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Abstract 

To achieve net-zero energy-related and industrial CO2 emissions by 2050, the 

International Energy Agency has declared that the share of renewables in the energy 

supply must increase from 20% in 2020 to 80% in 2050. A hydrogen-based economy is 

part of a solution to reduce CO2 emissions through water electrolysis and fuel cells. The 

use of an anion exchange membrane enables the utilization of a non-platinum group 

catalyst, reducing the commercialization cost of the electrochemical cell. However, a 

significant concern of using anion exchange membranes is the carbonation reaction of 

OH- with atmospheric CO2, converting OH- to larger and less mobile anions like HCO3
- 

and CO3
2-

. This thesis analyzes the conductivity of the anion exchange membrane to 

explore the physicochemical properties of the membrane in various ion forms (e.g., Cl-, 

HCO3
-, CO3

2-, and OH-) with or without reinforcement composite. The conductivity was 

measured using linear sweep voltammetry (LSV) and electrochemical impedance 

spectroscopy (EIS) techniques in both the in-plane and through-plane directions. The 

water sorption properties of the membrane were characterized by dynamic vapour 

sorption (DVS). Additionally, the ion transport in the membrane is visualized using a pH 

indicator-doped membrane to investigate the effects of the carbonation reaction. The 

change of pH in the membrane is determined using UV-vis spectroscopy. As a result of 

water electrolysis, OH- is generated by electrolytically splitting water. The electrolytically 

generated OH- flushes out the HCO3
- initially present in the membrane. A blueshift was 

observed in the UV-vis absorption spectrum of the indicator-doped membrane. 

Additionally, the pH range at which the indicator-doped membrane changes colour is 

lower than that of the indicator in an aqueous solution. This difference could be 

explained as a pKa change of the indicator in the membrane or an increased ion 

concentration in the ion-conducting domains compared to the bulk solution. Collectively, 

the work presented in this thesis suggests that the reinforcement substrate increased the 

through-plane conductivity but not the in-plane conductivity, and the conductivity in its 

pure OH- form achieved by electrolytically generating OH- via water electrolysis is 400% 

times higher than its HCO3
- form. 

Keywords:  anion exchange membranes; fuel cells; water electrolysis; CO2 

electrolysis; pH indicator; carbonation; conductivity  
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Chapter 1.  
 
Introduction 

The advancement of modern civilization has brought about significant 

convenience and increased energy demand. However, the increased use of fossil fuels 

for industry, transportation, and other activities has resulted in a rise in greenhouse gas 

emissions, particularly carbon dioxide (CO2), which has contributed to the issue of 

global warming and climate change.1 The concentration of atmospheric CO2 has 

reached 420.30 ppm, representing a nearly 50 percent increase since the start of the 

industrial age (retrieved from NOAA's global monitoring lab in March 2023). As a result, 

finding ways to reduce the production of CO2 or actively remove it from the atmosphere 

has become a crucial research topic. Therefore, the use of hydrogen fuel to replace 

fossil fuels and the recycling of CO2 are two potential solutions to combat the rising 

concentration of CO2 in the atmosphere and thus complete the carbon cycle as shown 

in Figure 1. In the 1970s, John Bockris introduced the concept of a hydrogen economy, 

which involves the use of hydrogen as an energy carrier to replace fossil fuels which 

are responsible for greenhouse gas emissions and contribute to climate change.2,3 This 

process has the potential of being completely carbon free because hydrogen can be 

produced from renewable sources such as wind and solar power and utilized to 

produce power for a wide range of applications, particularly as a transportation fuel due 

to its rapid burning speed, high effective octane number and wide flammability in air.4 At 

the same time, CO2 recycling has been proposed, where CO2 is no longer considered a 

waste end-product of the carbon cycle but a cheap and abundant carbon source to 

produce valuable chemicals like formic acid, carbon monoxide, methanol, methane, 

ethylene, ethanol, and acetate.5 This study focuses on the anion exchange membrane 

(AEM) which is a crucial component used in many electrochemical devices, such as 

anion exchange membrane water electrolysis (AEMWE) which produces H2 fuel, anion 

exchange membrane fuel cell (AEMFC) which generates power using H2 fuel, and 

anion exchange membrane CO2 electrolysis (AEMCO2E) which converts CO2 to 

valuable chemicals. 
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Figure 1-1. Role of anion exchange membrane in managing atmospheric 
carbon dioxide content in the carbon cycle. 

The anion exchange membrane (AEM) is a polymer membrane electrolyte that 

comprises positively charged functional groups that are either bound to or integrated 

into the polymer backbone.6 It has received significant research attention in various 

energy storage and conversion devices, including hydrogen fuel cells, water 

electrolysis, and CO2 electrolysis. The fixed positively charged functional groups in 

AEM facilitate the transport of anions between the cathode and anode in an 

electrochemical system. Of particular interest are the anion exchange membrane fuel 

cell (AEMFC) that convert chemical energy stored in H2 fuel to electricity without 

producing CO2,
7–9 anion exchange membrane water electrolysis (AEMWE) that 

produces high-purity H2 fuel by consuming only water and clean renewable energy such 

as wind and solar energy,10–13 and anion exchange membrane CO2 electrolysis 

(AEMCO2E) that converts atmospheric CO2 into valuable chemical products.14,15 These 

applications contribute to maintaining atmospheric CO2 content levels and preventing 

future global warming. In this study, it is important to investigate the properties and 

performance of anion exchange membranes in electrochemical devices to explore their 

potential as a reliable method of recycling atmospheric CO2 and reducing the 

dependence on fossil fuels. 

1.1. Anion exchange membrane in H2 fuel cell 

A fuel cell is an energy conversion device that directly converts the chemical 

energy of fuel into electrical energy through an electrochemical process. Compared to 

the multi-step process found in conventional combustion-based heat engines that 
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involve converting chemical energy to thermal, mechanical, and finally, electrical 

energy, the fuel cell's unique one-step process makes it a leading candidate for the 

energy conversion systems of the future. For instance, fuel cells offer an effective and 

eco-friendly means of converting energy, and they are well-suited for use with 

sustainable resources and contemporary energy carriers such as hydrogen. In addition, 

fuel cells operate quietly without noise or vibrations due to their stationary nature, and 

their modular design makes them simple to construct and adaptable for use in various 

applications. 

Fuel cells have come a long way since Sir William Grove's gas battery 

experiment in the early 1800s.1 A fuel cell is typically described as a device composed 

of three major components: a fuel electrode (anode), an oxidant electrode (cathode), 

and an electrolyte sandwiched between them. In electrochemistry, oxidation is defined 

as the process in which electrons are liberated and the electrode where oxidation takes 

place is referred to as the anode. Reduction is defined as the process in which 

electrons are consumed and the electrode where reduction takes place is referred to as 

the cathode. In an AEMFC, oxygen (O2) is conveyed from a gas-flow stream to the 

cathode, where it undergoes a reduction to generate hydroxide ions as described in the 

oxygen reduction reaction (ORR) shown in Equation 1-1. The hydroxide ions (OH-) 

migrate through the AEM from the cathode to the anode where they react with 

hydrogen (H2) to generate electrons and water as described in the hydrogen oxidation 

reaction (HOR) as shown in Equation 1-2.  

Equation 1-1   
1

2
O2 + H2O + 2e− → 2OH− (Cathode) 

Equation 1-2   H2 + 2OH− → 2H2O + 2e− (Anode) 

Because the ions and electrons produced at one electrode are consumed at the 

other electrode to maintain charge balance and complete the circuit. It is important to 

efficiently transport the ions and electrons from the electrode where they are generated 

to the electrode where they are consumed. The transport of electrons can be achieved 

through an electrically conductive pathway. However, ions exhibit significantly larger 

sizes and masses compared to electrons. As a result, ion transport through the 

electrolyte generates higher resistance, which ultimately compromises the performance 

of fuel cells. An effective strategy to mitigate this issue involves the utilization of anion 

exchange membranes. By minimizing the thickness of the membrane, the distance 



4 

between electrodes can be reduced, thereby optimizing fuel cell performance. The 

present study aims to systematically investigate the conductive properties of different 

anion exchange membrane materials. 

1.1.1. Characterize anion exchange membrane using in-situ fuel cell 
performance 

The generation of electricity through a fuel cell involves three distinct processes, 

namely electrochemical reaction, charge transport, and reactant delivery and product 

removal. These processes can be characterized by activation losses, ohmic losses, and 

concentration losses, as represented in the polarization curve, as shown in Figure 1-2. 

 

Figure 1-2. Schematic representation of the influence of three major losses on 
the shape of an H2 fuel cell polarization curve. Adapted from ref16 

The electrochemical reaction in a fuel cell involves the hydrogen oxidation 

reaction (HOR) at the anode and the oxygen reduction reaction (ORR) at the cathode. 

The electrochemical reaction rate determines the current generated by the fuel cell. 

Due to the alkaline environment, anion exchange membrane fuel cells offer the 

advantage of using non-platinum group metal catalysts. Improved catalyst and 

electrode design shown in Figure 1-3 can enhance the electrochemical rates. Both the 

cathode and anode reaction rate losses contribute to activation losses in the 

polarization curve.16  
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Charge transport refers to the transport of ions and electrons in a fuel cell. In an 

anion exchange membrane fuel cell, electrons (e-) are generated through an oxidation 

process at the anode and consumed through a reduction process at the cathode. 

Meanwhile, hydroxide ions (OH-) are produced at the cathode and consumed at the 

anode. Ions are more massive and larger than electrons; hence, ion transport is more 

challenging than electron transport. A membrane electrolyte with high ionic conductivity 

and electronic insulation is necessary for efficient charge transport. The search for 

materials with high ionic conductivity is vital. The resistance to charge transport 

contributes to ohmic losses in the polarization curve.16 

Reactant delivery involves the continuous supply of fuel (e.g., H2) and oxidant 

(e.g., O2) to the fuel cell, particularly at a high current. Failure to supply the reactant 

adequately can starve the cell. Product removal involves removing the products (e.g., 

water) from the fuel cell. Failure to remove them can lead to their buildup, eventually 

strangling the cell and preventing further reactant reaction. Flow field plates, as 

depicted in Figure 1-3, contain many fine channels that distribute the gas flow over the 

fuel cell's surface. The process of reactant transport and product removal is known as 

mass transport, which contributes to concentration losses in the polarization curve.16 

 

Figure 1-3. Schematic of the electrode reactions and ions, electrons and water 
transport in an anion exchange membrane fuel cell operated with H2 
in the anode and O2 in the cathode. Adapted from ref8 
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1.1.2. Characterizing anion exchange membrane using ex-situ 
conductivity cell 

Due to the series connection of all the layers illustrated in Figure 1-3, it is 

challenging to experimentally differentiate the contribution of ohmic losses from various 

components, such as electrical interconnections, anode and cathode electrodes, anode 

and cathode catalyst layers, and contact resistance at each interface between layers. 

Because the membrane electrolyte resistance is the primary factor contributing to the 

ohmic losses observed in the polarization curve, it is important to isolate the membrane 

electrolyte from the rest of the fuel cell and study its properties.  

Charge transport is facilitated by driving forces applied on the charge carriers 

(e.g. OH-) such as electrical driving forces (potential), chemical potential driving forces 

(concentration), and mechanical driving forces (pressure) as summarized in Table 1-1 

molar flux (J) quantifies the rate at which charges move through a material and is 

influenced by the coupling coefficient between the driving force and flux. For conduction 

transport, conductivity (𝜎) measures the material's ability to permit charge flow in 

response to an electric potential gradient (
𝑑𝑉

𝑑𝑥
). For diffusion transport aka migration, 

diffusivity (𝐷) characterizes the material's ability to permit charge flow in response to a 

concentration gradient (
𝑑𝑐

𝑑𝑥
). For convection transport, viscosity (𝜇) measures the 

material's resistance to charge flow in response to a pressure gradient (
𝑑𝑃

𝑑𝑥
).16 

Table 1-1. Summary of charge transport process. Adapted from ref.16 

Transport 
process 

Driving force Coupling coefficient Flux (
𝒎𝒐𝒍

𝒄𝒎𝟐 ×𝒔
) 

conduction Electrical potential gradient (
𝑑𝑉

𝑑𝑥
) Conductivity (𝜎) 𝐽 =

𝜎

|𝑧𝑖|𝐹

𝑑𝑉

𝑑𝑥
  

diffusion  

(aka migration) 
Concentration gradient (

𝑑𝑐

𝑑𝑥
) Diffusivity (𝐷) 𝐽 = −𝐷

𝑑𝑐

𝑑𝑥
 

convection Pressure gradient (
𝑑𝑃

𝑑𝑥
) Viscosity (𝜇) 𝐽 =

𝐺𝑐

𝜇

𝑑𝑃

𝑑𝑥
 

 

In an anion exchange membrane fuel cell, the ion conductor (membrane 

electrolyte) exists in a solid state, meaning there is no pressure gradient. The reaction 

at the cathode generates hydroxide ions (OH-) through oxygen reduction reaction 

(ORR), and the anode consumes them through hydrogen oxidation reaction (HOR). 
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This accumulation and depletion of hydroxide ions create a potential and concentration 

gradient that drives the transport of hydroxide ions from the cathode to the anode 

through the membrane electrolyte. The background concentration of ionic charge 

carriers in the anion exchange membrane is generally high enough to eliminate 

significant concentration gradients. Therefore, ex-situ measurement of the conductivity 

of an anion exchange membrane (𝜎𝐴𝐸𝑀) is the most critical parameter to compare the 

different membranes synthesized across different laboratories. 

1.2. Anion exchange membranes in water electrolysis 

Nowadays, hydrogen is mainly produced by steam-reforming natural gas as the 

methane source, where high-temperature steam (700C-1000C) reacts with methane 

in the presence of a metal-based catalyst to produce hydrogen.17,18 However, hydrogen 

produced by steam reforming contains a high concentration of carbonaceous species 

(e.g. CO). Anion exchange membrane water electrolysis produces high-purity hydrogen 

(≈100%) via an electrochemically water-splitting reaction as shown in Equation 1-3 and 

Equation 1-419.  

Equation 1-3   2H2O + 2e− → 2H2 + 2OH− (Cathode) 

Equation 1-4   2OH− → H2O +
1

2
O2 + 2e− (Anode) 

Water is considered to be one of the most stable substances in 

thermodynamics, and separating its elements into hydrogen and oxygen molecules 

requires a significant amount of energy input.20 To obtain hydrogen gas and oxygen gas 

from water, it is necessary to overcome the equilibrium cell voltage, which represents 

the potential difference between the anode and cathode in the open cell. The minimum 

cell voltage required for decomposition of water is know as the equilibrium cell voltage 

(Erev) is. At standard temperature and pressure (STP), the equilibrium cell voltage is 

1.23 V as described by Equation 1-5 and the change in Gibbs free energy (ΔG) of the 

reaction is + 237.2 kJ mol-1 as described by Equation 1-6.21 As indicated by the positive 

the Gibbs free energy, the process of water splitting is non-spontaneous. Therefore, the 

actual cell voltage of an operating electrolysis is significantly higher than the 

theoretically predicted reversible cell voltage by thermodynamics. To facilitate the 

dissociation of water, an external DC power source is applied to each electrode to 
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modify its Fermi level and create a bracketing effect around the energy levels of the 

involved redox couples.22 

Equation 1-5   Erev = Ecathode − Eanode 

Equation 1-6   ΔG = −nFE 

Conventional alkaline water electrolysis (AWE) setup involves a liquid alkaline 

electrolyte containing approximately 20-30% KOH and two metallic electrodes which 

are submerged in the solution. A diaphragm is placed between the two electrodes (as 

shown in Figure 1-4) to prevent the product gases from mixing and ensure efficient and 

safe operation. However, the diaphragm has some operational limits. First, the 

diaphragm does not entirely prevent cross-diffusion of the gases. When oxygen crosses 

into the cathode chamber, it reduces the electrolyzer's efficiency since it reacts with 

hydrogen, leading to the formation of water. This issue is particularly acute at low loads 

(<40%) where the production rate of oxygen decreases, resulting in an unwanted and 

hazardous increase in the concentration of hydrogen (lower explosion limit >4 mol% 

H2).23 Second, the formation of gas bubbles tends to migrate upwards along the 

electrode surface due to gravity. At elevated current densities, these bubbles can 

accumulate and create a contiguous layer of non-conductive gas across the entire 

electrode surface, leading to a screening effect which increases in energy consumption 

and promotes gas transport across the diaphragm.24 

 

Figure 1-4. Schematic of the operating principle of an conventional alkaline 
water electrolysis cell. Adapted from ref25 
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Anion exchange membrane water electrolysis (AEMWE) cell uses an anion 

exchange membrane as the electrolyte (as shown in Figure 1-5). The use of solid 

polymer electrolyte provides many advantages such as high hydroxide conductivity, low 

gas cross over, compact system design and high operation pressure. Since gas 

evolution occurs on the "back side" of the electrodes, opposite to the membrane, the 

screening effect is less significant in anion exchange membrane electrolysis.26 In 

addition, the compact system design enables high operational pressures are 

achievable. The high-pressure operation reduces the amount of energy required for 

further compressing and storing the hydrogen, while also minimizing the volume of the 

gaseous phase at the electrodes, leading to improved product gas removal. The high 

operational pressure also reduces the expansion and dehydration of the membrane, 

which preserves the integrity of the catalytic layer.27  

 

Figure 1-5. (a) Schematic of the operating principle of an anion exchange 
membrane water electrolysis cell. (b) Schematic cross section of an 
anion exchange membrane water electrolysis system. Adapted 
from ref 28 
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1.2.1. Anion exchange membrane conductivity under various 
hydration state 

When compared to fuel cell operation, the anion exchange membrane in water 

electrolysis is exposed to the liquid phase of water and is fully hydrated, rather than 

being humidified by the gas and equilibrated with water vapour (as shown in Figure 

1-8). Consequently, it is crucial to evaluate the performance of the membrane under 

various hydration conditions.29–31 

  

Figure 1-6. Schematic of anion exchange membrane at various hydration level. 
Adapted from ref31 

1.3. Anion exchange membranes in CO2 electrolysis 

CO2 electrolysis is an electrochemical process that involves the reduction of the 

C−O bonds in CO2, resulting in the formation of a wide range of products. The products 

generated depends on the number of electrons transferred and the coupling CO2 

molecules. The products generated include C1 compounds such as carbon monoxide 

and formic acid, C2 compounds such as acetic acid, ethylene, and ethanol, and C3 

compounds such as n-propanol (as shown in Figure 1-7).32 
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Figure 1-7. Possible reaction pathways for the electrocatalytic reduction of 
CO2. Adapted from ref32 

At cathode, the CO2 molecules move towards the boundary between the Gas 

Diffusion Electrode (GDE) and the catalyst layer. At this interface, the CO2 is reduced 

into a specific product and OH- is released through CO2 reduction reaction (CO2RR) as 

shown in Equation 1-7.  

Equation 1-7 xCO2 + (2x + y − z)H2O + (4x + y − 2z)e− → CxHyOz + (4x + y − 2z)OH− 

Hydroxide reacts with CO2 to form bicarbonate and carbonate through 

carbonation reactions as described in Equation 1-8 and Equation 1-9. Therefore, the 

charge carrier which could be OH-, HCO3
-, CO3

2- or a mixture of them, then transport 

from cathode to anode through the anion exchange membrane.33,34 

Equation 1-8   CO2 + OH− → HCO3
− 

Equation 1-9   HCO3
− + OH− → CO3

2− + H2O 

At the anode, the anions are then converted to O2 and CO2 according to 

Equation 1-10 and Equation 1-11. By observing a ratio of CO2/O2, one could imply 

whether OH- has participated the charge carrying role: less than 2:1, it implies both 

CO3
2- and OH- are transported; otherwise only CO3

2- is transported.34 

Equation 1-10   2OH− → O2 + 2H+ + 4e− 

Equation 1-11   2CO3
2− → 2CO2 + O2 + 4e− 

Numerous configurations of electrolyzer have been utilized, with the majority 

employing Kenis-type designs, which integrate the gas diffusion electrode (GDE), 
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catalyst and ion-exchange membrane into a single unit known as the membrane 

electrode assembly.35 The liquid-phase electrolyzer is the most frequently utilized flow 

cell as shown in Figure 1-8-a It comprises of three separate channels that are fed with 

CO2 gas, catholyte, and anolyte, respectively. The gas diffusion electrode, which 

contains the catalyst, is in contact with the electrolyte and continuously receives gas-

phase CO2 from the rear. An ion-exchange membrane is utilized to separate the anolyte 

and catholyte. This membrane plays a crucial role in preventing the CO2 reduction 

reaction products and O2 from crossing over, where they could potentially be oxidized 

or reduced back into CO2 and H2O.36 In comparison with liquid-phase electrolyzers, 

gas-phase electrolyzers (as shown in Figure 1-8-b) have lower ohmic losses and can 

be pressurized easily due to the smaller electrolyte pumps and flow fields. Moreover, 

the elimination of electrolyte reduces the possibility of electrolyte impurities depositing 

on catalysts and the generation of bicarbonate/carbonate. However, if liquid products 

are produced, they will accumulate in the GDE and hinder gas diffusion through the 

electrode. 
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Figure 1-8. (a). Schematic of an liquid-phase electrolyzer for ethylene formation 
with an AEM (b). Schematic of a gas-phase electrolyzer for CO 
production with an AEM. Adapted from ref37 
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1.3.1. Anion exchange membrane conductivity in various counter-ion 
forms 

To understand the effect of CO2 on the AEM characteristics, it is important to 

clarify the relationship between the membrane conductivity and the conductivity of 

each ion. The membrane conductivity can be described as the sum of individual 

ions’ conductivity, as given by Equation 1-12 where zi is the ionic charge of the ion i, F 

is the Faraday constant, Ci is concentration of each ion i, and μi is the mobility of each 

ion i. Since zi  and F are constants, the conductivity mainly depends on the 

concentration of the anion and its mobility. Since OH- ions possess a mobility 4 times 

higher than HCO3
- and CO3

2- ions, the membrane conductivity is expected to decrease 

if OH- is converted to HCO3
- and CO3

2- as a result of the carbonation process. This is 

particularly important in anion exchange membrane CO2 electrolysis. Therefore, the 

anion exchange membrane conductivity is studied and compared in different counter 

ion forms. 

Equation 1-12  σAEM = ∑ σi = ∑ zi F Ci μi  

1.4. Thesis Overview 

This study focuses on characterizing the physicochemical properties of an anion 

exchange membrane for applications in H2 fuel cells, water electrolysis, and CO2 

reduction.  

