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ABSTRACT 

Structure-property relationships of phosphoric acid (PA)-doped polybenzimidazole 

(PBI) membranes that are used in high temperature fuel cells and hydrogen pumps have 

been investigated as a function of process, polymer rigidity, and dihydroxy 

functionalization.  PA-doped PBI membranes were characterized by compositional 

analyses to determine acid doping levels and solids content, a four-probe ac impedance 

method to monitor ionic conductivity, tensile testing, wide angle X-ray scattering 

(WAXS) to investigate bulk structural ordering, and electron microscopy.  Initial 

structural validation studies found that to ensure retention of the structural integrity of 

PA-doped PBI membranes, the phosphoric acid should not be removed from the 

membranes.  Heat treatments at 120ºC for 5days were conducted to simulate a 

membrane exposed to elevated temperatures and caused a reduction in the acid doping 

level of all PA-doped PBI membrane, regardless of process or polymer chemistry.   

It was found that PA-doped PBI membranes with the same polymer chemistry (m-

PBI) were able to retain higher acid doping levels and achieve higher ionic 

conductivities when prepared by the sol-gel process, rather than conventional acid 

immersion.  Heat treatment of conventional membranes with ≥6PA/rpu caused a 

significant reduction in mechanical performance; conversely, the sol-gel membrane 

exhibited an enhancement in mechanical properties.  From WAXS studies and atomistic 

simulations, both conventional and sol-gel membranes exhibited d-spacings of 3.5 and 

4.6Å, which was attributed to parallel ring stacking and staggered side-to-side packing, 

respectively. 

Comparing low and moderate ionic-conducting sol-gel PA-doped PBI membranes, 

the more rigid polymer (p-PBI) achieved a higher acid doping level and higher ionic 

conductivity than m-PBI. The ability for p-PBI membranes to accommodate more total 

acid and a larger range of acid doping levels compared with sol-gel m-PBI membranes 

suggested that the p-PBI structure accommodated the acid differently than m-PBI.  With 

similar compositions, a heat-treated membrane based on the more rigid p-PBI exhibited 

an average conductivity of 0.01±0.001S/cm higher from 100-180ºC and a more drastic 

change in modulus than m-PBI that correspond with increased structural ordering. The 

higher modulus of the p-PBI may result from stronger intermolecular interactions within 
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the membrane achieved by closer staggered side-to-side packing determined by 

atomistic simulations and WAXS studies.   

Comparing moderate and high ionic-conducting sol-gel PA-doped PBI membranes, 

dihydroxy-functionalization of p-PBI had minimal effect on the solids content, acid 

doping levels, and mechanical properties after equilibration in the same concentration 

phosphoric acid bath. For all compositions, heat-treated dihydroxy-PBI membranes 

achieved 0.05±0.01S/cm higher ionic conductivities from 120-160ºC than p-PBI 

membranes.  From the structural studies of heat-treated membranes with similar 

compositions, the dihydroxy-PBI had a slightly closer isotropic ring stacking than p-PBI.  

Dihydroxy-functionalization of sol-gel PA-doped PBI membranes permits higher ionic 

conductivities, preservation of mechanical integrity, and slightly closer spacings of both 

isotropic ring stacking and anisotropic staggered side-to-side packing. 

Electrochemical hydrogen pumping using a high-temperature (>100ºC) sol-gel PA-

doped p-PBI membrane was demonstrated under nonhumidified and humidified 

conditions at ambient pressures. Relatively low voltages were required to operate the 

pump over a wide range of hydrogen flow rates.  Gas purity measurements on the 

cathode gas product were conducted and significant reductions in gas impurities were 

detected.  Additional hydrogen pumps composed of PA-doped PBI membranes of 

different process and polymer chemistry were tested.  The voltage requirements of 

humidified hydrogen pumps were directly related to the acid doping level and ionic 

conductivity of the PA-doped PBI membranes. 

 



1 

1. Introduction to phosphoric acid-doped polybenzimidazole 
membranes 

1.1 History of proton exchange membranes 

Hydrogen, a promising energy carrier for the future, has the potential to transform 

how we acquire and utilize energy in our daily lives.  Hydrogen has the ability to reduce 

our dependence on foreign oil and provide distributive power generation, rather than 

centralized production that is dependent on inefficient electrical grids.  Hydrogen 

purification and the electrochemical conversion to energy are challenges that are 

potentially surmounted with hydrogen pump and fuel cell technology.  At the heart of 

these electrochemical devices, and where the chemical conversion of hydrogen to 

electricity takes place, is the membrane electrode assembly (MEA).  The MEA is 

composed of a proton exchange membrane (PEM) sandwiched between two porous 

catalyst layers (e.g., a precious metal catalyst coated on a high surface area support 

material such as carbon black and dispersed ionomer).  For the commercial viability of 

fuel cells, the PEM must have rapid ionic transport while maintaining mechanical 

integrity.  A PEM that addresses both of these important challenges is phosphoric acid 

(PA)-doped polybenzimidazole (PBI) membrane.  Since the 1960s when General 

Electric developed PEM fuel cells for the first manned space mission, researchers have 

focused on solving the problem of integrating high ionic conductivity and mechanical 

integrity into a durable polymer membrane.1 

For nearly 50 years, polymer electrolyte membranes have been the focus of many 

research and industrial efforts to improve the durability of MEAs for transportation and 

residential combined heat and power applications.  PEMs are notable for their ability to 

transport protons rapidly via vehicular (translational)2 and Grotthuss (structural proton-

hopping)3,4 mechanisms, while simultaneously acting as an electrical insulator.5 In a 

PEM fuel cell, as shown schematically in Figure 1-1A, hydrogen is oxidized to protons 

and electrons on an anodic catalyst particle (the hydrogen oxidation reaction, or HOR).  

Protons are transported through the PEM to the cathode.  In this galvanic device, the 

electrons are conducted through an external circuit.  Within the cathode, protons and 

electrons are combined with oxygen gas at the critical interfaces (gas 
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reactants/catalyst/electrolyte) to generate waste-water and, overall, energy (the oxygen 

reduction reaction, or ORR).   

Alternatively, a power supply can be used to drive the oxidation of hydrogen in an 

electrolytic hydrogen pump, as shown in Figure 1-1B.  At the cathode of a hydrogen 

pump, the protons and electrons are combined to form pure hydrogen in the absence of 

gas crossover (diffusion of gas molecules through the membrane).  Hydrogen pumps 

were first described in the 1960s as an alternative to energy intensive hydrogen 

purification technology. The oxidation and reduction of hydrogen are facile reactions 

and nearly Nernstian (reversible) in their electrochemical behavior.  Therefore, minimal 

power should be required to operate the hydrogen pump.  However, the original work 

based primarily on perfluorosulfonic acid-based membranes was constrained by the 

same gas purity requirements of low temperature (≤100ºC) PEM-based systems, as will 

be discussed in more detail later.  Hydrogen pump technology would benefit from a 

system that has higher tolerance to fuel impurities, such as high temperature PEMs.6-8 
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Figure 1-1: Schematic showing the operation of (A) a proton exchange membrane 
fuel cell and (B) an electrochemical hydrogen pump. 

 

Much research has focused on the well-characterized perfluorosulfonic acid 

(PFSA)-based PEMs.  The first PFSA membrane was discovered by Dr. Walther Grot at 

E. I. Dupont de Nemours under the trademark NafionTM.9,10  NafionTM is prepared by 

free radical copolymerization of hydrophobic tetrafluoroethylene and a hydrophilic 

comonomer with perfluorocarbon sulfonic acid side chains.  A general chemical 

structure for perfluorosulfonic acid membranes is shown in Figure 1-2.  In particular for 

Nafion, there are generally five to thirteen tetrafluoroethylene units for every sulfonic 

acid-containing monomer. Perfluorosulfonic acid membranes have been commercialized 

by many companies: Dupont, W.L. Gore, Asahi Glass, Asahi Kasei, Solvay and 3M.11 

NafionTM membranes are relatively expensive and contribute significantly to the overall 

cost for energy production ($100-200 per kW in 2003).12   
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Figure 1-2: General chemical structure of perfluorosulfonic acid membranes. 

 

NafionTM membranes use water as an electrolyte and are believed to transport 

protons mainly through  a vehicular mechanism, yet at low relative humidity there may 

be structural Grotthuss diffusion.13  Under fully hydrated conditions (100%RH),  

NafionTM has reasonable ionic conductivities (~0.1S/cm) at relatively low temperatures 

(<100°C).  Fully hydrated NafionTM membranes have good mechanical properties, e.g., a 

modulus of 114 MPa, tensile strength of 26-34MPa, and elongation at break of 200-

275% at room temperature.14  However, to maintain continuously high hydration levels, 

complicated subsystems are required, such as extensive humidification and water 

recovery.   

Water management in fuel cell systems is a complicated concept that can involve 

the homogeneous distribution of water in the membrane, gas diffusion layer (GDL), 

microporous layer (MPL), bipolar plate flow fields, and external subsystems.  Water 

management involves balancing the need for sufficient water within the PFSA 

membrane for ionic conduction, while preventing flooding in the gas diffusion layer of 

the electrode that could lead to blockage of the gas transport pathways.1  The movement 

of water in the PEM involves supplied water, back diffusion, and electro-osmotic drag.  

Water sources include humidification and product water.  Water from the ORR reaction 

at the cathode can back diffuse through the membrane due to a concentration gradient 

between the anode and cathode.  Also, electro-osmotic drag for water-based NafionTM 

membranes involves the transport of one to four water molecules with each proton 

conducted across the membrane.15  A different perspective of water management from a 
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systems level strives to have a net water use versus water production of zero.  Water 

management of the system requires a “simple” solution for balancing humidification of 

the stack, water recovery, thermal management, and requirements for fuel reforming 

subsystems.16  

NafionTM membranes suffer from chemical and mechanical degradation that results 

in chain scission and excessive fluoride ion release.17,18  Chain scission in the membrane 

reduces the molecular weight of the PFSA polymer, which is known to reduce to the 

mechanical properties.  Mechanical degradation results from dehydration and hydration 

cycling in the NafionTM membrane, which leads to considerable dimensional changes 

(up to 15%) and stiffening.19,20  The membrane undergoes compression, shrinkage and 

creep, which results in pinhole formation, cracking, and delamination between the 

membrane and electrode.17,21,22 

The PFSA-based fuel cells with water electrolyte are generally limited to operating 

at temperatures less than 100ºC and are most commonly operated at 80ºC with 100% 

humidified gas feed streams.  As the humidification is decreased at 80ºC (Figure 1-3), 

the ionic conductivity of NafionTM membranes decreases by an order of magnitude from 

~0.1S/cm at 100%RH to <0.01 at 40%RH.23  The reduction in ionic conductivity with 

humidity is even more dramatic at higher temperatures.  For example, NafionTM at 140ºC 

under fully humidified conditions has an ionic conductivity of ~0.2S/cm, which 

decreases by five orders of magnitude to <1x10-6S/cm under nearly dry conditions.24  

Thus, the use of PFSA membranes in electrochemical energy device applications is 

limited by cost, poor conductivity at low relative humidity, and decreased mechanical 

properties at elevated temperatures.10 
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Figure 1-3: Ionic conductivity vs. relative humidity for NafionTM at 80ºC. 
(Interpolated from literature data.23) 

 

1.2 Motivation for high temperature operation 

PEM fuel cell operation at temperatures higher than 100°C and under anhydrous 

feed streams has many advantages.  High temperatures permit faster electrochemical 

reactions on the noble metal catalyst, which is especially beneficial for the typically 

sluggish reaction kinetics of the ORR at the cathode.  When PEM fuel cells operate at 

temperatures above 100ºC, the product water will be present as vapor that can be more 

easily removed with the cathodic exhaust stream.  Also the entropy change for the 

system becomes more favorable by converting gas reactants to gas products, in contrast 

to low temperature fuel cell operation where gas reactants are converted to a liquid 

product.  Additionally, PEM fuel cell systems that can operate on dry gas feed streams 

are simpler because of the elimination of humidification and water recovery subsystems.  

The most significant advantage of high-temperature operation, however, is the tolerance 

to fuel impurities.   
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High temperature PEM devices based on a phosphoric acid-doped 

polybenzimidazole membrane have shown enhanced tolerance to fuel impurities, such as 

0.001% (10ppm) H2S, 10% CO, NH3, and CH3OH, as compared to low temperature 

PEMFCs.25-27 Methanol and natural gas are commonly reformed to produce hydrogen 

that contains impurities such as carbon monoxide.  Carbon monoxide competes with 

hydrogen for the active sites on platinum, blocking the HOR sites at low temperatures.28 

In a low temperature (80ºC) PEM fuel cell (FC) at 0.4A/cm2, the performance using pure 

H2 was 0.64V, which was reduced to 0.51V with the introduction of 0.001% CO, and 

further decreased to 0.29V with 0.005% CO.29 In a high temperature (150ºC) PEMFC 

based on a polybenzimidazole membrane, the pure H2 performance of 0.55V was only 

minimally decreased to 0.52V with the introduction of 1% CO.25  Even more 

impressively, the high temperature fuel cell maintained 0.47V in the presence of 10% 

CO.25  

The enhanced tolerance to fuel impurities with high-temperature operation has many 

advantages.  The fuel sources for hydrogen can be extended to include natural gas, 

biofuels, coal, and methanol.  Additionally, the fuel reforming and processing can be 

incorporated directly into the PEMFC itself, such as in reformed methanol fuel cells.  

Furthermore, parasitic losses due to energy-intensive fuel purification subsystems can be 

avoided.  Finally, the waste heat that is generated from the exothermic fuel cell reaction 

(H2 + ½O2 → H2O) is advantageous for high temperature operation.1  In low temperature 

PEMFC, the waste heat must be removed by cooling systems.  However, in a high 

temperature PEMFC, the heat can be used to maintain operating temperatures and 

preheat reactant gases, resulting in further simplification of the system. 

 

1.2.1 Membranes for high temperature operation 

To increase the operating temperature of PEM fuel cells to 100-200ºC, researchers 

have investigated modified PFSA membranes, alternative thermally-stable polymers, 

composites, and complexes of basic polymers with acids.12  The identification of an 

alternative, low cost PEM that can operate under low humidification and higher 

temperatures has led researchers to functionalize polyarylene ethers,30,31 polysiloxanes,32 
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fluoropolymers,23 and polyheterocyclics33 because of their inherent high thermal and 

chemical stability. These alternative PEMs are commonly sulfonated to achieve ionic 

conductivity similar to that observed for NafionTM, which is 0.1S/cm under fully 

humidified conditions. Two methods utilized to achieve sulfonation are 

copolymerization with a sulfonated monomer or post-sulfonation of a preformed 

polymer.  For example, poly(arylene ether sulfone) sulfonated on the deactivated sites 

was achieved by copolymerization with a sulfonated monomer, yielding a conductivity 

of (0.2S/cm) in a room temperature water bath.34  At higher temperatures (80ºC) under 

100% humidification, PEMs based on sulfonated crosslinked polystyrene also achieved 

performance comparable to NafionTM.32 Under less humidified conditions (30%RH) at 

80ºC, a mulitblock copolymer of hydrophilic disulfonated poly[arlyene ether sulfone] 

and hydrophobic fluorinated-segments achieved a conductivity of ~0.005S/cm, which is 

slightly higher than NafionTM (0.003S/cm) under similar conditions.23  At higher 

temperatures (120ºC) with moderate humidification (50%RH), a poly[p-phenylene 

sulfone] membrane with a high degree of sulfonation achieved conductivities >0.1S/cm.  

The ionic conductivity of these sulfonated poly[p-phenylene sulfone] membranes 

dropped significantly at temperatures above 120°C.35,36  Clearly, alternative membranes 

based on water as the electrolyte have similar limited performance at elevated 

temperatures and anhydrous conditions as NafionTM. 

To improve the mechanical properties and to reduce sensitivity to relative humidity, 

membranes have been modified with hygroscopic oxides and proton conductors, such as 

zirconium phosphate and heteropolyacids.12 A recent review summarizes inorganic-

organic membrane advances.37  NafionTM membranes doped with oxides, such as 

tungsten oxide (WO3), silicon dioxide (SiO2), and SiO2/phosphotungstic acid (PWA), 

have similar conductivities as reported for untreated NafionTM at 100% relative humidity 

(RH), whereas titanium dioxide (TiO2)-modified NafionTM yielded lower conductivity 

values.  However, the preservation of ionic conductivities close to that of untreated 

NafionTM was lost at 20% RH.38   

Another PEM approach for high temperature, anhydrous operation is based on using 

polymeric ionic conducting membranes that do not require water or unbound acid 

species.  Schuster describes the potential for immobilizing phosphonic acids (-PO3H2) 



 

     9

through covalent P-C bonds with the organic matrix.39  Phosphonic acid-based 

membranes are expected to yield slightly lower ionic conductivities because of their 

weaker hydrogen bonding than phosphoric acid-based system.39  However, phosphonic 

acid membranes should be more stable in the presence of liquid water in low 

temperature devices because there is no leachable component.  In other words, the strong 

covalent bonds in phosphonic acid-based membranes cannot be washed out by liquid 

water, as is the case of phosphoric acid-doped membranes, which rely on ionic 

interactions and hydrogen bonding.39,40  Phosphonic acid-based membranes are thus an 

interesting alternative to NafionTM membranes for use in low temperature PEMFCs. 

Ionogels (ionic liquid composites) have recently received attention for their 

potential as high temperature PEMs.  It was found that the fast proton mobility of ionic 

liquids could be retained in bulk mesoporous silica monoliths.41  This finding led 

researchers to dope styrene/acryonitrile composites with protic ionic liquids.  These 

proton-conducting membranes based on protic ionic liquids have achieved 0.1S/cm at 

160ºC under non-humidified conditions.42  However, because the mechanism of ionic 

conduction is vehicular, these membranes may suffer from leaching of the ionic liquid in 

a real operating fuel cell device. 

To overcome complications induced by the water electrolyte in PFSA membranes, 

water can be replaced with a low volatility dopant such as phosphoric acid.43  In a PEM, 

phosphoric acid could replace water as the Brönsted base.  Additionally, phosphoric acid 

has a high intrinsic amount of protonic charge carriers with fast mobility compared to 

water.5  

Phosphoric acid-doped NafionTM membranes achieved a conductivity of 0.025S/cm 

at 160ºC under dry conditions.43  Unfortunately, these modified PFSA membranes are 

expected to suffer similar chemical and mechanical degradation as previously described 

for low temperature PEMFCs and fuel cell testing resulted in anode electrode flooding 

from anion migration.12  To enhance the polymer stability, an alternative stable polymer, 

such as  polybenzimidazole (PBI), can be doped with phosphoric acid.44 Wainright 

observed a strong relationship between phosphoric acid content and ionic conductivity.44  

PBI-based membranes soaked in phosphoric acid baths demonstrated conductivities 

>0.02S/cm under nearly dry conditions at 190°C.44  The promise of PA-doped PBI 
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membranes for use in PEM fuel cells operating at higher temperatures (>120°C) and 

under non-humidified conditions has led to extensive research and commercialization of 

this unique polymer membrane. 

 

1.3 Introduction to polybenzimidazoles 

Polybenzimidazole was initially developed as a thermally stable, nonflammable, 

high-performance fiber by the United States Air Force Materials Laboratory in 

collaboration with Celanese Research Company and E. I. Dupont de Nemours and has 

been used for high temperature gaskets, adhesives, and laminates.45,46  Textile fibers of 

PBI are used in protective clothing for firefighters and astronauts.46  Polybenzimidazole 

is an aromatic heterocyclic polymer that was first synthesized by Vogel and Marvel in 

1961.45  The original synthesis of poly[2,2’-m-phenylene-5,5’-bibenzimidazole] (m-PBI) 

involved the melt/solid polycondensation of 3,3′,4,4′-tetraaminobiphenyl and diphenyl 

isophthalate at >260ºC, as shown in Figure 1-3.  Marvel synthesized PBIs with different 

polymer backbone chemistries (such as bibenzimidazole and benzobisimidazole) and 

also incorporated phenyl substituents.45  The PBI chemistry directly affects the polymer 

chain rigidity, symmetry, and intermolecular interaction.45   
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Figure 1-4: Melt polymerization of poly[2,2’-m-phenylene-5,5’-bibenzimidazole] 
(m-PBI) by Vogel and Marvel in 1961. 

 

Poly[2,2′-[1,4-phenylene-]5,5′-bibenzimidazole] (p-PBI or para-PBI, shown in 

Figure 1-5) has a relatively rigid backbone compared to m-PBI (meta-PBI).  The rigid 
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nature of the polymer backbone leads to poorer solubility of p-PBI in common solvents 

and requires more difficult processing.47  Thus, for nearly 50 years, PBI research has 

primarily focused on more soluble PBIs, such as m-PBI, which is commonly referred to 

as “meta-PBI” or abbreviated simply as PBI.  This oversimplification for the complex 

family of PBI polymers and poor processability of the different PBI chemistries has 

resulted in PBI research being focused predominantly on m-PBI.   
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Figure 1-5: Chemical structure of poly(2,2′-(1,4-phenylene)5,5′-bibenzimidazole) 
(p-PBI) by Vogel and Marvel in 1961. 

 

PBI is a rigid-rod polymer that is similar in molecular structure to polybenzothiazole 

(PBZT) and polybenzoxazole (PBZO), which are shown in Figure 1-6.  PBI is an 

amorphous polymer with a high Tg (420-435ºC), and thus the crystal structure and 

crystal-solvate phases have not been identified.46  When the basic PBI polymer is 

polymerized in polyphosphoric acid, the polyphosphoric acid protonates PBI to a 

polycation, which can have strong interactions with the deprotonated, anionic solvent 

species. 
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Figure 1-6: Chemical structure of (A) polybenzothiazole and (B) polybenzoxazole. 

 

Due to high chemical and thermal stability, PBI membranes are produced for 

hemodialysis and reverse osmosis filters.46,48  PBI membranes have also been doped with 

protic solvents in order to achieve higher ionic conductivity.  Acid-doped PBI 

membranes have been produced by conventional44 and sol-gel processes.49 

 

1.3.1 Polybenzimidazole as a proton exchange membrane 

In 1977, it was briefly reported that PBI had an inherent bulk ionic conductivity of 

10-4S/cm at room temperature.50  To increase the ionic conductivity, PBI membranes 

were doped with protic acids.  PBI can act as both a Brönsted acid (NH) and base ( N ).12  

The benzimidazole ring has a protonated nitrogen and a non-protonated nitrogen that can 

accept a proton.44  When the nitrogen with a lone pair is protonated, each benzimidazole 

ring may be involved in two hydrogen bonding interactions.44 Fourier transform infrared 

spectroscopy (FTIR) studies of slightly acid-doped PBI membranes confirmed that 

strong protic acids easily protonate the lone pair imino nitrogen of the benzimidazole 

ring, as shown in Figure 1-7.51  FTIR studies of PA-doped PBI membranes also showed 

the formation of a hydrogen-bonded network between the benzimidazolium cations and 

dihydrogenphosphate anions.51,52  PBI-acid complexes exhibited significant hydrogen 

bonding with excess acid molecules and neighboring polymer chains.   

Acid baths are conventionally employed to achieve ionic conductivity.44  Interest in 

acid-doped PBI membranes received significant attention after Wainright doped m-PBI 

membranes with phosphoric acid in 1994.44  In addition, thermogravimetric analyses 

confirmed that phosphoric acid/PBI complexes were more thermally stable than the 



 

     13

corresponding sulfuric acid and alkyl sulfonic acid complexes.53 PA-doped PBI 

membranes can be prepared by two processes: (1) conventional acid bath immersion and 

(2) a sol-gel process from a polyphosphoric acid solution.  The resulting PA-doped m-

PBI membranes (conventional versus sol-gel) have different macroscopic properties, 

such as ionic conductivity and mechanical integrity.49   
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Figure 1-7:  Polymer repeat unit of m-PBI protonated by two phosphoric acid 
molecules. 

 

1.3.1.1 Conventional acid bath immersion process for PBI membranes 

In the conventional process used to form PA-doped m-PBI membranes, a preformed 

dense polymer membrane is soaked in a concentrated phosphoric acid bath. The 

production of conventional PBI membranes involves an energy-intensive, multi-step 

process.  Low molecular weight m-PBI powder is dissolved in polar aprotic solvents at 

high temperatures and pressures.  This PBI solution is filtered and cast to form a 

membrane, which undergoes solvent evaporation, washing, and a final heat treatment.  

The preformed, dense PBI membrane is then immersed in an acid bath, which results in 

relatively low acid doping levels and moderate ionic conductivity for use in PEMFCs.12  

Common casting solvents included N,N-dimethyl acetamide (DMAc) with lithium 

chloride (LiCl), ethanol and sodium hydroxide, methanesulfonic acid, and trifluoroacetic 

acid.12,54   

Initial PA-doped PBI membrane research utilized m-PBI and poly[2,5-

benzimidazole] (AB-PBI) to validate their application as PEMs.44,55  m-PBI is a 

commercially available polymer, however, commercial m-PBI is generally of low 
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molecular weight (indicated by a relatively low inherent viscosity 0.5-0.8dL/g)26 in 

comparison to m-PBI (1.59 dL/g that corresponds to a weight-average molecular weight 

of 199, 200 g/mol)56 produced by the sol-gel process that will be described later.  The 

processing of AB-PBI involves the polycondensation of 3,4-diaminobenzoic acid 

(Figure 1-8) that inherently achieves the equimolar reaction conditions that are required 

for a high molecular weight polymer, followed by a similar casting process from an 

organic solvent and immersion in acid.45   
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Figure 1-8: Polymerization of poly[2,5-benzimidazole] (AB-PBI). 

 

Conventional PA-doped m-PBI and AB-PBI membranes achieve modest acid 

doping levels and moderate proton conductivity. For example, a m-PBI membrane 

achieves 5PA/rpu (moles of phosphoric acid per moles of polymer repeat unit) after 

immersion in a 11M phosphoric acid bath.44  The conventional PA-doped m-PBI 

membrane with 5PA/rpu exhibited an ionic conductivity of 0.025S/cm with slight 

humidification (water activity = 0.1 PH2O/Psat) at 150ºC.44  This research demonstrated 

the potential use of PA-doped PBI as PEMs.  To increase the ionic conductivity, the acid 

doping level was increased to ~13PA/mol by immersion in more concentrated PA baths 

and permitted a maximum conductivity of 0.13S/cm at ~160ºC in highly humidified 

conditions (80-85%RH).57 Litt investigated alternative casting solutions, such as organic 

solvent/protic acid mixtures followed by acid immersion, which increased ordering in 

the membrane, but not the ionic conductivity.54  For AB-PBI membranes cast from a 

methanesulfonic acid and P2O5 solution and subsequently acid immersed,  the 

conventional AB-PBI membrane with ~4PA/rpu achieved a conductivity of 0.06S/cm at 

110ºC under non-humidified conditions.58   

PA-doped PBI membranes exhibit a complicated proton conduction mechanism that 

involves proton-hopping (Grotthuss) through protonated N sites in the benzimidazole 
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ring, ionically bound PA, and bridging of “loosely bound” PA molecules (and water at 

lower temperatures and/or under humidification).59,60  Additionally, the ionic conduction 

in PA-doped PBI membranes has an insignificant water drag coefficient, which 

simplifies water balance in an operating device.61 The ionic conductivities of PA-doped 

m-PBI and AB-PBI membranes increased with acid content.54  Research has continued 

to investigate PA-doped PBI membranes having different chemistries, polymer blends, 

composites, and methods of acid incorporation as ways to improve ionic conductivity 

and fuel cell performance.  Several recent review articles summarize research and 

development efforts during the past ten years that have focused on phosphoric acid-

doped polybenzimidazole membranes.26,62,63  

 

1.3.1.2 Sol-gel process for polybenzimidazole membranes  

The field of PA-doped PBI membranes was revolutionized by the development of 

the sol-gel process in 2005 as shown schematically in Figure 1-9 and detailed in Section 

2.2.49  In the sol-gel process, the polymerization solution is a viscous solution of 

polyphosphoric acid that contains relatively low solids content, which is cast directly 

onto a substrate.  Upon exposure to atmospheric moisture, polyphosphoric acid is 

hydrolyzed to phosphoric acid.  Phosphoric acid is a poor solvent for PBI compared to 

polyphosphoric acid.  The change in solvent quality induces a transition from a viscous 

solution to a percolating gel network with good mechanical integrity.  This transition is 

referred to as a sol-gel transition.  The ionic conductivities of sol-gel PA-doped PBI 

membranes are reported to be higher than 0.25S/cm49 and the lifetimes when used in 

high temperature PEM fuel cells at 160ºC have exceeded 10,000h.64  Therefore, the use 

of sol-gel processed membranes appears to prevent the acid leaching and polymer 

degradation that limited their applicability for fuel cells.  As a result of their chemical 

and thermal stability, high ionic conductivity, and mechanical integrity, sol-gel PA-

doped PBI membranes have been commercialized as proton exchange membranes for 

fuel cells in 10W to 10kW applications by BASF Fuel Cells.65-67  PlugPower has also 

commercialized high temperature PEMFC systems that operate on natural gas at >160ºC 
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as residential combined heat and power units.68  In 2007, Volkswagen announced a 

hybrid vehicle that utilizes a PBI-based stack.63 

 

Figure 1-9:  Schematic of sol-gel process, where polymer is directly cast from a 
polyphosphoric acid solution, polyphosphoric acid is hydrolyzed to phosphoric 
aicd, and an acid-doped membrane is produced. 

 

The ionic conductivity of PA-doped sol-gel membranes is higher than that of 

conventional PA-doped PBI membranes.49  In Figure 1-10, the PA-doped PBI membrane 

exhibits a conductivity ~0.25S/cm at 160ºC without external humidification.  A water-

based sulfonated fluoropolymer shows a rapid loss in ionic conductivity at ~100ºC as a 

result of water evaporation.  PA-doped conventional PBI membranes with mechanical 

integrity have an ionic conductivity <0.1S/cm over this temperature range without 

humidification.  
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Figure 1-10: Ionic conductivity vs. temperature for PA-doped PBI membranes 
produced by different processes: sol-gel membranes ●; conventional membranes ○, 
■, ▲, and □.  A curve for sulfonated fluoropolymer also has been included ( ). 
(Reproduced from Copyright © 2005 American Chemical Society.49)  Note: One 
conventional membrane was highly swollen to achieve 0.15S/cm and was difficult to 
handle, so only one data point was measured at 160ºC. 

