions (hydrogen 40–80%, CO 1–3%, balance is a mix of CO2 and nitrogen), CO – Pt bonding increased, while H2 – Pt
bonding decreased. The hydrogen coverage of Pt also decreased. At higher
concentrations of CO, this hydrogen dilution effect becomes signiﬁcantly
more prominent. The modeling simulation shows good agreement with experimental procedures, especially considering that the model does not take
into account important parameters, such as the three dimensional nature of
the fuel cell, ﬂow channels, or the gas diffusion layer. With further reﬁnement,
it is hoped that this model could be applied to the designing of an integrated
reformer and fuel cell system with accurate prediction of performance.
A more in-depth look on the effect of electrode PBI ionomer content on
fuel cell performance was undertaken by Kim et al. [87]. A cathode electrode
was developed using Pt on carbon paper and m-PBI with a doping level of
6 moles PA/PRU as the ionomer (5–40 wt %). The 2 cm2 cell was made using
acid-doped AB-PBI, and it was tested at 150 ◦ C without humidiﬁcation and
hydrogen as the fuel, and oxygen or air as the oxidant. It was found that fuel
cell performance increased with ionomer loadings up to 20 wt %, and then
decreased with higher m-PBI content. The best performance was observed
at 20 wt % ionomer content, because the ohmic resistance was lowest at this
loading and showed the optimum balance between ionic and electrical conductivities. The activation loss was lowest between 10 and 20 wt % loading.
An increase in the concentration loss with increased ionomer content was
observed, due to the increased mass transport of hydrogen and oxygen. The
degree of catalyst particle interconnection increased with ionomer content
and, therefore, the active area was decreased. The researchers concluded that
the activation loss was the largest contributor to overall fuel cell performance
loss, perhaps because PBI is applied as a liquid ionomer (unlike PTFE) and,
therefore, it penetrates into all pores and decreases Pt utilization.
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Recently, BASF Fuel Cells has developed a new membrane for use with
liquid feed DMFCs called CeltecV [88]. CeltecV is based on a blend of polybenzimidazole and polyvinylphosphonic acid. The phosphonic acid based
electrolyte was immobilized in the PBI matrix and could not be leached out
during operation. Single cell performance tests of CeltecV and Naﬁon 117
were carried out and compared. It was found that CeltecV MEAs showed
∼50% lower methanol crossover than Naﬁon. The electroosmotic drag of
water was found to be ﬁve times lower for CeltecV which greatly reduced
cathode ﬂooding and allowed a lower cathode air ﬂow stoichiometry. Interestingly, Naﬁon performed better at 90 and 110 ◦ C at a low methanol concentration (0.5 M). However, at methanol concentrations of 1.0 and 2.0 M, CeltecV
showed superior performance, especially at higher concentrations, probably
due to the lower crossover of methanol and, therefore, increased stoichiometric availability of oxygen. A long-term durability test performed over 500 h
showed an increase in membrane resistance of 18%, and future work will seek
to elucidate whether this is an effect of a change in membrane chemistry or
a deterioration of the membrane/electrode interface.
In order to improve both the mechanical properties and acid retention of m-PBI membranes, Li et al. [89] synthesized cross-linked polymers.
p-Xylenedibromide was used as the cross-linking agent in varying amounts.
Cross-linked membranes showed signiﬁcantly lower solubility in DMAc, especially at higher cross-linker content. High doping levels were also achieved
for these membranes. Linear m-PBI had a doping level of 15.5 mol PA/PRU,
while membranes with cross-linking degrees of 1.1, 3.6, and 13.0% had 15.1,
14.1 and 8.5 mol PA/PRU, respectively. Doping level can be tailored by controlling immersion time and temperature of the phosphoric acid-doping bath.
The volume percent swelling of these membranes was much lower than that
of the native PBI. The cross-linked membranes showed signiﬁcantly improved
mechanical stability over native PBI. For example, a 13% cross-linked membrane with doping of 8.5 mol PA/PRU was comparable to linear PBI with
a doping level of 6 mol PA/PRU. The conductivity of these cross-linked membranes was vastly increased over linear PBI at the same RH and temperature,
due to the improved mechanical properties and higher doping levels. The
Fenton test was performed on the membranes to determine the chemical
stability and resistance to radical attack. The cross-linked ﬁlms showed improved stability over linear PBI and a higher degree of cross-linking had
improved stability, because of the reduced number of sites available for radical attack.
The alternative explorations of PBI as electrode ionomer, modiﬁed membrane, and in various types of fuel cells show great promise for the wide
adaptability of PBI membranes. Further characterization and development
are needed, but these initial forays give important insights into the nature of
PBI interactions with electrode and reactants.
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3
A New Approach: Polybenzimidazole from the Polyphosphoric Acid Process
3.1
Introduction to the Polyphosphoric Acid Process
A new process for synthesizing high molecular weight polybenzimidazoles
and membrane casting was developed at Rensselaer Polytechnic Institute
(RPI) in conjunction with the group that now constitutes BASF Fuel Cells.
Collaboration between the two groups began in late 1998. This new method,
termed “the PPA process”, uses polyphosphoric acid (PPA) as the polycondensation agent, polymerization solvent, and membrane casting solvent [76].
PBIs were synthesized mostly from 3,3 ,4,4 -tetraaminobiphenyl (TAB) and
various dicarboxylic acids, although many combinations of tetraamines and
diacids are possible. After polymerization, the PBI solutions in PPA were cast
and the PPA hydrolyzed in-situ to phosphoric acid (PA). Under appropriate
conditions, a sol-gel transition occurred to produce a ﬁlm with a combination of desirable physicochemical properties not obtainable from conventional imbibing processes. These membranes had high PA-doping levels, good
mechanical properties, excellent conductivities, and excellent long-term stabilities, even when operating at temperatures over 150 ◦ C. A state diagram,
shown in Fig. 12, was proposed to describe the multiple chemical and physical transformations that occurred during the conversion of monomer to ﬁnal
membrane. A critical part of the process is the sol-gel transition that occurs for many heteroaromatic polymers. The sol-gel transition is induced by
a change in the nature of the solvent, when PPA (a good solvent for many PBI
polymers) is converted to PA (a poor solvent) via a simple hydrolysis reaction
following absorption of water during a post-casting process. In its simplest
form, this is performed by exposing the cast solutions to ambient air at a set