Chapter 1 introduces the background knowledge of anion exchange membranes 

and the operating principles of electrochemical cells. Chapter 2 describes the 

experimental techniques used to characterize the physicochemical properties of the 

membrane. Chapter 3 focuses on studying the effect of reinforcement substrate on the 

membrane's properties, particularly its Cl- conductivity. Chapter 4 introduces a method 

of using a pH indicator-doped membrane to visualize the ion flushing process during 

water electrolysis. Chapter 5 quantitatively measures the UV-vis absorbance change of 

the pH indicator-doped membrane and investigates the differences of absorption 

spectra of the indicator in aqueous solution and in the membrane. Chapter 6 

summarizes the projects in the thesis and points out the direction of future work. 
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Chapter 2. Materials and Techniques 

2.1. Cationic polymer electrolyte 

2.1.1. Materials 

Polymer electrolytes conduct anions because they contain cationic functional 

groups. These cationic functional groups can be covalently bound to the backbone 

through extended alkyl or aromatic side chains with varying lengths or directly bound to 

the backbone via CH2 bridges38–43. Alternatively, the cationic functional groups can be 

part of the backbone itself44–48 (e.g., polybenzimidazolium). In this study, the primary 

interest is on the heterocyclic system of poly(benzimidazolium) systems where the 

positive charges are part of the polymer backbones49–52. The poly(benzimidazolium) 

offers good stability as the integrity of the polymer backbone is directly related to the 

stability of the benzimidazolium group and there are only a few possible degradation 

routes for poly(benzimidazolium) 47,53,54. The polymer electrolyte used in this study 

includes the poly[2,2′-(2,2″,4,4″,6,6″-hexamethyl-p-terphenyl-3,3″-diyl)-

1,1′,3,3′-tetramethyl-(5,5′-bibenzimidazolium)] (HMT-PMBI), poly(2-(2,6-

dimethylphenyl)-1,3-dialkyl-4,5-diphenyl-1H-imidazolium) (PAImR1R2), and poly(2,2′-

(2,3,5,6-tetramethyl)-1,4-phenylene)bis-(1,3-dialkyl-4,5-diphenyl-1H-imidazolium) (TMP-

PMPI- R1R2).  

 

Figure 2-1. Comparison of the chemical structure of the different cationic 
polymers used in this study: HMT-PMBI, PAImR1R2 and DMP-PMPI- 
R1R2 in its OH- form. 
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The chemical structure of HMT-PMBI is shown in Figure 2-2, which can be 

controllably methylated from 50% to 100%. For a 50% dm derivative, the polymer would 

be non-conductive as there are no cationic functional groups. As the degree of 

methylation (% dm) increases, it is expected that the polymer would contain more 

positively charged functional groups. However, it has been observed that when the 

degree of methylation exceeds 92%, the polymer becomes soluble in water6,55. This 

solubility in water renders the polymer unsuitable for utilization in electrochemical 

systems where water participates in the electrochemical reaction. The 89% dm HMT-

PMBI exhibits a good balance of high conductivity and low water uptake and therefore 

is chosen for this study. 
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Figure 2-2. Chemical structure of HMT-PMBI in its OH- form, where dm represents the degree of methylation (of the N 
atoms): unit a represents 50% dm, unit b represents 75% dm and unit c represents 100% dm. 
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The chemical structure of PAImR1R2 is shown in Figure 2-5, where the 

imidazoles can be alkylated using different alkyl side chains such as methyl, ethyl, 

propyl, or butyl groups.  

 

Figure 2-3. Chemical structure of PAImR1R2 in its OH- form, where da 
represents the degree of alkylation (of the N atoms) and R1R2 
represents the alkyl chains: M=methyl, E=ethyl, P=propyl, B=butyl 

DMP-PMPI-R1R2 exhibits structural isomers in which two repeating units are 

arranged in head-to-head, head-to-tail, and tail-to-tail configurations as shown in Figure 

2-4. 
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Figure 2-4. Structural isomers of DMP-PMPI-R1R2 in its OH- form showing the head to head, head to tail and tail to tail 
configurations of two repeating units.  
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In an electrochemical system, the polymer electrolyte can be used in two forms 

as shown in Figure 2-5: as a thin membrane which was referred to as the anion 

exchange membrane, or as an additive in the catalyst layer which was referred to as 

the anion exchange ionomer56. The anion exchange membrane can be produced by 

casting a polymer electrolyte solution onto a substrate, followed by gradual evaporation 

of the solvent in a ventilated oven at elevated temperatures. Subsequently, the 

membranes are peeled off from the substrate. The anion exchange ionomers are added 

to the catalyst ink, which can be either deposited on both sides of the membrane to 

form the catalyst-coated membranes (CCMs) or deposited on both sides of the gas 

diffusion electrode (GDL) to form the catalyst-coated substrates (CCSs). The addition of 

polymer electrolyte in the catalyst layer allows the anions to transport from the porous 

gas diffusion electrode to the anion exchange membrane electrolyte This, in turn, 

promotes the electrochemical reaction occurred at the triple-phase boundaries (TPBs), 

which are formed at the interfaces between the gas-phase pores, the electrically 

conductive electrode, and the ion-conductive electrolyte. 

 

Figure 2-5. Schematic representation of the use of the polymer electrolytes in 
an electrochemical system as the anion exchange membrane or as 
the anion exchange ionomer. Adapted from ref16 
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2.1.2. Experimental procedure of casting the cationic polymer 
electrolyte to an anion exchange membrane 

Membranes were cast from at 7.5 wt% DMSO solutions, which were prepared 

by dissolving 0.750 g of polymer in 10.00 g of DMSO by constant stirring overnight at 

room temperature. The polymer solutions were then vacuum filtered through a glass 

fiber filter paper before spreading onto a glass plate. The thickness of the polymer 

solutions was controlled using a casting table equipped with a casting blade from RK 

PrintCoat Instrument Ltd. The height of the casting blade was adjusted based on the 

desired thickness of the resulting membrane. Typically, a membrane of 25 μm 

thickness was achieved by setting the casting blade to 650 μm height to level a 7.5 wt% 

polymer solution. To ensure all the solvent were removed, the leveled polymer solutions 

were heated at 86 ± 1 °C for at least 16 hours in a dust-free oven. The membranes 

were peeled off by immersing the glass plate in a large bucket filled with deionized 

water. The membranes were dried under vacuum at room temperature overnight to 

remove the excess water and stored in the dry form before use. 

2.1.3. Experimental procedure of adding cationic polymer to the 
catalyst ink as anion exchange ionomer 

For anion exchange membrane water electrolysis: 

Preparation of catalyst inks containing anion exchange ionomers: 

The ionomer solution was prepared by dissolving the desired amount of ionomer 

in a solvent mixture consisting of ethanol and water (10:1 ratio). The catalyst slurry was 

prepared by adding the desired amount of catalyst in a solvent mixture consisting of 

isopropanol and water (1:1 ratio) and sonicated in an ice bath for at least 15 mins. After 

that, the ionomer solution was added dropwise to the catalyst slurry, followed by 

another round of sonication in an ice bath for 10 mins. The catalyst inks had a total solid 

content of 2% by weight, which included both the catalyst and the ionomer. For cathode 

ink, the commercial Pt/C (60% on high surface area carbon, Alfa Aesar) was used as 

the catalyst, and the ionomer made up 25% of the total solid content. Whereas for 

anode ink, the Ir black (99.8%, Alfa Aesar) was used as the catalyst, and the ionomer 

constituted 7% of the total solid content.52 
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Spray catalyst inks: 

To prepare the catalyst ink for spray coating, an additional sonication step was 

performed using a probe ultrasonicator (Branson Digital Sonifier model 102c) in an ice 

bath. The ultrasonicator was set to an amplitude of 40%, and the sonication process 

was carried out for a duration of 5 minutes. The anode catalyst ink was deposited onto 

commercially available titanium porous electrode (Bekaert) by spray coating to form a 

catalyst coated substrate (CCS). Similarly, the cathode coated substrate was fabricated 

by spraying the cathode catalyst ink onto the carbon paper (Fuel Cell Store). 

For anion exchange membrane fuel cells: 

Preparation of catalyst inks containing anion exchange ionomers: 

For the catalyst coated membrane, the cathode catalyst Pt/C (46.5 wt%, TKK) 

and anode catalyst PtRu/C (32.7wt% Pt and 16.9 wt% Ru, TKK) were utilized. Both the 

cathode and anode inks were formulated by dispersing 1 wt% solids in a 3/1 (v/v) 

mixture of methanol and water. To achieve the desired catalyst/ionomer (w/w) ratio, the 

inks were supplemented with an appropriate amount of ionomer solution. Specifically, a 

3 wt% Aemion+® or Aemion® ionomer solutions were added to the inks. This resulted in 

a catalyst/ionomer ratio of 80%/20% (w/w) for the cathode catalyst ink and 85%/15% 

(w/w) for the anode ink. The prepared inks underwent a dispersion process utilizing 

ultrasonication in an ice-filled Branson 1510 sonication bath for a duration of 60 minutes 

prior to spray coating. 

For the direct membrane deposition (DMD), 5 wt% of Aemion+® was dispersed 

in a 9/1 (w/w) solution of methanol and water mixture at 40°C for 4 hours via constant 

stirring with a magnetic stir bar. The cathode catalyst, Pt/C (50% Pt on carbon black, 

Umicore Elyst Pt50 0550), and the anode catalyst, Pt/Ru/C (40 wt% Pt/20 wt% Ru, 

Thermosher), were selected. Aemion+® served as the ionomer for both cathode and 

anode catalyst inks, with a solid content of 2 wt% in a in a 3/1 (w/w) ratio mixture of 

methanol and water. The cathode ink exhibited a catalyst/ionomer weight ratio of 

80%/20%, while the anode ink had a ratio of 85%/15%. To achieve a homogeneous 

dispersion, the inks were ultrasonicated in an ice bath using an ultrasonic horn 

(Hielscher UIS250V) for a duration of 1.5 hours. For the direct deposition of the solid 

polymer electrolyte layers, the ionomer dispersion solutions were then diluted until the 

ionomer content reached 1.5 wt% by adding methanol. 
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Spray catalyst inks: 

The catalyst coated membranes (CCMs) were fabricated by spray coating the 

catalyst inks directly onto the Anion Exchange Membranes (AEMs) using a SonoTek 

"ExactaCoat" system with an AccuMist nozzle. The spray system operated at a 

frequency of 120 kHz (2 W) and had a nozzle diameter ranging from 2 to 6 mm, with a 

path speed of 75 mm/s. The shaping air pressure was set to 0.8, and the ink flow rate 

was maintained at 0.30 mL/min. The AEMs were securely held onto a vacuum table at 

a temperature of 80°C, and a PTFE template was used to ensure a sprayed active area 

of 5 cm2. The catalyst loading on both the cathode and anode sides was confirmed to 

be 0.5 mg Pt/cm2 by a analytical balance. 

For the preparation of the Membrane-Electrode-Assemblies (MEAs) via the 

Direct Membrane Deposition (DMD) process, the ionomer ink was directly sprayed onto 

the previously coated Gas Diffusion Electrodes (GDEs), following the method described 

by Veh et al57. The resulting MEAs had a total membrane thickness of 5 mm. The 

catalyst loading on the cathode side was 0.2 mg Pt/cm2, while for the anode, it was 

adjusted to 0.2 mg Pt/cm2 and 0.1 mg Ru/cm2. The catalyst loadings were verified using 

a mass balance. 

2.2. Membrane conductivity 

2.2.1. Resistance and conductivity 

Resistance was measured in ohms (Ω) and represented the potential loss 

experienced when a charge moved through a conductor. Conductance, quantified in 

siemens (S), served as the inverse of resistance. To standardize resistance and 

eliminate the influence of geometric factors, resistivity (ρ) was employed, with 

measurements conducted in ohm-meters (Ωm). Conversely, conductivity (σ), being the 

reciprocal of resistivity, found application in materials designed to facilitate the 

conduction of charged species, while resistivity was suitable for insulating materials.58 

Metals demonstrated proficiency in electron conduction, whereas electrolytes displayed 

exceptional ionic conductivity.58 
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2.2.2. Ions and conductivity 

Each type (i) of anions in the anions exchange membrane carrying charge ziF of 

per mole, where zi is the charge number of that ion (e.g. -1 for OH-) and F is the 

Faraday constant (F = 9.648 C/mol). The electrostatic force experienced by an ion is 

directly proportional to the charge of the object and the strength of the electric field, and 

therefore can be calculated using Equation 2-1, where Fdr represents the electrostatic 

force drives the anions to migrate under the applied electric field, zi represents the 

charge number of the ion (i), F represents the Faraday’s constant which is the electric 

charge per mole of elementary charge, and E represents the electric field strength.59  

Equation 2-1  Fdr = zi × F × E  

The rate of an ion (i) moves through a membrane can quantified using molar 

flux (J, unit:
mol

cm2×s
), which measures the number of moles of ions flows through the 

membrane per unit are and per unit time.59 For a membrane with concentration 

(ci, unit
mol

cm3) of ion (i) moves at a velocity of (vi, unit
cm

s
), the molar flux can be calculated 

using Equation 2-2.  

Equation 2-2  𝐽𝑖 = 𝑐𝑖 × 𝑣𝑖   

The migration velocity of the ion (i) in a membrane (vi) is proportional to the 

inverse of the drag coefficient (
1

θ
) and the electric driving force (Fdr) as shown in 

Equation 2-3.59 

Equation 2-3  vi =
1

θ
× Fdr   

Combining Equation 2-1 and Equation 2-3, the mobility (μi) of the ion (i) defined 

as the migration velocity at unit field strength (1
V

m
) and can be calculated as shown in 

Equation 2-4.59 

Equation 2-4  μi =
vi

E
=

1

θ
× zi × F   

The current density (ji) caused by the flow of ion (i) can be calculated from its 

molar flux (Ji) as shown in Equation 2-5.59 
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Equation 2-5  ji = Ji × zi × F = zi × F × ci × μi × E   

The resistance (R) of a material is defined as the ratio of voltage (V) and current 

(I) as shown in Equation 2-6.59 

Equation 2-6  R =
V

I
   

The resistance per unit area is defined as resistivity (ρ) of the material, and 

therefore can be calculated using Equation 2-7.59 

Equation 2-7  ρ =
E

j
   

The conductivity (σ) of a material is defined as the reciprocal of its resistivity as 

shown in Equation 2-8.59 

Equation 2-8  σ =
1

ρ
   

Therefore, the conductivity of the anion exchange membrane can be measured 

by current-voltage measurement as shown in Equation 2-9.59 

Equation 2-9  σAEM = ∑σi = ∑
ji

E
= ∑

Ji×zi×F

E
= ∑

ci×vi×zi×F

E
= ∑ci × μi × zi × F  

2.2.3. Experimental procedure 

The anion conductivity was obtained from the resistivity measurement of the 

anion exchange membrane either using alternating current (AC) technique or direct 

current (DC) technique in either through-plane (⊥) and in plane (∥) directions.60 The 

conductivity of an anion exchange membrane (σAEM) was calculated using Equation 

2-10, where d is the distance between the electrodes, A is the cross-sectional area 

through which current passes, 𝑅 is the membrane resistance in Ω measured using 

various electrochemical techniques as mentioned in page 28.60 The membrane 

conductivity can be obtained in both the through-plane (⊥) and in plane (∥) directions as 

shown in Figure 2-6.60 
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Equation 2-10  σAEM =
d

R×A
 

 

 

Figure 2-6. Schematic representation of (a) through-plane (TP) and (b) in-plane 
(IP) directions of an anion exchange membrane (AEM). Adapted 
from ref60 

There are three configuration of conductivity cells used in this study to measure 

the ex-situ conductivity of a membrane as shown in Figure 2-7, Figure 2-8 and Figure 

2-9. 

The in-plane conductivity cell shown in Figure 2-7 required a membrane size of 

5 x 15 mm and were connected to Solartron 1260 impedance analyzer. The impedence 

measurements were performed by applying a 10 mV sinusoidal AC potential over a 

frequency range of 10 MHz – 100 Hz. This cell utilized a two-probe cell configuration, 

where the current-generating electrodes also serve as the voltage-measuring probes. 

The frequency range was selected because previously reported that the membrane 

ionic resistance can be resolved from interfacial impedance only when the frequency is 

≥ 100 Hz.61 
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Figure 2-7. Schematic representation of the 2 electrodes setup for in-plane 
conductivity measurement using electrochemical impedance 
spectroscopy. 

The in-plane conductivity cell shown in Figure 2-8 required a membrane size of 

10 x 30 mm and was connected to Solartron Analytical 1287 electrochemical interface. 

The conductivity measurements were performed by applying a ± 100 mV DC potential 

scan at 10 mV/s scan rate. This cell utilized a four-probe cell configuration, where the 

two outer platinum gauze serves as the current collecting electrodes and the two inner 

platinum wires serves as the voltage sensing electrodes. During the resistance 

measurement, the potentiostat was set to apply the desired voltage between the two 

inner electrodes, and the resulting current was measured using the two outer 

electrodes. The distance between the two inner electrodes was fixed at 4.25 mm, which 

was used for the conductivity calculation.  

  

Figure 2-8. Schematic representation of the 4 electrodes setup for in-plane 
conductivity measurement using potentiodynamic technique. 
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The through-plane conductivity cell shown in Figure 2-9 required a membrane 

size of 10 x 30 mm and two 5 x 18 mm carbon paper as the gas diffusion electrodes. 

1~2 drops of conductive carbon paint (SPI Supplies, colloidal graphite) were applied to 

the electrode using a disposable pipette. A precut piece of carbon paper was placed on 

top of the electrode before the carbon paint dried off. Once the carbon paint has dried 

and the carbon paper gas diffusion electrode has adhered to the Pt electrode, the cell 

was inverted to apply the gas diffusion electrode on the other side of the Pt electrode. 

The coarse macro-porous side of the carbon paper was placed against the rectangular 

Pt electrode so that the smooth Pt-coated side of the carbon paper contacted the 

membrane. After each measurement, the membrane and carbon papers were removed 

from the cell, and the remaining carbon paint on the rectangular Pt electrodes were 

cleaned thoroughly with lint-free tissues and methanol. Electrodes were insured to fully 

dried before next measurement. 

 

Figure 2-9. Schematic representation of the 4 electrodes setup for through-
plane conductivity measurement using electrochemical impedance 
spectroscopy. 

2.3. Electrochemical characterization techniques 

In an electrochemical experiment, voltage (V), current (i), and time (t) are the 

three fundamental variables. The investigation of electrochemical behavior involves 

keeping certain variables constant while observing how other variables change with 

variations in the controlled variables.62 
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2.3.1. Potentiostatic technique 

The voltage of a system is controlled, and the resulting current response is 

measured. The potentiostatic technique used in this study was steady-state technique, 

where the control voltage remained constant over time. 

2.3.2. Galvanostatic technique 

The current of a system is controlled, and the resulting voltage response is 

measured. The galvanostatic technique used in this study was also steady-state 

technique, where the control voltage remained constant over time. 

2.3.3. Potentiodynamic and cyclic voltammetry techniques 

Potentiodynamic and cyclic voltammetry technique is a time-variant (dynamic) 

technique, where the voltage applied to a system is swept linearly with time back and 

forth across a voltage window of interest. The resulting current response is measured 

as a function of time but is plotted as a function of the cyclic voltage sweep. 

2.3.4. Electrochemical Impedance spectroscopy (EIS) technique 

Impedance, in contrast to resistance which could be determined through static 

electrochemical measurements, deals with time- or frequency-dependent phenomena. 

The impedance, denoted as Z, was expressed as the ratio between a time-dependent 

voltage (V) and a time-dependent current (A).16 Impedance measurements were 

typically conducted by applying a small sinusoidal voltage perturbation and monitoring 

the resulting current response of the system.16 The current response could exhibit a 

phase shift (ϕ) compared to the voltage perturbation. Figure 2-10 presented a graphical 

representation illustrating the relationship between a sinusoidal voltage perturbation 

and a phase-shifted current response.16 As illustrated in Figure 2-10, by sampling a 

sufficiently small portion of a cell's i-V curve, the amplitude of this signal was typically 

small enough to restrict the analysis to a pseudolinear segment of the cell's i-V curve.16 
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Figure 2-10. Illustration of sinusoidal voltage perturbation and resulting current 
response, showcasing phase shift and pseudolinear analysis 
region. The current response exhibits the same period as the 
voltage perturbation but may be subject to a phase shift, 
represented by 𝜙. Adapted from ref16 

The impedance is defined as the ratio of the voltage to the current at a given 

frequency and is expressed as a complex quantity consisting of a real part (Equation 

2-12), an imaginary part (Equation 2-13), where 𝑍₀ is the impedance magnitude, and 𝜙 

is the phase shift (Equation 2-14) as shown in Equation 2-11.16 

Equation 2-11  Z = |Z0| × cosϕ + j × |Z0| × sinϕ  

Equation 2-12  Zreal = |Z0| × cosϕ 

Equation 2-13  Zimag = |Z0| × sinϕ 

Equation 2-14  ϕ = tan−1 (
Zreal

Zimag
) 

The impedance data were graphically represented by plotting the real and 

imaginary components of impedance (Zreal on the x-axis and −Zimag on the y-axis). 

These graphical depictions of impedance data were known as Nyquist plots.16 

Nyquist plot for ohmic resistance 

In the case of a simple resistor, the ohmic conduction process is represented by 

an equivalent circuit consisting of only a resistor. In this scenario, the imaginary 

component of resistance is zero, 𝜙 is zero, and the impedance remains constant 

regardless of frequency, as illustrated in Figure 2-11.16 
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Figure 2-11. Nyquist plot of a resistor. The impedance of a resistor is a single 
point of value R on the real impedance axis (x-axis) and is 
independent of frequency. Adapted from ref16 

Nyquist plot for electrochemical reaction interface 

During an electrochemical reaction, a substantial charge separation occurs at 

the interface, resulting in the accumulation of electrons in the electrode and ions in the 

electrolyte. This charge separation causes the interface to exhibit capacitive behavior.16 

To model the impedance response of the reaction interface, it can be represented as a 

parallel combination of a resistor (Rf) and a capacitor (Cdl), as illustrated in Figure 

2-12.16 The Faradaic resistance (Rf) characterizes the electrochemical reaction kinetics, 

while the double-layer capacitance (Cdl) represents the capacitive nature of the 

interface. The high-frequency intercept of the semicircle represents zero impedance, 

indicating the absence of resistance at high frequencies. The low-frequency intercept 

corresponds to the faradaic resistance (Rf). The diameter of the semicircle, which is 

equivalent to Rf, provides valuable insights into the reaction kinetics of the 

electrochemical interface. A small semicircle indicates facile reaction kinetics, while a 

larger semicircle signifies sluggish reaction kinetics.16 



32 

 

Figure 2-12. Nyquist plot of a parallel combination of a resistor and capacitor 
which demonstrated the impedance response of an electrochemical 
reaction interface. The capacitor (Cdl) describes the charge 
separation between ions and electrons across the interface. The 
resistor (Rf) describes the kinetic resistance of the electrochemical 
reaction process. Adapted from ref16 

2.4. Nuclear Magnetic Resonance (NMR) Spectroscopy 

Nuclear magnetic resonance (NMR) spectroscopy is an essential technique 

used in modern organic chemistry to determine the structure of molecules. It capitalizes 

on the nuclear spin properties exhibited by both hydrogen (1H) and carbon-13 (13C) 

atomic nuclei. By placing these atomic nuclei, acting as small bar magnets, within a 

strong magnetic field, an NMR spectrometer aligns them accordingly. When a 

radiofrequency pulse is applied with an energy level corresponding to the specific 

chemical environment of the nuclei, they can absorb this energy. This absorption 

causes the nuclei to transition from a lower energy state, aligned with the magnetic 

field, to a higher energy state, aligned against the magnetic field. Subsequently, as the 

nuclei relax back to the lower energy state, they emit this absorbed energy, which can 

be detected by the NMR spectrometer. 