 

The sol-gel process has permitted syntheses of m-PBI, p-PBI, AB-PBI, and other 

derivatives, as shown in Figure 1-11.  PBI polymers have been prepared by the sol-gel 

process to incorporate additional basic groups, sulfones, and fluorine substituents.69-72 

Pyridine-based PBI membranes have additional basic sites that contribute to ionic 

conduction and retain the inherent thermostability of aromatic heterocyclic polymers.69  

Other derivatives include copolymers of sulfonated-PBI and p-PBI, to increase polymer 

solubility for improved membrane formation.73  Additionally, fluorinated-PBIs have 

been synthesized to be evaluated as membranes or as additives to cathode electrodes for 

their potential increased physicochemical compatibility and oxygen permeability.71,72 
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Figure 1-11: Sol-gel PBI derivatives with (A) sulfone, (B) pyridine, (C) 
hexafluoroisopropylidene, and (D) perfluorocyclobutyl constituents. 

 

To elucidate the transport properties of PA-doped PBI membranes, nuclear 

magnetic resonance (NMR) spectroscopy was performed on m-PBI polymers produced 

by the conventional (Section 2.1) and sol-gel processes (Section 2.2).74  The phosphate 

anion mobility was below the detection limit for both membranes, which supports the 

finding that acid leaching is minimized in fuel cells-based on PA-doped PBI membranes 

during operation.64  Interestingly, the proton mobility in sol-gel PA-doped PBI 

approaches that of pure phosphoric acid solutions.74  In addition, the proton mobility of 

sol-gel PA-doped PBI is an order of magnitude higher than that of conventional PBI,74 

which is in agreement with published ionic conductivity data from four-probe AC 

impedance spectroscopy.49 

 

1.3.2 Microstructure of polybenzimidazole 

The literature contains limited findings regarding structure/property relationships in 

PA-doped PBI membranes.  The microstructure of the current, state-of-the-art PEM, 

NafionTM, has been debated in the literature since Gierke’s first model in the 1980s 
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consisting of ionic clusters of sulfonic acid groups in a percolated hydrophobic matrix.75  

Research on the microstructure of PA-doped PBI membranes is mainly limited to PBI 

materials in the absence of phosphoric acid, the addition of which is essential for ionic 

conductivity.56,76-81  These PBI studies have established the tendency of 

polybenzimidazole to form aggregates in solution, which may be the precursors to the 

percolating network achieved via the sol-gel process.  

Because there are no extensive studies in the literature on PA-doped poly[phenylene 

bibenzimidazole] systems, research conducted on similar rigid-rod polymers will be 

discussed in an effort to aid future interpretations.   Wide angle X-ray scattering 

(WAXS) permits the investigation of bulk ordering in the membrane specimens, such as 

polymer chain packing.  Structural studies of fibers based on rigid-rod polymers have 

included poly[p-phenylenebenzobisoxazole],82 methyl-pendant poly[p-phenylene 

benzobisimidazole]83 (MePBBI), and pyridobisimidazole polymers84 (chemical 

structures shown in Figure 1-12). 
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Figure 1-12: Chemical structure of (A) methyl-pendant poly[p-phenylene 
benzobisthiazole] (MePBBI) and (B) poly[2,6-diimidazo[4,5-b:4′,5′-
e]pyrindinylene-1,4[2,5-dihydroxy]phenylene] (PIPD). 

 

Won Choe observed a fibrillar texture of PBZO, which could only be achieved with 

a high molecular weight polymer that was produced by preventing sublimation of the 

monomer.85  The fibrillar structure of PBZO was confirmed by high resolution 

transmission electron microscopy (TEM) of detached replicas, as shown in Figure 1-13A 

and 13B, and lattice spacings of 5.55 and 3.35Å that were measured from the high 

resolution TEM images.  WAXS spectra (Figure 1-13C-E) of vertically-oriented cis-
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PBZO exhibited pronounced equatorial reflections that indicated lateral packing within 

the fiber before and after heat treatment at 600 and 665ºC. The WAXS data from the 

665°C heat-treated fiber showed off-meridian reflections, which became more intense 

and localized, indicating the development of three-dimensional ordering.82 

 

 

Figure 1-13: Micrograph of fibrillar structure in PBZO fibers (A) before and (B) 
after heat treatment at 600ºC.  Wide angle X-ray scattering patterns of PBZO 
fibers (C) before, (D) after heat treatment at 600ºC, and (E) at 665ºC. 82 
(Reproduced from Copyright © 1991 American Chemical Society) 

 

Methyl-pendant poly[p-phenylene benzobisimidazole] has a more rigid polymer 

chain conformation than poly[phenylene-bibenzimidazole], such as p-PBI and m-PBI.  
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The addition of a pendant methyl group on the phenyl ring of PBBI prevented premature 

crystallization during polymerization, which has also been advantageous for 

polybenzobisthiazole.83,86  In order to achieve anisotropic reaction mixtures, 

polymerizations of MePBBI and other poly[benzobisazole] are commonly conducted 

using 10-15wt% polymer in polyphosphoric acid.86  In comparison, the polymer 

concentration for sol-gel PBI polymerization is generally 4-10wt% for m-PBI49 and 

~3wt% for p-PBI.70  The WAXS data for MePBBI exhibits a prominent meridional 

reflection at 5.9Å and equatorial peaks at 10.2, 5.0 and 3.6Å, which correspond to the 

following crystallographic planes (100), (200), and (110).83  The proposed crystal 

structure of MePBBI predicts planar intermolecular hydrogen bonding with a spacing of 

~2Å.83  Bi-directional hydrogen bonding is sterically hindered by the methyl groups.  

The methyl group increases the distance between the polymer chains, causing the lone 

pair of the nitrogen and N-H group on the neighboring polymer chain to be separated by 

~3Å, which is larger than the expected hydrogen bonding distance of 1.7-2.2Å.83 It is 

interesting to note that crystal defects in MePBBI, such as those found in PBZO, could 

lead to hydrogen-bonding in a “sheet” arrangement like that found in poly[p-phenylene 

terephthalamide].83 

 Another system is pyridobisimidazole polymers, specifically poly[2,6-

diimidazo[4,5-b:4′,5′-e]pyrindinylene-1,4[2,5-dihydroxy]phenylene] (PIPD), which has 

been studied using WAXS.84  PIPD has shown exceptional compressive strength,87 

which was attributed to bi-directional hydrogen bonding.88  Sikkema polymerized PIPD 

in a P2O5 + water mixture, which formed polyphosphoric acid.  An 18wt% PIPD/PPA 

solution exhibited nematic (liquid crystal with linear orientation) behavior at 180ºC.88  

The PIPD solution crystallized at 110ºC and melted at 140ºC.87  The 

PIPD/polyphosphoric acid solution was spun into fibers in water or phosphoric acid 

baths.87,88  After coagulation, the PIPD fibers were thoroughly washed.88  A heat 

treatment (>400ºC) is commonly applied to enhance the mechanical properties of rigid-

rod fibers.88  

X-ray diffraction (XRD) studies were performed on the polyphosphoric acid 

solution and the PIPD fiber before and after heat treatment.88  The PIPD solution 

exhibited one “crystal solvate” phase at room temperature and a second “crystal solvate” 
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phase in the temperature range of 85-135ºC.88  To prevent coagulation and transition to a 

potential crystal hydrate phase, the fiber was spun into paraffin oil and exhibited the 

XRD pattern shown in Figure 1-14A.88  The “crystal solvate” fiber exhibits an extremely 

high degree of crystallinity for rigid-rod polymers.88 

After thorough washing to remove residual PPA, heat treatments are employed to 

increase the mechanical properties of PIPD fibers.  Moderately heat-treated (≤300ºC) 

PIPD fibers have intermolecular hydrogen bonding (N-H---O) between polymer chains 

and intramolecular hydrogen bonding (O-H---N).88  The heat-treated PIPD fibers 

exhibited a bi-directional hydrogen bonding network, with possible “sheet-like” 

distortions.88  More severely heat-treated (>400ºC) PIPD fibers exhibited three-

dimensional crystalline order, as shown in the WAXS spectra in Figure 1-14B and 

14C.84 Prior to the heat treatment , the PIPD fibers exhibited strong diffraction peaks at 

3.3 and 8.4Å and smaller peaks at 4.6 and 1.7Å.84  After heat treatment of the fiber, 

prominent ordering at 3.3Å was retained, but the second strongest peak was 6.0Å (not 

8.4Å), as compared in Figure 1-15A.84  Successive WAXS scans as a function of 

temperature (up to >300ºC) for PIPD fibers before heat treatment showed the 8.4Å peak 

shifting to 6.0Å.84  It was concluded that before heat treatment, the PIPD fibers exhibited 

a “two-dimensionally ordered hydrate” with polymer chains ordered in the lateral 

direction.84  A unit cell for heat-treated PIPD was proposed that involves a bi-directional 

hydrogen bonding network,84 which agreed with previous work.88   

WAXS spectra, comparing heat-treated fibers of PIPD and PBZO, as in Figure 1-

15B and 15C, both rigid-rod fiber exhibited equatorial peaks at ~3Å and a second peak 

between 5 and 6Å.84  The WAXS data for PIPD and PBZO are more similar at smaller 

spacings, which is attributed to their similar chemical structure.84  It was also found that 

the pyridinylene-nitrogen did not contribute to hydrogen bonding after heat treatment,88  

and for this reason, it was predicted that the corresponding polymer, dihydroxy-PBBI, 

should have a similar crystal structure and exhibit a hydrate structure before heat 

treatment.88  The intermolecular hydrogen bonding of PIPD is not observed in all 

dihydroxy-functionalized rigid-rod polymers.88  For examples, dihydroxy-PBZT 

exhibited only intramolecular hydrogen bonding (O-H---N), rather than the 
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intermolecular interactions of PIPD that result in high compressive strength.  A similar 

polymer, dihydroxy functionlized p-PBI, will be discussed in a later chapter.  

 

 

Figure 1-14: Wide angle X-ray scattering of PIPD fiber (a) non-coagulated in 
paraffin oil88, (b) before heat treatment84 and (c) after heat treatment.84  
(Reproduced from Copyright © 1998 Elsevier Ltd.) 
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Figure 1-15: Transmission wide angle X-ray scattering of rigid-rod fibers: (A) 
equatorial scans of PIPD before and after heat treatment (*), (B) meridional scans 
of heat-treated PBZO and PIPD (*), and (C) equatorial scans of heat-treated PBZO 
and PIPD (*).84  (Reproduced from Copyright © 1998 Elsevier Ltd.) 

 

X-ray scattering studies have been conducted on select PBI systems.  As previously 

discussed, conventional PBI membranes have been cast from different solvents.54,89,90  

Wereta found that AB-PBI cast from different solvents affected the orientation of 

aggregates in the membrane.91  It was found that methanesulfonic acid casting resulted 

in the benzimidazole rings oriented along the draw direction; while formic acid and m-

cresol casting yielded perpendicular orientation.91  The AB-PBI membranes exhibited a 

3.4Å spacing that was correlated with parallel stacking of the benzimidazole rings.91   

Cho et al. cast AB-PBI membranes from ethanol and sodium hydroxide.  After acid 

doping and stretching, the AB-PBI membranes also exhibited the characteristic 3.4Å 

spacing from stacking of the benzimidazole rings parallel to the film surface.92  After 

immersion in concentrated phosphoric acid, the AB-PBI membranes lost this initial 

ordering and exhibited a broad spacing at 4.2Å.92  Upon stretching, the PA-doped 
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membrane underwent uniaxial ordering.92  The stretched PA-doped membrane exhibited 

strong equatorial reflections at 3.4Å and 8.3Å and a weak reflection at 4.3Å.92  

Meridional reflections (5.7, 3.8, 2.8, and 2.3Å) were diffuse and correlate to 2nd, 3rd, 4th, 

and 5th orders of an axial repeat unit of 11.4Å.92  The stretched AB-PBI membrane also 

was heated to 540ºC for 1hr, while being held in a frame.92  After heat treatment, the 

stretched PA-doped AB-PBI membrane changed color from brown to dark blue and 

exhibited diffuse layer lines at 11.4, 5.7, 3.7, 2.8, and 2.2Å and strong equatorial 

reflections at 4.5 and 3.5Å.92 It was concluded that AB-PBI has an orthorhombic unit 

cell with the dimensions α = 18.1Å, b = 3.5Å, c = 11.4 Å (fiber axis).92 

Asensio cast AB-PBI membranes from acid/methanesulfonic acid solutions and 

found that the ordering could be increased as compared to the conventional acid 

immersion of organic solvent cast membranes.55  However, the increased ordering of the 

acid/methanesuflonic acid cast AB-PBI  membrane doped with 3PA/rpu exhibited lower 

conductivity (0.0015 vs. 0.0025S/cm) than a conventional membrane with similar 

doping level at 180ºC.55   

Carollo et al. synthesized relatively low molecular weight (<30,000g/mol93 vs. sol-

gel m-PBI 200,000g/mol56) polybenzimidazoles, including AB-PBI, m-PBI, biphenyl 

and pyridine derivatives.  Carollo cast m-PBI from methanesulfonic acid solution, 

followed by acid immersion.93  An undoped m-PBI was found to be semi-crystalline 

with a large amorphous component.93  The diffraction peaks were located at ~9, 18, and 

25º 2Ө.93  Carollo correlated the 25º 2Ө peak to the parallel orientation of the 

benzimidazole rings to the film surface.93  However, these assignments were based on 

references using different polymer systems.  Acid doping was found to destroy 

crystalline order by plasticization, that was substantiated with differential scanning 

calorimetry experiments.93 

Electron microscopy studies of PBI have mainly focused on membranes and hollow 

fibers without acid.  Sawyer found that the PBI membranes have an asymmetric 

morphology with macrovoids.94  The cross-sectional surface after critical point drying 

was textured and exhibited a thin (20nm) dense skin.94  Hollow PBI fibers exhibit a 

similar asymmetric morphology with pores and voids, as shown in Figure 1-16.95 
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Figure 1-16: Scanning electron micrographs of freeze-dried fractured cross-section 
of PBI hollow-fibers. (Reproduced from Copyright © 2009 Elsevier. 95) 

 

A fibrous structure was identified in AB-PBI by atomic force microscopy (AFM), 

the formation of which was dependent on casting conditions.96  AB-PBI/formic acid 

solutions were cast onto a room temperature substrate and formed 25nm fibers, while 

methanesulfonic acid solution cast onto a 200ºC substrate yielded ~200nm fiber 

bunches, as shown in Figure 1-17.  m-PBI cast from DMAc solution onto a room 

temperature substrate yielded a more knotted structure (Figure 1-17C).  However, after 

PA-doping of the AB-PBI membranes, interpretation of the AFM images (Figure 1-17D) 

became difficult and the clear fibrous structure could not be identified.  
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Figure 1-17: Atomic force microscopy images of undoped AB-PBI membrane cast 
at (A) room temperature and (B) high temperatures.  AFM image of undoped m-
PBI is shown in (C).  Finally, doped AB-PBI membrane cast at high temperatures is 
shown in (D). 

 

Further characterization and understanding of the microstructure of PA-doped PBI 

membranes would benefit the scientific community by providing a more extensive 

knowledge-base of the relationship between process, polymer chemistry, structure, and 

ionic conductivity.  Current PA-doped PBI-based systems, such as fuel cells and 

hydrogen pumps, would profit from a fundamental understanding of structure and 

properties in these membranes.   
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1.4 Thesis outline 

In an effort to better direct future PEM technology, the research presented here is 

focused on developing a fundamental understanding of the structure-property 

relationships for a series of phosphoric acid-doped polybenzimidazole membranes. First, 

the methodologies were developed to image and analyze PA-doped PBI membranes to 

characterize the nature of the polymer microstructures.  To isolate the effect of process, a 

series of m-PBI membranes were produced by two processes: (1) conventional and (2) 

the sol-gel process.   Because of the high conductivity and robust nature of sol-gel 

membranes in operating fuel cells, a series of sol-gel membranes have also been 

prepared with different ionic conductivities.  It has been found that the polymer rigidity 

effects properties; therefore, sol-gel m-PBI and p-PBI membranes will be compared. 

Recently, the functionalization of p-PBI has led to increased ionic conductivity;97 p-PBI 

and dihydroxy-functionalized p-PBI will be compared to elucidate mechanisms 

controlling this phenomenon.  Characterization will include standard compositional 

analysis, ionic conductivity, mechanical testing, wide angle X-ray scattering, and 

electron microscopy.  The final thesis chapter will discuss the first high temperature 

hydrogen pump based on PA-doped PBI membranes.  The performance and fundamental 

science of these PBI-based hydrogen pumps were electrochemically characterized by 

polarization curves, pumping efficiency, purification measurements, and lifetime testing.  

The relatively facile reactions of the hydrogen pump are predicted to correspond closely 

to PEM performance.  Therefore, PA-doped PBI membranes produced via two processes 

with different polybenzimidazoles will be compared in hydrogen pumps. 
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2. Experimental Procedures 

 

2.1 Commercial materials 

Commercial m-PBI films were provided by BASF Fuel Cell GmbH.  For the 

condensation polymerization of sol-gel processed PA-doped PBI membranes, 3,3′,4,4′-

tetraaminobiphenyl (TAB) of polymerization grade was used without further purification 

and was provided by Celanese Ventures, GmbH.  Each sol-gel polymerization required a 

different diacid; isophthalic acid (IA), terephthalic acid (TA), or 2,5-

dihydroxyterephthalic acid (2OH-TA).  Isophthalic acid (99+% pure) for the 

polymerization of m-PBI, and terephthalic acid (99+% pure) for the polymerization of p-

PBI, were acquired from Amoco and used without any further purification.  However, 

the 2OH-TA was acquired from Aldrich with an initial purity of 98+%, and was 

recrystallized from an ethanol/water mixture to increase its purity (monitored with 

differential scanning calorimetry).  The polymerization solvent, polyphosphoric acid 

(115-116wt%), was acquired from Aldrich and FMC Corporation.  Equilibration baths of 

different concentrations were produced by dilution of 85wt% o-phosphoric acid from 

Fisher Scientific. 

 

2.2 Membrane preparation 

2.2.1 Preparation of PA-doped PBI membranes 

PA-doped PBI membranes were prepared by two processes:  conventional 

immersion in acid baths and the sol-gel process.  Conventional treatment of commercial 

m-PBI films was conducted by three separate washings in 70ºC distilled water followed 

by soaking the films in 85wt% o-phosphoric acid for 24h at room temperature.  Using 

the sol-gel process, three different PA-doped PBI membranes were synthesized: sol-gel 

PA-doped m-PBI, sol-gel PA-doped p-PBI, and sol-gel PA-doped dihydroxy-PBI.  Sol-

gel PA-doped m-PBI membranes will permit direct comparison of the two processes, 

sol-gel and conventional, while keeping the polymer chemistry the same.  Within the 

sol-gel membranes, increasing the polymer rigidity through a para-linkage of the phenyl 
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substitutent was found to permit higher acid doping levels and ionic conductivities.1  The 

ionic conductivity of p-PBI was further improved by the functionalization of the phenyl 

substituent with hydroxyl groups, as in dihydroxy-PBI.2  Further details of the 

preparation of sol-gel PA-doped PBI membranes are illustrated in Figure 2-1 with 

detailed discussion below. 
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Figure 2-18:  Polycondensation of tetraaminobiphenyl and (A) isophthalic acid to 
yield m-PBI, and (B) TAB and terephthalic acid to yield p-PBI, and (C) TAB and 
dihydroxy-functionalized terephthalic acid to form dihydroxy-PBI. 
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2.2.1.1 Preparation of sol-gel PA-doped m-PBI membrane 

Sol-gel processed PA-doped m-PBI membranes were prepared by first polymerizing 

stoichiometric amounts of isophthalic acid (IA 99+% pure) and 3,3′,4,4′-

tetraaminobiphenyl (TAB 99+% pure) in polyphosphoric acid (116wt%) at 240ºC for 

20h with continuous stirring under nitrogen.  To optimize casting conditions, the 

polyphosphoric acid solution was diluted with o-phosphoric acid and stirred for an 

additional 2h. The solution, held at 240ºC, was cast onto a glass plate using a doctor 

blade (10-20mm).  Upon exposure to the laboratory atmosphere (30%RH at 21ºC) for 

24h, a solution-state to gel-state (sol-gel) transition was observed.  This polymerization 

procedure was adopted from the dissertation research of Dr. Haifeng Zhang.3     A 

second batch of sol-gel processed PA-doped m-PBI membrane was produced to have 

sufficient material for a heat treatment study. 

 

2.2.1.2 Preparation of sol-gel PA-doped p-PBI membrane 

Poly(2,2′-p-phenylene-5,5′-bibenzimidazole) (p-PBI) was prepared from 

terephthalic acid (TA) and 3,3′,4,4′-tetraaminobiphenyl (TAB) in polyphosphoric acid at 

195ºC for 20h with continuous stirring.  The viscous solution was heated to 220ºC for 

4h, and o-phosphoric acid was added to optimize the casting viscosity to facilitate 

manual application of solution with a 10-20mm doctor blade onto a glass substrate.  The 

film was exposed to the laboratory atmosphere (58%RH at 21ºC) for 24h, which resulted 

in a stable gel membrane.  This polymerization also was adopted from the dissertation of 

Dr. Haifeng Zhang.3  Two additional batches of p-PBI were polymerized to investigate 

the effects of molecular weight on macroscopic properties. 

 

2.2.1.3 Preparation of sol-gel PA-doped dihydroxy-PBI membrane 

Dihydroxy functional groups were incorporated in the polymer repeat unit (2OH-

PBI) by polymerizing 2,5-dihydroxyterephthalic acid (2OH-TA) and 3,3′,4,4′-

tetraaminobiphenyl (TAB) in polyphosphoric acid (116wt%) at 195ºC for 17h with 

continuous stirring.  The viscous solution was heated to 220ºC for 2h to facilitate 
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casting.  The polymerization was stopped sooner (17 vs. 20h) than that for p-PBI to 

prevent extreme cross-linking, which produces a highly viscous solution that can wind 

up the stir shaft.  Similarly, the solution was cast on a glass substrate with a 10-20mm 

doctor blade, but without a phosphoric acid dilution step.  The solution was exposed to 

ambient conditions (64%RH at 21ºC), which induced a similar sol-gel transition as 

observed for p-PBI and m-PBI.  The dihydroxy-functionalized PBI polymerization was 

developed by Dr. Seonghan Yu.4  An additional batch of dihydroxy-PBI membrane was 

prepared to investigate the reproducibility of trends between electrochemical, 

mechanical, and structural analyses. 

 

2.3 Phosphoric acid adjustment 

To isolate the variables of process and polymer chemistry, PA-doped PBI 

membranes were equilibrated in different phosphoric acid baths.  After exposure to 

atmospheric moisture, the stable sol-gel PA-doped PBI membranes were equilibrated in 

57wt% PA baths at room temperature for >16h.  A section of each of the three sol-gel 

PA-doped PBI and the conventional m-PBI membranes were equilibrated in either a 72 

or 31wt% PA bath. Equilibrated acid doping levels have been achieved within 12h, 

therefore, membranes were equilibrated for at least 16h.5  Such acid equilibration baths 

also reduce the possibility of heterogeneities forming in the sol-gel membranes that may 

form due to poor air circulation in the laboratory environment during the sol-gel 

transition. 

 

2.4 Heat treatment 

A post-process membrane heat treatment was employed for two reasons: (1) to 

facilitate imaging and analysis in the high vacuum conditions of the electron microscope 

and (2) to simulate a membrane in an electrochemical device operating at elevated 

temperatures.  After initial structural validation studies (discussed in the next chapter), 

sections of each sol-gel PBI membrane from three PA baths (31, 57, and 72wt%) were 

heat treated for 5days at 120ºC on Kapton support films.  A section of conventional PA-
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doped m-PBI membrane from three PA baths (31, 72, and 85wt%) were also similarly 

heat treated.  These membranes will be identified as “heat-treated” membranes 

throughout the remaining text. 

 

2.5 Membrane characterization 

The inherent viscosity of the PBI polymer was measured for each of the PA-doped 

PBI membranes.  The PA-doped PBI membranes (before and after heat treatment) were 

also characterized in terms of acid content, ionic conductivity, mechanical behavior, and 

structure using wide angle X-ray scattering.  Electron microscopy was performed on 

heat-treated PA-doped PBI membranes. 

 

2.5.1 Inherent viscosity 

The inherent viscosity measurement was adopted from previous research.6  The PBI 

polymer was crushed in a blender and then neutralized with ammonium hydroxide. The 

polymer was thoroughly washed with distilled water and then vacuum dried at 110-

130ºC overnight. The inherent viscosities of approximately 0.2 g dL−1 solutions in 96% 

sulfuric acid were measured using a Cannon Ubbelohde viscometer at 30.0ºC.   Average 

error in inherent viscosity was 0.03dL g−1.  The inherent viscosity of dihydroxy-PBI 

could not be determined because it does not completely dissolve in concentrated sulfuric 

acid.4 

 

2.5.2 Membrane composition 

The method of measuring membrane compositions was established by Xiao in 

2005.6  Before and after heat treatment, PA-doped PBI membranes from different PA 

baths were preweighed (Wwet) and then titrated with a 0.1 M sodium hydroxide (NaOH) 

solution using a Metrohm 716 DMS Titrino titrator.  The titrated membranes were dried 

in a 110-130ºC oven for >8h. The neutralized specimens were cooled in a vacuum and 

weighed to achieve a dry solids (polymer) weight, Wdry.  The average acid doping level, 
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in moles of phosphoric acid per PBI repeat unit (PA/rpu), is determined from Equation 

2-1:   

     PA/rpu = (VNaOH•[NaOH])/(Wdry/MW)   Equation 2-1 
 

where the volume of sodium hydroxide is VNaOH and the molecular weight of the 

polymer repeat unit is MW.  

The solids content (solids%) was determined before and after heat treatment by 

the ratio of dry weight to the initial wet weight, as in Equation 2-2: 

                 Solids%= (Wdry)/( Wwet) × 100    Equation 2-2 

 

2.5.3 Development of appropriate electron microscopy techniques and structural 
validation for PA-doped PBI membranes 

Sol-gel PA-doped p-PBI membranes were used to monitor potential structural 

rearrangement in PA-doped PBI membranes when analyzed by wide angle X-ray 

scattering and electron microscopy.  The constituents of the sol-gel PA-doped p-PBI 

membranes are phosphoric acid, water, and polybenzimidazole.  Four samples were 

compared in the as-processed condition (PA, H2O, and PBI), after heat treatment (PA, 

less H2O, and PBI), water-exchanged (H2O and PBI), and after water-exchange and heat 

treatment (mostly PBI).  Heat treatments were conducted at 120ºC on glass, Teflon, and 

Kapton substrates.  The water-exchanged membranes were prepared by three separate 

washings in distilled water.  In order to investigate bulk ordering with the introduction of 

minimal artifacts, wide angle X-ray scattering was conducted on a PANalytical X′Pert 

Pro with a Cu X-ray target and X′Celerator detector from 5 to 55º.  Compositional 

analyses were conducted using X-ray photoelectron spectroscopy (ThermoScienitfic K-

alpha XPS) and EDAX energy dispersive spectroscopy (EDS) on a Hitachi 3400 

variable-pressure scanning electron microscope (SEM). 

To investigate particles found in the sol-gel membranes, PA-doped p-PBI 

membranes were prepared intentionally to control exposure to glass.  To increase 

exposure to glass, Warren Steckle conducted a polymerization for an extended period of 

time (96h vs. 13-20h at 195ºC).  To reduce exposure to glass, membranes were obtained 

from BASF Fuel Cell GmbH that were polymerized in a large reactor, i.e. lower surface-
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to-volume ratio.  Quantitative elemental analysis of the membranes prepared under 

standard conditions outlined in Section 1.2.1.2 contained 0.86wt% Si, while the 

extended polymerization yielded a membrane with 4.05wt% Si and the large reactor 

produced a membrane with 0.29wt% Si. 

 

2.5.4 Electron microscopy 

To facilitate imaging and analysis in the electron microscope, the PA-doped m-PBI 

membranes were heated at 120ºC for 5 days to remove excess water.  The heat-treated 

PA-doped membranes were plunged into a liquid nitrogen slush (-210ºC) for 1-2min and 

loaded into an Emitech K1250 cryo-preparation system.  At nearly -160ºC and under 

vacuum, the PA-doped membrane was fractured in cross-section using a cooled blade.  

The freeze-fracture cross-section was transferred to the cold stage at approximately -

160ºC for imaging in a Hitachi S4700 SEM.  Harsh sublimation conditions (between -

110 and -50ºC for 1-25min) were required to remove ice from the surface of the 

membrane. Imaging and compositional analyses were performed below -100ºC.  

However, the anti-contaminator in the electron microscope was unable to prevent 

additional ice build-up on the surface, thus, analyses had to be performed quickly and 

with successive sublimations to remove ice contamination.  Low voltages (0.5-2kV) 

were used to image the cross-sections to minimize beam damage.  A conductive coating 

was not required to image the membrane cross-sections.  However, after multiple 

sublimations, the topology became very rough and increased sample charging.  

Compositional analysis was performed using EDS at a voltage >5kV. 

Transmission electron microscopy (TEM) was conducted on thin sections of the 

heat-treated PA-doped PBI membranes.  Cryo-ultramicrotomy was performed at -110ºC  

to make the membranes stiff for sectioning with a Diatome dry-diamond cryo-knife.  

Sections were placed on a Cu mesh grid using a single sable hair.  The sections exhibited 

no affinity for the Cu grid, which led to extreme difficulties during cryo-transfer.  To 

prevent water exchange, sections could not be prepared wet or warmed to ambient 

conditions, which would increase adhesion to the Cu grid.  Attempts were made over a 

3yr period to cryo-transfer thin sections to the microscope with a very low success rate 
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(less than 20 sections analyzed).  It was also commonly observed that the thin sections 

would immediately twist into a helical ribbon upon removal from the edge of the glass 

knife, which made them unacceptable for further analyses.  Lastly, the edge of the 

diamond knife is very sensitive and with successive cutting the sections became dull, 

which indicates deterioration of the knife edge.  Cryo-transfers that were successful were 

conducted using a Gatan CT3500 cryo-workstation and holder.  The sample was 

maintained below -100ºC.  Imaging and compositional analysis was performed in a 

Hitachi HF3300 TEM.  Sublimation was required to remove ice that collected during 

transfer and developed in the electron microscope due to inefficiencies associated with 

the anti-contaminator.  Sublimation was performed at -50 to -90ºC. 

