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Abstract 

The development of chemically stable and mechanically robust hydrocarbon ion 

exchange membranes is critical for the advancement of water electrolyzers.  The acidic 

perfluorinated cation exchange membranes currently in use are expensive to manufacture, 

and pose significant environmental issues. Anion exchange membranes, which operate 

under basic conditions, are typically non-fluorinated, but lack stability in base and do not 

offer high ionic conductivities. In this thesis, novel hydrocarbon anion and cation 

exchange membranes were characterized electrochemically to better understand their 

properties and in-situ performance.  

In chapter 2, mono-pH systems are explored using a catalyst coated membrane 

placed in a water electrolysis cell. It was found that the hydrocarbon membranes used in 

this research can be successfully operated in water electrolysis cells, in particular 

hydrocarbon anion exchange membranes with enhanced stability in base.  

Hydrocarbon bipolar membranes, which consist of anion and cation exchange 

membrane layers, were explored in chapters 3 and 4 using a 4-electrode system. Using 

bipolar membranes allows for the anode and cathode reactions to occur at different pHs. 

In chapter 3, we showed the effects of utilizing a 3D junction at the bipolar membrane 

interface with and without a water dissociation catalyst. Chapter 4 illustrates how varying 

anion and cation exchange membrane thickness within a bipolar membrane effects 

performance, as measured by current-voltage curves and a novel spectroelectrochemical 

method. This data was then correlated with permselectivity measurements to show the 

relationship between permselectivity of a single bulk layer and co-ion leakage currents 

through the bipolar membrane. Through this work it was confirmed that bipolar 

membranes with high surface area junctions and water dissociation catalysts exhibit 

better performance. Additionally, it was shown that the thickness of individual CEM and 

AEM layer should be tailored to each polymer’s permselectivity to maximize water 

dissociation efficiency. However, the bipolar membranes used in this research suffered 

from a lack of adhesion when using a water dissociation catalyst. Alternative methods for 

bipolar membrane fabrication should continue to be explored. 

 



iv 

Keywords:  ion exchange membrane; hydrocarbon membrane; bipolar membrane; 

water electrolysis; water dissociation; spectroelectrochemistry 



v 

Dedication 

 

 

 

 

To Sam, for never being surprised by my accomplishments. 

 



vi 

Acknowledgements 

I would like to thank Dr. Steven Holdcroft for giving me the opportunity to be 

part of his research group. I am immensely grateful to have had such an excellent mentor 

throughout graduate school.  

I would like to thank my committee members, Prof. Corina Andreoiu and Prof. 

George Agnes, as well as the other faculty members of the SFU chemistry department. I 

appreciate the insightful comments and constructive feedback I have received at 

committee meetings, poster presentations, and oral presentations. 

There are many members of the Holdcroft lab I would like to thank including, but 

not limited to, Dr. Benjamin Britton, Dr. Thomas Skalski, Dr. Patrick Fortin, Dr. Mike 

Adamski, Dr. Peter Mardle, Dr. Jiantao Fan, Dr. Hsu-Feng Lee, Sydney Cao and Binyu 

Chen. You have all provided materials, shared your expertise, and helped me immensely 

through this journey. 

I am grateful for the SFU glass shop, machine shop, electronics shop and 4D labs. 

The work presented in this thesis was possible because of the instruments and hardware I 

had access to. I would like to thank the NiElectroCan project, SINTEF, and Vanderbilt 

University for the wonderful collaborations that enriched my Ph.D. 

I would like to thank Diana Holton-Hinshaw and Prof. Gary Hinshaw for their 

continued support, encouragement and help over the past seven years. Finally, I would 

like to thank my parents for their encouragement, not just through graduate school, but 

through the many years of schooling that got me here.  



vii 

Table of Contents 

Declaration of Committee ................................................................................................... ii 

Abstract .............................................................................................................................. iii 

Dedication ........................................................................................................................... v 

Acknowledgements ............................................................................................................ vi 

Table of Contents .............................................................................................................. vii 

List of Tables ...................................................................................................................... x 

List of Figures .................................................................................................................... xi 

List of Acronyms ............................................................................................................ xvii 

Chapter 1. Introduction ............................................................................................... 1 

1.1. The Hydrogen Economy ........................................................................................... 1 

1.2. Hydrogen Production Methods ................................................................................. 2 

1.2.1. Fossil Fuel Based Methods ......................................................................... 2 

1.2.2. Water Electrolysis ....................................................................................... 2 
Traditional Alkaline Water Electrolysis ............................................................................. 4 
Proton Exchange Membrane Water Electrolysis ............................................................... 4 

1.3. Ion Exchange Membranes ........................................................................................ 7 

1.3.1. Overview ..................................................................................................... 7 

1.3.2. Proton Exchange Membranes ..................................................................... 8 

1.3.3. Anion Exchange Membranes ...................................................................... 9 

1.3.4. Characterization of Ion Exchange Membranes ......................................... 11 

1.4. Bipolar Membranes ................................................................................................. 14 

1.4.1. Overview ................................................................................................... 14 

1.4.2. Applications of Bipolar Membranes ......................................................... 17 
Electrodialysis ...................................................................................................................17 
Water Electrolysis .............................................................................................................18 

1.5. Experimental Methods ............................................................................................ 23 

1.5.1. Current-Voltage Characteristics of Electrolyzer Systems ........................ 23 
Two-electrode Measurements with Proton and Anion Exchange Membrane Water 

Electrolyzers ................................................................................................................23 
Four-electrode measurements with Bipolar Membrane Water Electrolyzers ...................25 

1.5.2. Electrochemical Impedance Spectroscopy ............................................... 26 

1.5.3. UV/Vis Reflectance Spectroscopy ............................................................ 29 

1.5.4. Membrane Permselectivity ....................................................................... 29 

1.6. Thesis Scope ........................................................................................................... 29 

Chapter 2. Water Electrolysis Using Hydrocarbon Ion Exchange Materials in 

Mono-pH Systems ................................................................................................. 32 

2.1. Proton Exchange Membrane Water Electrolysis With Sulfonated poly(arylene 

ether), SPAE ........................................................................................................... 32 

2.1.1. Introduction ............................................................................................... 32 



viii 

2.1.2. Experimental ............................................................................................. 35 
MEA Preparation and Cell Construction ..........................................................................35 
Electrochemical Characterization .....................................................................................36 

2.1.3. Results and Discussion ............................................................................. 37 

2.2. Anion Exchange Membrane Water Electrolysis with Poly(bis-arylimidazoliums) 45 

2.2.1. Introduction ............................................................................................... 45 

2.2.2. Experimental ............................................................................................. 48 

2.2.3. Results and Discussion ............................................................................. 49 

2.2.4. Conclusion ................................................................................................ 51 

Chapter 3. Electrochemical Characterization of Hydrocarbon Bipolar 

Membranes with Varying Junction Morphology .............................................. 52 

3.1. Introduction ............................................................................................................. 52 

3.2. Experimental ........................................................................................................... 57 

3.2.1. Materials ................................................................................................... 57 

3.2.2. Membrane Preparation .............................................................................. 58 

3.2.3. Membrane Characterization ...................................................................... 58 

3.2.4. Junction Preparation.................................................................................. 60 

3.2.5. Bipolar Membrane Preparation ................................................................. 61 

3.2.6. Electrochemical Characterization. ............................................................ 62 

3.3. Results and Discussion ........................................................................................... 63 

3.4. Conclusion .............................................................................................................. 71 

Chapter 4. Spectroelectrochemical Detection of the Onset of Water Dissociation 

in Bipolar Membranes .......................................................................................... 73 

4.1. Introduction ............................................................................................................. 73 

4.2. Experimental ........................................................................................................... 80 

4.2.1. Materials ................................................................................................... 80 

4.2.2. Physical Characterization.......................................................................... 81 

4.2.3. BPM Fabrication ....................................................................................... 82 

4.2.4. Electrochemical Characterization ............................................................. 83 

4.2.5. UV/Vis Spectroscopy................................................................................ 85 

4.2.6. Permselectivity Measurements ................................................................. 86 

4.3. Results and Discussion ........................................................................................... 88 

4.3.1. IV Curve Analysis..................................................................................... 88 

4.3.2. Permselectivity .......................................................................................... 90 

4.3.3. Spectroelectrochemical Analysis .............................................................. 92 

4.3.4. Electrochemical Impedance Spectroscopy ............................................... 98 

4.4. Conclusion ............................................................................................................ 105 

Chapter 5. Conclusions and Future Directions ..................................................... 107 

5.1. Conclusions ........................................................................................................... 107 



ix 

5.1.1. Mono-pH Water Electrolysis .................................................................. 107 

5.1.2. Bipolar Membrane Water Electrolysis .................................................... 108 

5.2. Future Directions .................................................................................................. 109 