2.4.1. Calculate the degree of methylation 

The 1H NMR spectra were adjusted for the baseline using the "Full Auto 

(Polynomial Fit)" feature available in MestReNova 6.0.4 software. To determine the 

extent of methylation, the integration area ranging from 4.300 to 3.780 ppm was set to 

12.00 for the 1H NMR spectra of I- form of HMT-PMBI in DMSO-d6 solvent. This region 

corresponds to the N-methyl groups of the positively charged benzimidazolium groups. 
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Subsequently, the area between 3.780 and 3.500 ppm was integrated, yielding a value 

of "𝑥", which represents the N-methyl peaks of the uncharged benzimidazole groups. 

The dm% (degree of methylation) was then calculated using Equation 2-15, as 

presented below: 

Equation 2-15  dm% =  50% (
1

1+
x

6

) + 50%  

2.4.2. Calculated theoretical ion exchange capacity (IECtheoretical) 

Because the ionic conductivity of the electrolyte was determined by the amount 

of positively charged functional groups in the polymer backbone, the structural 

relationship between the conductive cationic functional groups and the non-conductive 

polymer backbone was determined.  

The ion exchange capacity (IEC, mmol/g) measures the amount of charged 

groups in the membrane and can be calculated using the number of functional groups 

(molar equivalents, eq.) per unit mass of dry membrane (g).63 The theoretical IEC 

(IECth) of the membrane in their X- form can determined by NMR spectroscopic analysis 

using Equation 2-16, where the dm represents the degree of methylation, Mdm 

represents the mass of the HMT-PMBI of certain dm%. Mdm can be calculated using the 

mass of the 100% dm HMT-PMBI repeating unit (for OH- counter-ion: MR100=636.82 

g/repeating unit) and the molecular weight of the 50% dm HMT-PMBI repeating unit (for 

OH- counter-ion: MR500= 572.74 g/repeating unit). As shown in the chemical structure 

(Figure 2-2), there are 2 counter ions (X-) in one 100%dm repeating unit; therefore, the 

equivalent counter ions (X-) can be calculated using the amount of the 100%dm 

repeating unit in the membrane which is 2(dm-0.5). 

Equation 2-16  IECth  (
mmol

g
) =

eq.nX−

Mdm
=

1000 mmol

1 mol
 × 

2[2(dm−0.5)]eq. X−

1 repeating unit

MR100[2(dm−0.50)]+MR50[1−2(dm−0.50)]
 

2.4.3. Experimental ion exchange capacity (IECexperimental) 

The IEC determined by NMR analysis is only theoretical. It depends on the 

dissociation constant of the functional groups, the apparent ion exchange capacity, 

which is the number of functional groups in the polymer structure accessible to ion 

exchange and may not be the total amount determined by NMR. Therefore, the 
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experimental ion exchange capacity (IECex) was measured experimentally by evaluating 

the amount of exchanged Cl- ions using titrimetric analysis described in literature63–66. 

Prior to IEC analysis, membrane samples were converted to Cl- form by immersing in 1 

M KCl solutions twice for 24 hours and washing several times with DI water for 48 

hours. To ensure complete exchange of Cl- to NO3
- ions, membrane samples were 

immersed twice in 15 g of 1 M KNO3 solution for 24 hours. The Cl- concentration of the 

combined 2 exchanged solutions were determined using a Cl- ion-selective electrode 

(Cl- ISE 6.0502.120, Metrohm AG®). The membranes were converted back into Cl- 

form by soaking twice in 1 M KCl for 24 hours, washing multiple times with DI water for 

48 hours and dried under vacuum at 80°C for 24 hours. The dry weight of the 

membrane in its Cl- form (mdry) was measured after cooling to room temperature under 

vacuum. The IECexp was calculated using the Cl- concentration ([Cl-] in ppm), the mass 

of the exchange solution (msolution) and molar mass of chloride ion (MCl) using Equation 

2-17. 

Equation 2-17  IECex  (
mmol

g
) =

[Cl−] × msolution

1000 × Mcl × mdry
 

2.5. Water sorption properties 

The water content of the membranes was studied by measuring the mass and 

dimensional changes of their fully hydrated and dry states. Small pieces (2 x 3 cm) 

samples were cut for the water content measurements. The hydrated state was 

achieved by immersing the membranes in ultra-pure water for at least 24 hours. The 

thickness (twet), hydrated area (Awet) and hydrated mass (mwet) were measured on the 

fully hydrated membranes after removing any surface-bound water with Kimwipe®. To 

achieve the fully dried state, membrane samples were then sandwiched between filter 

papers and dried under vacuum oven at 80°C for at least 16 hours. The dry thickness 

(tdry), dry area (Adry) and dry mass (mdry) were measured on the oven dried membranes. 

2.5.1. Water uptake and volumetric swelling 

The water uptake (WU, %) was calculated using the mass change between the 

fully hydrated and dry states using Equation 2-18. The volumetric swelling in three 

dimensions (Sx,y,z, %) and volumetric swelling (VS, %) were calculated using the 

dimensional changes of the fully hydrated and dry states using Equation 2-19 and 
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Equation 2-20 where the S(x,y,z) represents the x,y-directions (length and width) and z-

direction (thickness) of the membrane in either fully hydrated (wet) or dry (dry) states. 

Equation 2-18  WU(%) =
mwet−mdry

mdry 
× 100% 

Equation 2-19  Sx,y,z(%) =
S(x,y,z)wet−S(x,y,z)dry

S(x,y,z)dry
× 100% 

Equation 2-20  VS(%) =
twet × Awet−tdry × Adry

tdry × Adry
× 100% 

2.5.2. Hydration number  

The hydration number (λ), which represents the number of water molecules per 

ion-exchange site (mol H2O/mol N+) was determined using water uptake (WU), 

apparent ion exchange capacity (IECexp) and molar mass of water (MH2O) via. 

Equation 2-21  λ =
WU

MH2O × IECex
× 1000 

2.5.3. Anion concentration 

The anion concentration ([X-]) was calculated using the apparent ion exchange 

capacity (IECex), the dry mass of the membrane (mdry), the hydrated thickness (twet) and 

area (Awet) using Equation 2-22. 

Equation 2-22  [X−] =
IECex, X−  ×mdry

twet × Awet
 

2.6. Optical analysis of the anion exchange membrane 
containing pH indicators 

The UV-vis absorption spectroscopy was conducted using a Shimadzu UV-3600 

Plus spectrophotometer in the range of 200 nm to 800 nm. The scan speed varied 

between 100 and 400 nm/min. The bandwidth of the light source in the UV-vis region 

was chosen to be 5 nm. The baseline correction procedure was executed prior to each 

measurement. 

Because the color of an indicator may be different when the polarity of the 

solvent changed (solvatochromism effect), the UV-vis absorbance spectra of the acid 
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fuchsin cocast HMT-PMBI membrane should be compared to the spectra of acid 

fuchsin indicator to confirm the positively charged functional groups does not alter the 

polarity inside the membrane. The UV-vis absorbance spectra of the acid fuchsin 

indicator was measured in buffer solutions of KOH, K2CO3, KHCO3 ranging from pH 10 

to 14. The UV-vis absorbance spectra of the HMT-PMBI was measured in its Cl-, 

HCO3
-, CO3

2- and OH- forms, which were achieved by soaking the membranes in 2 M 

KCl, KHCO3, K2CO3 or KOH solutions twice for 24 hours. The fully hydrated UV-vis 

absorbance spectra of the membranes were measured while immersing the membrane 

in the corresponding aqueous salt solutions against the baseline correction with DI 

water. The partially hydrated UV-vis absorbance spectra of the membranes were 

measured immediately after removing any solution on the surface of the membrane with 

a lint-free wipes against the baseline correction of ambient air. 

2.7. Anion exchange membrane in different counter-ion 
form 

AEMs cannot be fully exchanged to the desired single ion form after only 1 x 

immersion in a solution containing the target ion, even if a concentrated solution 

containing excess target ion is used: the use of only 1 x immersion will leave a small 

amount of the original ions in the material (ion exchange involves partition equilibria). 

AEMs must be ion exchanged by immersion in multiple (at least 3) consecutive fresh 

replacements of the solution containing an excess of the desired ion. Traces of the 

original (or other contaminants) ions can have implications regarding the properties 

being measured.67 
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Chapter 3. Study of polyimidazolium-based AEM 
with and without the incorporation of polyolefin 
reinforcement substrate 
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3.1. Introduction 

The increased focus on clean electrochemical energy conversion technologies 

has seen a notable rise globally, primarily driven by the negative environmental impacts 

linked to the burning of fossil fuels. Hydrogen fuel cells have gained prominence in the 

sustainable and clean energy industries as they effectively convert the chemical energy 

from hydrogen and oxygen reactions into electrical energy.68 The commercialization of 

proton exchange membrane fuel cells (PEMFCs) has been made possible through 

dedicated efforts to achieve efficient energy conversion at high current densities. 

However, the utilization of platinum-based catalysts in PEMFCs comes with significant 

capital and manufacturing costs. Additionally, the use of perfluorosulfonic acid (PFSA)-

based membranes in PEMFCs may pose potential environmental drawbacks. Recent 

advancements have unveiled anion exchange membrane fuel cells (AEMFCs) as a 

promising substitute, as they demonstrate comparable power performance to 

PEMFCs.9,69,70 

The early development of anion exchange membranes (AEMs) primarily 

focused on improving the conductivity of the solid polymer electrolyte to achieve a 

similar values as Nafion (>100 mS cm-1).71,72 This was achieved by increasing the ion 

exchange capacity (IEC) of the polymer electrolytes, which also led to increased 

dimensional swelling and reduced mechanical integrity.73–75 Recently researchers have 

shifted their focus towards understanding how polymer design impacts the separation 

between hydrophilic and hydrophobic phases, aiming to enhance conductivity by 

increasing the percolation of hydrophilic domains.76 To mitigate swelling, cross-linking 

of the solid polymer electrolyte has been explored, but this approach often 

compromises conductivity, water uptake, mechanical properties (such as elongation at 

break), and solubility.76,77 One solution to enhance mechanical stability is to incorporate 

a reinforcement material, and thus allowing for thinner membranes. For example, 

Kienitz et al. fabricated an stable ultra-thin (5 m) GORE-SELECT® proton exchange 

membrane by utilizing expanded poly-tetrafluoroethylene (ePTFE) as the reinforcement 

material.78,79 Similar PTFE materials have been adopted as the supporting materials to 

prepare reinforced anion exchange membranes,80,81 the use of fluorinated 

reinforcement materials reintroduces environmental concerns associated with 

perfluoroalkyl substances. To address this issue, researchers have investigated the use 
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of inert reinforcement materials. For instance, Park et al. employed cross-linked 

tetramethylammonium poly(sulfone) with an inert poly(phenylsulfone) to increase the 

ion exchange capacity (IEC) of the anion exchange membrane (AEM) while mitigating 

dimensional swelling.82 

Over the past few years, the Holdcroft lab has made a concerted effort to design 

a series of C2-sterically protected polybenzimidazoliums and polyimidazoliums 

materials for anion exchange membranes.47,83,84 These compounds have been proven 

to exhibit high conductivity while exceptional resistant to harsh chemical environments 

and possess outstanding durability, both chemically and mechanically.53,55 With the 

success of the commercialized Aemion® membrane based on the hexamethy-p-

terphenyl poly(benzimidazolium) (HMT-PMBI) structure, the more stable 

polyimidazolium-based has recently been commercialized as Aemion+® by Ionomr 

Innovations Inc. In this study, we are comparing the conductivity, water uptake and 

swelling properties of the Aemion+® with and without incorporation of polyolefin 

reinforcement substrate. 

3.2. Materials and methods 

3.2.1. Materials 

Commercialized AEMs used in this study include: monolithic AEMION® 

membranes (AF1-HNN8-25 and AF1-HNN8-50), monolithic AEMION+® (AH2-INN8-10 

and AH2-INN8-50) and polyolefin reinforced AEMION+® (AF2-HLE8-10 and AF2-HLE8-

40) as listed in Table 3-1. The commercialized AEMs are used as received from Ionomr 

Innovations Inc.  
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Table 3-1. Physical properties of commercialized anion exchange membrane 
used in this study 

AEM Base polymer Reinforcement Thickness (m) IEC (mmol g-1) 

AF1-HNN8-25 Poly(benzimidazolium) Monolithic 25a 2.300.02b 

AF1-HNN8-50 Poly(benzimidazolium) Monolithic 50 a 2.300.02b 

AF2-INN8-10 Poly(imidazolium) Monolithic 10 a 2.940.07c 

AF2-INN8-50 Poly(imidazolium) Monolithic 50 a 2.940.07c 

AF2-HLE8-10 Poly(imidazolium) Polyolefin substrate 10 a 1.900.22 c 

AF2-HLE8-40 Poly(imidazolium) Polyolefin substrate 40 a 1.900.22 c 
a Thickness of dry AEM sample obtained from manufacturer specification: Ionomr Innovations Inc., Canada 
b Previously reported by Gangrade et al.85  
c Previously reported by Wei et al.49 

Potassium chloride (KCl, 99.0%), potassium nitrate (KNO3, 99.0%), potassium 

hydroxide (KOH, 87.5%) from Fisher Scientific were used as received to prepare salt 

solutions. Dimethyl sulfoxide (DMSO-d6, 99.9%) from Cambridge Isotope Laboratories 

Inc. was used to prepare the NMR samples. All water (H2O) used in this study was 

deionized to 18 MΩ with a Milli-Q water purification system (SYNSVHFWW, Synergy® 

UV Water Purification System). 

3.2.2. Methods 

Membrane pre-treatment 

In previous studies, it was observed that HMT-PMBI exhibited varying 

conductivity and water absorption properties depending on the type of anion present. In 

order to ensure consistency and avoid any discrepancies caused by different anion 

forms, all membranes were converted into the chloride (Cl-) form prior to analysis. This 

was accomplished by immersing the commercially available membrane at least 6 times 

in a 3 M KCl solution for a duration of 12 hours each time. Subsequently, the membrane 

was washed multiple times with deionized (DI) water over a period of 3 days to remove 

excess salt solutions. 

Ion-exchange capacity 

Ion exchange capacity (IEC) is defined as the number of charge carriers per 

mass of dry polymer. The IEC of all commercial membranes were measured in their Cl- 
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form using the ion exchange method.77 The principle of IEC measurement was to 

exchange the samples from the Cl- form to NO3
- and measure the Cl- concentration in 

the exchange solution using a Cl--selective electrode. First, 20 mg of three samples 

from each type of commercialized membrane were soaked in 20 mL of 3 M NaCl 

solution for 3 days with at least 6 repeated refreshments of solutions to exchange to its 

Cl- form, followed by 3 days of the same procedure with DI water to wash off excess 

salt solution. The membrane samples were dried in a vacuum oven at 80C for at least 

16 hours before measuring their dry mass. After cooling to room temperature, the 

membrane samples were carefully removed from the oven and quickly measured their 

mass in an analytical balance and recorded as 𝑚𝑑𝑟𝑦. To determine the ion exchange 

capacity of each membrane sample, the Cl- formed dry membranes were exchanged to 

NO3
- form by immersing in 1 M KNO3 solutions for 3 days. During this process, the Cl- in 

the membrane sample migrates to the exchanged solution and is replaced by NO3
- due 

to concentration gradient. The Cl- concentration in the exchanged solution was 

measured using the Cl- ion selective electrode (Metrohm USA Inc., USA) and recorded 

as [Cl−]. The ion exchange capacity was calculated using the Cl- concentration ([Cl−]) 

and the mass (msolution) of the KNO3 solution containing exchanged Cl- ions, the molar 

mass of Cl- ion (MCl−) and the mass of the dry membrane sample in its Cl- form (mdry) 

as shown in Equation 3-1. 

Equation 3-1  IEC(Cl−) =
[Cl−] × msolution

MCl−  × mdry
 

Water uptake 

The commercialized membrane samples were exchanged to its Cl- form prior to 

the water uptake measurement. The Cl- formed membrane samples were soaked in 

deionized water for at least 24 hours to allow the membranes absorb water and reach a 

fully hydrated state. After removing the surface water with a paper towel, the wet mass 

(mwet) was determined on an analytical balance. This procedure was repeated at least 

three times to obtain a reliable value. The membrane samples were then dried at 80 °C 

for at least 12 hours under vacuum. After cooling the dried membrane samples to room 

temperature under vacuum, the dry mass (mdry) was obtained using an analytical 

balance. This process is repeated until a constant dry mass was reached meaning no 

more water residue was trapped in the sample. The water uptake (WU) was calculated 
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using the average value of the wet mass (mwet) and the average value of the dry mass 

(mdry) as shown in Equation 3-2. 

Equation 3-2  WU(Cl−) =
mH2O (mass of water)

mdry (mass of dry polymer)
=

mwet−mdry

 mdry
 

Dimensional Swelling 

The wet dimensions of the membrane samples for each polymer were obtained 

by soaking in DI water for a minimum of 24 hours at room temperature (~ 22°C). The 

image of the wet membrane samples was scanned using a Canon Canoscan 8400F 

scanner at a resolution of 1600 dpi. The wet width (𝑤𝑖𝑑𝑡ℎ𝑤𝑒𝑡) and wet length 

(𝑙𝑒𝑛𝑔𝑡ℎ𝑤𝑒𝑡) of the membrane samples were obtained by analyzing the scanned image 

of the wet membrane samples using ImageJ.86 The above procedure was repeated to 

obtain the dry width (𝑤𝑖𝑑𝑡ℎ𝑑𝑟𝑦) and dry length (𝑙𝑒𝑛𝑔𝑡ℎ𝑑𝑟𝑦) after drying the membrane 

samples at 80°C for at least 12 hours under vacuum. The wet and dry thickness 

(𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠𝑤𝑒𝑡 and 𝑡𝑖𝑐ℎ𝑘𝑛𝑒𝑠𝑠𝑑𝑟𝑦 respectively) were measured by taking 5 discrete points 

on each membrane samples using a Mitutoyo Quickmike Series 293 micrometer. The 

area swelling and thickness swelling were calculated using Equation 3-3 and Equation 

3-4. 

Equation 3-3  S(area,Cl−) =
widthwet×lengthwet−widthdry×lengthdry

 widthdry×lengthdry
 

Equation 3-4  S(x,Cl−) =
lengthwet−lengthdry

 lengthdry
 

Dynamic Vapour Sorption 

Dynamic Vapour Sorption (DVS) measurements were made using a DVS 

Adventure humidity chamber and Ultrabalance (Surface Measurement Systems Ltd., 

UK). Samples were held at constant temperature (60C, 70C and 80C) and the 

Relative Humidity (RH%) was decreased stepwise in the 60-0.0% RH range. The 

humidity was controlled by a source of DI water delivered under nitrogen gas flow at a 

volumetric flow rate of 200 standard cubic centimetres per minute (sccm). The hydration 

number (𝜆) is defined as the number of water molecules per ion pair, which is 

calculated as the ratio of moles of water (𝑛𝐻2𝑂) per moles of ion pair (𝑛𝑖𝑜𝑛 𝑝𝑎𝑖𝑟) as 
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shown in, where 𝑚𝑑𝑟𝑦 is the dry mass of membrane sample, IEC is ion exchange 

capacity, 𝑀𝐻2𝑂 is the molar mass of water, and 𝑊𝑈 is the water uptake. 

Equation 3-5  λ =
nH2O

nion pair
=

WU

IEC×MH2O
 

Ex-situ Conductivity  

The ionic conductivity of the AEMs in their Cl- form was measured in both the in-

plane and through-plane directions using SI 1260 electrochemical impedance 

spectroscopy (Solartron Analytical Inc.). A 100 mV alternating potential was applied 

over a frequency range of 100-10 MHz.  

The experimental setup for measuring the anion exchange membrane 

conductivity in in-plane direction is shown in Figure 3-1. The AEM samples are held 

between two Pt electrodes of known distance (approximately 0.5 cm) within a PTFE 

frame. The two Pt electrodes are adhered to the bottom PTFE block, and the top PTFE 

block is clamped to the bottom PTFE block. The in-plane conductivity was calculated 

using Equation 3-6, where l represents the distance between the two Pt electrodes 

(approximately 0.5 cm), w and t represents the width and thickness of the membrane 

respectively, and R∥ represents the in-plane impedance of the membrane measured 

from electrochemical impedance spectroscopy. 

 

Figure 3-1. In-plane membrane conductivity measurement experimental setup. 

Equation 3-6  σ∥ =
l

w × t × R∥
 

The experimental setup for membrane conductivity in through-plane direction is 

shown in Figure 3-2. The AEMs are sandwiched between two Pt electrodes which 

measure the current at a pressure > 300 psi. Two additional Pt electrodes on the PTFE 

frame measure the voltage across the membrane. The through-plane conductivity was 
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calculated using Equation 3-7, where t represents the thickness of the membrane, A 

represents the overlapping area of the two Pt electrodes measures the current 

(approximately 0.5 cm2), and R⊥ represents the through-plane impedance of the 

membrane measured from electrochemical impedance spectroscopy. 

 

Figure 3-2. Through-plane membrane conductivity measurement experimental 
setup. 