 

2.5.5 Ionic conductivity 

A key characteristic of PEMs is their ability to conduct protons rapidly.  It has been 

reported that sol-gel PA-doped PBI membranes have achieved high ionic conductivities6 

and excellent durability in high temperature PEMFCs.7  Ionic conductivity data was 

obtained using a four-probe AC impedance method to investigate the bulk membrane 

conduction rather than a two-probe method that measures surface properties.  The four-

probe method also reduces the contribution from electrode and contact resistance.6  

Rectangular pieces (3.5 X 7.0cm) of PA-doped PBI membranes were loaded into a glass 

conductivity cell attached with four Pt wires.  Current is supplied through the outer 

wires, while the potential difference is measured between the inner wires.  The cell was 

attached to a Zahner IM6e spectrometer.  The cell was heated in 20ºC increments to 

180ºC in an oven open to the laboratory atmosphere.  The temperature was equilibrated 

for 10min and four-probe impedance data (over a frequency range from 1Hz to 100kHz) 

was collected.  The Nyquist plot of membrane resistance across the frequency range was 

fitted to a two-component model with an Ohmic resistor in parallel with a capacitor.  

Ionic conductivity, σ, was calculated from the following equation: 

σ = d/(lwR)        Equation 2-3 

where the distance between the test electrode and sensor electrode (d) was 2.0 cm, which 

is divided by the product of the thickness (l), width (w), and membrane resistance (R).  
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All data reported herein was obtained on a second heating cycle after the membrane was 

cooled in a vacuum.  The first cycle data shows the effects of water loss. The thickness 

measurement used in the conductivity calculations was taken after the second heating 

cycle to account for shrinkage due mainly to water loss. 

 

2.5.6 Mechanical properties measurements 

To determine the mechanical properties of the PA-doped PBI membranes, tensile 

testing was performed before and after heat treatment under ambient conditions.  The 

stress and strain curves were acquired using an Instron Model 5843, equipped with a 

10N load cell and a non-contact type video extensometer, at a strain rate of 5mm/min  

The use of a video extensometer minimized the error from the instrument compliance 

and slippage in the grips during tensile testing.  The tensile measurements were carried 

out on wet dumb-bell shaped specimens cut to the ASTM standard D638 (Type V 

specimen) without environmental control.  The dumb-bell shaped specimens were cut 

perpendicular to the casting direction with a manual press equipped with a precision die.   

A strain rate of 5mm/min was controlled by two methods:  (1)  by extension, which 

was the actual displacement of the grips on the Instron or (2) for the heat-treated 

samples, by using video extensometer measurements.  The heat-treated PA-doped PBI 

membranes required additional care; thickness measurements were carried out between 

two sheets of weighing paper, which may have left a slight residue on these sticky 

membranes, and the heat-treated membranes were held with sandpaper because they 

were able to withstand higher loads that led to catastrophic slippage in the pneumatic 

grips.  It was also found that the conventional m-PBI membrane with 26wt% solids and 

7PA/rpu required the use of sandpaper to prevent complete slippage from the grips. 

Accurately measuring the stress, strain, and strain rate has been the focus of much 

polymer research.8  For example, “clip-on” extensometers can permit very accurate 

strain measurements, however, these can lead to damage in sensitive samples, such as 

gel membranes.8  The method employed in this work utilized a video extensometer, 

which requires registration with the sample during testing.  Two white dots, ~20mm 

apart, were painted on the PA-doped membranes not more than 2h before testing just 
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outside of the gauge length, to be easily registered by the video extensometer.  The 

gauge length used in the calculations was 7.62mm, which corresponds with the ASTM 

standard. As previously stated, the video extensometer removes the contribution from 

the instrumentation and slippage in the grips. A disadvantage to this method is that the 

white paint may interact with the gel membrane.  Fortunately, it was determined that 

membrane failures were not localized around the white dots.     

The stress/strain behavior in polymer samples can be heterogeneous.  Therefore, it is 

reasonable to expect that the failure will not always occur in the exact center of the 

dumb-bell, the area with the smallest cross-section.  However, data was not included 

when the specimen failed outside the white dots and/or under the pneumatic grips.  In an 

effort to minimize environmental variations, all tensile testing experiments were 

conducted in a timeframe of 6 weeks, except for two membranes because of limited 

access to instrumentation.  The tensile testing of two membranes that were not heat-

treated (conventional m-PBI with 26wt% solids and 7PA/rpu and sol-gel p-PBI with 

5wt% solids and 32PA/rpu) were conducted four months after tensile testing of all other 

membrane specimens.  It was difficult to reproduce the stress-strain curves at this later 

date, which may have resulted from aging and/or changes in environmental conditions 

(e.g. humidity differences between summer and winter, for example).  All data presented 

in this work is from tensile testing during a 6 week period, except for the two 

membranes previously identified. 

Due to their hygroscopic nature, PA-doped PBI membranes may be sensitive to 

relative humidity.  Instrumentation was not available during the time of these 

experiments to control temperature and humidity during tensile testing.  Future work 

would benefit from tensile testing in controlled temperature and humidity environments.   

In conclusion, five tensile tests were performed on each membrane with a particular 

acid doping level, polymer chemistry, and processing before and after heat treatment.  

The modulus of elasticity, yield point, and maximum stress were evaluated from the 

stress-strain curves.  The modulus of elasticity was obtained from a linear regression of 

the steepest region of the curve before the yield point.  The yield point was generally 

followed by strength hardening and a maximum stress value defined as the failure point.  

The elongation at failure was used to determine the yield point.  The linear regression 
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obtained for the modulus was shifted by 2% the elongation at failure.  The intersection 

of this line shifted by 2% with the stress-strain curve was defined as the yield point. 

 

2.5.7 Wide angle X-ray scattering 

In wide angle X-ray scattering (WAXS), an X-ray beam hits a sample and 

undergoes constructive interference from a regularly arranged set of atoms. The 

diffracted beam is detected when the geometrical Bragg condition is met.  The Bragg 

equation is 

nλ = 2d sin θ       Equation 2-4  

where n is an integer for the order of the reflection, λ is the wavelength of the incident 

Cu Kα1 (1.54nm) X-ray beam, d is the interplanar spacing, and θ is the incident X-ray 

beam angle. 

To investigate the effect of solids content and heat treatment on the polymer 

structure, WAXS scans were obtained on a PANalytical X′Pert Pro equipped with a Cu 

Kα1 X-ray target (at 45kV and 40mA) and X′Celerator detector, using a reflection 

geometry (Figure 2-4).  The incident X-ray beam passes through 0.04 radian Soller slits, 

a 3mm programmable divergent slit, a 10mm mask, and a 2º anti-scatter slit.  The 

diffracted X-ray beam was collected after passing through a 3mm programmable anti-

scatter slit, 0.04 radian Soller slits, and a Ni filter.  At least three samples for each 

composition were analyzed over the range of 5 to 55º 2θ, while simultaneously rotating 

the membrane sample parallel to the membrane surface.  Scans collected for 1h under 

ambient conditions are presented in this work. 
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Figure 2-19:  Reflection geometry for 1-D WAXS analyses that included (1) 
rotation of sample and diffracted beam collection with an X’celerator detector and 
(2) a non-rotating sample with the following beam optics: mirror, parallel plate 
collimator, and miniprop detector. 

 

To investigate bulk ordering further in the membranes as function of process, 

polymer rigidity, and functionalization, specimens with similar compositions were 

analyzed on a PANalytical X′Pert Pro instrument equipped with a Cu Kα1 X-ray target 

(at 45kV and 40mA) and a miniprop point detector with a parallel plate collimator.  The 

incident X-ray beam passes through a parabolic multilayer mirror, a ½º fixed slit, and 

0.04 radian soller slits. The diffracted X-ray beam is collected after passing through 

parallel plate collimator (0.09º) and 0.04 radian Soller slits.  The benefit of these beam 

optics is that the incident X-ray beam is nearly monochromatic and “pseudo-parallel,” 

which removes errors due to sample height variations.9  WAXS scans with reflection and 

transmission geometries were collected using these beam optics.  The casting direction 

was parallel and perpendicular with respect to X-ray beam for reflection mode and with 

respect to the sample stage for transmission mode, respectively.  The transmission 

geometry is shown in Figure 2-5.  Six sets of membranes were analyzed from 2 to 40º 2θ 

over 1h 45min, to investigate the effects of process, polymer rigidity, and 

functionalization. 
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Figure 2-20: Transmission geometry with X-ray beam perpendicular to the 
membrane surface for 1-D and 2-D analyses. 

 

To relate this work more closely to published results, 2-D WAXS spectra were 

collected on the same set of six membranes.  With assistance of the Eastman Kodak 

Company, the 2-D WAXS patterns were obtained using a Bruker GADDS 

microdiffractometer coupled to a Rigaku rotating anode generator. The micro-

diffractometer uses incident-beam Goebel mirrors aligned for CuKα1 radiation, a 300m 

collimator, sample-to-film distance of 9.97cm, and a GADDS 2-D detector.  The 2-D 

scans were collected for 10 million total counts.  The transmission- and edge-geometry 

(Figure 2-6) scans were collected from 3-40º 2θ.  The casting direction corresponded to 

the equatorial direction in the 2-D patterns.  The 2-D patterns were integrated from 3-40º 

2θ (65.6-115.5º Chi) to generate a 1-D equatorial diffraction pattern.  The detector to 2θ 

angle was 17.78º. 
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Figure 2-21:  Edge-on geometry with X-ray beam parallel to the membrane surface, 
only used for 2-D scans. 

 

WAXS scans were plotted with X’Pert HighScore Plus Version 2.2b software.  The 

1-D data using the mirror/parallel plate collimator/miniprop beam optics and 2-D data 

were fit using ProFit Version 1.0c software.  Background scans of the 1-D data in the 

reflection and transmission geometry were scaled to correspond to the intensity at low 

angles (<4º 2θ) before subtraction.  The scan was then individually fit using the ProFit 

software.  For the 1-D data, the background was allowed to be refined by slope and 

intensity.  First a wide (FWHM = 10.38) peak was fit between 5 and 35º 2θ, allowing 

position, width, and intensity to be refined.  After fixing what is termed the “amorphous 

halo” additional narrower (FWHM = 2) peaks were added and refined by position, 

width, and intensity.  Then all peaks, including the amorphous halo, were refined.  

Additional peaks were added if necessary.  A similar procedure was performed for the 2-

D equatorial scan, except a flat background from 4.7 to 39.9º 2θ was fixed during peak 

fitting.  For the m-PBI membranes by conventional and sol-gel process, the peak list 

from the most defined scan (P07449) was then used to fit all the 1-D and 2-D m-PBI 

scans.  The FWHM for each peak, except the “amorphous halo,” was reset to FWHM = 

2 before refinement.  The resulting fit agreed well with previous individual fits. By using 

this peak list, the bias of the experimentalist in determining how many peaks were 

present was removed.  For sol-gel p-PBI membranes, a similar peak fitting method was 



 

     52

performed using the most defined scan (P07443) without resetting the FWHM to a set 

value.  The sol-gel dihydroxy-PBI data was individually fit because a peak list could not 

be used to fit all dihydroxy-PBI data because the scans were relatively featureless and no 

scan exhibited all possible subtle features. 

Three impurity peaks were found for both the conventional and sol-gel membranes 

from the WAXS studies. These peaks were relatively sharp with large spacings of 23.1, 

15.4, and 11.7Å.  The impurity peaks may be from a clay, wax, or surfactant, and due to 

their sharpness, are not relevant for PA-doped PBI membrane interpretation.  

To aid interpretation of the WAXS data (individual peaks), atomistic simulations 

(molecular mechanics) were performed on structural models of m-PBI and p-PBI using 

the MM3 Force-Field parameterization. A second energy minimization was performed 

after protonating the benzimidazole rings and adding phosphoric acid. From the second 

minimized structure, a classical molecular dynamics simulation was carried out within 

the conical ensemble (500 K) for 5 picoseconds followed by energy minimization, to 

simulate a thermal treatment. 

 

2.6 High temperature electrochemical hydrogen pump performance 

2.6.1 Electrochemical hydrogen pump fabrication 

The electrochemical pump assembly was similar to that previously published for a 

fuel cell.6  E-tek electrodes (1.0 mg Pt cm−2) with Kapton frames were hot pressed to the 

PBI membranes at 140ºC for 30s with a Carver press. The active area was approximately 

10cm2. Stainless steel end plates and graphite flow fields were used to maintain good 

electrical contact and distribute the fuel.  

 

2.6.2 Development of the first high temperature hydrogen pump 

High temperature hydrogen pumps based on sol-gel p-PBI membranes were 

fabricated and subjected to performance testing.  The current and voltage were recorded 

with an electronic load attached to a PC using Lab-View Software from National 

Instruments in Austin, TX. All cells were operated for at least 100h at 160ºC, 0.2A cm-2 
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with non-humidified (nearly dry) hydrogen (>1 stoichiometric flows based on Faradic 

requirements that a described in Chapter 5). The conditions of the steady-state current 

plots were 160ºC at 0.2A cm-2, with varying inlet stoichiometric flows of hydrogen 

regulated by mass flow controllers or rotometers. The gas streams were supplied directly 

from commercially available tanks without external humidification, except where noted. 

The external humidification was controlled by a water bath held at 60ºC, resulting in 

approximately 3% RH at 160ºC, 6% RH at 140ºC, and 10% RH at 120ºC. The pressure 

was not regulated and was open to the atmosphere. All tests were performed at 160ºC, 

except one set of experiments that investigated the relationship between temperature and 

performance. The fuels included pure hydrogen, premixed natural gas reformate (35.8% 

H2, 1906 ppm CO, 11.9% CO2, and N2 balance) and premixed methanol reformate 

(1.03% CO and 29.8% CO2 with H2 balance).The outlet flow rates were measured by a 

MKS 200 sccm mass flow meter calibrated for hydrogen.   

The ppm levels of CO and CO2 were determined with a HP 5890 Series II gas 

chromatograph with a 15ft×1/8in. carboxen column and hydrogen carrier gas. The 

column was connected to a methanizer packed with a nickel catalyst at 400ºC and a 

flame ionization detector.  These analyses were performed with the assistance of H2 

pump, LLC. 

 

2.6.3 Dependence of hydrogen pump performance on conventional and sol-gel 
PBI membranes 

Individual high temperature hydrogen pumps were fabricated with conventional m-

PBI and three sol-gel PBI membranes (m-PBI, p-PBI, and dihydroxy-PBI).  The current 

and voltage were recorded with an electronic load attached to a PC using Lab-View 

Software from National Instruments in Austin, TX. All cells were operated for at least 

100h at 160ºC, 0.2A cm−2 with non-humidified hydrogen (>1 stoichiometric flows).  The 

cells were then exposed to humidified hydrogen streams (3%RH at 160ºC).  Steady-state 

plots are presented for each hydrogen pump operating at constant current density (0.2A 

cm−2) on 1.2-1.7 stiochiometric hydrogen flows at 3%RH at 160ºC.  Constant flow end-

of-life polarization curves were collected by stepwise current density increases with 

6min equilibrations.  Additionally, 1000Hz resistance measurements were collected 
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using a Agilent 4338B milli-ohmmeter, to compare “real-time” resistance measurements 

with pump performance.  The resistance (R) times current (I) in Ohms law (Equation 2-

5) permits calculation of the potential (V): 

V = I R       Equation 2-5 
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3. Effect of process on structure and properties of m-PBI membranes 

 

3.1 PA-doped conventional and sol-gel m-PBI membranes 

The effect of process on the structure and properties of PA-doped m-PBI 

membranes has not been extensively investigated.  To correlate processing with 

membrane properties, PA-doped m-PBI membranes were produced by two processes in 

this study, the conventional acid immersion process1 and the sol-gel process,2 as 

outlined in Chapter 1.  In PA-doped m-PBI membranes, the phosphoric acid protonates 

the benzimidazole rings, as shown in Figure 3-1.  
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Figure 3-22:  Polymer repeat unit of m-PBI protonated by two phosphoric acid 
molecules. 

Both conventional and sol-gel PA-doped m-PBI membranes have different transport 

properties.  NMR (nuclear magnetic resonance spectroscopy) studies have shown that 

the proton mobility of the sol-gel membranes was an order of magnitude higher than the 

conventional membranes.3  Yet, the phosphate anion mobility in both membranes was 

undetectable, indicating a proton-hopping (Grotthus) mechanism.  The structural 

diffusion of protons across the PA-doped m-PBI membranes removes the requirement to 

replenish electrolyte, as is the case for vehicular diffusion in water-based PFSA 

membranes.  

To investigate the structure and properties as a function of process PA-doped m-PBI 

membranes were characterized.  The process methodology was isolated from 

compositional effects by incorporating different concentration phosphoric acid baths.  
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The ionic conductivity of PA-doped m-PBI membranes was measured in order to 

determine their applicability as anhydrous, high temperature proton exchange 

membranes (PEMs).  PEMs must also have sufficient mechanical integrity; therefore, 

tensile testing was performed before and after heat treatment.  Microstructural analyses 

were primarily conducted via wide angle X-ray scattering (WAXS) and electron 

microscopy. 

 

3.2 Results and discussion 

3.2.1 Initial structural investigation and electron microscopy 

This section will describe the effect of removing phosphoric acid from the PA-

doped PBI membranes on the membrane structure. A lower liquid content was desired to 

facilitate characterization in the high vacuum conditions of the electron microscopes.  

Sol-gel PA-doped p-PBI membranes were utilized for this validation study.  PA-doped 

p-PBI membranes were subjected to a water exchange process to yield a membrane 

consisting of primarily polymer and water.  The membranes were heat-treated at 120ºC 

for 24-96h before and after water exchange to reduce the liquid content.  

To investigate short-range periodicity of polymer chains within the membranes, 

WAXS data were collected after equilibration of the membranes in the laboratory 

environment for >8h.  The WAXS spectrum of a PA-doped sol-gel p-PBI membrane, 

shown in Figure 3-2A, exhibits an amorphous halo centered around 2θ =25.6º, which 

corresponds to a d-spacing of 3.5Å.  After heat treatment (Fig. 3-2B), the WAXS 

spectrum exhibits slightly more defined peaks and is consistent with an increase in 

structural ordering, which is commonly observed after heat treatment.4  The overall 

WAXS spectra are similar before and after heat treatment and remain centered around 

d=3.5Å.  In contrast, the WAXS spectrum of the water-exchanged PA-doped sol-gel p-

PBI membranes (Fig. 3-2C) displayed three broad peaks with the highest intensity at 

approximately 18º 2θ (4.9Å), which was retained after heat treatment (Fig. 3-2D).   
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Figure 3-23:  WAXS scans of sol-gel PA-doped p-PBI membranes (A) before and 
(B) after heat treatment, (C) after water-exchange, and (D) water-exchanged with 
heat treatment. 

 

To understand the evolution of the 18º 2θ peak for the water-exchanged membrane, 

time-resolved WAXS scans were obtained.  As the water-exchanged membrane was 

exposed to the laboratory atmosphere, successive WAXS scans in Figure 3-3 exhibited a 

loss in the initial diffraction 26º 2θ peak and evolution of the 18° and 9-10º 2θ peaks.  

Therefore, the water-exchanged membrane underwent structural rearrangement with 

exposure to the laboratory atmosphere.   
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Figure 3-24:  Successive 10min long WAXS scans (A-F) and scan (G) after 12.5h 
obtained from water-exchanged sol-gel p-PBI membrane.  
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The stability of the membranes during heat treatment was investigated by successive 

10min long WAXS scans accumulated for >12h.  As shown in Figure 3-4, the data from 

the initial 10min scan of the heat-treated PA-doped sol-gel p-PBI membrane is 

essentially the same as the data obtained from the 75th 10min WAXS scan.  Thus, to 

ensure retention of the structural integrity of PA-doped PBI membranes, the phosphoric 

acid was not removed from the membranes for future analyses. 
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Figure 3-25:  WAXS scans of heat-treated PA-doped sol-gel p-PBI membranes 
obtained (A) at initial ambient exposure and (B) after 12.5h of successive 10min 
long scans and continuous ambient exposure.  

 

There are several advantages gained from heat-treating the PA-doped PBI 

membranes.  One advantage is that the heat-treated PA-doped PBI membrane can be 

used to simulate the membrane exposed in a high temperature electrochemical device. 

Also, a reduction in the liquid content (primarily water) of the membrane will facilitate 

imaging and analysis in the high vacuum of the electron microscope column.  Finally, 

the PA-doped PBI membranes are relatively amorphous, but upon heat treatment, 

ordering in the membrane becomes more pronounced and permits more detailed 

analyses.   

Membrane heat treatments at 120ºC for 24-120h were performed using three 

different substrate materials: glass, Teflon, or Kapton.  Cross-sections of the heat-treated 

PA-doped p-PBI membranes were compositionally analyzed in the scanning electron 

microscope (SEM) using energy dispersive spectroscopy (EDS).  As shown Figure 3-5, 

the membrane heated on glass contained large (>30μm) Si-enriched regions, which were 
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associated with the membrane surface that was in contact with the glass surface.  These 

Si-rich nodules formed due to a reaction between the phosphoric acid and glass during 

heat treatment.  When the membranes were heat treated using Teflon substrates, 

elemental analysis performed using X-ray photoelectron spectroscopy (XPS) identified 

fluorine impurities (Figure 3-6) that indicated contamination from the substrate.  The 

heat-treated PA-doped sol-gel p-PBI membranes prepared on Kapton did not exhibit 

large Si-enriched nodules or F-containing impurities.  It is known that polyimides are 

chemically and thermally stable in phosphoric acid environments,5  therefore, Kapton, a 

commercial polyimide, was selected as an appropriate substrate for future heat 

treatments. 
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Figure 3-26:  Cross-section secondary electron (SE) and backscattered electron 
(BSE) images of a PA-doped sol-gel p-PBI membrane heat-treated on glass. 
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Figure 3-27:  XPS spectrum of PA-doped sol-gel p-PBI membrane that was heat-
treated on Teflon - fluorine impurities identified in the membrane. 

 

Cryogenic electron microscopy (cryo-EM) techniques were used in this study to 

prevent liquid movement in the PA-doped membranes during imaging and analyses and 

to increase the resistance of the polymer to beam damage.  Heat-treated conventional 

PA-doped m-PBI membranes exhibited a continuous, single phase when imaged using 

both SEM and TEM – no phase separation was observed.  EM studies agreed with the 

literature that described PA-doped PBI as “a single-phase polymer electrolyte with the 

acid dissolved in the polymer.”1  It should be noted that when room temperature EM was 

conducted PA leached to the surface of the membrane in the high vacuum of the electron 

microscope column, yielding heterogeneous acid distributions. 

Conversely to the single-phase for conventional membranes, the heat-treated sol-gel 

PA-doped PBI membranes exhibited isolated particles, regardless of chemistry.   

Evidence for the formation of similar particles was also found before heat treatment.   

Freeze-fractured cross-sections of heat-treated sol-gel PA-doped PBI membranes were 

imaged under cryogenic conditions to prevent dehydration in the high vacuum 

environment of the electron microscope.  All the sol-gel PA-doped PBI membranes 
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contained isolated particles, as shown by the SEM images in Figure 3-7, which were not 

found in the conventional PA-doped PBI membranes.  

 

A

5µmB C

 

Figure 3-28:  Low magnification cryo-SEM images of freeze-fractured membrane 
cross-sections of sol-gel PA-doped (A) m-PBI, (B) p-PBI, and (C) dihydroxy-PBI. 

 

The particles found in the three sol-gel PA-doped PBI membranes exhibited 

different sizes and distributions, as shown in Figure 3-8.  Sol-gel m-PBI membranes 

have large spherical particles with an average diameter of 7μm, while the particles in the 

p-PBI and dihydroxy-PBI membranes are smaller with average lengths in the casting 

direction of 5m and 4μm, respectively.  The particle area fraction estimated for each 

membrane, in decreasing order was p-PBI, m-PBI, and dihydroxy-PBI, which is 

illustrated by forming binary (black and white) images from the SEM images, as shown 

in Figure 3-9. 
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Figure 3-29:  Distribution of particle lengths for sol-gel PA-doped m-PBI (___), p-
PBI (---), and dihydroxy-PBI (…). 
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Figure 3-30:  Binary images of particle distributions in freeze-fractured cross-
sections of sol-gel PA-doped (A) m-PBI, (B) p-PBI, and (C) dihydroxy-PBI.  Area 
fraction of particles in a typical 400m2 SEM image was 12-13% for m-PBI, 30-
32% for p-PBI, and <2% for dihydroxy-PBI. 

 

Higher magnification SEM images of the sol-gel particles are shown in Figures 3-

10A-F.  The presence of the particles within the membrane cross-sections was confirmed 

by both freeze-fractured cross-sections imaged in the SEM (shown on the left) and thin, 

cross-sectional cryo-microtomed sections imaged in the TEM (shown on the right).  
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Figure 3-31:  Under cryogenic conditions, (A, C, and E) SEM images and (B, D, and 
F) TEM images of particles in sol-gel PA-doped m-PBI membrane (6PA/rpu and 
31wt% solids), p-PBI membrane (16PA/rpu and 14wt% solids), and dihydroxy-PBI 
membrane (18PA/rpu and 14wt% solids). 
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Energy dispersive spectroscopy was performed in the SEM on both the conventional 

and sol-gel membranes over a large area, incorporating particles and the continuous 

matrix phase.  In Figure 3-11A, the intensity for the characteristic X-ray peaks for 

phosphorus (at 2.02keV) from p-PBI and dihydroxy-PBI are higher than phosphorus 

found in m-PBI, which is in good agreement with macroscopic compositional analyses 

of 16-18PA/rpu for p-PBI and dihydroxy-PBI vs. 6PA/rpu for m-PBI.  The peak for Si-

K at 1.74keV is shown in Figure 3-11B comparing counts for Si from conventional m-

PBI with sol-gel m-PBI, p-PBI, and dihydroxy-PBI.  The data is fairly noisy (due to very 

low count rates) for all the membranes, however, the data shows that the conventional 

membrane (blue) has lower Si signal than any of the sol-gel membranes. 
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Figure 3-32:  EDS analyses from cross-sections of PA-doped PBI membranes (A) 
phosphorus K and (B) silicon K peaks, acquired from membranes made by the 
conventional process (___) and sol-gel process: (___) m-PBI (6PA/rpu and 31wt% 
solids), (___) p-PBI (16PA/rpu and 14wt% solids), and (___) dihydroxy-PBI 
(18PA/rpu and 14wt% solids). 

 

Energy dispersive spectroscopy was used to investigate the compositional 

differences between the particles and the continuous polymer phase.  The heat-treated 

sol-gel PA-doped m-PBI samples have increased stability under the electron beam 

because of lower overall acid content and larger features that permit analyses with a 

broader electron probe.  A typical area of the membrane used for the EDS analyses is 

shown in Figure 3-12A.  The conditions used for EDS analysis at -156ºC were an 

accelerating voltage of 7kV, emission current of 20μA, objective lens aperture with a 

50μm diameter and acquisition time of 10Lsec.  The average X-ray intensity/counts from 
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30 individual particles and 30 neighboring matrix areas were used to determine 

compositional differences between the particles and the continuous phase, and these 

results are shown in Figure 3-12B.  The phosphorus content is relatively constant 

between the two phases; however, the particles are clearly enriched in silicon.  A 

spectral image of a single particle in the heat-treated sol-gel PA-doped m-PBI membrane 

was acquired, as shown in Figure 3-13B.  The Si-map and elemental line scan data 

extracted from the spectral image data set (Figure 3-13B, C and D, respectively) clearly 

show the enrichment of Si within the particles and relatively homogeneous P distribution 

in both phases of the membrane. 
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Figure 3-33:  (A) SEM image of sol-gel PA-doped m-PBI membrane.  (B) Silicon 
intensity from reduced area energy dispersive spectroscopy analysis inside and 
outside 30 particles. 
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Figure 3-34:  (A) Secondary electron image of particle in sol-gel PA-doped m-PBI 
membrane.  (B) Spectral map of particle with phosphorus = blue (line scan shown 
in C) and silicon = red (line scan shown in D). 

 

The source of Si in the membrane is the glass reactor that the PBI polymerizations 

were conducted in, which is in contact with polyphosphoric acid at elevated temperature 

(>195ºC) for >13h.  To determine whether the Si impurities serve to initiate particle 

formation or the Si acts as an inadvertent staining agent (enriching an area within the 

membrane having a different structure), polymerizations were performed to intentionally 

increase or reduce Si content. The first polymerization was performed in a similar size 

reactor for an extended period of time (96h vs. 13-20h at 195ºC) to increase exposure to 

the glass reactor and therefore, increase the amount of Si.  An additional polymerization 

was performed by BASF Fuel Cell in a large reactor, to decrease the reactor-surface-to-

volume ratio, thereby decreasing the amount of Si.  Cryo-SEM images of the cross-

sections from the polymerized membranes described above, i.e., used to intentionally 

increase or decrease exposure to the glass reactor, are shown in Figure 3-14B and C.  In 

Figure 3-14B, which is from the membrane cross-section with reduced glass exposure 

(lower surface to volume ratio of reactor) did not contain any of the Si-rich particles.  

However, the particles become sharper and fibrous (Figure 3-14C) with increased 
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exposure to the glass reactor.  These results clearly indicate that the Si impurities 

incorporated in the membrane during exposure to the glass reactor affected the particle 

growth.  Sol-gel membranes produced under standard conditions contain these Si-

enriched particles, therefore, the effect of particles on properties was not isolated.  

 

    

B CA

1μm
 

Figure 3-35:  SEM images of freeze-fractured cross-sections of sol-gel PA-doped p-
PBI membranes (A) standard polymerization conditions, (B) standard 
polymerization time with large reactor to reduce surface to volume ratio, and (C) 
extended duration at elevated temperatures in same polymerization reactor, i.e. 
extreme exposure to glass. Quantitative elemental analysis of bulk specimen found 
Si content of (A) 0.86wt%, (B) 0.29wt%, and (C) 4.05wt%. 