5.2.1. Water Electrolysis ................................................................................... 109 

5.2.2. Bipolar Membranes ................................................................................. 110 

References ...................................................................................................................... 113 
 



x 

List of Tables 

Table 1-1 Comparison of materials and operating conditions for traditional alkaline, 

PEM, AEM, and BPM water electrolysis methods................................... 21 

Table 1-2 Advantages and disadvantages of alkaline, PEM, AEM, and BPM water 

electrolysis methods. ................................................................................. 22 

Table 2-1 Ion exchange capacity (IEC), water sorption, and dimensional stability of 

sulfonated poly(arylene ether) (SPAE) ..................................................... 34 

Table 2-2 Oxidative stability of sulfonated poly(arylene ether) (SPAE) of various 

molecular weights and NafionTM 211. ...................................................... 35 

Table 2-3 Circuit element values for the Greenerity®, sulfonated poly(arylene ether) 

(SPAE), and NafionTM 115 membranes at 60 °C after fitting EIS data 

using EC-Lab Z-fit software. .................................................................... 41 

Table 2-4  Circuit element values for the Greenerity®, sulfonated poly(arylene ether) 

(SPAE), and NafionTM 115 membranes at 70 °C after fitting EIS data 

using EC-Lab Z-fit software. .................................................................... 42 

Table 2-5  Circuit element values for the Greenerity®, sulfonated poly(arylene ether) 

(SPAE), and NafionTM 115 membranes at 80 °C after fitting EIS data 

using EC-Lab Z-fit software. .................................................................... 43 

Table 3-1 3D Electrospun junctions .......................................................................... 61 

Table 3-2 Bipolar membranes fabricated for this work with thicknesses of bulk PEM 

and AEM materials. .................................................................................. 62 

Table 4-1  Properties of the polymers used in this study. ......................................... 82 

Table 4-2  Complete list of BPMs used in this study with corresponding thicknesses 

of the AEM, hexamethyl-p-terphenyl poly(methylbenzamidazolium) 

(HMT-PMBI), and CEM, sulfonated phenylated polyphenylene with a 

biphenyl linker unit (SPPB) ...................................................................... 83 

Table 4-3  Analysis of the high-frequency features for samples A2, C2, and F2. The 

applied direct current is shown with the -z phase maximum, the frequency 

at which the maximum occurs, and the DC voltage component of the 

measured voltage at the frequency shown. ............................................. 101 

Table 4-4  Analysis of the high-frequency features for samples F1, G1, and H1. The 

applied direct current is shown with the -z phase maximum, the frequency 

at which the maximum occurs, and the DC voltage component of the 

measured voltage at the frequency shown. ............................................. 103 

 



xi 

List of Figures 

Figure 1.1 Diagram of a proton exchange membrane water electrolyzer. Protons 

migrate from anode to cathode through a polymer with fixed negative 

charges. Reactions at the anode and cathode electrodes and commonly 

used catalysts are shown. ............................................................................ 5 

Figure 1.2  Diagram of single water electrolysis cell utilizing an ion exchange 

membrane. At the center is the membrane which conducts either protons 

or hydroxide ions. Chemical reactions occur in the catalyst layers on either 

side. The porous transport layers (PTL), also referred to as the gas 

diffusion layers (GDL), sits between the bipolar plate and catalyst layer. . 6 

Figure 1.3 Diagram of an anion exchange membrane water electrolyzer. Hydroxide 

ions migrate from cathode to anode through a polymer with fixed positive 

charges. Reactions at the anode and cathode electrodes and commonly 

used catalysts are shown. ............................................................................ 7 

Figure 1.4 Chemical structure of DuPont’s NafionTM membrane. Typically, a≥1, 

b=2, x=5-13.5, y=1000. Similar fluorinated PEMs exist with varying 

values for these repeating units.27 ............................................................... 8 

Figure 1.5 Structures of common hydrocarbon PEMs. (a) sulfonated polystyrene, (b) 

poly (ether sulfone), (c) sulfoarylated polybenzimidazole, (d)Sulfonated 

poly (ether ether ketone) ............................................................................. 9 

Figure 1.6 Common cationic groups in AEMs. (a) quaternary ammonium, (b) 

DABCO, (c) imidazolium, (d) benzimidazolium, (e) guanidinium, (f) 

quaternary phosphonium. .......................................................................... 10 

Figure 1.7  Common degradation pathways for anion exchange membranes in the 

presence of strong base. Reproduced from Ref 21 under the terms of CC 

by 3.0 license https://creativecommons.org/licenses/by/3.0/legalcode. ... 11 

Figure 1.8 The bipolar membrane (BPM) interface under reverse-bias polarization. 

Co-ion leakage currents, the movement of anions from catholyte to 

anolyte and cations from anolyte to catholyte are shown with red arrows.  

A breakdown of electroneutrality and creation of an electric field occurs at 

(BPM) interface due to the absence of mobile ions. ................................. 14 

Figure 1.9 A closer look at the bipolar membrane interface under reverse-bias 

polarization. A strong electric field forms in a region referred to as the 

space-charge region. Here, water molcules align such that rapid proton 

transfer is possible..................................................................................... 15 

Figure 1.10  Schematic of an electrodialysis cell. A bipolar membrane (BPM) under 

reverse-bias polarization produces protons and hydroxide ions. Cations 

(M+) from an adjacent salt stream migrate through a proton exchange 

membrane (PEM) while anions (X-) similarily migrate though an anion 

exchange membrane (AEM). This ions combine with the protons and 

hydroxide ions produced by the BPM such that acid and base streams are 

produced from salt solution and water. ..................................................... 18 



xii 

Figure 1.11  Typical current-voltage curve for a water electrolysis cell divided into 

kinetic, ohmic, and mass transport regions. Both the reversible, V0
rev, and 

thermoneutral, V0
th, voltages are shown. The difference between these 

voltages is the thermal contribution, T∆S. This may be supplied through 

an external heating source, leaving a required voltage of 1.23 V, or 

through the applied voltage thus requiring 1.48 V. The difference between 

the calculated theoretical voltage and the measured voltage is called the 

overpotential. ............................................................................................ 24 

Figure 1.12  Estimated individual overpotential contributions to typical current-voltage 

curve for a water electrolysis cell assuming all required energy is supplied 

in the form of electricity. .......................................................................... 25 

Figure 1.13  Typical current-voltage curve for a bipolar membrane run under forward 

and reverse bias.69 Reprinted with permission from Pärnamäe, R.; Mareev, 

S.; Nikonenko, V.; Melnikov, S.; Sheldeshov, N.; Zabolotskii, V.; 

Hamelers, H. V. M.; Tedesco, M. J. Memb. Sci. 2021, 617. 

https://doi.org/10.1016/j.memsci.2020.118538. Copyright 2021 Elsevier.

................................................................................................................... 26 

Figure 1.14  (a) Common equivalent circuit used in electrochemical impedance 

spectroscopy, Randles circuit. Ohmic resistance, Rohmic, is in series with 

activation resistance, Ract., and double layer capacitance, Cdl. (b) Nyquist 

plot showing Randles circuit shown with corresponding resistances and 

double-layer capacitance as it related to the apex frequency, ωapex, and 

activation resistance. The x-axis real impedance, the y-axis is negative 

imaginary imedance. ................................................................................. 27 

Figure 2.1 Structure of sulfonated poly(arylene ether) (SPAE) in its acid form. ....... 34 

Figure 2.2 Proton conductivity of sulfonated poly(arylene ether) (SPAE) of various 

molecular weights and NafionTM 211 as a function of relative humidity at 

80oC. Figure prepared by Dr. Hsu-Feng Lee. ........................................... 35 

Figure 2.3 (A) Polarization curves (forward scans) comparing sulfonated 

poly(arylene ether) (SPAE), NafionTM 115, and Greenerity® MEAs at 70 

°C. (B) Polarization curve of SPAE at 80 °C showing the forward and 

backward scans. Dashed lines represent curves which have been iR-

corrected using the high-frequency resistance obtained with EIS. ........... 39 

Figure 2.4 Photograph of disassembled water electrolyzer cell using sulphonated 

poly(arylene ether) (SPAE). Catalyst layers are completely delaminated 

from the membrane and adhered to the porous transport layers (PTL). The 

gold coating on the bipolar plates has begun to delaminate after a single 

use. ............................................................................................................ 40 

Figure 2.5 Equivalent circuits used for fitting electrochemical impedance 

spectroscopy (EIS) data with R representing resistors and Q representing 

constant phase elements. Circuit 1 is used to fit sulphonated poly(arylene 

ether) (SPAE) and Greenerity® cells. Circuit 2 was chosen for fitting 

NafionTM as it provides a better fit the data. ............................................. 40 



xiii 

Figure 2.6  Nyquist plot comparing Greenerity®, sulfonated poly(arylene ether) 

(SPAE) and NafionTM 115 at 60 °C. Greenerity® was held at a current 

density of 0.4 A/cm2 while both SPAE and NafionTM were held at 0.35 

A/cm2. Dots represent data points and dashed lines represent fitting to an 

equivilant circuit by EC-Lab Z-fit software. ............................................. 41 