Equation 3-7  σ⊥ =
t

A × R⊥
 

Through-plane measurements were conducted in a membrane testing system 

(MTS 740, Scribner Associates Inc.) whereas the in-plane measurements were 

conducted in an environmental chamber (SH-241, ESPEC North America Inc.), both of 

which used to control the temperature and relative humidity to representative values for 

in-situ anion exchange membrane fuel cell system. All measurements were taken upon 

AEM dehydration (e.g. high RH to low RH). Resistances were obtained by fitting the 

spectra to an equivalent circuit. From the resistances in Ω, membrane conductivity 

values were calculated using for in-plane direction and for through-plane direction, 

where l represents the length between the electrodes on the in-plane conductivity cell, 

A represents the overlapping area between two electrodes on the through-plane 

conductivity cell, and the 𝑤 and 𝑡 represents the width and thickness of the membrane 

sample. 
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3.3. Results and discussion 

3.3.1. Optimizing parameters for through-plane conductivity 
measurement 

Cell configuration and sample size 

Typically, the measurement of through-plane conductivity was acquired in two 

ways: in-situ testing using a single cell or ex-situ testing using a bare membrane. In the 

case of in-situ single cell testing, the process involves consistently catalyzing the 

membrane, assembling the cell, and finally conducting the test within a single cell. 

However, the resistance obtained from this type of test includes many factors other than 

the membrane's contribution, such as the electronic resistance of: the flow field, the gas 

diffusion media, as well as contact resistance.87 As a result, the approach of obtaining 

through-plane conductivity from a bare membrane was selected for this study. 

Through-plane conductivity measurements are restricted to a two-electrode 

configuration because the difficulty of inserting two independent voltage sensing 

electrodes in a thin membrane. A true four-electrode configuration requires electrodes 

that are located in the membrane that do not influence the potential field.88  

A schematic representation of the two conductivity cells is listed in Figure 3-3. 

Soboleva’s cell uses PTFE (polytetrafluoroethylene) block and two 0.1 mm thick Pt 

sheets as the electrodes and sandwich the membrane in between. The two electrodes 

are directly on top of each other, which gives the effective area of 1 cm2 (1 cm × 1 cm 

square). Membrane samples were cut into 1 cm2, which is the same size as of the 

electrode overlapping area. Measurement was performed by placing the entire setup in 

deionized water for measuring the through-plane conductivity of a membrane in its fully 

hydrated state at room temperature (22°C). Similarly, Cooper’s cell uses a PEEK 

(polyether ether ketone) substrate and two Pt source electrode (thickness of Pt sheet 

not reported) to construct the cell. However, carbon paint (SPI supplies, colloidal 

graphite) was used to adhere two Gas Diffusion Electrode (GDE) to the Pt source 

electrode. The GDE was installed that the macro-porous side of the GDE facing Pt 

source electrode and the smooth Pt-coated side facing membrane. In addition, the two 

electrodes are offset to each other, which gives the effective area of 0.5 cm2. The GDE 

were cut into a 1.8 cm × 0.5 cm size, and membranes were cut into 3 cm × 1 cm size, 
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which is larger than the electrode overlapping area.89 In Cooper’s design, the purpose 

of the GDE is to facilitate water vapor entry and exit the membrane as the 

measurement was conducted at various hydration states (various RH%) in contrast to 

Soboleva’s design where measurements were conducted in the fully hydrated state 

(immersed in water). Therefore, the membrane samples were cut to a size larger than 

the overlapping electrode to help the membrane equilibrate under various RH%, as the 

extra area of the membrane will be exposed to the humidified environment instead 

being clamped between electrodes. Measurement was performed at wide range of 

temperature (30°C to 180°C) and relative humidity (0% to 95%). 

 

Figure 3-3. Through-plane conductivity cell: left: Soboleva’s design, right: 
Cooper’s design. Adapted from references89,90 

Compression pressure 

Soboleva et al1 reported that increased clamping pressure helps eliminate the 

contact resistance and a compression of ≥ 1200 psi is desired for good contact. The 

compression pressure was estimated using Pressurex® film (pressure range 350 psi to 

1400 psi, film type “low”)90. However, Cooper2 did not report any change in resistance 

or conductivity due to compression, and all measurements were performed at 310 ± 2.5 

psi. The compression pressure was controlled using a calibrated force spring and 

displacement indicator dial as shown in Figure 3-4.  
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Figure 3-4. Compression control system of Cooper’s cell. Adapted from ref89 

The displacement dial indicates the travel of the movable electrode in inches, 

and the applying compression can be calculated using Equation 3-8, where the spring 

constant is 185 pound-force per inch and the compression is 0.2325 inch2. Cooper 

mentioned that calculations indicate the change of the membrane thickness is negligible 

compared to the overall spring compression89. 

Equation 3-8  Compression(psi =
lbf

inch2) =
displacement (inch)×185lbf/inch 

0.2325 in2  

The clamping compression pressure adjusted using the dial indicator in 

Cooper’s cell was checked with the Fujifilm® pressure paper (pressure range of 0.5MPa 

to 2.5MPa, film type “super low pressure (LLW)”. The equivalent pressure range of the 

Fujifilm pressure® paper in psi is 72.5 psi to 362.6 psi. As shown in Figure 3-5, four 

compression loadings are compared: 0.100 inch (79.6 psi), 0.200 inch (159.1 psi), 

0.300 inch (238.7psi) 0.400 inch (318.3psi) and the maximum 0.478 inch (374 psi). 

Based on the depth in color of the redness of the compression film, a pressure of at 

least 159 psi was required to maintain sufficient contact between the electrodes. Due to 
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limitation of the instrument, the maximum displacement of the dial is approximately 

0.478 inch (corresponding to 374 psi), therefore the compression for Cooper’s cell was 

set to its maximum. 

 

Figure 3-5. Validating the compression dial indicator with Fujifilm® pressure 
paper.  

EIS parameters (AC amplitude and frequency range) 

The AC amplitude of must be optimized such that it is small enough to satisfy 

the linearity assumption and large enough to separate the measured response from 

noise. In Soboleva’s paper90, the frequency response analyzer used is a 100 mVac 

amplitude and frequency range of 107 - 100 Hz. In contrast, Cooper88 reported 

measuring the impedance at lower amplitude (0 mVdc, 10 mVac) and lower frequency 

range of (2 × 106 - 1 Hz). Due to the instrument limitation of the impedance analyzer 

used in the lab (Solartron Analytical 1260), the selected frequency must be within 32 × 

106 - 1 × 10-5Hz range.  

As shown in Figure 3-6, the impedance spectrum obtained from 10Hz to 1Hz 

extends to quadrant IV which represented the inductive behavior. Therefore, the 

frequency range of 107-100 Hz were selected for further impedance measurements to 

isolate capacitive behaviour. 
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Figure 3-6. Impedance spectrum obtained on a through-plane conductivity cell 
(Cooper’s design88) using a commercial membrane Nafion 115 with 
various AC amplitude (10mVac and 100mVac) and frequency range 
(107-1Hz). 

Because the membrane resistance was extracted from the high-frequency 

region of the impedance spectrum, the 100 mVac amplitude was selected as it displays 

less noise as shown in the zoomed in high frequency impedance spectrum (Figure 3-7). 

The fitting was improved by 0.9% error for using 100 mVac compared to using 10 mVac 

as shown in Table 1-1. The conductivity of the commercialized Nafion 211 membrane at 

30°C at 90% RH using 100 mVac was found to be 41.8 mS/cm compared to 47.9 mS/cm 

using 10 mVac. 
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Figure 3-7. High-frequency region of the impedance spectrum obtained on a 
through-plane conductivity cell (Cooper’s design88) using a 
commercial membrane Nafion 115 with AC amplitudes: 10mVac and 
100mVac. 

Table 3-2. Comparison of the through-plane conductivity obtained using two 
AC amplitudes (10 mVac and 100 mVac) of Nafion 211 membrane at 
30°C and 90%RH using Cooper’s design for the conductivity cell. 

AC amplitude Resistance (𝛀)a Fitting Error (%) Through-plane conductivity (mS/cm) 

10 mVac 0.11 3.97 47.93 

100 mVac 0.12 3.02 41.85 

a Resistance obtained from high-frequency intercept using equivalent circuit modeling method 

Equivalent circuit model 

The resistance of the membrane was extracted from impedance spectrum via 

equivalent circuit modeling. A through-plane conductivity cell contains a membrane 

electrode assembly by sandwiching a film of a proton conducting polymer between two 
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Pt electrodes. An idealized circuit for such a system can be represented by the 

equivalent electric circuit shown in Figure 3-8. Each membrane/electrode interface was 

modeled by a parallel combination of a capacitance (𝐶𝑖𝑛𝑡1
 and 𝐶𝑖𝑛𝑡2

) and a resistance 

(𝑅𝑖𝑛𝑡1
 and 𝑅𝑖𝑛𝑡2

), which represents the capacitance of the double layers and the 

resistance of each interface. The impedance of the polymer electrolyte film was 

modeled by a capacitance (𝐶𝑚) in parallel with a resistance (𝑅𝑚). 

 

Figure 3-8. Idealized equivalent circuits for the polymer membrane sandwiched 
between two electrodes: 𝑹𝒊𝒏𝒕𝟏

 𝑪𝒊𝒏𝒕𝟏
 𝑹𝒊𝒏𝒕𝟐

 and 𝑪𝒊𝒏𝒕𝟐
 represents the 

paralleled combination of the resistance and capacitance at the two 
membrane-electrode interfaces, 𝑹𝒎 and 𝑪𝒎 represents the 
resistance and capacitance of the polymer membrane.  

Due to the irregularities of a real solid electrode surface, Soboleva 

recommended to use a constant phase element (CPE) to model the interfacial 

impedance at both electrode/membrane interfaces90. Because the faradaic charge 

cannot cross the interface, the membrane/electrode interface is merely capacitive, the 

equivalent circuit model used to analyze the impedance spectrum has been simplified 

as shown in Figure 3-9, where 𝑅𝑚 was extracted as the resistance of the polymer film. 

 

Figure 3-9. Simplified equivalent circuits for the polymer membrane 
sandwiched between two electrodes: 𝑪𝑷𝑬𝒊𝒏𝒕 represents the 
combined interfacial impedance at both membrane-electrode 
interfaces, 𝑹𝒎 and 𝑪𝒎 represents the resistance and capacitance of 
the polymer membrane. Reproduced from ref90. 

The equivalent circuit (Figure 3-9) for the simplified equivalent circuit proposed 

in ref 90 was simulated using Zview software with parameters taken from Soboleva’s 

work90: Rm of 0.97 Ω which models the membrane resistance (typical range of 0.1-10 

Ω), CPE-T of 3.79 x 10-6 F which models the double layer capacitance at the 

membrane/electrode interface, CPE-P of 0.933 Ω which models the roughness of the 

membrane-electrode contact interface (close to 1 for a very smooth surface) and Cm of 
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7.00 x 10-9 F which represents the capacitance of the membrane. Due to instrument 

limitation of the impedance analyzer, the observed impedance spectrum based on the 

equivalent circuit proposed in ref 90 should be only the inclined spur of the semicircle. 

 

Figure 3-10. Simulated Nyquist plots using the equivalent circuit shown in 
Figure 3-9 at frequency range from 109 Hz to 104 Hz. Parameters 
were taken from Soboleva’s work: CPEint-T = 3.79 x 10-6 F, CPEint-P = 
0.933 𝛀, Rm = 0.97 𝛀 and Cm = 7.00 x 10-9 F. 

In Cooper’s paper, a different equivalent circuit (Voigt circuit) was used to fit the 

experimental impedance spectra as shown in Figure 3-11, which consists of a resistor 

in series with two parallel resistor-constant phase elements (R||CPE).88 The impedance 

of the polymer membrane was extracted from 𝑅𝑚. The membrane-electrode interfaces 

were modeled by the parallel resistor-constant phase element as 𝑅𝑖𝑛𝑡1
. 𝑅𝑖𝑛𝑡2 𝐶𝑃𝐸𝑖𝑛𝑡1

. 

And 𝐶𝑃𝐸𝑖𝑛𝑡2
. 

0.0 0.5 1.0 1.5 2.0 2.5
0.0

-0.5

-1.0

-1.5

-2.0

 109-108Hz

 108-107Hz

 107-106Hz

 106-105Hz

 105-104Hz

 instrument limit

Z
'' 

(I
m

) 
/ 


Z' (Real) / 



53 

 

Figure 3-11. Voigt equivalent circuits for the polymer membrane sandwiched 
between two electrodes: 𝑪𝑷𝑬𝒊𝒏𝒕𝟏

 𝑪𝑷𝑬𝒊𝒏𝒕𝟐
 𝑹𝒊𝒏𝒕𝟏

 and 𝑹𝒊𝒏𝒕𝟐
 represents 

the combined interfacial impedance at both membrane-electrode 
interfaces, 𝑹𝒎 and 𝑪𝒎 represents the resistance and capacitance of 
the polymer membrane. Reproduced from ref88. 

The equivalent circuit (Figure 3-12) for the voigt equivalent circuit proposed in 

ref 88 was simulated using Zview software with parameters: Rm of 0.97 Ω which models 

the membrane resistance (typical range of 0.1 - 10 Ω), Rint1 of 1.907 Ω, CPEint1-T of 1.89 

× 10-5 F, CPEint1-P of 0.834 Ω for one of the membrane-electrode interface, Rint2 of 

0.822 Ω, CPEint2-T of 5.28 x 10-5, CPEint2-P of 0.94 Ω for the other membrane-electrode 

interface. The highest frequency of the impedance analyzer used in this study is 32 × 

106 Hz, therefore the observed impedance spectrum should be a semicircle. 

 

Figure 3-12. Simulated Nyquist plots using the equivalent circuit shown in 
Figure 3-11 at frequency range from 109Hz to 101 Hz. Parameters: 
CPEint1-T = 1.89 x 10-5 F, CPEint1-P = 0.834 𝛀, Rint1 = 1.907 𝛀, CPEint2-T 

= 5.28x10-5 F, CPEint1-P = 0.94 𝛀 Rint2 = 0.822 𝛀 and Rm = 0.97 𝛀. 

Cooper mentioned the option of adding an inductor (L) in series can be used to 

account for high frequency artifacts.88 As shown in Figure 3-13, the membrane 

resistance extracted from the high frequency resistance by adding an inductor in series 

decreased from 1.288 Ω to 1.255 Ω, and fitting error improved from 1.28% to1.03%, 
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yields conductivity increased from 19.72 ± 0.25 mS/cm to 20.24 ± 0.20 mS/cm. 

However, significant simulating time was observed to fitting the impedance spectra 

using the equivalent circuit (inductor added) as the fitting program needs to fit 6 

variables instead of 5 variables. The extended fitting time could be reduced by pre-

fitting the impedance spectra using the equivalent circuit (no inductor added) and using 

the fitted parameter to fit the impedance spectra. 
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Figure 3-13. Fitting experimental impedance spectra with Voigt model equivalent circuit with and without adding an 
inductance to account for high frequency artifacts. 
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3.3.2. Validate protocol with literature using a commercialized proton 
exchange membrane 

In order to validate the protocol of extracting the membrane resistance from a 

through-plane conductivity measurement, the experimental values were compared with 

literature using a well-commercialized membrane of various thickness. Nafion 115 is a 

thick proton exchange membrane, which possesses a thickness of 127 µm and proton 

conductivity of 54 mS/cm at 22°C in its fully hydrated state. Nafion 211 is a thin proton 

exchange membrane, which possess a thickness of 25 µm and proton conductivity of 

180 mS/cm at 80°C in its fully hydrated state.90 The Nafion membrane samples were 

pretreated prior to conductivity measurement. To remove residual organic molecules, 

the membrane samples were boiling in deionized water for 1 hour, followed by an 

additional 1 hour boiling in dilute H2O2. Subsequently, the membranes were boiled in 1 

M H2SO4 solution for 1 hour to remove any possible inorganic contaminant. Finally, the 

membrane samples were thoroughly rinsed in deionized water until achieving a neutral 

pH. 

The through plane proton conductivity of the commercial Nafion 115 (thickness 

127 µm) membrane in its fully hydrated state at room temperature was reported to be 

54 mS/cm in the literature using Soboleva’s cell. 90 The through-plane proton 

conductivity of the same membrane was measured at room temperature for various 

relative humidities (20% RH – 95% RH). The relative humidity was controlled by a 

constant flow of a mixture of dry and wet 99.999% purity nitrogen gas at a flow rate of 

500 standard cubic centimetres per minute (sccm). The maximum relative humidity was 

limited to 95% RH due to the build in environmental chamber (MTS 740 membrane test 

station, Scribner). This work chose to study the membrane conductivity change at 

various relative humidity values is because the polymer electrolyte was exposed to 

water vapour instead of liquid water for electrochemical applications (e.g., anion 

exchange membrane fuel cell). At room temperature, the through-plane conductivity 

was found to be 53 mS/cm for Nafion 115 at 95% RH, which matches within 2% of the 

literature value of 54 mS/cm for the same membrane at fully hydrated state. The 

through plane conductivity was conducted by desorption (70% RH to 20% RH) followed 

by adsorption (20% to 95%RH). As shown in Figure 3-14, the through plane 

conductivity of Nafion 115 during desorption was observed to be higher than absorption 

at the same RH%. The observed hysteresis in proton conductivity aligns with the water 
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uptake hysteresis reported in literature, which is likely due to the water conducting 

domains of Nafion aligning parallel to the surface and preventing water loss during 

dehydration.91,92 
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Figure 3-14. Through-plane proton (H+) conductivity of Nafion 115 (127 µm thick) 
at room temperature (25°C) at equilibrium with water vapour during 
desorption (70% RH to 20%RH) and absorption (20% RH to 95% RH) 
obtained using Cooper’s conductivity cell88. 

In addition, a thinner commercial membrane (Nafion 211, thickness 25.4 µm) 

was measured at elevated temperature (80°C) to validate the protocol for ultra-thin 

membranes and various temperatures applications. The through-plane proton 

conductivity of Nafion 211 increases along with relative humidity (%RH) as shown in 

Figure 3-15.  Similar trends were observed for Nafion 115 membrane as shown in 

Figure 3-14. The increased conductivity at higher hydration level can be explained 

based on the proton transport mechanism in the PFSA membranes: protons were 

transported via vehicular mechanism, where ions moves via the movement of water 

through the free volume in a polymer membrane, and via the Grotthuss (proton 

hopping) mechanism, where ions move via breaking and forming O-H bonds in the 
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water molecules.91 The hysteresis between desorption and adsorption for the thinner 

membrane Nafion 211 (25.4 µm) at elevated temperature (80°C) were larger at high 

hydration levels (above 60% RH) and smaller at low hydration levels (below 40% RH). 
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Figure 3-15. Through-plane proton (H+) conductivity of Nafion 211 (25.4 µm 
thick) at elevated temperature (80°C) at equilibrium with water 
vapour during desorption (70% RH to 20%RH) and absorption (20% 
RH to 95% RH) obtained using Cooper’s conductivity cell88. 

3.3.3. Optimizing parameters for in-plane conductivity measurement 

Xie et al compared the two-probe and four-probe cell configuration to obtain the 

membrane resistance using an impedance analyzer, where the four-probe cell were 

strongly influenced by the probe geometry than the two-probe cells.90 Therefore, Xie et 

al90 concluded that the two-probe cell provide simple and well-defined impedance 

speactra from which the membrane conductivity can be extracted reproducibly. 

In this study, the impedance spectra were obtained using the two-robe cell 

published by Xie et al90 with 100 mVac for frequency range of 106 Hz to 100 Hz. The 

resistance of the membrane was extracted using the equivalent circuit shown Figure 
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3-16, where R0 was extracted as the resistance for the membrane, the parallel R1 and 

CPE1 indicated the contact resistance and capacitance at the membrane-electrode 

interface. 

 

Figure 3-16. Example of fitting the EIS spectra for ex-situ conductivity 
measurements. Fitting was conducted with the equivalent circuit 
where R1 is taken as the resistance for ionic conduction within the 
membrane. Reproduced from ref49 

3.3.4. Selected impedance spectra for in-plane and through-plane 
conductivity measurement using the optimized protocols 

Sample impedance spectra for in-plane conductivity measurement 

The impedance spectra for in-plane conductivity measurement shows a semi-

circle with a tail around 45 degrees as shown in Figure 3-17. The diameter of the semi-

circle decreased with increasing RH% at a selected temperature, which indicated an 

increased conductivity at higher hydration level. 



60 

0 20000 40000 60000 80000 100000 120000

0

-10000

-20000

-30000

-40000

-50000  80C 60% RH

 80C 70% RH

 80C 80% RH

 80C 90% RH

 80C 95% RH
Z

''
 (


)

Z' ()  

Figure 3-17. Experimental (■) and fitted (─) impedance spectra for AF2-HLE8-
40X membrane in its Cl- form and in plane direction at 80°C 60%-
95%RH. Data obtained using customized PTFE-Pt conductivity cell. 

Sample impedance spectra for through-plane conductivity measurement 

The impedance spectra for in-plane conductivity measurement shows a semi-

circle extended to quadrant IV as shown in Figure 3-18. The resistance of the 

membrane was extrapolated from the high-frequency intercept as shown in the zoomed 

impedance spectra Figure 3-19. The high frequency intercept decreased with 

increasing RH% at a selected temperature, which indicated an increased conductivity at 

higher hydration level. 
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Figure 3-18. Experimental (■) and fitted (─) impedance spectra for AF2-HLE8-
10X membrane in its Cl- form and through plane direction at 80°C 
70%-95%RH. Data obtained using MTS 740 system, clamp pressure 
461 in. 
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Figure 3-19. Experimental (■) and fitted (─) impedance spectra for AF2-HLE8-
10X membrane in its Cl- form and through plane direction at 80°C 
70%-95%RH. Data obtained using MTS 740 system, clamp pressure 
461 in. Zoom in to show high frequency intercept. 

3.3.5. Analysis of the Cl- conductivity for imidazolium based 
commercial anion exchange membrane of various thickness with or 
without reinforcement composite for a wide range of temperature 
and relative humidity 

The anion exchange membrane in an anion exchange membrane fuel cell 

facilitates OH- ion transport between electrodes, be resistant to electron transport 

through the electrolyte and be a barrier to fuel gases (H2 and O2) crossover. However, 

measuring the conductivity of an AEM in its OH- is problematic because the OH- rapidly 

neutralized into HCO3
- and CO3

2- by reaction of atmospheric CO2 (present ~ 400 ppt in 

air).93 Therefore, hydroxide conductivity measurement requires rigorous control of 

experimental conditions. In this study, the Cl- ion conductivity was compared because it 
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is stable in air, enabling comparison of the conductivity values between different 

membrane materials without exclusion of atmospheric CO2. 

