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Abstract 

 

Synthesis of Cross-linked Sulfonated Polysulfone and Mechanical 

Properties of SPEEK-based Membranes for Direct Methanol Fuel Cells 

 

 

 

Shelley Marie Zieren, M.S.E. 

The University of Texas at Austin, 2011 

 

Supervisor:  Arumugam Manthiram 

 

Direct methanol fuel cells (DMFC) are being investigated for use as low-power 

electrochemical energy conversion devices.  These types of fuel cells can be useful for 

portable electronics.  The polymer electrolyte membrane plays a critical role in the 

overall performance of DMFC.  The commercially available membrane, Nafion, suffers 

from high methanol permeability and a resulting methanol crossover from the anode to 

the cathode; it is also expensive. Accordingly, alternative membrane materials, such as 

sulfonated hydrocarbons, are intensively pursued for DMFC.  For example, sulfonated 

poly (ether ether ketone) (SPEEK) and sulfonated polysulfone (SPsf) are two such 

candidates. 

This thesis focuses first on a simple synthesis method for a cross-linked 

sulfonated polysulfone membrane.  Sulfonated polysulfone (Psf) membranes, with high 

IEC (1.4 - 2.2 meq/g), were characterized by nuclear magnetic resonance spectroscopy 
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(NMR), proton conductivity, and water uptake.  The degree of sulfonation was calculated 

by NMR and verified by acid-base titration analysis.  Although the membranes showed 

good proton conductivity, they suffered from excessive swelling at high temperatures.  

Furthermore, the post-sulfonation of a carboxyl-substituted polysulfone (Psf-COOH) was 

carried out with trimethylsilyl chlorosulfonate, and solubility issues of the Psf-COOH in 

chlorinated solvents led to difficulty in controlling the degree of sulfonation (DS) and in 

purification.  Accordingly, this approach to cross-linking sulfonated polysulfone was 

rejected as a viable method. 

This thesis then focused on the investigation of the mechanical properties of acid-

base blend membranes based on SPEEK and heterocycle-tethered Psf and cross-linked 

membranes based on SPEEK that were previously reported by our group; these 

membranes were known to exhibit good performance in DMFC. However, the 

assessment of the mechanical stability of any new membranes developed is critical for 

their practical viability in DMFC. Accordingly, the mechanical strength and ductility of 

these membranes were investigated and compared for various membrane compositions.  

The acid-base blend membranes investigated consisted of SPEEK (acidic polymer) and a 

heterocycle-tethered Psf (basic polymer); for example, blends consisting of SPEEK and 

amino-benzimidazole-tethered Psf (SPEEK/Psf-ABIm) and SPEEK and benzotriazole 

tethered Psf (SPEEK/Psf-Btraz) were investigated.  The cross-linked SPEEK was made 

by Friedel-Craft acylation with Psf-COOH (DS = 1 or 2).  The two blend membranes 

showed superior mechanical properties compared to Nafion 115 and comparable to plain 

SPEEK.  The cross-linked membranes showed good mechanical properties and better 

strength than Nafion 115, but they were more brittle than both Nafion 115 and plain 

SPEEK.  Further optimization of cross-linking conditions is necessary to produce the best 

performing membrane. 
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CHAPTER 1: INTRODUCTION 

1.1 HISTORY OF FUEL CELL DEVELOPMENT 

The limited fossil fuel reserves and the negative environmental impact of their use 

have intensified research in alternative energy technologies. Research has focused on 

energy conversion from alternative sources as well as on energy storage.   

In energy conversion devices, thermal, mechanical, and chemical energies can all 

be converted into the more useful form of electrical energy.  One of the emerging 

technologies converting chemical energy into electrical energy is the fuel cell.  A fuel cell 

can be defined as “an electrochemical device that continuously converts chemical energy 

directly into electrical energy (and some heat) as long as fuel and oxidant are supplied” 

[2].  The actual conversion of chemical energy to electrical energy with a fuel cell was 

first demonstrated 150 years ago.     

In 1839, Sir William Robert Grove invented the “gas voltaic battery.”  He was 

conducting experiments on water electrolysis and concluded that the reverse reaction of 

forming water from hydrogen and oxygen would be possible by introducing them to the 

platinum electrodes.  He observed the polarization of the platinum electrodes when 

introducing oxygen and hydrogen and connected an external circuit to find current was 

flowing [1].    In order to increase the current and efficiency, Ludwig Mond and Carl 

Langer used platinized platinum, which has a larger surface area, in conducting 

experiments with hydrogen-oxygen cells in 1889.  They were able to produce currents of 

2 – 3 A at a voltage of 0.73 V [1].  In 1894, Wilhelm Ostwald proposed the use of natural 

types of fuel with air.  This led to a great deal of research on the direct electrochemical 

oxidation of coal, although these types of systems are limited because of loss of 

conductivity and mechanical destruction of the molten electrolyte [1].  This idea is 
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motivated by the fact that electrochemical oxidation is not limited by the Carnot cycle, 

unlike the burning of coal for electricity.  This limitation of fossil fuel burning is a major 

drive for the use of electrochemical energy conversion devices.   

In 1932, Francis Bacon successfully demonstrated the first alkaline cell.  He used 

potassium hydroxide (KOH) as the electrolyte, a nickel anode, and a lithiated nickel 

oxide for the cathode.  The main drawback to Bacon’s alkaline cell was the need for high 

gas pressure to attain the desired current densities, leading to a large, heavy cell [1].  

Following Bacon’s developments, there was an abundance of research in fuel cells 

because of the energy crisis of the 1960s and the development of the space program.  It 

was during this period that almost all types of fuel cells were developed [1].   

In the late 1950s, Thomas Grubb and Leonard Niedrach at General Electric 

headed a group of scientists working on fuel cells employing a conductive solid 

electrolyte.  This type of fuel cell is called a polymer electrolyte membrane fuel cell, or 

proton exchange membrane fuel cell (PEMFC). PEMFCs were used by NASA on the 

Gemini space missions, but soon NASA chose to work with alkaline fuel cells instead.  

The first PEMFCs used by NASA utilized a cross-linked polystyrene divinylbenzene 

sulfonic acid (PSSA) and sulfonated phenol-formaldehyde membranes [1].  The stability 

of these solid polymer electrolytes motivated the research into the 1960s when DuPont 

developed the Nafion® membrane, which is used commercially today [1].   

Around this time, the need for a direct fuel received more focus.  Instead of 

looking at coal, as had been considered in the past, researchers focused on various feed 

streams used to produce hydrogen.  At the time, methanol was being used via steam 

reforming to produce hydrogen.  Researchers were striving to eliminate the intermediate 

step of steam reforming and instead use methanol directly [2].  Researchers at Shell and 

ESSO developed a direct methanol fuel cell (DMFC) that used aqueous acid electrolytes 
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and did not react with the CO2 that was produced.  This was in response to an issue with 

DMFCs when using alkaline electrolytes, which react with the CO2 produced and formed 

carbonates [2].  In these DMFCs, the methanol fuel was introduced in the aqueous 

electrolyte.  Around 1990, Jet Propulsion Laboratory incorporated a Nafion® membrane, 

previously used in PEMFC, for use with DMFC, supplying methanol directly to the 

anode.   

Types of fuel cells are typically determined by reactant type, electrolyte type, or 

working temperature.  Some of the fuels used are hydrogen, methane, methanol, ethanol, 

or carbon monoxide.  Some of the oxidizing agents are oxygen, air, hydrogen peroxide, 

and chlorine.  Both aqueous and solid electrolytes are used.  High temperature (solid 

oxide) fuel cells and low-temperature fuel cells can also be used.  PEMFC and DMFC are 

both low temperature fuel cells based on solid electrolytes, with PEMFC using hydrogen 

and DMFC using methanol as fuel.  These two types of fuel cells share many of the basic 

limitations on performance because both are based on a solid conductive electrolyte.  

They also both have unique issues because of the difference in fuels being used.   

 

1.2 FUNDAMENTALS OF POLYMER ELECTROLYTE MEMBRANE FUEL 

CELL (PEMFC) 

In the most general sense, fuel cells are electrochemical energy conversion 

devices.  They use a fuel (hydrogen, alcohols, methane, etc.), which is oxidized at the 

anode and oxygen, which is reduced at the cathode.  Fuel cells are intriguing devices for 

energy conversion because they are not limited by the same thermodynamic restrictions 

of combustion.  Fuel cells have many advantages over conventionally-used energy 

conversion methods.  They operate quietly with no vibration or noise because they lack 

mechanical parts.  In PEMFC, hydrogen is used as the fuel and the electrolyte is a solid 
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proton-conducting polymer membrane.  The membrane swells in the presence of water 

and the acid groups on the polymer chain dissociate forming free protons to move 

through the membrane [1].  Also, in PEMFC, the waste products are environmentally 

benign.  Figure 1.1 below is a simple picture explaining the typical operation of a 

PEMFC.     

 

 Figure 1.1 Schematic illustration of fuel cell operation. 

As depicted in Figure 1.1, hydrogen is oxidized at the anode into hydrogen ion 

(protons) and gives up an electron.  The hydrated protons migrate through the membrane 

electrolyte to the opposite electrode, while the electrons travel through the external 

circuit.  At the cathode, the supplied oxygen is being reduced by the electrons, which 

reacts with the protons to form water and waste heat [3].  The reactions occurring at each 

electrode are given below: 
 
Hydrogen Anode: 2H2 + 4nH2O → 4H+ 

· nH2O + 4e-      Eo = 0 V 
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Oxygen Cathode: O2 + 4H+ 
· nH2O + 4e-→ (n+2)H2O      Eo = 1.23V 

Overall: O2 + 2H2 → 2H2O              Eo = 1.23V   

A typical fuel cell operating curve with an acid electrolyte is shown in Figure 1.2.  

In this curve, it is essential to note a few characteristics to explain the motivation for 

future research in this area.   

 

 

 Figure 1.2 Typical PEMFC polarization curve with losses [1].  