 

3.2.2 Acid loading and retention 

PA-doped m-PBI membranes were prepared by conventional acid immersion and 

the sol-gel process.  Sections of each membrane were then equilibrated in 31 and 72wt% 

PA baths. Figure 3-15 summarizes the acid doping levels of the m-PBI membranes as a 

function of the acid bath concentrations. The sol-gel PA-doped m-PBI membranes are 

able to achieve higher acid doping levels for the same PA bath concentration.  In 

addition, when a conventional membrane is immersed in an 85wt% PA bath, the 

resulting acid doping level is lower than that achieved for sol-gel processed membranes 

having the same chemistry equilibrated using significantly lower bath concentrations of 

57 and 72wt% PA.  The lower acid levels achieved for conventional membranes 

demonstrate the inherent difficulties of swelling a dense preformed network to 

incorporate PA in a membrane compared with in-situ PA doping through the sol-gel 

process.   
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Figure 3-36:  Acid equilibration of m-PBI membranes, where sol-gel PA-doped m-
PBI membrane is (-■- and -□-) and conventional is (-▲-). Literature data for 
conventional m-PBI membranes cast from DMAC6 (- -) and MSA7 (-■-). 

 

Published values6,7 for conventional m-PBI membranes are shown in Figure 3-15 

and indicate that sol-gel m-PBI membranes achieve higher acid doping levels than 

membranes processed via conventional acid immersion.  In addition, it has been reported 

that m-PBI membranes cast from DMAc or acid/organic solvent mixtures achieve acid 

doping levels of 5-6PA/rpu after immersion in 52-71wt% PA baths, which also agrees 

with the present work.1,6,8-10  Li et al. reported in 2001 that acid doping levels up to 

16PA/rpu were achieved after swelling a conventional preformed membrane, however, 

the membrane lost significant mechanical integrity, as will be discussed later. 6 

After equilibration in different acid baths, the concentration of PA in the membrane is 

adjusted as shown in Figure 3-16.  According to Jones and Roziere, PBI membranes 

reach equilibrated acid doping levels after 12h, even in concentrated PA baths.11  After 

>16h of equilibration, the PA concentration in the membrane is greater than or equal to 
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the PA concentration of the acid bath, as shown in Figure 3-16.  The PA concentration is 

increased by equilibration in more concentrated PA baths and decreased by lower 

concentration PA baths, as would be expected for membranes that permit liquid 

diffusion.  The sol-gel and conventional PA-doped m-PBI membranes have essentially 

the same PA concentration after equilibration in 72wt% PA.  It is interesting to note that 

the weight percent of PA in the conventional membrane is higher than in the sol-gel 

membranes after equilibration in the low concentration PA bath.  This conventional 

membrane was initially immersed in 85wt% PA followed by a PA adjustment in a 

31wt% PA bath.  After immersion in a 31wt% PA bath, the conventional membrane has 

a PA concentration of 49wt%.  The higher PA concentration in the conventional 

membrane than in the PA bath suggests that the conventional membrane slightly restricts 

PA and/or water diffusion in and out of the membrane.   
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Figure 3-37:  Acid concentration in m-PBI membranes vs. equilibration 
concentration, where sol-gel PA-doped m-PBI membrane is (-■-), second sol-gel 
polymerization batch is (-□-), conventional is (-▲-), and theoretical line for 1:1 PA 
concentration between the membrane and bath (-■-). 
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The solids content of the PA-doped m-PBI membranes is inversely proportional to 

the acid doping level.  The solids content plotted as a function of acid doping level for 

PA-doped membranes of the same polymer backbone (m-PBI) are shown in Figure 3-17.  

As expected, increasing the acid doping level with higher concentration equilibration 

baths decreased the solids content.  The converse is true for lower concentration baths.  

The acid doping level is related to ionic conductivity of the membranes.1  It is also 

accepted in polymer chemistry that solids content will affect mechanical performance, 

which should, in turn, also be related to polymeric ordering (these relationships will be 

investigated later in this chapter).  For PA-doped m-PBI membranes, conventional 

membranes have higher solids content than sol-gel membranes.  This suggests the 

conventional membranes have more densely packed solids than sol-gel membranes.  The 

sol-gel membranes, on the other hand, achieve significantly different compositions than 

conventional membranes equilibrated in the same PA baths.  For example, the sol-gel 

membrane equilibrated in the low concentration PA bath had an acid doping level of 

4PA/rpu and moderate solids content of 23wt%, whereas the conventional membrane 

had a lower acid doping level (3PA/rpu) and higher solids content (31wt%).  The final 

compositions of the PA-doped m-PBI membranes produced by the two processes are 

especially different after equilibration in a 72wt% PA bath.  The sol-gel membrane had 

10PA/rpu and 18wt% solids content, which was nearly double the acid doping level of 

the conventional membrane (6PA/rpu and 29wt% solids).  Interestingly, the sol-gel and 

conventional PA-doped m-PBI membranes from the 72wt% PA bath had the same 

concentration, 71wt% PA, within the membrane, which indicated both conventional and 

sol-gel membranes were fully equilibrated with the 72wt% acid bath.  
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Figure 3-38:  Solids content vs. acid doping level for PA-doped m-PBI membranes, 
where sol-gel PA-doped m-PBI membrane is (-■-), second sol-gel batch is (-□-), and 
conventional is (-▲-) 

 

The process variable was isolated by selecting membranes with similar composition.   

PA-doped m-PBI membranes from different equilibration baths were selected for their 

similar composition:  (1) a conventional PA-doped m-PBI membrane (7±0.5PA/rpu and 

26±2wt% solids) equilibrated in 85wt% PA bath and (2) a sol-gel m-PBI membrane 

(7±0.8PA/rpu and 22±2wt% solids) equilibrated in 57wt% PA. 

The PA-doped m-PBI membranes were also heat-treated (as described previously).  

A heat treatment above the boiling point of water should reduce water content; however, 

although the heat-treated PA-doped membranes were sealed in plastic bags, the partial 

re-absorption of water occurred during successive opening of stored samples and 

exposure to the ambient moisture during analyses. Figure 3-18 shows the membrane 

water content before and after heat treatment, where the dotted line corresponds to no 

change in water content with heat treatment and storage.  PA-doped m-PBI membranes 
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lost water as a result of the heat treatment, except when the initial water content was 

~15wt% where a minimal change in water content occurred, most likely because the 

thermodynamic equilibrium concentration of phosphoric acid contains 15wt% water.  
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Figure 3-39:  Water content before and after heat treatment, where sol-gel PA-
doped m-PBI membrane is (-■-), second sol-gel batch is (-□-), conventional is (-▲-), 
and a theoretical no water loss line is (---). 

 

A heat treatment at 120ºC would not be expected to affect phosphoric acid content 

because phosphoric acid has a relatively high boiling point. Figure 3-19 shows the 

change in acid doping level before and after heat treatment - the theoretical line (---) 

indicates no loss of acid from heat treatment. Figure 3-19 shows a reduction in acid 

doping level for all membranes after heat treatment and a linear fit gives a slope of 0.4 

and a y-intercept of ~2.  Therefore, for every two moles of phosphoric acid per repeat 

unit above an initial load of 2PA/rpu less than one mole of the phosphoric acid remains 

in the membrane after heat treatment, regardless of process.  The initial 2PA/rpu in the 
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membrane corresponds closely with two phosphoric acid molecules that protonate the 

two benzimidazole rings in the polymer repeat unit. 
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Figure 3-40:  Acid doping level before and after heat treatment, where sol-gel PA-
doped m-PBI membrane is (-■-), second sol-gel batch is (-□-), conventional is (-▲-), 
and a theoretical no change in acid doping level line is (---). Linear regression for 
acid loss is (---). 

 

Figure 3-20 shows the concentration of phosphoric acid in the membranes after heat 

treatment.  The PA concentration in the membranes is no longer closely correlated with 

the initial acid bath concentration.  All the heat-treated PA-doped m-PBI membranes 

have a similar PA concentration in the range of 65-80wt%PA.  For membranes with an 

initial PA concentration of 49-62wt%, the heat treatment causes the water to evaporate 

and increases the phosphoric acid concentration to 65-80wt%PA.  For membranes with 

PA concentrations ≥71wt%, there is minimal change in PA concentration with heat 

treatment. Interestingly, regardless of the equilibration bath concentration, the 
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concentration of PA in m-PBI membranes produced via either process approaches the 

thermodynamic equilibrium concentration of phosphoric acid, which is 85wt%.  The PA-

doped m-PBI membranes have a slightly lower acid content than a solution of 85wt% 

PA, which corresponds to a higher water content in the membrane.  This slight 

enrichment of water in the membrane could be a result of the hygroscopic nature of PBI. 
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Figure 3-41:  Acid concentration in heat-treated m-PBI membranes vs. initial 
concentration of PA equilibration baths, where sol-gel PA-doped m-PBI membrane 
is (-■-), second sol-gel batch is (-□-), conventional is (-▲-), and 85wt% PA is (---). 

 

After heat treatment of the PA-doped m-PBI membranes, specimens of similar 

composition were selected to isolate the variable of process (conventional vs. sol-gel) in 

a similar manner as conducted for membranes before heat treatment. Figure 3-21 

summarizes the solids content as a function of acid doping level after heat treatment.  

The data show an exponential decay of solids content vs. acid doping level for heat-

treated m-PBI membranes, regardless of process (y = 0.2 + 0.9 e -x/2.2).  The sol-gel 
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process expands the range of compositions available for heat-treated PA-doped m-PBI 

membranes, especially for lower solids content and higher acid doping level.  Higher 

acid doping levels are beneficial to ionic conductivity. To isolate the variable of process 

from compositional effects, heat-treated membranes with similar moderate acid doping 

levels were selected for further analysis: (a) conventional membrane with 5±0.3PA/rpu 

and 33±2wt% solids and (b) sol-gel membrane with 5±0.2PA/rpu and 32±2wt% solids.  

It is interesting also to note that after heat treatment, the compositions of PA-doped m-

PBI membranes from the lower concentration bath (31wt% PA) are similar. However, 

sol-gel membranes equilibrated in 57wt% PA have similar acid doping levels as 

conventional membranes equilibrated in more concentrated PA baths (72 and 85wt%), 

indicating the difficulty in swelling a preformed membrane. 
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Figure 3-42:  Solids content vs. acid doping level for heat-treated PA-doped m-PBI 
membranes, where sol-gel PA-doped m-PBI membrane is (-■-), second sol-gel batch 
is (-□-), conventional is (-▲-), and exponential fit (y = 0.2 + 0.9 e -x/2.2) is (…). 
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3.2.3 Electrochemical properties 

The ionic conductivity of PA-doped PBI membranes is related to the acid doping 

level, humidity, temperature, and pressure.1  During an initial temperature increase to 

180ºC in an open oven, the presence of “free water” yields higher ionic conductivities.12  

After this initial dehydration of “free water”, the ionic conductivity is slightly reduced 

and the dimerization of phosphoric acid to pyrophosphoric acid reaches equlibrium.12  

The membrane also becomes thinner with this initial dehydration; therefore, thickness 

values for the conductivity calculation (Equation 2-3) were measured after dehydration.  

In this section, conductivity curves after initial dehydration are presented with no 

environmental controls, except temperature.  However, the conductivity curves were 

obtained under relatively dry conditions, e.g. on a hot summer day (30ºC and 70%RH), 

the upper limit of relative humidity between 120-180ºC would be 1-3%RH. 

Ionic conductivity data for conventional (blue) and sol-gel (green) PA-doped m-PBI 

membranes after initial dehydration at 180ºC is shown in Figure 3-22. The ionic 

conductivity increases with temperature for all the PA-doped m-PBI membranes.  In 

general, the ionic conductivity also increases with acid content for all PA-doped m-PBI 

membranes.  An increase of conductivity with acid content is in agreement with 

published data1,6,13  The conventional PA-doped m-PBI membranes equilibrated in 

85wt% PA were not able to achieve the acid doping levels of sol-gel membranes 

equilibrated in 31wt%PA.  However, for this limited data set, sol-gel PA-doped m-PBI 

membranes with ≥7PA/rpu have higher ionic conductivity than conventional membranes 

with ≤7PA/rpu.  At 160ºC, conventional PA-doped m-PBI membranes with 3-7PA/rpu 

demonstrated conductivities of <<0.01S/cm to 0.10S/cm.  The sol-gel PA-doped m-PBI 

membranes achieved higher conductivities (>0.11S/cm) at 160ºC compared with 

conventional PA-doped m-PBI membranes, at initial acid doping levels of >7PA/rpu, 

and a conductivity as high as 0.16S/cm with 10PA/rpu.  Under highly humidified 

conditions (80-85% RH), Li et al. were able to sufficiently swell a conventional 

membrane to 16PA/rpu and increased the ionic conductivity to 0.13S/cm at 160ºC,6 

which is in good agreement with previous findings showing that sol-gel PA-doped m-

PBI membranes exhibited higher acid doping levels and higher ionic conductivities than 

conventional membranes.3 
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Figure 3-43:  Conductivity data at different acid doping level of PA-doped m-PBI 
membranes, where conventional are 3±0.1 (-▲-), 6±0.3 (-∆-), and 7±0.5PA/rpu (- -
) and sol-gel are 4±0.1 (-■-), 7±0.8 (- -), 10±0.5 (-□-), and 10±0.7PA/rpu (- -). 

 

The sol-gel PA-doped m-PBI membrane with 10PA/rpu had a similar conductivity 

as the sol-gel PA-doped m-PBI membrane with 7PA/rpu, which is likely due to 

membrane thickness differences and compositional changes from the heat treatment.  

For this study, the 7PA/rpu sol-gel membrane was the thinnest membrane (80μm) 

whereas the 10PA/rpu sol-gel membrane was the thickest membrane (250μm).  A 

thinner membrane of the same composition and chemistry will have a higher ionic 

conductivity based on Equation 2-3, where conductivity is inversely proportional to 

thickness.  After heat treatment, PA-doped m-PBI membranes contained less water and 

had lower acid doping levels.  These two sol-gel PA-doped m-PBI membranes had a 

different solids content (22wt% for the 7PA/rpu and 16wt% for the 10PA/rpu), but a 

similar water content (32wt%).  To estimate the expected acid doping level after heat 
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treatment, a linear regression was performed on the data shown in Figure 3-19 and found 

y = 1.5 + 0.4 X.  This equation predicts that an initial acid loading of 10PA/rpu would 

decrease to 6PA/rpu after heat treatment.  Conversely, an initial loading of 7PA/rpu 

would decrease to 5PA/rpu after heat treatment.  The calculated difference between acid 

doping levels after heat treatment is approximately one mole of phosphoric acid per 

polymer repeat unit.  Therefore, the initial compositional difference is not entirely 

representative of the composition after dehydration at 180ºC.  This study suggests that 

the similar conductivity results for sol-gel membranes with 10PA/rpu and 7PA/rpu is a 

direct result of their relatively similar compositions after heat treatment and the reduced 

thickness of the membrane with lower acid doping.  Interestingly, the conventional PA-

doped m-PBI membranes are relatively thin (80-90m), but still have lower conductivity 

compared to the sol-gel membranes.  Because there are significant compositional 

changes associated with liquid content in the membranes during the initial heat 

treatment, the data presented here supports the proposal that it is more appropriate to, 

first, heat treat membranes and, subsequently, perform compositional analysis to 

interpret the ionic conductivity data.  The acid doping level after heat treatment should 

be more closely correlated with the membrane composition after the first cycle of 

dehydration. 

Wainright et al. found that conventional PA-doped m-PBI with 5PA/rpu achieved 

roughly twice the ionic conductivity as a membrane with 3PA/rpu under humidified 

conditions.1  However, under nearly dry conditions at 190ºC, the 5PA/rpu membrane 

achieved nearly 4 times (~0.02 vs. 0.005S/cm) the conductivity with 3PA/rpu.1  The 

dependence on acid doping level was even more pronounced for conventional m-PBI, 

where the membrane with 6PA/rpu achieved 0.05S/cm at 160ºC, more than 25 times 

higher than that (<0.002S/cm) achieved with 3PA/rpu.  Yet, the conventional m-PBI 

research conducted by Wainright and co-workers achieved a maximum ionic 

conductivity of ~0.04S/cm at 190ºC under humidified conditions (0.1 PH2O/Psat) with a 

5PA/rpu membrane, which decreased to ~0.02S/cm under nearly dry conditions .1  Even 

with the modest conductivity achieved by Wainright et al., it was already stated that the 

conductivity of PA-doped PBI membranes “is considerably higher than that of 
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perfluorosulfonic acid electrolytes under similar conditions of temperature and 

humidity.”1 

To further compare the data from the research presented here with published values, 

the ionic conductivity measured at 140ºC as part of this study and data from research 

conducted by Ma et al. are compared in Figure 3-23.14 The published conductivity values 

were obtained under moderate humidification (5%RH)14 and were lower than that of the 

conventional m-PBI membranes with higher acid doping levels from this study.  

However, the sol-gel PA-doped m-PBI membranes consistently obtain higher doping 

levels that extend the ionic conductivity range at 140ºC to nearly 0.15S/cm.  The ionic 

conductivity of PA-doped m-PBI membranes is even more impressive when compared 

with the current state-of-the-art PEMs based on Nafion, which achieve 0.1S/cm under 

100%RH and much poorer performance under anhydrous, high temperature 

environments.15 
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Figure 3-44:  Ionic conductivity at 140ºC vs. acid doping level for (-▲-) 
conventional and (-■-) sol-gel PA-doped m-PBI membranes.  Conductivity data14 
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for (-●-) m-PBI cast from a trifluoroacetic acid and phosphoric acid solutions at 5% 
relative humidity. 

 

Ionic conductivity data was also collected for heat-treated PA-doped m-PBI 

membranes, as shown in Figure 3-24.  After heat treatment, the data shows that 

regardless of process, increased acid doping levels increase membrane ionic 

conductivity.  Heat-treated sol-gel PA-doped m-PBI membranes with ≥5PA/rpu 

achieved higher ionic conductivities than conventional membranes with ≤5PA/rpu.  At 

similar acid doping levels (5PA/rpu), the ionic conductivity of the heat-treated sol-gel 

PA-doped m-PBI  was 6, 18, and 31% higher than the conventional membrane at 140, 

160, and 180ºC, respectively.  Therefore, sol-gel membranes more efficiently utilize the 

equivalent amount of phosphoric acid for proton conduction than membranes prepared 

by conventional acid immersion. 
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Figure 3-45:  Conductivity data at different acid doping level for heat-treated PA-
doped m-PBI membranes: where conventional are 3±0.3 (-▲-), 4±0.3 (-∆-), and 
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5±0.3PA/rpu (- -) and sol-gel are 3±0.2 (- -), 5±0.2 (-□-), 6±0.3 (-■-), and 
8±0.7PA/rpu (- -). 

 

The conductivity values at 120, 140, and 160ºC for different acid doping levels are 

plotted for heat-treated (A) conventional and (B) sol-gel PA-doped m-PBI membranes in 

Figure 3-25.  Each process resulted in a clear difference in the relationships between 

ionic conductivity and acid doping level.  The conventional membranes exhibited an 

exponential growth in ionic conductivity with acid doping level while sol-gel 

membranes had a logarithmic relationship between the conductivity and acid doping 

level.  This suggests that the sol-gel PA-doped m-PBI membranes may have reached the 

threshold of ionic conductivity at an acid doping level of 8PA/rpu.  Yet, the conventional 

process is unable to achieve such high acid doping levels and the associated ionic 

conductivities. 
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Figure 3-46:  Conductivity vs. acid doping level for heat-treated (A) conventional 
and (B) sol-gel m-PBI membranes, where 120ºC is (…●…), 140ºC is (--○--), and 
160ºC is (_►_). 
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3.2.4 Mechanical properties 

The mechanical integrity of high temperature PEMs is essential for their long-term 

use in high temperature fuel cells and hydrogen pumps.  PA-doped PBI membranes are 

used in high temperature electrochemical devices from 120-180ºC.  Factors that affect 

the membrane’s mechanical properties include molecular weight, degree of crystallinity, 

test/operating conditions (temperature, relative humidity, and strain rate), annealing, 

deformation, and processing.16  To investigate the effect of solids content and acid 

doping level on mechanical properties, tensile testing was performed on the conventional 

and sol-gel PA-doped m-PBI membranes before and after heat treatment at atmospheric 

conditions.  

The mechanical properties of two types of polymers, elastomers and flexible 

plastics, will be discussed to interpret the mechanical response of PA-doped m-PBI 

membranes better.  Elastomers are mostly amorphous polymers that undergo reversible 

deformation at ≤500-1000% elongation while withstanding relatively low stress.17  The 

modulus of elasticity is generally low <1MPa, indicating the soft and ductile nature of 

elastomers.17  A second category are flexible plastics that exhibit moderate 

crystallinity.17  Flexible plastics generally have 150-350MPa modulus of elasticity, 15-

70MPa ultimate strength, and 20-800% elongation at fracture.17  Flexible plastics have 

amorphous and crystalline regions.  Upon deformation, amorphous regions begin to 

elongate and the crystalline domains tilt in the direction of the applied stress and 

eventually separate and orient in this direction.16  The oriented polymer chains are 

generally localized in the neck region of the polymer specimen.16  The formation of a 

necking region corresponds to a yield point on the stress-strain curve, which is 

subsequently followed by localized strengthening.16   

The stress vs. strain behavior for the conventional and sol-gel PA-doped m-PBI 

membranes is shown in Figure 3-26.  Regardless of process, the stress-strain curves of 

all the conventional and sol-gel membranes exhibit well-defined yield points.  After the 

yield point, the majority of PA-doped m-PBI membranes undergo localized 

strengthening within the neck region.  Based on the mechanical response, it is reasonable 

to expect that the PA-doped m-PBI membranes may be composed of amorphous and 

crystalline regions that can undergo localized orientation with applied stress, similar to 
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that observed for flexible plastics.  The ordering of PA-doped m-PBI membranes will be 

discussed in the next section of this chapter.   
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Figure 3-47:  Stress vs. strain behavior of PA-doped m-PBI membranes with 
different solids content.  Conventional membranes have 37wt% (___), 29wt% (----), 
and 26wt% (----) solids content.  Sol-gel membranes have 23wt% (___), 22wt% (----), 
18wt% (___), and 16wt% (----) solids content. 

 

The stress-strain curves in Figure 3-26 clearly show that the conventional 

membranes (with higher solids content) have higher tensile strengths.  From this limited 

data set, the maximum stress for conventional membranes with 37wt% solids content 

was 22±2MPa with ~260% elongation.  Conversely, the maximum stress for the sol-gel 

membrane with the highest solids content (23wt%) was only 2±0.3MPa with ~170% 

elongation.  The maximum stress measured for conventional PA-doped m-PBI 

membranes with a similar solids content of 26wt% was quite high (17±5MPa), and, in 

addition, this value is in agreement with reported values (13-14MPa) for conventional 
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membranes having similar compositions.6  The differences observed in mechanical 

behavior between the sol-gel and conventional membranes suggest that the phosphoric 

acid in the conventional membrane did not fully penetrate the membrane after room 

temperature acid immersion.  Nevertheless, both conventional and sol-gel PA-doped m-

PBI membranes exhibit lower mechanical properties than Nafion at 50%RH and 23ºC 

(40MPa and >200% elongation).18 

All the PA-doped m-PBI membranes, regardless of process, exhibited a yield point 

at ~20% elongation.  When the yield point is reached, a small necking region within the 

gage section forms, where continued localized deformation and strengthening takes 

place, likely due to alignment of polymer chains in this region.16The stress-strain data for 

the conventional membranes clearly exhibits a positive slope after the yield point, which 

is consistent with significant localized strength hardening in the necked region. In 

general for the sol-gel membrane, higher solids content (23 vs. 16-18wt%) increases 

maximum stress (2±0.3 vs. 1±0.2MPa, respectively).   

The sol-gel membrane with 22wt% solids was from a second polymerization batch 

and had relatively high acid content (7PA/rpu vs. 4PA/rpu in the membrane with 23wt% 

solids) and slightly lower molecular weight polymer (concluded from inherent viscosity 

of 1.20dL/g vs. 1.27dL/g).  Therefore, the sol-gel membrane with 22wt% solids was 

potentially more plasticized and had less chain entanglement than the other sol-gel 

membranes, which limited its mechanical performance.  Sol-gel m-PBI membranes from 

this polymerization batch (1.20dL/g) were used for the heat treatment study and had 

comparable mechanical properties as those from the first m-PBI polymerization 

(1.27dL/g) after heat treatment.  Additionally, this stress-strain curve shows the 

difficulty in tensile testing of gel membranes that are sensitive to many parameters such 

as amount and type of plasticizer, solids content, molecular weight, ageing, and 

environmental conditions. 

The relationship among molecular weight, acid doping level, and mechanical 

properties has been investigated by Litt.19  The inherent viscosity is an indirect measure 

of molecular weight, therefore, a lower inherent viscosity should indicate reduced chain 

entanglement and lower mechanical properties.16  For m-PBI membranes without acid, 

Litt et al. found that increasing the molecular weight (0.91 to 1.42dL/g) resulted in an 
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increased tensile strength.19  Upon acid doping (0.5-5PA/rpu) in m-PBI (0.91-1.42dL/g) 

membranes, the acid doping level (proportional to solids content) decreased mechanical 

properties regardless of molecular weight.19  The stress-strain curves presented in this 

research also showed mechanical properties to be directly related to acid doping level 

and solids content. 

In addition to the maximum stress, elongation at failure and tensile modulus of 

elasticity are also important mechanical properties that can be derived from the stress-

strain curves.  The tensile modulus indicates the degree of stiffness in the material and is 

determined from the slope of the stress-strain relationship prior to the yield point.  

Conventional PA-doped m-PBI membranes exhibited an elongation at failure from 190-

430% with a relatively low modulus of 0.4-1.3MPa.  For the sol-gel PA-doped m-PBI 

membrane, the range of elongation at failure (110-340%) was similar to that measured 

for the conventional membranes.  However, the moduli (0.03-0.1MPa) for sol-gel 

membranes were significantly lower, which indicated more flexibility.  The range of 

moduli (0.03-1.3MPa) for all the PA-doped m-PBI membranes indicated elastomeric 

behavior (modulus <1MPa), yet the presence of a yield point indicated the potential for 

both amorphous and crystalline regions that are able to induce localized strengthening 

during applied stress. 

Because the ranges of composition in this limited data set do not overlap, it is 

difficult to interpret the effect of process on the mechanical behavior shown in Figure 3-

26.  In general, as the solids content increases, the mechanical properties such as yield 

stress and stiffness also increase (Figure 3-27).  This relationship agrees with the trends 

published in the literature for PA-doped PBI membranes, where a reduction in 

mechanical properties accompanied a decrease in solids content, which also 

corresponded with an increased acid doping level (0.5PA/rpu to 5PA/rpu) and a more 

viscous membrane.19 A similar study also found that a tensile strength of 30MPa for a 

membrane with a relatively low acid doping level (3PA/rpu) decreased to <<1MPa with 

higher acid doping levels (20PA/rpu). 6 
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Figure 3-48:  Stress at yield (filled) and modulus (unfilled) as a function of solids 
content for conventional (▲and Δ) and sol-gel (■ and □) PA-doped m-PBI 
membranes. 

 

        To compare maximum stress from this research with those published in the 

literature, the maximum stress also was plotted against acid doping level, as shown in 

Figure 3-28.  The maximum stress values for the conventional m-PBI membrane in this 

study exhibited significant variation because of a limited 10N load cell, but agreed 

reasonably well with published values6 for conventional membranes. 
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Figure 3-49:  Maximum stress for PA-doped m-PBI membranes at room 
temperature produced by (▲) conventional and sol-gel (■ and ) processes in this 
study.  Literature curve6 for PA-doped m-PBI membranes cast from DMAc and 
doped by  conventional acid immersion (… …). 

 

As stated earlier, as the solids content is reduced, the mechanical properties should 

deteriorate.  At higher acid doping level, phosphoric acid could sufficiently plasticize the 

membrane, even at room temperature, and destroy the mechanical integrity required for 

handling and for real-life application in high temperature devices that require the PEM to 

act as a gas barrier.   Li and co-workers produced a series of conventional m-PBI 

membranes (~3 - 20 PA/rpu) and fit an exponential decay to the maximum stress (28 - 

2MPa) with increasing acid content.6  It should be noted that the acid doping levels 

presented in the published research were determined by weight gain rather than titration, 

with the assumption of a constant water content.6  Therefore, a comparison of trends is 

more appropriate methodology for comparing the mechanical response of the 

membranes rather than directly comparing exact values for a specific composition. 
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As previously described, the PA-doped m-PBI membranes underwent heat treatment 

to reduce their liquid content and to understand their performance better at elevated 

temperatures.  Because these PEMs will operate in high temperature electrochemical 

devices, their ability to retain mechanical integrity at elevated temperatures will be vital 

to their real-life application.  In Figure 3-29, the stress-strain behaviors for the 

conventional PA-doped m-PBI membranes are shown, before and after heat treatment.  

The conventional membrane with relatively high solids content (low acid doping level) 

exhibited a slight increase in the mechanical properties with heat treatment.   However, 

at solids content ≤29wt% (acid doping level ≥6PA/rpu), the conventional membranes 

experienced a ~50% loss in maximum stress. Conversely, for the PA-doped sol-gel m-

PBI membranes, heat treatment increased the modulus and the maximum tensile stress.  



 

     91

0 100 200 300
0

5

10

15

20

25A

S
tr

e
ss

 (
M

P
a

)

Strain (%)  

0 100 200 300
0

2

4

6

8B

S
tr

es
s 

(M
P

a)

Strain (%)  

Figure 3-50:  Stress vs. strain behavior of (A) conventional and (B) sol-gel PA-
doped m-PBI with different solids content.  (A) Conventional membranes had 
37wt% solids content (___) and after heat treatment had 51wt% (___),  with 29wt% (-
---) increases to 36wt% (----),  and with 26wt% (___) increases to 33wt% (___).  (B) 
Sol-gel membranes had 22wt% solids content (___) and after heat treatment had 
32wt% (___) and with 16wt% (---) increases to 31wt% (----).  
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In Figure 3-30A, the initial stress at yield is plotted against the stress at yield after 

heat treatment.  The dotted line indicates no change in stress at yield with heat treatment.  

The sol-gel membranes with 22 and 16wt% exhibited an increase in yield stress after a 

heat treatment, which increased the solids content.  Even though a heat treatment also 

increased the solids content by 7-14wt%, the conventional membranes exhibited 

increased and decreased tensile stress at yield depending on the composition.  With an 

initial solids content ≤29wt%, the conventional membranes exhibited a slight reduction 

in tensile stress at yield, whereas, at a higher solids content of 51wt%, the tensile stress 

at yield nearly doubled. 