Fig. 12 State diagram of the PPA Process
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Fig. 13 31 P NMR of PBI membrane cast from polyphosphoric acid and its conversion to
phosphoric acid. Note that the asterisk identiﬁes the 0 ppm peak

relative humidity. The in-situ PPA hydrolysis process was conﬁrmed using
31 P spectroscopy [90] (Fig. 13).
As can be seen from these spectra, the amount of PPA decreased with time
upon exposure to the moisture in the ambient air, while the amount of PA increased proportionately. If desired, quantitative information, such as rate of
hydrolysis, may be obtained from these spectra. A number of PBI chemistries
have been investigated in conjunction with the PPA process, including m-PBI,
p-PBI, AB-PBI, and pyridine-based PBIs. Since the thermal conversion of PA
to PPA occurs at temperatures far above 200 ◦ C, the ﬁlms remain stable for
extended periods of time in an operating fuel cell.
3.2
Meta- Polybenzimidazole
One of the ﬁrst PBI polymers to be synthesized by the PPA process was metaPBI (m-PBI) (Fig. 1). Many polymerizations were performed to determine the
effect of monomer concentration (2–12 wt %), PA loading, conductivity, mechanical properties, and morphology on fuel cell performance. It was found
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that monomer concentration had a marked effect on the polymer molecular
weight, most easily seen in terms of inherent viscosity (IV). As seen in Fig. 14,
maximum IV’s were obtained at monomer concentrations of 8–8.5 wt %. The
polymerization method (PPA process) produced high molecular weight polymers as compared to typical values reported in the literature. The highest IV’s
were almost a threefold increase over typical commercially available m-PBI
polymers.
The levels of phosphoric acid doping that occur in m-PBI membranes produced by the PPA process are 14–26 moles PA/PRU. A membrane with 14.4
moles PA/PRU generally corresponds to about 64 wt % PA, 14.1 wt % PBI
polymer, and 21.5 wt % water in the gel ﬁlm [91]. The level of phosphoric
acid doping for conventionally imbibed membranes has been reported to be
6–10 moles PA/PRU [2].
Proton conductivies for the PPA produced membranes were relatively high.
A conductivity-temperature curve is presented in Fig. 15, showing conductivity of 0.13 S cm–1 at 160 ◦ C measured under non-humidiﬁed conditions. The
curve was recorded as a second heating run after an initial heating to 160 ◦ C
was conducted to remove the excess water. Literature reports of m-PBI/PA
membranes [92] from conventional imbibing processes report conductivities
of 0.04–0.08 S/cm at 150 ◦ C at varying humidities. The conductivity was reported to be stable at these conditions for extended periods.

Fig. 14 Effect of monomer concentration on polymer inherent viscosity for a number of
m-PBI polymerizations at 190 ◦ C via the PPA Process
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Fig. 15 Ionic conductivity of m-PBI ﬁlm with 14 moles PA/PRU produced from the PPA
Process. Recorded curve is the second run after initial heating to 160 ◦ C to remove water

Fig. 16 Performance curves of hydrogen/air m-PBI/PA fuel cells at different temperatures
and 1 atm (absolute) pressure. Note that the fuel cell operating conditions are as follows:
constant ﬂow rate, H2 at 400 SCCM, air at 1300 SCCM, no humidiﬁcation, 44 cm2 active
area, 1.0 mg cm–2 Pt catalyst loading, Pt – C 30% on each electrode
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Fuel cell performance of the PPA produced m-PBI membranes is shown
in Fig. 16. Although the fuel cell performance was measured under constant
high ﬂow-rate conditions, the membranes were operated reliably at high temperatures and dry gases. Additional work also showed that the fuel cells could
run on a synthetic reformate containing 2000 ppm of carbon monoxide.
3.3
Para-Polybenzimidazole
Another chemical structure, para-PBI (p-PBI), shown in Fig. 17 has also been
investigated using the PPA process. The typical polymerization process previously reported in the literature was a melt/solid polymerization of diphenyl
terephthalate and 3,3 ,4,4 -tetraaminobiphenyl, which produced a ﬁnal polymer with an IV of ∼1 dL g–1 . Historically, little research has been reported for
p-PBI, because it was thought to be too difﬁcult to synthesize and process.
These limitations probably result from the rigid nature of the polymer and
the inability to produce ﬁbers unless copolymerized with other monomers to
prepare polybenzoxazole or polybenzthiazole copolymers [93–96]. It was not
until the 1970s that high molecular weight (IV of 4.2 dL g–1 ) p-PBI was synthesized [97]. However, since p-PBI was soluble only in strong acid solvents
and at concentrations too low for ﬁber processing, research on p-PBI was not
pursued [98, 99].