First, the Cl- conductivity of two monolithic membranes was compared to 

illustrate the effect of IEC on the membrane conductivity. The 50 µm monolithic 

Aemion+® (AF2-HNN8-50, Figure 3-21) shows approximately 10% higher conductivity 

than the 50 µm monolithic Aemion® (AF1-HNN8-50, Figure 3-20) for both through-

plane direction and in-direction at all tested conditions (60°C, 70°C and 80°C and 60 % 

- 95 %RH). The increased conductivity of the Aemion+® is likely due to the higher IEC 

of the Poly(imidazolium) base polymer. A higher IEC represents the polymer possess 

more positively charged functional groups, thus the polymer can hold more anions due 

to charge balance as shown in the schematic representation in Figure 3-20. 

 

Figure 3-20. The Cl- conductivity of AF1-HNN8-50 (monolithic 50 µm Aemion®) in 
both in-plane and through-plane directions at 60°C, 70°C and 80°C 
and 60 % - 95 %RH. Adapted from Ref49 
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Figure 3-21. The Cl- conductivity of AF2-INN8-50 (monolithic 50 µm Aemion+®) 
in both in-plane and through-plane directions at 60°C, 70°C and 
80°C and 60 % - 95 %RH. Adapted from Ref49 

 

Figure 3-22. Schematic representation of the effect of ion exchange capacity on 
membrane conductivity. AF1-INN8-50 (Aemion®) membrane is a 
monolithic, 50 µm, poly(benzimidazolium) based polymer possess a 
IEC of 2.30 mmmol/g. AF2-INN8-50 (Aemion+®) membrane is a 
monolithic, 50 µm, poly(imidazolium) based polymer possess a IEC 
of 2.94 mmmol/g 
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Next, the Cl- conductivity of two membranes with the same base polymer was 

compared to illustrate the effect of addition of reinforcement substrate on the membrane 

conductivity. The 40 µm reinforced Aemion+® (AF2-HLE8-40, Figure 3-23) shows 

similar Cl- conductivity values compared to the 50 µm monolithic Aemion+® (AF2-

HNN8-50, Figure 3-21) for in-plane direction at all tested conditions (60°C, 70°C and 

80°C and 60 % - 95 %RH). However, the through-plane Cl- conductivity of the 40 µm 

reinforced Aemion+® (AF2-HLE8-40,Figure 3-23) shows only 10% of the 50 µm 

monolithic Aemion+® (AF2-HNN8-50, Figure 3-21). This difference of the Cl- 

conductivity in through-plane direction can be explained by more complex ionic pathway 

for the membrane with a 70-80% porous polyolefin reinforcement substrate. As shown 

in Figure 3-24, the anion transported through the ion-conducting channels of the  

 

Figure 3-23. The Cl- conductivity of AF2-HLE8-40 (reindorced 40 µm Aemion+®) 
in both in-plane and through-plane directions at 60°C, 70°C and 
80°C and 60 % - 95 %RH. Adapted from Ref49 
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Figure 3-24. Schematic representation of the effect of reinforcement substrate 
on membrane conductivity for both in-plane and through plane 
direction 

Lastly, a 10 µm ultra-thin reinforced Aemion+® (AF2-HLE8-10, Figure 3-25) was 

compared to the 40 µm ultra-thin reinforced Aemion+® (AF2-HLE8-40, Figure 3-23). 

The Cl- conductivity of the 10 µm and 40 µm reinforced Aemion+® for both in-plane and 

through-plane conductivity are the same, because the conductivity of a membrane is 

the experimentally measured conductance normalized by the dimension of the 

membrane. 



66 

 

Figure 3-25. The Cl- conductivity of AF2-HLE8-10 (reindorced 10 µm Aemion+®) 
in both in-plane and through-plane directions at 60°C, 70°C and 
80°C and 60 % - 95 %RH. Adapted from Ref49 

In summary, the through-plane and in-plane conductivity of the four membranes 

(AF1-INN8-50, AF2-INN8-50, AF2-HLE8-40, AF2-HLE8-10) are summarized in Figure 

3-26. The anisotropic property of a membrane material describes the membrane 

property along various axies and is reported as the ratio (TP/IP) of through-plane 

conductivity and in-plane conductivity. The anisotropic ratio of all four membranes (AF1-

INN8-50, AF2-INN8-50, AF2-HLE8-40, AF2-HLE8-10) are summarized in Figure 3-27. 
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Figure 3-26. In-plane (solid) and through-plane (dashed) Cl- conductivity for all 
AEMs tested at 60°C (black), 70°C (red) and 80°C (blue). Adapted 
from Ref49 
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Figure 3-27. Anisotropic ratio of the through-plane conductivity versus in-plane 
conductivity for all AEMs in its Cl- form tested at 60°C (black), 70°C 
(red) and 80°C (blue). 

Comparison of Cl- conductivity for membranes with and without 
reinforcement composite 

As shown in Figure 3-26, the conductivity of the monolithic membranes (Figure 

3-26 a and b) displays higher through-plane conductivities (dash line) than their in-plane 

conductivities (solid line). Ziv et al also reported through-plane conductivity values 

higher than their in-plane conductivity values for imidazolium based monolithic 

membranes.60 However, opposite trend was observed for the membranes with 

reinforcement composite (Figure 3-26 c and d), where the in-plane conductivities(solid 

line) was found to be higher than the through-plane conductivities (dash-line). This 

could be explained that the addition of reinforcement composite hindered the ion 

transport in the through-plane direction, particularly for the reinforcement membranes 

with a non-ion conducting composite. 
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Comparison of Cl- conductivity for membranes with reinforcement 
composite at various thickness 

Similar conductivity values were observed for the 10 µm membrane with 

reinforcement composite and the 40 µm membrane with reinforcement composite in the 

in-plane direction (dash line in Figure 3-26 c and d); however, the 40 µm membrane 

shows higher in-plane conductivity than the 10 µm membrane at each temperature and 

relative humidity. The improved in-plane conductivity on a thicker membrane could be 

explained as a thicker polymer domain on the surface of the membrane provides a 

better ionic pathway. 

3.3.6. Comparison of water uptake and hydration number for 
selected anion exchange membranes in their Cl- form 

As shown in Figure 3-26, all four membranes (AF1-INN8-50, AF2-INN8-50, AF2-

HLE8-40, AF2-HLE8-10) shows increased conductivity for both in-plane and through-

plane direction as the relative humidity (RH%) increases. As shown in Figure 3-28, the 

increased conductivity at high RH% is explained the ion conducting channels are filled 

with water and expand when the membrane absorbs water.58 

 

Figure 3-28. Schematic representation of the effect of the hydration level on the 
membrnae conductivity. Adapted from ref49 
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The hydration number (λ) is introduced to explain the relationship between the 

water content and the conductivity of the membrane. The hydration number (λ) is 

calculated as the ratio of the number of water molecules to the number of charged 

(cationic) sites of the polymer. 58 The water uptake (WU) and hydration number (λ) of 

monolithic Aemion® and Aemion+® increases when temperature is increased as shown 

in Figure 3-29, which is consistent with those reported for polyarylimidazolium AEMs.50 

However, the water uptake (WU) and hydration number (λ) of the reinforced Aemion+® 

did not increase as much when the temperature was decreased, which can be 

explained as the water uptake (g H2O/g polymer) is limited by the mass fraction of 

polyolefin reinforcement. Reinforced Aemion+® containing hydrophobic polyolefin has 

decreased water uptake (WU =0.53 g H2O/g polymer) in comparison to monolithic 

Aemion+® (0.73 g H2O/g polymer) when soaked with water. The same is true when 

humidity is limited in the gas phase as with the DVS in Figure 3-29. However, 

reinforcement has a minimal cost to the hydration of ions ( λ ~ WU/IEC) in Aemion+®, 

for which no significant difference is calculated at limited humidity, and a difference of 

only λ = 2 is estimated when the membranes are soaked in water. 
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Figure 3-29. DVS for all three temperatures and AEMs investigated in the AEMFC study. Thicker variants were used for 
direct comparison with the ex-situ conductivity measurements. All isotherms were acquired in the desorption 
direction (high RH to low). Materials characterized are: Aemion®, 50 μm (red: A/50), Aemion+®, 50 μm (black: 
A+/50), Aemion+®, 40 μm, reinforced (white: A+/40-r). Adapted from ref49 
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3.4. Summary and future work 

The addition of the polyolefin reinforcement composite allows the production of 

ultra-thin membranes and reduces the thickness of polyimidazolium-based AEM to 10 

µm. As shown in Figure 3-26, the 10 μm reinforced Aemion+® membrane shows similar 

in-plane conductivity values compared to the 50 μm monolithic Aemion+® membrane. 

Because conductivity values are normalized to the membrane’s dimensions, using a 

thinner membrane with similar conductivity values would decrease the resistance 

between the electrode, and thus potentially improve the fuel cell performance by 

decreasing the resistance between the two electrodes. 

Compared to the modification of the polymer structure from 1st generation 

Aemion® to the 2nd generation Aemion+®, the addition of the polyolefin reinforcement, 

shows bigger effect on a membrane’s conductivity values. As shown in in Figure 3-26, 

the 50 μm monolithic Aemion® material shows similar conductivity values compared to 

for both in-plane and through-plane directions. In contrast, the 40 μm reinforcement 

Aemion+® membrane shows half of the conductivity values compare to the 50 μm 

monolithic Aemion+® membrane. The decreased conductivity of the reinforced 

membrane could be explained by the lower water uptake values with the addition of 

polyolefin reinforcement. As shown in Figure 3-29, the addition of polyolefin 

reinforcement in the 40 μm reinforcement Aemion+® decreases the water uptake by 

40%, while the modification of the polymer structure from the 50 μm Aemion® to the 50 

μm Aemion+® only decreases the water uptake by 10% at 60°C and 60% RH. At 

elevated temperatures, the gap of water uptake between three samples are observed to 

decrease especially at 80°C. 

In addition, the addition of polyolefin reinforcement composite also significantly 

changed the anisotropic properties of the membrane. As shown in Figure 3-27, both the 

1st generation Aemion® and 2nd generation Aemion+® monolithic polyimidazolium-

based membranes shows higher conductivity values in its through-plane direction than 

the in-plane direction at each temperature and RH%, while the reinforced membranes 

shows the opposite trend. Therefore, it is important to perform morphological studies to 

understand the effect of adding reinforcement composite to polyimidazolium-based 

membranes.  
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The conductivity work presented here was obtained using ex-situ 

characterization techniques. In an electrochemical device, the membranes were usually 

coated with catalyst on each side to facilitate the cathode and anode reactions. 

Therefore, in-situ studies are needed to study the effect of the polyolefin composite to 

the membrane electrode assembly and its contribution of fuel cell performance. Future 

work could involve studying how the addition of reinforcement composites in the AEM 

affect the fuel cell performance when operated with humidified gas fuels at various 

temperatures. 
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Chapter 4. Visualization of hydroxide ion 
formation upon electrolytic water splitting in an 
anion exchange membrane 

This chapter have been reproduced with permission from the peer-reviewed 

article published as Cao, X.; Novitski, D.; Holdcroft, S. Visualization of Hydroxide Ion 

Formation upon Electrolytic Water Splitting in an Anion Exchange Membrane. ACS 

Materials Lett. 2019, 1 (3), 362–366. https://doi.org/10.1021/acsmaterialslett.9b00195 

from American Chemical Society. 

This work was financially supported by Natural Sciences and Engineering 

Research Council of Canada (NSERC).  

Individual contributions were: X.C. cast all the membranes and performed all the 

ex-situ characterizations. D.N. and S.H. advised and supervised the work. 
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4.1. Abstract 

Measurement of hydroxide ion conductivity is paramount to understanding anion 

exchange membranes (AEM) operated under alkaline conditions, but the measurement 

is complicated by dissolved CO2 and the presence of bicarbonates and carbonates. A 

technique for accurate measurement has recently been reported that involves 

measuring the conductivity during water splitting, wherein hydroxide ions are assumed, 

but not proven, to be produced at the cathode and which purge out other anions. In this 

preliminary study, we visualize the formation of hydroxide ions and their diffusion from 

the cathode to anode. We do this by way of an anion exchange membrane cast with an 

acid/base pH indicator, such that visual confirmation of hydroxide production at the 

cathode is obtained during application of sustained current load. This proof of concept 

is demonstrated using the AEM, hexamethyl-p-terphenyl poly(methylbenzamidazolium), 

and pH indicator, thymolphthalein, included at 0.1 and 0.2 wt% concentration. An 

additional novelty of this work is that we perform conductivity measurements under 

potentiostatic load rather than galvanostatic load, which we find substantially increases 

(6x faster) the time required for the membrane to reach a steady state membrane 

conductivity. 

4.2. Introduction 

Anion exchange membrane (AEM) fuel cells operate by generating hydroxide 

anions at the cathode which are then transported to the anode through the 

membrane.6,94 It has long been a problem where upon exposure to ambient atmosphere 

the hydroxide ions in the membrane rapidly convert to carbonate and/or bicarbonate 

anions via reaction with carbon dioxide.95–97 Recently, Krewer et al. used a 

physiochemical model to draw the concentration profiles of bicarbonate, carbonate and 

hydroxide anions and found that the impact of CO2 on the performance of anion 

exchange membrane fuel cells (AEMFCs) can be limited when operating at high current 

densities due to the purging of (bi)carbonate ions with electrolytically-formed hydroxide 

ions.98 As such, in measuring hydroxide ion conductivity ex-situ, it has until recently 

been necessary to completely exclude CO2.99 To subvert this process a novel technique 

was reported in which conductivity is measured during electrolysis to produce hydroxide 
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ions which are assumed to flush out mixed carbonates, akin to the self-purging process 

that occurs in a fuel cell.100–103  

In reviewing the literature, it occurred to us that hydroxide ion production in the 

above electrolytic process is inferred, albeit reasonably.104 We therefore examined the 

pH change upon electrolysis using red-cabbage juice indicator dropped on top of a 

membrane after electrolysis and witnessed a color change from red to blue, indicating 

an increase in pH, i.e., an increase in hydroxide ion concentration. This provided the 

idea of creating a color sensitive anion exchange material by co-casting an AEM in the 

presence of an acid/base indicator. In fact, it has been previously reported that pH 

indicator strips may be prepared from poly(ionic liquids) and anionic dyes, and because 

of the interaction of the dye with the polycation leaching of the dye is prevented.105 The 

fabrication of pH-color sensitive AEMs for visualizing pH changes may open up new 

avenues for diagnostic and sensor applications using any one of a variety of pH 

indicators and/or anion exchange materials. 

4.3. Experiment 

The anion exchange membrane used to demonstrate the concept was 

hexamethyl-p-terphenyl poly(methylbenzamidazolium) (HMT-PMBI, Figure 4-1) 

possessing 89% degree of methylation. The IEC is 1.90 mmol g-1 in its I- form and 2.46 

mmol g-1 in its OH- form. The details of synthesis and characterization of HMT-PMBI are 

omitted in this work but reported elsewhere.106,107 The acid-base indicator used in the 

present work was thymolphthalein (Eastman Organic Chemicals), chosen because of 

its relevant pH range of 9.4 -10.6 where the change of counter-ion from the 

carbonate/bicarbonate mixture to hydroxide ion takes place. Upon a second 

deprotonation above pH 9.3 (Figure 4-2) thymolphthalein turns from colorless to blue.108 



77 

 

Figure 4-1. Chemical structure of HMT-PMBI (I-), where the degree of 
methylation (of the N-atoms) is 89% and I- denotes it is in the iodide 
form. 

 

Figure 4-2. Chemical structure of thymolphthalein with varied pH environment. 
Adapted from ref51 

 

HMT-PMBI anion exchange membranes were prepared with either 0.1 wt% or 

0.2 wt% thymolphthalein, achieved by co-casting from DMSO solutions. Membrane 

thicknesses were 43 μm and 47 μm for 0.1 wt% and 0.2 wt% thymolphthalein 

membranes, respectively. Membranes were prepared and stored with HMT-PMBI in its 

I- form. Membranes were immersed in 1M KCl, KHCO3, K2CO3 and KOH prepared with 

Milli-Q water overnight in order to convert them to Cl-, HCO3
-, CO3

2- and OH- form. The 

membranes were then rinsed in Milli-Q water to remove excess salt solution prior to 

conductivity and color test. 

Membranes in their air-equilibrated OH- form (i.e., mixed carbonate form) were 

clamped in a 4-electrode sample holder consisting of an anode, cathode, and two 

reference electrodes (RE1 and RE2), as shown in Figure 4-3. The holder was loaded 

into an MTS 740 (Scribner Associates) conductivity cell and operated under constant 

flow of 500 sccm min-1 N2 balanced with 2% H2, with the temperature and RH (relative 

humidity) maintained at 40 °C and 90% RH, respectively.  
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Figure 4-3. Schematic view of the AEM showing current flow and ion transport 
under potentiostatic water electrolysis and hydroxide formation at 
the cathode. Adapted from ref51. 

A voltage of 1.75 V was applied across the anode and cathode using a Solartron 

SI 1260. OH- ions and H2 gas were generated at the cathode according to Equation 4-1. 

Equation 4-1  2H2O + 2e− → 2OH− + H2 

Anions, including the initially present mixed carbonate/bicarbonate and the 

electrolytically produced OH-, diffuse towards the anode. At the anode, carbonate and 

bicarbonate anions are expelled from the system according to Equation 4-2. Hydroxide 

ions are oxidized to water and O2 gas according to Equation 4-3. 

Equation 4-2  HCO3
− ⇄ CO2 + OH−  

Equation 4-3  4OH− → 2H2O + O2 + 4e− 

The ionic conductivity (s) of the AEM was calculated after of 20 min applied 

potential treatment via: 

Equation 4-4  σ =
l

AR
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where 𝑙 represents the distance between the two reference electrodes (0.425 cm), 𝐴 is 

the cross-sectional area of the membrane in cm2, and 𝑅 is the average membrane 

resistance (in Ω) measured by five potentiodynamic sweeps between + 0.1 V and − 0.1 

V. By monitoring the AEM conductivity using potentiodynamic sweeps during the 

continuous production of hydroxide, a steady state AEM conductivity emerged. 

UV-Vis spectroscopy measurements were carried out using a Cary 100 Bio UV-

visible spectrometer with the membrane sandwiched between two quartz plates. The 

scan speed was 600 nm min-1 and a baseline correction was carried out using two 

quartz plates prior to each measurement. For each AEM sample, UV-vis absorption 

spectra were taken before and after the potential controlled production of hydroxide 

ions, and after the AEM sample was re-exposed to air (containing 400 ppm CO2). 

4.4. Results and discussion 

4.4.1. Red cabbage juice indicator 

The plant-based dyes were extracted by blending red cabbage with water, and 

the filtered liquid stored at room temperature prior to use. Because the red cabbage 

contains high concentration of anthocyanin (red/blue) dyes and flavonol 

(colorless/yellow) dyes, the red cabbage juice indicator would display red at low pH, 

purple at neutral pH and yellow at high pH as shown in Table 4-1. 

Table 4-1. Colors of red cabbage juice indicator at various pH values. Adapted 
from ref109. 

pH 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

Color Red Pink Purple Blue Green Yellow 

 

Prior the water electrolysis reaction, the red cabbage juice indicator applied to 

the pristine HMT-PMBI shown purple color indicating a neutral pH in its HCO3- form as 

shown in Figure 4-4 (left). The electrolytically generating OH- which flushed out the 

HCO3- initially presented in the pristine HMT-PMBI were reflected by the color change 

of the red cabbage juice indicator. As shown in Figure 4-4 (right), the color of the red 

cabbage juice displayed a green color on the anode side and yellow color on the 

cathode side of the pristine HMT-PMBI after electrolysis, which indicating a significant 
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of increase of OH- concentration at the cathode area after the water electrolysis 

reaction. 

 

Figure 4-4. Color of red cabbage juice indicator changed from purple to green 
after water electrolysis, indicating the counter ion of the pristine 
HMT-PMBI membrane changed from HCO3

- to OH- after water 
electrolysis reaction 

4.4.2. Thymolphthalein indicator 

Due to the difficulty of extracting the active dyes from red cabbage juice, 

thymolphthalein pH indicator powder was selected for its simplicity to modify its 

concentration to the polymer by weight. The method of integrating the pH indicator to 

the polymer membrane was solvent cocasting. Therefore, the solubility and color 

change properties of the thymolphthalein pH indicator were tested in the solvents 

commonly used in membrane casting and treatment process: water, DMSO, methanol, 

ethanol. As shown in Figure 4-5, thymolphthalein dissolved in all above solvents and 

displays expected red in acidic environment and blue in basic environment. 

 

Figure 4-5. Color of thymolphthalein indicator dissolved in water, DMSO, 
methanol and ethanol solvents at acidic (H2SO4) and basic (KOH) 
conditions 
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4.4.3. Optimization of co-casting ratio using thymolphthalein 
indicator 

To find the optimal co-casting ratio of the thymolphthalein indicator and polymer 

for the pH-sensitive anion exchange membrane, six samples were prepared with 

indicator to polymer ratio ranging from 1:1 to 1:106 as shown in Table 4-2. The casting 

solvent was chosen to be DMSO due to is high boiling point, which evaporates slowly 

over time and leaves a smooth membrane. 

Table 4-2. Co-casting ratio of thymolphthalein indicator and polymer. 

Sample ID 001 002 003 004 005 006 

mindicator (g) 0.9785 0.017 0.0015 1.61E-04 1.65E-05 1.59E-06 

mmembrane (g) 0.8885 0.1738 0.1743 0.1636 0.168 0.1622 

mDMSO (g) 9.82 1.69 1.71 1.62 1.68 1.62 

mass ratio 
(membrane/indicator) 

1:1 1:10 1:116 1:1018 1:10187 1:101873 

 

For visual demonstration of the ion flushing process, the thymolphthalein co-

casted membrane should possess a blue color at high pH, which reflecting the blue 

color of the thymolphthalein indicator deprotonated form, and a yellow color at low pH, 

which reflecting the yellow color of the pristine HMT-PMBI membrane, which reflecting 

the colorless of the thymolphthalein indicator in its protonated form. As shown in Figure 

4-6, the thymolphthalein HMT-PMBI co-casted membranes with an indicator to polymer 

ratio of 1:1 and 1:10 shows intense blue when immersed in 1M KOH; while the co-

casted membranes with a 1:104 and 1:105 ratio shows yellow when immersed in 1M 

KOH. Therefore, the optimal range of the for visual demonstration lies in the range of 

1:102 and 1:103 ratio, which shows distinguishable blue when immersed in 1M KOH. 
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Figure 4-6 Color of thymolphthalein indicator cocasted HMT-PMBI membrane 
with a indicator to polymer cocasting ratio between 1:1 to 1:105 by 
mass. 