The change in modulus with heat treatment for PA-doped m-PBI membranes is 

shown in Figure 3-30B.  After heat treatment, the modulus for the conventional 

membranes increased by 10-80%, while the sol-gel membrane increased by >300%.  The 

larger relative change in modulus for sol-gel membranes may result from the solids 

content being increased by 50-90% after heat treatment, while the solids content of 

conventional membranes only increased by 20-40%.  Moaddel found a similar large 

increase in modulus by ~100% after heat treatment of a m-PBI membrane with no acid at 

250ºC for 1h.20  Moaddel stated that glassy polymers (e.g. polyetherimide, epoxy, and 

polystyrene) have much smaller changes in modulus with annealing (increased by 

<10%).20 
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Figure 3-51:  Change in mechanical properties (A) stress at yield and (B) modulus 
with heat treatment of conventional (▲) and sol-gel (■) PA-doped m-PBI 
membranes.  The theoretical (---) line indicates no change in yield stress with heat 
treatment.  
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The maximum stress measured before and after membrane heat treatment are 

summarized in Figure 3-31 for both processes.  The sol-gel PA-doped m-PBI membranes 

experience an enhancement in maximum stress with heat treatment, while the 

conventional m-PBI experienced no change or deterioration in maximum stress.  Li et al. 

also observed a reduction in maximum stress when heat treating conventional m-PBI at 

150ºC.6  The reduction in mechanical performance was more extreme at lower acid 

doping levels of 3PA/rpu, where the maximum tensile stress decreased from 28MPa at 

room temperature to 8MPa at 150ºC.6  In the present study, conventional m-PBI with 

3PA/rpu (37wt% solids) retained its mechanical performance (22±3MPa vs. 24±3MPa) 

after a less severe heat treatment at 120ºC.  However, at higher acid doping levels of 

6PA/rpu (29wt% solids), the conventional membrane exhibited reduced mechanical 

properties (15±4MPa vs.10±1MPa).  At even higher acid doping levels of 7PA/rpu, a 

heat-treated conventional membrane with 26wt% solids experienced a loss of nearly half 

its original maximum stress (17±5MPa vs. 8±2MPa).  Therefore, a moderate heat 

treatment at 120ºC with cooling to room temperature significantly reduced the 

mechanical integrity of conventional m-PBI membranes with >6PA/rpu, but this loss 

was not as severe as observed after testing at 150ºC.6 
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Figure 3-52:  Maximum stress before and after heat treatment of conventional (▲) 
and sol-gel (■) PA-doped m-PBI membranes.  The theoretical (---) line indicates no 
change in stress with heat treatment.  

 

The stress-strain behaviors for heat-treated conventional and sol-gel PA-doped m-

PBI membranes are shown in Figure 3-32.  The mechanical properties of the heat-treated 

PA-doped m-PBI membranes (24-36wt% solids) are tensile strengths of <10MPa and 

150% elongation, except for the conventional membrane that had 51wt% solids content.  

The heat-treated conventional membranes had higher maximum stress values than sol-

gel membranes.  Additionally, the yield point is still present at ~20% elongation after 

heat treatment. 
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Figure 3-53:  Stress vs. strain curves of heat-treated PA-doped m-PBI membranes 
with different solids content.  Conventional membrane with 51wt% is (___), 36wt% 
is (___), and 33wt% is (---).  Sol-gel membrane with 32wt% is (___), 31wt% is (---), 
and 24wt% is (---). 

 

The stress at yield and modulus are summarized as a function of solids content in 

Figure 3-33.  Within this limited dataset, the range of compositions does not overlap 

after heat treatment; therefore, it is difficult to interpret the effect of process.  In general, 

the trend is similar to that observed before heat treatment, i.e., as solids content of the 

heat-treated membranes increases, the mechanical properties improve. 
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Figure 3-54:  (A) Stress at yield (filled) and modulus (unfilled) as a function of 
solids content for heat-treated conventional (▲and Δ) and sol-gel (■ and □) PA-
doped m-PBI membranes. (B) Same data for <40wt% solids content. 
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As stated earlier, an inverse relationship was observed between membrane ionic 

conductivity that increased with increased acid content, and membrane mechanical 

properties that decreased with increased acid content. The membrane ionic conductivity 

and the stress at yield are plotted as a function of acid doping level in Figure 3-34.  After 

heat treatment, conventional PA-doped m-PBI with ~5PA/rpu and ~30wt% solids 

content exhibited a stress at yield of 4±0.6MPa and an ionic conductivity 0.09S/cm at 

160ºC; similarly, a sol-gel PA-doped m-PBI membrane with a similar composition 

exhibited stress at yield of 3±0.5MPa and an ionic conductivity of 0.11S/cm.  The ionic 

conductivities measured for this conventional PA-doped m-PBI membrane before and 

after heat treatment were higher than values previously reported (5PA/rpu membrane: 

<0.03S/cm at 150ºC and water activity between 0.1-0.25 PH2O/Psat),
1 but are similar to 

those reported for conventional membranes with humidification (7PA/rpu membrane: 

0.09S/cm at 170ºC and 10%RH).2,21  It is unlikely that the relative humidity was this 

high, as the estimated upper limit for a humid day was <3%RH. However, the sol-gel 

process membranes were able to attain acid doping levels not possible by conventional 

acid immersion, with the benefit of higher ionic conductivity, but at the expense of 

mechanical performance. 
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Figure 3-55:  Stress at yield (filled) and ionic conductivity at 160ºC (unfilled) as a 
function of acid doping level for heat-treated conventional (▲and Δ) and sol-gel (■ 
and □) PA-doped m-PBI membranes.  

 

3.2.5 Wide angle X-ray scattering 

The microstructure of proton exchange membranes is thought to control the 

mechanical integrity, proton conductivity, and the ability to solvate protons.22  In 

aqueous, low temperature PEMFCs, nanophase separation has been observed for a 

hydrophobic matrix and percolated hydrophilic side chains (e.g., Nafion).23  The 

microstructure of PA-doped PBI membranes, however, has not been extensively studied.  

A better understanding of structure-property relationships in PA-doped PBI, especially 

related to the correlation between structural/polymeric ordering and membrane ionic 

conductivity, would benefit future development and optimization of these membranes.  

Wide angle X-ray scattering (WAXS) permits the Å-scale characterization of bulk 

ordering in polymers with minimal introduction of artifacts, such as that induced by 

electron microscopy, a technique that generally involves extensive sample preparation, 

high vacuum conditions, and exposure to a high-energy electron beam.  Thus, WAXS 
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was used to study conventional and sol-gel PA-doped m-PBI membranes having 

different acid doping levels before and after heat treatment to elucidate changes in the 

degree of structural ordering. 

WAXS spectra of conventional and sol-gel PA-doped m-PBI membranes before and 

after heat treatment are shown in Figures 3-35 and 3-36, respectively. In general, the 

ordering in the polymer membranes increased as a result of heat treatment, as previously 

observed by Ameri.4  The heat treatment also induced compositional changes: 

conventional membranes with solids contents of 26-37wt% increased to 33-51wt%; 

similarly, the solids content of sol-gel membranes increased from 16-22 to 31-32wt%.  

For conventional membranes, heat treatment increased ordering for an initial solids 

content <37wt%.  However, the conventional membrane with 37wt% (with a relatively 

low acid content) changed minimally with heat treatment, even though the solids content 

increased to 51wt% as a result.   
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Figure 3-56:  Wide angle X-ray scans of PA-doped conventional m-PBI membrane 
with 26wt% (1A), 29wt% (2B), and 37wt% (3C) solids and corresponding scan (2A, 
2B, and 2C) after heat treatment. 
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Figure 3-57:  Wide angle X-ray scans of PA-doped sol-gel m-PBI membrane with 
16wt% (1A) and 22wt% (1B) solids and corresponding scan (2A and 2B) after heat 
treatment. 

 

If the acid doping levels of the conventional m-PBI membranes are taken into 

consideration, the membrane with 37wt% solids content had an initial acid doping level 

of 3PA/rpu that did not change after heat treatment. However, the conventional 

membranes with <37wt% solids content lost 2PA/rpu as a result of heat treatment (an 

initial acid level of 6 and 7PA/rpu decreased to 4 and 5PA/rpu, respectively).  This data 

suggests that the conventional membranes should contain at least 6PA/rpu to have 

sufficient plasticization during heat treatment to permit optimization of the ordering in 

the membrane. Also, a heat treatment that primarily changed water content (as in the 

conventional membrane with 37wt% solids) did not have as significant an effect on 

structure as compared with a change in the acid content, indicating that the acid may 

play a critical role in initiating ordering of the PBI polymer chains.    

For sol-gel membranes in Figure 3-36, there is a slight increase in ordering with 

heat treatment, mainly sharpening of pre-existing features in the WAXS data.  The initial 

acid content for sol-gel membranes (10 and 7PA/rpu) decreased to 6 and 5PA/rpu after 

heat treatment.  The loss in ≥2PA/rpu with heat treatment for sol-gel membranes is 

similar to that measured for the conventional membranes; yet, the conventional 

membranes experience a more drastic increase in ordering with heat treatment (see at 2θ 

~19º in Figure 3-35).   
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 The PA-doped m-PBI membranes prepared by both processes exhibited increased 

ordering with heat treatment at 120ºC, except for the conventional membrane with an 

initial solids content of 37wt% and 3PA/rpu.  It was also found that heat treatment 

increased the modulus of the membranes.  This result is in agreement with the trends 

published in the literature reporting that increased ordering leads to higher modulus of 

elasticity.16  The heat treatments also increased the maximum tensile stress for sol-gel 

membranes, but reduced the maximum tensile stress for conventional membranes 

(≥6PA/rpu).  In general, an increase in ordering also corresponded to an increase in 

strength,16 which agrees with the better mechanical properties and the increased ordering 

of heat-treated sol-gel PA-doped m-PBI membranes.  However, the conventional PA-

doped m-PBI membranes (≥6PA/rpu) that exhibited increased ordering with heat 

treatment also had a decreased maximum tensile stress.  The conventional membranes 

require a “threshold” level of acid to permit polymer chain ordering. 

WAXS spectra comparing PA-doped m-PBI membranes from the present study with 

those reported in the literature, before and after different heat treatments, are shown in 

Figure 3-37.   A conventional PA-doped m-PBI membrane (cast from DMAc) with 

5PA/rpu was heat-treated at 190ºC for 10min  The WAXS data indicated the evolution 

of two peaks at 2θ ~18.7 (sharp) and 2θ ~9º  (small) from an initial broad peak.4  In 

comparison with the research presented here, the conventional PA-doped membrane 

with 6PA/rpu was heat-treated at 120ºC for 5days and WAXS spectra indicated the 

evolution of peaks at 2θ=19.3 (sharp), 2θ=22.8, 2θ=25.4, 7(small), and 2θ =10º (small) 

as a result of heat treatment from an initial membrane exhibiting a broad peak at 

2θ~24.7º with a shoulder at 2θ=19.3º.  Therefore, consistent with results reported in the 

literature, the peak at 2θ~19º remains constant with heat treatment, but the peaks at 

higher angles decreased in intensity.  There is also a discrepancy with regard to the peak 

at 2θ=9º, which changes in intensity with heat treatment and casting conditions.  
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Figure 3-58:  Wide angle X-ray spectra before (1A = conventional DMAc cast with 
5PA/rpu,4 1B = conventional TFA/PA cast with 6PA/rpu,4 1C = conventional DMAc 
cast this work with 6PA/rpu, and 1D = sol-gel with 4PA/rpu) and after (2A, 2B, 2C, 
and 2D) different heat treatments of PA-doped m-PBI membrane. (Scans 1C-2D 
were converted to fixed slit data and underwent background subtraction.) 

 

In another previous WAXS study, Moaddel and co-workers found that conventional 

PA-doped m-PBI exhibited a single broad peak at 2θ~19º and two smaller peaks at 2θ =4 

and 2θ=24º that changed upon heat treatment at 150ºC for 10h to a much narrower peak 

at 2θ ~19º and smaller peaks at 2θ ~6, 2θ=14, and 2θ=24º, indicating some amount of 

structural rearrangement.20  The present study and those of Ameri and Moaddel 

consistently found that the WAXS data for heat-treated conventional PA-doped m-PBI 

membranes exhibited a predominant peak at 2θ~19º and another peak between 2θ=24-

26º.  However, depending on the process used and subsequent heat treatment, additional 

peaks were observed at lower angles.   

An alternative method to prepare conventional membranes is to cast from a mixed 

organic solvent-phosphoric acid solution, rather than a solution of polyphosphoric acid 

and PBI as in the sol-gel process.  As shown in Figure 3-37, it was found that 

conventional PA-doped m-PBI cast from a trifluoroacetic acid (TFA)-phosphoric acid 

solution exhibited different degrees of ordering with potentially different structures 

(2θ~10, 14.6, 18.6, 23, and 25.6º) than those cast from DMAc.4  Ameri also proposed 

that PA-doped m-PBI membranes cast from TFA/PA solutions exhibit more “crystalline 
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chain packing” that drives “the excess of acid into the amorphous regions,” which leads 

to higher conductivity compared to conventional DMAc cast membranes with similar 

acid doping levels.4 

For comparison, the sol-gel PA-doped m-PBI membrane is compared before and 

after heat treatment at 120ºC for 5days in Figure 3-37.  The structure from the sol-gel 

membrane had predominant ordering (peaks) at 2θ~25.4º with a shoulder at 2θ=19.3º.  

Ordering in the sol-gel membranes is clearly different than that of the membrane cast 

from TFA/PA solutions (Figure 3-37).  The sol-gel membrane retained the predominant 

ordering observed at 2θ~25.4º, which was not observed in the conventional membrane 

cast from DMAc after heat treatment.  Therefore, the ordering observed for the sol-gel 

membrane cannot be obtained with conventional process methods.   

To isolate the variable of process, heat-treated PA-doped m-PBI membranes of 

similar composition were studied using WAXS, specifically a WAXS technique that 

reduced the error introduced by sample height, which permitted more accurate d-

spacings to be measured.  The heat-treated conventional PA-doped m-PBI (5±0.3PA/rpu 

and 33±2wt% solids) that was equilibrated in 85wt% phosphoric acid had essentially the 

same composition as the heat-treated sol-gel m-PBI membrane (5±0.2PA/rpu and 

32±2wt% solids) equilibrated in 57wt% phosphoric acid.  WAXS spectra from heat-

treated conventional m-PBI membranes are shown in Figure 3-38A and 3-38C, while the 

spectra from the sol-gel m-PBI membranes are shown for comparison in Figure 3-38B 

and 3-38D.  Two-dimensional (2D) WAXS patterns were also acquired, as shown in 

Figure 3-39, and integrated equatorial scans (red line) from the 2D WAXS data agreed 

with the one-dimensional (1D) WAXS spectra, as shown Figure 3-38. 
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Figure 3-59:  WAXS spectra of heat-treated (A & C) conventional (5±0.3PA/rpu 
and 33±2wt% solids) and (B & D) sol-gel (5±0.2PA/rpu and 32±2wt% solids) PA-
doped m-PBI membranes.  Black lines in A and B are one-dimensional WAXS 
scans in reflection geometry taken parallel and perpendicular to the cast direction.  
The red lines in A and B are integrated equatorial scans from 2D edge-on WAXS 
patterns.  Black lines in C and D are one-dimensional WAXS scans in transmission 
geometry taken parallel and perpendicular to the cast direction.  Red lines in C and 
D are an integrated equatorial scan from 2D transmission WAXS patterns.  



 

     106

A B

 

Figure 3-60:  Transmission 2D WAXS pattern of heat-treated (A) conventional PA-
doped m-PBI membrane with 5±0.3PA/rpu and 33±2wt% solids and (B) sol-gel PA-
doped m-PBI membrane with 5±0.2PA/rpu and 32±2wt% solids. 

 

The peak positions observed in all the WAXS scans shown in Figure 3-38 are 

similar; however, the intensities of the conventional membrane appear to depend on 

direction, indicative of some degree of anisotropy.  The predominant d-spacing parallel 

to the conventional membrane surface (from WAXS data acquired in the reflection 

geometry) is at 2θ~19°, yet, the maximum intensity perpendicular to the membrane 

surface (from WAXS data acquired in the transmission geometry) is at 2θ~25.5º.  The 

sol-gel membrane is relatively isotropic; with a maximum intensity observed at 2θ~25.5º 

for WAXS scans obtained both parallel and perpendicular to the sol-gel membrane 

surface. 

Peak fitting was performed on the WAXS data shown in Figure 3-38 and examples 

of the peak fitting are shown in Figure 3-40 for the conventional and sol-gel processes.   

A broad amorphous halo was observed in the WAXS spectra for both heat-treated 

conventional and sol-gel PA-doped m-PBI membranes centered between 2θ=22-24º with 

a breadth at full-width at half-maximum (FWHM) 9-14º. In comparison, the other peaks 

identified in the WAXS spectra were narrower (FWHM = 0.4-3º).  The two most intense 

peaks for both the heat-treated conventional and sol-gel PA-doped m-PBI membranes 

were observed at 2θ=25.5±0.1 and 2θ=19.1±0.1º, which corresponded to d-spacings 

3.49±0.02 and 4.63±0.04Å, respectively.    
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To further investigate the anisotropy and intensity ratio of the 2θ~19 and 25.5º 

peaks, the intensity from the peaks superimposed on a non-linear amorphous halo must 

be considered.  In reflection and transmission geometry scans, the heat-treated sol-gel 

PA-doped m-PBI membranes exhibited nearly a 1:1 ratio of the peak intensities at 2θ~19 

and 25.5º, which correspond to a d-spacing of 4.64±0.04 and 3.49±0.02Å.  Conversely, 

the heat-treated conventional PA-doped m-PBI membranes were anisotropic, as shown 

by the difference in the transmission and reflection scans.  In the transmission scan, the 

2θ~19 and 25.5º, peaks had a similar 1:1 intensity ratio.  These transmission peaks 

correspond to 4.61±0.03 and 3.48±0.02Å d-spacings perpendicular to the membrane 

surface.  On the other hand, the reflection scan exhibited a 2:1 peak intensity ratio of the 

2θ~19 and 25.5º peaks, which correspond to d-spacings of 4.66 and 3.50Å.  Therefore, 

the predominant d-spacing parallel to the conventional membrane surface is 4.66Å.  
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Figure 3-61:  Examples of peak fitting for (A) conventional PA-doped m-PBI 
membrane with 5±0.3PA/rpu and 33±2wt% solids and (B) sol-gel PA-doped m-PBI 
membrane with 5±0.2PA/rpu and 32±2wt% solids WAXS scans. 

 

In the literature, wider d-spacings have also been observed.  For example, PA-doped 

AB-PBI (after stretching) exhibited a reflection corresponding to an axial repeat unit of 
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11.4Å and a 2nd order peak at 5.7Å.24  In the research presented here, peak fitting of 

subtle WAXS features corresponded to d-spacings of 3.82±0.05, 5.48±0.06, 6.20±0.2, 

8.63±0.3, and 12.08±0.4Å (2θ~23, 16, 14, 10, and 7º).  There appears to be a 

relationship between the d-spacings of 12.08±0.4 and 6.20±0.2Å; where the ~6Å d-

spacing is a 2nd order peak of the ~12Å d-spacing.  Additionally, from classical atomistic 

simulation (molecular mechanics) that will be discussed in more detail below, eight 

examples of the projection repeat unit length of m-PBI were able to conform to 

11.95±0.22Å.  An example is shown in Figure 3-41.  Therefore, the ~12Å d-spacing and 

2nd order ~6Å d-spacing may correspond to the repeat unit.  Due to the relative low 

intensity of these features that limits accurate peak fitting, further interpretation focused 

on the more intense peaks that correspond to d-spacings of ~3.5 and 4.6Å. 

 

 

Figure 3-62:  Conformation of m-PBI that achieves a projection repeat unit length 
of 12.09Å.  Structure obtained from classical atomistic simulation (molecular 
mechanics) of thermally treated protonated m-PBI in phosphoric acid. 

 

In AB-PBI films with and without acid, WAXS studies24,25 observed ordering in the 

membranes consistent with a spacing of 3.3-3.5Å, which was attributed to the stacking 

of the heterocyclic ring using the work by Berry on another rigid heterocyclic polymer.26  

WAXS studies of poly[bisbenzimidazobenzophenanthroline-dione] films found a 

reflection at 3.5Å, which was identified as “repeat units stacked in a graphite-like 

array.”26  It is reasonable to assume that the 3.5Å reflection observed in the WAXS data 
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acquired from the heat-treated PA-doped m-PBI membranes is a result of stacking of the 

heterocyclic and/or phenyl ring of the polymer repeat unit. 

In addition, Cho et al. also observed a spacing at 4.2Å in the WAXS pattern that 

developed upon doping the AB-PBI with phosphoric acid and a concomitant loss of the 

3.3Å spacing, however, stretching the membrane restored the 3.4Å spacing and in 

addition, another peak was observed in the data that corresponded to a spacing of 8.3Å.24  

Therefore, the second prominent d-spacing in the present study of m-PBI membranes at 

4.6Å is similar to that observed for PA-doped AB-PBI before stretching.  The goal of the 

present research was to maintain structural integrity with minimal introduction of 

artifacts; therefore, the mechanical deformation that caused the evolution of the 8.3Å d-

spacing in the AB-PBI membrane was not performed.  To further investigate the 

potential ordering in m-PBI/PA systems with approximately 3.5 and 4.6Å spacings, 

classical atomistic simulations (molecular mechanics) were conducted and were 

described in Section 2.5.7.   

The preferential ordering of the heat-treated conventional PA-doped m-PBI 

membrane has been observed in other heterocyclic polymer systems, such as AB-PBI 

membranes cast from methanesulfonic acid,25 formic acid/m-cresol,25 and 

ethanol/sodium hydroxide solutions.24  From 2D WAXS spectra acquired from AB-PBI 

membranes cast from different solvents, Wereta et al. were able to identify aggregates in 

the membrane that were nearly parallel to the membrane surface when cast from 

methanesulfonic acid and nearly perpendicular when cast from formic acid/m-cresol 

solutions.25  Similarly, for AB-PBI membranes cast from ethanol/sodium hydroxide 

solutions, Cho et al. found that heterocyclic rings preferentially stacked parallel to the 

membrane surface with a spacing of 3.3Å that was comparable with c-axis stacking in 

graphite.24  The reflection WAXS scans acquired in the present study for the heat-treated 

conventional PA-doped m-PBI membranes showed a reduction in the intensity of the 

3.5Å reflection and an enhancement in the 4.6Å reflection.  The 4.6Å reflection likely 

corresponded to the side-to-side packing of a portion of the polymer repeat unit, which 

preferentially lies perpendicular to the membrane surface. 

To interpret the structural contributions identified by the individual WAXS peaks 

further, classical atomistic simulations (molecular mechanics) were performed on 
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structural models of m-PBI in phosphoric acid using the MM3 Force-Field 

parameterization as described in Section 2.5.7.  Eight protonated m-PBI chains in excess 

phosphoric acid underwent energy minimization and were subjected to a thermal 

treatment.  From the simulations, the environments within 6Å of the imidazole nitrogens 

were investigated. It was determined that thirty-two imidazole rings out of a total of 

sixty-four, had a neighboring ring system within 6Å.  Of these thirty two sets of 

imidazole rings, only thirteen contained nearly parallel ring systems that corresponded 

with stacking or staggered side-to-side packing of the polymer chains.   

For the parallel stacking, six examples of benzimidazole rings stacking with another 

ring system (an example is shown in Figure 3-42A) were found and exhibited an average 

spacing of 3.42±0.17Å between the imidazole ring and the other ring system.  Using 

experimental WAXS data acquired from heat-treated conventional and sol-gel PA-doped 

m-PBI membranes, a d-spacing was identified of 3.49±0.02Å, which is similar to the 

simulated spacing of 3.42±0.17Å.  The agreement between experimental 3.49±0.02 and 

simulated 3.42±0.17Å spacings supports the validity of using literature studies of other 

rigid-rod polymer systems to interpret ordering in PA-doped m-PBI membranes.  
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Figure 3-63:  Environment within 6Å of imidazole ring from classical atomistic 
simulations (molecular mechanics) illustrating (A) nearly perpendicular stacking 
(distance between atoms in circles in clockwise order: 3.74, 3.36, 3.71, and 3.33Å) 
and (B) staggered side-to-side packing (distance between arrows 3.30 and 5.19Å). 

 

For the parallel staggered side-to-side packing, seven examples of benzimidazole 

rings exhibiting staggered side-to-side packing with no overlap of the imidazole ring 

with the benzimidazole or phenyl substituent of the neighboring polymer chain, were 

identified.  An example of staggered side-to-side packing is shown in Figure 3-42B.  

From the simulation, the average staggered side-to-side packing was 4.51±0.27Å.  As 

discussed previously, the other predominant d-spacing in the WAXS data for heat-

treated PA-doped m-PBI membranes was at 4.63±0.04Å, which is similar to the 

simulated 4.51±0.27Å staggered side-to-side packing.   

To summarize for heat-treated PA-doped m-PBI, the predominant experimental 

WAXS d-spacings of 3.49±0.02 and 4.63±0.04Å were interpreted as parallel ring 

stacking and staggered side-to-side packing with the support of atomistic simulations.  In 
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the published literature, other rigid-rod polymer systems, such as poly[p-phenylene 

benzobisthiazole], have exhibited “face-to-face” and “side-to-side” stacking of the 

heterocyclic rings with d-spacings of ~3.6 and 5.9Å.27  The ordering for m-PBI polymer 

in the presence of phosphoric acid appears to be consistent with literature trends of a 

narrower face-to-face stacking and a wider side-to-side packing.  

 

3.3 Conclusions 

PA-doped m-PBI membranes were prepared by two processes, conventional acid 

immersion and a sol-gel process.  After equilibration in phosphoric acid baths, the sol-

gel membranes were able to retain more acid than conventional membranes.  Heat 

treatment caused a reduction in acid content of conventional and sol-gel membranes. In 

general, the acid doping levels of sol-gel membranes were higher than conventional 

membranes after heat treatment, indicating the ability of the sol-gel membrane to retain 

phosphoric acid better at elevated temperatures.  As a result of the higher acid doping 

levels, sol-gel membranes exhibited higher ionic conductivity than conventional 

membranes before, and after, heat treatment.   

PA-doped m-PBI membranes having similar compositions were prepared from 

conventional immersion in 85wt% PA and equilibration of sol-gel membranes in 57wt% 

PA.  Both of these PA-doped m-PBI membranes had similar ionic conductivities before 

and after heat treatment.  WAXS studies of heat-treated PA-doped m-PBI membranes 

found slight anisotropy in the conventional membrane that was not present in the sol-gel 

membrane.  Anisotropy of the conventional membranes was related to preferential side-

to-side stacking of the ring systems parallel to the membrane surface.  In addition, the 

conventional membranes with ≥6PA/rpu lost significant mechanical performance with 

heat treatment and this loss in mechanical performance corresponded to an increase in 

the ordering identified predominantly at 2θ=19º (d=4.6Å) in the WAXS spectra.  The 

anisotropic staggered side-to-side packing present in the conventional membranes 

apparently leads to a reduction in mechanical properties.  Conversely, the sol-gel PA-

doped m-PBI membrane exhibited enhanced mechanical properties and uniform ordering 

associated with 2θ ~19 and 2θ~25.5º 2θ (d=4.6 and 3.5Å) with heat treatment.  
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4. Investigation of sol-gel phosphoric acid-doped polybenzimidazole 
membranes 

 

4.1 Introduction to sol-gel PA-doped PBI membranes 

Sol-gel processed phosphoric acid-doped polybenzimidazole membranes have 

achieved thousands of hours of operation in high temperature fuel cells1 and hydrogen 

pumps.2  The stability of sol-gel membranes in these harsh environments and their 

associated rapid proton transport have led to their commercialization by BASF Fuel 

Cells.3  Since the development of the sol-gel process in 2005,4 a series of 

polybenzimidazole membranes has been synthesized and electrochemically 

characterized as high temperature proton exchange membranes.5-8  This chapter will 

discuss structure-property relationships of the sol-gel membranes as a function of 

polymer rigidity and functionalization. 

In the sol-gel process, the polymerization solution is a viscous mixture of 

polyphosphoric acid that contains a relatively low solids content, which is cast directly 

onto a substrate.  Upon exposure to atmospheric moisture, polyphosphoric acid is 

hydrolyzed to phosphoric acid.  Phosphoric acid is a poor solvent for PBI compared to 

polyphosphoric acid.  The change in solvent quality (interaction between polymer chains 

and solvent molecules) induces a transition from a viscous solution to a gel network with 

good mechanical integrity.  This transition is referred to as the sol-gel transition.  

Additionally, the hydrolysis of polyphosphoric acid to phosphoric acid provides an 

avenue for in-situ acid doping of the membrane which, in turn, facilitates rapid proton 

transport. 

A series of sol-gel PA-doped PBI membranes have been investigated: m-PBI, p-

PBI, and dihydroxy-PBI (chemical structures shown in Figure 4-1).  Zhang synthesized 

sol-gel PA-doped m-PBI membranes and achieved ionic conductivities as high as 

0.13S/cm at 160ºC.9  Zhang was also able to synthesize high molecular weight p-PBI 

that has a relatively rigid polymer chain conformation and produce sol-gel PA-doped p-

PBI membranes with an ionic conductivity of 0.22S/cm at 160ºC.9   Additionally, 

through the extensive synthetic efforts of the Benicewicz research group, a new 
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polybenzimidazole, dihydroxy-functionalized p-PBI, was produced by Yu and achieved 

a record-breaking conductivity of 0.43S/cm at 160ºC.10   
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Figure 4-64:  Chemical structures of (A) m-PBI, (B) p-PBI, and (C) dihydroxy-PBI 
that have been prepared by the sol-gel process. 