Fig. 17 Chemical structure of p-PBI

The synthesis of p-PBI in PPA was also difﬁcult, due to the poor solubility of terephthalic acid (TPA) in PPA. The method developed by Delano [97]
required several weeks of heating to produce the 4.2 dL g–1 IV polymer. Ultimately, the low solubility of TPA was not entirely limiting, because the solid
TPA slowly dissolved in the PPA, ensuring a constant concentration throughout the polymerization.
Recently, Xiao et al. [90] reported that high molecular weight p-PBI could
be produced using the PPA process at much shorter polymerization times
and that membranes could be cast from the polymerization solutions. The
mechanical properties of the doped ﬁlms were critically dependent on the
polymer IV and doping levels were very high, typically 20–40 moles PA/PRU.
The doping levels of these mechanically stable ﬁlms were much higher than
all previous reports on PA/PBI ﬁlms, and they resulted in conductivities that
were greater than 0.2 S cm–1 at temperatures above approximately 140 ◦ C.
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Fig. 18 Fuel cell performance for the p-PBI membranes from the sol-gel process. Polarization curves of fuel cells under H2 /air (squares) and H2 /O2 (circles), without any feed
gas humidiﬁcation. The membrane PA doping level was approximately 32 mol PA/PRU.
The catalyst loading in both electrodes was 1.0 mg cm–2 Pt, and the cell was operated at
160 ◦ C at constant stoichiometry of 1.2 stoic and 2.5 stoic at the anode and the cathode,
respectively

This is probably the ﬁrst report of the processing of high molecular weight
p-PBI into useful articles.
These membranes also showed excellent high-temperature performance in
fuel cells when tested with dry hydrogen/air and hydrogen/oxygen gases at
160 ◦ C. The polarization curves are shown in Fig. 18 using anode and cathode
stoichiometries of 1.2 and 2.5, respectively. Exceptional long-term stability
was demonstrated in cell performance tests.
3.4
Pyridine-Based Polybenzimidazole Membranes
Among a variety of PBI structures, only limited types of PBIs, which primarily included the commercially available PBI, poly[2,2 -(m-phenylene)-5,5 bibenzimidazole] (i.e., m-PBI), sulfonated or phosphorylated m-PBI, as well
as the poly(2,5-benzimidazole) (i.e., AB-PBI), have been explored for fuel cell
applications [100]. A systematic synthesis of PBIs with different structures
was initiated at RPI to study the effect of the PBI polymer molecular structure
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on the ﬁnal ﬁlm properties. The substitution of pyridine dicarboxylic acids
(PDA) for the iso-/terephthalic acids is particularly interesting, since it increases the number of basic groups in the polymer backbones. Xiao et al. synthesized a series of pyridine-based polybenzimidazole (PPBI) homopolymers
from 3,3 ,4,4 -tetraaminobiphenyl (TAB) and 2,4-, 2,6-, 2,5-, and 3,5-pyridine
dicarboxylic acids using the PPA Process, as shown in Scheme 2 [90, 101]. Different diacid monomers gave different substitution patterns on the pyridine
ring. For instance, two carboxylic acid groups on 2,5-PDA are opposite to
each other and give “para-orientation,” while all the other monomers (3,5-,
2,6-, 2,4-) give “meta-orientation.”

Scheme 2 Synthesis of PPBI homopolymers

There were some previous reports on the preparation of the PPBIs in PPA
that resulted in low IV polymers or incomplete imidazole ring closure [102,
103]. In the present study, the initial polymerizations using diacid monomers
without further puriﬁcation gave PPBIs with IVs less than 1.0 dL g–1 , as
shown in Table 2. Based on the Carother’s equation, monomer purity and
accurate stoichiometry are crucial to obtain high IV polycondensation polymers. Therefore, a detailed study of the monomer purity and puriﬁcation
method was carried out on all the diacid monomers. DSC scans were employed to monitor the relative purity of the monomers. They conﬁrmed the
improved monomer purity after puriﬁcation. Table 2 shows that all diacid
monomers polymerized to yield high IV PPBIs after appropriate puriﬁcation
of starting materials and careful manipulation of polymerization conditions.
As mentioned previously, one of the major barriers to the extensive application of the rigid rod PBI polymers has been their poor solubility and
processability [104]. The polymerizations of p-PBI in PPA are difﬁcult to control at a polymerization concentration higher than 4.5%, because the polymer
precipitates [105, 106]. Surprisingly, the simple substitution of the pyridine
ring for the phenyl ring allowed the polymerization of 2,5-PPBI in PPA at
polymerization concentrations up to 18%. Clearly, the incorporation of the
extra nitrogen in the polymer backbone signiﬁcantly improved the solubility
of the polymer in PPA and, thus, enhanced the polymer processability.
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Table 2 Inherent Viscosity and Polymerization Data of PPBIs
Polymer Monomer purity IV
Polymerization concentration Film
(dL g–1 ) (wt % of the ﬁnal polymer) formation
process
2,5-PPBI As received
Recrystallized
3,5-PPBI As received
Recrystallized