The theoretical voltage for hydrogen-oxygen fuel cell is 1.23V, which is then adjusted for 

the temperature and pressure using the Nernst equation.  Typical operating conditions for 

PEMFC are 80 ◦C and 2 - 5 bar for reactant gases.  Most cell stacks are operated at 

pressures higher than ambient because they must be hydrated to keep the membrane from 

drying out; the saturation pressure of water leaving the stack would effectively dilute the 

oxygen to the point that mass transport losses would be unacceptable if the cell were 

operated at atmospheric pressure.  The activation polarization losses dominate at low 

current densities.  These losses are due to the slow rate of oxygen reduction reaction and 
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are the largest contribution to voltage loss in a fuel cell.  Much research is focused on 

novel catalysts to improve the oxygen reduction reaction kinetics.  Currently, platinum is 

used commercially.  The ohmic losses begin to dominate at medium current densities.  

These losses are because of ion transport limitations through the electrolyte.  These losses 

are the second largest contributors to voltage loss in the fuel cell.  A large area of fuel cell 

research involves novel electrolytes for use in the various types of fuel cells.  The 

concentration polarization losses take over at high current densities.  These losses are 

because of mass transport limitations at the electrodes.   

  

1.3 DIRECT METHANOL FUEL CELLS (DMFC) 

One of the major issues with PEMFC is that they require hydrogen for operation.  

Currently, there is no infrastructure to transport hydrogen to various fueling stations.  

Also, hydrogen is produced by steam reforming of fossil fuels, in which the by-products 

include CO2 and some CO.  An alternative approach is to use methanol directly as a fuel 

in PEMFCs.  These direct methanol fuel cells (DMFC) are very similar to the PEMFCs.  

They both utilize a solid conducting membrane.  Multiple advantages exist in using 

methanol directly versus hydrogen.  The transport of methanol is much more convenient 

and less dangerous than having to transport hydrogen at high pressures.  Also, methanol 

has a high energy density by volume of 15.9 MJ/L, compared to 0.01 MJ/L for hydrogen 

[1].  DMFCs also have a unique set of issues, primarily slow anodic oxidation of 

methanol, leading to polarization of the negative electrode and lower working voltage, 

and methanol crossover to the cathode, resulting in both a reduced fuel efficiency and a 

lowered cathode potential [1].  Because of the lower power density and the higher energy 

storage density compared to PEMFC, direct methanol fuel cells are aimed at low power, 
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long duration applications.  As such, DMFCs are not suited for use in automobiles, but 

are being studied for use in portable electronics, such as laptops, cell phones, and 

cameras. 

The reactions for DMFC are quite similar to that of PEMFC.  In this case, 

methanol, not hydrogen, is oxidized at the anode and carbon dioxide and water are the 

products.  Also one of the by-products, CO2, is liberated from the anode [1].   

Anode: CH3OH + H2O → CO2 + 6H+ + 6e-      E0= 0.02V 

Cathode: 
�

�
O2 + 6H+ + 6e- → 3H2O                 E0= 1.23V 

Overall: CH3OH +  
�

�
O2 → CO2 + 2H2O         E0=1.21V 

 

1.4 POLYMER ELECTROLYTE MEMBRANES 

One of the major components of PEMFC and DMFC is the polymer electrolyte 

membrane.  Before the use of solid electrolytes, fuel cells were made with the fuel being 

introduced into the aqueous electrolyte.  In this setup, the fuel can also be oxidized at the 

cathode where oxygen is being reduced and lead to a mixed potential, effectively 

lowering the electrode potential. Using a solid electrolyte, the fuel can be introduced at 

the anode and avoid competing with the cathode reactions.  The main disadvantage of 

using a solid electrolyte is high ohmic loss arising from the ionic resistance in the 

membrane.   

The polymer electrolyte membrane in the fuel cell system has several mutually 

conflicting requirements.  The membranes must have high ionic (proton) conductivity, 

very low electronic conductivity, high mechanical stability, high chemical stability and 

heat resistance under operating conditions, very low permeability to reactants used in the 
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cell, ease of manufacturing, and reasonable cost [1].  Because a low ohmic polarization 

loss requires a thin membrane, a design optimized for ohmic performance could allow the 

reactants to pass through.  To lower reactant permeability, the membrane must be 

sufficiently thick to isolate the reactants, which would increase the ohmic polarization.  

To satisfy the mechanical stability requirement, the membrane must be sufficiently thick, 

which would also increase the ohmic polarization.  These requirements must compromise 

in order to produce the best performance.   

Most of the polymer electrolyte membranes have the same general structure, 

consisting of a hydrophobic polymer backbone with ionizable groups attached.  Typically 

the ionizable group is sulfonic acid (SO3H).  These groups can dissociate in the presence 

of water leaving a stationary ion connected to the polymer backbone (SO3
-) and a mobile, 

simple counter ion (H+) [1].  The counter ion is electro-statically associated with the fixed 

ion and can freely exchange in the presence of water with ions with the same sign in 

solution.  The membranes are permeable to the counter ion but not the direct flow of 

liquids, gases or ions of opposite charge [1].  The free exchange of the counter ions 

require the presence of high purity water because the fixed SO3
- ions can be blocked by 

metal ions and lead to a decrease in proton conductivity [1].   

1.4.1 Role of Membrane Characteristics on Cell Performance 

One of the most important contributing factors to the cell performance in terms of 

the membrane is the ion exchange capacity (IEC).  The IEC of the membrane is directly 

related to the number of acidic groups attached to the polymer backbone.  In membranes 

involving sulfonic acid groups for ion exchange, the degree of sulfonation is the measure 

of the amount of acidic groups attached onto the polymer backbone.  A degree of 

sulfonation of 100% means there is one sulfonic acid group per repeat unit of the 
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polymer.  The degree of sulfonation can be calculated using NMR and/or acid-base 

titration.  Both methodologies will be discussed further in Chapter 2.   

 IEC has a significant effect on proton conductivity, water sorption, and thermal 

stability.  The resistance of the membrane leads to ohmic losses in the cell, so high proton 

conductivity is essential.  Also, the water sorption is important for membrane hydration 

and proton conductivity, as the dissociation of the acid groups requires the presence of 

water.  While water sorption is not a desirable or necessary characteristic in and of itself, 

it is so highly correlated with ionic conductivity that water sorption is generally 

considered to be an important function of the ionomer.  Water sorption is usually 

measured by the mass of the wet membrane divided by the mass of the dry membrane.  It 

can be affected by adjacent fluid phase with which it is equilibrated (i.e., liquid or vapor 

phase), IEC, type of counter ions present, and mechanical resistance of the membrane to 

volumetric expansion [1].   

An important contributing factor specific to DMFC performance in terms of the 

membrane is methanol crossover.  Water is required at the anode to react with the 

methanol and water is produced at the cathode.  Water is supplied to the anode in a 

mixture with methanol and water is required to hydrate the membrane, so some of the 

methanol is dragged through the membrane with the protons and water molecules.  The 

methanol reaches the cathode and has several negative consequences on performance.  It 

decreases the efficiency because not all the fuel being supplied is being used for current 

generation [3].  It lowers the electrode potential at the cathode by creating a mixed 

potential from the electro-oxidation of methanol competing with the reduction of oxygen, 

because methanol reacts at a lower potential than the oxygen reduction reaction [3].  It 

also reacts with oxygen and effectively lowers the oxygen concentration at the cathode 

[3].   
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High IEC and low methanol crossover are an example of the mutually conflicting 

requirements of the DMFC.  Increasing the IEC increases the water sorption and also 

increases the methanol crossover.   

1.4.2 Role of Membrane Characteristics on Cell Lifetime 

The mechanical, chemical, and thermal stabilities of the electrolyte membrane 

directly affect the cell lifetime.  In the operating fuel cell environment, temperature and 

humidity are constantly fluctuating in order to meet the changing power demands.  This 

hygrothermal stress cycle leads to minor defects in the membrane over time, eventually 

causing cell failure [4].   

There are multiple ways to test the mechanical stability of the polymer electrolyte 

membrane.  Many researchers have done tensile testing on the membranes in order to 

calculate elastic modulus, yield strength, tensile strength, and elongation at break.  These 

parameters are good indicators of a membrane’s general durability.  Some researchers 

assess mechanical properties with dynamic mechanical analyzer.  In this case, the 

membrane sample is exposed to an oscillating force and the displacement is measured.  

From this testing method, the stiffness and modulus can be determined [4].  In any 

mechanical testing setup, the main factors affecting a polymer electrolyte membrane’s 

stability are humidity and temperature.  For example, Kawano et al. [5] showed that 

soaking a Nafion membrane in water, ethanol, methanol, or a mixture of those resulted in 

a decrease in mechanical strength but an increase in the ductility.  They suggested this 

was because of the degree of swelling of the membranes.  Also, longer soaking time in 

the solvents led to further reduction in strength.  The tensile testing can also be carried 

out in a controlled temperature and humidity chamber, more closely imitating the 

environment of the fuel cell [6].  Tang et al. [7] utilized a cyclic stress test to study the 
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membrane durability.  They found that the “fatigue strength” of the membrane is 

approximately equal to a tenth of the tensile strength of the membrane.  They also found 

the stress contributing the most to degradation of the membrane was the dimensional 

change upon hydration and subsequent dehydration.   

Chemical stability of the polymer electrolyte membrane is essential to ensure 

acceptable cell lifetime.  The fuel cell environment exposes the membrane to many 

elements and intermediate products.  One of intermediates in PEMFC is hydrogen 

peroxide (H2O2).  This is the intermediate product at the cathode when oxygen is reduced 

partially and reacts with the protons coming through the membrane.  Tang et al. [7] found 

chemical degradation of the membrane after soaking in a H2O2/metal ions (Fe, Cr, Ni) 

solution for 48, 72, and 96 hours via Fourier Transform Infrared Spectroscopy (FT-IR).  

Zhong et al. [8] also tested the oxidative stability of their cross-linked membranes by 

monitoring the time it took samples to break in Fenton’s reagent (H2O2 and Fe catalyst) at 

80 ◦C. They also tested the hydrolytic stability by soaking the samples in water for 2 

weeks at 85 ◦C, then retesting the proton conductivity.  The proton conductivity decreased 

for the non cross-linked samples after water treatment, showing the decomposition of the 

sulfonic acid groups. 