Figure 2.7  Nyquist plot comparing Greenerity®, sulfonated poly(arylene ether) 

(SPAE) and NafionTM 115 at 70 °C. Greenerity® was held at a current 

density of 0.4 A/cm2 while both sulfonated poly(arylene ether) (SPAE) 

and NafionTM were held at 0.35 A/cm2. Dots represent data points and 

dashed lines represent fitting to an equivilant circuit by EC-Lab Z-fit 

software. .................................................................................................... 42 

Figure 2.8  Nyquist plot comparing Greenerity®, sulfonated poly(arylene ether) 

(SPAE) and NafionTM 115 at 80 °C. Greenerity® was held at a current 

density of 0.4 A/cm2 while both sulfonated poly(arylene ether) (SPAE) 

and NafionTM were held at 0.35 A/cm2. Dots represent data points and 

dashed lines represent fitting to an equivilant circuit by EC-Lab Z-fit 

software. .................................................................................................... 43 

Figure 2.9 Nyquist plots comparing Greenerity®, sulfonated poly(arylene ether) 

(SPAE) and NafionTM 115 at various DC current densities. ..................... 44 

Figure 2.10 Structures of (A) hexamethyl p-terphenyl poly(arylene-imidazolium) 

(HMT-PMPI) from Ref [61] highlighting the methyl groups sterically 

protecting the C2 position of the imidazolium ion and (B) poly(bis-

arylimidazoliums) (PAImXY) where X and Y represent alkyl chains R1 

and R2 from Ref [42]. ............................................................................... 47 

Figure 2.11 Properties of poly(bis-arylimidazoliums) (PAImXY) where X and Y 

represent alkyl chains R1 and R2 at the N1 and N3 positions of the 

imidazolium. (a) Ionic conductivity in Cl- form at various temperatures 

under 95% RH. (b) Ionic conductivity at 80 °C, 95 % RH vs. IEC. (c) 

Stability of PAImXY to caustic solution after immersion in 10M KOH at 

80 °C for 240 h. (d) Calculated half-life. Figures prepared by Dr. Jiantao 

Fan.43 ......................................................................................................... 48 

Figure 2.12 (A) Polarization curves of poly(bis-arylimidazoliums) with ethyl groups at 

the N1/N3 positions (PAImEE) [25 μm thick] and butyl groups at the 

N1/N3 positions (PAImBB) [20 μm thick] AEM electrolyzer at 60 °C. (B) 

Polarization curves of PAImEE [13 μm thick] AEM electrolyzer at 60, 70 

and 80 °C in 6M KOH. Figures prepared by Dr. Jiantao Fan. .................. 50 

Figure 2.13 Poly(bis-arylimidazolium) with ethyl groups at the N1/N3 positions 

(PAImEE) [25 μm] maintained at 400 mA cm−2, and FAA-3 [25 μm] at 20 

mA cm−2 at 60 °C. The difference in voltage between FAA-3 and 

PAImEE in can be attributed to the different current densities at which the 

cell was operated. Figures prepared by Dr. Jiantao Fan. .......................... 50 

Figure 3.1. Depiction of reverse-bias operation for an electrolytic cell incorporating a 

bipolar membrane. .................................................................................... 54 



xiv 

Figure 3.2 Structures of PEMs, SPEEK and SPPB, and AEMS, QPPO and HMT-

PMBI. ........................................................................................................ 56 

Figure 3.3 Construction of BPMs I-IV with identical bulk regions and varying 

interfaces. Sulfonated phenylated polyphenylene(biphenyl) (SPPB) is 

shown in orange and hexamethyl-p-terphenyl poly(benzimidazole) (HMT-

PMBI) in blue. Junction #1 consists of sulphonated poly(ether ether 

ketone) (SPEEK) and quaternary poly(phenylene oxide) (QPPO) and 

Junction #2 consisting of SPPB and HMT-PMBI. ................................... 57 

Figure 3.4 4-electrode electrochemical cell used for bipolar membrane 

characterization. Ag/AgCl electrodes were used as reference electrodes 

with Pt wire as working and counter electrodes. Both compartments were 

filled with 0.5 M Na2SO4 for initial experiments at neutral pH. For 

experiments run with a pH gradient, 1 M NaOH was used as the anolyte 

and 1M H2SO4 as the catholyte. ................................................................ 63 

Figure 3.5 Polarization curves of various BPMs in (A) 0.5 M Na2SO4 solution; (B) 

acidic catholyte, 1 M H2SO4, and basic anolyte, 1 M NaOH, at room 

temperature. The dotted line at 0.83 V represents the theoretical potential 

for dissociation of water at 25°C. ............................................................. 65 

Figure 3.6 Magnified regions of Figure 5 showing co-ion leakage currents of BPMs 

in (A) 0.5 M Na2SO4 solution; (B) acidic catholyte, 1 M H2SO4, and basic 

anolyte, 1 M NaOH at room temperature. The dotted line at 0.83 V 

represents the theoretical potential for dissociation of water at 25°C. ..... 67 

Figure 3.7 Forward (dotted line) and reverse (solid line) bias experiment with an 

acidic catholyte, 1 M H2SO4, and basic anolyte, 1 M NaOH (B) at room 

temperature. The dotted line at 0.83 V represents the theoretical water 

dissociation potential at 25°C across a pH gradient of 14. ....................... 69 

Figure 3.8 Diagram of ion movement occurring when a bipolar membrane, 

equilibrated in Na2SO4, is operated under forward bias with an acidic 

anolyte, 1 M H2SO4, and basic catholyte, 1 M NaOH (B) at room 

temperature. Dashed red arrows show co-ion leakage, solid blue arrows 

show recombination of ions at the interface, and solid purple arrows show 

the movement of ions in catholyte and anolyte into the membrane. ........ 70 

Figure 3.9 Top view SEM image of pristine Junction 1 and Junction 2. ................... 71 

Figure 3.10 Cross-sectional SEM of BPM I and BPM II after electrochemical 

characterization showing extensive delamination of BPM II. .................. 71 

Figure 4.1  Potential distribution across a BPM and surrounding solution showing the 

Donnan potentials that occur at each membrane|solution interface, VDon, 

and the potential occurring at the AEM|CEM junction, Vj. The potential 

measured by reference electrodes on either side of the BPM in a typical 4-

electrode cell is the sum of these three potentials and is represented by Vm.

................................................................................................................... 76 

Figure 4.2 Typical bipolar membrane polarization curve obtained from a four-

electrode cell operated in a pH neutral electrolyte. Points A and B define 

the bounds of the limiting current density which has historically been 



xv 

attributed to co-ion leakage current. Point B shows the standard water 

dissociation potential assuming a pH difference of 14 across the interface, 

i.e., 0.83 V. ................................................................................................ 77 

Figure 4.3  UV-Vis spectra of BPM with thymolphthalein doped hexamethyl-p-

terphenyl poly(methylbenzamidazolium) (HMT-PMBI) used as bulk AEM 

material under reverse polarization at 0, 10.5, and 25 mA cm-2, and 

sulfonated phenylated polyphenylene with a biphenyl linker unit (SPPB) 

CEM.  As OH- ions are formed at the AEM|CEM interface and migrate 

through the AEM. Deprotonation of pH indicator, thymolphthalein, 

creates a visible colour change. ................................................................ 79 

Figure 4.4  Chemical structures of the anion exchange membrane, hexamethyl-p-

terphenyl poly(methylbenzamidazolium), HMT-PMBI, the cation 

exchange membrane sulphophenylated polyphenylene with a biphenyl 

linker, SPPB, and thymolphthalein indicator in its protonated and 

deprotonated form. .................................................................................... 81 

Figure 4.5  4-Electrode quartz H-cell used for spectroelectrochemical measurements. 