A quick reversibility test was performed on the thymolphthalein indicator HMT-

PMBI co-casted membranes by adding a small chuck of dry ice (~ 3 cm3) to the OH- 

form of the co-casted membranes. A large amount of CO2 was released from the 

sublimation of dry ice, which reacted with the OH- ions presented in the membrane and 

converted the counter ion to HCO3
- and CO3

2-. As shown in Figure 4-7, the 

thymolphthalein and HMT-PMBI co-cast membrane with a co-casting ratio of 1:103 

shows a yellow band on the path of the dry ice sublimation, which displays a great 

contrast to its original green color when immersed in 1 M KOH. The thymolphthalein 

and HMT-PMBI co-cast membrane with a 1:102 indicator to polymer ratio displays a 

lighter blue band along the area of dry ice sublimation. Therefore, the optimal co-cast 

ratio for visualizing the counter ion change in an anion exchange membrane should be 

around 1:103. 
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Figure 4-7. Color change of the thymolphthalein and HMT-PMBI co-casted 
membranes. The membranes were initially exchanged to its OH- 
form by immersing in 1 M KOH. A lighter blue band was observed 
after adding a small chunck of dry ice for the membrane co-casted 
with an indicator to polymer ratio of 1:102 (left), while a yellow band 
was observed for the membrane co-casted with a 1:103 indicator to 
polymer ratio (right). 

4.4.4. Thymolphthalein and HMT-PMBI co-cast membrane 

The thymolphthalein indicator and HTM-PMBI co-casted membranes with a 

casting ratio of 0.1 wt% and 0.2 wt% were found to display different colors in solutions 

of different pH as shown in Figure 4-8. Here, membranes were immersed in pure water 

(pH = 7.0, measured) and in aqueous solutions of 1M KHCO3 (pH = 8.1), 1M K2CO3 (pH 

= 12.1), and 1M KOH (pH = 13.6). Pristine HMT-PMBI retains its yellow color in all 

solutions, while thymolphthalein-containing membranes display colors ranging from 

yellow in lower pH solutions (water and KHCO3) to blue in the higher pH solutions 

(K2CO3 and KOH). The stark color differences confirm that co-cast AEM/indicator 

membranes provide visual evidence of the concentration of hydroxide ion in the 

membrane. 
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Figure 4-8. Color of HMT-PMBI/thymolphthalein membranes in water (7.0, 
measured), 1M KHCO3 (pH = 8.1), 1M K2CO3 (pH = 12.1), and 1M 
KOH (pH = 13.6). Row A: pristine HMT-PMBI; Row B: HMT-PMBI 
with 0.1 wt% thymolphthalein; Row C: HMT-PMBI with 0.2 wt% 
thymolphthalein. Adapted from ref51 

In addition, the UV-vis spectra of pristine HMT-PMBI membranes were 

compared with the HMT-PMBI co-casted with 0.1 wt% and 0.2 wt% membranes to 

support the color difference in various counter ion form. The pristine HMT-PMBI 

displays a yellow color regardless the counter ion as shown in Figure 4-8 row A, which 

was supported by no absorbance at the visible light range (380 nm – 750 nm) in its UV-

vis spectra as shown in Figure 4-9. The HMT-PMBI co-casted with 0.1 wt% 

thymolphthalein indicator displays green color when immersed in 1M KHCO3 and 1M 

KOH while remains yellow color (Figure 4-8 row B). The green color of the 0.1 wt% 

thymolphthalein co-casted HMT-PMBI membrane was quantified as an absorption peak 

of 0.4 at 607 nm ( Figure 4-10 left), and the yellow color at high pH condition shows 

same absorption spectra as the pristine HMT-PMBI. By increasing the concentration of 
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thymolphthalein in the co-casted membranes by 0.1 wt%, the absorption peak at 607 

nm doubled as shown in  Figure 4-10 right. 

 

Figure 4-9. UV-vis spectra of pristine HMT-PMBI membranes in its Cl- form, 
HCO3

- form, CO3
2- form and OH- by immersing in deionized water, 

1M NaHCO3, 1M K2CO3 and 1M KOH solutions. 
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 Figure 4-10. UV-vis spectra of HMT-PMBI co-casted with 0.1 wt% (top) and 0.2 
wt% (bottom) of thymolphthalein indicator membranes in its Cl- 
form, HCO3

- form, CO3
2- form and OH- by immersing in deionized 

water, 1M NaHCO3, 1M K2CO3 and 1M KOH solutions. 

4.4.5. Visualizing the counter ion change during water electrolysis 

In order to observe the change in hydroxide ion concentration in the membrane 

during water electrolysis, evidence of a colour change was captured by video (Video 
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S1). As observed in Figure 5, as the electrolysis of water proceeds, a blue band 

spreads through the membrane from cathode to anode through the entire membrane, 

providing corresponding evidence of the increase in pH due to the formation and 

diffusion of OH-. After prolonged electrolysis the pH of the entire membrane is 

increased except over the anode where hydroxide ion is consumed, and the pH is much 

lower. 

  

Figure 4-11. Color evolution of HMT-PMBI membrane containing 0.2 wt% 
thymolphthalein during current-driven water electrolysis. The blue 
area indicates areas of higher pH due to the production of 
hydroxide ions at the cathode. The anode remains at lower pH. 
Video provided in the SI (Video S1). Adapted from ref51 

In order to investigate the effect of the indicator on the anionic conductivity of 

the AEM, a modified conductivity measurement protocol was developed that was 

different to that recently reported by Ziv et al.104 In our method, the conductivity was 

monitored with electrolysis under potentiostatic control rather than galvanostatic control. 

The potentiostatic method enabled the membrane conductivity to reach steady state in 

5 h rather than 30 h (galvanostaic mode). The details of the conductivity measurements 

are as follows. 
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Pristine HMT-PMBI membranes in air-equilibrated mixed carbonate form 

possessed a conductivity of 9.3 mS cm-1 at 40C and 90% RH (relative humidity). 

Similarly, membranes containing 0.1 wt% and 0.2 wt% thymolphthalein possessed 

higher conductivities of 28.2 mS cm-1 and 33.0 mS cm-1, respectively. The conductivity 

of the indicator/membrane composite membranes are slightly higher prior to self-

purging with hydroxide. We note that the membranes containing indicator contain a 

higher water content prior to conductivity measurement (33 wt% and 38 wt% without 

and with indicator (0.2 wt%), respectively), as measured by dynamic vapor sorption 

(Surface Measurement Systems Ltd) at 40°C and 90% RH. 

After 90 mins of equilibration at 40C and 90% RH, 1.75V was applied across 

the membrane to generate OH- at the cathode. A gradual increase in membrane 

conductivity was observed as shown in Figure 4-13, consistent with Dekel et al’s 

previous report104, and is explained as being due to an increase in hydroxide content 

within the membrane. The maximum conductivity of pristine HMT-PMBI at steady state 

is found to be 98.4 mS cm-1 which is similar to the 103 mS cm-1 previously reported.104 

There are observed differences in the absolute conductivities measured between 

samples, which we speculate are due to variations in membrane morphologies as a 

result of inconsistencies in the rates of solvent evaporation during membrane solution 

casting. 

Under the potentiostatic mode employed in this work, steady state was reached 

after 5 hours compared to 30 hours under galvanostatic mode. The decrease in time to 

reach steady state via a potentiometric hold occurred because the current obtained 

during operation using potentiostatic mode gradually increased from 100 A, to 800 A 

(Figure 4-12) compared to a constant 100 A using galvanostatic mode.7 For the 

thymolphthalein-containing HMT-PMBI membranes, the observed current increased up 

to maximum of 1200 A and 1600 A for 0.1 wt% and 0.2 wt% indicator, respectively. 
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Figure 4-12. Increased current using potentiostatically-controlled mode for 
water electrolysis. Membrane is pristine HMT-PMBI, and the 
potential was kept at 1.75 V throughout the entire experiment. Each 
different color represents a new 20 min potential hold of 1.75V. 
Adapted from ref51 

The conductivity of thymolphthalein containing HMT-PMBI membranes also 

increased during potentiostatically-controlled electrolysis, and faster than 

galvanostatically-controlled, exhibiting maximum conductivities of 122.8 mS cm-1 and 

144.1 mS cm-1 for 0.1 wt% and 0.2 wt% thymolphthalein, respectively, and steady state 

values of 92.2, 97.6 and 111.7 mS cm-1 for pristine HMT-PMBI, co-cast HMT-PMBI 

membranes with 0.1 wt%, and 0.2 wt% thymolphthalein, respectively. 
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Figure 4-13. Ionic conductivity of membranes before and during electrolysis by 
applying 1.75V under 90% RH and 40 0C.  Blue: pristine HMT-PMBI. 
Red curve HMT-PMBI + 0.1 wt% thymolphthalein. Yellow: HMT-PMBI 
+ 0.2 wt% thymolphthalein. Green bar: current off. Pink bar: 
voltage/current on. Adapted from ref51 

A UV-vis spectrum of HMT-PMBI + 0.1 wt% thymolphthalein before the potential 

treatment is shown in (Figure 4-14, blue curve). After the membrane had reached 

steady state conductivity following electrolytic hydroxide formation a new absorption 

peak was observed at 610 nm (Figure 4-14, red curve) quantitatively providing evidence 

of the membrane color changing to blue. The blue colour gradually faded upon 

exposure to ambient air (containing 400 ppm CO2) and the peak at 610 nm 

correspondingly diminished (Figure 4-14, yellow curve). The reported absorption 

maximum of thymolphthalein dianion is 595 nm, where the absorbance peak of HMT-

PMBI/thymolphthalein membrane is around 610 nm. The blue shift in UV-vis spectra 

might be caused by the ionic interaction between the positively charged imidazolium 

cations of HMT-PMBI and the negatively charged thymolphthalein dianions.105 
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Figure 4-14. UV-vis spectra of initial HMT-PMBI membrane + 0.1% 
thymolphthalein in its mixed carbonate/bicarbonate form, after 
electrolytic purging with hydroxide ions, and after electrolysis and 
exposure to air (400 ppm CO2). The membranes are shown in the 
inset. Adapted from ref51 

4.5. Conclusion and future work 

Using the HMT-PMBI and thymolphthalein co-cocast membrane presented in 

this work, the nature of the anions conducted in the membrane could be deducted from 

the local pH. The change of color from yellow to blue/green reflects the increase of the 

local pH in the membrane. Combining the evidence of the increased pH and elevated 

conductivity, one could confidently conclude the change of the counter ion in the 

membrane changed from bicarbonate to hydroxide using the ion flushing method 

predicted from the physiochemical model. Therefore, the method of measuring OH- 

conductivity of an anion exchange membrane could be achieved by using water 

electrolysis to flush out the bicarbonate/carbonate counter ions. 
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It is herein demonstrated a proof of principle strategy of visualizing the change 

in hydroxide ion concentration, i.e., pH, in an anion exchange membrane. The concept 

may be applicable to a wide range of indicators and a wide range of AEMs if the 

appropriate components exhibit sufficient color contrast. Initial explorations of this work 

involved simply dropping pH indicator solutions onto membranes post-electrolysis, 

which evolved into co-casting indicators with the polymer into a cohesive membrane, as 

in this work. One can easily envisage scenarios wherein the indicator (or indicators) is 

chemically-bound to the constituent polymers or to a reinforcement material. Moreover, 

indicators are not restricted to those simply exhibiting a color change but might 

encompass fluorophores and other probes that are sensitive to local acid/hydroxide 

concentrations. 

The so-called hydroxide ion purging process is visually demonstrated here in a 

simple solid-state electrolytic cell. However, one can foresee employment in other 

situations involving fuel cells, electrolyzers, or bipolar membrane technology either for 

energy conversion/storage devices or for sensor technology, e.g., CO2 detection. 

Moreover, the method is not restricted to membranes; under the appropriate 

circumstances this strategy might be applied to monitor pH changes in ionomers in 

catalyst layers with appropriate detection devices. 

While this report largely demonstrates local pH changes colorimetrically rather 

qualitatively, colorimetry can be quantified. Future work should be focused on spatially 

quantifying the visual changes in order to extract rates of diffusion, for example. Such 

studies would assist in understanding ion transport processes in ion containing 

polymers, films, and membranes. 

An additional novelty of this work is that the conductivity measurements was 

performed under a potentiostatic load rather than a galvanostatic load, which, because 

of the increased rates of electrolysis, substantially decreases the time for the 

membrane to reach a steady state membrane conductivity compared to previously 

reported galvanostatic conditions. This enables faster measurements of membrane 

substrates which ultimately leads to more rapid evaluation of materials. 
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Chapter 5. Study of OH- concentration in the anion 
exchange membrane during electrochemical 
reaction 

This chapter contains materials reproduced with permission from the peer-

reviewed article published as Fortin, P.; Khoza, T.; Cao, X.; Martinsen, S. Y.; Oyarce 

Barnett, A.; Holdcroft, S. High-Performance Alkaline Water Electrolysis Using AemionTM 

Anion Exchange Membranes. Journal of Power Sources 2020, 451, 227814. 

https://doi.org/10.1016/j.jpowsour.2020.227814 
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5.1. Introduction 

Global power demand has doubled in the last two decades, primarily driven by 

population growth, industrialization, and urbanization.110,111 An unprecedented 

expansion of fossil fuel combustion has resulted in an increase in greenhouse gases 

(GHG) and air pollutant emissions.112 If emissions continue on this trajectory, the 

International Energy Agency (IEA) predicted this would lead to a temperature rise of 

2.7 °C by 2100.113 Hydrogen stands out among the search for fossil fuel alternatives 

due to their high gravimetric energy density (141.86 MJ/kg). The implementation of 

hydrogen as a fuel can be addressed with electrochemical devices that utilize an anion 

exchange membrane, such as fuel cells, water electrolysis. 

Fuel cells convert the chemical energy stored in hydrogen fuels directly to 

electricity, compared to well-established internal combustion engine which converts the 

chemical energy stored in fossil fuels to heat, then mechanical energy, and finally 

electricity.58 Thus, fuel cells offer significantly high efficiency and much lower GHG 

emission and are regarded as a most promising energy conversion strategies for 

sustainable energy development. The reverse of fuel cell technologies is the water 

electrolysis, which produces hydrogen fuels via electrolytic splitting of water. 

Consequently, the fuel cell and water electrolysis techniques constitute a low carbon 

energy solution as an alternative to fossil fuels. CO2 electrolysis uses the abundant 

carbon source (CO2) to produce valuable chemicals like formic acid, carbon monoxide, 

methanol, methane, ethylene, ethanol, and acetate via electrochemical reduction of C-

O bond.5 

All the above electrochemical devices consist of a cathode, an anode and an 

electrolyte which separates the two electrodes. Using the ion exchange membrane 

allows the use of zero-gap cell configuration, which provides a short pathway for the 

ions to transport from one electrode to the other and minimizes ohmic loss due to the 

electrolyte. Anion exchange membrane stands out among other electrolyte materials, 

because the basic environment allows use of Pt-free metal catalyst114 and non-

fluorinated polymer115, which reduces manufacture and environmental cost. The anions 

commonly present in an electrochemical system includes hydroxide (OH-), bicarbonate 

(HCO3
-) and carbonate (CO3

2-) as a result of the carbonation reaction (Equation 5-1 and 

Equation 5-2)116. 
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Equation 5-1  CO2 + OH− ⇄ HCO3
− 

Equation 5-2  HCO3
− + OH− ⇄ CO3

2− + H2O 

The concentration of charge carriers in the electrolyte is known to affect the 

electrochemical reaction and catalytic activity for H2 fuel cell and CO2 reduction 

electrolysers.93,117–120 Identifying the type of anion being transported in the anion 

exchange membrane is important for a few reasons. Firstly, the ion conductivity relies 

on the mobility of the ions being transported. The ionic mobility for OH- is 2.7 times and 

4.5 times higher than CO3
2- and HCO3

- in aqueous solutions at 25°C, respectively.93 

Therefore, significant losses of efficiency of an electrochemical device is predicted 

when the OH- ion are replaced by the larger and less mobile CO3
2- and HCO3

- anions. 

Secondly, different anions are transported through the anion exchange membrane via 

various mechanisms. Like CO3
2- and HCO3

- anions, the OH- are transported through the 

conduction mechanism driven by electrical potential gradient, the diffusion mechanism 

driven by concentration gradient, and the convection mechanism driven by pressure 

gradient.121 In addition, the OH- are transported through the Grotthuss (proton hopping) 

mechanism via breaking and forming O-H bonds with the water molecules in the 

hydrated ion conducting channels.121 Thirdly, the electrochemical reaction occurred at 

each electrodes are different when various anions are fed into the electrodes. In an H2 

fuel cell, only reactions described by Equation 5-3 take place at the anode when OH- 

ions are transported, while additional oxidation reactions (Equation 5-4 and Equation 

5-5) occur when CO3
2- and HCO3

- ions are transported.120 In a CO2 electrolyser, it has 

been observed that the charge carrier can be oxidized to CO2 and or O2 as shown in 

Equation 5-6 and Equation 5-7. 

Equation 5-3  2H2 + 4OH− ⇄ 4H2O + 4e− 

Equation 5-4  2H2 + 2CO3
2− ⇄ 2H2O + 2CO2 + 4e− 

Equation 5-5  2H2 + 4CO3
2− ⇄ 4H2O + 4CO2 + 4e− 

Equation 5-6  2OH− ⇄ O2 + 2H+ + 4e− 

Equation 5-7  2CO3
2− ⇄ 2CO2 + O2 + 4e− 
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The concentration of protons shifts the acid-base equilibrium of HCO3
2-, CO3

2- 

and OH- as shown in Equation 5-8, Equation 5-9 and Equation 5-10. Thus, the 

concentration of the HCO3
-, CO3

2- and OH- in an anion exchange membrane can be 

interpreted by the local pH in the membrane. To illustrate the change of anions (HCO3
-, 

CO3
2-, and OH-) in an anion exchange membrane, an acid-base pH indicator was 

introduced to the polymer matrix during casting. As the concentration of proton shifts 

the acid-base equilibrium, the pH indicator shifts between its protonated and 

deprotonated form. Thus, the nature of charge carrier in the membrane can be 

measured by spectrophotometry.  

Equation 5-8 H2CO3 (aq) ⇄ H (aq)
+ + HCO3 (aq)

−  

Equation 5-9 HCO3 (aq)
− ⇄ H (aq)

+ + CO3 (aq)
2−  

Equation 5-10 H2O (l) ⇄ H (aq)
+ + OH (aq)

−  

Research has shown that the anion composition is different across the 

membrane because of the carbonate reactions.60,75,119,122,123 Of particular relevance to 

this study are the findings by Krewer and coworkers showing an increase of 25% OH- 

across a 28 μm thick membrane simulated in a single cell fuel cell with water-saturated 

hydrogen at anode and ambient air containing 400 ppm CO2 at cathode.124 In addition, 

the OH- concentration increased over 100 mM across the 50 μm thick membrane 

simulated in CO2 reduction.125 Currently, the experimental approach of studying the 

anion composition in an electrochemical system is through in-operando Raman 

spectroscopy using a modified electrolyzer or fuel cell with a sapphire window.122 

However, this method requires special designed cell and does not separate the 

spectroscopic response of the membrane from the catalyst layer. In this study, a 

method of studying the anion composition on a bare membrane by using a pH indicator 

doped membrane is proposed. 

The reversibility and robustness of entrapping a pH indicator in an imidazolium-

based membrane was demonstrated by Guo et al, where sulfonated anionic dyes 

remained ionically bonded to the 1-butyl-3-vinylimidazolium cations over 100 reversible 

cycles of protonation and deprotonation without leaching into aqueous solution.126 The 

application of an anion exchange membrane with pH indicator in a electrochemical 
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process was demonstrated by Cao et al, where the change of HCO3
- to OH- through 

water electrolysis was visualized using a hexamethyl-p-terphenyl polybenzimidazolium 

membrane with thymolphthalein dye.51 It is known that the pH affects the catalytic 

activity and selectivity of CO2 reduction reaction.117–119 An pH indicator doped anion 

exchange membrane that differentiates between CO3
2- and OH- as the charge carrier 

was not available. Herein, the pH change in a series pH indicator doped imidazolium-

based membranes is studied to understand the conversion between the anions (HCO3-

/CO3
2-/OH-). 

5.2. Experimental 

5.2.1. Materials and chemicals: 

The anion exchange membrane used in this work includes hexamethyl-p-

terphenyl polybenzimidazolium (HMT-PMBI), the aniline blue indicator doped HMT-

PMBI, and the acid fuchsin indicator doped HMT-PMBI. The synthesis and 

characterization of HMT-PMBI was reported elsewhere. 55 HMT-PMBI is a polymer 

consisting of a mixture of three distinct units as shown in Figure 5-1, monomer unit “a” 

represents a 50% degree of methylation (dm) of the N atoms, monomer unit “b” 

represents 75% dm, and monomer unit “c” represents 100% dm. The exact degree of 

methylation of the pristine HMT-PMBI was calculated using the NMR spectroscopic 

analysis method.127 The pH indicators utilized, aniline blue and acid fuchsin, are shown 

Figure 5-2, and their characteristics are listed in Table 5-2.  

 

Figure 5-1. Chemical structure of 50-100% dm HMT-PMBI (I-), where dm 
represents the degree of methylation of the N atoms.  
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Figure 5-2. Chemical structure of of the pH indicators: aniline blue (top) and 
acid fuchsin (bottom) 

The pH-indicating anion exchange membrane was prepared by solvent casting 

with a mixture of the pH-indicator (e.g. acid fuchsin) and the anion exchange membrane 

(HMT-PMBI). A solution of 7.5% w/w polymer in dimethyl sulfoxide (DMSO) was 

vacuum filtered through a borosilicate glass fiber at room temperature, coated onto a 

leveled glass plate using the casting table (K202 Control Coaster) and an adjustable 

doctor blade (RK Print Coat Instruments Ltd®). After evaporating the DMSO at 80°C for 

12 hours, the resulting membrane was peeled off from the glass by immersion in ultra-

pure water and dried in a vacuum oven.  

Reagent grade KCl, KHCO3, K2CO3, KOH, DMSO, deuterated DMSO, 

purchased from Sigma Aldrich® and Fisher Scientific®, were used as received. All 

aqueous solution was prepared using ultra-pure water purified by a Milli-Q system 

(SYNSVHFWW, Synergy® UV Water Purification System). The thickness of the 

membranes was measured using a Mitutoyo® digital micrometer. The area of the 

membranes was measured using an Epson® PerfectionV39 scanner at 1600 dpi 

resolution, and the resulting images were analyzed using ImageJ software. 1H NMR 

spectroscopic characterizations were performed on a Bruker Avance-500 instrument. 