The thermal stability of the polymer electrolyte membrane is typically studied via 

thermo gravimetric analysis (TGA).  Thermal stability is important in the operating 

temperature ranges of PEMFC.  Typically, above 100 ◦C, the membranes become very 

brittle because of water loss [4].  This is not ideal, because at temperatures higher than 

100 ◦C, the fuel cell has better performance.  Zhong et al. [8] and Qing et al. [9] both 

reported that the first loss while heating is because of the decomposition of the sulfonic 

acid groups. This occurred at temperatures higher than 250 ◦C, much higher than the 
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normal operating temperature of the fuel cell, although this was carried out in an inert 

atmosphere, unlike in the cell.  

1.4.3 Nafion Membrane 

Nafion was discovered in the late 1960s by Walther Grot at DuPont [1].  It proved 

to be one of the major factors contributing to the progress of fuel cell performance and is 

used commercially in PEMFC.  It is a perfluorinated sulfonic acid polymer with the 

structure shown in Figure 1.3.   

 

   

Figure 1.3 DuPont’s Nafion membrane structure (x = 5-10, y =1, and z = 1) [4]. 

This polymer features a hydrophobic backbone, with hydrophilic sulfonic acid 

groups attached.  The Nafion membrane microstructure consists of ion aggregates 

surrounded by hydrophobic polymer backbone.  These clusters form a micro-phase 

separated system, with hydrophilic (high ion content) cluster in a sea of (hydrophobic 

(low ion content) areas [3].  This structure, depicted in Figure 1.4 below, allows Nafion 

to be hydrated without dissolving.  This type of structure (hydrophobic backbone with 

hydrophilic groups attached) is the basis for all the major research in the area of polymer 

electrolyte membranes.   
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  Figure 1.4 Nafion cluster network microstructure model [13]. 

Nafion membranes have chemical stability because of the hydrophobic backbone 

and the strong carbon-fluorine bond.  They also exhibit good proton conductivity, 

maintained during operation by utilizing the sulfonic acid groups, which are covalently 

bound to the backbone, so they cannot leach out [3].  With these advantages, Nafion 

comes with some significant disadvantages.  One disadvantage is that at high current 

densities the ohmic resistance is significant, leading to a requirement for thinner 

membranes; however, when the membranes are too thin, defects and failures result.  

Also, Nafion is sensitive to metal contaminants, complicating the manufacture and 

involving a high cost of ~ $700/m2, equating to about $120/kW [1].   

For use in direct methanol fuel cells, the main issue with Nafion is high methanol 

permeation.  In 1989, Verbrugge from General Motors Research Laboratories showed 

that the extent of chemical short because of methanol crossing over to the cathode in a 

Nafion® membrane was too high and other alternative membranes needed to be 

investigated [2].  Also, the proton conductivity and mechanical properties of Nafion are 
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highly sensitive to moisture content, making it unusable above 100 ◦C.  The motivation 

for DMFC membrane research is to lower the cost and reduce the methanol crossover, 

while maintaining adequate proton conductivity and durability. 

1.4.4 Alternatives to Nafion Membranes 

The modification of Nafion membranes was the first attempt to control some of 

the issues arising in DMFC operation.  Nafion membranes can be plasma etched or 

sputter coated with a metal to reduce the methanol permeation and increase performance 

[4].  Composite Nafion membranes with inorganic materials, such as silicon oxide, can 

increase water retention and conductivity at elevated temperatures and also increase the 

thermo-mechanical stability [10].  Blended membranes, such as those synthesized by 

impregnating polytetrafluoroethylene (PTFE) with Nafion solutions can increase 

mechanical and thermal stability [11].  Another modification to Nafion membranes is to 

add a cross-linking agent and create a more rigid polymer network.  Shao et al. [12] 

successfully decreased methanol crossover by cross-linking Nafion with polyvinyl 

alcohol (PVA), but the proton conductivity was too low and they suggested a sulfonation 

treatment to increase the conductivity.   

In addition to making modifications on Nafion, eliminating the fluorinated 

polymer backbone altogether and creating hydrocarbon-based polymer electrolyte 

membranes have become a major research focus.  There are many advantages to using 

hydrocarbon membranes.  These polymers are less expensive than perfluorinated 

ionomers.  Hydrocarbon polymers containing polar groups have high water uptakes over 

a wide temperature range and restrict the water to the polar parts of the polymer chains 

[4].  Hydrocarbon polymers can exhibit less decomposition in fuel cell environment with 
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the proper molecular design [4].  Lastly, hydrocarbon polymers are generally less toxic 

than fluorinated ones and can be easily recycled via conventional methods [4]. 

1.4.4.1 Sulfonated Poly (Ether Ether Ketone) (SPEEK) 

Poly (ether ether ketone) (PEEK) is one of the most common non-fluorinated 

polymers being investigated for use in fuel cells.  PEEK has good mechanical properties, 

high thermal stability, and good chemical stability, making it an attractive alternative to 

perfluorinated polymers for fuel cell development.  Its structure, shown below in Figure 

1.5, consists of an arylene-based backbone, which lends itself to be easily sulfonated 

through electrophilic substitution on one of the aromatic rings.   

 

O O C

O

*

 

 Figure 1.5 Chemical structure of poly (ether ether ketone). 

PEEK can be easily sulfonated by treatment with concentrated sulfuric acid and 

precipitating in ice water.  The sulfonation takes place on the phenyl ring in between the 

two ether groups.  This ring is favored for electrophilic substitution because the two ether 

oxygens are electron-donating [14].  The other two rings are deactivated because the 

carbonyl group is electron withdrawing [14].  Once the ring is sulfonated, further 

sulfonation of that ring will not occur because of the addition of an electron-withdrawing 

group, i.e. sulfonic acid [14].   

The ease of sulfonation and chemical stability of PEEK suggests further 

investigation of important fuel cell parameters.  High IEC values have been obtained with 

SPEEK membranes.  For example, Kaliaguine et al. [15] found proton conductivities 
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between 0.022 and 0.11 S/cm for degrees of sulfonation from 69 to 96 % at 25 ◦C and 

fully hydrated membranes.  Also, Li et al. [14] reported proton conductivities around 

0.02 S/cm at 80 ◦C for SPEEK, while the value Nafion was 0.04 S/cm.  They also showed 

that the methanol permeability of SPEEK was an order of magnitude lower than that in 

Nafion, even though the Nafion membrane was thicker.  The SPEEK membranes (DS = 

39 and 47%) showed better single cell performance also [14].     

SPEEK showed good thermal properties as well.  Xing et al. [18] reported from 

thermo gravimetric analysis (TGA) that the loss of the sulfonic acid groups occurs at 250-

280 ◦C. This is much larger than the operating temperatures of the fuel cell, and therefore, 

suitable for long term use.  Chang et al. [19] also reported a similar finding with the 

thermal decomposition of SPEEK starting around 250 ◦C.     

1.4.4.2 Sulfonated Polysulfone (SPsf) 

Another hydrocarbon-based polymer gathering interest as a possible fuel cell 

membrane material is sulfonated polysulfone (SPsf).  Polysulfone has a structure similar 

to PEEK, featuring an arylene-based polymer backbone.  Polysulfone has different 

groups in the backbone though, allowing it to be sulfonated to a higher degree than 

PEEK.  As shown in Figure 1.6 below, polysulfone has two phenyl rings available for 

electrophilic substitution, labeled (a).  These rings are located in the middle of the ether 

oxygen and the methyl side chains.  The SO2 group is electron withdrawing, and 

therefore, deactivates the other two phenyl rings from participating in the electrophilic 

substitution reaction.  Sulfonation can also be accomplished via a metalation synthesis 

route, which will lead to sulfonation at the ortho position on the phenyl ring adjacent to 

the SO2 group [33].  This is accomplished through deprotonation of the hydrogen at the 

ortho position (b) to the sulfone bridge with n-butyllithium, then reaction of the lithiated 
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polysulfone with SO2 to yield the sulfinated polysulfone, and finally oxidation of the 

sulfinated polysulfone with NaOCl, KMnO4, or H2O2 to yield the sulfonated polysulfone 

[33]. 

 

 Figure 1.6 Chemical structure of Polysulfone. 

The sulfonation of polysulfone through electrophilic substitution has been 

reported by various methods.  Some of the sulfonating agents used are: chlorosulfonic 

acid, sulfur trioxide/triethylphosphate complex, and trimethylsilyl chlorosulfonate [20-

31].  The advantage of using chlorosulfonic acid is that the sulfonating agent is also the 

solvent; however, once sulfonated, the polymer becomes insoluble in the medium and 

precipitates out of solution [24].  This leads to non-uniform sulfonation of polysulfone 

and the degree of sulfonation is hard to control.  Using chlorosulfonic acid can also lead 

to degradation of the polymer chains or sometimes cross-linking during the reaction [25].  

To maintain a homogeneous reaction solution, the sulfur trioxide/triethylphosphate 

complex was used to sulfonate polysulfone.  The degree of sulfonation is much more 

controllable, but the reaction is very exothermic and sulfur trioxide is toxic, and not easy 

to work with [25].  The most accepted sulfonation reagent for this reaction is 

trimethylsilyl chlorosulfonate.  Using this reagent in solution with chlorinated solvents, 

the reaction mixture is homogeneous up to high degrees of sulfonation and can be 

precipitated out into alcohol and washed with water [24].   

a a

b b
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Sulfonated polysulfone shows proton conductivity close to that of SPEEK but still 

lower than that of Nafion 115.  Fu and Manthiram [28] reported sulfonation degrees of 28 

- 65% with proton conductivities between 0.19 and 3.1 mS/cm, compared to 35 mS/cm  

forNafion 115 (all at 80 ◦C).  Even though the proton conductivity is significantly lower 

in sulfonated polysulfone than in Nafion 115, the methanol crossover is greatly 

suppressed leading to better single cell performance at low methanol concentrations (1 

M) and comparable performance at higher methanol concentrations (2 M) [28].   

Lufrano et al. [29] compared the thermal properties of polysulfone and sulfonated 

polysulfone.  They reported that sulfonation increases the glass transition temperature, 

which is expected with increased ionic interactions in the sulfonated polymer.  They 

found the degradation of the sulfonated polysulfone, i.e. desulfonation, begins at 

temperatures above 200 ◦C, but they note that the effects of the polymer structure and 

uniformity of sulfonation can both mask the start of desulfonation [29].  Sulfonated 

polysulfone is thermally stable at temperature up to 160 ◦C, which is suitable for DMFC 

where performance is better at temperatures greater than 100 ◦C.   