0.8
2.5–3.1
0.6
1.3–1.9

2,4-PPBI As received
Recrystallized
2,6-PPBI As received
Recrystallized

0.3
1.0
0.2
1.3

4% ∼ 18%
4% ∼ 20%
∼ 7%
∼ 7%

Mechanically
strong ﬁlm
No liquid drain-off,
Not ﬁlm-forming,
honey-like solution
Mechanically
strong ﬁlm
Liquid drain-off
Mechanically
weak ﬁlm

The TGA thermograms of the pyridine-based PBIs were obtained in both
ﬂowing nitrogen (20 mL min–1 ) and ﬂowing air (20 mL min–1 ) at 20 ◦ C min–1 .
Curves for all the PPBI structures (2,4-, 2,6-) were similar and showed that
the thermal stabilities of all PPBIs were quite high in both nitrogen and air,
with an initial decomposition temperature of approximately 420 ◦ C in air, as
expected from the characteristic wholly aromatic structures of the PPBI polymer backbone. Thus, it was demonstrated that PPBI polymers incorporating
main chain pyridine groups retained the inherently high thermo-oxidative
stability of polybenzimidazoles.
The ionic conductivities of the PA-doped 2,5-PPBI and 2,6-PPBI membranes are shown in Fig. 19. The para-oriented 2,5-PPBI membrane with
20.4 moles of PA/PRU exhibited a conductivity of 0.018 S cm–1 at room
temperature and approximately 0.2 S cm–1 at 160–200 ◦ C. For the metaoriented 2,6-PPBI membranes with 8.5 moles PA/PRU, the conductivity was
0.01 S cm–1 at room temperature and approximately 0.1 S cm–1 at 160–200 ◦ C.
It was concluded that polymer structure exerted a strong inﬂuence on membrane processing, PA doping levels, and ﬁnal membrane properties.
Preliminary fuel cell evaluations were performed on the 2,5-PPBI membrane from the PPA process and are shown in Fig. 20. All of the tests were
conducted on non-humidiﬁed feed gases and performed reliably under these
completely dry conditions.
Among four types of PPBI homopolymers, the para-structured 2,5-PPBI
gave mechanically strong membranes with a high PA doping level of approximately 20 moles PA/PRU, which contributed to the high proton conductivities. As expected, the fuel cell performance increased with increasing temperature. Overall, the major differences in membrane formation, PA
loadings, mechanical properties, and fuel cell performance were surprisingly
large, considering the seemingly minor changes in chemical structure. Fur-
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Fig. 19 Temperature dependence of ionic conductivity of PA-doped 2,5-PPBI and 2,6-PPBI
membranes

ther work is being conducted to fully understand the effects of polymer
structure on the fundamental membrane properties (PA content, PA retention, etc.) as well as the effects on fuel cell performance.
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Fig. 20 Polarization curves of H2 /O2 fuel cells with 2,5 PPBI membrane from the PPA process. Electrodes were 1.0 mg cm–2 Pt, 30% Pt on Vulcan XC-72 carbon. Fuel cell tests were
performed on 10 cm2 cells at ambient pressure, no external humidiﬁcation, constant ﬂow
H2 (120 mL min–1 ) and O2 (70 mL min–1 ) at temperatures of 120 ◦ C (open circles), 140 ◦ C
(open squares), and 160 ◦ C (open diamonds)

4
Durability and Degradation
in High-Temperature Polymer Electrolyte Membrane Fuel Cells
BASF Fuel Cells (formerly PEMEAS or Celanese Ventures) produces polybenzimidazole (PBI)-based high-temperature membrane and electrode assemblies
sold under the brand name Celtec®. These MEAs operate at temperatures between 120 ◦ C and 180 ◦ C. One of the distinct advantages of high-temperature
PEMFCs is exhibited in their high tolerance toward fuel gas impurities,
such as CO (up to 3%), H2 S (up to 10 ppm), NH3 , or methanol (up to several percent), compared to low-temperature PEMFCs. Additionally, waste
heat can be effectively used and, therefore, the overall system efﬁciency
is increased.
Although several distinct advantages from an electrocatalysis perspective
are present when a fuel cell operates at temperatures above 120 ◦ C, care has
to be taken when selecting the materials for MEAs. The catalyst materials
must be highly active for the oxidation of realistic reformates and the oxygen reduction reaction, but, in addition, high stability towards corrosion is
needed in order to ensure long fuel cell lifetimes (e.g., for stationary power
applications at least 40 000 hours) at sustained high power output.
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In order to get insight into some of the typical degradation modes described in the next section, speciﬁc experiments were designed [111] and are
presented here.
4.1
Typical Degradation Mechanisms and Material Requirements
Table 3 summarizes the most important degradation modes observed in hightemperature MEAs operating up to 200 ◦ C. However, it must be noted that,
except for acid loss modes, which are unique to liquid acid based fuel cells,
all other degradation modes are also observed in low-temperature PEMFCs.
Table 3 a: Possible Membrane Degradation Modes
Cause