Two compartments containing 0.5 M Na2SO4 solution are separated by the 

bipolar membrane (BPM). Ag/AgCl reference electrodes (RE) monitor the 

voltage across the BPM while Pt flag electrodes served as the working 

electrode (WE) and counter electrode (CE). A UV/Vis reflectance probe 

was used to simultaneously measure the absorbance of the BPM. Light 

emitted from this probe passed through the quartz cell, and mirror placed 

behind the quartz cell reflects it back through the BPM, creating a stronger 

absorbance signal and improving the signal to noise ratio. Figure prepared 

by Celeste Jhala......................................................................................... 85 

Figure 4.6  (a) Polarization curves of BPM series A (CEM 42 µm| AEM 21 µm), C 

(CEM 25 µm| AEM 21 µm), and E (CEM 13 µm| AEM 20 µm), and (b) 

polarization curves of BPM series F (CEM 31 µm| AEM 21 µm), G (CEM 

30 µm| AEM 31 µm), and H (CEM 32 µm| AEM 40 µm) obtained using a 

4-electrode cell flowing 12-13 mL/min Na2SO4 solution at room 

temperature. Each point represents the mean value of the final potentials 

with error bars at one standard error of the mean. .................................... 89 

Figure 4.7  Comparison of polarization data from series B (CEM 33±1 µm| AEM 

20±1 µm) and series F (CEM 31±1 µm| AEM 21±1 µm) under identical 

conditions. The sulfonated phenylated polyphenylene with a biphenyl 

linker unit (SPPB) polymer, used as the CEM, was identical for these two 

series, but the hexamethyl-p-terphenyl poly(methylbenzamidazolium) 

(HMT-PMBI) polymer, used as the AEM, had different ion exchange 

capacities of 2.27 and 2.36 mmol g-1 in the OH- form for series B and F, 

respectively. .............................................................................................. 90 

Figure 4.8  Permselectivity values for the membranes used in this study obtained 

using the static method in a concentration gradient cell with 0.5 M and 0.1 

M NaCl solutions at room temperature. (a) Permselectivity of Na+ through 

sulfonated phenylated polyphenylene with a biphenyl linker unit (SPPB) 

as function of membrane thickness. (b) Permselectivity of Cl- through 



xvi 

hexamethyl-p-terphenyl poly(methylbenzamidazolium) (HMT-PMBI) as a 

function of membrane thickness. .............................................................. 92 

Figure 4.9  (a) Average absorbance vs potential for BPMs in series A, C, and E. 

Individual absorbance measurements are plotted in figure 8. Absorbances 

shown are averages of 0.1 V increments with error bars at one standard 

deviation. (b) Average absorbance vs current density for BPMs in series 

A, C, and E with error bars are at one standard error. .............................. 96 

Figure 4.10  The voltage (dark blue) across the membrane and absorbance (red) of 

BPM C3 consisting of 21 µm hexamethyl-p-terphenyl 

poly(methylbenzamidazolium) (HMT-PMBI) and 23 µm sulfonated 

phenylated polyphenylene with a biphenyl linker unit (SPPB) vs. time, as 

a function of current density. The numbers in green above each voltage 

step show the current density in mA cm-2 which was applied across the 

BPM. Between each current density hold the current was dropped to 0 mA 

cm-2 for two minutes. The horizontal dotted line across the graph is at 0.83 

V. ............................................................................................................... 97 

Figure 4.11  Bode plots comparing, (a) BPMs of varying CEM thickness when a direct 

current of 12 mA cm-2 is drawn, and (b) BPMs of varying AEM thickness 

when a direct current of 6 mA cm-2 is drawn. For details, see the 

experimental section. ................................................................................ 99 

Figure 4.12  Z-phase component of Bode plots obtained from EIS measurements for 

BPMs in series A (b), C (b), and E (c) at different applied direct currents. 

The applied alternating current was half of the direct current. The 

alternating current applied at 0 mA cm-2 was 2 mA cm-2. EIS was 

performed at room temperature in a 4-electrode cell with 0.5 M Na2SO4 

circulating through the both compartments. ........................................... 100 

Figure 4.13  Z-phase component of Bode plots obtained from EIS measurements for 

BPMs in series F (b), G (b), and H (c) at different applied direct currents. 

The applied alternating current was half of the direct current. The 

alternating current applied at 0 mA cm-2 was 2 mA cm-2. EIS was 

performed at room temperature in a 4-electrode cell with 0.5 M Na2SO4 

circulating through the both compartments. ........................................... 102 

Figure 4.14  Nyquist plots for BPM samples A2, C2, and E2 at 0, 6, 12, and 20 mA cm-

2 applied direct current. The applied alternating current was half of the 

direct current. The alternating current applied at 0 mA cm-2 was 2 mA cm-

2. EIS was performed at room temperature in a 4-electrode cell with 0.5 M 

Na2SO4 circulating through the both compartments. .............................. 104 

Figure 4.15  Nyquist plots for BPM samples F1, G1, and H1 at 0, 3, and 6 mA cm-2 

applied direct current. The applied alternating current was half of the 

direct current. The alternating current applied at 0 mA cm-2 was 2 mA cm-

2. EIS was performed at room temperature in a 4-electrode cell with 0.5 M 

Na2SO4 circulating through the both compartments. .............................. 105 

 



xvii 

List of Acronyms 

AC Alternating current 

AEM Anion exchange membrane 

BPM Bipolar membrane 

CE Counter electrode 

CEM Cation exchange membrane (interchangeable with PEM) 

CPE Constant phase element, Q 

DABCO Diazabicyclo[2,2,2]octane 

DC Direct current 

DFT Density functional theory 

DI Deionized 

DMAc Dimethylacetamide 

DMF Dimethyl formamide 

DMSO Dimethyl sulfoxide 

EDX Energy dispersive X-ray spectroscopy 

EIS Electrochemical impedance spectroscopy 

GDL Gas diffusion layer 

HER Hydrogen evolution reaction 

HFR High frequency resistance 

HMT-PMBI Hexamethyl-p-terphenyl poly(benzimidazolium) 

HMT-PMPI hexamethyl p-terphenyl poly(arylene-imidazolium) 

ICP-MS Inductively coupled plasma – mass spectrometry 

IEC Ion exchange capacity 

IEM Ion exchange membrane 

MEA Membrane-electrode assembly 

MW Molecular weight 

OER  Oxygen evolution reaction 

PAA Poly(acrylic acid) 



xviii 

PAImXY Poly(bis-arylimidazolium), X and Y represent the alkyl chains at the 

N1 and N2 positions 

PBI Polybenzimidazole 

PEM Proton exchange membrane (interchangeable with CEM) 

PFSA Perfluorosulfonic acid 

PTL Porous transport layer 

PVP Poly(4-vinylpyrrolidone) 

QPPO Quaternary poly(2,6-dimethyl-1,4-phenylene oxide) 

RE Reference electrode 

RH Relative humidity 

SEM Scanning electron microscope 

SPAE Sulfonated poly(arylene) ether 

SPEEK Sulfonated poly(ether ether ketone) 

SPPB Sulfonated phenylated polyphenylene(biphenyl) 

TMA Trimethylamine 

UV/Vis Ultraviolet/Visible 

WE Water electrolysis OR Working electrode 

WU Water uptake 

 



1 

Chapter 1.  

 

Introduction 

1.1.  The Hydrogen Economy 

Through the combustion of fossil fuels, humans have had access to a relatively 

inexpensive and seemingly endless supply of energy for more than a century. However, 

as fossil fuel reserves dwindle and the environmental impacts of atmospheric carbon 

dioxide become increasingly threatening, alternative means of energy production and 

storage are vital. Models predict that by 2045 global energy consumption will have 

increased between 20% to 75 % from 2015. Electricity consumption is expected to grow 

between 150% and 300% during that time.1 Alternative sources of energy must be 

utilized to meet these growing demands. Even more conservative estimates of global 

energy usage require a significant increase in energy from renewable sources.2 

One notable drawback to using renewable energy sources such as wind, solar, and 

tidal power is that these energy sources are intermittent and often unpredictable. This 

leads to discrepancies between energy generation and demand creating two problems: the 

potential for energy deficits, and the question of what to do with excess electricity.3 

Increasing global reliance on renewables will require a suitable energy storage medium to 

solve these problems. 

Hydrogen gas is an excellent energy storage medium as it is non-toxic, 

sustainable, and energy dense.4,5 In the targets set out by the International Energy 

Agency, the path to net-zero CO2 emissions by 2050 includes an astounding 30% 

contribution from hydrogen-based energy sources, primarily in the transportation sector.2  

The energy density by weight of hydrogen gas is almost three times that of 

gasoline which makes it particularity useful for transportation. The complementary roles 

of battery powered electric vehicles and hydrogen fuel cell vehicles are discussed in 

detail by Andrews et. al.6 The energy stored by batteries scales nearly linearly with 

weight; as more energy is needed the weight of the batteries increase proportionally. By 
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contrast, increasing energy for a hydrogen fuel cell only requires increasing the mass of 

hydrogen gas. This makes hydrogen fuel cells attractive for long-range and heavy duty 

transportation.7,8 However, its low volumetric energy density requires storage in 

compressed or liquefied form, or through chemical means by using hydrides or sorbents.9 

1.2. Hydrogen Production Methods 

1.2.1. Fossil Fuel Based Methods 

Although hydrogen is the most abundant element in universe, hydrogen gas is not 

naturally available and must be produced from raw materials such as hydrocarbons or 

water. In 2019 it was reported that approximately three-quarters of hydrogen was 

produced from natural gas with the remaining produced mainly from coal. Hydrogen may 

be extracted from fossil fuels using a variety of methods. Steam reformation is the 

process most commonly used with natural gas while partial oxidation is used for 

hydrogen produced from oil and coal. The majority of this hydrogen is used for 

petroleum refining and ammonia synthesis.10  

For hydrogen gas to act as a clean energy storage medium, its production must be 

renewable. For every one tonne of hydrogen produced through the aforementioned fossil 

fuel based methods, between 10 and 19 tonnes of carbon dioxide are produced.10 These 

emissions may be reduced through implementation of carbon capture utilization and 

storage but this can be costly and does not reduce emissions by 100%. Additionally, the 

hydrogen produced from sources like coal contain impurities which may not be suitable 

for applications such as fuel cells.11 

1.2.2. Water Electrolysis 

Water electrolysis (WE) describes the process in which electricity drives the 

splitting of water into hydrogen and oxygen gases shown in equation 1. Hydrogen and 

oxygen evolve at the cathode and anode, respectively, while ionic current is carried by 

H+, OH-, or a combination of both ions depending on the system used. 