 

The polymer rigidity of the PBI backbone was increased by using terephthalic acid, 

which is a diacid with a para-configuration.  The polymer chains should be more 

extended in p-PBI than m-PBI because of the conformation of the phenyl ring, which 

leads to closer packing of the polymer chains.11  It is known that both ordering and 

solubility of polymer chains are dependent on the rigidity, symmetry, and intermolecular 

interactions of the polymer backbone.12  For polymer fibers, increased tensile strength 

and stiffness have been achieved with p-configurations that permit better chain 

alignment and ordering (i.e.,  increased crystallinity), planar polymer backbones without 

side chains that sterically hinder packing, and networks of hydrogen bonding and π-π 

stacking.13  Kovar and Arnold polymerized poly(1,7-dihydrobenzo[1,2-d: 4,5-

d]diimidazole-2,5-diyl-1,4-phenylene), the structure shown in Figure 4-2, and found that 

different polymerizations yielded soluble and insoluble polymer.13  Wide angle X-ray 

scattering studies showed that the soluble polymer exhibited different d-spacings (5.4, 

4.2, and 3.8Å) than the insoluble polycrystalline polymer (9.8, 6.1, 4.7, 3.7, 3.2, and 

2.6Å).13  Therefore, the same polymer chemistry results in different morphologies 
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depending on experimental conditions such as stirring rate, temperature, monomer 

concentration, molecular weight, and crystallization.13 
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Figure 4-65:  Chemical structure of poly(1,7-dihydrobenzo[1,2-d: 4,5-
d]diimidazole-2,5-diyl-1,4-phenylene). 

 

Vogel and Marvel found that ordering in PBI powders and films (in the absence of 

acid) was more pronounced in symmetrical PBIs, e.g. p-PBI had more distinct features 

in the 2-D WAXS data than m-PBI.12  Similarly, Iwakura and co-workers also reported 

that the more symmetrical p-PBI exhibited more defined order at 2θ ~25º than m-PBI.14  

However, a detailed structural analysis was not conducted and later reports in the 

published literature provided conflicting results. For example, Sannigrahi et al. found 

that dried powders of p-PBI, m-PBI, and related copolymers had similar chain packing 

determined by WAXS studies, indicating that there was no influence of the polymer 

rigidity on order.15  From WAXS studies presented in Chapter 3, the presence of 

phosphoric acid was found to be vital for the structural integrity of PA-doped PBI 

membranes.  The effects of polymer symmetry and rigidity on chain packing in sol-gel 

PA-doped p-PBI and m-PBI will be further investigated with wide angle X-ray scattering 

and related to compositional analyses, ionic conductivity, and mechanical properties. 

Another sol-gel PA-doped membrane was produced from dihydroxy functionalized 

p-PBI, which resulted in higher ionic conductivities that were attributed to a unique 

structure containing crosslinks composed of phosphate bridges.10  The crosslinked 

structure in dihydroxy-PBI was verified by its insolubility in phosphoric acid, partial 

insolubility in sulfuric acid (that may have resulted from an extended hydrogen-bonded 

network as in poly[pyridobisimidazole phenylene]16 and/or phosphate bridging), and the 

ability to increase solubility through base hydrolysis.10  Properties of other rigid rod 

polymers, such as poly[pyridobisimidazole phenylene], have also been improved with 

functionalization.  For example, poly[pyridobisimidazole dihydroxy-phenylene] 
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exhibited a higher compressive strength than another non-functionalized polymer (such 

as polybenzothiazole and polybenzoxazole) as a result of strong intermolecular hydrogen 

bonding.16  Interestingly, dihydroxy-functionalization of polybenzothiazole did not result 

in an increased compressive strength because a “pseudo-ladder, rigid rod structure” 

formed, having intramolecular hydrogen-bonding rather than intermolecular 

interactions.17  An extensive structure-property study has not yet been performed on 

these functionalized membranes. 

 Low, moderate, and highly ionic-conducting sol-gel PA-doped PBI membranes (m-

PBI, p-PBI, and dihydroxy-PBI) have been investigated to understand the relationship 

between acid content, ionic conductivity, mechanical properties, and structure better.  

The effect of increasing the polymer rigidity (m-PBI vs. p-PBI) will be evaluated 

through basic compositional analysis before and after a heat treatment at 120ºC for 

5days.  Sol-gel PA-doped PBI membranes having different polymer conformations and 

different compositions were investigated by electrochemical characterization, tensile 

testing, and WAXS.  Atomistic simulations were conducted for both m-PBI and p-PBI 

structures to aid in the interpretation of polymer chain packing and the corresponding 

WAXS spectra/peaks.  In addition, the effect of functionalizing the more rigid p-PBI 

with dihydroxy functional groups was characterized by measuring acid uptake and 

retention, ionic conductivity, mechanical testing, and structural analyses.  This research 

will further the understanding of the complicated nature of sol-gel PA-doped PBI 

membranes, the properties of which may depend on many parameters such as acid 

content, solids content, molecular weight, heat treatment, polymer rigidity, chain 

conformation, symmetry, and functionalization.   

 

4.2 Results and discussion for the effect of polymer chain rigidity 

 The polymer rigidity of sol-gel PA-doped PBI membranes was increased through 

the polymerization of tetraaminobiphenyl with terephthalic acid to produce p-PBI versus 

the more flexible conformation from the polymerization with isophthalic acid that yields 

m-PBI.  The p-PBI polymer chain should have a more extended chain conformation as a 

result of the phenyl ring substituent.  Sol-gel PA-doped p-PBI and m-PBI membranes 
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were equilibrated in different concentration PA baths, followed by heat treatment at 

120ºC.  Compositional, electrochemical, mechanical, and structural analyses were 

performed on the membranes before and after heat treatment. 

 

4.2.1 Acid loading and retention 

Sol-gel PA-doped PBI membranes of different polymer rigidity were prepared and 

equilibrated in three different PA-concentration baths (31, 57, and 72wt% PA).  As 

shown in Figure 4-3, the more rigid polymer (p-PBI) achieved a higher acid doping level 

than m-PBI for the same equilibration bath.  A possible reason for this higher acid 

uptake is that the initial polymerization conditions for p-PBI and m-PBI were different 

(and optimized) to achieve a high molecular weight polymer that could be easily cast on 

a substrate with a doctor blade.  For example, the solids content of the p-PBI 

polymerization before casting was 2.5wt%, while the solids content of the m-PBI was 

6.6-6.3wt%.  With these casting solutions, the resulting sol-gel PA-doped PBI 

membranes for p-PBI had 5-7wt% solids and the m-PBI membranes had 16-23wt% 

solids. 
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Figure 4-66:  Acid doping level vs. PA concentration of equilibration bath for sol-
gel PA-doped membranes, where m-PBI is (-■- and -□-) and p-PBI is (-▲-,  -∆-, and 
- ). 

 

The liquid content in the sol-gel PA-doped PBI membranes as a function of PA-

concentration in the bath is shown in Figure 4-4.  The phosphoric acid concentration was 

higher in the m-PBI membranes than in the p-PBI membranes, i.e., the p-PBI membranes 

had a higher water content.  The higher water content in the p-PBI suggests that the 

hygroscopicity of the p-PBI membranes is higher than the corresponding m-PBI 

membranes. 
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Figure 4-67:  Acid concentration in the sol-gel membranes after equilibration in 
different concentration acid baths, where m-PBI is (-■- and -□-) and p-PBI is (-▲-,  
-∆-, and - -).  The theoretical line (---) indicates equal concentration within the 
membrane and acid bath. 

 

Results presented in Chapter 3 compared the effects of process (conventional vs. 

sol-gel) on the properties of PA-doped m-PBI membranes.  To understand the effect of 

process on acid composition in p-PBI membranes, the acid doping level of sol-gel and 

conventional PA-doped p-PBI membranes as a function of PA-concentration in the bath 

is compared in Figure 4-5.  The first conventional PA-doped p-PBI (-▲-) was prepared 

by the polymerization of 3,3’-diaminobenzidine tetrahydrochloride dihydrate and 

terephthalic acid in polyphosphoric acid.18  The solution was cast directly onto a 

substrate, as in the sol-gel process, but it was flattened with an applicator onto a stainless 

steel substrate, quenched at -20ºC, washed, dried, and then subjected to conventional 

acid immersion.18  The second conventional p-PBI membrane (- -) was prepared by 

dissolving p-PBI in methanesulfonic acid, followed by washing and acid immersion.18  It 
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is clear from Figure 4-5 that the sol-gel PA-doped p-PBI membranes obtained 4-5 times 

the acid doping level of conventional PA-doped p-PBI membranes 
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Figure 4-68:  Acid doping level vs. acid bath concentration of PA-doped p-PBI 
membranes prepared by the sol-gel process (-▲-) and conventional methods18 (-▲- 
and - -). 

 

The sol-gel PA-doped PBI membranes with different polymer rigidity achieved 

significantly different compositions, as shown in Figure 4-6.  After equilibration in 31-

72wt% PA baths, the m-PBI membranes exhibited a larger change in solids content (16-

23wt%) than the p-PBI membranes (5-7wt%), which may have resulted from the initial 

polymerization conditions used.  However, the range of acid doping levels (16-

40PA/rpu) achieved for the p-PBI membranes was significantly larger than for the m-

PBI membranes (4-10PA/rpu).  The ability for p-PBI membranes to accommodate more 

total acid (up to 40PA/rpu) and a larger range of acid doping levels (±12PA/rpu) 

compared with m-PBI’s lower total acid content (up to 10PA/rpu) and minimal range of 
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permitted acid doping levels (±3PA/rpu), suggested that the p-PBI structure 

accommodated the acid differently than m-PBI.  The structure of p-PBI will be 

investigated in more detail with wide angle X-ray scattering. 
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Figure 4-69:  Solids content vs. acid doping level in sol-gel PA-doped membranes, 
where m-PBI is (-■- and -□-) and p-PBI is (-▲-,  -∆-, and - -). 

 

A heat treatment was used to simulate a membrane in a high temperature device and 

to reduce the liquid content of the membranes for analyses that require high vacuum 

conditions. Dehydration of the membranes at 120°C is shown in Figure 4-7, which 

shows the water content of the membranes before and after heat treatment.  All the sol-

gel membranes exhibited a lower water content after heat treatment, regardless of initial 

polymer rigidity.  The heat-treated sol-gel PA-doped membranes contained ~17wt% 

water as a result of reabsorption of moisture during storage and exposure to ambient 

conditions. 
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Figure 4-70:  Water content before and after heat treatment at 120ºC for sol-gel 
PA-doped membranes, where m-PBI is (-■- and -□-) and p-PBI is (-▲-,  -∆-, and -
-).  The theoretical line (---) indicates no water loss with heat treatment. 

 

A heat treatment at 120ºC was not expected to reduce the acid content in the 

membranes because phosphoric acid has a low vapor pressure.  The acid content before 

and after the heat treatment is shown in Figure 4-8, where the theoretical line indicates 

no acid loss.  It is clear, that for both p-PBI and m-PBI membranes, the acid doping 

levels are lower after heat treatment.  A linear regression of the acid doping level before 

and after heat treatment (for both p-PBI and m-PBI) yielded the equation y = 0.6x + 0.3, 

which predicts an initial membrane acid doping level of 10PA/rpu would result in 

6PA/rpu in the membrane after a heat treatment at 120ºC.  Also note that the acid loss 

will increase with initial acid content, e.g. an initial acid doping level of 5PA/rpu will 

lose 2PA/rpu upon heat treatment and an initial acid doping level of 40PA/rpu will lose 

18PA/rpu. 
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Figure 4-71:  Acid doping level before and after heat treatment at 120ºC for sol-gel 
PA-doped membranes, where m-PBI is (-■- and -□-) and p-PBI is (-▲-,  -∆-, and -
-).  The theoretical line (---) indicates no acid loss with heat treatment. Linear 
regression of acid loss (…). 

 

The membrane compositions, before and after heat treatment, for both sol-gel p-PBI 

and m-PBI membranes, are shown in Figure 4-9.  After heat treatment, the solids content 

decreased exponentially with increasing acid content.  The compositions of the heat-

treated sol-gel PA-doped p-PBI and m-PBI membranes do not overlap (Figure 4-9).  

Heat-treated membranes with different polymer chain conformation have similar 

compositions from a 30wt% PA bath for p-PBI (9±0.8PA/rpu and 23±2wt% solids) and 

from a 72wt% PA bath for m-PBI (8±0.7PA/rpu and 24±1wt% solids). 
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Figure 4-72:  Solids content vs. acid doping level before (unfilled) and after (filled) 
heat treatment at 120ºC for sol-gel PA-doped m-PBI (-■- and -□-) and p-PBI (-▲- 
and -∆-) membranes.  Exponential decay fits to data before (…) and after (---) heat 
treatment.  

 

4.2.2 Electrochemical properties 

Sol-gel PA-doped p-PBI membranes have achieved higher ionic conductivities than 

m-PBI membranes (0.22 vs. 0.13S/cm at 160ºC).9  To understand this observation 

further, the relationship between ionic conductivity and acid doping level was 

investigated for sol-gel PA-doped p-PBI and m-PBI membranes before and after heat 

treatment at 120ºC.  Ionic conductivity data as a function of acid doping level comparing 

sol-gel PA-doped p-PBI and m-PBI membranes are shown in Figure 4-10.  For p-PBI 

and m-PBI, increasing the acid doping level resulted in increased ionic conductivities for 

all the membranes.  (The unexpected similar performance of m-PBI membranes with 

7±0.8 and 10±0.5PA/rpu was related to changes in acid content upon heat treatment and 
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thickness differences, as explained in Chapter 3.)  Because the p-PBI membranes had 

higher acid doping levels than all the m-PBI membranes, p-PBI membranes exhibited 

correspondingly higher ionic conductivities over the entire temperature range (room 

temperature to 180ºC).  Ionic conductivity data that have been reported for sol-gel PA-

doped p-PBI membranes supports the general trend observed in the present study, that p-

PBI membranes have higher ionic conductivities than m-PBI membranes.8,19  One reason 

for the higher conductivities of p-PBI membranes is their ability to achieve higher acid 

doping levels. It has also been proposed that p-PBI membranes have a different structure 

than m-PBI membranes, which will be further investigated in Section 4.3.4. 
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Figure 4-73:  Conductivity curves at different acid doping level of sol-gel PA-doped 
membranes, where m-PBI are 4±0.1 (-■-), 7±0.8 (- -), 10±0.5 (-□-), and 
10±0.7PA/rpu (- -) and p-PBI are 16±0.2 (-▲-), 29±5 (- -), 32±1 (- -), 32±4 (-∆-), 
and 40±1PA/rpu (- -).  Literature data for sol-gel PA-doped p-PBI with 30-
40PA/rpu  (-○-)8 and 43PA/rpu (--●--)19. 
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In Chapter 3, it was suggested that more accurate compositions for ionic 

conductivity measurements performed at elevated temperatures should be determined 

after membrane heat treatment.  Ionic conductivity data as a function of temperature for 

sol-gel PA-doped m-PBI and p-PBI membranes after heat treatment are shown in Figure 

4-11 with corresponding acid doping levels.  The observed increase in ionic conductivity 

with acid doping level is more distinct after the membrane has been heat treated.  The 

heat-treated sol-gel PA-doped p-PBI membranes have higher acid doping levels than m-

PBI, which correspond to higher ionic conductivities.  Even when the membrane 

compositions are similar (p-PBI: 9±0.8PA/rpu and 23±2wt% solids and m-PBI: 

8±0.7PA/rpu and 24±1wt% solids), the p-PBI membranes exhibit higher ionic 

conductivities over the entire temperature range, with an average conductivity of 

0.01±0.001S/cm higher from 100-180ºC. 
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Figure 4-74: Ionic conductivity data at different acid doping levels for heat-treated 
sol-gel PA-doped membranes, where m-PBI 3±0.2 (-◊-), 5±0.2 (-□-), 6±0.3 (-■-), and 
8±0.7PA/rpu (-●-) and p-PBI are 9±0.8 (-▲-), 17±0.6 (- -), 16±2 (-∆-), 18±0.9 (- -) 
and 24±4PA/rpu (- -). 
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The relationship between ionic conductivity and acid doping level was further 

investigated, as shown in Figures 4-12A and 4-12B.  For the heat-treated sol-gel PA-

doped p-PBI membranes, a linear relationship was observed for ionic conductivity and 

acid doping level (Figure 4-12A).  In contrast, the heat-treated sol-gel PA-doped m-PBI 

membranes exhibited a logarithmic relationship between conductivity and acid content 

(see results presented in Chapter 3).  As shown in Figure 4-12B, the ionic conductivity 

values for p-PBI membranes appear to increase linearly after the plateau region for m-

PBI membranes at 0.1-0.15S/cm. 
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Figure 4-75:  Ionic conductivity vs. acid doping level for heat-treated sol-gel PA-
doped (A) p-PBI membranes at 120ºC is (…●…), 140ºC is (--○--), and 160ºC is (_►_). 
(B) Graph comparing sol-gel PA-doped p-PBI (●, ○, and ►) and m-PBI (●, ○, and 
►) membranes at 120ºC are (…●…), 140ºC is (--○--), and 160ºC is (_►_). 
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4.2.3 Mechanical properties  

Tensile tests were conducted on sol-gel PA-doped p-PBI membranes having 

different polymer molecular weights and solids content.  The mechanical properties of 

polymers are generally dependent on the molecular chain entanglement, which is in turn 

proportional to the polymer molecular weight.  Research by Litt et al. found that by 

increasing the molecular weight of m-PBI (determined by an increase in inherent 

viscosity 0.91 to 1.42dL/g), a 1.5X increase in maximum stress could be attained.20  

However, the membrane mechanical properties after acid incorporation were more 

closely correlated with acid doping level rather than molecular weight.20  Mechanical 

properties as a function of molecular weight, composition, and polymer rigidity will be 

discussed below. 

The stress-strain behavior of sol-gel PA-doped p-PBI membranes, having three 

different molecular weights (as interpreted from inherent viscosities of 3.65±0.04, 

2.69±0.01, and 2.03±0.11dL/g), are shown in Figure 4-13A.  These sol-gel p-PBI 

membranes were equilibrated in a 57wt% PA bath and the resulting membranes had 

similar solids content (6±1, 5±1, and 5±0.2wt% solids).  As shown in Figure 4-13A, the 

high molecular weight p-PBI membrane exhibited stress-strain behavior with a higher 

maximum stress, as compared to the moderate and lower molecular weight p-PBI 

membranes that exhibited lower maximum stress values.  The enhanced mechanical 

properties, such as higher stress at yield and modulus, for the higher molecular weight p-

PBI are summarized in Figure 4-13B.  A similar trend was observed by Zhang for sol-

gel PA-doped p-PBI membranes, where higher inherent viscosities (≥1.92 vs. ≤1.62 

dL/g) yielded higher maximum stress values (≥2.9 vs. ≤0.9MPa).9 In Zhang’s study, the 

compositions of the p-PBI membranes were believed to be similar, because the polymer 

content in the casting solution was 3.6±0.3wt% for the high molecular weight polymer 

and 3.5±0.9wt% for the low molecular weight polymer.  The research presented here is 

for high molecular weight p-PBI membranes with inherent viscosities of 3.65-2.03dL/g.  

Direct comparisons between the results from Zhang’s research and the present study are 

difficult because there were different testing conditions, additional phosphoric acid 

adjustment procedures, and unreported compositional information. However, it can be 

inferred that the p-PBI membranes in the present study have a lower solids content than 
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those used in Zhang’s work because the casting concentrations were only 2.50wt% 

polymer.  Additionally, it can be assumed that equilibration in the 57wt% PA bath had a 

minimal effect on the resultant membrane composition because a p-PBI membrane had a 

similar composition before and after PA bath equilibration (6±0.4wt% solids and 

38±3PA/rpu vs. 6±1wt% solids and 29±5PA/rpu).  Therefore, the higher tensile 

properties (3 vs. <1.5MPa) for p-PBI membranes prepared by Zhang using a similar 

molecular weight polymer may result from the potentially higher solids content.   
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Figure 4-76:  (A) Stress vs. strain behavior for sol-gel PA-doped p-PBI membranes 
with 5-6wt% solids and different molecular weight: 3.65±0.04 (___), 2.69±0.01 (----), 
and 2.03±0.11dL/g (----).  (B) Effect of inherent viscosity on stress at yield (-■-) and 
modulus (-∆-). 
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The effect of composition on the stress-strain behavior for sol-gel PA-doped p-PBI 

membranes is shown in Figure 4-14A.  In general, the tensile stress of p-PBI membranes 

increased with solids content.  Increasing the solids content of p-PBI membranes had a 

minimal effect on the stress at yield and modulus, as shown in Figure 4-15A.  The stress-

strain behavior of sol-gel PA-doped PBI membranes having different polymer rigidities 

are shown in Figure 4-14B.  The solids content and acid doping level of p-PBI and m-

PBI membranes do not overlap in Figure 4-15.  However, the data follows the overall 

trend (as found in Chapter 3) that higher solids content and lower acid doping levels 

result in higher stress values at yield and a higher modulus. 
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Figure 4-77:  Stress-strain behavior for sol-gel PA-doped (A) p-PBI (2.69dL/g) 
membranes with different solids content:  5±0.1(___), 5±0.7(---), and 7±0.2wt% (___).  
(B) Stress-strain curves from additional p-PBI membranes: 5±0.2wt% of 2.03dL/g 
solids (----) and 6±1wt% of 3.65dL/g (___) and sol-gel m-PBI membranes with 
different solids content: 23wt% (___), 22wt% (----), 18wt% (___), and 16wt% (----). 
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Figure 4-78:  Stress at yield (filled) and modulus (unfilled) as a function of (A) 
solids content and (B) acid doping level in sol-gel PA-doped m-PBI (-■- and -□-) 
and p-PBI (-▲- and -∆-) membranes.  
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The stress-strain behavior for sol-gel PA-doped p-PBI membranes before and after 

heat treatment, are shown in Figure 4-16.  The membrane composition changes with heat 

treatment, i.e., the solids content increases from 5-7wt% to 11-23wt%, and the heat-

treated p-PBI membranes exhibited a significant increase in mechanical performance.  

Heat treatment of sol-gel PA-doped p-PBI membranes increased the modulus by nearly 

10X, whereas the heat treatment of sol-gel PA-doped m-PBI only increased the modulus 

by ~4X (shown in Figure 3-30B). 
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Figure 4-79:  (A) Stress-strain behavior for sol-gel PA-doped p-PBI (___) with 5-
7wt% solids content and after heat treatment (---) with 11-23wt% solids. (B) Stress 
at yield (filled) and modulus (unfilled) before and after heat treatment at 120ºC for 
sol-gel PA-doped p-PBI (-▲- and -∆-) membranes.  Theoretical line (---) indicates 
no change in stress or modulus with heat treatment.  
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Heat-treated sol-gel PA-doped p-PBI membranes having a similar composition (16-

18wt% solids and 12-14PA/rpu) and different molecular weights (2.03-3.65dL/g) 

exhibited the stress-strain behavior shown in Figure 4-17A.  For heat-treated PA-doped 

p-PBI membranes, the molecular weight of the polymer had minimal effect on the stress 

at yield and modulus, as shown in Figure 4-17B.  However, a membrane composed of 

polymer with a relatively high inherent viscosity (3.65dL/g) had a higher maximum 

stress. 
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Figure 4-80:  (A) Stress-strain behavior for heat-treated sol-gel PA-doped p-PBI 
membranes with 12-14wt% solids and different molecular weight: 3.65±0.04 (___), 
2.69±0.01 (----), and 2.03±0.11dL/g (----).  (B) Effect of inherent viscosity on stress at 
yield (-■-) and modulus (-∆-). 
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 Heat-treated sol-gel PA-doped p-PBI membranes having different compositions 

exhibited the stress-strain behavior shown in Figure 4-18A.  The maximum stress of 

heat-treated p-PBI membranes clearly increased with heat treatment. In comparison with 

m-PBI membranes containing up to 32wt% solids, the heat-treated p-PBI membranes 

attained a higher maximum stress with only 13-23wt% solids.  (It should be noted that 

the molecular weight of p-PBI may be higher than m-PBI.) 
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Figure 4-81:  Stress-strain behavior for heat-treated sol-gel PA-doped (A) p-PBI 
(2.69dL/g) membranes with different solids content:  11±1(___), 14±2(---), and 
23±2wt% (___).  (B) Stress-strain curves from additional heat-treated p-PBI 
membranes: 12±0.3wt% of 2.03dL/g solids (----) and 13±0.6wt% of 3.65dL/g (___) 
and heat-treated sol-gel m-PBI membranes with different solids content: 24±1wt% 
(___), 32±2wt% (----), and 31±2wt% (___). 
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In general, the heat-treated sol-gel PA-doped PBI membranes exhibited an increase 

in the stress at yield and the modulus with higher solids content and higher acid doping 

levels, as shown in Figure 4-19.  As previously discussed, the heat-treated sol-gel PA-

doped p-PBI membrane that was equilibrated in 31wt% PA bath and the m-PBI 

membrane equilibrated in a 72wt% PA bath had similar compositions (9±0.8PA/rpu and 

23±2wt% solids vs. 8±0.7PA/rpu and 24±1wt% solids, respectively).  For membranes 

having similar compositions, heat-treated p-PBI exhibited a higher stress at yield and a 

higher modulus than heat-treated m-PBI.  Therefore, when the variable of polymer 

rigidity is isolated from membrane composition, heat-treated sol-gel PA-doped PBI 

membranes having a more rigid polymer backbone exhibited higher stress at yield, a 

higher modulus of elasticity, and a higher maximum stress. 
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Figure 4-82:  Stress at yield (filled) and modulus (unfilled) as a function of (A) 
solids content and (B) acid doping level in heat-treated sol-gel PA-doped m-PBI (-■- 
and -□-) and p-PBI (-▲- and -∆-) membranes.  
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4.2.4 Wide angle X-ray scattering 

To investigate the bulk structure, wide angle X-ray scattering (WAXS) was 

performed on sol-gel p-PBI membranes having different compositions, molecular 

weights, and before and after heat treatment at 120ºC. Wide angle X-ray scattering 

(WAXS) permits characterization of bulk structural ordering on the angstrom length 

scale in polymers. 

WAXS spectra from sol-gel p-PBI membranes having a solids content from 5-7wt% 

before heat treatment and 11-23wt% solids content after heat treatment were acquired.  

Example WAXS spectra for relatively low and high solids content p-PBI membranes are 

compared in Figure 4-20.  For both membrane compositions, heat treatment clearly 

increased structural order within the p-PBI membranes.  Additionally, before heat 

treatment, the p-PBI membranes were all relatively amorphous (for example, see broad 

amorphous halo in WAXS spectrum 1A in Figure 4-20) regardless of composition (5-

7wt% solids).  However, after heat treatment the p-PBI membrane having a relatively 

high solids content (23wt% solids) clearly was more ordered than the membrane with a 

lower solids content (11wt% solids). 
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Figure 4-83:  Wide angle X-ray scattering spectra for sol-gel PA-doped p-PBI 
(2.69dL/g) membranes with relatively low (1A = 5wt%) and high  (1B = 7wt%) 
solids content before heat treatment, which increased to 11wt% (2A) and 23wt% 
(2B) after heat treatment. 
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For the heat-treated p-PBI membranes, decreasing the solid content from 23wt% to 

11wt% resulted in decreased structural ordering within the membrane.  Similarly, in 

heat-treated sol-gel m-PBI membranes lower solids content was correlated with 

decreased structural ordering as shown in Figure 3-36.  However, the solids content 

range (≤23wt%) for p-PBI membranes does not overlap with the solids content 

(≥24wt%) of m-PBI membranes.  It is expected that a higher degree of structural 

ordering will significantly affect membrane mechanical properties, which are dependent 

on the intermolecular interactions within the membrane, i.e. polymer chains in the 

ordered regions interact more strongly with each other than in the more disordered 

regions.21 For example, it was observed that as the crystallinity of polyethylene was 

increased by a factor of two, the modulus increased by nearly an order of magnitude.21  

For heat-treated sol-gel PA-doped p-PBI membranes, the present study found that a 

higher solids content corresponded to a higher modulus.  This finding is in agreement 

with trends reported in the literature that more ordered heat-treated sol-gel PA-doped 

membrane exhibited a higher modulus, which potentially resulted from stronger 

intermolecular interactions. 

Heat treatment was performed on sol-gel PA-doped PBI membranes of different 

polymer rigidities.  WAXS spectra acquired for p-PBI and m-PBI membranes before and 

after heat treatment are shown in Figure 4-21.  The p-PBI membrane exhibited more 

ordering with heat treatment than the m-PBI membranes.  (It should be noted that the 

compositions are different for each of the membranes used for Figure 4-21.)  In addition, 

heat treatment of the p-PBI and m-PBI membranes in Figure 4-21 resulted in a similar 

change in solids content (+16 vs. +15wt%), but a different change in the acid doping 

level (-7 vs. -4PA/rpu).  In general, increased ordering in the polymer membrane results 

in higher moduli and higher maximum stress values.  The present study found that heat 

treatment of sol-gel PA-doped p-PBI membranes resulted in nearly a 10X increase in 

moduli, while sol-gel m-PBI membranes only increased by ~4X.  Therefore, sol-gel PA-

doped p-PBI membranes experienced increased stiffening that correlated with a higher 

degree of ordering with heat treatment,when compared to the change in modulus and 

ordering observed for sol-gel m-PBI membranes. 
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Figure 4-84: Wide angle X-ray scattering spectra for sol-gel PA-doped the 
composition of (A) p-PBI membrane with 7±0.2wt% solids and 16±0.2PA/rpu (___) 
changed to 23±2wt% and 9±0.8PA/rpu (___) with heat treatment and 23±2wt%, 
while the composition of (B) m-PBI membrane with 16±0.7wt% solids and 
10±0.5PA/rpu (___) changed to 31±2wt% solids and 6±0.3PA/rpu (___) with heat 
treatment. 