Effects

Mechanisms

Pin hole formation

H2 cross over, fuel loss, short cuts

Creep, ﬁbers,
f(compression)
Membrane thinning
H2 cross over, fuel loss, short cuts
Creep, ﬁbers,
f(compression)
Phosphoric acid evaporation Proton conductivity, IR-drop increase Evaporation, f (T, p)

Table 3 b: Possible Electrode Degradation Modes (mtx = mass transport; ECSA = electrochemical surface area)
Cause

Effects

Mechanisms

Pt particle growth

Loss of ECSA, decrease of
reaction kinetics

Pt/alloy dissolution

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

Migration, f (T);
Dissolution/recrystallization,
f (T, E)
Electrochemical dissolution,
f (T, E)
Evaporation,
f(T,p); f(porosity changes)

Phosphoric acid
evaporation from
catalyst layer
Carbon corrosion

GDL corrosion

PTFE degradation

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

Electrochemical oxidation,
f (T, E, p)

Electrochemical corrosion
f (T, E, p)

tbd

112

J. Mader et al.

4.1.1
Degradation Modes Related to the Membrane
Typical membrane degradation modes include (i) the possibility of pin hole
formation, due to thinning of the membrane, which leads to increased fuel
crossover and loss of fuel efﬁciency and (ii) acid evaporation. By choosing
the appropriate gasket material, the former effect can be minimized even over
extended operation times. In order to effectively reduce the pressure on the
membrane in the MEA, hard gasket materials are most suitable.
The acid evaporation due to the operating temperatures of 120 ◦ C to 180 ◦ C
was found to be of no concern, due to the unique properties of the membrane.
The small amounts of gaseous PA that are transported with the product
water and excess gases out of the fuel cell were collected over approximately
8000 hours operation at 160 ◦ C. The overall acid evaporation rate was found
to be ∼0.5 µg PA m–2 s–1 . Based on the acid evaporation rates and the initial MEA acid content, a theoretical lifetime of more than 80 000 hours can
be calculated. Additionally, during the 8000 hour test, the ohmic cell resistance changes by only ±15 mΩ cm2 , demonstrating that there is no signiﬁcant
impact of acid evaporation on cell lifetime.
4.1.2
Degradation Modes Related to Electrodes
The typical electrode degradation modes are: (i) corrosion of the catalyst
metal (both particle growth and dissolution), (ii) corrosion of the carbon
materials in electrodes (catalyst support and GDL materials), and (iii) degradation of PTFE. The ﬁrst two modes are both strong functions of the electrochemical potential and the operating temperature. Pt-metal particle growth
can occur through Ostwald ripening in a simple surface diffusion process
or through dissolution/recrystallization process [112]. Pt dissolution concomitant with an irreversible loss of the active metal phase can become
a severe issue when the fuel cell is operated for extended periods of time
at potentials above 0.85 V [112]. Both lead to reduction of the electrochemical active surface area and manifest mainly as a decrease in the cathode
kinetics.
Electrochemical corrosion of carbon supports was widely studied in the
context of phosphoric acid fuel cell development [113, 114]. However, recently, the low-temperature fuel cell community has also given more attention
to this process [115, 116]. Carbon corrosion at the fuel cell cathode in the
form of surface oxidation can lead to functionalization of the carbon surface
(e.g., quinone, lactones, carboxylic acids, etc.), with a concomitant change in
the surface properties. This clearly results in changes to the hydrophobicity
of the catalyst layer. Additionally, and even more severe, total oxidation of
the carbon with the overall reaction leads to a substantial loss of the catalyst
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layer itself and can also result in losses of the electrical connection of the Pt
particles in the electrode. The overall reaction is as follows:
C + 2H2 O → CO2 + 4H+ + 4 e–

(1)

In addition to the electrochemical carbon corrosion rates, which are functions of temperature, electrochemical potential, and water partial pressure,
the carbon morphology also plays an important role [99, 103].
In order to get some impression of the corrosion behavior of different carbon materials at the PBI/PA/carbon interface, a corrosion study of different
carbon materials was performed at 180 ◦ C and 1.0 V vs. RHE. The corrosion
currents were continuously recorded for ∼1000 minutes. Subsequently, from
the mass speciﬁc charge at a given corrosion time, Q(t), the maximum weight
loss, assuming a 4-electron reaction, is calculated according to the following:
∆W(t) = 100 · Q(t) · M/(4F)