(1)   𝐻2𝑂(𝑙) → 𝐻2 (𝑔) +
1

2
𝑂2 (𝑔) 
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This process is non-spontaneous (∆𝐺 > 0), and endothermic (∆𝐻 > 0) thus 

requiring electrical and/or thermal energy. The Gibbs free energy of the reaction, ∆𝐺𝑅, 

can be calculated from the enthalpy of the reaction, ∆𝐻𝑅, temperature, 𝑇, and entropy of 

the reaction, ∆𝑆𝑅, as shown in equation 2. At standard state conditions, a pressure of 1 

atm and temperature of 298.15 K, the Gibbs free energy is calculated to be 236.48 kJ 

mol-1. In the context of an electrochemical cell the Gibbs free energy can be used to 

determine the voltage the cell will require or produce, as shown in equation 4, where 𝑛 is 

the number of moles of electrons, 𝐹 is Faraday’s constant, and 𝑉𝑐𝑒𝑙𝑙
°  is the cell voltage at 

standard state. Using equation 4, two voltages can be derived. One is the reversible 

voltage, 𝑉𝑟𝑒𝑣
° , which assumes the required thermal energy is supplied in the form of heat. 

The theoretical voltage, 𝑉𝑡ℎ
° , is higher as it assumes that all energy is provided in the form 

of electrical energy. In low temperature water electrolysis the thermal heat provided to 

the system is small and the voltage required is closer to the theoretical voltage.12 In 

practice, the operating potential of a system will always be higher than the calculated 

thermodynamic potential, a difference known as the overpotential. 

(2)       ∆𝐺𝑅 = ∆𝐻𝑅 − 𝑇 ∙ ∆𝑆𝑅 

(3)      ∆𝐺𝑅
° = 236.483 kJ mol−1(𝑝 = 1 atm, 𝑇 = 298.15 K) 

(4)      ∆𝐺𝑐𝑒𝑙𝑙
° = 𝑛𝐹𝑉𝑐𝑒𝑙𝑙

°  

(5)      𝑉𝑟𝑒𝑣
° =

∆𝐺𝑅
°

𝑛 ∙ 𝐹
= 1.229 V 

(6)      𝑉𝑡ℎ
° =

∆𝐻𝑅
°

𝑛 ∙ 𝐹
= 1.481 V 

Though this process requires energy, hydrogen produced electrolytically is 

considered renewable if coupled with electricity from sources like wind and solar. 

Currently, electrolysis accounts for approximately 2% of global hydrogen production, 

although the majority of this hydrogen is collected as a biproduct of chlor-alkali 

electrolysis. Hydrogen produced via water electrolysis accounts for less than 0.1% of 

global production.10 Different types of electrolyzers exist and are classified by the 

electrolyte pH, medium for ion transport, and temperature. In the context of this thesis, 

only low-temperature systems will be discussed.  
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Traditional Alkaline Water Electrolysis 

Alkaline electrolyzers have been used in industry for over 100 years. The systems 

traditionally used consist of two electrodes immersed in a basic solution of 30 wt% KOH 

separated by a porous diaphragm. However, the use of a liquid electrolyte is not ideal for 

several reasons. These systems cannot operate at high current densities due to the 

resistance of the liquid electrolyte and diaphragm.13  The presence of gas bubbles within 

the solution and on the electrode surfaces also contribute significantly to this resistance.14 

To separate the anode and cathode a porous diaphragm is used. However, this diaphragm 

does not adequately separate product gasses leading to reduced efficiency and explosive 

mixtures of hydrogen and oxygen gases.15 Thus, operation under partial loads and 

differential pressures is also problematic due to product gas mixing.13  These systems 

have historically been described in literature as requiring relatively high potentials of 1.8 

– 2.4 V at low current densities of 200 – 400 mA cm-2.16–18 Some companies are now 

advertising higher performing systems which operate at 1.9 - 2.1 V at upwards of 1.2 A 

cm-2.19 

 

Proton Exchange Membrane Water Electrolysis 

Solid polymer electrolyte membranes have been introduced as replacement to the 

aforementioned porous diaphragms and caustic solution, as shown in figure 1.1. These 

thin polymer membranes provide better physical separation of the electrodes, preventing 

mixing of the product gasses, while conducting ions. The shorter distance between the 

electrodes leads to a lower ionic resistance, thus lower cell potential.12 Additionally, these 

systems may be operated under a differential pressure producing compressed hydrogen at 

the cathode without pressurization of gases at the anode. This leads to a more 

energetically favorable method of compression at certain pressures.12,20 

Unlike traditional alkaline systems, the first solid polymer electrolytes used were 

acidic in nature. These are known as proton exchange membranes (PEM) or cation 

exchange membranes (CEM) and consist of polymers functionalized with acidic groups, 

such as sulfonic acid (-SO3
-H+). Perfluorosulfonic acid (PFSA) membranes such as 

NafionTM are commonly used.16 In a PEM water electrolyzer (WE), deionized (DI) water 

is fed into the positively polarized anode where the oxygen evolution reaction (OER) 
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takes place. The H+ ions formed at the anode migrate through the membrane to the 

cathode where the hydrogen evolution reaction (HER) takes place. A notable drawback to 

using PEMs over alkaline systems is the need for rare platinum group metal catalysts 

such as platinum, palladium, and iridium which significantly increase the cost of the 

electrolyzer stack. Figure 1.1 shows a simplified diagram of a proton exchange 

membrane sandwiched between two electrodes. At each electrode is the half-reaction, 

potential, and commonly used catalysts. PEM-WE typically shows lower potentials, 1.8 – 

2.2 V at higher current densities, 0.6 – 2.0 A cm-2, than traditional alkaline systems.16,17 

 

 

Figure 1.1 Diagram of a proton exchange membrane water electrolyzer. Protons 

migrate from anode to cathode through a polymer with fixed negative 

charges. Reactions at the anode and cathode electrodes and commonly 

used catalysts are shown. 

The engineering and fabrication of PEM-WE cells are similar to that of PEM fuel 

cells. A diagram of typical cell construction is shown in figure 1.2. The catalysts layers at 

the anode and cathode act as the two electrodes. These are typically formed by 

evaporation of a catalyst ink comprised of the catalyst, ionomer, water, and a low boiling 

point solvent such as methanol. In the case of Pt, these particles are usually on a 

conductive carbon support. The ionomer is a proton conducting polymer, often similar or 

identical to the PEM, which may be added to the ink in the form of a solution or 

dispersion. Once hydrated, the ionomer serves as a channel to conduct protons through 

the catalyst layer at the anode, into the membrane, and then to active sites in the cathode. 

Catalyst inks are formulated and applied such that an interconnected web of both proton-

conductive ionomer and electron-conductive catalyst/support particles are formed, thus 
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maximizing reaction sites. Gas diffusion layers (GDL), also referred to as porous 

transport layers (PTL), provide electrical contact between the catalyst layers and gas flow 

channels as well as providing efficient mass transport of liquid and gas.12 At the anode 

the GDL is often made of platinized titanium. Titanium corrodes very little under high 

anodic potentials and acidic conditions and is platinized to prevent the formation of TiO2 

which increases the resistance of the GDL. Carbon cloth paper can also be used as the 

cathode GDL. Gasketing surrounds the gas diffusion layer to ensures that all components 

make good electrical contact and prevents leakage of solution.  

 

 

Figure 1.2  Diagram of single water electrolysis cell utilizing an ion exchange 

membrane. At the center is the membrane which conducts either 

protons or hydroxide ions. Chemical reactions occur in the catalyst 

layers on either side. The porous transport layers (PTL), also referred 

to as the gas diffusion layers (GDL), sits between the bipolar plate and 

catalyst layer.  

