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ABSTRACT 

Alkaline membrane-based electrolysis has the great potential to becoming the next-

generation manufacturing technology for distributed and inexpensive chemical productions 

exemplified by renewable hydrogen generation. As a key component, alkaline ionomer is 

critically used in electrodes as an electrochemical binder gluing metallic catalysts and polymeric 

membrane, largely controlling the cell performance of alkaline-membrane electrolysis.  

This research program explores a new family of ionomers based on two phosphonium 

cationic groups into alkaline-membrane electrolysis. In this program, the following research 

activities have been carried out: 1) performing the chloromethylation reaction on polysulfone, 

followed by purification, and confirmation by NMR spectroscopy; 2) performing the 

quaternization reaction with two different tertiary phosphines (9-methoxys and 6-methoxys) onto 

chloromethylated polysulfone; 3) characterizing the two groups of phosphonium-functionalized 

polymers including conductivity evaluation and hydration behavior; and 4) preparing ionomer 

solution using the synthesized phosphonium-functionalized polymers for electrode fabrication; 

and 5) conducting in-situ hydrogen production with the prepared ionomer solutions,  compared 

with commercial alkaline ionomer. 

Examined as alkaline ionomer at the cathode of the in-situ alkaline-membrane 

electrolysis, both 9-methoxys and 6-methoxys phosphonium-based polymers exhibited very 

effective ionomer function for efficient hydrogen production. Both phosphonium ionomers 

exhibited much higher cell performance than the commercial ammonium ionomer at all cell 

temperatures, strongly suggesting the great potential of utilizing phosphonium-functionalized 

ionomers for alkaline-membrane electrolysis.  
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 CHAPTER 1 

1 INTRODUCTION 

1.1 Overview of Electrosynthesis 

Electrosynthesis is a technique that chemical compounds are synthesized by using direct 

electric current (DC). In other words, electrosynthesis is a method which uses electrolysis reactions 

to produce specific products. Martinus Van Marum was recognized to be the first scientist who used 

electrolysis process to reduce tin, zinc, and antinomy from their salts in 1785, though Martinus Van 

Marum was unknowingly aware of this process at that time. In fact, William Nicholson and Anthony 

Carlisle discovered the working principles of electrolysis. Later, Michael Faraday (Davy’s 

laboratory assistant) introduced the word “electrolysis” in the 19th century. The word consists of 

“electron’ and “lysis” (derived from Greek words). Electron refers to electricity and lysis refers to 

decomposition. 

 When electric current is passed through an electrolyte, the electric energy is consumed to 

drive the transformation of some substance (typically in electrolyte) into new chemical products at 

two different sides: the positive electrode where the electric current flows into the electrolyte; and 

the negative electrode where the electric current flows out of. 

At the positive electrode, electrons are pulled out of the electrolyte, and the reaction at the 

positive electrode is named oxidation (or anodic reaction), and thereby the positive electrode in 

electrolysis is also called anode. At the negative electrode, electrons are pumped into the electrolyte, 

the reaction at the negative electrode is named reduction (cathodic reaction), and thereby the 

negative electrode in electrolysis is also call cathode.  

The electrolyte plays two roles at the same time: to ionically communicate the two electrodes 

from one to the other via ionic conduction; and to physically separate the two electrodes to avoid 
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electric short circuit. The electrolyte and two electrodes construct the “electrolytic cell” for 

electrolysis. Figure 1.1 shows the schematic of a simple electrolytic cell. 

 

Figure 1-1. Electrolytic cell [1] 

Based on electrolysis, a number of industrial applications have been developed, including 

electroplating, electrorefining, electrosynthesis, and energy storage, and environmental cleaning.  

 

Figure 1-2.  Electroplating of silver onto a spoon [2] 

Electroplating is widely used to produce and coat a metal film on the surface of another 

material (substrate). In electroplating, the metal salt is reduced and the metal is evenly plated on the 
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substrate (at negative electrode). The schematic electroplating of silver onto a spoon is shown in 

Figure 1.2. 

Electrorefining, also called electrowinning or electroextraction, is the oldest industrial 

electrolysis application. Electrorefining is used to produce pure metal by extracting the target metal 

from its alloys or mixtures. Based on electrorefining, some common metals can be produced, 

including lead, copper, gold, silver, zinc, aluminum, chromium, cobalt, calcium, potassium, and 

manganese. In fact, electrorefining process is currently the only method for commercially producing 

pure aluminum.  

In electrorefining, the impure metal is placed on the anode side, and pure metal is produced 

and deposited on the cathode side when applying electric current. Figure 1.3 shows the schematic of 

an electrorefining process of copper metal inside CuSO4 solution (as an electrolyte). 

 

Figure 1-3. Electrorefining of copper metal [3] 

 Water splitting (or hydrogen-oxygen production) is another important application of 

electrolysis using water as the electrolyte. Essentially, water splitting is the electrolysis of water, 

producing both hydrogen (as a fuel or energy carrier) and oxygen (for spacecraft and submarine).  

At the cathode of water splitting, water is reduced to form hydrogen, and the electrode 

reaction is called hydrogen evolution reaction (HER). At the anode of water splitting, water is 

oxidized to form oxygen, and the electrode reaction is called oxygen evolution reaction (OER). The 

produced oxygen can be collected and stored inside the pressurized tanks and so does the hydrogen 
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in separate tanks. The working principles of water splitting are depicted in Figure 1-4. The two 

electrode reactions and the overall cell reaction are as follows (electrolyte is balanced with base): 

 

 

Figure 1-4. Electrolysis of water [4] 

 Electrolysis can also be used for energy storage especially for the generation from renewable 

energy sources. In past decade, renewable generations, largely from wind and sunlight, have been 

increasingly developed and deployed, providing sustainable and clean electricity around the world. 

The intermittency of wind and solar energy creates the mismatch problem between demand and 

supply, challenging the power management with the existing electric grid. Energy storage has been 

considered the most reasonable solution to such mismatch problem. Electrolysis can be used to store 

the excess electric energy in the form of chemical energy, when the supply exceeds the demand. 

When needed, the stored energy can be released back to supply. 
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Figure 1-5 shows conceptual energy system centered with hydrogen which is generated from 

electrolysis process with renewable energy sources. In the future, electrolysis will find more 

applications for clean and sustainable chemical/energy solutions. 

  

Figure 1-5. Conceptual energy system centered with hydrogen generated from electrolysis powered 

by renewable energy sources [5] 

1.2 Electrolytes for Electrosynthesis 

 Residing the center of the electrolytic cell, the electrolyte governs electrochemical 

environment as well as supports the electrochemical reactions on both electrodes. Because of the 

importance of electrolytes, electrolysis is categorized by the materials of electrolytes. Electrolytes 

can be divided into two main groups: liquid electrolytes and solid electrolytes. Basically, the 

development of electrolytic cells has been much driven by the development of both liquid and solid 

electrolytes. 

Liquid electrolytes were first used in electrolysis, and they are the simplest electrolyte. 

Liquid electrolytes are of soluble salts, acids, and bases dissolved into a polar solvent (typically, 

water). The dissolved ions in liquid electrolytes are to ionically communicate the two electrodes, and 

such communication carries electrons to complete the electric circuit. The electrons cannot go 
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through the electrolyte by themselves, instead, ions carries electrons from the cathode to the anode 

within the electrolyte.  

By switching electrolytes from liquid solutions to solid materials, electrolyzers offer great 

convenience of use and handling. Solid electrolytes do not have leakage problem and they can be 

manufactured in very thin typically in a few tens to a few hundreds of microns in thickness. As such, 

solid electrolytes also offer improved cell safety as well as increased power density. Solid 

electrolytes, also called optimized ionic or superionic conductors, have high ionic conductivity with 

negligible electronic conductivity [6]. Solid electrolytes are mostly divided in three sub-groups: gel 

electrolytes, polymer electrolytes, and inorganic ceramics. 

The thin solid polymer electrolyte, also called membrane, is in direct contact with the two 

electrodes (cathode and anode), and thereby offers very low ionic resistance because of its small 

thickness. Another feature of the solid polymer electrolyte is that it is a gas-proof material as the 

excellent gas separator between two electrodes. There are two important types of polymer 

electrolytes (also called ion exchange membranes) for electrosynthesis application: proton-exchange 

membrane and hydroxide-exchange membrane (also known as alkaline membrane).  

 Proton-exchange membrane (PEM) was first introduced in the 1960s by General Electric, 

and it was the first water electrolyzer based on a solid polymer electrolyte. PEM is also called solid 

polymer electrolyte (SPE) in old times [7]. The use of PEM in water electrolyzer allows for the 

compact design with very thin and robust membranes (~100−200 μm), resulting in having low ohmic 

losses and desirable high operational pressures [8].  Generated on the anode, protons go through 

PEM, and they combine with electrons on the cathode. Figure 1-6 shows the schematic of the PEM-

based water electrolysis.  
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Figure 1-6. Water splitting based on PEM electrolysis [9] 

Enabled by thin and robust PEM, electrolysis can operate at high current densities, which 

reduces capital costs and also intensifies production [7]. However, due to the acidic environment, the 

electrocatalysts used in PEM-based electrolysis are severely limited to noble metals (such as 

platinum and iridium). In addition, state-of-the-art PEMs are made of expensive perfluorinated 

polymers (typically, Nafion). Switching membrane electrolyte from PEMs to HEMs in electrolysis 

are considered to be the technical solution for the next-generation electrolyzers, which allows for the 

great applicability of  both non-precious metals for active and durable electrocatalysts and 

inexpensive polymers for membrane materials [10]. Alkaline HEMs are the counterpart of the acidic 

PEMs. HEM-based water electrolysis has been considered a very promising technology. 

In traditional alkaline liquid electrolyzers, a porous diaphragm filled with alkaline solutions 

is used to separate between anode and cathodes. The diaphragms were made of asbestos materials in 

alkaline water electrolysis. Moreover, the alkaline liquid electrolytes (such as highly concentrated 

KOH solutions) can rapidly react with carbon dioxide inside the air to form low-solubility species 

like K2CO3 prone to form salt crystals. These carbonates can easily deposit on porous catalysts 

layers, decreasing electrolyzer performance [10]. The salt crystals can also damage the electrodes 

and/or diaphragm. Compared with diaphragms in alkaline liquid electrolysis, HEMs bring great 
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advantage of reducing both gas crossover and ionic resistance [11]. In addition, HEMs do not form 

metal carbonates or their salt crystals, because HEMs are structurally free from mobile metal cations. 