(2)

with M being the atomic mass of carbon and F the Faraday constant. Although the assumption of the 4-electron reaction process may not be entirely
valid, especially at shorter time scales, the high potential, temperature, and
low pH drive the reaction towards CO2 formation [114]. In Table 4, the results
from eight different carbons are presented. Six of these samples are typical carbon black materials (furnace or thermal blacks), whereas two samples
represent synthetic high-surface area graphites. Comparing the weight loss
values from the carbon black material, the well-known trend observed was
Table 4 Corrosion Behavior of Different Carbon Materials
Carbon

TIMCAL
HSAG 100
TIMCAL
HSAG 300
TIMCAL
Ensaco 350G
Degussa
HiBlack 40B
Degussa
Printex L6
Vulcan XC72
Ketjen Black
Shawinigan
Acetylene
Black

Weight loss [%] Weight loss [%] BET surface area Carbon Type
t = 100 min
t = 800 min
[m2 g–1 ]
2

12

130

Synthetic graphite

4

13

280

Synthetic graphite

13

73

770

Furnace black

4

22

125

Furnace black

8

50

250

Furnace black

9
14
3

35
45
12

250
800
75

Furnace black
Furnace black
Thermal black
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that high surface area carbons seem more susceptible to corrosion than carbon blacks with lower surface area. However, this did not seem to be the case
for the high surface area graphites (Timcal HSAG 100 and 300) with almost
identical weight losses after 800 minutes, even though surface area differed
by a factor of two. Based on the results from Table 4, a much higher stability of fuel cell catalysts can be expected when using one of the high surface
area graphite supports, as compared to conventional carbon black materials.
Even more important, the well-known loss of catalyst dispersion on graphitized carbon blacks, due to the signiﬁcant reduction of the carbon surface
area during graphitization, can be avoided, due to the high surface area of the
synthetic graphite samples.
4.2
Impact of High Cathode Potentials
In order to get detailed insights on the impact of high cathodic operation potentials on the degradation of a Celtec®-P Series 1000 MEA, a 50 cm2 single
cell was operated at 180 ◦ C and 0.02 A cm–2 for close to 2000 hours. The test
was designed to determine the kinetic and mass transport changes induced
by Pt particle growth and carbon (surface) corrosion.
The steady state cell potential at 0.02 A cm–2 as a function of runtime is
illustrated in Fig. 21a (gray circles). Quite obviously, the cell potential decreased from 0.795 V to ∼0.765 V. Since at this low current density, mass
transport overpotentials are negligible, this difference of 30 mV can be safely
attributed to a reduction of the cathode kinetics. For conﬁrmation, H2 – O2
polarization curves were recorded at the beginning of life (t = 72 h) and after
500, 1000, and 1800 h of operation (see the resulting Tafel plots in Fig. 21b).
The Tafel slope was found to be ∼95 mV dec–1 , very close to the theoretical
2.3 RT/F value (90 mV dec–1 at 180 ◦ C). Interestingly, the cathode kinetics decreased within the ﬁrst 500 hours operation by 30 mV and then remained
constant for the rest of the experiment. However, from an initial straight Tafel
line with one single slope of the complete current density range, a bending
of the Tafel line was observed for longer operation times (>500 h), pointing
to additional changes in the mass transport properties of the cathode [118].
The reduction of the cathode kinetics by 30 mV corresponded to a reduction
of the electrochemical surface area by ∼52% with respect to the initial surface area, which was mainly attributed to the typical initial sintering/particle
growth process in fuel cell cathodes.
In order to quantify changes in the mass transport overpotentials, additional H2 -air polarization curves (stoichiometries 1.2/1.3 for H2 /air) were
recorded. In Fig. 21a (white squares), the cell potential at 0.2 A cm–2 is plotted, showing a total reduction of 47 mV after 1800 h, compared to beginning
of life. The additional 17 mV of degradation were due to increased mass
transport overpotentials, which resulted from changes in the hydrophobic-
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Fig. 21 a Steady state potential at 0.02 A cm–2 (gray circles) and cell voltage at 0.2 A cm–2
from H2 -Air polarization curves. T = 180 ◦ C, H2 -Air stoichiometries 1.2/1.3, p = 1 bara ;
b IR-corrected Tafel plots after 72, 500, 1025, and 1820 hours, respectively. T = 180 ◦ C,
H2 – O2 stoichiometries 1.2/9.5, p = 1 bara ; c Low temperature short stack data taken
from [104]. i = 0.2 A cm–2 , T = 80 ◦ C, H2 -Air stoichiometries 2/2, p = 1.5 bara , fully humidiﬁed