Anion Exchange Membrane Water Electrolysis 

Recently anion exchange membranes (AEM) have been explored as solid polymer 

electrolytes for water electrolysis. A simplified diagram of an AEM-WE cell is shown in 

figure 1.3. Switching from PEM to AEM systems provides all the advantages of a solid 

polymer electrolyte, i.e. low ohmic losses and lower gas crossover and allows lower-cost 

components and catalysts to be used.21 Another advantage to using AEMs in water 
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electrolysis is that these systems are less affected by impurities in the feed water.22 High 

purity deionized water is necessary for PEM systems as the presence of cations in the 

water feed has been shown to create fouling of the membrane in similar systems.23 

AEM-WE cells are constructed in a similar fashion to PEM-WE cells, except for 

that carbon GDL and carbon supported catalyst are replaced by titanium and unsupported 

catalysts to prevent oxidation of carbon at the anode. Despite recent progress, limitations 

to AEM-WE have prevented large scale adoption. These include the lower performance 

of non-noble metal catalysts, the continued need for high pH electrolyte feeds, and most 

importantly poor durability of the AEM and ionomer which will be discussed in detail in 

section 1.3.3. 21 

 

 

Figure 1.3 Diagram of an anion exchange membrane water electrolyzer. 

Hydroxide ions migrate from cathode to anode through a polymer 

with fixed positive charges. Reactions at the anode and cathode 

electrodes and commonly used catalysts are shown. 

1.3. Ion Exchange Membranes 

1.3.1. Overview 

Ion exchange membranes (IEM) are widely used for separation processes. They 

are non-porous membranes with fixed ionic groups and are, thus, conductive to ions and 

hydrophilic.24 IEMs can be classified based on the membranes materials, microstructure, 

fixed ionic groups.25 In the context of water electrolysis, this thesis will discuss polymers 

which fall under two material classifications: hydrocarbon membranes and 

perfluorocarbon membranes, and three fixed ionic group classifications: cation/proton 
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exchange membranes (CEM/PEM), anion exchange membranes (AEM), and bipolar 

membranes (BPM). 

Several properties are necessary for an IEM to properly function within a water 

electrolysis cell. The membrane must be electrically insulating but have a low resistance 

to ionic current. It should have a high permselectivity, meaning that it is highly selective 

toward the desired mobile ion, as well as high chemical and mechanical stability, and low 

gas permeability.12  

1.3.2. Proton Exchange Membranes 

Proton exchange membranes (PEM), sometimes referred to as cation exchange 

membranes (CEM), have been widely studied for applications in fuel cells. More 

recently, there has been a significant shift toward studying PEMs for water electrolysis.12 

These membranes contain immobile anionic groups, most commonly sulfonic acids, 

which allow for the conduction of cations. In most applications discussed in this thesis, 

the mobile cation with be a proton, H+. For decades, perfluorinated sulfonic acid 

membranes (PFSA), namely DuPont’s Nafion membrane, have been most commonly 

used in fuel cell and electrolyzer devices due to their high conductivity and robust 

mechanical and chemical stability.26 These membranes consist of a fluorinated TeflonTM 

backbone with pendant sulfonic acid groups with allow for the transport of cations 

through the polymer matrix. The structure of Nafion is shown in figure 1.4. 

  

Figure 1.4 Chemical structure of DuPont’s NafionTM membrane. Typically, a≥1, 

b=2, x=5-13.5, y=1000. Similar fluorinated PEMs exist with varying 

values for these repeating units.27 

The perfluorinated structure of Nafion allows for a separation of hydrophobic and 

hydrophilic domains. At sufficient hydration, cations can be transported through water-

rich channels due to the pendant sulfonic acid groups, while the hydrophobic backbone 
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provides mechanical stability.28 However, Nafion undergoes morphological changes 

around its glass transition temperature, Tg, of approximately 100° which negatively 

impacts its functionality at high temperatures. Additionally, these membranes are difficult 

to synthesize and dispose of and show high fuel permeability. 12,29,30 For these reasons, 

hydrocarbon PEMs have been widely studied as a replacement for PFSAs. 

Many hydrocarbon PEMs consist of aromatic polymer backbones which provide 

high glass transition temperatures.26 Common hydrocarbon PEMs for fuel cell and water 

electrolysis applications are sulfonated polystyrene31, poly (ether sulfone),32 sulfonated 

poly (ether ether ketone) (SPEEK)33,34, and sulfonated polybenzimidazole (PBI) 

derivatives35. Structures are shown in figure 1.5. 

 

Figure 1.5 Structures of common hydrocarbon PEMs. (a) sulfonated polystyrene, 

(b) poly (ether sulfone), (c) sulfoarylated polybenzimidazole, 

(d)Sulfonated poly (ether ether ketone) 

1.3.3. Anion Exchange Membranes 

Anion exchange membranes (AEM) conduct anions due the presence of cationic 

groups on either the backbone or side chains of the polymer. Typical cationic groups 

include quaternary ammoniums36–38, bicyclic ammonium systems like 1,4-

diazabicyclo[2.2.2]octane (DABCO)39,40, imidazolium41–43, benzimidazolium44–46, 

guanidinium systems47,48, and P-based systems49,50. Structures of these groups are shown 

in figure 1.6.  
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Figure 1.6 Common cationic groups in AEMs. (a) quaternary ammonium, (b) 

DABCO, (c) imidazolium, (d) benzimidazolium, (e) guanidinium, (f) 

quaternary phosphonium. 

Currently there are two main drawbacks to using AEMs. One is that they are 

generally less conductive than PEMs. This partially results from the lower mobility of 

OH- compared to H+.51 Additionally, an AEM in OH- form will quickly convert to the 

CO3
2- and HCO3

- forms upon exposure to CO2-containing air which only further 

decreases the average anion mobility.52 Secondly, AEMs have historically lacked robust 

chemical stability in highly alkaline solutions.22 There are many degradation mechanisms 

possible resulting from OH- attack shown in figure 1.7. A significant pathway for AEM 

degradation is through the nucleophilic substitution reaction of the OH- with an 𝛼-H. 𝛽-

Hs are also at risk of hydroxide attack, a process known as Hofmann elimination. 

Significant progress in AEM chemical stability has been made by sterically hindering the 

C2 position of imidazolium and benzimidazolium functional groups.43,46 
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Figure 1.7  Common degradation pathways for anion exchange membranes in the 

presence of strong base. Reproduced from Ref 21 under the terms of 

CC by 3.0 license 

https://creativecommons.org/licenses/by/3.0/legalcode. 

1.3.4. Characterization of Ion Exchange Membranes 

Characterization of an ion exchange membrane for use in energy conversion 

devices typically reports the number of fixed charges present in the membrane, 

conductivity, solubility in water and common solvents, water uptake, dimensional 

swelling, mechanical strength, and chemical stability among other characteristics. The 

ion-exchange capacity (IEC) of an IEM describes the number of function groups per unit 

mass of polymer (molar equivalent/g). It is important to note that the mobile ion is 

included in the unit mass of polymer and thus the IECs for OH- and Cl- forms of an AEM 

are slightly different. Both a theoretical IEC, based on the chemical structure, and 

experimental IEC can be calculated. Experimentally, the IEC can be measured by 

converting a known mass of membrane to the H+ or OH- form, for PEMs and AEMs, 

respectively, and then exchanging it in a concentrated salt solution. The concentration of 

acid or base in solution is determined through titration and thus the number of ion 
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exchange sites per unit mass is found. This back titration method is commonly used for 

PEMs but used less frequently for AEMs as strong base often causes degradation of the 

polymer and will quickly convert to CO3
2-/HCO3

-.53 To combat these issues the IEC of an 

AEM is often measured when the membrane is in Cl- form using the Mohr method. In 

this method the membrane, in Cl- form, in exchanged in a solution of Na2SO4 and then 

titrated with AgNO3 and a K2CrO4 indicator until the Cl- have been fully consumed and 

Ag2CrO4 forms.54 As IEC increases, the conductivity of the IEM usually increases as 

well. However, with increasing water content the concentration of protons decreases 

causing which can cause a significant decrease in conductivity.55 Additionally, 

membranes with very high IECs are highly hydrophilic and may dissolve in water at 

elevated temperatures, thus limiting their usefulness in energy conversion devices.22 

One of the most important properties of ion exchange membranes is their 

conductivity. This is typically measured using electrochemical impedance spectroscopy 

(EIS) in an a two or four-electrode cell. The use of an environmental chamber allows 

membrane conductivity to be measured as a function of temperature and relative 

humidity, RH%. Conductivity typically increases as temperature and RH% increase. As 

previously noted, the conductivity of AEMs in the OH- form can be compromised by 

carbonation from atmospheric CO2. Ziv et al. introduced a method for measuring the 

correct AEM conductivity utilizing a constant current applied across working and counter 

electrodes in direct contact the hydrated membrane with humidified N2 passed through 

the cell.56 The constant production OH- at the cathode allowed CO3
-2 and HCO3

- to be 

fully flushed from the system. The true hydroxide conductivity was measured through 

reference and sense electrodes in the middle of the membrane sample. This method was 

confirmed visually using an AEM prepared with inclusion of the pH indicator 

thymolphthalein by Cao et al.57 

Dimensional swelling, water uptake, and water content are important for 

understanding how ion exchange membranes will conduct ions and function in an 

electrochemical device.  Dimensional swelling measures the percentage expansion of a 

fully hydrated membrane compared to a dry membrane. This can be done by comparing 

the length of the dry and hydrated membrane, 𝑙𝑑 and 𝑙𝑤, respectively, in the x, y, or z-

plane using equation 7.54 Dimensional swelling can be affected by IEC, ionic species, 
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cross-linking of the polymer, and the use of reinforcements in the membrane.24 