The pH of aqueous solutions was measured using Metrohm® 781pH/ion Meter. UV-vis 

absorption spectra were measured using the Shimadzu® UV-3600 Plus 
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Spectrophotometer. Electrochemical measurements were performed using Solartron 

Analytical SI 1287 Potentiostat® and Solartron Analytical 1260 Impedance Analyzer®.  

5.2.2. Water sorption properties: water uptake (WU) and volumetric 
swelling (VS) and hydration number (λ) 

The water content of the membranes was determined by measuring the mass 

and dimensional changes of their fully hydrated and dry states. Small pieces (2 x 3 cm) 

samples were cut for the water content measurements. The hydrated state was 

achieved by immersing the membranes in ultra-pure water for at least 24 hours. The 

thickness (twet), hydrated area (Awet) and hydrated mass (mwet) were measured on the 

fully hydrated membranes after removing any surface-bound water with Kimwipe®. To 

achieve the fully dried state, membrane samples were then sandwiched between filter 

papers and dried under vacuum oven at 80°C for at least 16 hours. The dry thickness 

(tdry), dry area (Adry) and dry mass (mdry) were measured on the oven dried membranes. 

The water uptake (WU, %) was calculated using the mass change between the 

fully hydrated and dry states using Equation 5-11. The dimensional swelling in each 

dimension (Sx,y,z, %) and volumetric swelling (VS, %) were calculated using the 

dimensional changes of the fully hydrated and dry states using Equation 5-12 and 

Equation 5-13 where the S(x,y,z) represents the x,y-directions (length and width) and z-

direction (thickness) of the membrane in either fully hydrated (wet) or dry (dry) states. 

Equation 5-11  WU(%) =
mwet−mdry

mdry 
× 100%  

Equation 5-12  Sx,y,z(%) =
S(x,y,z)wet−S(x,y,z)dry

S(x,y,z)dry
× 100%  

Equation 5-13  VS(%) =
twet×Awet−tdry×Adry

tdry×Adry
× 100%  

5.2.3. Ion exchange capacity (IECth/ex) and anion concentration [X-] 

The ion exchange capacity (IEC, mmol/g) describes the quantity of charged 

groups in the membrane and can be calculated using the number of functional groups 

(molar equivalents, eq.) per unit mass of dry membrane (g)63. The theoretical IEC 

(IECth) of the membrane in their X- form was determined by NMR spectroscopic 
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analysis using Equation 5-14, where the dm represents the degree of methylation, Mdm 

represents the mass of the HMT-PMBI of certain dm%. Mdm can be calculated using the 

mass of the 100% dm HMT-PMBI repeating unit (for OH- counter-ion: MR100=636.82 

g/repeating unit) and the molecular weight of the 50% dm HMT-PMBI repeating unit (for 

OH- counter-ion: MR500= 572.74 g/repeating unit). As shown in the chemical structure 

(Figure 5-1), there are 2 counter ions (X-) in one 100%dm repeating unit; therefore, the 

equivalent counter ions (X-) can be calculated using the amount of the 100%dm 

repeating unit in the membrane which is 2(dm-0.5). 

Equation 5-14  IECth  (
mmol

g
) =

eq.nX−

Mdm
=

1000 mmol

1 mol
 ⋅ 

 2[2(dm−0.5)]eq. X−

1 repeating unit

MR100[2(dm−0.50)]+MR50[1−2(dm−0.50)]
  

The IEC determined by NMR spectroscopic analysis is theoretical (IECth), and 

depends on the dissociation constant of the functional groups. The apparent ion 

exchange capacity (IECex), which is the number of functional groups in the polymer 

structure accessible to ion exchange, may not be the total amount determined by NMR. 

Therefore, the apparent ion exchange capacity (IECex) was measured experimentally by 

evaluating the amount of exchanged Cl- ions using titrimetric analysis described in 

literature63–66. Prior to IEC analysis, membrane samples were converted to Cl- form by 

immersing in 1 M KCl solutions twice for 24 hoursrs and washing several times with DI 

water for 48 hours. To ensure complete exchange of Cl- to NO3
- ions, membrane 

samples were immersed twice in 15 mL of 1 M KNO3 solution for 24 hours. The Cl- 

concentration of the exchanged solution was determined using a Cl- ion-selective 

electrode (Cl- ISE 6.0502.120, Metrohm AG®). The membranes were converted back 

into their Cl- form by soaking twice in 1 M KCl for 24 hrours, washing multiple times and 

soaked with DI water over the course of 48 hourrs and dried under vacuum at 80°C for 

24 hours. The dry weight of the membrane in its Cl- form (mdry) was measured after 

cooling to room temperature under vacuum. The IECex was calculated using the Cl- 

concentration ([Cl-] in ppm), the mass of the exchange solution (msolution) and molar 

mass of chloride ion (MCl) using Equation 5-15. 

Equation 5-15  IECex  (
mmol

g
) =

[Cl−]⋅msolution

1000⋅Mcl⋅mdry
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The anion concentration ([X-]) was calculated using the apparent ion exchange 

capacity (IECex), the dry mass of the membrane (mdry), the hydrated thickness (twet) and 

area (Awet) using Equation 5-16. 

Equation 5-16  [X−] =
IECex, X−⋅mdry

twet⋅Awet
  

5.3. Results and discussion 

5.3.1. pH and concentration of HCO3
-/CO3

2-/OH- in aqueous solution 

The equilibrium of HCO3
-, CO3

2- and OH- in an aqueous solution can be 

classified as an equilibrium in a closed system (without atmospheric CO2) or equilibrium 

in an open system (with atmospheric CO2). For a closed system, the equilibrium 

includes the dissociation of carbonic acid (Equation 5-17 and Equation 5-18) and water 

(Equation 5-19), the mass balance of carbon (Equation 5-20), and the charge balance 

(Equation 5-21). For an open system, the equilibrium involves an addition equilibrium 

with atmospheric CO2 (Equation 5-22). The equilibrium constant for Equation 5-17 and 

Equation 5-18 are 10-6.35 and 10-10.33 at STP (standard temperature and pressure). The 

Henry’s law constant of CO2 gas in water at 298.15K is 10-1.47 M atm-1 in Equation 5-22. 

Equation 5-17  H2CO3 (aq) ⇄ H (aq)
+ + HCO3 (aq)

−   

Equation 5-18  HCO3 (aq)
− ⇄ H (aq)

+ + CO3 (aq)
2−   

Equation 5-19  H2O (l) ⇄ H (aq)
+ + OH (aq)

−   

Equation 5-20  [C]total = [CO3
2−] + [HCO3

−] + [CO2]  

Equation 5-21  [H+] = [HCO3
−] + 2[CO3

2−] + [OH−]  

Equation 5-22  CO2 (g) + H2O (l) ⇄  H2CO3 (aq)  

To understand the anion composition at various pH, the composition of 

dissolved CO2, HCO3
-, CO3

2- pH were calculated as follows. The fraction of dissolved 

CO2 (H2CO3), HCO3
-, and CO3

2- is defined by using their concentration divided by the 
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total concentration of the three species as shown in Equation 5-23, Equation 5-24 and 

Equation 5-25. 

Equation 5-23  fH2CO3
=

[H2CO3]

[H2CO3]+[HCO3
−]+[CO3

2−]
  

Equation 5-24  fHCO3
− =

[HCO3
−]

[H2CO3]+[HCO3
−]+[CO3

2−]
  

Equation 5-25  fCO3
2− =

[CO3
2−]

[H2CO3]+[HCO3
−]+[CO3

2−]
  

Dividing both the denominator and numerator by [HCO3
-] in Equation 5-23, 

Equation 5-24 and Equation 5-25, the fraction of three species can be expressed as 

Equation 5-26, Equation 5-27 and Equation 5-28. 

Equation 5-26  fH2CO3
=

[H2CO3]

[HCO3
−]

[H2CO3]

[HCO3
−]

+1+
[CO3

2−]

[HCO3
−]

  

Equation 5-27  fHCO3
− =

1

[H2CO3]

[HCO3
−]

+1+
[CO3

2−]

[HCO3
−]

  

Equation 5-28  fCO3
2− =

[CO3
2−]

[HCO3
−]

[H2CO3]

[HCO3
−]

+1+
[CO3

2−]

[HCO3
−]

  

From the dissociation of H2CO3 and HCO3
2- (Equation 5-17 and Equation 5-18), 

the ratio of dissolved CO2 and HCO3
- and the ratio of CO3

2- and HCO3
- can be 

expressed using concentration of protons and the dissociation constants of carbonic 

acid as shown in Equation 5-29 and Equation 5-30.  

Equation 5-29  
[H2CO3]

[HCO3
−]

=
[H+]

Ka1
  

Equation 5-30  
[CO3

2−]

[HCO3
−]

=
Ka2

[H+]
  

By substituting the obtained ratio of dissolved CO2 and HCO3
- and the ratio of 

CO3
2- and HCO3

- (Equation 5-29 and Equation 5-30) into the anion composition 

expression, the fraction of dissolved CO2 (H2CO3), HCO3
-, and CO3

2- is be expressed as 

(Equation 5-31, Equation 5-32 and Equation 5-33). Therefore, the fraction of the 
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dissolved CO2, HCO3
- and CO3

2- were expressed as a function of pH (Figure 5-3 left) or 

concentration of OH- (Figure 5-3 right). 

Equation 5-31  𝑓𝐻2𝐶𝑂3
=

[𝐻+]

𝐾𝑎1
[𝐻+]

𝐾𝑎1
+1+

𝐾𝑎2
[𝐻+]

  

Equation 5-32  𝑓𝐻𝐶𝑂3
− =

1

[𝐻+]

𝐾𝑎1
+1+

𝐾𝑎2
[𝐻+]

  

Equation 5-33  𝑓𝐶𝑂3
2− =

𝐾𝑎2
[𝐻+]

[𝐻+]

𝐾𝑎1
+1+

𝐾𝑎2
[𝐻+]

  

 

Figure 5-3. The fraction of dissolved CO2, HCO3
- and CO3

2- as a function of pH 
(left) and of [OH-] (right). 

The anion concentrations of pristine 89%dm HMT-PMBI are 1.7 M for KCl, 1.57 

M for KHCO3, 1.69 M for K2CO3 and 1.51 M for KOH.55 Therefore, concentrations of 1.5 

M and 2.0 M of: KCl, KHCO3, K2CO3, and KOH solutions were used to ensure the anion 

concentration in the membrane equilibrate to the aqueous solutions for the colorimetric 

analysis. The pH of the 1.5 M and 2.0 M of KCl, KHCO3, K2CO3, and KOH solutions for 

both closed or open system were calculated using Equation 5-17 to Equation 5-22 and 

listed in Table 5-1. The pH of KOH gradually decreases to the same pH as KHCO3 and 

K2CO3 as a result of carbonation of OH- with atmospheric CO2. 
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Table 5-1. pH of solutions of 1.5 M and 2.0 M KCl/KHCO3/K2CO3/KOH in both 
closed system (excluding equilibration with atmospheric CO2) and 
open system (including equilibration with atmospheric CO2) at 25°C 

 closed system open system (with 400 ppm CO2) 

 1.5M 2.0M 1.5M 2.0M 

KCl 6.92 6.91 5.59 5.6 

KHCO3 7.88 7.84 10.28 10.33 

K2CO3 11.72 11.75 10.41 10.47 

KOH 13.89 13.99 10.28 10.33 

5.3.2. Colorimetric study of indicators cocast with HMT-PMBI to form 
a pH-indicating anion exchange membrane 

The current study focuses on differentiating CO3
2- from OH-, which requires an 

indicator with a specific basic pKa value. Among commercially available indicators listed 

in the CRC handbook of acid-base indicators, two candidates were chosen for study: 

aniline blue, orange II and acid fuchsin.108 Their pH range and color change and 

absorption maximum (𝛌𝐦𝐚𝐱) were summarized in Table 5-2. 

Table 5-2. Acid-base indicators used in this study. 

Indicator Molecular 
Formular 

Molecular Weight 

(g/mol) 

pH Range Color Change 

(acidic to basic) 

𝛌𝐦𝐚𝐱  

(nm) 

Aniline blue C32H23N3Na2O9S3 737.73 11.0-13.0 Blue to violet-pink Not 
reported 

Acid fuchsin C20H17N3O9S3Na2 585.55 12.0-14.0 Red to colorless 546a 

Note: Previously reported by Bruno et al.108  

Pristine HMT-PMBI membrane 

The yellow color of pristine HMT-PMBI membrane is caused by absorbing light 

in the violet (380 nm - 450 nm) and ultra-violet (200 nm – 380 nm) region. As shown in 

Figure3, the dry pristine HMT-PMBI membrane shows complete absorption of light of 

wavelengths from 250 nm to 404 nm, where the absorbance beyond 100% is 

interpreted as complete absorption and no transmission. 
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Figure 5-4. UV-vis absoprtion spectrum of dry pristine HMT-PMBI membrane 
sandwitched with two quartz plates, corrected with two quartz plate 
as blank (0% absorption or 100% transmission). 

Cocast HMT-PMBI with aniline blue indicator 

A series of concentration of aniline blue indicator were co-cast with HMT-PMBI 

to prepare the co-cast color sensitive membrane as shown in Table 5-3. The structure 

of aniline blue in its protonated and deprotonated form is shown in Figure 5-5. 

Table 5-3. Cocast ratio of aniline blue indicator and HMT-PMBI. 

Membrane 
label 

Weight percent of aniline blue to 
HMT-PMBI (g/g of polymer × 100%) 

Mole percent of aniline blue to HMT-PMBI 
(mol/mol of repeating unit × 100%)a 

Pristine 0 wt% 0 mol% 

ANB-02 0.20 wt% 0.21 mol% 

ANB-04 0.40 wt% 0.42 mol% 

aNB-1  0.99 wt% 1.04 mol% 

ANB-3 3.09 wt% 3.27 mol% 

ANB-10  10.13 wt% 10.69 mol% 

a The mol ratio was calculated using the moles of one repeating unit of HMT-PMBI 
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Figure 5-5. Chemical structure of aniline blue. CAS registry number 28631-66-5. 
Molecular weight 737.73 g/mol. pH range of 11.0-13.0. Color change 
of blue (pH<11.0) to violet-pink (pH>13.0). 

As shown in Figure 5-6, the HMT-PMBI membranes with aniline blue indicator 

displays a deeper blue for high cocast concentration of 0.99 wt% to 10.13 wt% samples 

and a low cocast concentration resulted in blue colored membranes as shown in 0.2 

wt% and 0.4 wt% samples. 

 

Figure 5-6. Color of cocast membrane of HMT-PMBI with aniline blue indicator. 
The cocast concentration increases from left to right: pristine 
86%dm HMT-PMBI (column 1), co-cast with 0.20 wt% (0.21 mol%) 
aniline blue (column 2), co-cast with 0.40 wt% (0.42 mol%) anilne 
blue (column 3), co-cast with 0.99 wt% (1.04 mol%) aniline blue 
(column 4), co-cast with 3.09 wt% (3.27 mol%) aniline blue (column 
5), co-cast with 10.13 wt% (10.69 mol%) aniline blue (column 6). 

After adding water, 1.002 M NaHCO3, in 1.001M Na2CO3 and in 1.004M NaOH 

solutions, co-cast HMT-PMBI with aniline blue indicator membranes changed to red 

color in both Na2CO3 and NaOH solutions as shown in Figure 5-7 (left), regardless of 
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the cocast concentration ratio between the HMT-PMBI polymer and aniline blue 

indicator. Because the cocast membrane displayed the same color in both Na2CO3 and 

NaOH solutions, the indicates aniline blue indicator cocast with HMT-PMBI membranes 

does not distinguish CO3
2- from OH-. A controlled color test of the aniline blue indicator 

in water, 1.002 M NaHCO3, in 1.001 M Na2CO3 and in 1.004 M NaOH solutions were 

shown in Figure 5-7 (right). The aniline blue indicator itself in aqueous solutions 

displayed two distinct colors in Na2CO3 and in NaOH solutions: a purple color was 

observed in Na2CO3 solution and a red color was observed in NaOH solution. Because 

the color trrend was consistent by adding 1 drop or 3 drop of the aniline blue indicator 

into the salt solutions, the concentration of the indicator was found to not affect the color 

appearance in various salt solutions. Increasing the cocast concentration aniline blue 

indicator also shows no affect on the color appearance of the membrane in various salt 

solutions. 

 

 

Figure 5-7. Color test of pristine 86%dm HMT-PMBI (column 1), co-cast with 
0.20 wt% (0.21 mol%) aniline blue (column 2), co-cast with 0.40 wt% 
(0.42 mol%) anilne blue (column 3), co-cast with 0.99 wt% (1.04 
mol%) aniline blue (column 4), co-cast with 3.09 wt% (3.27 mol%) 
aniline blue (column 5), co-cast with 10.13 wt% (10.69 mol%) aniline 
blue (column 6), 2 mM aniline blue (column 7), and 4 mM aniline 
blue (column 8) in deionized water (18.2 MΩ) (row 1), in 1.002 M 
NaHCO3 (row 2), in 1.001 M Na2CO3 (row 3) and in 1.004 M NaOH 
(row 4) at room temperature. 
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The UV-vis absorption spectrum was obtained on both the aniline blue indicator 

itself and the cocast HMT-PMBI with aniline blue to investigate the color of aniline blue 

indicator in solution and in the membrane.  

As shown in Figure 5-8, the UV-vis absorption spectrum of 3 drops of aniline 

blue indicator shows a blue shifting of the absorption maximum from 598 nm to 584 nm 

to 577 nm to 489 nm as the pH of the salt solution was increased from DI water to 1 M 

NaHCO3 to 1 M Na2CO3 to 1 M NaOH. The absorption maximum of aniline blue 

indicator in DI water (598 nm) lies in the range of orange (590 nm to 620 nm). 

Absorption of orange light indicates a perceived blue color as the complementary color 

of orange is blue. The absorption maximum of the aniline blue indicator in 1 M NaHCO3 

(584 nm) and in 1 M Na2CO3 (577 nm) lies in the range of yellow (570 nm to 590 nm), 

which corelates the observed purple color of the solution in Figure 5-7. The absorption 

maximum of the aniline blue indicator shifted to lower wavelength in 1 M NaOH (489 

nm), which lies in the range of blue (450 nm to 495 nm). The complementary color of 

blue is orange, which explains the orange color of aniline blue indicator in 1 M NaOH 

solutions. 
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Figure 5-8. Absorption spectrum obtained by adding 3 drops of aniline blue 
indicator bulk solution to a standard 1 cm path length cuvette filled 
with DI water, 1 M NaHCO3, 1 M Na2CO3 and 1 M NaOH. The 
absorption maximum shits to lower wavelength as pH increases. 

In contrast, the UV-vis absorption spectrum of cocast HMT-PMBI with aniline 

blue indicator membrane shown in  Figure 5-9 does not show the same shift in the 

absorption maximum. HMT-PMBI cocast with 3.09 wt% aniline blue membrane shows 
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an absorption maximum of 604 nm in DI water and 597 nm in 1M NaHCO3 which are 

both orange range. The absorption maximum of HMT-PMBI cocast with aniline blue 

membrane in 1M Na2CO3 and 1M NaOH are the same (521 nm and 523 nm). Because 

the cocast aniline and HMT-PMBI membrane absorbs green light in both 1M Na2CO3 

and 1M NaOH, no color difference was observed as shown in Figure 5-7. 
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 Figure 5-9. Absorption spectrum for the HMT-PMBI cocast with 3.09 wt% 
aniline blue membranes in DI water, 1 M NaHCO3, 1 M Na2CO3 and 1 
M NaOH. 

The observed color change could be explained as the wavelength shift in the 

absorption spectrum, resulting from change of conjugation in the chemical structure of 

aniline blue indicator as shown in Figure 5-5.  

As observed in Figure 5-7, the change in cocast concentration of aniline blue 

indicator in HMT-PMBI does not change the color behavior. The difference of the color 

trend observed between the aniline blue indicator itself in solution and the anline blue 

cocast HMT-PMBI membrane in solution was likely due to an increased local 

concentration of anions in the membrane phase. Therefore, a pH indicator with higher 

pH range was investigated next. 

HMT-PMBI membranes cocast with acid fuchsin indicator 

HMT-PMBI were prepared with a series of concentrations of acid fuchsin 

indicator as shown in Table 5-4. The structure of the acid fuchsin in its protonated and 

deprotonated form is shown in Figure 5-10. 
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Table 5-4. HMT-PMBI membranes cocast with acid fuchsin indicator. 

Membrane 
label 

Weight percent of aniline blue to 
HMT-PMBI (g/g of polymer × 100%) 

Mole percent of aniline blue to HMT-PMBI 
(mol/mol of repeating unit × 100%)a 

Pristine 0 wt% 0 mol% 

2 wt% 1.75 wt% 2.32 mol% 

4 wt% 3.99 wt% 5.32 mol% 

a The mol ratio was calculated using the moles of one repeating unit of HMT-PMBI. 

 

Figure 5-10. Chemical structure of acid fuchsin. CAS registry number 3244-88-0. 
Molecular weight 737.73 g/mol. pH range of 11.0-14.0. Color change 
of red (pH<12.0) to colorless (pH>14.0). 

The molar concentration of acid fuchsin indicator in a hydrated anion exchange 

membrane was calculated using the membrane’s water uptake in various salt solutions 

according to Equation 5-34, where cocast wt% referred to the cocast ratio of the 

indicator and the dry polymer by mass calculated in Equation 5-35, MWindicator refers to 

the molecular weight of indicator (585.55 g/mol for acid fuchsin), WU% refers to the 
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water uptake of the pristine HMT-PMBI as shown in Equation 5-11, and ρH2O refers to 

the density of water. As shown in Table 5-5, the HMT-PMBI membranes cocast with 

acid fuchsin resulted in an average molar concentration of 1.39 mM in its fully hydrated 

state in KCl, KHCO3, K2CO3 and KOH solutions with a 1.75 wt% cocast concentration 

and 3.17 mM with a 3.99 wt% cocast concentration. 

Equation 5-34  cind = cocast wt% ×
1

MWindicator
× WU% × ρH2O  

Equation 5-35  cocast wt%
mindicator

mpolymer,dry
× 100%  

Table 5-5. Concentration of acid fuchsin indicator to HMT-PMBI. 

cocasting ratio 

(g indicator/g polymer) 
Salt solution 

Water uptake 

(%)a 

[Indicator] 

(mM) 

1.75 wt% 

KCl 36.53 1.09 

KHCO3 51.04 1.53 

K2CO3 43.23 1.29 

KOH 55.31 1.65 

3.99 wt% 

KCl 36.53 2.49 

KHCO3 51.04 3.48 

K2CO3 43.23 2.95 

KOH 55.31 3.77 

a Previously reported in ref55. 