 

To further investigate the effect of polymer rigidity on structural ordering within the 

membrane, heat-treated sol-gel PA-doped p-PBI and m-PBI membranes having similar 

compositions (9±0.8PA/rpu and 23±2wt% solids vs. 8±0.7PA/rpu and 24±1wt% solids, 

respectively) were characterized using WAXS, the results of which are shown in Figure 

4-22.  The reflection and transmission WAXS data in Figure 4-22 shows that the heat-

treated m-PBI membrane was relatively isotropic.  However, the p-PBI membrane 

exhibited an isotropic 2θ=25.5º peak and anisotropic peaks at 2θ=17.5 and 2θ=22.8º, 

which indicate that the p-PBI membrane has a different structure than the m-PBI 

membrane.  For p-PBI membranes, the ordering corresponding with a d-spacing of 5.1Å 

(2θ=17.5º) is more predominant in the plane parallel to the membrane surface, while 

ordering corresponding to a d-spacing of 3.9Å (2θ=22.8º) is more predominant 

perpendicular to the membrane surface.  The 2-D WAXS data shown in Figure 4-23 

were integrated to yield equatorial scans that agreed with the 1-D data shown in Figure 

4-22.   
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Figure 4-85: WAXS spectra for heat-treated sol-gel PA-doped (A & C) m-PBI 
(8±0.7PA/rpu and 24±2wt% solids) and (B & D) p-PBI (9±0.8PA/rpu and 23±2wt% 
solids) membranes.  Black lines in A and B are one-dimensional WAXS scans in 
reflection geometry taken parallel and perpendicular to the cast direction.  The red 
lines in A and B are integrated equatorial scans from 2-D edge-on WAXS patterns.  
Black lines in C and D are one-dimensional WAXS scans in transmission geometry 
taken parallel and perpendicular to the cast direction.  Red lines in C and D are an 
integrated equatorial scan from 2-D transmission WAXS patterns.  
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Figure 4-86: Transmission 2-D WAXS pattern of heat-treated sol-gel PA-doped (A) 
m-PBI membrane with 8±0.7PA/rpu and 24±1wt% solids and (B) p-PBI membrane 
with 9±0.8PA/rpu and 23±2wt% solids.  

 

Peak fitting of the WAXS data (examples are shown in Figure 4-24) was performed 

to permit further interpretation of the peak positions and peak intensities.  The two most 

intense peaks observed for m-PBI were at 2θ=19.1±0.2 and 2θ=25.5±0.2º, which 

correspond to d-spacings of 4.63±0.04 and 3.49±0.02Å, respectively.  The consistently 

most intense peak for p-PBI was located at 2θ=25.5±0.1º (d-spacing of 3.50±0.01Å), 

which is similar to that observed for m-PBI.  The anisotropic peaks for p-PBI were 

identified at 2θ=17.5±0.1 and 2θ=22.8±0.1º (d-spacing of 5.06±0.02Å and 3.90±0.01Å, 

respectively).  Therefore, the p-PBI membranes exhibited some degree of ordering 

consistent with spacings of 3.5 and 5.1Å in the plane parallel to the membrane surface 

and 3.5 and 3.9Å perpendicular to the membrane surface. In addition to a broad 

amorphous halo, heat-treated m-PBI membranes exhibited moderate to very weak peaks 

at 2θ=7.5±0.2, 10.3±0.2, 14.2±0.2, 16.2±0.1, and 23.3±0.1º that corresponded to d-

spacings of 11.73±0.32, 8.60±0.14, 6.22±0.07, 5.47±0.05, and 3.82±0.02Å.  For heat-

treated p-PBI, additional moderate-to-weak peaks were identified at 2θ=20.8±0.1 and 

2θ=29.0±0.4º  (d-spacings of 4.27±0.02 and 3.07±0.04Å, respectively). 
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Figure 4-87: Examples of peak fitting for sol-gel PA-doped (A) m-PBI membrane 
with 8±0.7PA/rpu and 24±1wt% solids and (B) p-PBI membrane with 9±0.8PA/rpu 
and 23±2wt% solids. 

 

To further interpret the WAXS data, atomistic simulations were performed that 

involved a heat treatment of protonated p-PBI chains in phosphoric acid.  The 

environment within a distance of 6Å of the imidazole rings were investigated for parallel 

ring stacking and side-to-side packing of polymer chains.  Six examples of nearly 

parallel ring stacking (for example see Figure 4-25A) had a spacing of 3.37±0.18Å, 

which supports the supposition that the isotropic peak at 2θ=25.5º 2θ (3.50±0.01Å) is a 

result of ring stacking.  Six examples of staggered side-to-side packing of parallel rings 

(for example see Figure 4-25B) were also found to have an average spacing of 

4.05±0.45Å.  For p-PBI, the other two predominant d-spacings identified from the 

WAXS data were 5.06±0.02Å and 3.90±0.01Å.  Therefore, 3.9Å may correlate with the 

staggered side-to-side packing of rings that are perpendicular to the p-PBI membrane 

surface.  The sol-gel m-PBI membranes were isotropic with 3.5Å parallel stacking of the 

ring systems and 4.6Å staggered side-to-side packing (see results for m-PBI presented in 

Chapter 3).   
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Figure 4-88:  Environment within 6Å of imidazole ring from atomistic simulation of 
p-PBI illustrating (A) nearly perpendicular stacking (distance between atoms 
circled 3.66 and 3.26Å) and (B) staggered side-to-side packing (distance between 
arrows 5.64 and 3.85Å). 

 

Interpretation of atomistic simulations and WAXS studies of the effect of polymer 

rigidity on sol-gel PA-doped PBI membranes suggest that modification of the 

configuration of the phenyl ring substituent had minimal effect on the ring stacking 

observed at 3.5Å.  However, substitution of poly[benzobisimidazoles] that altered 

polymer chain symmetry, flexibility, and electrophilicity, caused significant disruption 

of the face-to-face packing.22  In addition, atomistic simulations and experimental data 

found that the staggered side-to-side packing was closer for p-PBI chains (3.9-4.1Å) 

than m-PBI chains (4.6Å), which is in agreement with reports that para-oriented chains 

are able to pack more closely together.13 

The variable of polymer rigidity was isolated from compositional effects.  The 

polymer side-to-side packing was closer for p-PBI membranes than m-PBI membranes.  

The stress at yield, modulus, and maximum stress for p-PBI membrane was also higher 

than m-PBI membranes.  It is common for polymers exhibiting more order to also have 

higher mechanical properties.23  For similar acid doping levels, heat-treated p-PBI 

membranes also exhibited higher ionic conductivities than m-PBI.  Therefore, results 
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from the present study suggest that closer, staggered side-to-side packing perpendicular 

to the p-PBI membrane surface is beneficial for ionic conductivity. 

 

4.3 Results and discussion for the effect of dihydroxy functionalization  

To further investigate the effect of dihydroxy functionalization, sol-gel PA-doped 

PBI membranes were prepared by the polymerization of dihydroxy terephthalic acid and 

tetraaminobiphenyl in polyphosphoric acid.  The non-functionalized analog, p-PBI, was 

discussed in the previous section.  Sol-gel PA-doped adihydroxy-PBI membranes were 

equilibrated in different concentration PA baths and heat treated at 120ºC.  Property 

trends observed for the dihydroxy-PBI will be compared with properties of p-PBI 

membranes and those reported in a recent paper by Yu.10 

 

4.3.1 Acid loading and retention 

Sol-gel PA-doped dihydroxy-PBI membranes were equilibrated in 31, 57, and 

72wt% PA baths, and achieved the acid doping levels summarized in Figure 4-26A.  As 

with all the PA-doped PBI membranes, the acid doping level increased with the 

concentration of the PA bath.  The dihydroxy-PBI membranes exhibited slightly higher 

acid doping levels than the p-PBI membranes equilibrated at the same acid 

concentration, which agreed with results reported by Yu.10  Interestingly, the acid doping 

levels achieved for dihydroxy-PBI and p-PBI membranes in the present study were 

higher than those reported by Yu, even though both studies equilibrated membranes in 

room temperature acid baths for ≥16h.10  In addition, the dihydroxy-PBI and p-PBI 

membranes in the present study achieved nearly the same concentration of phosphoric 

acid in the membrane as that in the equilibration bath, as shown in Figure 4-26B. 
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Figure 4-89:  (A) Acid doping level vs. PA concentration of equilibration bath for 
sol-gel PA-doped membranes, where p-PBI is(-▲-,  -∆-, and - -) and dihydroxy-
PBI is (-●- and -○-).  Literature curves for p-PBI (-- --)and dihydroxy-PBI (--□--) 
have also been included.10 (B) Acid concentration in the sol-gel membrane after 
equilibration in different concentration acid baths, where p-PBI is (-▲-,  -∆-, and -

-) and dihydroxy-PBI is (-○- and -●-).  The theoretical line (---) indicates equal 
concentration within the membrane and acid bath. 
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After equilibration in phosphoric acid baths, the sol-gel PA-doped dihydroxy-PBI 

membranes had similar solids content (5-7wt%), but achieved different acid doping 

levels.  As shown in Figure 4-27, the acid doping level of dihydroxy-PBI ranged from 

16-46PA/rpu.  The functionalization of p-PBI had a minimal effect on the solids content, 

but enabled higher acid doping levels up to 46±0.7PA/rpu compared with 40±1PA/rpu 

for p-PBI. 
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Figure 4-90:  Solids content vs. acid doping level in sol-gel PA-doped membranes, 
where p-PBI is (-▲-,  -∆-, and - -) and dihydroxy-PBI is (-○- and -●-). 

 

Sol-gel dihydroxy-PBI membranes were annealed at 120ºC for 5days.  As for all the 

PA-doped PBI membranes, the heat treatment reduced the water content and acid doping 

level in the dihydroxy-PBI membranes.  The reduction in acid doping level is similar for 

the dihydroxy-PBI and p-PBI membranes.  However, the water content in the heat-

treated dihydroxy-PBI membrane was slightly higher than in p-PBI membranes, 

suggesting dihydroxy-PBI may be more hygroscopic. 
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Figure 4-91:  (A) Water content and (B) acid doping level before and after heat 
treatment at 120ºC for sol-gel PA-doped membranes, where p-PBI is (-▲-,  -∆-, and 
- -) and dihydroxy-PBI is (-○- and -●-).  The theoretical line (---) indicates no 
change with heat treatment. 
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The compositions of the dihydroxy-PBI membranes after heat treatment are 

summarized in Figure 4-29A.  The heat-treated dihydroxy-PBI membranes have higher 

solids contents and lower acid doping levels than dihydroxy-PBI membranes before heat 

treatment.  However, after heat treatment dihydroxy-PBI and p-PBI membranes have 

statistically the same solids content and acid doping level, when equilibrated in the same 

concentration PA.    To further illustrate the similarities between the compositions of the 

dihydroxy-PBI and p-PBI membranes, the standard deviation for the acid doping level is 

also plotted in Figure 4-29B after membrane heat treatment.  Additionally, the solids 

content in the dihydroxy-PBI membranes followed a similar exponential decay with 

increasing acid doping level as was observed for p-PBI membranes. 
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Figure 4-92:  (A) Solids content vs. acid doping level before (unfilled) and after 
(filled) heat treatment at 120ºC for sol-gel PA-doped p-PBI is (-▲-,  -∆-, and - -) 
and dihydroxy-PBI is (-○- and -●-).  Exponential decay fits to data p-PBI (…) and 
dihydroxy-PBI (…) heat treatment.  (B) Only solids content vs. acid doping level 
after heat treatment, including error bars for acid doping level.  
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4.3.2 Electrochemical properties 

Dihydroxy functionalization of p-PBI was found to increase the ionic conductivity 

of the membranes, especially at higher temperatures.10  The ionic conductivity as a 

function of step-wise increases of temperature is shown in Figure 4-30 for sol-gel PA-

doped dihydroxy-PBI membranes at different acid doping levels.  For both PA-doped p-

PBI and dihydroxy-PBI membranes, the ionic conductivity increased as a function of 

increased acid doping level.  Sol-gel PA-doped dihydroxy-PBI membranes were able to 

achieve higher ionic conductivities than p-PBI membranes, which has been reported in 

the literature10 and is consistent with the results from the present study.  
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Figure 4-93:  Ionic conductivity data for different acid doping levels of sol-gel PA-
doped membranes, where p-PBI membranes have 16±0.2 (-▲-), 29±5 (- -), 32±1 (-

-), 32±4 (-∆-), and 40±1PA/rpu (- -) and dihydroxy-PBI membranes have 16±0.1 
(- -), 36±5 (-■-), 34±2 (- -), and 46±0.7PA/rpu (-□-).  Literature curves for sol-gel 
PA-doped p-PBI with ~19PA/rpu  (--▲--) and dihydroxy-PBI with ~25PA/rpu (--●--
).10 
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As presented in Chapter 3, the membrane composition after heat treatment is more 

closely related to the composition during ionic conductivity experiments at elevated 

temperatures.  In the previous section, it was found that heat-treated dihydroxy-PBI and 

p-PBI membranes exhibited no statistical difference in composition when prepared from 

the same concentration acid bath.  Figure 4-31 shows the ionic conductivities data for 

heat-treated dihydroxy-PBI and p-PBI membranes prepared from low, moderate, and 

high concentration PA baths.  For each membrane composition, the dihydroxy-PBI 

membranes exhibited higher ionic conductivities over the entire temperature range.  In 

particular, in the temperature range 120-160ºC and low to high acid doping levels, heat-

treated sol-gel PA-doped dihydroxy-PBI membranes achieved 0.05±0.01S/cm higher 

ionic conductivities than the heat-treated p-PBI membranes.   
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Figure 4-94:  Ionic conductivity data for different acid doping level (A) 
10±2PA/rpu, (B) 17±2PA/rpu, and (C) 25±3PA/rpu for heat-treated sol-gel PA-
doped p-PBI (-▲-) and dihydroxy-PBI (-●-) membranes. 
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The change in ionic conductivity between 120 and 160ºC with increasing acid 

doping levels is plotted in Figure 4-32 to investigate differences between p-PBI and 

dihydroxy-PBI membranes.  The heat-treated sol-gel PA-doped dihydroxy-PBI 

membranes exhibited a similar linear relationship between ionic conductivity and acid 

doping level as the p-PBI membranes.  Similarly to p-PBI membranes in Figure 4-32, 

the dihydroxy-PBI membranes exhibited a higher slope at 160ºC than at 120ºC, 

indicating that at 160ºC less acid is required for higher ionic conductivity. 
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Figure 4-95:  Ionic conductivity vs. acid doping level graphs for heat-treated sol-gel 
PA-doped (A) dihydroxy-PBI membranes at 120ºC is (…●…), 140ºC is (--○--), and 
160ºC is (_►_). (B) Comparison graph for sol-gel PA-doped p-PBI (● and ►) and 
dihydroxy-PBI (● and ►) membranes at 120ºC  (…●…) and 160ºC (_►_). 
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4.3.3 Mechanical properties 

Mechanical integrity is essential for the utilization of high temperature proton 

exchange membranes, however, it is known that higher acid doping levels (necessary for 

ionic conductivity) will result in lowered mechanical properties.  Tensile testing was 

conducted on sol-gel PA-doped dihydroxy-PBI membranes having different solids 

contents following heat treatment at 120ºC. 

After equilibration in phosphoric acid baths, stress-strain data were acquired for sol-

gel PA-doped dihydroxy-PBI membranes and are summarized in Figure 4-33A.  All the 

dihydroxy-PBI membranes exhibited a similar modulus and yield point, however, a 

significant variation in the performance at break was observed.  In comparison to the 

non-functionalized p-PBI membranes, the dihydroxy-PBI membranes exhibited larger 

elongations at maximum stress, albeit with similar yield performance. 



 

     165

0 100 200 300 400
0.0

0.5

1.0

1.5

2.0A

S
tr

es
s 

(M
P

a)

Strain (%)  

0 100 200 300 400
0.0

0.5

1.0

1.5

B

S
tr

e
ss

 (
M

P
a

)

Strain (%)  

Figure 4-96:  Stress-strain behavior for sol-gel PA-doped (A) dihydroxy-PBI 
membranes with different solids content:  5±0.1(___), 5±0.3(---), 5±0.7 (---) and 
7±0.03wt% (___).  (B) Stress-strain curves from additional p-PBI membranes: 
5±0.1(___), 5±0.7(---), and 7±0.2wt% (___) of 2.69dL/g solids, 5±0.2wt% (----) of 
2.03dL/g solids and 6±1wt% (___) of 3.65dL/g solids. 
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To investigate the yield performance of the dihydroxy-PBI membranes further, the 

stress at yield and modulus of elasticity are shown in Figure 4-34.  The stress at yield 

and modulus for the dihydroxy-PBI and p-PBI membranes were similar for a membrane 

solids content between 5-7wt%. 
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Figure 4-97:  (A) Stress at yield (filled) and (B) modulus (unfilled) as a function of 
solids content in sol-gel PA-doped p-PBI (-▲- and -∆-) and dihydroxy-PBI (-●- and 
-○-) membranes.  
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The sol-gel PA-doped dihydroxy-PBI membranes were annealed at 120ºC for 5days.  

As observed for other sol-gel membranes, heat treatment of a membrane induced a 

significant increase in the modulus and maximum stress, as shown in Figure 4-35A.  For 

heat-treated dihydroxy-PBI membranes, the modulus increased by 0.05-0.2MPa, as 

shown in Figure 4-35B, which is similar to a modulus increase of 0.05-0.3MPa observed 

for p-PBI membranes.  Both dihydroxy-PBI and p-PBI membranes exhibited nearly a 

10X increase in modulus upon heat treatment.   The stress at yield for heat-treated 

dihydroxy-PBI membranes increased by 0.3-2MPa, which was similar to the increase of 

0.2-2MPa observed for p-PBI membranes. 
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Figure 4-98: (A) Stress-strain behavior for sol-gel PA-doped dihydroxy-PBI (___) 
with 5-7wt% solids and after heat treatment (---) with 10-18wt% solids. (B) Stress 
at yield (filled) and modulus (unfilled) before and after heat treatment at 120ºC for 
sol-gel PA-doped dihydroxy-PBI (-●- and -○-) membranes.  Theoretical line (---) 
indicates no change in stress or modulus with heat treatment.  
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After heat treatment, the dihydroxy-PBI and p-PBI membranes had essentially the 

same membrane composition when the same PA-concentration equilibration baths were 

used.  Figure 4-36 summarizes the stress-strain behavior for the low, moderate, and high 

PA concentration baths comparing the dihydroxy-PBI and p-PBI membranes.  Five 

tensile tests were performed for each membrane.  There was significant variation 

between consecutive tensile tests conducted for the same membrane.  Thus, mechanical 

properties are more accurately compared using statistical error bars, as shown in Figure 

4-37.  In general, at relatively high solids content (Figure 4-36C), the heat-treated p-PBI 

membrane exhibited a higher maximum stress and lower elongation at fracture than the 

corresponding dihydroxy-PBI membrane.  With moderate solids content (Figure 4-36B), 

the dihydroxy-PBI and p-PBI membranes achieved a similar maximum stress value.  

(The slightly higher performing stress-strain data was for a p-PBI membrane with the 

highest molecular weight polymer (3.65dL/g).) 
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Figure 4-99:  Stress-strain behavior for heat-treated sol-gel PA-doped dihydroxy-
PBI (___) and 2.69dL/g p-PBI (___) membranes with different solids content:  (A) 
10±0.9, (B) 13±1, and (C) 20±3wt%. Figure B includes membrane with same solids 
content, but from different polymerization batches: dihydroxy-PBI (---), 2.03dL/g 
p-PBI (---), and 3.65dL/g p-PBI (___). 
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After heat treatment, the mechanical performance for dihydroxy-PBI and p-PBI 

membranes at yield is shown in Figure 4-37.  The stress at yield and modulus of 

elasticity were similar for the functionalized and non-functionalized, heat-treated 

membranes having low, moderate, and high solids content.  Similarly, when the standard 

deviations are considered for the stress-strain data, no difference in maximum stress of 

the heat-treated membranes with low and moderate solids content was found.  When the 

solids content was ~20wt%, the heat-treated p-PBI membranes achieved a higher value 

for maximum stress than the dihydroxy-PBI membranes. 
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Figure 4-100:  (A) Stress at yield (filled) and modulus (unfilled) as a function of 
solids content in heat-treated sol-gel PA-doped p-PBI (-▲- and -∆-) and dihydroxy-
PBI (-●- and -○-) membranes. (B) Maximum stress as a function of solids content in 
heat-treated sol-gel PA-doped p-PBI (-▲-) and dihydroxy-PBI (-●-) membranes. 
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When the solids content and acid doping levels are similar, heat-treated dihydroxy-

PBI membranes achieved a nearly equivalent mechanical performance as the heat-

treated p-PBI membranes.  However, the dihydroxy-PBI membranes were able to attain 

higher ionic conductivities (0.05±0.01S/cm from 120-160ºC).  The sol-gel PA-doped 

dihydroxy-PBI membranes developed by Yu10 appear to have optimized the critical 

relationship between rapid proton transport (via higher acid content) and mechanical 

integrity, i.e., dihydroxy-PBI membranes are able to achieve higher ionic conductivities 

with less phosphoric acid.  

 

4.3.4 Wide angle X-ray scattering 

Wide angle X-ray scattering permits investigation of the bulk ordering in the 

membrane with minimal introduction of artifacts.  WAXS spectra acquired from sol-gel 

PA-doped dihydroxy-PBI membranes before and after heat treatment at 120ºC are 

compared in Figure 4-38.  The relatively amorphous nature of the dihydroxy-PBI 

membranes is retained after heat treatment; conversely, the non-functionalized p-PBI 

membranes exhibited a significant increase in structural ordering with heat treatment.  A 

minimal increase in ordering was observed for the heat-treated dihydroxy-PBI 

membrane with a relatively high solids content.   
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Figure 4-101:  Wide angle X-ray scattering data of sol-gel PA-doped dihydroxy-PBI 
membranes with relatively low (1A = 5wt%) and high  (1B = 7wt%) solids content 
before heat treatment, which increase to 10wt% (2A) and 18wt% (2B) after heat 
treatment. 
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WAXS experiments were performed using different geometries to investigate 

potential anisotropy in the heat-treated dihydroxy-PBI membranes. WAXS spectra for 

heat-treated dihydroxy-PBI and p-PBI membranes having similar compositions are 

shown in Figure 4-39.  Both the dihydroxy-PBI and p-PBI membranes were anisotropic.  

For dihydroxy-PBI, the peak at 2θ~26º is more defined when observed in the reflection 

geometry, while an additional overlapping peak at 2θ~23º is present in the transmission 

mode. For heat-treated p-PBI membranes, defined peaks were found at 2θ=17.6, 20.7, 

22.7, and 25.5º.  As reported in the previous section, p-PBI membranes exhibited an 

isotropic peak at 2θ=25.5º (and a less intense peak at 2θ=20.7º).  Conversely, anisotropic 

peaks for the p-PBI membrane were found at 2θ=17.6º (which was more defined in the 

reflection geometry) and 2θ=22.7º (which was more defined in the transmission mode).  

These data show that both heat-treated dihydroxy-PBI and p-PBI membranes have an 

isotropic peak at 2θ~26º and an anisotropic peak at 2θ~23º, which correspond with a d-

spacing in the plane perpendicular to the membrane surface.  The 2-D WAXS data, 

shown in Figure 4-40, were integrated to yield equatorial scans, which are in good 

agreement with the 1-D data shown in Figure 4-39. 
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Figure 4-102:  WAXS spectra for heat-treated sol-gel PA-doped (A & C) p-PBI 
(16±2.2PA/rpu and 14±2wt% solids) and (B & D) dihydroxy-PBI (18±0.7PA/rpu 
and 14±0.2wt% solids) membranes.  Black lines in A and B are one-dimensional 
WAXS scans in reflection geometry taken parallel and perpendicular to the cast 
direction.  The red lines in A and B are integrated equatorial scans from 2-D edge-
on WAXS patterns.  Black lines in C and D are one-dimensional WAXS scans in 
transmission geometry taken parallel and perpendicular to the cast direction.  Red 
lines in C and D are an integrated equatorial scan from 2-D transmission WAXS 
patterns.  
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Figure 4-103:  Transmission 2-D WAXS pattern of heat-treated sol-gel PA-doped 
(A) p-PBI membrane with 16±2.2PA/rpu and 14±2wt% solids and (B) dihydroxy-
PBI membrane with 18±0.7PA/rpu and 14±0.2wt% solids. 

 

The heat-treated sol-gel PA-doped dihydroxy-PBI membranes exhibited an isotropic 

peak at 2θ~26º (d=3.43±0.02Å), while heat-treated p-PBI membranes had an isotropic 

peak at 2θ=25.5º (d=3.49±0.02Å).  Atomistic simulations of protonated p-PBI in 

phosphoric acid suggested that the 3.49Å d-spacing corresponded with the stacking of 

parallel ring systems. Assuming similar structural ordering, dihydroxy-PBI has a slightly 

closer stacking of the ring systems (3.43 vs. 3.49Å) than p-PBI.  

With regard to the anisotropic peak that is predominantly perpendicular to the 

membrane surface, the dihydroxy-PBI membrane exhibited a d-spacing at 3.84±0.02Å 

(2θ=23.1º), which is slightly closer than the d-spacing for p-PBI observed at 3.91±0.03Å 

(2θ=22.7º).  The atomistic simulations found that the staggered side-to-side packing in p-

PBI had a spacing of 4.05±0.45Å.  Therefore, both heat-treated p-PBI and dihydroxy-

PBI membranes exhibited staggered side-to-side packing of the polymer chains 

perpendicular to the membrane surface and side-to-side packing is closer in dihydroxy-

PBI compared to p-PBI (3.84±0.02 vs. 3.91±0.03Å, respectively).  It is possible that this 

staggered side-to-side packing contributes to the enhanced proton conductivity observed 

in the dihydroxy-PBI membranes as a result of narrower channels (spacings), which 

require less acid to transport protons effectively than the corresponding p-PBI 

membranes with slightly wider channels (spacings). 
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4.4 Conclusions 

Structure-property relationships were investigated for sol-gel PA-doped PBI 

membranes.  The variables of polymer rigidity and dihydroxy-functionalization were 

isolated from compositional effects through the use of phosphoric acid adjustment baths 

and membrane heat treatments conducted at 120ºC for 5days in an open oven.  A heat 

treatment performed before compositional analysis permitted closer correlation with 

membranes operated at elevated temperatures and enabled for a more detailed analysis 

of polymer ordering within the membrane.  Also heat-treated sol-gel PA-doped PBI 

membranes had sufficient mechanical integrity and ionic conductivity after exposure to 

high temperatures in air. 

To investigate the effects of polymer rigidity on structure-property relationships, 

sol-gel PA-doped m-PBI membranes were compared to the more rigid, chain-extended 

p-PBI membranes.  Even when the compositions were similar for the m-PBI and p-PBI 

membranes (8±0.7PA/rpu and 24±1wt% solids vs. 9±0.8PA/rpu and 23±2wt% solids, 

respectively), the heat-treated m-PBI membranes consistently had lower ionic 

conductivities (reduction of 0.01±0.001S/cm from 100-180ºC) than the p-PBI 

membranes.  For these heat-treated membranes having similar compositions, m-PBI had 

a lower stress at yield and lower modulus of elasticity.  The WAXS studies supported by 

atomistic simulations found that heat-treated m-PBI and p-PBI membranes had similar 

ring stackings of ~3.5Å.  However, p-PBI membranes had closer-spaced staggered side-

to-side packing than m-PBI (3.9-4.1Å vs. 4.6Å, respectively) than m-PBI.  Thus, a more 

rigid polymer in sol-gel PA-doped PBI membranes exhibited higher ionic conductivities, 

stronger yield strengths, preservation of 3.5Å ring stacking, and closer-spaced staggered 

side-to-side chain packing.  It is proposed that closer side-to-side packing as a result of 

increased polymer rigidity may be beneficial for rapid proton conduction. 

Dihydroxy functionalization of the more rigid polymer, p-PBI, was investigated 

after phosphoric acid bath adjustment and heat treatment.  It was found that the solids 

content and acid doping levels were essentially the same for heat-treated dihydroxy-PBI 

and p-PBI equilibrated in the same concentration phosphoric acid bath. For all 
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compositions, heat-treated sol-gel PA-doped dihydroxy-PBI membranes achieved higher 

ionic conductivities (increase of 0.05±0.01S/cm from 120-160ºC) than p-PBI 

membranes.  The heat-treated dihydroxy-PBI membranes exhibited similar mechanical 

properties as p-PBI membranes.  From the structural studies of heat-treated membranes 

with similar compositions, the dihydroxy-PBI had a slightly closer isotropic ring 

stacking than p-PBI (3.43 vs. 3.49Å, respectively).  Also, both heat-treated dihydroxy-

PBI and p-PBI membranes exhibited anisotropic staggered side-to-side packing, 

predominantly perpendicular to the membrane surface.  This staggered side-to-side 

packing was slightly closer for dihydroxy-PBI than p-PBI (3.84 vs. 3.91Å, respectively). 

Dihydroxy-functionalization of sol-gel PA-doped PBI membranes permits higher ionic 

conductivities, preservation of mechanical integrity, and slightly closer spacings of both 

isotropic ring stacking and anisotropic staggered side-to-side packing. 
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5. High temperature electrochemical hydrogen pump based on 
phosphoric acid-doped polybenzimidazole membranes 

 

5.1 Introduction 

The development of efficient, cost-effective, reliable, and scale-able hydrogen 

separation, purification, and pumping technologies are key requirements for the 

advancement of a hydrogen economy. Additionally, hydrogen is a key reactant and/or 

byproduct in numerous existing industrial processes such as ammonia production, oil 

refining, methanol production, hydrogenation processes, and metallurgical heat treating 

operations, to name a few. Purification of hydrogen contributes significantly to the cost 

of hydrogen production depending on the desired final gas quality. Hydrogen may be 

generated from biofuels, coal, petroleum, natural gas, and other hydrocarbon feed 

sources. In these reformation processes, hydrogen is commonly accompanied by 

contaminant gases, such as carbon dioxide (CO2), carbon monoxide (CO), and nitrogen.  

In many processes, separation of hydrogen is desired to enhance the H2/CO ratio in 

synthesis gas produced from the gasification of coal and other carbon-based fuels, 

including the steam reforming of natural gas. In addition it is also desirable to control the 

H2/N2 ratio in purge streams in ammonia production and to regulate the H2/hydrocarbon 

ratio in petrochemical processes.1-3 Advancements in hydrogen purification technology 

will support the use of hydrogen as a heat and energy carrier for portable (e.g. laptop 

batteries), in emerging stationary, and transportation applications. Proton exchange 

membrane fuel cell (PEMFC) systems which generate hydrogen from natural gas or 

propane in a reformer currently use water gas shift reactors, a preferential oxidation of 

carbon monoxide cleanup, and methanation of hydrogen and carbon monoxide to 

enhance the purity of hydrogen from the processed hydrocarbon.4 As in any device, the 

desired properties of an appropriate separation technology are durability, mechanical 

robustness, productivity, separation efficiency, and cost.  

Current purification technologies include pressure swing adsorption (PSA), 

cryogenic distillation, metal hydride purification, and membrane (polymer, ceramic, 

metallic) separation. Many of these purification methods are energy intensive processes, 
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require significant excess hydrogen venting, or are expensive to operate. PSA, cryogenic 

distillation, and metal hydride technology require multiple vessels and in some instances 

may require additional wash columns to remove CO and CO2.
5-7  Three types of 

membrane separators include palladium, microporous silica, and carbon-based materials. 