HEMs are a key member of the family of anion-exchange membranes (AEMs), just like that 

PEMs are a family member of cation-exchange membranes (CEMs). In light of the nature of 

balancing/passing anions in AEMs, there are two types of anions: the non-alkaline anions (e.g., Cl− 

SO4
2−, and PO4

3−) and the alkaline anions (e.g., OH−, HCO3
−, and CO3

2− ) [11]. HEMs belong to the 

alkaline-anion AEMs. HEMs contain positively charged head groups (i.e., cationic groups) which 

covalently links to a polymer backbone [11]. Selecting an appropriate cationic group for HEMs is 

key to obtaining high alkaline stability and high anion conductivity [12].  
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CHAPTER 2 

2 LITERATURE REVIEW 

There are many components, such as catalysts, ionomers, substrates, bipolar plates, 

electrodes, and membranes in the HEM-based electrolyzers, and each component serves its own 

function for electrolysis operation. A brief description for each component is presented in following 

subsections. Given that the development of active catalysts and stable membranes has been the 

research focus in advancing HEM electrosynthesis, the hydroxide-exchange ionomer (or alkaline 

ionomer) is an indispensable part for realizing electrode performances. The focus of this thesis is laid 

on this alkaline ionomer, which function as an electrochemical binder for catalysts in electrodes. In 

this chapter, the overview of HEM-based electrolysis, the use of ionomer in electrodes, and the state-

of-the-art ionomers are reviewed and discussed. 

2.1 HEM-Based Electrosynthesis  

2.1.1 Cell Structure and Working Principles 

The major components of HEM electrolyzers are shown in Figure 2-1, including membrane, 

electrodes, catalysts, bipolar plates, gaskets, and current controllers.  

For high-performance operation of electrolysis, membrane and two electrodes (cathode and 

anode) are mostly assembled together, called membrane electrode assembly (MEA). The fashion of 

MEA fabrication effectively establishes and maintains the close contact between the membrane and 

the two electrodes, not only reducing the cell resistance but also improving the electrochemical 

reactions. The adoption of MEA technology (from fuel cells where MEA technology was 

intervened) has drastically advanced the performance of electrolysis in the past a few decades. 

HEM is the membrane used in the heart of the HEM-based electrolysis. Opposite to PEM-

based electrolyzers where H+ is the working ion, HEM-based electrolyzers utilize OH− as the 
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working ion on both electrodes and through membrane. Due to the nature of working ions, PEMs 

and HEMs are considered a strongly acidic environment and a strongly alkaline environment, 

respectively. HEMs are made of polymers functionalized by cationic groups which have the ability 

to conduct the OH−. 

Electrodes are the places where electrochemical reactions occur. The two electrodes are 

generally structured in two major functional layers: catalyst layer (CL) and gas-diffusion layer 

(GDL). The catalyst layer is the exact location inside the electrodes for the electrochemical reactions 

in an electrolyzer. Typically, the catalyst layer is prepared by coating catalyst and ionomer onto the 

micro-porous GDL of an electrode substrate. 

The primary function of GDL is the fast transfer of both reactant and product for sustaining 

the high rate of electrochemical reactions. GDLs also play the critical role of the electrical 

connection between the bipolar plate and the electrode. In addition, GDLs are required to provide 

high thermal conduction to avoid the overheating of cell and the sufficient materials resistance 

against electrochemical corrosions. 

Bipolar plates (BPs) are used to uniformly distribute reactants/products, conduct electrical 

current, and prevent the leakage of gases. The surface of the BPs is carved with the flow field, which 

is set of channels, to effectively distribute reactants to flow over the MEA. In electrolysis stack, BPs 

are also employed to connect multiple electrolytic cells together. Every BP is made with two active 

surfaces: one surface working with an electrolytic cell and the other surface working with another 

electrolytic cell. This is the reason for naming the BPs. Figure 2-2 shows the picture of a single-

surface BP carved with graphite flow channel. 
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To prevent any gas leakage between bipolar plates and MEA, gaskets are used encompassing 

the MEA and around the edges of the both bipolar plates. The thickness of gaskets must be carefully 

controlled to ensure the tight sealing as well as the firm contact between MEA and bipolar plates. 

Finally, both bipolar plates are sandwiched between two current controller (end plates) which 

collect current from the electrolytic cell. 

Figure 2-3 shows the assembled HEM electrolyzer used in our work. 

 

Figure 2-1. Electrolyzer components [9] 
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Figure 2-2. A graphite bipolar plate with serpentine flow channel 

 

Figure 2-3. An assembled HEM electrolyzer  
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2.1.2 Typical Electrolytic Products  

By far, two major electrolytic products have been reported based on HEM electrolysis. One 

is hydrogen, and the other is ammonia. 

(a) Hydrogen Product 

Hydrogen is an important chemical compound that is widely used in many industrial 

processes including ammonia production, petroleum refining, and metal refining such as nickel, 

copper, zinc, uranium, tungsten and molybdenum [13-17]. Hydrogen has also been seriously 

considered to an energy carrier for electricity generation (via fuel cells) as well as energy storage. 

Currently, hydrogen is dominantly produced by the steam methane reforming (SMR), in which 

steam reacts, at high temperature under high pressure, with methane to produce hydrogen. The SMR 

reactions are as follows: 

 

 However, SMR consumes significant amount of energy (approximately 1% of global energy 

supply) and releases dramatic amount of CO2 (more than 1.5% of global CO2 emission). Hydrogen 

production from other hydrocarbon sources can result other atmosphere pollutants such as NOx (x = 

1 or 2) and SOx (x = 2 or 3) [18-20]. 

The gasification of coal is another industrial method to produce hydrogen as well as carbon 

monoxide (CO). Hydrogen can be produced by reacting coal with oxygen and steam under high 

pressure and temperature [21]. The reaction of coal gasification is as follows: 

3C + O2 + H2O → H2 + CO 

The produced CO in this reaction can also react with steam to produce additional hydrogen 

and carbon dioxide, depending on the industrial needs. Both hydrogen and carbon dioxide are 
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separated and stored [21]. Like SMR, coal gasification also generates CO2 as an inevitable and 

undesirable product. 

Renewable biomass can be used to replace the non-renewable coal for hydrogen production 

by gasification. However, biomass gasification can produce other hydrocarbon compounds as by-

products. As a result, extra step is required to handle these hydrocarbon by-products [21]. 

Nevertheless, CO2 is also generated, given that carbon balance could be considered to be neutral 

(renewable biomass). 

Water electrolysis, or water splitting, can produce hydrogen from water without CO2 

mission. In fact, water electrolysis currently contributes to approximately 4% of global hydrogen 

production [22]. Water electrolysis can be powered by renewable electricity from wind, sunlight, 

hydro, and geothermal.  

PEM-based water electrolysis has been long practiced and high performances have been 

demonstrated. However, the reliance on previous metal catalysts in PEM electrolysis substantially 

increases the production cost of hydrogen, fundamentally limiting its deployment worldwide. 

Compared with PEM-based water electrolysis, HEM-based water electrolysis can use inexpensive 

non-precious metal catalysts, potentially lowering the product cost of hydrogen. 

In the AEM-based water electrolysis, water at the cathode side is consumed and reduced to 

hydrogen product and hydroxide (OH−). The OH ̄ ions are transferred from the cathode to the anode 

through the HEM. At the anode, OH ̄ ions are oxidized to form oxygen product and water. The 

overall cell reaction is the “splitting of water”. The overall reaction has the theoretical or 

thermodynamic cell voltage of 1.229 V under standard condition (25 °C and 1 bar). In practice, 

additional voltage higher than 1.229 V is required to overcome kinetics resistance, the ohmic 
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resistance, and mass-transfer resistance. The electrode reactions as well as the overall cell reaction 

are shown below: 

 

Acta’s R&D team commercialized the first AEM-based electrolysis in 2009. The team 

introduced the first AEM electrolysis stack (AES 500, shown in Figure 2-4), and the following 

advantages over PEM electrolyzers or liquid-alkaline electrolyzers have been claimed as follows 

[23]: 

1. High energy efficiency (< 4.0 kWh for 1 m3 H2) 

2. High H2 purity 

3. Less stringent water requirement than PEM 

4. Easy maintenance 

5. Using air for cooling 

6. Able to use intermittent power 
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     Figure 2-4. Acta’s AES 500 AEM-based electrolyzer [24] 

(b) Ammonia Product 

 Besides hydrogen production, ammonia can also be produced from HEM-based electrolysis. 

Ammonia is a colorless inorganic compound of nitrogen and hydrogen with the formula NH3. 

Ammonia is found naturally throughout air, soil, plants, animals, and humans. About 90 percent use 

of synthetic ammonia is as a fertilizer to increase the crop yields, though it has other important 

industrial applications such as cleaning agents. Since transportation and distribution of liquid 

ammonia are easier than hydrogen at room temperature, ammonia has been considered to be a 

hydrogen carrier in place of hydrogen [25].   

Currently ammonia manufacturers utilize the Haber-Bosch (HB) process to produce 

ammonia (NH3). In this process, nitrogen gas (separated from air) and hydrogen gas (generated from 

SMR) are reacted using a metal catalyst under very high pressure (typically, 150−300 atm) at high 

temperature (typically, 400−500 ℃) to form NH3 happens [25].    
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N2 + 3H2 → 2NH3
 

Globally, the HB process produces about 150 million tons of ammonia a year. The HB 

process consumes huge amount of energy for reactors to operate and keep the process running 

continuously [26]. This process consumes approximately 5% of the global supply of natural gas 

resources [26]. Delicate reaction management and comprehensive safety measures are demanded for 

the HB process, rendering that the installation of an HB plant extremely capital-intensive (the typical 

cost for a profitable commercial HB plant is around $1 billion). In addition to vast energy 

consumption, huge amount of CO2 is emitted from the HB process. According to the U.S. 

Greenhouse Gas Inventory, about 10.2 million tons of CO2 emissions (3% of the global greenhouse 

gas emissions) was from HB process in 2013 [27]. 

Exploring sustainable ammonia production, not relying on natural gas or other fossil fuels, 

has been increasingly attractive for researchers to better support growing world demands for 

fertilizers. Energy and carbon intensity could be dramatically reduced by sustainable ammonia 

production. Three major alternatives have been studied as promising candidates for sustainable 

ammonia production: plasma-driven ammonia synthesis, photochemical ammonia synthesis, 

electrochemical ammonia synthesis (i.e., ammonia electrosynthesis). Compared with the other 

approaches, electrochemical ammonia synthesis is more attractive, largely due to excellent scale 

flexibility and high ammonia productivity. 