1.4.5 Modifications to Sulfonated Hydrocarbon Membranes 

As discussed previously, many have focused on modifications to Nafion in order 

to increase cell performance and lifetime.  In this same manner, modifications to 

hydrocarbon polymers have been investigated.  Both cross-linking the sulfonated 

polymers and the blending of two functionalized polymers will be discussed further. 

Covalently cross-linking polymer membranes can increase durability and suppress 

methanol crossover, increasing cell lifetime and performance.  Kerres et al. [32, 33] 

reported a new method to synthesize cross-linked polysulfone using sulfinated and 

sulfonated polysulfone and a cross linking agent.  They took advantage of the 
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disproportionation reaction of the sulfinate groups, which forms an S-SO2 bridge and one 

molecule of sulfonic acid [33].  The sulfonation/sulfination of the polysulfone was 

carried out by the metalation route.  This route leads to sulfonation/sulfination of the 

phenyl ring adjacent to the electron withdrawing SO2 group.  With this type of cross-

linking reaction, the polymer will lose some of the proton conductivity because the 

sulfonic acid groups are being used in the cross-linking reaction.  This is not desirable, as 

proton conductivity must be maintained, while enhancing methanol crossover and cell 

lifetime.  Yu et al. [34] and Fang et al. [35] also reported on cross-linked sulfonated 

polysulfone.  They prepared their membranes via condensation reaction of the sulfonic 

acid groups, utilizing the cross-linking agent phosphorous pentoxide-methane sulfonic 

acid (PPMA) [34,35].  The reaction mechanism is shown below in Figure 1.7.   

 Figure 1.7 Cross-linking reaction via PPMA condensation of sulfonic acid groups [34]. 

Yu et al. [34] measured proton conductivity and showed that conductivity 

decreases as cross-linking time increases.  As illustrated in Figure 1.7, this can be 

attributed to the loss of sulfonic acid groups for proton exchange in the membrane and 
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also could be attributed to the more compact network formed when cross

longer, creating smaller solvated areas for transport.   

Another available cross-linking method for these polymers is to use a carboxylic 

acid functional group to accelerate Friedel-Craft acylation in order to form a ketone 

bridge [36, 37].  In this reaction, the sulfonic acid groups are still available for proton 

conduction.  The mechanism of the Friedel-Craft acylation is shown below in Figure 1.8 

It requires the protonation of the carboxylic acid, releasing water 

and leaving a positively charged carbon to react with the nucleophilic phenyl rings on the 

[36, 37].   

Figure 1.8 Cross-linking reaction through Friedel-Craft acylation [37].
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Phu et al. [36] prepared sulfonated poly (phenylene sulfide sulfone nitrile) and 

cross-linked with 4,4’-oxybis(benzoic acid).  The mechanism for this cross-linking is the 

same as above but the end product has a longer chain for the bridge so the network might 

not be as compact as in Zhang et al. [37]. Phu et al. [36] compared the sulfonated 

polymer before and after cross-linking, and noted that water uptake and stability was 

greatly improved after cross-linking [36].  While increasing the durability, cross-linking 

via Freidel-Craft did not show a large decrease in proton conductivity as seen with cross-

linking via condensation of the sulfonic acid groups [36].  The cross-linked membranes 

had higher proton conductivity values than Nafion 117, while maintaining lower 

methanol permeability values [36].    Zhang et al. [37] reported similar results when 

comparing proton conductivity of non-cross-linked membranes vs. cross-linked 

membranes [37].   

Blending of two polymers is another successful strategy in improving 

performance and durability [38-46].  Yang et al. [38] synthesized block copolymers with 

sulfonated polysulfone and a fluorinated polymer to increase proton conductivity.  

Devrim et al. [39] made composite membranes of sulfonated polysulfone and an 

inorganic, titanium dioxide, in order to increase the thermal stability of the sulfonated 

polysulfone. They improved the thermal stability, but at the same time increased the 

brittleness of the membrane [39].   

An alternative approach is to use acid-base polymer blends.  The basic portion can 

promote proton conduction via interactions with the acidic groups [41].  The protons 

transfer between the nitrogen of the basic functional group and the acidic group, 

facilitating a Grotthuss-type mechanism [41].  This type of proton conduction is different 

from the major transport vehicle-type mechanism in Nafion membrane and most of the 

previously discussed membranes, where protons are transported through hydration of the 
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membrane.  In these acid-base blend membranes, membrane hydration may not be as 

important [43].  Dr. Manthiram’s group has published multiple papers relating to the 

synthesis and fuel cell performance of these types of membranes.  They used SPEEK and 

polysulfone with tethered basic containing groups, such as benzimidazole, 1-amino-

benzimidazole (ABIm), 5-amino-benzotriazole (BTraz), 4-nitrobenzimidazole (NBIm), 

and 1H-Permidine (PIm) [41-46].  They compared the proton conductivity, liquid uptake, 

methanol crossover, and fuel cell performance of all blend membranes with the different 

tethered groups [44].  Li et al. [44] confirmed the idea that proton conductivity was 

influenced by the number of nitrogen atoms present and the pKa of the tethered group.  

They found that SPEEK/Psf-BTraz had the highest proton conductivity and has the most 

nitrogen atoms, along with the lowest pKa value.  All the acid-base blend membranes 

were found to have better fuel cell performance than plain SPEEK and Nafion 115.  

These membranes are made from commercially available polymers and are less 

expensive than Nafion membranes, while improving fuel cell performance.   

 

1.5 OBJECTIVES 

A comprehensive review of the latest trends in polymer electrolyte membrane 

research for DMFC was presented above.  Various cross-linked sulfonated hydrocarbon 

polymers have proven to be an acceptable substitute and even an improvement to Nafion 

membranes in DMFC performance.  Some utilize the sulfonic acid groups, but lose 

proton conductivity.  It is more promising to use a cross-linking mechanism independent 

of the sulfonic acid groups, such as the Friedel-Craft acylation reaction.  In the previously 

reported cross-linked membranes via this mechanism, sulfonated monomers were 

employed to obtain the desired sulfonated polymer before cross-linking.  Sulfonated 
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monomers have some advantages over post sulfonation of polymers including more 

control over degree of sulfonation and higher thermal stabilities [4].  However, sulfonated 

monomers involve much more complicated reactions.  The first objective of this thesis is 

to use a post sulfonation method on a previously carboxylated polymer, i.e. polysulfone.  

This could be a simple synthesis route to obtaining a homogeneous cross-linkable 

membrane, without needing another reagent to create the cross-linking bridge.  It will 

cross-link with itself utilizing both functional groups existing on the polymer backbone.  

The synthesis of the carboxylated sulfonated polysulfone (SPsf-COOH) and membrane 

preparation of a cross-linked SPsf and Psf-COOH are presented.   

The acid-base blend membranes discussed above are already known to be a viable 

alternative to Nafion membrane, but mechanical testing data has not been reported.  The 

mechanical properties of these membranes are important and essential to maintaining cell 

lifetime and durability.  Therefore, the second objective of this thesis is to study the 

mechanical properties for the most promising blend membranes (SPEEK/Psf-ABIm and 

SPEEK/Psf-BTraz) and the mechanical properties for a novel cross-linked SPEEK 

membrane.  Thus, the optimization of DMFC performance and mechanical properties are 

also discussed. 
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CHAPTER 2: EXPERIMENTAL PROCEDURES 

2.1 MATERIALS SYNTHESIS 

Polysulfone was sulfonated via trimethylsilyl chlorosulfonate in chlorinated 

solvents, followed by treatment with sodium methoxide and precipitation into 

isopropanol.  This procedure will be described in further detail in Chapter 3.  Polysulfone 

was carboxylated by Dr. Yuanqin Zhu in our group via butyllithiation reaction and 

subsequent treatment with carbon dioxide.  Carboxlyated polysulfone (Psf-COOH) was 

sulfonated via trimethylsilyl chlorosulfonate in chlorinated solvents with the addition of 

dimethyl sulfoxide (DMSO) to promote solubility.  This procedure will be described in 

more detail in the following chapter.  Membranes were cast via solution casting method 

onto glass.    Cross-linking of the Psf-COOH samples was achieved by heating up to 160 

◦C under vacuum after all the solvent had evaporated. 

Membranes used in tension testing were previously prepared by Dr. Yuanqin Zhu.  

Sulfonated polyether ether ketone (SPEEK) was prepared by treating poly(ether ether 

ketone) with concentrated sulfuric acid.  The tethered polysulfones (Psf-ABIm and Psf-

BTraz) were previously prepared by Dr. Wen Li.  The blend membranes were prepared 

by mixing various amounts of the tethered polysulfones with SPEEK in 

dimethylacetimide (DMac) and cast onto glass.  The cross-linked SPEEK (C-SPEEK) 

membranes were prepared by mixing Psf-COOH and SPEEK at various ratios and 

solution cast onto a glass substrate.  Cross-linking was achieved via the method described 

above. 
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2.2 MATERIALS CHARACTERIZATION 

2.2.1 1H - Nuclear Magnetic Resonance Spectroscopy (NMR) 

Proton NMR is a characterization technique that can be used to detect changes in 

chemical structure by analyzing the spin behavior of the nucleus of protons when 

introduced to a constant magnetic field.  It is based on the fact that the nuclei are charged 

and spinning, leading to formation of a magnetic moment.  When an external magnetic 

field is applied, these nuclei can have two possible orientations - with the magnetic field 

or against the magnetic field.  The majority of the nuclei will align the spin with the 

external field.  When the external magnetic field is off, then nuclei will emit energy while 

relaxing back to the previous orientation.  This energy can be detected and measured 

leading to a spectrum.  Because these protons can also be affected by the electric field of 

nearby electrons on the same molecule, there is a distinct signal for each non-equivalent 

proton.  For example, if a proton is near a methyl (CH3) group, it will not be equivalent to 

a proton near a carboxyl (COOH) group, and therefore, will produce two different 

energies.  The different chemical environments surrounding the protons cause different 

chemical shifts in the spectrum.  A higher chemical shift results from low electron 

density, and a low chemical shift results from high electron density.  In NMR 

spectroscopy, a standard reference trimethylsilane (TMS) is used as a 0 ppm chemical 

shift.  Using this technique, we can identify the degree of sulfonation of a sample by 

integration of the NMR peaks involving the affected protons.  This technique will be 

discussed further in the following chapter.  The samples were dissolved in DMSO-d6 and 

the NMR data was collected with a Varian INOVA 500 spectrometer. 
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2.2.2 Titration 

An acid-base titration technique was used to verify the degree of sulfonation 

calculated by NMR.  The acidified membrane samples were immersed in NaCl solution 

overnight in order to exchange all the protons with sodium ions, liberating the protons 

into solution.  The H+ ions in the solution were then titrated using NaOH with 

phenolphthalein indicator.  The degree of substitution and IEC were calculated using the 

following equations:   
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where IEC, V, W, and DS refer, respectively, to ion exchange capacity, volume, weight, 

and degree of sulfonation. 