ity of the catalyst layer due to oxidation of the carbon. Although the total
degradation did not seem to be a linear function (see Fig. 21a), the calculated
degradation rate was 26 µV h–1 under the conditions of 0.2 A cm–2 used in the
study.
Interestingly, recently published data from a GM low-temperature short
stack with Gore 5510 MEAs operated at 0.2 A cm–2 at 80 ◦ C and 1.5 bara (100%
RH) at cell potentials between 0.78 V and 0.73 V showed a nearly identical
degradation rate of 25 µV h–1 [119], shown in Fig. 21c. In this publication, the
kinetic losses were attributed to a reduction of the electrochemical Pt surface
area of 50% (similar to the value of 52% found with Celtec® MEAs). The similarity of the degradation rates and mechanisms of MEAs operated at 80 ◦ C
(Gore) and 180 ◦ C (Celtec®) are quite astonishing, especially when considering the 100 ◦ C temperature difference. One factor, which certainly plays an
important role in the corrosion/oxidation of the carbon materials, is the water
partial pressure. In the low-temperature case, the stack is operated with fully
humidiﬁed gases, whereas the high-temperature MEA is operated with dry
gases. In conclusion, although the operating temperature of a Celtec® MEA
was 100 ◦ C higher than for typical PFSA-type MEAs, no increase in degradation rate was observed.
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4.3
Membrane and Electrode Assembly Durability
This section summarizes still ongoing durability experiments performed on
a Celtec®-P Series 1000 MEA. The MEA was operated at a constant load of
0.2 A cm–2 at 160 ◦ C using nonhumidiﬁed dry hydrogen and air (Fig. 22). The
overall degradation rate under these conditions amounts to –6 µV h–1 .
To obtain insight into the different cathode degradation modes, a Tafel
slope analysis was performed at the beginning of life and subsequently for an
additional nine times. The initial IR-free cell performances using H2 -air and
H2 – O2 are shown in Fig. 23. A single Tafel slope of 90 mV dec–1 can be ﬁtted
throughout the whole current density range (the ﬁtted slope closely reﬂects
the theoretical value of 2.3 RT/F (85 mV dec–1 at 160 ◦ C)) and directly points
to pure kinetic reaction control without interference of mass transport losses.
The same Tafel slope can be ﬁtted for the H2 -air polarization curve, although
only up to 0.1 A cm–2 .
At higher current densities, the plot signiﬁcantly deviates from linearity,
pointing to the presence of the well-known mass transport resistances, when
using air as the oxidant. Following a similar analysis as described in de-

Fig. 22 Durability of a Celtec®-P Series 1000 MEA at 160 ◦ C, 1 bara , using pure hydrogen
and air with stoichiometries of 1.2 and 2, respectively. The test was conducted in a 50 cm2
single cell

Polybenzimidazole/Acid Complexes as High-Temperature Membranes

117

Fig. 23 Initial IR-free polarization data with H2 -Air and H2 – O2 at 160 ◦ C. The current
density is corrected for the initial H2 crossover current of 1 mA cm–2 . H2 stoichiometry 1.2, air stoichiometry 2, O2 stoichiometry 9.5

tail [120, 121], the IR-free cell potential, Ecell, IR-free , can be given by Eq. 3:
Ecell, IR-free = E◦ (pH2 /O2 /H2 O , T) – ηORR – ηcathode, mtx – ηHOR – ηanode, mtx ,
(3)
where E◦ (px , T) represents the temperature and H2 , O2 , and H2 O partial
pressure dependent equilibrium potential, ηORR and ηHOR the kinetic overpotentials for the oxygen reduction and hydrogen oxidation reaction and ηx,mtx ,
the mass transport overpotentials on the cathode and anode, respectively.
All anodic overpotentials are negligible under the applied conditions. This
was checked by polarization measurements with increased hydrogen utilizations. Additionally, as concluded from Fig. 23, the oxygen polarization curve
is under pure kinetic reaction control and no mass transport resistances are
present. That is, Eq. 3 reduces to:
Ecell, IR-free = E◦ (pH2 /O2 /H2 O , T) – ηORR .

(4)

By proper calculation of E◦ (px , T), the oxygen reduction overpotential can
be determined using Eq. 4 from the measured oxygen polarization curve,
which follows an oxygen partial pressure dependent Butler-Volmer expression [121, 122]. The theoretical Tafel line for air polarization should be just
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shifted to lower cell potentials by ∆EO2 -Air , given by:
∆EO2 -Air = ∆E◦ + b · γ · log(pO2 /pAir )

(5)

with ∆E◦ being the difference between the equilibrium potentials for pure
oxygen and air, b and γ are the Tafel slope (b = 2.3 RT/F), and the kinetic reaction order (γ ≈ 0.6) and px being the partial pressures for pure oxygen and
air. Deviations from the theoretical Tafel line for air polarization to lower cell
potentials can be considered to be cathodic mass transport overpotentials.
The changes in oxygen reduction overpotentials and cathode mass transport
overpotentials are plotted as functions of current density (Fig. 24) and runtime (Fig. 25).
All oxygen Tafel slopes were found to be in the range of 90–94 mV dec–1 ,
although at longer operation times (>10 000 h), the lines could only be ﬁtted up to 0.1–0.2 A cm–2 . At higher current densities, a bending to lower cell
voltages could be clearly observed, pointing to the fact that at higher current densities both kinetic and mass transport reaction control were present.
However, over approximately the ﬁrst 10 000 h operation, the oxygen reduction kinetics decreased by only 15% as compared to the initial kinetics, which
was ascribed to initial loss of electrochemical surface area through sintering of the catalyst particles within the ﬁrst 1000 hours operation. However, at