It has been argued that the well-established ammonia electrosynthesis could cut down more 

than 20% of the energy consumption, compared with the HB process [28]. Ammonia 

electrosynthesis is essentially the electrolysis of nitrogen. In light of electrolyte materials, ammonia 

electrosynthesis is generally categorized into four main groups: (1) liquid electrolytes (2) molten-salt 

electrolytes (3) inorganic solid electrolyte; and (4) polymer (organic) solid electrolytes (PEMs and 
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AEMs) [25]. Figure 2-5 shows a flow diagram comparing the HB process with electrochemical 

process. 

 

Figure 2-5. Flow diagram comparison: (a) HB process, and (b) the electrochemical process for 

ammonia production [18] 

AEM-based ammonia electrosynthesis is the research frontier in this field, and there is very 

limited information available in the open literature [29]. A team of Proton OnSite, Lauren Greenlee 

at NIST, and Andrew Herring at Colorado School of Mines (CSM) showed ammonia could be 

produced in an AEM-based electrolysis device [29]. In this process, the feed gas on the cathode of 

the electrolytic cell is nitrogen and water (vapor), and hydroxide goes through membrane to anode to 

form H2O. The anode reaction is the same as the hydrogen production. The two electrode reactions 

as well as the overall cell reaction are as follows: 

 

 

Cathode: N2 +6H2O + 6e− → 2NH3 + 6OH− 

Anode:  4OH− → O2 + 2H2O + 4e− 

Overall: 2N2 + 6H2O → 4NH3 + 3O2 
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The team showed the importance of cathode catalysts for ammonia electrosynthesis. As 

shown in Figure 2-6, the choice of cathode catalysts has significant impact on ammonia production 

as well as performance duration. Their results showed that Fe, Fe-Ni, and Ni nanoparticles 

performed much more actively than the Pt black [29]. Their results seemed to be rather preliminary, 

and further research is needed to draw more solid conclusion. 

 

Figure 2-6. The impact of cathode catalysts on ammonia electrosynthesis in the AEM electrolysis 

[22] 

2.1.3 Hydroxide-Exchange Membranes 

Structurally, HEM polymers have three major segments: polymer backbone, linkage group, 

and cationic functional group. Sometimes, cross-linking groups are used to improve the solvent 

resistance and/or membrane robustness. 

The backbone of HEM polymers is also called polymer matrix. The chemical and physical 

structure of the polymer backbone profoundly impacts the HEM properties. Most commonly used 

backbones include polysulfone (PSf), poly(ether ketones) (PEK), poly(ether imides) (PEI), 

poly(ether oxadiazoles) (PEO), (phenylene oxides) [PPO], polyphenylenes (PP), polybenzimidazole 
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(PBI), and poly(epichlorohydrins) [PECH], polystyrene (PSt), poly(vinylbenzyl chloride) (PVBC), 

Polytetrafluoroethylene (PTFE), and poly(vinyl alcohol) [PVA] [11]. 

There are various cationic groups used in HEM polymers, including quaternary ammonium, 

imidazolium, quaternary phosphonium, guanidinium, and tertiary sulfonium [10]. The choices of 

polymer backbone and the cationic functional groups largely control the stability, conductivity, 

solubility, durability, and mechanical property of the resulting HEMs [30]. 

Quaternary ammonium (QA) cations are the first used functional group in commercial 

AEMs, and the typical QA cation is called benzyl trimethylammonium (BTMA). QA cations have 

limited stability in alkaline working environments [12]. Other nitrogen-based cations have been 

explored including stabilized ammonium [31], imidazolium [32], guanidinium [33], and pyridinium 

[34], but their stability is still of a concern.  

Largely motivated by improving solubility and stability, new quaternary phosphonium (QP, 

based on phosphorus) of benzyl tris(2,4,6-trimethoxyphenyl) phosphonium [BTPP-(2,4,6-MeO)] 

have been invented [35-37]. This kind of new phosphonium cation has a few orders of magnitude 

higher alkaline stability than the traditional phosphonium cations (such as benzyl 

trimethylphosphonium and benzyl tripheynylphosphonium), because of the stabilizing effects with 

the multiple methoxy groups which provide strong electron donation and large steric hindrance [38]. 

In fact, such phosphonium cation is roughly twice as stable as the BTMA cation under the same test 

condition. 

In regular electrolysis operation, HEMs carry OH− ions to balance the cationic functional 

groups. Ion exchange with 1 M KOH or 1 M NaOH is generally conducted to endow the HEMs with 

desirable OH− ions. HEMs are also required to be fully hydrated for high OH¯ conductivity [39-41]. 
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HEMs are characterized with ion-exchange capacity (IEC), water uptake, conductivity, and alkaline 

stability [11, 42, 43]. 

The state-of-the-art PEM-based water electrolyzer have the performances of 1,000 mA cm−2 

of current densities under an electrolytic cell voltage of less than 2.0 V (at temperature of 80 ℃), and 

the cell durability ranges up to thousands of hours. AEM-based electrolyzers can offer similar cell 

performances with, however, lower-cost catalyst materials (e.g., free of platinum-group metals), 

compared with PEM-based counterparts. 

Scott et al. reported an HEM-based water electrolysis with Ni (2.0 mg cm−2) as the HER 

catalyst and cobalt-based oxides (2.5−3.0 mg cm−2) as the OER catalyst. Under 1.9 V of electrolytic 

cell voltage, the obtained current density was 65 mA cm−2 and 175 mA cm−2 with Cu0.7Co2.3O4 and 

Li-doped Co3O4 as the HER catalyst, respectively [44, 45]. 

Catalyst loading can also impact on the performance of AEM-based electrolysis. Comotti et 

al. examined the effect of the loading catalyst at the cathode on the cell performance [Ni/(CeO2-

La2O3)/C as the HER catalyst]. Under 1.9 V of electrolytic cell voltage, the current density increased 

from 160 to 470 mA cm−2 when the catalyst loading was increased from 0.6 to 7.4 mg cm−2 of 

Ni/(CeO2-La2O3)/C [45].  

In another study, Faid et al. demonstrated an AEM electrolyzer with the high performance of 

1 A cm−2 under 1.9 V of electrolytic cell votlage). NiMo catalyst (5 mg cm−2) and iridium black  (3 

mg cm−2) were used on the cathode and anode, respectively. Commerical Fumapem FAA-3-PE-30 

membrane (Fuma-Tech) was used as the HEM with 1 M KOH at 50 °C through the AEM water 

electrolyzer. Table 1 lists some of the state-of-the-art HEM based water electrolysis. 
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TABLE 1 

 SUMMARY OF THE STATE-OF-THE-ART HEM-BASED WATER ELECTROLYSIS [46] 

Membrane-Electrode Assembly (MEA) 

Performance  
Anode Catalyst 

Anode 

Loading 

(mg cm–2) 

Cathode Catalyst  

Cathode 

Loading 

(mg cm–2) 

Membrane 

Ir 3 NiMo/X72 5 
FAA-3-PE-30 

(Fuma-Tech) 

1 A/cm2  

(1.9 V, 50 °C) 

Ir 3 Pt/C 1 
FAA-3-PE-30 

(Fuma-Tech) 

1 A/cm2 

(1.8 V, 50 °C) 

IrO2 2.9 Pt black 3.2 
A-201 

(Tokuyama) 

399 mA/cm2 

(1.8 V, 50 °C) 

Ni/CeO2- La2O3/C 36 CuCoO3 7.4 
A-201 

(Tokuyama) 

470 mA/cm2 

(1.9 V, 50 °) 

Ni-Fe 40 Ni-Mo 40 xQAPS 
400 mA/cm2 

(1.85 V, 70 °C) 

Ni 0.085 Ni 0.085 
A-201 

(Tokuyama) 

150 mA/cm2 

(1.9 V, 50 °C) 

Cu0.7 Co2.3O4 3 Pt 1 QA membrane 
100 mA/cm2 

(1.8 V, 25 °C) 

Cu0.7 Co2.3O4 3 Nano Ni 2 
Radiation grafted mm-

qPVBz/Cl− 

100 mA/cm2 

(1.9 V, 55 °C) 

Cu0.7 Co2.3O4 3 Nano Ni 2 QPDTB 
100 mA/cm2 

(1.9 V, 50 °C) 

Ce 0.2MnFe1. 8O4 3.5 Ni 3.5 
FAA-3-PK-130 

(Fuma-Tech) 

300 mA/cm2 

(1.8 V, 50 °C) 

2.2 Use of Ionomer in Electrode Preparation 

 The ionomer is used as electrochemical “glue” that binds the catalyst nanoparticles together 

in the catalyst layer. Ionomers conduct the working ions (anion or cation): H+ in PEM electrodes and 

OH− in HEM electrodes. In other words, ionomer is essential to hold discrete catalyst particles 

together to not only form a porous catalyst layer but also facilitate ions, electrons, and 

reactant/products transfer. Figure 2-7 shows a conceptual illustration of the catalyst layer in polymer 

electrodes. Red spots are catalyst particles, and blue spots are ionomer particles.  
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Figure 2-7. Conceptual illustration of catalyst layer in polymer electrodes [46] 

2.2.1 Functionality 

In essence, ionomers are of the solubilized HEM polymers. Ionomers are key to constructing 

“three-phase boundaries” (TPBs) necessary for high-performance electrode operations. Inside the 

ionomer materials, the hydrophobic polymer chains are attached to each other, and the hydrophilic 

ionic groups are grouped together. Since the ionic groups are covalently bonded with polymer chain, 

they form micro-scale hydrophilic ionic clusters surrounded by a sea of hydrophobic backbones. 

In the early research stage where the alkaline ionomers were not available, aqueous KOH or 

NaOH was used in the electrodes, failing to construct the TPBs [47-50]. PTFE suspension was also 

used as a binder that does not have the ability to conduct ions [51]. As a result, the electrode 

performances with either liquid base solutions or PTFE suspensions were very limited. Sometimes 

acid Nafion ionomer was used as ionomer for OH− transfer, which dramatically restrains the OH− 

transfer in the electrodes [52, 53]. By contrast, when an alkaline ionomer, such as the quaternized 
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poly(2,6-dimethyl-1,4-phenylene oxide), was used in AEM electrolyzers, high electrode 

performance can be achieved [54].  

In addition to the basic functions such as OH− conduction and polymer dispersion, alkaline 

ionomers are expected to be stable in the electrolyzer environments aiming for long-term electrolysis 

operations. The swelling behavior of alkaline ionomers should reside in the moderate range, as too 

much swelling can cause the blocking the pores for the reactants/products transfer. In order for the 

effective preparation of the ionomer solution, the ideal ionomers should have good solubility in 

some low-boiling-point and water-miscible solvents (such as ethanol or propanol) [54].  