2.2.3 Water Uptake and Swelling 

Membrane hydration is important in determining proton conductivity.  Water 

uptake is a measure of the membrane’s ability to hydrate and enhance proton 

conductivity.  Membrane swelling is a detrimental effect of hydration and should be 

minimized.  It leads to unnecessary stresses on the membrane and eventual degradation.  

A desirable membrane will have good water uptake with minimal swelling.   

(2.1) 

(2.2) 
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Water uptake (WU) was measured by soaking a membrane sample, of known dry 

weight (Wdry), in water at various temperatures for 24 hours and then weighing the wet 

sample (Wwet).  Using equation 2.3, the water uptake was calculated.  The swelling ratio 

(SW) was calculated with a similar procedure, measuring the length of the dry (ldry) and 

wet (lwet) samples and using equation 2.4. 
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2.3 MECHANICAL PROPERTIES CHARACTERIZATION 

2.3.1 Tension Testing 

Uniaxial tension tests were carried out with an Instron 5966 using samples in 

accordance with the American Society for Testing and Materials (ASTM) D882 

standards.  This standard is used for tensile testing of thin plastic sheeting, including 

films less than 1 mm in thickness.  Membrane samples having thicknesses ranging from 

80-150 µm were cut into strips of 70 mm long and 15 mm wide.  Tensile strength, yield 

strength, Young’s modulus, elongation at break, elongation at yield, and film toughness 

were all calculated from the tensile data. 

2.4 ELECTROCHEMICAL CHARACTERIZATION 

2.4.1 Proton Conductivity 

The proton conductivity was obtained from impedance data collected with a 

Solatron impedance analyzer.  An open window cell configuration, shown below in 

Figure 2.1, was used to house the membrane and platinum electrodes at a set distance.  
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The cell was kept in a temperature and humidity chamber during testing at 100 % 

humidity.  Conductivity σ was calculated from the resistance measurements at various 

temperatures according to the equation below, where L is the distance between the 

electrodes, R is the membrane resistance, and S is the cross-sectional area of the 

membrane sample.  

� =
�

��
 

 

Figure 2.1 Schematic drawing of a proton conductivity measurement cell. 
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CHAPTER 3: CROSS-LINKED SULFONTED POLYSULFONE 
MEMBRANES FOR DMFC 

3.1 INTRODUCTION 

Direct methanol fuel cells have been shown to be a promising power source for 

portable applications.  These electrochemical energy conversion devices do not require 

charging, allowing them to be used for long periods of time provided the fuel is readily 

available.  Using methanol as a fuel allows for portability and an easily stored high 

energy density per unit volume source when compared with hydrogen fuel.  The polymer 

electrolyte membrane in the DMFC has the most essential function of separating the fuel 

from the cathode, while also providing proton transport to the cathode for the reduction 

of oxygen.  These requirements are mutually conflicting and require creative innovation 

in order to satisfy both.   

The commercially available membranes for most fuel cell applications are 

currently perfluorinated polymers by DuPont, called Nafion and competitors with similar 

molecular structures.  These membranes are good proton conductors and thermally stable 

in fuel cell environments [2].  For use in DMFC, however, they do not adequately meet 

the requirements for suppressing methanol crossover to the cathode.  Because of the high 

cost and methanol permeability of Nafion, alternative membranes are the focus of current 

research.  Modified and composite Nafion membranes using inorganic compounds have 

been reported to help in the methanol permeability issue [4, 10-12].  The use of other 

thermally stable, non-fluorinated, hydrocarbon polymers is a promising area because of 

the reduction in cost from Nafion and the ease of synthesis.  Sulfonated 

poly(etheretherketone) (SPEEK) is a popular hydrocarbon based polymer for DMFC use.  

The sulfonation of PEEK is a simple reaction and the fuel cell performance is comparable 
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to that found with Nafion [14, 16-18].  Polysulfone has similar structure to PEEK, but 

allow for higher sulfonation degrees in simple post sulfonation reaction [21, 23-34].  The 

higher sulfonated polysulfones exhibit adequate proton conductivity, but also exhibit 

swelling or solubility at higher temperatures [21, 23-34].  Many methods have been 

employed to enhance the stability of sulfonated polysulfone while maintaining proton 

conductivity, including composite membranes, blend membranes, and cross-linking [27, 

32, 34].  Cross-linking is an effective approach, but most utilize the sulfonic acid groups 

to create the cross-linking bridge.  This method results in a loss of proton conductivity 

[33-35].  A more promising approach is to utilize a carboxylic acid functional group, 

which can undergo Friedel-Craft acylation and create a ketone bridge between polymer 

chains without losing any sulfonic acid groups [36].  This has been shown as an effective 

way to increase stability and performance, but in all previous studies the carboxylic acid 

functionality was introduced via another reagent [36].   

In this chapter, we utilize polysulfone with both carboxylic and sulfonic acid 

functionalities in order to produce a homogeneous cross-linked network.  Carboxylation 

of polysulfone via metalation reaction with subsequent sulfonation and cross-linking 

could lead to a new simpler approach with a more compact network of polymer chains.  

Polysulfone with high IEC is necessary to ensure that the proton conductivity of the 

cross-linked membranes would still be sufficient.  Even with the low degree of 

carboxylation, the Psf-COOH was not soluble in chloroform.  The reaction temperature 

was increased and a small amount of DMSO was employed, which increased the 

solubility; however, the solubility issues led to repeatability problems, difficulty in 

purifying the sulfonated product and producing a homogeneous membrane.  The SPsf and 

SPsf-COOH samples were characterized by NMR, titration, water uptake, and swelling 
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ratio.  The DS and IEC were calculated by NMR and acid-base titration.  Proton 

conductivity data were collected for various IEC membranes.             

3.2 EXPERIMENTAL 

3.2.1 Sulfonation of Polysulfone 

Commercially available polysulfone (UDEL 1700) was sulfonated using the mild 

sulfonating agent trimethylsilyl chlorosulfonate (TMCS), which was purchased from 

Sigma Aldrich [23-29, 31].  Sodium methoxide (5M in MeOH) was purchased from 

Fisher Scientific.  2 g of Psf was dissolved in 20 mL of chloroform at room temperature 

and TMCS was added drop wise to the solution.  The ratio (λ) of moles of TMCS to 

polymer repeat unit was varied based on the desired degree of sulfonation.  The reaction 

was stirred vigorously at room temperature for 24 hours and the solution changed to a 

yellow-orange color. In order to cleave the silyl sulfonated intermediate product, excess 

sodium methoxide in MeOH was added drop wise to the reaction solution.  This solution 

was stirred for another 2 hours.  Immediately following, the sulfonated polymer was 

precipitated into cold isopropanol and then washed several times with de-ionized water.  

The polymers were dried in a vacuum oven at 100 ◦C for 24 hours. 

3.2.2 Sulfonation of Carboxylated Polysulfone 

Commercially available polysulfone (UDEL 1700) was carboxylated via butyl-

lithiation reaction by Dr. Yuanqin Zhu in our group.  1 g of the carboxylated polysulfone 

(Psf-COOH), with a DS = 0.15, was dissolved in a mixed solvent consisting of 20 mL of 

chloroform and 1 mL of dimethylsulfoxide (DMSO) at 50 ◦C.  Trimethylsilyl 

chlorosulfonate was added drop wise to the cloudy solution.  The ratio (λ) of moles of 

TMCS to polymer repeat unit was varied based on the desired degree of sulfonation.  The 

reaction was stirred at 50 ◦C for 12 hours.  Excess sodium methoxide (5M in MeOH) 
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solution was added to the mixture and stirred for another 2 hours.  The resulting product 

was precipitated into cold isopropanol, washed several times with de-ionized water, and 

dried in a vacuum oven at 100 ◦C for 24 hours. 

 

O S
O

O
O

O S
O

O
O

(CH3)3SiSO3Cl

Chloroform

24 hrs, 25 C

O S
O

O
O

SO3Si(CH3)3

+ HCl

O S
O

O
O

SO3Na

NaOMe
(5M MeOH solution)

2 hours, 25 C

+ (CH3)3SiOCH3

SO3H

2M H2SO4

24 hours, 25 C

+ Na2SO4

 

Figure 3.1 Reaction mechanism for sulfonation using TMCS. 
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3.2.3 Membrane Preparation and Cross-linking 

Sulfonated polysulfone membranes were prepared by a casting method with a 

N,N-dimethylacetamide (DMac) solution.  Solutions were poured into a glass dish and 

dried at 100 ◦C for 24 hours, followed by drying in vacuum for 24 more hours.  

Membranes were then washed with de-ionized water several times and subsequently 

soaked in 1M H2SO4 for 24 hours before testing. 

Sulfonated Psf-COOH membranes were prepared by a casting method in N,N-

dimethylformamide (DMF) solution.  The solutions were poured into a glass dish and 

dried at 100 ◦C for 24 hours, followed by drying in vacuum at 100 ◦C.  For the cross-

linking reaction, the membranes were then heated up to 160 ◦C for various times.  After 

cross-linking, the membranes were washed with de-ionized water several times and then 

soaked in 1M H2SO4 for 24 hours before testing.  The membranes undergo cross-linking 

via Friedel-Craft acylation.  This mechanism illustrated below in Figure 3.2 involved 

protonation of the carboxylic acid group by one of the sulfonic acid groups.  The now 

positively charged carbon substituted one of the phenyl rings adjacent to the SO2 group in 

the backbone.  This formed a ketone bridge in between the polymer chains.   