To calibrate the absorbance of acid fuchsin indicator under various pH, the UV-

vis absorbance spectra of 2.11 mM acid fuchsin indicator in pH 11.0 - 13.5 buffer 

solutions of Na2HPO4/Na3PO4 was obtained. The calibration was performed on a 

concentration of acid fuchsin similar to its concentration in the hydrated membrane as 

shown in Table 5-5. The absorption peak decreased for pH > 11.5 and completely 

diminished at pH > 12.3, which indicates all the protonated form of acid fuchsin was 

deprotonated at pH > 12.3. The observed pH range of deprotonation was lower than the 

reported pH range of 12.0 - 14.0 in the literature.108 
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Figure 5-11. UV-vis absorption spectra of the 2.11 mM acid fuchsin indicator in 
Na2HPO4 and Na3PO4 buffer solutions with pH 11.0 to 13.5. The 
dotted line indicates the absorption maximum (546 nm) of acid 
fuchsin as reported in the literature.128 

Similarly, HMT-PMBI membrane cocast with 3.76 wt% acid fuchsin were 

immersed in a Na3PO4/Na2HPO4 buffer solutions ranging from pH 11.0 to 13.5 for at 

least 24 hours equilibration and the UV-vis absorbance spectrum was measured. A 

completely diminished peak at pH > 12.0 was observed shown on Figure 5-12, 

indicating the counter ion of the anion exchange membrane changed from CO3
2- to OH- 

as the pH was increased to > 12. 
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Figure 5-12. UV-vis absorption spectra of the HMT-PMBI membrane containing 
3.76 wt% acid fuchsin indicator in Na3PO4/Na2HPO4 buffer solutions 
ranging from pH 11.0 to 13.5. The dotted line indicates the 
absorption maximum of acid fuchsin indicator as reported in the 
literature.128 
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No obvious difference in colors was observed with the naked eye for the color of 

the acid fuchsin in aqueous solution nor the HMT-PMBI membranes cocast with acid 

fuchsin in various pH Na2HPO4/Na3PO4 buffer solutions as shown in Figure 5-13. 

However, in comparing the UV-vis absorption spectra of the acid fuchsin in aqueous 

solution and in HMT-PMBI membrane, the absorption peak started to decrease at basic 

pH and completely diminished at pH > 12.0 in the membrane but completely diminished 

at pH > 12.3 in aqueous solution. This difference could be due to its larger local 

concentration in the ion conducting channel of the membrane. A pH difference of 0.3 is 

equivalent to 0.5 M OH-, therefore the local OH- concentration in the ion conducting 

channel might be 0.5 M higher than the bulk solution where the membrane was 

immersed in.  

 

Figure 5-13. Left: photograph of 2.11 mM acid fuchsin indicator in Na2HPO4 and 
Na3PO4 buffer solutions (pH 11.0 to 13.5). Right: photograph of 3.76 
wt% acid fuchsin in HMT-PMBI membrane equilibrated with 
Na2HPO4 and Na3PO4 buffer solutions with the range from pH 11.0 
to 13.5. 

To study the difference in pKa of acid fuchsin in aqueous solution and in the 

membrane, the absorbance of its absorption peak was plotted against the pH of the 

buffer solution as shown in Figure 5-14. The absorbance was observed to drop 

noticably in the pH range 11-12 for both the acid fuchsin in aqueous solution and in 

membrane; however, an accurate value of the pKa of acid fuchsin could not be 

determined based on  the absence of data for pH < 11.  
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Figure 5-14. The comparison of absorbance change for 2.11 mM acid fuchsin in 
Na2HPO4 and Na3PO4 buffer solutions (left) and 3.76 wt% acid 
fuchsin in the membrane equilibrated in Na2HPO4 and Na3PO4 buffer 
solutions (right).  

By comparing the UV-vis spectrum of the acid fuchsin indicator in Na2HPO4 and 

Na3PO4 buffer solutions (Figure 5-11) and the UV-vis spectrum of the acid fuchsin 

cocast membrane in Na2HPO4 and Na3PO4 buffer solutions(Figure 5-12), the absorption 

peak of the acid fuchsin indicator was observed to shift from 546 nm in aqueous 

solution to 566 nm in the membrane. The observed shift in the absorption band to a 

longer wavelength in the membrane indicates the change of the energy gap between 

the electronic ground state and the excited state of the indicator. Solvatochromic effects 

often explain a change of position, intensity and shape of the absorption band of a 

solute in different solvents due to a change in the dielectric constant and hydrogen 

bonding capacity of various solvating media.129 

To investigate the reason of the observed shift in absorption maximum, 

absorption spectra of the acid fuchsin and HMT-PMBI polymer mixtures dissolved in 

DMSO-water solvent were determined and compared to the acid fuchsin in HMT-PMBI 

membrane. As shown in Figure 5-15, HMT-PMBI does not show any absorption in the 

visible region (380 nm – 750 nm) of the spectrum, the absorption peak of acid fuchsin 

indicator in DMSO-water solution was found to be the same, with or without HMT-PMBI 

polymer present. The absorption peak of acid fuchsin in the presence of HMT-PMBI in 

solution was 540 nm and the absorbance was 0.64, which is only 0.03 lower than that 

of the acid fuchsin in solution. This indicates the ionic interaction between the positively 

charged functional groups in HMT-PMBI polymer and the deprotonated acid fuchsin 
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indicator was not significant to cause the absorption peak shift observed for the 

indicator cocast in the HMT-PMBI membrane for which the absorption maximum shifted 

from 546 nm to 566 nm. The observed bathochromic shift may be explained by J-

aggregation of acid fuchsin indicator due to their solid-state interaction when packed in 

a solid membrane. 

 

Figure 5-15. Comparison of absorbance spectra of the acid fuchsin indicator (--), 
HMT-PMBI polymer (--), acid fuchsin and HMT-PMBI dissolved 
DMSO-water solution (─), and 3.76 wt% acid fuchsin in HMT-PMBI a 
membrane immersed in water (─). 

Although the acid fuchsin cocast HMT-PMBI membranes was found to have a 

different absorption peak compared to acid fuchsin indicator in aqueous solutions, there 

is enough evidence to show the cocast membranes does change color as internal pH 

changes around pH 11-13. Therefore, the acid fuchsin cocast in HMT-PMBI 

membranes can be examined to investigate the local pH change in a membrane as the 

counter-ion changes from CO3
2- to OH-. 

Two concentrations of acid fuchsin in HMT-PMBI were initially studied: 1.75 wt% 

and 3.99 wt% as shown in Figure 5-16. The 1.75 wt% [acid fuchsin]mem was yellow in 

color to the naked eye in both the CO3
2- form and OH- form, while the 3.99 wt% [acid 

fuchsin]mem were orange in color in CO3
2- form and yellow in color in OH- form. This 

color difference is reflected in the absorbance change from its CO3
2- form to its OH- 
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form. Figure 5-17 shows a comparison of the absorbance change at the absorption 

maximum (566 nm) of the acid fuchsin in HMT-PMBI membranes with 1.75 wt% and 

3.99 wt% cocast concentrations. The absorbance at its absorption peak decreased by 

0.03 for the 1.75 wt% indicator membrane, which is similar to the absorbance change of 

0.04 for the 3.99 wt% indicator membrane. In order to visualize the color change as the 

local pH changes in the membrane, a cocast ratio of 3.99 wt% was chosen for 

demonstration because of the higher absorbance drop from its CO3
2- form to its OH- 

form. 
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Figure 5-16. Comparison of absorbance spectra and photographs of 1.75 wt% 
acid fuchsin (left) and 3.99 wt% acid fuchsin (right) in HMT-PMBI 
and equilibrated in 1.5 M KCl, 1.5 M KHCO3, 1.5 M K2CO3 and 1.5 M 
KOH. The dotted line in the absorption spectra indicates the 
absorption peakof acid fuchsin in aqueous solution (546 nm) 
reported in the litrature.128 
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Figure 5-17. Absorbance at absorption maximum (566 nm) of 1.75 wt% acid 
fuchsin (left) and 3.99 wt% acid fuchsin (right) in HMT-PMBI 
membranes. 

The color change of the acid fuchsin indicator in water, 2.0 M KCl, KHCO3, 

K2CO3 and KOH solutions was compared for HMT-PMBI membrane containing 3.99 

wt% acid fuchsin exposed to the same solutions as shown in Figure 5-18. The shade of 

red color for both acid fuchsin indicator and the acid fuchsin cocast HMT-PMBI 

membrane was found to gradually diminish as the pH increases in traversing the KCl, 

KHCO3, K2CO3 and KOH solutions. 

 

Figure 5-18. Photographs of acid fuchsnin indicator, pristine HMT-PMBI 
membrane, HMT-PMBI membranes containing 3.99 wt% acid 
fuchsin exposed in 2.0 M KCl, KHCO3, K2CO3 and KOH. 

5.3.3. Visualizing the ion exchange process during water electrolysis 

As shown in Chapter 4, the ion flushing process during water electrolysis can be 

visualized using the thymolphthalein incorporated into HMT-PMBI membranes. 
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However, thymolphthalein indicator is useful for visualising pH changed between 9.3 -

10.5 and can only differentiate HCO3
- from CO3

2- and OH-. To differentiate the 

exchange of CO3
2- to OH-, aniline blue and acid fuchsin were incorporated into HMT-

PMBI to visualize the ion flushing due to their higher pH range. 

As shown in Video 5-1. , HMT-PMBI membranes incorporating the 10.7 

wt% aniline blue changed from navy blue to maroon upon application of voltage (10 V) 

across the 1 cm long membrane. Because the useful pH range of the aniline blue 

indicator is 11.0 to 13.0, the observed color change indicates the OH- generated via 

water electrolysis increases the local pH > 13, since at pH > 13, HCO3
- is replaced with 

CO3
2-/OH- according the equilibrium of HCO3

-, CO3
2- and OH- shown inFigure 5-3. 

 

Video 5-1. The color change for 10.7 wt% aniline blue indicator in HMT-PMBI 
membrane. A voltage of 10 V was applied across the membrane. 
The membrane was exchanged to its HCO3

- form prior to the water 
electrolysis process. Video speed: 100 times. 

Note: If you are reading an electronic copy of this thesis, please click the image to be redirected 
to the video in the Summit Repository or use this link: https://summit.sfu.ca/item/38075 

Similarly, the visualization of the ion flushing process induced by water 

electrolysis was repeated with the 3.99 wt% acid fuchsin incorporated in HMT-PMBI 

membranes. As shown in Video 5-2, the membrane changed from a pink color to yellow 

color by applying a voltage of 10 V across the membrane. Because the pH range of the 

acid fuchsin indicator is 12.0-14.0, the observed color change indicates the OH- 

generated via water electrolysis increases the local pH > 14. The 3.99 wt% acid fuchsin 

incorporated in HMT-PMBI membrane remained orange color when immersed in 2.0 M 

K2CO3 solution and changed to yellow color when immersed in 2.0 M KOH solution as 

https://summit.sfu.ca/item/38075
https://summit.sfu.ca/item/38075
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shown in Figure 5-18. Therefore, it is reasonable to assume OH- generated by 

electrolysis flushes out HCO3
- initially presented in the membrane and reaches 

concentration equivalent to that of a membrane as the traditional solution exchanged 

using 2.0 M KOH solution.  

 

Video 5-2. Video of the color change of 3.99 wt% acid fuchsin indicator 
incorporated in HMT-PMBI membrane. A voltage of 10 V was 
applied across the membrane. The membrane was exchanged to its 
HCO3

- form prior to the water electrolysis process. Video speed: 
100 times. 

Note: If you are reading an electronic copy of this thesis, please click the image to be redirected 
to the video in the Summit Repository or use this link: https://summit.sfu.ca/item/38076 

5.3.4. True OH- conductivity 

The OH- conductivity plays a crucial role in distinguishing between various 

membranes and identifying those most suitable for fuel cell applications. However, 

accurately measuring the OH- conductivity is challenging due to the rapid interaction of 

OH− with atmospheric CO₂. This interaction leads to the replacement of OH- with larger 

and less mobile anions such as bicarbonate (HCO3
-) and carbonate (CO3

2-). The 

visualization of ion flushing process via water electrolysis suggests that the OH- can be 

generated by applying a voltage across the membrane. Therefore, the true OH- 

conductivity values were also measured using water electrolysis inside a glove box with 

constant 500 sccm N2 flow. The membrane was originally in its HCO3
- form via solution 

exchange by immersing the membrane in 2.0 M KHCO3 for at least 30 days at room 

temperature as evident in Figure 5-19. The membrane appears as bright pink color in 

its solution exchanged HCO3
- form.  The conductivity of the membrane was monitored 

https://summit.sfu.ca/item/38076
https://summit.sfu.ca/item/38076
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under continuous inert gas protection to avoid interference with atmospheric CO2, 

except for the period where the membrane was taken out of the glove box and a 

photograph of the membrane appearance was taken. At the first stage, the conductivity 

of the membrane increased by 10 mS/cm due to the increased temperature (room 

temperature to controlled 40°C) and relative humidity (atmospheric ~ 50% to controlled 

90%). The appearance of the membrane changed from a bright pink color to an orange 

color due to the equilibrium of shift from HCO3
- dominant to CO3

2- dominant. While the 

membrane was temporarily removed from the glove box to record the appearance of 

the membrane, the membrane was exposed to atmospheric CO2, dried out at 

atmospheric ~ 50% relative humidity, and cooled down to room temperature. Therefore, 

prior to applying a constant current of 100 μA to initiate the water electrolysis, the 

membrane was allowed to re-equilibrate to the same temperature and RH with no 

current applied. The conductivity decreased by 2 mS/cm, which may be explained by an 

the increased contact resistance as some regions the membrane may have lost contact 

with the Pt wire electrode while drying out in air. When a constant 100 μA current was 

applied, the conductivity of the membrane increased due to electrolytically generated 

OH-. The conductivity of the membrane increased 400% during the water electrolysis 

process. The membrane appears yellow for both the region between cathode and 

anode and outside the anode, orange for region outside the cathode. The yellow region 

of the membrane after electrolysis maybe explained as the OH- was generated via 

electrochemically splitting water at cathode and migrating towards the positively 

charged anode driven by the potential difference between electrodes. 
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Figure 5-19. Change of conductivity of HMT-PMBI membrane containing 3.99 
wt% acid fuchsin during water electrolysis with a 500 sccm flow of 
inert gas N2 protection. The membrane was originaly in HCO3

- form 
via solution exchange. Prior to applying a constant current of 100 
μA to electrolytically generate OH-, the membrane is pink. After 5 
hours equilibration to 40°C and 90%RH, the membrane changed to 
orange. The yellow color of the membrane after 15 hours 
electrolysis indicates it reaches pure OH- form. 

5.4. Conclusion and future work 

The previous chapter demonstrated the use of a pH indicator to visualize the 

local pH change in the anion exchange membrane during water electrolysis. However, 

the thymolphthalein indicator could not distinguish between CO3
2- and OH-. By using a 

higher pKa indicator (acid fuchsin), three distinct colours for HCO3
- (pink) CO3

2- 

(orange) and OH- (yellow) could be visualized. 

A variety of indicator/polymer concentrations were studied using aniline blue 

indicator and HMT-PMBI polymer. As the cocast concentration was increased from 0 

wt% to10 wt%, the membrane consistently displays as blue in NaHCO3 solution and red 

in both Na2CO3 and NaOH solutions. Therefore, a high cocast concentration of 10 wt% 

(10 mol% equivalent) only altered the color intensity of the membrane and does not 

contribute to the observed shift in pKa. The absorbance spectra confirmed aniline blue 

incorporated in HMT-PMBI membrane shifted to longer wavelength compared to the 

aniline blue indicator in aqueous solution. The absorption peak of both the CO3
2- form 
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and OH- form membrane was found to be ~ 522 nm, while the absorption peak of the 

aniline blue indicator shifted from 577 nm in 1 M Na2CO3 to 498 nm in 1 M NaOH. 

The absorption peak of the acid fuchsin cocast HMT-PMBI membrane was also 

found to be different than the acid fuchsin indicator in aqueous salt solutions. To 

understand the pKa change of acid fuchsin indicator in aqueous form and cocast with 

HMT-PMBI in membrane form, future work could be investigating the pKa of acid 

fuchsin in aqueous solution by a continuous titration among the broader pH range (e.g., 

pH 7 to 13). However, measuring the pKa of the acid fuchsin incorporated in HMT-PMBI 

membrane using a continuous titration may be challenging because the delayed 

response due to the time it takes for the hydrated ionic domains in the membrane 

equilibrate to the bulk solution into which the membrane is immersed. Alternatively, the 

pKa of the acid fuchsin in membrane should be determined using a similar method 

shown in Figure 5-14 with smaller pH increments (e.g., Δ pH 0.2) over a broad range of 

pH (e.g., pH 7 to 14).  

In addition, future work could focus on the search of an appropriate pH indicator 

with multiple absorption peaks at the visible region. The change of the pKa could be 

determined by the decrease of absorbance in one absorption peak and by the increase 

of absorbance in other absorption peak.  



123 

Chapter 6. Global Conclusion and Future Work 

The work presented in this thesis focuses on understanding the ion transport 

process that occurs in an anion exchange membrane by measuring the physiochemical 

properties of the membrane. Various anion forms (e.g. Cl-, HCO3
-, CO3

2- and OH-) were 

scrutinized. As a summary of the measurements taken: the degree of methylation of the 

polymer and the theoretical ion exchange capacity of the membrane were determined 

using NMR spectroscopic analysis, the water uptake and dimensional swell were 

determined using image analysis and gravimetric analysis, the conductivity of the 

membrane was determined using electrochemical impedance spectroscopy and linear 

sweep voltammetry, the experimental ion exchange capacity of a membrane and the 

pH of the bulk solution were determined using ion-selecting electrode and pH electrode, 

and finally, the color of the indicator and membranes were analyzed using UV-vis 

absorption spectra. 

In chapter 3, the conductivity of the commercialized polyimidazolium based 

membrane (Aemion+) was measured to study the effect of the polyolefin substrate 

reinforcement on the membrane performance for H2 fuel cell application. The protocols 

for measuring the conductivity of a membrane for both the in-plane and through-plane 

were optimized. The anisotropic ratio (through-plane / in-plane conductivity) of the 10 

μm reinforced Aemion+ in its Cl- form increased by 200% for every 10°C increase in 

temperature, while the 40 μm reinforced Aemion+ in its Cl- form increased less than 

10%. Therefore, the polyolefin reinforcement substrate has a greater impact on the 

membrane’s anisotropic property of a thinner membrane than a thicker membrane. The 

in-plane conductivity of the reinforced 40 μm Aemion+ membrane (Cl- form) was similar 

to the in-plane conductivity of monolithic 50 μm Aemion+ membrane (Cl- form); 

however, the through-plane conductivity of the reinforced 40 μm Aemion+ membrane 

(Cl- form) was only ¼ of the through-plane conductivity of the monolithic 50 μm Aemion+ 

membrane (Cl- form). Thus, the reinforcement substrate mainly affects the through-

plane conductivity. 

In chapter 4, a method was proposed for using a pH indicator to visualize the 

anion change in an anion exchange membrane, measuring the conductivity of the 

membrane in its pure OH- form by electrolytically generating OH- through water 
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electrolysis. The thymolphthalein-doped HMT-PMBI is yellow in its HCO3
- form and blue 

in its CO3
2- and OH- forms. The colour of the thymolphthalein-doped HMT-PMBI 

changes from yellow to blue after 15 hours of water electrolysis, indicating that the 

initially presented HCO3
- in the membrane was flushed out with the electrolytically 

generated OH-. The in-plane conductivity of the thymolphthalein-doped HMT-PMBI 

membrane increased by 400% after the electrolysis, which also indicates the anions in 

the membrane changed to a more mobile OH-. However, the thymolphthalein indicator 

could not distinguish between CO3
2- with OH- because its pH range where it changes 

colour of 9.4 -10.6. 

In chapter 5, indicators with higher pKa (aniline blue and acid fuchsin) were 

used to prepare the indicator doped membrane to distinguish CO3
2- and OH-. The 

aniline blue (pH range 11.0-13.0) doped HMT-PMBI membrane displays the same 

colour in its CO3
2-

 and OH- form, while the acid fuchsin (pH range 12.0-14.0) doped 

membrane displays three distinct colours for HCO3
- (pink) CO3

2- (orange) and OH- 

(yellow). The visualization of ion conversion from HCO3
- to OH- by water electrolysis 

was repeated with the HMT-PMBI membrane containing acid fuchsin indicator. The acid 

fuchsin in HMT-PMBI membrane was pink before applying a 100 μA current to initiate 

the water electrolysis reaction. As the membrane equilibrated to the target temperature 

and relative humidity in the environmental chamber, the pink colour changed to orange 

which indicates the presence of a mixture of HCO3
-, CO3

2- and OH-. The conductivity of 

the membrane increased by 400% for 15 hours of water electrolysis, and the membrane 

changed to yellow indicating the electrolytically generated OH- is the dominant charge 

carrier. 

The work presented in this thesis has provided experimental evidence that the 

water electrolysis on a bare membrane generated enough hydroxide ions which 

increased the local pH and the conductivity of the anion exchange membrane. The 

increased pH was visualized by the color change of the pH indicator doped membrane 

(HMT-PMBI with thymolphthalein, aniline blue and acid fuchsin indicators). The 

increased conductivity was calculated from the decreased slope of the potentiodynamic 

sweep. Future work in this area should include theoretical modeling of the anion 

concentration change to support the observed color change as shown in published by 

Kubannek et al in 2023.130 As the aniline blue and acid fuchsin indicator possesses a 

higher pKa than thymolphthalein, the simulation of the decarbonation process of the 
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aniline blue and acid fuchsin doped membrane should provide future evidence on the 

local pH change, especially in differentiating CO3
2- with OH-. 

 

Figure 6-1. Comparison of the experimental observed color change of the 
decarbonation process for an ldpe-btma membrane pretreated with 
0.2 wt% thymolphthalein solution (a) and the simulated OH- 
concentration (b). The decarbonation was conducted repeated with 
0.1 mA, 0.3 mA and 0.5 mA current. Adapted from ref130 

It is also worth designing specialized electrochemical cells to investigate other 

membrane materials. Hohenadel et al studied the “unwanted” co-ion leakage of anions 

from the catholyte to anolyte and cations from the anolyte to catholyte in a bipolar 

membrane using a specialized quartz cell and the thymolphthalein doped HMT-PMBI as 

the anion exchange component of the bipolar membrane.131  

This thesis only compared the Cl- conductivity of the AEMION® with and without 

reinforcement at two thickness (10 μm and 40 μm). Additional reinforcement should be 

investigated to investigate how does the through plane conductivity changed with the 

thickness of the membrane. 
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