2.2.2 Catalyst Ink 

Catalyst inks are currently used to fabricate high-performance polymer electrodes, and the 

catalyst inks are made of the ionomer solution and catalyst particles. The recipe of catalyst inks is of 

critical importance for the realization of electrode performance. In general, there is an optimal value 

(mostly, 20wt.%−25wt.%) for ionomer content when preparing catalyst ink. Higher or lower than the 

optimal ionomer content may result in decreased electrode performance [55]. 

Methanol, ethanol, n-propanol (IPA), and tetrahydrofuran (THF) have been typically used as 

the ionomer solvents, because of their good solubility to ionomer polymers and excellent 

compatibility with most catalysts [56]. 

When preparing catalyst inks, the ionomer concentration of ionomer solutions may vary 

depending on specific applications. The typical ionomer concentration is 5 wt.% for most research 

experiments. 
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2.2.3 Catalyst-Coating Methods 

The modern fabrication of polymer electrodes is to coat catalyst ink onto electrode substrates. 

While ionomer solvents evaporate, the ionomer particles and catalyst particles remain, in highly 

dispersed fashion, on the electrode substrate, creating the catalyst layer. Porous and electrically-

conductive materials are used as the electrode substrates, including carbon papers, carbon clothes, 

and stainless-steel meshes. Figure 2-8 shows the three kinds of electrode substrates, all of which are 

commercially available. 

 

Figure 2-8. Three kinds of electrode substrates: A) carbon cloth, B) stainless-steel mesh, and C) 

carbon paper 

Three major methods have been developed to coat the catalyst ink onto electrode substrates: 

paining (using brush), dip-coating, and spraying (using air-gun). 

Painting (or brushing) method is earlies technique for coating electrodes. Paining method can 

fabricate very thick catalyst layers onto electrode substrate. Painting method may be used to prepare 

ultra-high catalyst loading electrodes, but the uniformity is generally poor. 

Dip-coating method is also a simple fabricating method. The electrode substrate is first 

immersed in the catalyst ink for sufficient time (a few minutes to a few hours), and then the dip-

coated electrode substrate removed from the catalyst ink and is dried. This procedure is often 

repeated fir several times until reaching the desired catalyst loading deposited on the substrate. 
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Generally, dip-coating procedure is employed to fabricate porous ceramic membranes [57]. 

Generally speaking, the dip-coating method is inexpensive, simple, and straightforward, however, 

the dip-coated electrodes have limited coating uniformity and relatively low catalyst utilization.  

Spraying method is instead an advanced technique in which the catalyst ink is forced through 

a nozzle (of an air gun), therefore a fine aerosol will be formed [58]. The well-practiced spraying 

technique is known to deliver very high catalyst uniformity and high catalyst utilization. Palma et al. 

compared the spraying method with the dip-coating method for fabricating PEM electrodes with 

Pt/C catalyst (0.12 mg/cm2) and a Nafion membrane. The electrode fabricated by the spraying 

showed much higher power density (90 mW/cm2) than that fabricated by the dip-coating counterpart 

(38 mW/cm2) [59], under the same testing cell voltage (0.3 V). 

2.2.4 Electrode-Forming Fashions 

The standard fashion of forming catalyst layers is onto electrode substrates, therefore called 

catalyst-coated substrate (CCS) fashion. There is another fashion of forming catalyst layers: onto 

membrane surface, instead of electrode substrate. Such fashion is referred to as “catalyst-coated 

membrane” (CCM). 

 For CCSs, the connection between the catalyst layer and electrode substrate is very strong 

and tight, minimizing the (electrical) contact resistance between them. While, CCMs offers close and 

firm contact between the membrane surface and catalyst layer, leading to low (ionic) contact 

resistance. Both fashions have their own advantages and disadvantages. Recent research has shown 

that CCMs can deliver higher electrode performance than CCSs, largely due to the reduced ionic 

contact resistance. Compared with CCSs, the CCMs are, however, more challenging to proceed and 

more prone to failure, because the membrane tends to swell when encountering ionomer solvent. 
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Regardless of the catalyst-forming fashion (CCS and CCM), the membrane and two 

electrodes are assembled, named “membrane-electrode assembly”, in electrolytic cell. Counting the 

two GDL layers on each electrode, there are five layers in total in the MEA, shown in Figure 2-9.  

 

Figure 2-9. Schematic illustrating membrane-electrode assembly (MEA) 

2.3 Hydroxide-Exchange Ionomers 

Alkaline ionomers are academically named as “hydroxide-exchange ionomers” (HEIs). The 

cationic functional group of HEIs is the central focus in HEI chemical structure, as such functional 

group dominates hydroxide conductivity through its basicity and density [60]. In this chapter, three 

types of cationic functional groups are discussed: quaternary ammonium, quaternary phosphonium, 

and imidazolium. Ammonium cation is the most used cationic group; while phosphonium cation and 

imidazolium cation endow their HEI polymers with the desirable solubility in ionomer solvents. 

Phosphonium cation offers the solubility of its HEI polymers in lower alcohols (methanol, ethanol, 

n-propanol, iso-propanol, and n-butanol, iso-butanol, and tert-butanol) and in acetone. Imidazolium 

cation offers the solubility of its HEI polymers in tetrahydrofuran. 

2.3.1 Ammonium Ionomers 

Quaternary ammoniums (or simply, ammoniums) is the most studied family of cationic 

groups [61]. Ammoniums are non-conjugated nitrogen-based cations, and they are grouped in the 

tetraalkyl ammoniums and the cycloalkyl ammoniums. By contrast, pyridinium, guanidinium, and 
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imidazolium are conjugated nitrogen-based cationic groups [60]. Figures 2-10 and 2-11 show the 

chemical structures of the tetraalkyl ammonium and the cycloalkyl ammoniums, respectively.  

 

Figure 2-10. Tetraalky ammonium (alky = methyl here) [62] 

 

Figure 2-11. Cycloalkyl ammoniums [47, 63-66] 

Trimethyl ammonium is the simplest and the most used tetraalkyl ammonium used as the 

cationic functional group in both HEIs and HEMs [67], largely because trimethyl ammonium 

cationic group has higher chemical stability and higher basicity than many ordinary pyridinium, 

imidazolium, and guanidinium, [68]. In this cationic functional group, three methyl groups serve as 

side groups. The quaternary nitrogen atom in the cation carries one unit of positive charge, and this 

positive charge is electro-balanced by the balancing ion (mostly, OH−) [60].  Figure 2-12 shows the 

chemical structure of the trimethyl ammonium-functionalized PSf.  

 

Figure 2-12. TMA quaternized PSf [54] 
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When compared with other advanced cationic groups, the basicity of trimethyl benzyl 

ammonium hydroxide has, however, been observed to be moderate [60]. Pan et al. determined the 

specific conductivity or the IEC-normalized hydroxide conductivity of trimethyl ammonium-

functionalized polymer as 19 mS g cm−1 mmol−1 [69]. 

However, the polymer electrolytes functionalized by tetraalkyl ammonium often have 

generally poor solubility in low-boiling-point water-miscible ionomer solvents, preventing the 

ammonium cations from being used as the ideal candidates to construct high-performance HEIs for 

electrode applications [60].  

The cycloalkyl ammonium is another important type of the ammonium cationic group [60], 

in which the substituents of nitrogen atom form one or more cyclic ring(s). Cycloalkyl ammonium 

include: monocyclo five-membered ring systems (e.g., pyrrolidine-based ammonium [66]) [60], 

monocyclo six-membered ring systems (e.g., piperazine-based ammonium [64]), and bicyclo six-

membered ring systems (e.g., diazabicyclo-based ammonium [47] and azabicyclo-based ammonium 

[65]).  

In particular, bicyclo six-membered ring systems (i.e., 1,4-diazabicyclo-[2.2.2]-octane 

(DABCO)) are known to be more stable than the trimethyl benzyl ammonium [68]. In fact, the 

commercial HEMs manufactured by Fuma-Tech are functionalized by such bicylco six-membered 

ring cations. Recently, the monocyclo six-membered ring cation (i.e., piperazine-based ammonium) 

has been shown to have even higher alkaline stability. Regardless of the alkaline stability, cycloalkyl 

ammonium hydroxides possess the similar solubility and basicity to those of tetraalkyl ammonium 

ones.  
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2.3.2 Phosphonium Ionomers 

The design of a new quaternary phosphonium was the first successful attempt to design a 

more stable and more basic cation that is not based on traditional nitrogen-centered system. The new 

phosphonium cation is structured with tris(2,4,6-trimethoxyphenyl) benzyl phosphonium (TTMOPP) 

reported as early as 2009 by Gu et al., [35, 36, 56, 70]. The quaternary phosphonium hydroxides 

have the specific conductivity of 39 mS g cm−1 mmol−1, which is about double of trimethyl 

ammonium-functionalized polymer (with the same polysulfone polymer matrix in each case) [36]. 

Figure 2-13 shows the chemical structure of this special phosphonium cation. 

 

 

Figure 2-13. Tris(2,4,6-trimethoxyphenyl) benzyl phosphonium (TTMOPP) [60] 

Opposite to tremendous ordinary quaternary phosphonium hydroxides which have very poor 

chemical stability, tris(2,4,6-trimethoxyphenyl) benzyl phosphonium hydroxide is very stable, 

thanks to its nine methoxy (CH3O) substituents that provide strong electron-donation and large steric 

hindrance). In fact, the alkaline stability of tris(2,4,6-trimethoxyphenyl) benzyl phosphonium 

hydroxide is roughly a million times that of the triphenyl benzyl phosphonium counterpart. 

Moreover, the tris(2,4,6-trimethoxyphenyl) benzyl phosphonium has been shown to be twice as 

stable as trimethyl benzyl ammonium groups under the test conditions [36, 56]. 
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Phosphonium-functionalized HEM polymers are soluble in low-boiling-point water-soluble 

solvents (e.g., lower alcohols), which are important for HEIs applications. In addition, 

Phosphonium-based ionomers have been demonstrated to drastically improve the electrode 

performance in fuel cell operstion: 3.5 times increase in peak power density and 50% reduction of 

internal resistance [56].  