 34 

O S
O

O

OH
OSO3H

O S
O

O

SO3H

O

protonation

O

O S
O

O
OSO3H

O

- H2O

condensation reaction

O S
O

O

SO3H

O

O S
O

O

OSO3H

O

 

Figure 3.2 SPsf-COOH cross-linking mechanism. 

3.2.4 Materials Characterization 

All polymers were characterized by 1H-NMR with a Varian ANOVA 500 

spectrometer.  The degree of sulfonation and IEC were calculated from the NMR spectra 

and verified through acid-base titration of a membrane sample.  Titration procedure was 

described previously in Chapter 2.  Water uptake and swelling ratio were collected from 



 

the acidified membrane samples and

detail in Chapter 2. 

 

3.3 RESULTS AND DISCUSSION

3.3.1 Degree of Sulfonation (DS) and Ion

The degree of sulfonation (DS) is the number of SO

unit.  The DS was determined with NMR spectra

The substitution of the sulfonic acid group on the phenyl ring causes a chemical shift of 

the adjacent proton.  Using the area of the peak associated with the adja

DS can be calculated according to the equation below.  Polysulfone can be sulfonated up 

to a DS = 2, one on either phenyl ring adjacent to the ether and the methyl groups i

position, shown in Figure 

electrophilic substitution.  The sulfonation happens on the phenyl ring that contains 

electron donating groups, which increases the sulfonation rate [24].  The SO

the backbone is electron withdrawing and decreases the electroph

on the adjacent phenyl rings.  Also, once the phenyl ring is sulfonated, the ring is no 

longer active for electrophilic substitution 

effect of the sulfonic acid group.
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samples and proton conductivity was measured as de

DISCUSSION 

Degree of Sulfonation (DS) and Ion-Exchange Capacity (IEC) Determination

The degree of sulfonation (DS) is the number of SO3H groups per polymer repea

unit.  The DS was determined with NMR spectra, as reported by the references [30, 31].    

The substitution of the sulfonic acid group on the phenyl ring causes a chemical shift of 

the adjacent proton.  Using the area of the peak associated with the adja

DS can be calculated according to the equation below.  Polysulfone can be sulfonated up 

to a DS = 2, one on either phenyl ring adjacent to the ether and the methyl groups i

igure 3.3 below.  The reaction mechanism using TMCS is an 

electrophilic substitution.  The sulfonation happens on the phenyl ring that contains 

electron donating groups, which increases the sulfonation rate [24].  The SO

the backbone is electron withdrawing and decreases the electrophilic substitution reaction 

on the adjacent phenyl rings.  Also, once the phenyl ring is sulfonated, the ring is no 

longer active for electrophilic substitution because of the same electron withdrawing 

effect of the sulfonic acid group. 

       , where        

Equation 3.1

was measured as described in 

Exchange Capacity (IEC) Determination 

H groups per polymer repeat 

as reported by the references [30, 31].    

The substitution of the sulfonic acid group on the phenyl ring causes a chemical shift of 

the adjacent proton.  Using the area of the peak associated with the adjacent proton, the 

DS can be calculated according to the equation below.  Polysulfone can be sulfonated up 

to a DS = 2, one on either phenyl ring adjacent to the ether and the methyl groups in the 4 

m using TMCS is an 

electrophilic substitution.  The sulfonation happens on the phenyl ring that contains 

electron donating groups, which increases the sulfonation rate [24].  The SO2 group on 

ilic substitution reaction 

on the adjacent phenyl rings.  Also, once the phenyl ring is sulfonated, the ring is no 

the same electron withdrawing 

Equation 3.1 
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Figure 3.4  1H-NMR spectra of sulfonated polysulfone. 
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Figure 3.5 1H-NMR spectra of sulfonated Psf-COOH. 
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The NMR spectra of the sulfonated Psf-COOH are shown in Figure 3.5.  The 

carboxyl group is added via a nucleophilic substitution reaction pathway so it favors 

substitution on the ring adjacent to the SO2 group in the polymer backbone, leaving the 

same phenyl groups available for sulfonation as with non-substituted polysulfone.  The 

Psf-COOH samples had very small amount of carboxylic acid groups, so the peak 

associated with the “3” position is small. 

The DS of all samples was verified with the acid-base titration.  Using equations 

2.1 and 2.2 previously discussed, the IEC and DS can be calculated from the titration 

experiment.  A summary of the parameters of all the SPsf and SPsf-COOH samples is 

shown in Table 3.1.  The ratio of TMCS to polymer repeat unit (λ) controls the DS in the 

reaction.   

 

Table 3.1 Summary of Sulfonation Reaction Conditions and the Characterization Data 

    λ 
a

 
Reaction 

Time (hr) 
DS (NMR)  IEC (NMR)  

 DS 

(Titration)  
 IEC 

(Titration)  

 SPsf 16  3.2 24  0.7  1.40  0.73  1.45  
 SPsf 22  3.8  24  1.2  2.23  1.21  2.24  
 SPsf 27  4.6  24 1  1.91  1.13  2.12  
 SPsf 31  6.1  24  1.18  2.20  1.22  2.25  
 SPsf-COOH 23 XL  3.8  24  0.77  1.53  0.60 1.25  
 SPsf-COOH 25 3.0  24  0.35 0.74 0.41  0.87  
 SPsf-COOH 26  3.8  12 (50 C)  0.81  1.60  N/A  N/A  
 SPsf-COOH 28  4.2  12 (50 C)  0.94  1.81  N/A  N/A  

 

Sulfonated polysulfone with high degrees of sulfonation were produced by 

varying the amount of TMCS.  The sulfonation of Psf-COOH was not as straight forward 

as non-substituted polysulfone.  Polysulfone is soluble in chlorinated solvents, while Psf-
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COOH swells in chlorinated solvents.  The advantage of using TMCS for sulfonation is 

that the reaction occurs in a homogeneous phase and is thus easily controlled.  For Psf-

COOH in chloroform, the reaction is not homogeneous, so elevating the reaction 

temperature and adding a small amount of DMSO was pursued in order to bring the Psf-

COOH into solution.  The DMSO increases the solubility and homogeneity of the 

solution.  The issue with adding DMSO to the solution is that it can react with the TMCS, 

so excess TMCS is needed.  Because of the solubility issues, the sulfonation of Psf-

COOH is not as easily controlled unlike that with polysulfone.  The intermediate silyl 

sulfonate Psf-COOH comes out of solution, making it difficult to cleave the silyl chain 

and obtain pure sulfonated Psf-COOH.  Also, at elevated reaction temperature for long 

reaction times, some of the products obtained were insoluble in all solvents leading to the 

conclusion that some cross-linking reaction might have occurred.  As seen in the NMR 

spectra for the SPsf-COOH, there are many impurities present.  The solubility and 

purification issues with this reaction led to difficulty in producing a uniform membrane. 

3.3.2 Proton Conductivity 

The proton conductivity data of the SPsf and SPsf-COOH membranes was 

calculated from the membrane resistance data obtained by the procedure described in 

Chapter 2.  The proton conductivity at various temperatures for the SPsf membranes is 

shown in Figure 3.6.  Proton conductivity increases with increasing temperature as 

expected.  Increasing temperature allows for increased membrane hydration, promoting 

the transfer of protons through the membrane.  Also, increasing IEC increases proton 

conductivity as expected.  The IEC is a measure of the membranes ability to transfer ions 

via acidic groups attached to the polymer backbone.  Increasing IEC increases the amount 

of acidic groups available for proton transfer, thus increasing conductivity.  The sudden 
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decrease in resistivity seen at higher temperatures for the higher IEC membranes is 

because of membrane swelling. 

 

  Figure 3.6 Variation of the proton conductivities of the SPsf membranes 
with temperature. 

The proton conductivity of two SPsf-COOH membranes is compared in Figure 

3.7.  The lower IEC (0.74) membrane was not cross-linked, while the higher IEC (1.5) 

was cross-linked.  The cross-linking reaction will reduce the proton conductivity by 

decreasing the size of the ion pathways.  This leads to a more mechanically stable 

membrane with less swelling at higher IEC, but some loss in proton conductivity was 

also observed.  The membrane with IEC = 1.5, which was cross-linked for 24 hours, still 

has higher proton conductivity than that with the membrane with IEC = 0.74.  Compared 

to the proton conductivity of the SPsf membranes, the cross-linked SPsf membrane 
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conductivity was almost an order of magnitude lower.  The cross-linking time could be 

reduced to increase the proton conductivity.     

 

 

 Figure 3.7 Variation of the proton conductivities of the SPsf-COOH 
membranes with temperature. 
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SPsf membranes are shown in Figure 3.8.  The WU % increases with increasing IEC and 
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and temperature.  Swelling of the membrane must be controlled because it adds stress on 

the membrane during fuel cell operation and can lead to failure of the membrane. 

              

 

 Figure 3.8 Water uptake and swelling ratio for SPsf membranes. 
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◦C) even though it has a much higher IEC and proton conductivity.  This illustrates the 

advantage of the cross-linked membrane without using the sulfonic acid groups, reducing 

water uptake and swelling while maintaining the proton conductivity. 

 

 Figure 3.9 Water uptake for the SPsf-COOH membranes. 

 

3.4 CONCLUSION 
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temperatures.  Because of solubility issues with the Psf-COOH, repeatability and 
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were tested.  Sulfonated polysulfone with high IEC showed good proton conductivity, but 

had significant swelling at higher temperatures.  Psf-COOH had much lower proton 

conductivity because of cross-linking and low IEC values.  Comparing the cross-linked 

Psf-COOH and the non-crosslinked sample with a lower IEC, the cross-linked sample 

still had higher proton conductivity while achieving lower water uptake than the non-

cross-linked sample with half the IEC.  This shows that covalently cross-linking 

polysulfone is an effective way to inhibit methanol crossover (lower water uptake will 

lead to less crossover) and maintain mechanical integrity at higher temperatures.  