These separators rely on high-pressure feed streams to produce pure hydrogen and 

commonly are subject to hydrogen embrittlement.5,6 Thus, additional costs related to the 

generation of high pressure must be considered in the final application.  

Electrochemical hydrogen pumping based on low-temperature proton exchange 

membranes was originally developed in the 1960s.8,9  Fundamentally, an electrochemical 

pump is designed to oxidize and reduce hydrogen at the anode and cathode, respectively 

in an electrolytic mode. As shown in Figure 5-1, a hydrogen-containing stream enters the 

anodic compartment of a cell and molecular hydrogen is oxidized to protons and 

electrons. The protons are then “driven” through the membrane by the applied potential 

difference between the two electrodes, while the electrons are driven through the 

electrically conductive elements of the cell to the cathode. The protons and electrons are 

combined to form molecular hydrogen in the cathodic compartment.  

The major difference in this cell as compared to a fuel cell is that the 

electrochemical hydrogen pump is operated in an electrolytic mode, as opposed to 

galvanic process. Thus, the electrochemical pump requires power to complete the 

chemical reactions. Because the oxidation and reduction reactions of hydrogen are facile 

and are nearly Nernstian in their electrochemical behavior, and by definition the 

exchange reactions occur at 0V for hydrogen (vs. SHE), minimal power should be 

required to operate the cell. Additionally, the hydrogen purity produced at the cathode is 

predicted to be high although such purity is dependent on the permeability of the 

membrane separator with respect to the incoming gas streams, the integrity of the 

membrane, and the water content of the membrane (if Nafion-based). However, the 

original work based primarily on perfluorosulfonic acid-based membranes was 

constrained by the same gas purity requirements that are imposed on today’s PEMFCs 

that operate at temperatures up to∼80ºC, i.e., the hydrogen stream was not processable 

if it contained carbon monoxide (>10ppm). Limited work on electrochemical pumping 

has also been published using phosphoric acid (PA) and molten carbonate fuel cell 
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technology.6,10,11 Literature on hydrogen pumping using proton-conducting ceramic 

membranes can be found elsewhere.12,13 

 

Figure 5-104:  Schematic diagram of a high-temperature electrochemical pump 
with a mixed gas feed stream. Anode and cathode half reactions are shown in the 
upper part of the figure. 

 

Low-temperature (<100ºC) PEM-based electrochemical hydrogen pumping is 

capable of separating hydrogen as long as the other gas constituents do not poison the 

catalyst or diffuse through the membrane.10,14-22 When platinum is the catalyst in a low-

temperature PEMFC, one such undesirable impurity is carbon monoxide because it 

adsorbs on the catalyst surface and inhibits electrochemical activity. Low-temperature 

PEMFCs can suffer significant performance losses if the CO levels are greater than a 

few ppm and thus impose similar restrictions for low-temperature hydrogen pumps.23 As 

a result, little activity or development has focused on the low-temperature 

perfluorosulfonic acid-based pump technology.  

The demands of a water-based electrolyte led researchers in the early 1990s to 

investigate phosphoric acid-doped membranes that offered increased tolerance to fuel 

impurities and faster electrode kinetics.24 Operation at temperatures above 100ºC 

required a thermally and chemically stable membrane. Polybenzimidazole (PBI) doped 

with phosphoric acid was recognized in the literature since the early 1990s for its great 
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potential in fuel cell applications.25-30  Recently, PBI membranes have been developed 

by a new sol–gel process which produces phosphoric acid-doped PBI membranes with 

higher levels of PA and ionic conductivities than previously reported, while maintaining 

mechanical integrity.31-33  

Electrochemical hydrogen pumping using a high temperature p-PBI membrane 

processed via the sol–gel process was used to establish baseline performance. Initial tests 

were performed to investigate the electrical efficiency, power consumption and 

durability of the MEAs. Two simulated reformate streams with varying concentrations 

of H2 and CO were used to establish the increased utility of hydrogen pumping when 

using a high-temperature p-PBI membrane. The purification of hydrogen that is inherent 

in an electrochemical pump was demonstrated by measuring the gas purities of the 

exhaust hydrogen.  After establishing a baseline performance, hydrogen pumps 

composed of PA-doped PBI membranes from different processes and polymer chemistry 

were tested to investigate the relationship between electrochemical performance and the 

nature of the proton exchange membrane. 

 

5.2 Results and discussion 

5.2.1 Establishment of baseline H2 pump performance 

The basic concept of electrochemical pumping in the presence of a mixed feed 

stream is shown in Figure 5-1 and construction is described in Section 2.6. 

Electrochemical cells were operated from 120 to 160ºC on various fuel streams with and 

without external humidification, to investigate power requirements, electrochemical 

efficiency, durability, CO tolerance, and purification efficiency.  

The nearly Nernstian behavior of the oxidation and reduction of hydrogen are 

predicted and therefore the device is expected to require minimal power to drive the 

electrolysis of hydrogen. An electrochemical pump was operated at 160ºC on 

approximately 1.2 times that of the Faradaic stoichiometric requirements of pure 

hydrogen without external humidification at the anode for its entire lifetime.  

Polarization curves of the cell were obtained to investigate its power requirements as 

shown in Figure 5-2. The curves were relatively consistent up to 1A cm−2 and exhibited 
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a linear relationship between voltage and current, which was reversible. At a typical 

operating current density of 0.2A cm−2, electrochemical pumping of hydrogen required 

relatively low voltages at 160ºC, i.e., 45mV. The low voltages required to operate the 

hydrogen pump result from facile oxidation and reduction of hydrogen and the low 

resistances of the MEA and cell hardware components.  

Unlike conventional purification methods that rely on pressure differentials and 

thermal cycling, an electrochemical hydrogen pump generates hydrogen at a rate 

dependent on the applied current. Faraday’s law dictates that the flow of hydrogen, 

dn/dt, is proportional to the current, I: 

          I = nF (dn/dt)       Equation 5-1 

where n is the number of electrons and F is Faraday’s constant. The current efficiency 

can be defined as the ratio between the expected Faradic flow and the measured value.  
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Figure 5-105: Polarization curves (scan rate 1.4mA s-1) of an electrochemical pump 
operating on pure hydrogen without external humidification at 160ºC, constant 
flow rate 94mL min-1. 

 

Investigation of the current efficiency of the electrochemical pump was conducted 

by measuring the cathodic outlet hydrogen flow at varying current densities. As shown 

in Figure 5-3, an electrochemical cell operated with approximately 1.2 Faradaic 

stoichiometric flows of hydrogen without external humidification produced a cathodic 

outlet flow that increased linearly with current density. The measured values were nearly 

identical to theoretical Faradic flows. It was also observed that the cathodic outlet stream 

immediately stopped at 0A cm−2, indicating that gas diffusion through the membrane and 

crossover leaks were minimal. The current efficiencies were calculated to be greater than 

83% from 0 to 2A cm−2. More specifically, current efficiencies greater than 90% were 

achieved at current densities greater than or equal to 0.4A cm−2. Thus, the 

electrochemical hydrogen pump using a p-PBI membrane and operating on non-

humidified gases achieved relatively high efficiencies, while generating nearly Faradic 

flows.  
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Figure 5-106:  The cathodic outlet flow for a cell operating on pure hydrogen 
without external humidification at 160ºC. The dotted line is the theoretical flow 
rate at 100% efficiency. 

 

The durability of the electrochemical pump was investigated at a steady current 

density of 0.2A cm−2 at 160ºC, while operating on pure hydrogen without external 

humidification. The voltage versus time plot shown in Figure 5-4 exhibits an initial 

period with some variability that has been attributed to the evaporation of H2O from the 

membrane and removal of the water from the cell hardware. However, the voltage was 

found to be relatively constant at 22mV for over 2000h of operation. This voltage is 

similar to the values achieved in the reverse scan on the polarization curve shown in 

Figure 5-2. It was observed that the cell had an essentially instantaneous response 

between current and cathodic outlet flow. The voltage spikes and dips were from 

unintended shutdowns due to building power outages and station events.  
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Figure 5-107: Long-term operation of a hydrogen pump at 0.2A cm-2, 1.2 Faradaic 
stoichiometric flow of non-humidified hydrogen, 160ºC. 

 

The effects of relative humidity were investigated by cycling the RH between 0 and 

3% at 160ºC. This experiment was conducted by alternately connecting and 

disconnecting the pure hydrogen feed stream to a 60ºC water bath. The cell was held at 

0.2A cm−2 with ∼2 Faradaic stoichiometric hydrogen flows for the first 150h, and then 

∼5 Faradaic stoichiometric hydrogen flows for the remainder of the test. The voltage 

response for this cycling test is shown in Figure 5-5. There were not significant 

differences in voltage between the high and low flow operations in this limited test. The 

average voltage during the non-humidified cycle was approximately 33mV and 

decreased to 18mV under humidified operation. The voltage during the non-humidified 

cycle was in good agreement with the polarization curve shown in Figure 5-2. The 

humidification level was found to affect the voltage directly and improved performance 

at 3% relative humidity in a cell operating at 160ºC. It is proposed that the voltage drop 

is related to a reduction in the electrode resistance. The presence of H2O molecules in 
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the electrode layer could increase the area of the interface between catalyst particles, 

hydrogen gas molecules, and phosphoric acid (and water) electrolyte. Electrochemical 

AC impedance spectroscopy found that, under dry operation, the resistance was mainly 

due to electrode loss.  However, other work in our laboratory suggests that this level of 

humidity would not be responsible for significant changes in membrane resistance. Even 

under these relatively severe test conditions, the PA-doped p-PBI-based cell maintained 

stable voltages during each cycle and a lifetime of 4000h until an unintended station 

event. This evidence supports the hypothesis that the PBI membranes are able to retain 

sufficient phosphoric acid under non-humidified and humidified operation for extended 

periods of time. 

 

 

Figure 5-108: Long-term operation of a hydrogen pump under alternating 
nonhumidified and humidified conditions (0–3% RH) at 160ºC. 

 

The power requirements of non-humidified and humidified operation were 

investigated by obtaining polarization curves at 160ºC during each cycle. The hydrogen 

inlet feed stream was adjusted to maintain 1.2 Faradaic stoichiometric flows at each 
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current density for the humidified polarization curve. For the non-humidifed polarization 

curve, a constant flow of ∼75mL min−1 of hydrogen was supplied up to a current 

density of 0.8A cm−2 and then the current steps were continued at 1.2 Faradaic 

stoichiometric flow operation. After the flow and current density were adjusted, the 

current density was held constant for 3min and then the voltage was recorded. Both 

polarization curves are shown in Figure 5-6 and exhibit a relatively linear relationship 

between voltage and current. The voltages from the polarization curves at 0.2A cm−2 

were 30mV during the non-humidified cycle and 15mV during the humidified cycle. 

These voltages are in good agreement with steady-state values for this cell under the 

same conditions, which were 33 and 18mV. The total resistance (75mV) during the 

humidified cycle calculated from the slope of the polarization curve is nearly half of the 

resistance (∼160mV) during the non-humidified cycle. For comparison, the data from 

Ströbel et al. is shown for a humidified Nafion membrane operating at 70ºC.18  

Significantly lower voltages were observed for p-PBI membranes under humidified (3% 

RH) conditions. Similarly, equivalent or lower voltages were obtained under non-

humidified conditions, which are difficult to achieve with a water electrolyte membrane 

system.  
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Figure 5-109: Polarization curves obtained under non-humidified conditions at 
1653h (solid squares) and humidified conditions at 2144h (unfilled circles) during 
long-term operation. A polarization curve (crosshairs) reported previously for a 
humidified Nafion membrane operated at 70ºC is included for comparison.18 

 

The current work shows that the high-temperature electrochemical hydrogen pump 

requires low voltages, achieves nearly Faradic flows, and has excellent durability. The 

main advantage of the high-temperature electrochemical pump is its predicted ability to 

operate in the presence of contaminants. For example, CO tolerance increases at higher 

operating temperature because the CO desorption rate on platinum increases at higher 

temperatures. To test the tolerance of the pump to composition variations in feed 

streams, the anodic inlet of a cell was varied between pure hydrogen, a premixed natural 

gas reformate (35.8% H2, 1906 ppm CO, and 11.9% CO2 with a N2 balance), and a pre-

mixed methanol reformate (1.03% CO and 29.8% CO2 with a H2 balance). The cathodic 

outlet flow was measured at 0, 0.2, and 0.4A cm−2, while operating on each feed stream 

at a constant flow rate as shown in Figure 5-7. The cathodic outlet flows from different 

feed streams were essentially identical and symbols to represent the different feed 
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streams in Figure 5-7 directly overlapped. The cathodic outlet flow was relatively 

independent of the feed stream, which contained diluted hydrogen and high levels of CO 

and CO2. The cell also achieved nearly Faradic flows, regardless of inlet composition.  

 

 

Figure 5-110: The cathodic flowrates for a hydrogen pump operating at 160ºC, 
0%RH, on pure hydrogen (unfilled squares), a synthetic reformate containing 
35.8% H2, 11.9% CO2, 1906 ppm CO, 52.11% N2 (filled circles), and a synthetic 
reformate containing 69.17% H2, 29.8% CO2, 1.03% CO (filled triangles). The 
dotted line is the theoretical flow rate at 100% efficiency. 

 

The effect of CO desorption rate was further investigated by varying the operating 

temperature of a high-temperature electrochemical pump with an anode feed stream 

containing 1% CO (Figure 5-8). Initially, a cell which had been subjected to a 2100h 

durability test was subsequently operated at 0.2A cm−2 on a humidified hydrogen stream 

(humidifier bottle temperature 60ºC, approximately 3% RH) for 175h (from 2125 to 

2300h) at 160ºC at a voltage <25mV. The gas feed was then changed to a premixed 

synthetic reformate containing 1% CO at approximately 2450h. The effect of the CO 

was observed immediately by the increase in voltage to approximately 38mV. A 

stepwise reduction in temperature to 140 and 120ºC caused the steady state voltage to 
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increase to 51 and 74mV, respectively. These voltages were relatively constant over the 

time scale of the experiment. The reduction in temperature decreases the desorption rate 

of CO, and therefore, is expected to affect the operational voltage. However, we assert 

that the measured differences are the combined effects of both higher membrane 

resistance and reduction of the CO absorption rate. The cell temperature was then raised 

to 140 and 160ºC. As shown in Figure 5-8 (2800-3000h), the cell voltages changed 

quickly with the changes in temperature. In addition, the cell voltages were very stable at 

each of the temperatures, and were nearly identical to the values observed earlier in this 

set of experiments. Within the experimental variables examined in this study, we 

conclude that the effects of CO on the catalyst are completely reversible at these 

temperatures.  

 

Figure 5-111: Effect of temperature on cell voltage for a hydrogen pump operating 
on a humidified (60ºC bottle temperature) 1% CO mixture at 0.2A cm-2. 

 

The ability of the hydrogen pump to operate on contaminated gas streams that 

contain both CO and CO2 and to purify the hydrogen feed stream is a potentially 

important aspect of the high-temperature operation. Thus, a cell was operated at two 
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different current densities on the gas mixture simulating a natural gas reformate and the 

CO and CO2 composition in the cathodic outlet stream were determined via on-line gas 

chromatography. The results of this test are shown in Table 5-1. The CO concentration 

was reduced more than 150-fold from 1906 ppm to approximately 12 ppm. The CO2 

concentration experienced a 32–62-fold reduction from 11.9 to 0.37% at 0.4A cm−2 and 

0.19% at 0.8A cm−2. Diffusion through the membrane is believed to account for the low 

levels of contaminants in the purified hydrogen. At higher current densities and the 

resulting higher hydrogen flux rates, these diffusional based impurities are diluted and 

provide even higher hydrogen purity. These experiments demonstrate that high-

temperature PBI-based pumps can operate in the presence of relatively high levels of CO 

and CO2, with and without external humidification, and on feed streams of low H2 

concentrations. These simultaneous advantages are not possible with low-temperature 

conventional membrane systems operating below 100ºC because of catalyst poisoning 

and water management requirements.34,35 

 

Table 5-1:  CO and CO2 concentrations of the cathodic outlet for a hydrogen pump 
at 160ºC, using a non-humidified feed gas containing 35.8% H2, 11.9% CO2, 1906 
ppm CO and a N2 balance 

Current density (A cm-2) Cathodic outlet CO (ppm) Cathodic outlet CO2 (%) 

0.4 11 ± 1 0.37 ± 0.09 

0.8 13 ± 3 0.19 ± 0.02 

 

 

A great deal of this research has been published previously and seems to be 

representative of hydrogen pumping behavior on PA-doped PBI membranes. 36   

In conclusion, high-temperature PEM cells based on PA-doped p-PBI were used to 

demonstrate the electrochemical pumping of hydrogen from various feed streams. The 

high-temperature electrochemical hydrogen pump required relatively low power, while 

producing nearly Faradic flows and achieving excellent durability. Non-humidified and 

humidified operation was performed and the lower power requirements of humidified 

operation were tentatively ascribed to lower losses in the catalyst layer. The cathodic 
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outlet flow was found to be relatively independent of the feed stream composition within 

the range of gas compositions tested and significant reductions in CO and CO2 levels 

were quantified. Long-term durability was demonstrated with a test that extended nearly 

4000h. An electrochemical hydrogen pump that operates at ambient pressures in the 

presence of CO, CO2, and N2 will be applicable to hydrogen recycling processes and 

purification from biofuels, fossil fuels and reformed hydrocarbons with the potential to 

reduce purification costs at large-scale production sites and point-of-use applications. 

 

5.2.2 Relationship between H2 pump performance and PA-doped PBI membrane 

PA-doped PBI membranes have been produced by two processes: (1) conventional 

acid immersion and (2) a sol-gel process.  Sol-gel PA-doped PBI membranes have 

achieved higher levels of PA and ionic conductivities than conventional membranes, 

while maintaining mechanical integrity.31-33  Different polybenzimidazoles have been 

synthesized with the sol-gel process such as p-PBI and dihydroxy-PBI that have 

increased polymer rigidity and additional dihydroxy functional groups.  In Chapter 4, the 

polymer chemistry of sol-gel membranes was found to affect acid doping levels, ionic 

conductivity, and structure.  The voltage requirements of the hydrogen pump are 

predicted to be directly related to ionic conductivity of PA-doped PBI membrane, 

because the oxidation and reduction of hydrogen reactions are facile and nearly 

Nernstian.  In comparison to the oxygen reduction reaction (ORR) in a fuel cell (½O2 + 

2H+ + 2e- → H2O), hydrogen pumps have a relatively simple reaction at the cathode 

(2H+ + 2e- → H2).  In the previous section, it was noted that the electrode contributed to 

significant resistance under dry operation and therefore increased the voltage 

requirements.  However, under slightly humidified operation, the electrode resistance 

was significantly reduced.  Therefore to reduce the contribution from the electrode, 

slightly humidified feed streams were used to permit investigation of the voltage 

requirements with different PA-doped PBI membranes. 

To investigate the relationship between voltage requirements and PA-doped PBI 

membranes of different process and polymer chemistry, hydrogen pumps composed of 

different membranes were tested at 160ºC and operated on slightly humidified (3%RH) 
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hydrogen feed streams.  The hydrogen pumps were electrochemically characterized by 

steady state operation, polarization curves, and 1000Hz impedance measurements.  The 

advantage of 1000Hz impedance measurements is the ability to obtain “real-time” 

resistance measurements that correspond to the losses associated with the proton 

exchange membrane. 

The performance of hydrogen pumps based on PA-doped m-PBI membranes 

produced from conventional acid immersion and the sol-gel process were investigated at 

a constant current density of 0.2A cm−2 at 160ºC on slightly humidified (3%RH) 

hydrogen feed streams.  In Figure 5-9, the operating voltage for the sol-gel membrane 

was lower than the conventional membrane, even when the polymer chemistry (m-PBI) 

was identical.  The hydrogen pump based on a sol-gel PA-doped m-PBI membrane 

exhibited a voltage requirement of 70±2mV from 20-100h of humidified operation.  

Conversely, the hydrogen pump based on the conventional PA-doped m-PBI membrane 

required higher voltages (~136mV at 20h and ~106mV at 100h).  The voltage spikes and 

dips were from unintended shutdowns due to building power outages and station events.  

“Real-time” membrane resistance measurements found the conventional membrane to 

have a higher resistance (29 vs. 19mOhm) than the sol-gel membrane, indicating the 

conventional membrane had a lower ionic conductivity.  The higher membrane 

resistance from conventional acid immersion agrees with published literature that 

reported conventional membranes to have lower ionic conductivities than sol-gel 

membranes.33  The conventional membrane in the research presented here also had a 

lower acid doping level (7 vs. 10PA/rpu) than the sol-gel membrane, which contributes 

to its lower ionic conductivity. 
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Figure 5-112:  Operation of hydrogen pumps based on (___) conventional 
(7±0.5PA/rpu and 26±2wt% solids) and (___) sol-gel (10±0.5PA/rpu and 16±0.7wt% 
solids) PA-doped m-PBI membranes at 0.2 A cm-2, 1.2 stoichiometric flow of 
humidified (3%RH) hydrogen, 160ºC. 

 

The power requirements of humidified hydrogen pumps based on membranes 

produced by conventional and sol-gel processes were investigated by obtaining 

polarization curves.  The polarization curves are shown in Figure 5-10 and exhibit a 

relatively linear, reversible relationship between voltage and current density.  The 

voltage requirements at 0.2A cm-2 from the polarization curves (99mV for the 

conventional membrane and 55mV for the sol-gel membrane) are in good agreement 

with the 100h steady state values.  The sol-gel membrane-based hydrogen pump required 

lower voltage over the current density range of 0-1A cm-2.  
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Figure 5-113: Polarization curves obtained under humidified (3%RH) conditions 
after >100h humidified operation for hydrogen pump based on (___) conventional 
(7±0.5PA/rpu and 26±2wt% solids) and (___) sol-gel (10±0.5PA/rpu and 16±0.7wt% 
solids) PA-doped m-PBI membranes at 160ºC. 

 

As discussed in Chapter 4, the sol-gel PA-doped PBI membranes achieved different 

acid doping levels and ionic conductivity depending on polymer rigidity and 

functionalization with dihydroxy groups.  The steady state performance of hydrogen 

pumps based on m-PBI, p-PBI, and dihydroxy-PBI membranes are shown in Figure 5-

11.  The hydrogen pumps were operated at 0.2A cm−2 at 160ºC on slightly humidified 

(3%RH) hydrogen feed streams.  In Figure 5-11, the voltage versus time plot clearly 

shows that the sol-gel PA-doped m-PBI membrane based hydrogen pump required 

higher voltage than p-PBI and dihydroxy-PBI membranes. The voltage requirement of 

the m-PBI and dihydroxy-PBI were very stable from 20-100h.  As previously stated, the 

voltage requirement of a hydrogen pump based on sol-gel m-PBI was 70±2mV.  

Conversely, the hydrogen pump based on a dihydroxy-PBI membrane had less than ½ 
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the voltage requirement (34±4mV).  The hydrogen pump based on p-PBI exhibited 

variability in voltage that may have resulted from water droplets in the flow field.  In the 

p-PBI based pump, the voltage at 20h was 87mV and dropped to 33mV at 40h, followed 

by a relatively stable performance that decreased to 20mV at 100h.  Both sol-gel PA-

doped p-PBI and dihydroxy-PBI membranes have significantly higher acid doping levels 

(32-34PA/rpu vs. 10PA/rpu) and higher ionic conductivities than m-PBI membranes.  

After >100h of humidified operation, the “real-time” resistance measurements for the 

hydrogen pumps based on dihydroxy-PBI and p-PBI membranes were significantly 

lower (9-11 vs. 19mOhm) than m-PBI membranes.  Therefore, the highly conducting 

PA-doped PBI membranes produced by increased polymer rigidity and dihydroxy 

functionalization are able to achieve lower voltage requirements in the high-temperature 

hydrogen pumps. 
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Figure 5-114: Operation of hydrogen pumps based on sol-gel PA-doped (___) m-PBI 
(10±0.5PA/rpu and 16±0.7wt% solids), (___) p-PBI (32±4PA/rpu and 5±0.7wt% 
solids), and (___) dihydroxy-PBI (34±2PA/rpu and 5±0.3wt% solids) membranes at 
0.2 A cm-2, 1.2-1.7 stoichiometric flow of humidified (3%RH) hydrogen, 160ºC. 
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Hydrogen pumps based on different sol-gel PA-doped PBI membranes were 

characterized by obtaining polarization curves after >100h of humidified operation.  The 

power requirements shown in Figure 5-12 exhibit a linear, reversible relationship 

between voltage and current density.  The voltages in the polarization curves 

corresponded well with the steady state performance at 0.2A cm-2 at 100h.  The voltages 

required by different hydrogen pumps from the polarization curve compared to the 

steady state value were 55 vs. 65mV for m-PBI, 20 vs. 20mV for p-PBI, and 27 vs. 

29mV for dihydroxy-PBI.  Both the hydrogen pumps based on p-PBI and dihydroxy-PBI 

required approximately ½ the voltage requirement of m-PBI based hydrogen pumps over 

the current density range of 0-1A cm-2. 
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Figure 5-115: Polarization curves obtained under humidified (3%RH) conditions 
after >100h humidified operation for hydrogen pump based on sol-gel PA-doped 
(___) m-PBI (10±0.5PA/rpu and 16±0.7wt% solids), (___) p-PBI (32±4PA/rpu and 
5±0.7wt% solids), and (___) dihydroxy-PBI (34±2PA/rpu and 5±0.3wt% solids) 
membranes at 160ºC. 
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5.3 Conclusions 

High-temperature hydrogen pumps based on PA-doped PBI operated on various 

feed streams, required relatively low voltages, produced nearly Faradic flows and had 

excellent durability (~4000h). Humidified operation was found to reduce the electrode 

loss and further lower power requirements.  The electrochemical purification of 

hydrogen was achieved in the presence of CO, CO2, and N2.  The hydrogen pump was 

able to reduce CO and CO2 significantly, as quantified with gas chromatography.  The 

voltage requirements of humidified hydrogen pumps were directly related to the acid 

doping level and ionic conductivity of the PA-doped PBI membranes. 
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6. Summary of conclusions 

Phosphoric acid (PA)-doped polybenzimidazole (PBI) membranes are currently 

commercialized for high temperature PEMs.  The effects of process and polymer 

chemistry on the properties of these membranes have been investigated. Important 

properties for high-temperature proton exchange membranes (PEMs) used for fuel cells 

and hydrogen pumps include (1) rapid proton transport, which can be increased by the 

addition of acidic groups and (2) the mechanical integrity of the polymer membrane.  

PA-doped m-PBI membranes produced by conventional acid immersion in 85wt% 

PA have achieved ionic conductivities up to 0.1S/cm at 160°C. With the development of 

sol-gel processing that permits in-situ PA-doping, the ionic conductivity of m-PBI 

membranes was increased to 0.2S/cm.  Through the sol-gel process, more rigid PBIs 

have been produced that have further increased the ionic conductivity to 0.3S/cm. Lastly, 

the incorporation of hydroxyl groups on this more rigid PBI structure has resulted in 

record-breaking ionic conductivities >0.3S/cm. Tensile testing of these PA-doped PBI 

membranes demonstrated that conventional PA-doped m-PBI had relatively high 

mechanical properties, which were dramatically reduced following heat treatment at 

120°C. 

In contrast, the sol-gel PA-doped PBI membranes having different rigidity and 

functionalization exhibited an increase in mechanical performance with heat treatment, 

which corresponded with increased structural ordering observed by wide-angle X-ray 

scattering (WAXS). Data derived from WAXS coupled with atomistic simulations 

indicate significant parallel stacking and staggered side-to-side packing of the polymer 

chains. 
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7. Future work 

To understand the structure of PA-doped PBI membranes further, gas transport 

studies, cryogenic X-ray photoelectron spectroscopy (XPS) and positron annihilation 

spectroscopy should be conducted. 

Gas transport in rigid polymers has been found to be dependent on polymer rigidity 

and structural ordering of the polymer chains.1 For example, gas transport studies of He, 

CO2, O2, N2, and CH4 in ladder and semi-ladder polymers with different intense d-

spacings (3.4 to 5.9Å) exhibited different permeabilities and permselectivities.1  A study 

of the sorption and diffusion coefficients in PA-doped PBI membranes with different 

polymer rigidity (m-PBI vs. p-PBI) may substantiate the more open staggered side-to-

side packing found in m-PBI (4.6 vs. 3.9Å in p-PBI) that would result in higher 

permeability.  Also the closer parallel ring stacking (3.4 vs. 3.5Å) and staggered side-to-

side packing (3.8 vs. 3.9Å) of the polymer chain packing with dihydroxy 

functionalization could be confirmed by gas transport studies.  

X-ray photoelectron spectroscopy is a surface sensitive technique that permits 

quantitative elemental analysis and identification of chemical binding.  In an XPS 

experiment, the surface of the specimen is hit with an X-ray beam, causing the emission 

of a photoelectron.  The difference between the energy of the incident X-ray beam and 

the characteristic kinetic energy of the photoelectron is related to the source element and 

its chemical binding.2  XPS is “more successful” than nuclear magnetic resonance 

(NMR) and infrared (IR) spectroscopy as a nondestructive method to analyze nitrogen 

chemistry in solid materials.3  In particular for PA-doped PBI membranes, XPS would 

lend insight into the chemical binding of the nitrogen and phosphorus.  For example, the 

pyridine and pyridinium are easily distinguished in XPS based on binding energy shown 

below in Figure 7-1.  XPS would be particularly advantageous in validating the presence 

of phosphate bridges in sol-gel PA-doped dihydroxy-PBI membranes. 
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Figure 7-116: Chemical structures of pyridine and pyridinium and corresponding 
binding energy in XPS experiments. 

 

However, it was found that the surfaces of the PA-doped PBI membranes are 

affected by the ultra high vacuum conditions of the XPS instrument.  The change in 

surface composition with successive XPS experiments is shown in Figure 7-2 and 

exhibits carbon depletion and oxygen enrichment.  Therefore, PA-doped PBI membranes 

require cryogenic conditions to prevent liquid migration to the surface during analysis in 

the ultra high vacuum conditions of the XPS instrumentation. 
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Figure 7-117: Signal for C, N, O, and P from successive XPS scans of PA-doped PBI membrane. 
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