The functionalization of tris(2,4,6-trimethoxyphenyl) phosphonium can be achieved by the 

quaternization reaction between the chloromethyl group on polymer backbone and the tris(2,4,6-

trimehxoylphenyl) phosphine (the commercial precursor of such phosphonium cation). For example, 

tris(2,4,6-trimethoxyphenyl) phosphonium-functionalized PSf (i.e., TPQPOH) was synthesized by 

quaternary phosphorization of CMPSf (chloromethylation of polysulfone as the polymer matrix) 

with tris(2,4,6-trimethoxyphenyl) phosphine. Figure 2-14 shows the chemical structure of the 

tris(2,4,6-trimethoxyphenyl) phosphonium-functionalized PSf [56]. 

 

Figure 2-14. Tris(2,4,6-trimethoxyphenyl) phosphonium-functionalized PSf (TPQPOH) [56] 

Furthermore, tris(2,4,6-trimethoxyphenyl) benzyl phosphonium hydroxide has a greater 

dipole moment (3.07 D), compared to all other cationic hydroxides (1.32−2.20 D). This high dipole 

moment was observed to responsible for achieving high dimensional stability through polarization of 

polymer chains, especially when connected with a high-electron-density backbone [70].  
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Moreover, TPQPOH shows remarkable hydroxide conductivity (27 mScm−1), which is 1.6 

times that of commercial FAA HEM (17 mS cm-1), 10.4 times that of A3 Ver2 (2.6 mS cm−1[71]), 2.1 

times that of AS-4 (13 mS cm−1[71]), and 2.5 times that of a crosslinked T/TPQPOH ionomer (11 mS 

cm−1[72]).  

Besides hydroxide conductivity of TPQPOH, the ion-exchange capacity (IEC) of TPQPOH is 

1.09 mmol g−1, slightly lower than FAA (1.6 mmol g−1) and AS-4 (1.3 mmol g−1). This lower IEC 

indicates that the basicity of the TPQPOH is much higher than FAA and AS-4 [56]. 

The only disadvantage of a phosphonium system can be that it has a high molecular weight, 

which limits the IEC to a moderate level [60].  

2.3.3 Imidazolium Ionomers 

Imidazolium is one of the conjugated nitrogen-centered cations, and methyl benzyl 

imidazolium is the simplest example of this type. Figure 2-15 shows the chemical structure of two 

reported imidazolium cations. 

 

Figure 2-15. Chemical structures of two reported imidazolium cations [73, 74] 

Imidazolium-functionalized polymers have good solubility in THF (low-boiling-point water-

soluble solvent) [74]. Note: they are not soluble in lower alcohols seen from phosphonium cations. 

Such solubility in THF also enables the imidazolium-functionalized polymers to be used as ionomers 

[60].  
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The IEC-specific conductivity of the methyl benzyl imidazolium hydroxide was showed to 

be 8.4 mS g cm−1 mmol−1, which is around half of that of trimethyl benzyl ammonium hydroxide 

[75]. Imidazolium cations are less chemically stable than ammonium ones, and the the active 

hydrogen atom in the ring between the two nitrogen atoms is prone to the ring-opening which breaks 

down the imidazolium system [76].  

Lin et al. synthesized and characterized polyfluorene ionomers with pendant imidazolium 

groups. The obtained membrane was flexible, mechanically strong, and soluble in THF, leading to 

applications for not only alkaline anion-exchange membrane but also ionomer electrode material 

[77]. Choi et al. have reported that imidazolium-based ionomers with larger counter-ion and larger 

side chain have lower transition temperature (Tg), which contribute to higher ionic conductivity and 

mobility [78].  

Recently, imidazolium-functionalized polymers have been used as ionomers and membranes 

for CO2 electrolysis. CO2 conversion into fuels and chemicals has drawn attention of researchers as a 

way of mitigating climate change. Kutz et al. used polystyrene tetramethyl methylimidazolium 

chloride (PSTMIM) ionomer and examined the effect of ionomer contents inside the catalyst ink on 

the performance of CO2 reduction [79]. Optimal ionomer content, around 4 wt.%, was observed in 

maximizing the performance of CO2 reduction in their study. Higher than optimal ionomer content 

such as 8 wt.% will block the CO2 diffusion and thus compromise the electrode performance [79].  

2.4 Research Objectives 

This research program explores a new family of ionomers based on two phosphonium 

cationic groups into electrolysis, with the focus on the comparison between 9-methoxysl and 6-

methoxys as critical substituent. 
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(1) Introduce the chloromethyl group to commercial polymer by the well-established 

chloromethylation reaction. 

(2) Prepare phosphonium-functionalized ionomers by performing quaternization reaction with 

two different tertiary phosphines (9-methoxys and 6-methoxys). 

(3) Acquire the knowledge in structure-property relationship by comparing key ionomer 

properties between the two groups of phosphonium polymers. 

(4) Explore the applicability of ionomer in electrolysis by examining the in-situ polarization 

performance of hydrogen production via water electrolysis. 

To achieve our research objectives, the following research activities have been carried out, 

which defines the research scope of this research program: 

(a) Conduct the chloromethylation reaction on polysulfone, followed by purification, and 

confirmation by NMR spectroscopy. 

(b) Conduct the quaternization reaction with two different tertiary phosphines (9-methoxys and 

6-methoxys) onto chloromethylated polysulfone. 

(c) Characterize the two groups of phosphonium-functionalized polymers including conductivity 

and hydration. 

(d) Prepare ionomer solutions using synthesized phosphonium polymers, and perform in-situ 

polarization using water reduction. 
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CHAPTER 3 

3 POLYMER SYNTHESIS AND IONOMER PREPARATION 

3.1 Chloromethylation of Polysulfone (CMPSf) 

Typically, chloromethyl (CH2Cl) group is known to be used as a reactive “linker” to anchor 

tertiary amine or phosphine forming cationic functional group. Chloromethyl group can be 

introduced by the substitution of hydrogen atoms of polymer backbone with the chloromethylating 

agent. Due to excellent membrane-forming properties and the ease in chemical modifications, 

commercial polysulfone (PSf) was chosen as the polymer backbone in this study. In fact, PSf has 

been widely used as the backbone to synthesize the alkaline ionomer over the past years [69, 80, 81]. 

The chemical structure is shown in Figure 3-1.  

 

Figure 3-1. Chemical structure of polysulfone (PSf) 

By chloromethylation reaction, some aromatic hydrogen atoms on PSf are replaced by 

chloromethyl groups forming chloromethylated polysulfone (CMPSf). A green-chemistry method of 

chloromethylation was adopted with the combination of paraformaldehyde [PFA, (CH2O)n] and 

chlorotrimethylsilane [TMCS, (CH3)3SiCl] as the chloromethylating agent and anhydrous stannic 

chloride (SnCl4) as catalyst. The reaction detailed is shown in Figure 3-2. 
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Figure 3-2. Chloromethylation reaction of polysulfone 

3.1.1 Synthesis of CMPSf 

PSf was dried in oven at 90 °C for at least 5 hours to remove moisture prior to use for 

reaction. A 1-L round-bottom flask was used as the reaction container, and the container was placed 

inside a silicone-oil bath set precisely at 55 °C. Chloroform (CHCl3) and the dried PSf were added 

into the container to form a homogeneous solution after 20 min of stirring.  

In this study, 10 g PSf was dissolved in 500 mL chloroform (following the ratio of 

chloroform to PSf as 50 mL:1 g). Subsequently, 6.78 g of paraformaldehyde powder (following the 

mole ratio of (CH2O)n:PSf = 10:1)  and 24.6 g (i.e., 30 mL) of chlorotrimethylsilane liquid 

(following the mole ratio of (CH3)3SiCl:PSf = 10:1) were added sequentially to the chloroform 

solution. In this study, 1.614 mL stannic chloride (following the mole ratio of SnCl4: PSf  = 0.6:1) 
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was used. Stannic chloride was first dissolved in 10 mL chloroform, and then the resulting solution 

was added dropwise to the reaction container. 

The reaction container was equipped with a glass condenser to prevent the chloroform 

solvent from the loss due to evaporation. On top of the condenser, a U-shape desiccant tube filled 

with dried anhydrous calcium chloride (CaCl2) was mounted to prevent the moisture in air from 

getting into reaction container. Note that the chloromethylation reaction is very sensitive to water, 

and the moisture from air can compromise the chloromethylation reaction, resulting in reaction 

failure. The experimental setup is shown in Figure 3-3.The reaction was held at 55 °C for as long as 

48 hours in total. In one batch of reaction, three parts of reaction solutions were taken from the 

reaction mixture after 22 h, 33 h, and 48 h, leading to CMPSf products with different degrees of 

chloromethylation (DCs). The reaction mixture is shown in Figure 3-4. 

 

Figure 3-3. Experimental setup of CMPSf synthesis 
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Figure 3-4. Reaction mixture containing CMPSf product 

3.1.2 Separation and Purification of CMPSf 

After chloromethylation reaction, the CMPSf product is in the dissolved from in chloroform 

solvent along with other specifies. Separation and purification of CMPSf was carried out by a 

precipitation method. The reaction mixture was slowly poured into ethanol (95% or purer), and 

subsequently white CMPSf was precipitated like snow flaks. The volume ratio of precipitating 

solvent (100% ethanol) to reaction mixture is 2 to 1. Chloroform solvent and all dissolved species 

(other than CMPSf) in the original reaction solution was dissolved in ethanol, ensuring the purity of 

precipitated CMPSf. 

The CMPSf precipitates were then filtered by a vacuum filtration system consisting of glass 

filter holder, filter paper, receiver flask, and vacuum pump. In this study, a filter paper with 20−25 

µm porous size was used (Whatman® #4). During filtration, the CMPSf product was well washed 

with pure ethanol. The amount of ethanol for washing should be at least four times of initial reaction 

solution amount to ensure high product purity. When drying the product in air under vacuum for two 
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hours, CMPSf product in white powder was collected for analysis. The separation and purification 

are shown in Figure 3-5. 

 

 

Figure 3-5. Separation and purification of CMPSf. A) Precipitation of CMPSf, B) Filtration of 

CMPSf, and C) Separated and purified CMPSf product in dried white powder 

3.1.3 Degree of Chloromethylation (DC) 

Upon chloromethylation, the extent to which the chloromethyl group is introduced onto 

polymer backbone is key to level of ion-exchange capacity of the resulting HEMs. The degree of 

chloromethylation (DC) is the measure of the extent of chloromethylation: DC is defined as the 

average number of chloromethyl groups linked onto one repeat unit of PSf backbone. In principle, 

each repeat unit of PSf backbone could link with, at maximum, two chloromethyl groups. DC ranges 

from 0% (linking zero CH2Cl group) to 200% (linking two CH2Cl groups). Obviously, 100% of DC 

means every repeat unit of PSf back bone is, on average, linked with one CH2Cl group. Figure 3-6 

illustrates the positions in which CH2Cl groups can be linked onto the PSf backbone. 