Because of the solubility issues with Psf-COOH, even at the low amount of carboxylic 

acid groups, this synthesis method was concluded not to be viable.  An alternative 

approach for future work on cross-linked polysulfones would be to use the high IEC 

sulfonated polysulfone and mix with the Psf-COOH and cross-link the two different 

polymer chains.  With this method, the solubility issues could be resolved, but some loss 

in proton conductivity could occur because of the diluting nature of adding the Psf-

COOH, which will not participate in ion-exchange.   
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CHAPTER 4: MECHANICAL PROPERTIES OF ACID-BASE 
BLEND MEMBRANES AND CROSS-LINKED MEMBRANES FOR 

DMFC 

4.1 INTRODUCTION 

Direct methanol fuel cells (DMFC) are electrochemical energy conversion 

devices, which use liquid methanol fuel.  These devices are promising solution to the 

growing demand for uninterrupted power for portable devices.  Currently, the 

commercially available polymer electrolyte membrane being used is Nafion.  Nafion is 

expensive and exhibit high methanol permeability, leading to motivation for research to 

find better membrane materials for DMFC [4].   

Our group has previously reported on acid-base blend membranes using 

sulfonated poly (ether ether ketone) (SPEEK) and polysulfone tethered with basic 

functional groups [41-46].  These blend membranes involve acid-base interactions of the 

sulfonic acid groups and the basic nitrogen containing groups to conduct protons in 

addition to the vehicle mechanism associated with the acidic polymer [42].  SPEEK with 

5-amino-benzimidazole tethered polysulfone (SPEEK/Psf-ABIm) and SPEEK with 5-

amino-benzotriazole tethered polysulfone (SPEEK/Psf-Btraz) were found to have the best 

DMFC performance [42,46].  More recently, our group has reported on a novel approach 

to cross-linking SPEEK membranes, referred to as C-SPEEK [56].  These C-SPEEK 

membranes exhibited better DMFC performance with suppressed methanol crossover 

when compared to Nafion 115 membrane [56].  The performance improvements reported 

with these novel DMFC membranes will not prove fruitful unless comparable or 

improved mechanical properties are realized.  The mechanical strength and toughness of 

the DMFC membranes is essential for successful membrane-electrode assembly (MEA) 

fabrication and for cell lifetime improvements.  Membranes undergo a fair amount of 
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stress during MEA fabrication and even more hygrothermal stresses during fuel cell 

operation.      

Here we present a study of the mechanical characteristics of SPEEK-based blend 

membranes and cross-linked membranes.  Through a tensile testing of the membrane 

samples, we compare the strength and ductility of the blend membranes at various 

concentrations of basic groups and of the C-SPEEK membranes at various cross-linker 

concentrations.   

 

4.2 EXPERIMENTAL 

4.2.1 Membrane Preparation 

SPEEK blend membranes (SPEEK/Psf-ABIm and SPEEK/Psf-Btraz), with DS = 

1.08, were prepared via a solution cast method with varying amounts of polysulfone 

tethered with the basic groups and SPEEK in N,N-dimethylacetamide (DMac).  The 

membranes were dried at 90 ◦C for 12 hours, followed by 100 ◦C in vacuum for 24 hours.  

The blend membranes were then washed with de-ionized water several times and allowed 

to dry in ambient conditions. 
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Figure 4.1 Chemical Structure of SPEEK, Psf-Btraz, and Psf-ABIm. 
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      C-SPEEK membranes (C-SPEEK1, C-SPEEK2) were also prepared via a solution 

cast method with varying amounts of Psf-COOH (DS = 1 or 2) and SPEEK in DMac.  

The C-SPEEK2 (anhdyr) membranes were prepared using anhydrous DMac.  All C-

SPEEK membranes were dried at 80 ◦C for 24 hours, followed by vacuum drying at 100 

◦C (12 hours), and finally cross-linking at 160 ◦C under vacuum for 48 hours.  The 

membranes were cooled slowly and removed from the glass substrate without water.  All 

membranes were prepared by Dr. Yuanqin Zhu in our group. 
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Figure 4.2 Chemical structure for SPEEK and Psf-COOH. 
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Figure 4.3 Cross-linking structure of C-SPEEK [56]. 

4.2.2 Materials Characterization 

All membranes underwent tensile testing with an Instron 5966 tension testing 

machine according to the ASTM D882 standard for thin film testing.  The membrane 

samples used were 12.5 mm x 70 mm.  Membrane thickness varied between 70 - 150 µm.  

All samples were tested in air at 23 ◦C and 30% RH at a rate of 5 mm/min. 

 

+ 
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4.3 RESULTS AND DISCUSSION 

4.3.1 Tension Testing of Blend Membranes 

SPEEK/Psf-ABIm membranes were tested with varying concentrations of Psf-

ABIm in SPEEK.  Increasing the amount of Psf-ABIm was found to increase the proton 

conductivity, but the SPEEK/Psf-ABIm 5 wt% exhibited the best fuel cell performance 

[42].  Figure 4.3 below shows the stress vs. strain curves obtained for the SPEEK/ABIm 

blend membranes, compared with SPEEK and Nafion 115.  The SPEEK/Psf-ABIm 

membrane with 8 wt. % Psf-ABIm showed the best mechanical performance, with the 

highest yield strength and longest elongation before tearing.  All Psf-ABIm blend 

membranes showed tensile strength comparable to Nafion 115, but lower than that of 

plain SPEEK.  They also had lower elongation compared to those of plain SPEEK and 

Nafion 115.   

 

Figure 4.3 Stress vs. strain curves of the SPEEK/Psf-ABIm blend membranes. 
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SPEEK/Psf-Btraz membranes were tested at various concentrations of the Psf-

Btraz in SPEEK.  In a previous report, all Psf-Btraz blend membranes exhibited better 

fuel cell performance than SPEEK and Nafion 115, with the SPEEK/Psf-Btraz membrane 

with 5 wt. % Psf-Btraz showing the best performance [46].  Figure 4.4 below shows the 

stress vs. strain behavior of the SPEEK/Psf-Btraz membranes.  All the SPEEK/Psf-Btraz 

blend membranes had increased tensile strength over Nafion 115, but still less than that 

of plain SPEEK.  The blend membranes had similar elongations before tearing to 

SPEEK, with the blend membrane with 8 wt. % Psf-Btraz elongating more than the plain 

SPEEK.   

 

Figure 4.4 Stress vs. strain curves of the SPEEK/Psf-Btraz blend membranes. 
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content, but decreased with increasing Psf-Btraz content.  The increasing stiffness with 

increasing basic groups in the blend membrane can be explained by the acid-base 

interactions within the membrane, i.e. the more basic groups the higher the interaction 

and stiffness of the membrane.  The decrease in stiffness for the Psf-Btraz blends could 

be explained by the maximum of interactions in the 3 wt. % Psf-Btraz sample and large 

hydrophobic regions in the samples with > 3 wt. % Psf-Btraz and a reduction in strength.  

Psf-ABIm and Psf-Btraz have similarly sized tethered basic groups, but Psf-Btraz 

contains more nitrogen atoms in the side chain. The membrane with 8 wt. % Psf-ABIm 

shows similar value in tensile modulus as the membrane with 3 wt. % Psf-Btraz. 

 

Figure 4.5 Comparison of the tensile moduli of the SPEEK/Psf-ABIm and SPEEK/Psf-
Btraz blend membranes. 
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does not significantly affect the tensile strength.  The yield strength decreases with 

increasing Psf-Btraz content.  Figure 4.7 illustrates the effect of increasing the basic 

groups on the ductility of the membranes.  Increasing the Psf-ABIm content does not 

have much of an effect on the elongation at fracture.  For the Psf-Btraz membranes, the 

elongation at fracture increases with increasing amount of the basic groups in the blend. 

 

Figure 4.6 Comparison of the yield and tensile strengths of the SPEEK/Psf-ABIm and 
SPEEK/Psf-Btraz blend membranes. 
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Figure 4.7 Comparison of the ductilities of the SPEEK/Psf-ABIm and SPEEK/Psf-Btraz 
blend membranes. 

Table 4.1 Mechanical properties of the SPEEK/Psf-ABIm and SPEEK/Psf-Btraz blends 
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SPEEK/Psf-ABIm
SPEEK/Psf-Btraz

Membrane 
Tensile 

Modulus 

(MPa) 

Tensile 

Strength 

(MPa) 

Yield 

Strength 

(MPa) 

Elongation 

at yield 

(%) 

Elongation 

at break 

(%) 

SPEEK/Psf-ABIm 3 wt% 596 34 31 4 93.3 

SPEEK/Psf-ABIm 5 wt% 618 42 40 7.7 96 

SPEEK/Psf-ABIm 8 wt% 794 47 47 6.4 104.2 

SPEEK/Psf-BTraz 3 wt% 816 45 44 6.1 94.7 

SPEEK/Psf-BTraz 5 wt% 717 44 43 6.8 109.1 

SPEEK/Psf-BTraz 8 wt% 654 46 40 6.6 125.8 

SPEEK 1008 73 63 8.4 117.5 

Nafion 115 178 26 6 3 145.3 
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Table 4.1 summarizes the mechanical properties of the two blend membranes at 

various compositions, along with those of the SPEEK and Nafion 115 membranes.   

 

4.3.2 Cross-linked SPEEK membranes 

A cross-linked SPEEK membrane was produced using various amounts of Psf-

COOH.  Polysulfone can be carboxylated up to twice per polymer repeat unit.  Membrane 

samples with Psf-COOH (DS = 1) and Psf-COOH (DS = 2) were used and compared; 

these two samples are hereafter referred to as, respectively, Psf-COOH1 and Psf-COOH2. 

The carboxylic acid group is the group used to create the cross-linking bridge; therefore, 

the more COOH in the membrane the more cross-linking should occur.  Psf-COOH2 

membranes were cast in different solvents, DMac and anhydrous DMac, to study the 

effect of solvent water content on mechanical properties.   

Figure 4.8 below shows the stress vs. strain curves at various concentrations of 

Psf-COOH1 (DS = 1) in SPEEK (referred to as C-SPEEK1).  The amount of Psf-COOH1 

was 10, 15, and 20 wt. % in SPEEK.  This is higher than the samples with Psf-COOH2 

because there are half as many COOH groups in order to cross-link in the Psf-COOH1.  