Membranes with high degrees of dimensional swelling can wrinkle and show poor 

mechanical integrity.58 Water uptake refers to the change in mass between wet and dry 

membranes, 𝑚𝑤 and 𝑚𝑑, respectively, and is given in equation 8.54 The water content 

(𝜆), sometimes referred to as the hydration number, is a measure of the number of water 

molecules per ion exchange site and is given in equation 9.54,59 

(7) 𝐷𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑎𝑙 𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 =  
𝑙𝑤−𝑙𝑑

𝑙𝑑
× 100% 

(8) 𝑊𝑎𝑡𝑒𝑟 𝑈𝑝𝑡𝑎𝑘𝑒 (𝑊𝑈) =  
𝑚𝑤−𝑚𝑑

𝑚𝑑
 ×  100% 

(9) 𝐻𝑦𝑑𝑟𝑎𝑡𝑖𝑜𝑛 𝑁𝑢𝑚𝑏𝑒𝑟 (𝜆) =  
𝑊𝑈(%) × 10

18 × 𝐼𝐸𝐶
  

The mechanical strength of an IEM is typically characterized using a tensile test 

in which a piece of the polymer is stretched until it fractures. Results are shown in a 

stress-strain curve from which the Young’s modulus, tensile strength, and elongation at 

break of the polymer can be determined. Brittle polymers break at low elongation, while 

more flexible polymers show a greater elongation at break.60 

The chemical stability of an IEM is extremely important for its longevity in 

electrochemical devices. As previously mentioned, AEMs have historically exhibited 

poor chemical and mechanical stability under high pH conditions. To test the chemical 

stability of AEMs, membranes are usually immersed in high pH solutions, often at 

elevated temperatures. Signs of degradation can be observed by dissolution, i.e., 

measuring the weight change of the membrane, or through NMR studies which may 

elucidate the degradation mechanism.43,61,62 The chemical stability of PEMs is often 

investigated using Fenton’s test in which the PEM is heated in a solution containing 

approximately 3% H2O2 and 3 ppm FeSO4.
63 The purpose of this solution is to facilitate 

the formation of hydroxyl (HO∙), hydroperoxyl (HOO∙), and hydrogen (H∙) radicals.64 

These radicals are formed during PEM fuel cell operation as O2 reactant gas permeates 

from the cathode to anode where it reacts on platinum to form H2O2. H2O2 can then react 

with impurities to form radicals which attack the PEM.63 Besides ex-situ studies, 

extensive work has been done to understand how the operating conditions of PEM water 

electrolyzers and fuel cells impact free radical formation and the degradation of all 

components, including the membrane.65–67 
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1.4. Bipolar Membranes 

1.4.1. Overview 

Single membrane systems are limited to operation at a single pH. To circumvent 

this limitation, both AEM and CEM materials can be combined to allow half-cell 

reactions to take place in acidic and basic conditions, respectively. This is called a bipolar 

membrane (BPM). Note that the term cation exchange membrane (CEM) is often used in 

place of proton exchange membrane (PEM) in BPM literature. Both terms will be used 

throughout this thesis. Using a BPM allows for operation across a pH differential. In the 

case of water electrolysis this yields a cell that combines the favorable kinetics of the 

hydrogen evolution reaction at low pH with the favorable kinetics of the oxygen 

evolution reaction at high pH. Furthermore, BPMs enable the use of non-noble catalysts 

at the anode, decreasing cost.21,68,69 

 

Figure 1.8 The bipolar membrane (BPM) interface under reverse-bias 

polarization. Co-ion leakage currents, the movement of anions from 

catholyte to anolyte and cations from anolyte to catholyte are shown 

with red arrows.  A breakdown of electroneutrality and creation of an 

electric field occurs at (BPM) interface due to the absence of mobile 

ions.  

 Bipolar membranes consist of a conjoined AEM and CEM. The area in which the 

two membranes are in direct contact is called the BPM junction or interfacial layer. 

Water splitting occurs when the membrane is operated under reverse-bias: a cathodic 

potential is applied to the electrode on the acidic side, and an anodic potential is applied 

to the electrode on the alkaline.70 Ionic current may be carried by co-ion leakage, as 
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shown in figure 1.8, or through water dissociation. Co-ion leakage occurs because the 

membranes are not perfectly permselective meaning that anions may travel through the 

CEM and cations through the AEM. A space charge region exists at the interface under 

equilibrium.71–73 Upon polarization this region increases in width creating a strong 

electric field shown in figure 1.8. To maintain electroneutrality throughout this process, 

water dissociates at the PEM|AEM interface in the space charge region, a thin region on 

the order of tens of nanometers, where the AEM and PEM are in contact, at increased 

rates due the second Wein effect.74 The second Wein effect describes the increased 

dissociation of weak electrolyte solutions under the influence of an electric field which 

occurs as the molecular dipoles stretch and align with the field.70,75 For water, proton 

transfer occurs nearly instantaneously with the rate-limiting step being reorientation of 

water molecules. Thus, within the electric field, the alignment of water molecules is 

presumed to result in enhanced dissociation as shown in figure 1.9.76,77 Protons diffuse 

through the PEM to the cathode, and hydroxide ions diffuse through the AEM to the 

anode maintaining a pH difference.  

 

Figure 1.9 A closer look at the bipolar membrane interface under reverse-bias 

polarization. A strong electric field forms in a region referred to as 

the space-charge region. Here, water molcules align such that rapid 

proton transfer is possible. 

Frilette first demonstrated that the current-voltage relationship of bipolar 

membranes was anisotropic in nature, meaning that polarization curves run under forward 

bias and reverse bias yield different current-voltage characteristics. The bipolar 

membrane exhibited a much greater resistance when run under reverse-bias conditions.78 

This work showed that the ionic current under reverse-bias is carried not only by ions in 

the electrolyte, but also by protons and hydroxide ions resulting from water dissociation 

within the BPM. 
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To better under the relationship between water dissociation and co-ion leakage 

currents, Simons et. al. measured the rate of water dissociation by measuring the pH 

change in solutions adjacent to the membrane after holding the cell at various potentials 

for an extended time.70 It was found that no discernible water dissociation occurred under 

low potentials (<300 mV); whereas under higher potential (>3 V) water dissociation 

accounted for 60% of the current passed. This demonstrated that below a threshold 

voltage, ionic current must be due to co-ion leakage. Ramírez et. al. was the first to relate 

water dissociation to the current-voltage characteristics in reverse-bias polarization 

curves and postulated that the point on the current-voltage curve which exhibited the 

highest resistance was the point at which water dissociation became the dominant form of 

ion transport.73 

The interface of the BPM is viewed as a critical feature of this technology, as it is 

responsible for splitting water into protons and hydroxide ions. Current research suggests 

that the interface must be as thin as possible to maximize dissociation, but possess a 

certain degree of interpenetration of the polymers that comprise the PEM and AEM to 

create sufficient adhesion between the two membranes.79 Early studies report that when a 

single membrane was subjected to an electric field, water dissociation only occurred in 

the presence of groups typically found in anion exchange membranes, such as quaternary 

and tertiary amino groups.77,80 Simons explored this further by observing water 

dissociation in the presence of different salts and amino acids.81 This led to Simons’ 

hypothesis that water dissociation occurs through proton transfer between water 

molecules and neutral acids and bases with pKa values between 4 and 10. The presence 

of materials such as Al(OH)3 and graphene oxide have also been shown to increase the 

efficiency of water dissociation.82,83 This is explained by the ability of these catalysts to 

participate in protonation and deprotonation reactions, and their hydrophilicity, which 

increases ion conductivity within the membrane.84,85 Recent work by Oener et al. has also 

shown that catalyst activity toward the water dissociation reaction is directly correlated 

with their activity toward the hydrogen evolution reaction in alkaline conditions.86 

The fabrication method also plays a critical role in BPM performance as it 

determines the structure of the interfacial layer. Some methods, such as spray coating or 

solution casting a polymer onto a preformed membrane, introduce additional complexity. 
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This is because they affect not just the interfacial layer, but the properties of one or both 

bulk regions, the large membrane regions on either side of the thin interfacial region. In 

contrast, lamination of pre-cast membranes by hot-pressing is a straightforward technique 

that allows both the bulk AEM and PEM to be cast from solution at optimal conditions 

before formation of the BPM. However, this method results in a low surface area 

interface and weak membrane adhesion, as the adhesion comes only from electrostatic 

interactions between the two polymers. 