B C A 
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Figure 3-6. Chemical structure of CMPSf  with two CH2Cl groups 

3.1.4 Proton Nuclear Magnetic Resonance (1H NMR) Spectroscopy 

1H NMR spectroscopy is a powerful technique to accurately quantify the chemical structure 

and compositions for many organic compounds. In response to the external magnetic field which 1H 

NMR spectroscopy provides, the atomic nuclei of compounds can be excited at characteristic radio 

frequencies. Then, when this external magnetic field is stopped, nuclei return to their original state, 

which is called relaxation. In this process, nuclei emit electromagnetic signals, and the 1H NMR 

spectrometer reads these signals and plots them on a graph of signal frequency versus intensity. The 

NMR spectra were obtained using the Varian Mercury VX Oxford NMR 300MHz spectrometer, 

which is located at the Chemistry Department at Wichita State University. 

In this study, 1H NMR spectroscopy was used to identify chemical structures of CMPSf as 

well as to quantify the DC value. The DC can be calculated by the following equation: 

DC = 2 · 
 𝐴4.5ppm

𝐴7.8ppm
 · 100%  

where A4.5ppm is the integrated area of chloromethyl peak; and A7.8ppm is the integrated area of the 

NMR peaks from the four most inert aromatic protons of PSf backbone.  

The 1H NMR spectrum result of the synthesized CMPSf is shown in Figure 3-7. The DC 

value is 127% of that CMPSf product. Such CMPSf was used for future research. 
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Figure 3-7. 1H NMR spectrum of CMPSf in CDCl3 

3.2 Quaternization of CMPSf for Phosphonium    

There are two kinds of tertiary phosphines: tris(2,4,6-trimethoxyphenyl) phosphine (TTMPP 

or 9-methoxys for short) and tris(2,6-dimethoxyphenyl) phosphine (DMPP or 6-methoxys for short). 

Both of them can form stabilized phosphonium functional groups. The chemical structures of 

TTMPP and DMPP are shown in Figures 3-8 and 3-9, respectively. 6-methoxys and 9-methoxys 

based quaternary phosphonium polysulfone chloride were synthesized by quaternary 

phosphorization of CMPSf, and their chemical structures are shown in Figures 3-10 and 3-11, 

respectively. During the quaternization reaction, every CH2Cl group will be linked with precisely 

one phosphonium group. As such, the DC of the CMPSf is same as the degree of phosphorization.  
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Figure 3-8. Chemical structure of TTMPP 

 

Figure 3-9. Chemical structure of DMPP 

 

 

Figure 3-10. Phosphonium-functionalized CMPSf with TTMPP 
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Figure 3-11. Phosphonium-functionalized CMPSf with DMPP 

The molecular weight of the repeat unit of CMPSf can be calculated by the following 

equation: 

MCMPSf = MPSf + DC × (MCH2Cl −1) 

where MCMPSf is the molecular weight of the repeat unit of CMPSf; MPSf is the molecular weight of 

the repeat unit of PSf (442.52 g/mol); and MCH2Cl is the molecular weight of CH2Cl group (49.48 

g/mol); and DC is the degree of chloromethylation. 

In this work, CMPSf with 127% DC was used for quaternization reaction (both 6-methoxys 

and 9-methoxys). The molecular weight of CMPSf-127%, MCMPSf-127%, is 504.09 g/mol. The 

molecular weights of TTMPP and DMPP are 532.52 g/mol and 442.44 g/mol, respectively. 

The detailed procedure of conducting quaternization reaction of CMPSf-127% is described 

as follows. 0.5 mmol of CMPSf-127% (i.e., 0.252 g) was dissolved in 5 mL of N-methyl-2-

pyrrolidone (NMP). 0.635 mmol of either TTMPP (0.365 g, 0.635 mmol × 532.52 g/mol × 1.08 = 

0.365 g) or DMPP (0.303 g, 0.635 mmol × 442.44 g/mol × 1.08 = 0.303 g) was added into the NMP 

solution. Note that the value of 0.635 mmol is the amount of CH2Cl group in 0.5 mmol of CMPSf-

127% (0.5 mmol × 127% = 0.635 mmol); and that the number of 1.08 is the purity factor for both 

TTMPP and DMPP. 
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The quaternization reactions for both TTMPP and DMPP were held at 70°C with stirring for 

24 hours. Figure 3-12 shows the resulting solutions after quarternization reaction (6-methoxys and 9-

methoxys). 

 

Figure 3-12. Photo images of the resulting solutions after quaternization (6-methoxys on left and 9-

methoxys on right) 

3.2.1 Membrane Preparation of Phosphonium-Functionalized Polymers 

Because of the stoichiometric nature of the quaternization reaction, there is no need to 

separate the polymer product. Instead, the resulting solution after quaternization can be used for 

membrane preparation directly. Preparation of membrane is necessary for polymer evaluation 

including anion conductivity and hydration behavior. 

The resulting reaction solutions were poured onto the flat glass plates in typical size of 2 cm 

by 5 cm, as shown in Figure 3-13. When the solvent (NMP) is evaporated at ambient temperature or 

elevated temperature (up to 80 °C), the membrane strips were formed. At ambient temperature, the 

time for solvent evaporation is about 24 hours. At elevated temperature, the time is much shorter 

down to 1 hour. This process is often called solution casting. Single solution casting can result 25 

μm of membrane thickness. In order to increase the thickness of membranes, a few more layers of 
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solution casting can be applied. In general, four layers of solution casting can lead to 100 μm of 

membrane thickness, which is suitable for membrane treatment of ion exchange as well as for 

studies including anion conductivity and membrane hydration. 

 

Figure 3-13. Prepared phosphonium-functionalized membranes with four layers of solution casting: 

9-methoxys based membranes on the left side and 6-methoxys based membranes on the right side. 

3.2.2 Ion-Exchange Capacity (IEC) 

Ion-exchange capacity (IEC) is a very important metric for ion-conducting polymers. IEC 

signifies the charge density inside the polymer electrolytes. IEC is defined as the amount (typically, 

mmol) of functional groups responsible for ion exchange per unit weight (typically, gram) of dry 

polymer electrolyte. In our study, IEC can be calculated by the following equation: 

IEC = 
𝐷𝐶

𝑀QP+anion 
 × 1,000 

where IEC is the ion-exchange capacity (in mmol/g), and MQP+anion is the molecular weight of the 

repeat unit of the phosphonium-functionalized polysulfone with the balancing anion. MQP+anion can 

be calculated by the following equation: 

𝑀QP+anion = 𝑀PSf  +  DC ∙ (𝑀CH  +  𝑀TP  +  𝑀anion)  



46 
 

where MQP+anion is the molecular weight of the repeat unit of the phosphonium-functionalized 

polysulfone with the balancing anion; MPSf, MCH, MTP, and Manion are the molecular weights of PSf 

repeat unit, CH group, tertiary phosphine (either TTMPP or DMPP), and the balancing anion (anion 

= OH–  in this work), respectively. 

TABLE 2 

THEORETICAL IECS OF PHOSPHONIUM-FUNCTIONALIZED CMPSF POLYMERS WITH 

DIFFERENT DCS 

 9-methoxys 6-methoxys 

DC 
MQP+anion-9-methoxys 

(g/mol) 

IEC 

(mmol/g) 

MQP+anion-6-methoxys 

(g/mol) 

IEC 

(mmol/g) 

0.75 864.44 0.87 852.45 0.88 

1.00 1,005.08 0.99 912.61 1.10 

1.25 1,145.72 1.09 985.00 1.30 

1.50 1,286.36 1.17 993.47 1.51 

1.75 1,426.99 1.23 1,021.95 1.71 

The results of MQP+anion as well as the IEC with typical DC values (75%, 100%, 125%, 150%, 

and 175%) are listed in Table 2 with two different tertiary phosphines. 

DC value determines the IEC for phosphonium-functionalized CMPSf polymers. Theoretical 

IECs for 127% of DC value are shown in Table 3. According to previous research, IEC values would 

be between 1.0 to 1.2 mmol/g (DC value around 125% ± 15%) is the optimum regarding physical 

and chemical properties for phosphonium-functionalized CMPSf with 9-methoxys. This was the 

reason why 127% of DC was chosen for quaternization and ionomer study. 

TABLE 3 

THEORETICAL IECS FOR PHOSPHONIUM-FUNCTIONALIZED CMPSF POLYMERS WITH 

127% OF DC 
 9-methoxys 6-methoxys 

DC 
MQP+anion-9-methoxys 

(g/mol) 

IEC 

(mmol/g) 

MQP+anion-6-methoxys 

(g/mol) 

IEC 

(mmol/g) 

1.27 1,156.97 1.10 961.16 1.32 
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3.2.3 Membrane Treatment 

After quaternization reaction, the balancing anion is chloride (Cl−) for phosphonium-

functionalized polymer with both 9-methxy and 6-methoxys substituent. The chloride cannot work 

for water splitting in electrolysis, and thus the as-prepared phosphonium-functionalized membranes 

must be treated by ion exchange to switch the balancing anion to working anions (OH−, HCO3
−, or 

CO3
2−). In this work, the ion exchange was carried out with 1 M of potassium bicarbonate (KHCO3) 

solution. 

First, 1 M KHCO3 solution was poured onto the as-prepared phosphonium membranes on 

glass plates, and those membranes could easily come out from the surface of the flat glasses after 30 

min of immersion. After peeling, the membranes are transferred into 1 M KHCO3 solution for 

treatment for 24 hours. During treatment with KHCO3, Cl– is exchanged with HCO3
– inside the 

membranes. After 24 hours treatment inside 1 M KHCO3, membranes are transferred into distilled 

water for storage. Though KOH and K2CO3 solutions can also be used for treating membranes, the 

treatment with 1 M KHCO3 solution ensures the flexibility of membrane and the stability of 

conductivity. Figure 3-14 shows the membrane peeling and treated membranes with 1 M KHCO3. 

   

Figure 3-14. Photo images of the peeling process (on left), and treated phosphonium-functionalized 

membranes with 2 cm by 5 cm (9-methoxys in middle; and 6-methoxysl on right) 
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3.2.4 Preparation of Ionomer Solutions 

Before preparing ionomer solutions, the KHCO3-trated membranes are treated with 1 M 

KOH solution to ensure the high conductivity for ionomer application inside electrodes. The 

KHCO3-treated membranes are immersed in 1 M KOH for 24 hours, during which the HCO3
− will 

be replaced by OH− inside the membranes. After treatment in 1 KOH solution, the KOH-treated 

membranes were carefully washed with distilled water to completely remove residual KOH 

monitored by pH paper. KOH-treated membranes are ready for use for ionomer preparation.  