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

longer operation times, the kinetics further decreased (the oxygen reduction
kinetics were reduced by ∼35 mV at 0.2 A cm–2 after 18 000 hours). Although
not entirely clear at this point in time, the major part of the kinetic losses
might be due to a reduction of the electrochemical surface area, due to particle sintering. However, most likely, at least during the last 4000 to 5000 hours
operation, electrical isolation of active catalyst particles due to the corrosion
of the carbon perimeter can be assumed.
The mass transport overpotentials calculated from the air polarization
curves were increasing during the ﬁrst 9000 hours of operation from ∼5 mV
(0.2 A cm–2 ) to 39 mV (0.2 A cm–2 ). During the following 5000 h, the mass
transport overpotentials remained almost constant. During the last 4000 h of
operation, an additional 30 mV increase was observed. The main reason for
an increase of the mass transport overpotenials on the cathode side is the
slowly occurring ﬂooding of the cathode catalyst layer structure with PA (see
Table 3). It is noteworthy that only during the last 4000 hours of operation,
both the kinetic and mass transport overpotentials increased signiﬁcantly,
which was interpreted as a concomitant corrosion of the carbon perimeter of
the catalyst particles. This led to an increased ﬂooding and an electrical disconnection of the catalyst particles. Further work (both in-situ and ex-situ),
especially at the end of life, is necessary in order to completely clarify this
process.
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4.4
Summary and Conclusions
This summarizes the major degradation modes observed in polymer electrolyte fuel cells with a strong emphasis on the modes observed for hightemperature PEMFCs based on PBI/PA membranes. In a test over 8000 hours
at 160 ◦ C, the overall PA evaporation rate was only 0.5 µg m–2 s–1 , resulting in
projected lifetimes of more than 50 000 hours, and showing that acid evaporation does not constitute an issue that affects MEA durability. Furthermore, it
was shown that the degradation rate of a Celtec®-P Series 1000 MEA operated
at 180 ◦ C is very similar to a low-temperature MEA operated at 80 ◦ C when
both cells were operated in the same potential range.
Finally, a continuously ongoing durability test of a Celtec®-P Series 1000
MEA was discussed in light of cathode degradation. The MEA itself has currently been running for more than 18 000 hours at constant current density
with an overall degradation rate of –6 µV h–1 . At this current density, the
main part (55%) of the degradation is due to increased mass transport overpotentials and by reduced oxygen reduction kinetics (30%). The remaining
15% can be ascribed to a slight increase in ohmic cell resistance.

5
Conclusions and Future Directions
The fuel cell systems based on acid-doped m-PBI and AB-PBI membranes
have been well-characterized with respect to polymer properties, such as
ionic conductivity, thermal and chemical stability, and in many cases, mechanical properties. In addition to these standard chemical structures, a number of modiﬁcations to the polymer backbone have been investigated. These
modiﬁcations mostly include some type of sulfonated derivatives or blending with other membranes with the aim of increasing ionic conductivity via
higher acid-doping levels while still retaining adequate mechanical properties. Further investigation of ﬁlled systems (nanoparticles, inorganic acid,
etc.) has been done to improve mechanical strength and also to increase
acid-doping levels. While a general picture that deﬁnes the properties and
performance of these membranes has emerged, speciﬁc comparisons are
sometimes difﬁcult because of the minimal polymer and fuel cell characterization performed in some studies.
In comparison with the PBI membranes cast from organic solvents and subsequently imbibed with phosphoric acid, the PA-doped PBI polymer electrolyte
membranes prepared via the PPA process possessed high PA loading levels with
good mechanical properties and enhanced proton conductivities. It was shown
that the polymer molecular structures signiﬁcantly affected the properties of
the polymers and the corresponding ﬁlm formation process. In addition to
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this, improved fuel cell performance (especially at high temperatures) is seen
compared to the “traditionally” prepared acid imbibed membranes.
Industrially, BASF Fuel Cells has a commercially prepared, ready made MEA
(Celtec®) that shows great promise. The carbon corrosion, PA evaporation
rates, and degradation losses are all minimal. The demonstrated long-term stability is excellent, with the ability to run for at least 18 000 hours, nearly halfway
the United States Department of Energy target of 40 000 hours, for stationary
applications with only a very small voltage loss over this time period.
In the future, for all membranes prepared and characterized, more fuel cell
testing needs to be done under a variety of conditions. This is especially important because data gathered during initial studies may not accurately reﬂect
fuel cell performance. At this time, there is still a relatively small amount of
fuel cell performance data reported for PBI membranes. Also, different applications (stationary, portable, automotive) may require signiﬁcantly different
testing protocols and MEA requirements to fulﬁll their needs.
To attain widespread use of fuel cells, performance data must be available
to prove to industry developers and consumers that fuel cells are indeed a viable option for replacing or supplementing conventional power systems. In
order to make fuel cell systems practical, more research on preparation of
MEAs, catalysts, and incorporation into stacks is needed. However, an excellent and promising start to using PBI in real world applications has been
achieved and will undoubtedly continue to blossom in the future.
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