The C-SPEEK1 membrane with 10 wt. % Psf-COOH1 showed a behavior similar to plain 

SPEEK, indicating that very little cross-linking has occurred.  The yield strength is lower 

than that of SPEEK, as expected with a homogeneous membrane compared to that with a 

blend of the two different polymers.  At C-SPEEK1 membrane with 15 wt. % Psf-

COOH1 exhibits much more cross-linked behavior.  It is stronger and more brittle than 

plain SPEEK, but still yields before fracture.  C-SPEEK1 membrane with 20 wt. % Psf-

COOH1 exhibited brittle behavior, breaking at the maximum stress with no drawing.   
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 Figure 4.8 Stress vs. strain curves for C-SPEEK1 membranes with various 
Psf-COOH1 wt. % in SPEEK. 

The stress vs. strain curves for C-SPEEK2 membranes with various amounts of 

Psf-COOH2 (DS = 2) in SPEEK are shown in Figure 4.9, i.e. with 5, 10, and 15 wt. % 

Psf-COOH2 in SPEEK.  The C-SPEEK2 membrane with 5 wt. % Psf-COOH2 exhibited 

similar behavior to plain SPEEK, the same as the C-SPEEK1 sample with 10 wt. % Psf-

COOH1.  This sample does not seem to have much cross-linking and loses strength when 

compared to SPEEK.  It shows increase in elongation at fracture when compared with 

both plain SPEEK and Nafion 115.  The C-SPEEK2 membrane with 10 wt. % Psf-

COOH2 shows more cross-linking behavior with a decrease in elongation at fracture 

compared to plain SPEEK.  The C-SPEEK2 membrane with 10 wt. % Psf-COOH2 did 

not have a higher yield strength or tensile strength when compared to plain SPEEK; 

however, its yield strength did increase when compared to the C-SPEEK2 membrane 
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with 5 wt. % Psf-COOH2.     The C-SPEEK2 membrane with 15 wt. % Psf-COOH2 

showed an increase in strength but was still lower than that of plain SPEEK.   

 

 Figure 4.9 Stress vs. strain curves for C-SPEEK2 membranes with various 
Psf-COOH2 wt. % in SPEEK.  

When comparing the two different C-SPEEK samples, C-SPEEK1 and C-

SPEEK2, the cross-linking rate is increased faster for the C-SPEEK1 samples with 

increasing wt. %.  We would expect the C-SPEEK1 sample with 20 wt. % Psf-COOH1 

and the C-SPEEK2 sample with 10 wt. % Psf-COOH2 to exhibit similar mechanical 

properties; instead, the C-SPEEK1 sample with 20 wt. % Psf-COOH1 exhibits brittle 

behavior while the C-SPEEK2 sample with 10 wt. % Psf-COOH2 yields and has some 

drawing before fracture.  For C-SPEEK1 samples, doubling the amount of Psf-COOH, 

doubles the yield strength and reduces the elongation to almost none.  For C-SPEEK2 

samples, doubling the amount of Psf-COOH only increases the yield strength by a small 

fraction and reduces the elongation by about 50 %.  The cross-linking rate in C-SPEEK1 
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seems to be higher than that in C-SPEEK2 based on the strength and brittleness of the 

membrane samples.  This could be attributed to the interference of the two COOH groups 

close to each other on the same polymer repeat unit.  Once one of the COOH groups has 

been protonated and undergone Friedel-Craft acylation forming the cross-linking bridge, 

it would be difficult for the adjacent COOH group to be protonated.    

 

 Figure 4.10 Stress vs. strain curves for C-SPEEK2 (anhydr) with various 
Psf-COOH2 wt. % in SPEEK.  

 Three C-SPEEK2 membrane samples were also cast in anhydrous solvent and 

they are hereafter referred to as C-SPEEK2 (anhydr).  The stress vs. strain curves for the 

C-SPEEK2 (anhydr) are shown in Figure 4.10.  Note that plain SPEEK and Nafion 115 

are not shown in Figure 4.10 because of the small elongation of the samples.  For C-

SPEEK2 (anhydr) membranes, increasing the amount of Psf-COOH increased the 

strength and decreased the elongation at fracture.  The strengths were lower when 

compared to those of the C-SPEEK2 membranes.  This data suggest that the water 
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content in the solvent affects the cross-linking reaction.  Using the anhydrous casting 

solvent leads to a much more brittle membrane without any increase in strength.  These 

membranes do not seem to have much cross-linking occurring, but lose ductility possibly 

because they lack water in the membrane.   

 

Figure 4.11 Comparison of the tensile moduli of C-SPEEK1, C-SPEEK2, C-SPEEK2 
(anhydr) membranes. 

Tensile moduli of the three cross-linked membranes are compared in Figure 4.11.  

In general, the tensile modulus increases with increasing Psf-COOH, except for the C-

SPEEK1 with 20 wt. % Psf-COOH1.  There is also a large increase in tensile strength 

from 10 wt. % to 15 wt. % Psf-COOH1 in C-SPEEK1.  At 10 wt. % Psf-COOH1, the 

amount of Psf-COOH1 did not provide enough cross-linking to significantly affect the 

mechanical properties.   Using the anhydrous casting solvent led to a reduction in tensile 

modulus for all the samples when compared with the C-SPEEK2 samples.  Figure 4.12 
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below compares the yield strength of the 3 different membrane samples.  Yield strength 

shows a trend similar to tensile strength with increasing Psf-COOH content.  Again, C-

SPEEK1 shows a large increase between 10 and 15 wt. % Psf-COOH1.   

 

Figure 4.12 Comparison of the yield strengths of C-SPEEK1, C-SPEEK2, C-SPEEK2 
(anhydr) membranes. 

The effect of the amount of Psf-COOH on the elongation of the membrane 

samples at fracture is shown below in Figure 4.13.  Cross-linking the membrane forms a 

compact network of polymer chains, which leads to stronger membrane, but at the 

expense of ductility.  As the amount of cross-linker increases, the ductility decreases.  

With all the C-SPEEK2 (anhydr) samples, the elongation at fracture is very small.  The 

C-SPEEK2 samples have longer elongation at fracture than the anhydrous samples, but 

the ductility decreases significantly with increasing cross-linking.  The C-SPEEK1 

sample with 10 wt. % Psf-COOH1 is the most ductile, but increasing the amount of 
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cross-linker causes it to become the most brittle at 15 wt. % Psf-COOH1, when compared 

to C-SPEEK2 (anhydr) and C-SPEEK2.  

 

Figure 4.13 Comparison of the ductilities of C-SPEEK1, C-SPEEK2, C-SPEEK2 
(anhydr) membranes. 

Table 4.2 below provides a summary of the mechanical properties data for the 

three membrane samples at the three different compositions. 
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Table 4.2 Mechanical properties of C-SPEEK membranes 

Membrane 
Tensile 

Modulus 

(MPa) 

Tensile 

Strength 

(MPa) 

Yield 

Strength 

(MPa) 
Elongation at 

yield (%) 
Elongation at 

break (%) 

C-SPEEK1 10 wt% 918 69.2 52.5 7.1 118 
C-SPEEK1 15 wt% 1214 84.7 84.3 10.1 24 
C-SPEEK1 20 wt% 1163 93.2 93.2 11.7 14 
C-SPEEK2 5 wt% 909 62.9 50.1 6.5 149 

C-SPEEK2 10 wt% 927 51.3 53.2 6.9 71.9 
C-SPEEK2 15 wt% 986 56.4 58.6 8 35.3 

C-SPEEK2 (anhyd) 5 wt% 790 46.8 45.3 8.2 46.6 
C-SPEEK2 (anhyd) 10 wt% 875 47.6 46.1 6.2 40.7 
C-SPEEK2 (anhyd) 15 wt% 928 49.6 48.6 6.6 29.7 

SPEEK 1008 73 63 8.4 117.5 
Nafion 115 178 26 6 3 145.3 
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4.4 CONCLUSION 

The electrochemical performance of SPEEK/Psf-ABIm and SPEEK/Psf-Btraz 

membranes has been previously reported by our group and shown to be potential 

candidates for DMFC membranes.  They both showed superior fuel cell performance 

when compared to Nafion 115 [42-46].  This thesis studied the mechanical properties of 

these membranes through tensile testing at ambient conditions.  Fuel cells do not 

obviously run at these conditions but this setup is useful to study and compare the 

mechanical strengths of various membranes, and to assess challenges in manufacturing 

and provide clues as to fuel cell mechanical failure.  The tensile modulus, yield strength, 

tensile strength, and elongation at fracture were calculated and compared for various 

basic group compositions.  It was found that both blend membranes exhibited better 

strength when compared to Nafion 115, but were not as strong as plain SPEEK.  All 

blend membranes also exhibited ductility comparable to that of plain SPEEK and Nafion 

115.  The increase in strength without much loss in ductility of these blend membranes, 

along with the previously reported performance increase, make these membranes good 

candidates for use in DMFC. 

The electrochemical performance of cross-linked SPEEK membranes using Psf-

COOH has been previously reported by our group.  The C-SPEEK membranes showed 

suppressed methanol crossover and superior performance when compared to Nafion 115 

membrane [56].  The cross-linking reaction variables studied were the degree of 

carboxylation on the polysulfone used, the casting solvent used, and the amount of Psf-

COOH used.  Increasing the amount of Psf-COOH (with a degree of sulfonation DS = 1) 

in C-SPEEK1 showed the greatest effect on cross-linking in terms of affecting the 

mechanical properties.  The membranes cast using anhydrous solvent (C-SPEEK2 
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anhydr) were weak and brittle, demonstrating the need for some water content in the 

membrane.  The C-SPEEK2 membranes exhibited good strength and ductility, the 

membrane with 10 wt. % Psf-COOH being the best compromise between strength and 

ductility.  The C-SPEEK2 samples used were not as strong or ductile as plain SPEEK, 

but variables in the cross-linking reaction can be adjusted to provide a stronger 

membrane.  All of the cross-linked membranes had higher yield strength than Nafion 

115, which is the commercially available membrane.  The C-SPEEK membranes 

exhibited adequate mechanical properties when compared to Nafion 115 and SPEEK.  

Thus, these membranes have superior DMFC performance without sacrificing 

mechanical properties.  Further optimization of the C-SPEEK1 membranes should be 

investigated because these membranes seem to be easier to control the amount of cross-

linking. 
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