The ionomer solutions were prepared by dissolving the KOH-treated membranes in the 

mixture of water and ethanol. First, after quickly removing surface water with paper towel, the 

membranes were weighed on the analytical balance. The membranes were dissolved in a certain 

amount of the mixture of ethanol and water with equal volume. The ratio of the membrane to the 

mixture is precisely kept at 1 g to 20 mL, leading to 5wt.% of ionomer solution. Note that 5wt.% of 

ionomer solution is the most used ionomer concentration proven to effectively realize the ionomer 

function. Figure 3-15 shows the prepared ionomer solutions with both 9-methoxys and 6-methoxys 

substituent onto phosphonium functional group. 

 

Figure 3-15. Prepared ionomer solutions with 5wt.% of concentration in ethanol-water mixture: 9-

methoxys ionomer (on left) and 6-methoxys ionomer (on right) 
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CHAPTER 4 

4 IONOMER CHARACTERIZATION AND COMPARISON  

4.1 Ex-Situ Ionomer Characterization 

Both anion conductivity and hydration behavior have been examined on the two types of 

phosphonium-functionalized PSf membranes with 9-methoxys and 6-methoxys substituent. The 

evaluation of anion conductivity of those membranes revealed the ability of conducting anions 

through those polymer electrolytes; and the study of hydration behavior disclosed the underlying 

reason for their difference in anion conductivity. Ex-situ ionomer characterization provided the 

important ionomer properties, ensuring the successful in-situ ionomer characterization in operational 

electrolytic cell for hydrogen production. 

4.1.1 Anion Conductivity 

Anion conductivity is the most important property of AEMs especially for electrolysis 

applications. With the same membrane thickness, the anion conductivity of AEMs determines the 

specific membrane resistance. The anion conductivity of the newly prepared phosphonium-

functionalized membranes was evaluated via the well-established four-electrode electrochemical 

impedance spectroscopy (EIS) method. Based on the EIS results, the anion conductivity can be 

obtained with the following equation: 

σ = 
𝐿

𝑅∙𝑊∙𝑑
 

Where σ is the anion conductivity of the membrane (S/cm); L is the distance between the two inner 

reference electrodes (cm); W is the width of the membrane sample (cm); and d is the thickness of 

membrane sample (cm); and R is the resistance of membrane obtained from EIS measure (Ω). 
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The apparatus for conductivity measurement includes the working electrode (WE), and the 

counter electrode (CE, combined with REF#3), and two reference electrodes (REF #1 and REF #2). 

The two reference electrodes are placed between the WE and the CE. Figure 4-1 shows the apparatus 

with the four electrodes. In our apparatus, the distance between the two reference electrodes was 

kept as a constant of 1 cm. All membrane samples were cut to have a constant width of 1 cm. The 

membrane was pressed by a plastic bock in the “membrane-electrodes bundle” to ensure good 

contact between the membrane sample and the four electrodes.  

    

Figure 4-1. Experiment apparatus for conductivity measurement: membrane sample and the four 

electrodes (on left), assembled membrane-electrodes bundle (in middle), and membrane-electrodes 

bundle in testing (on right) 

In this work, the BioLogic SP-150 potentiostat with EIS function was used to carry out the 

EIS measurement for the anion conductivity of membranes. Figure 4-3 shows the BioLogic SP-150 

potentiostat.  After EIS measurement, the membrane resistance was obtained from the impedance 

data in the Nyquist plot. Nyquist plot relates the imaginary part and the real part of the impedance 

with varying frequency of applied current. The theoretical Nyquist (impedance) plot is shown in 

Figure 4-4. 

Working Electrode Counter + Ref-3 

Ref-1 Ref-2 
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Figure 4-2 BioLogic SP-150 potentiostat 

 

Figure 4-3. An example of theoretical Nyquist (impedance) plot (from BioLogic) 

The amplitude of AC current was chosen to be 1 mA, and the frequency range was selected 

from 500 to 500,000 Hz. Reliable EIS results were obtained. Figures 4-5 and 4-6 show the typical 

EIS results for 9-methoxys substituent-based phosphonium-functionalized membrane and the 6-

methoxys counterpart, respectively. 
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Figure 4-4. Nyquist plot obtained from the 9-methoxys based phosphonium-functionalized 

membrane 

 

Figure 4-5. Nyquist plot obtained from the 6-methoxys based phosphonium-functionalized 

membrane 

For each type of phosphonium-functionalized membranes, three individual membranes were 

tested for EIS, and the results are summarized in Table 4. The average anion conductivities were 

obtained from the individual membrane samples for each type. The average HCO3
– conductivity was 

found to be 4.48 ± 0.27 mS/cm for the 9-methoxys based phosphonium-functionalized membrane 

and 5.05 ± 0.35 for the 6-methoxys counterpart. 

OH− conductivity is more important and more relevant to electrolysis application, the ionic 

mobility ratio of OH− to HCO3
− is 4.45 [2.050 mcm2/(s∙V) vs. 0.461 mcm2/(s∙V), respectively, at 25 

R = 18,035 ohm 

R = 18,792 ohm 
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°C], according to D. A. Maclnnes from “The Principles of Electrochemistry” [82]. Based on the 

ionic mobility ratio (4.45), the OH− conductivity was easily converted from HCO3
− conductivity. 

Accordingly, the average OH− conductivity was 19.92 ± 1.22 mS/cm for the 9-methoxys 

based phosphonium-functionalized membrane; and 22.45 ± 1.57 mS/cm for the 6-methoxys 

counterpart. OH− conductivity results are also listed in Table 4. The 6-methoxys membrane has 13% 

higher anion conductivity that the 9-methoxys membrane, given that both 6- and 9-methoxys 

membranes were synthesized from the same CMPSf with the DC value of 127%. However, the IEC 

is much higher for 6-methoxys membrane than the 9-methoxys membrane: 1.32 mmol/g vs. 1.10 

mmol/g. It appears that the higher IEC is largely responsible for the higher anion conductivity. 

Overall, both types of phosphonium membranes have similar ability of anion conduction.  

TABLE 4 

IONIC CONDUCTIVITIES OF PHOSPHONIUM-FUNCTIONALIZED MEMBRANES (BASED 

ON BOTH NINE- AND SIX-METHOXYS SUBSTITUENT) 

QP Type 
Thickness

(um) 

Resistance 

(ohm) 

HCO3
− 

Conductivity 

(mS/cm) 

OH− 

Conductivity 

(mS/cm) 

Average 

HCO3
− 

Conductivity 

(mS/cm) 

Average OH− 

Conductivity 

(mS/cm) 

9-methoxys 

120 17,698 4.71 20.95 

4.48 ± 0.27 19.92 ± 1.22 120 18,003 4.63 20.60 

130 18,802 4.09 18.21 

6-methoxys 

110 18,792 4.84 21.53 

5.05 ± 0.35 22.45 ± 1.57 100 21,032 4.75 21.16 

100 18,040 5.54 24.67 

 

4.1.2 Hydration Behavior 

Water uptake (WU) signifies the membrane hydration at equilibrium in liquid water. In this 

work, the water update was investigated for both 9-methoxys and 6-methoxys based phosphonium-

functionalized membranes. Water uptake also provides insight that helps better understand the anion 

conductivity as studied in previous section. 
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Water uptake is defined as the amount (in percentage) of water the dry membrane takes up at 

equilibrium in liquid water. Note that the water uptake can be greater than 100%. In practice, weight 

of wet membrane was measured first, and the weight of dry membrane was measured later, because 

the drying process may compromise the membrane flexibility to cause handling problems. The 

drying of membranes was conducted in an oven set at 80 °C for sufficient time, at least 10 hours to 

ensure the complete drying. Specifically, the water update can be calculated by the following 

equation: 

WU = 
𝒎𝐡 − 𝒎𝐝

𝒎𝐝
 × 100% 

Where mh is the weight of the wet membrane at equilibrium in liquid water; and md is the weight of 

the dried membrane after 10 hours in an oven at 80 °C. Table 5 lists the results of water uptake for 

phosphonium-functionalized membranes with both 9- and 6-methoxys substituent. 

TABLE 5 

WATER UPTAKES OF PHOSPHONIUM-FUNCTIONALIZED MEMBRANES (BOTH NINE- 

AND SIX-METHOXY SUBSTITUENT) 

Membrane mh (mg) md (mg) WU 

9-methoxys 143 89 61% 

6-methoxys 146 83 76% 

WU was found to be slightly (15%) higher for 6-methoxys membrane than for 9-methoxys 

counterpart for phosphonium-functionalized membranes, which is highly consistent with 

conductivity results. Clearly, higher IEC brings not only higher anion conductivity but also more 

water uptake. Anyway, the level of water uptake is in the excellent range (50%−100%) for typical 

ionomer applications. 

4.2 In-Situ Ionomer Characterization in Hydrogen Production 

In-situ ionomer characterization was conducted in a professional electrolytic cell. The 

prepared ionomer solution was used to prepare both cathode and anode, but our research focus was 
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laid on the cathode in this work. Cathode is the working electrode for hydrogen production, which 

has much higher value than the anode product (oxygen). The electrochemical polarization is one of 

the most common methods for evaluating electrolysis performance. During polarization evaluating, 

the working electrode was controlled to hold varying electrode potential (by potentiostat), and the 

electrolytic current is monitored as performance indicator. 

4.2.1 Electrode Fabrication and Electrolysis Preparation 

In addition to the two types of phosphonium-functionalized ionomer with both 9-

meyhoxyand 6-methoxys substituent, a commercial alkaline ionomer (Tokuyama AS-4) was also 

evaluated as the ionomer benchmark. 

First, catalyst inks were prepared from ionomer solution, commercial catalyst nanoparticles, 

and solvents. Carbon-supported platinum (20% Pt/C on Vulcan XC-72, Premetek) was consistently 

used as the catalyst for both cathode and anode. The ionomer content 25wt.% was kept constant for 

preparation of all catalyst inks. Specifically, the following recipe was used to prepare the high-

quality catalyst ink: 50 mg of catalyst (20% Pt/C), 0.333 g of an ionomer solution (5wt.%), and 2 g 

of isopropanol. 

The ionomer content is defined as the weight content of ionomer polymer among the sum of 

ionomer polymer and catalyst materials, as expressed in the following equation:  

IC = 
𝐶ionomer ∙ 𝑀ionomer−solution

5𝐶ionomer ∙ 𝑀ionomer−solution+ 𝑀catalyst  
 × 100% 

Where IC stands for the ionomer content; Cionomer and Mionomer-solution are the concentration of 

ionomer and the amount of ionomer solution, respectively; and Mcatalyst is the total weight of catalyst. 

Precisely the abovementioned recipe gave exactly 25wt.% of ionomer content. 

For each ionomer, the catalyst ink was prepared with the same ionomer content and the same 

catalyst material, leading to three different catalyst inks with distinctive ionomers (9-methoxys, 6-
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methoxys, and commercial AS-4).  The electrodes were prepared by air-spraying a catalyst ink onto 

the electrode substrate with a microporous layer (commercial carbon paper, SGL 29BC). The typical 

size of electrode was 1 cm2.  

The electrode was measured before and after coating to calculate the catalyst loading on the 

electrode substrate. The catalyst loading was kept around 1.25 mg/cm2 for all electrodes regardless 

of the ionomer material. Figure 4-6 shows an example of the prepared electrode and the air gun used 

for catalyst coating. 

Since the anode side for all tests should be the same for the cathode comparison, 9-methoxys 

was used as the ionomer for anode electrode for all three different tests. 

Figure 4-6. Prepared electrode in 1 cm2 (on left) and air gun used for electrode coating (on right) 

The electrolytic cell was then assembled with the prepared electrodes as well as the treated 

commercial HEM. The assembled cell is also called membrane-electrode-assembly (MEA). The 

commercial HEM (FAA-3-20, 25 μm, Fuma-Tech) was used in this work. Prior to use, the as-

received FAA-3-20 membrane was treated with 1 M KOH for 48 hours, followed by careful washing 

by distilled water, and immersion in distilled water for 24 hours to completely remove residual 

KOH. This treatment is necessary to substitute Br− ion (in as-received membrane before treatment) 

with OH– ion for electrolysis operation. Figure 4-7 shows the assembled MEA and membrane. 
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Figure 4-7. The assembled MEA cell (on left) and the treated FAA-3-20 membrane (on right) 

After putting the electrodes, the membrane between, and bipolar plates together, the screws 

were tightened with 50 lb-in torque. Argon gas and hydrogen gas were used on the cathode and 

anode, respectively, with the same flow rate of 0.1 L/min. Scribner 850e station was used as the gas 

and water supplier and temperature controller, seen in Figure 4-8. The gas tanks were connected to 

the fuel-cell testing station in order to supply gas to the cell. 

 

Figure 4-8. Scribner 850e fuel-cell testing station 
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4.2.2 Electrolysis Performance and Comparison 

In order to ensure the reliability of electric potential on the cathode (the working electrode in 

this study), the hydrogen-oxidation reaction (HOR) was used on the counter electrode. The HOR 

electrode will ensure the smallest potential drift, because of its high electrochemical activity. In fact, 

the HOE electrode is also called “reversible hydrogen electrode” (RHE). 

The VersaSTAT 3F potentiostat (seen in Figure 4-9) was used to apply the precise electrode 

potential against the counter electrode (RHE) during electrolysis. Upon negative cathode potential, 

negative current will be obtained and recorded. Herein, the negative sign of current stands for the 

cathodic reaction, consistent with the well-defined electrochemical practice. The magnitude of 

current density delivered from the electrolytic cell is the measure of electrolysis performance. The 

higher the magnitude of current density means the better cell performance.  

In this work, the cathode potential was controlled from 0 V vs. RHE to −1.0 V vs. RHE. Note 

that −1.0 vs. RHE is negative enough for general electrolysis applications. Specifically, the cathode 

potential was scanned from 0 to −1 V vs. RHE (counter electrode) at a constant scan rate of −100 

mV/s. The potential scan was applied for several times, and the final stabilized current profile was 

selected for performance comparison. Before each new scan, the cell was held at 0 V vs. RHE for 10 

seconds to avoid the interference from previous potential scan. 

With the same scanning profile of cathode potential (0 ~ −1 V vs. RHE), the cell 

performances of all three ionomers were evaluated examined at different cell temperatures (25 °C, 

30 °C, 40 °C, 50 °C, and 60 °C). Accordingly, the humidifier temperature of both gas tanks (argon 

gas with cathode, and hydrogen gas with anode) were set as 10 °C higher than the cell temperature to 

ensure the sufficient water supply to the electrolytic cell. 
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Figure 4-9. VersaSTAT 3F potentiostat 

Figure 4-10 shows the current-potential profiles recorded from electrolytic cell with the 6-

methoxys substituent-based phosphonium ionomer at the cathode. Apparently, the more negative 

cathode potential led to the larger current density. In addition, elevated cell temperate brought 

enlarged current density. Such current-potential profiles clearly demonstrate the success of 

introducing the new 6-methoxys substituent-based phosphonium cation for ionomer application in 

electrolysis. 

Figure 4-10. Current density along with electrode potential form 6-methoxys substituent-based 

phosphonium-functionalized ionomer on cathode 
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Figure 4-11 shows the current-potential profiles recorded from electrolytic cell with the 9-

methoxys substituent-based phosphonium ionomer at the cathode. Similar behavior was observed on 

9-methoxys results. Under the same cell conditions, the commercial ionomer was used tested and the

results are shown in Figure 4-12. All ionomers effectively worked for electrolysis of water; however, 

their performances are not the same especially under more negative cathode potentials. Their 

performances are compared under two characteristic cathode potentials: −0.5 V vs. RHE and −1.0 V 

vs. RHE, shown in Figure 4-13 and Figure 4-14, respectively.  

Figure 4-11. Current density along with electrode potential form 9-methoxys substituent-based 

phosphonium-functionalized ionomer on cathode 
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Figure 4-12. Current density along with electrode potential form the commercial AS-4 ionomer on 

cathode 

Figure 4-13. Current density of hydrogen production along with cell temperature under electrode 

potential of −0.5 V vs. RHE 
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Figure 4-14. Current density of hydrogen production along with cell temperature under electrode 

potential of −1 V vs. RHE 

As shown in Figure 4-13, under −0.5 V of cathode potential, all three ionomers performed 

very close to each other: 35−40 mA/cm2 of hydrogen-producing current density at 30 °C of cell 

temperature; and 48−53 mA/cm2 at 60 °C of cell temperature. 

However, under –1 V of cathode potential, the three ionomer behaved considerably different, 

shown in Figure 4-14. The ionomer performance follows the descending order: lab-made 9-

methoxys phosphonium > lab-made 6-methoxys phosphonium > commercial AS-4 ammonium.  

Obviously, both phosphonium ionomer outperformed the commercial ammonium ionomer. 

For example, the current density of phosphonium ionomers is roughly 1.5 times (9-methoxys) or 1.2 

times (6-methoxys) that of the commercial ammonia ionomer along with all tested cell temperatures. 

The commercial AS-4 ionomer is made of an ammonia functional group that has poor solubility in 

ionomer solvents, leading to limited ionomer function in constructing efficient triple-phase-

boundaries. 
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Specifically, at 30 °C of cell temperature, the current density was 145, 115, and 94 mA/cm2 

for the 9-methoxys phosphonium, the 6-methoxys phosphonium, and the commercial AS-4, 

respectively. At 60 °C of cell temperature, the current density was 178, 156, 115 mA/cm2, for the 9-

methoxys phosphonium, the 6-methoxys phosphonium, and the commercial AS-4, respectively. 
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CAHPTER 5 

5 CONCLUSIONS 

Chloromethylated polysulfone (CMPSf) was successfully synthesized with 127% of degree 

of chloromethylation which resides in the target range (110%−140%). Then, the synthesized 

chloromethylated polysulfone was precisely functionalized with both 9-methoxys and 6-methoxys 

tertiary phosphine, leading to the theoretical IEC of 1.10 mmol/g and 1.32 mmol/g, respectively. 

Moreover, the solid membranes of two groups of phosphonium-functionalized polymers were 

prepared with the typical thickness of 100−130 µm.  

The impedance spectroscopy analysis showed that the membrane conductivity is slightly 

higher (by 13%) for the 6-methoxys phosphonium-functionalized polymer than the 9-methoxys 

counterpart: 22.45 vs. 19.92 mS/cm in hydroxide form at room temperature. In addition, the 

hydration measurement revealed that the water uptake is higher (by 15%) for 6-methoxysl 

phosphonium-functionalized membrane than the 9-methoxysl counterpart: 76% vs. 61% mS/cm in 

bicarbonate form at room temperature. 

Both 9-methoxys and 6-methoxys phosphonium-based polymers were utilized and examined 

as alkaline ionomer at the cathode of the in-situ membrane electrolysis with very effective hydrogen 

production.  

Under moderate electrode potential of −0.5 V vs. RHE, both 9-methoxys and 6-methoxys 

ionomers behaved similarly to the commercial ionomer (AS-4 from Tokuyama): 35−40 mA/cm2 of 

hydrogen-producing current density at 30 °C of cell temperature; and 48−53 mA/cm2 at 60 °C of cell 

temperature.  
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Under strong electrode potential of −1.0 V vs. RHE, the 9-methoxys phosphonium ionomer 

showed higher cell performance than the 6-methoxys counterpart: 145 vs. 115 mA/cm2 at 30 °C of 

cell temperature and 178 vs. 156 mA/cm2 at 60 °C of cell temperature. 

Both phosphonium ionomers exhibited much higher cell performance than the commercial 

AS-4 ionomer at all cell temperatures, strongly suggesting the great potential of utilizing 

phosphonium-functionalized ionomers for alkaline-membrane electrolysis. 
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CHAPTER 6 

6 FUTURE RESEARCH 

As shown in our experimental results and analysis, both groups of phosphonium-

functionalized polymers have the great potential to serve as the highly-effective alkaline ionomers 

for the HEM-based electrolysis. The focus of our research was laid on the application of the 

phosphonium-functionalized ionomers to the cathode of the HEM-based electrolysis. In the future 

research, the application of the new phosphonium ionomers may be extended to the anode 

application. In addition, other important and interesting research activities can also be considered in 

future study and development: 

1. Evaluating the phosphonium-functionalized ionomers at the anode of alkaline-

membrane electrolysis for oxygen-evolution reaction.

2. Exploring the catalyst-coated membrane fashion for electrode fabrication to increase

cell performance

3. Investigating the impact of water supply on ionomer performance

4. Examining phosphonium-functionalized CMPSf polymer with different degrees of

chloromethylation

5. Utilizing different catalysts at cathode for ionomer comparison
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