1.4.2. Applications of Bipolar Membranes 

Electrodialysis 

Bipolar membranes were first used commercially for electrodialysis systems. 

Unlike conventional electrodialysis, which separates fresh and salt water using cation and 

anion exchange membranes, these systems utilize bipolar membranes to convert salt 

water into acid and base.87 BPM electrodialysis is also used for separation of organic 

acids during fermentation processes and recovery of hydrofluoric and nitric acid during 

steel processing.88 A simplified diagram of a single electrodialysis cell is shown below in 

figure 1.10. 
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Figure 1.10  Schematic of an electrodialysis cell. A bipolar membrane (BPM) 

under reverse-bias polarization produces protons and hydroxide ions. 

Cations (M+) from an adjacent salt stream migrate through a proton 

exchange membrane (PEM) while anions (X-) similarily migrate 

though an anion exchange membrane (AEM). This ions combine with 

the protons and hydroxide ions produced by the BPM such that acid 

and base streams are produced from salt solution and water. 

Water Electrolysis 

Recently bipolar membranes have been explored for hydrogen generation in water 

electrolyzer systems with much of the initial work focused on solar water splitting.89–98 

Few works have implemented BPMs in more traditional electrolyzer systems, i.e. a zero-

gap, single-cell stack design, as shown in figure 1.2.  

Giesbrecht et al. reported on a vapor-fed bipolar membrane using Nafion and 

poly(benzimidazolium) membranes.99 In that work membrane-electrode assemblies 

(MEA) were formed by hot-pressing catalyst loaded gas diffusion layers (GDL) to Nafion 

membranes. To form a bipolar junction, the AEM, hexamethyl-p-terphenyl 

poly(benzimidazolium), HMT-PMBI, was incorporated into the anodic ink at different 

weight percentages allowing for the use of [NiFe]-layered double hydroxide catalyst. The 

BPMs (NiFe anode catalyst) showed comparable performance to a fully acidic Nafion 
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MEA (IrOx anode catalyst) during polarization curves. However, long-term durability 

studies showed that although the BPM was stable 16 hours of continuous operation at 10 

mA cm-2, the overpotential of the BPM was between 100 – 200 mV higher than that of 

the acidic MEA. This overpotential was attributed to the water dissociation reaction 

occurring within the BPM.  

Mayerhöfer et al. reported the first liquid-fed, zero-gap bipolar membrane water 

electrolyzer.100 Using Nafion 211 and AemionTM (Product Numbers: AF1-HNN8-35-X 

and AF1-HNN8-50-X) from Ionomr Innovations Inc., water electrolysis data was 

collected using bipolar membranes with and without interfacial catalysts. It was found 

that the cell performance was greatly improved with the addition of a thin IrO2 catalyst 

layer between the AEM and PEM layer with voltages reaching 2.3V at 600 mA cm-2. 

Even better performance was observed when the bipolar interface was shifted very close 

to the anode such that IrO2 catalyst at the anode was in direct contact with the AEM|PEM 

interface. This configuration exhibited cell voltages of 2.2 V at 8 A cm-2 and was stable at 

100 hours at 2000 mA cm-2. The authors note that this performance occurred only when 

using a low ion exchange capacity (IEC), a surprising finding given that the higher IEC 

polymer would conduct ions and transport water more easily. This result may be due to 

the difference in permselectivity between the high and low IEC polymers, a topic further 

explored in chapter 4 of this thesis.  

Oener et al. reported on BPMs utilizing Sustainion® AEM and Nafion CEM 

layers.101 This work characterized BPMs with different CEM layer thicknesses both 

including and excluding water dissociation catalysts. BPMs with a thinner CEM layer, 2 

𝜇m compared to 50 𝜇m, exhibited much lower cell potentials. Though the smaller ohmic 

contributions of a thin membrane undoubtably played a role in the better performance, 

the authors attribute much of this increased performance to improved water transport 

through the thin CEM layer. This is validated by showing the irreversible damage that 

occurs in a water starved Nafion electrolyzer at high current densities but which occurs to 

a much lower extent in the water starved Sustainion electrolyzer. 

Lee et al. prepared bipolar membranes by hot-pressing a dual-sulfonated 

poly(arylene ether ketone) and butyl-N3-substitiuted imidazolium-functionalized 
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poly(arylene ether ketone) without inclusion of an interfacial layer catalyst.102 A single 

cell water electrolyzer was prepared by hot-pressing the BPM and catalyst coated gas 

diffusion layers. Unlike the previous works discussed in this section which used liquid for 

vapour water feeds, the authors fed 1 M H2SO4 and 2 M KOH to the cathode and anode, 

respectively. The BPM performed well, exhibiting a cell voltage of 1.59 V at 20 mA cm-2 

when operated at room temperature. 

Though BPMs have been well studied, few papers have utilized them for two-

electrode, zero-gap configurations. Thin CEM and AEM layers have been studied but 

with mixed results, as the properties of the BPM depend heavily on the properties of the 

interfacial layer and individual properties of the CEM and AEM polymers. 
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Table 1-1 Comparison of materials and operating conditions for traditional 

alkaline, PEM, AEM, and BPM water electrolysis methods. 
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Table 1-2 Advantages and disadvantages of alkaline, PEM, AEM, and BPM 

water electrolysis methods. 
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1.5. Experimental Methods 

1.5.1. Current-Voltage Characteristics of Electrolyzer Systems 

Two-electrode Measurements with Proton and Anion Exchange Membrane Water 

Electrolyzers 

Current voltage curves, also called I-V curves, or polarization curves are a 

common method for characterizing and comparing the performance of water 

electrolyzers. Current voltage curves may be performed by slowly scanning the voltage 

while measuring current density or vice versa. Alternately, a particular voltage or current 

density may be held for an adequate amount of time to ensure the cell has reached a 

steady state before recording the corresponding current density or voltage.  

Measurement of current voltage curves allows the overpotential at a specific 

current density to be measured. The overpotential is defined as the additional potential, 

above the theoretical water dissociation potential, required for the cell to operate. The 

total overpotential of the cell can be classified into three distinct regions depending on the 

individual overpotentials which the dominate the curve.12 At low current densities there is 

a rapid increase in voltage consistent with the overpotentials of the OER and HER 

occurring at the anode and cathode, respectively. This is called the kinetic region, and is 

shown in figure 1.8. The individual over potentials and their contribution to the total cell 

overpotential is shown is figure 1.9. It is clear that this region is dominated by the anode 

and cathode activation. Though the exact overpotentials are estimated, it is clear that the 

overpotential associated with the OER is much larger than that of the HER. This is true is 

acidic and basic conditions, although the difference is more pronounced in acid, and 

arises from the more complex, multi-electron mechanism of the OER.16,104 
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Figure 1.11  Typical current-voltage curve for a water electrolysis cell divided into 

kinetic, ohmic, and mass transport regions. Both the reversible, V0
rev, 

and thermoneutral, V0
th, voltages are shown. The difference between 

these voltages is the thermal contribution, T∆S. This may be supplied 

through an external heating source, leaving a required voltage of 1.23 

V, or through the applied voltage thus requiring 1.48 V. The 

difference between the calculated theoretical voltage and the 

measured voltage is called the overpotential. 

The second region of the current-voltage curve is the ohmic region. This region 

arises from the ohmic losses largely associated with ion transport through the membrane. 

Because it is dependent on the resistance of the cell, it is usually linear following Ohm’s 

law, V=IR. The third region of the curve is called the mass transport region and is caused 

by mass transport limitations at the electrodes. At high current densities a larger volume 

of oxygen and hydrogen are produced at the electrodes. These gases can form bubbles 

which block active catalyst sites from reactants and cause a large increase in the voltage 

needed to maintain the current density.  
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Figure 1.12  Estimated individual overpotential contributions to typical current-

voltage curve for a water electrolysis cell assuming all required energy 

is supplied in the form of electricity.  

Four-electrode measurements with Bipolar Membrane Water Electrolyzers 

Current-voltage curves may also be taken using a four-electrode system, as is 

commonly done with bipolar membranes. In such a system current is passed through the 

working and counter electrodes with reference electrodes placed on either side of the 

BPM. This allows for the potential across the membrane to be measured without 

contributions from the OER or HER at the electrodes.  

A typical current-voltage curve for a bipolar membrane is shown in figure 1.10. 

Under forward bias the membrane shows a somewhat linear response as cations and 

anions migrate through the CEM and AEM, respectively, and accumulate in the BPM 

interface. Under reverse bias, two distinct limiting current density regions are observed. 

The first is believed to be largely due to co-ion leakage. It’s clear, however, that water 

dissociation also occurs in this region.105,106 After this limiting current density water 
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dissociation is the primary driver of ionic current. If the cell is run to very high current 

densities a second limiting current region can be observed. This limiting current density 

results from insufficient water transport to the interface. 

 

Figure 1.13  Typical current-voltage curve for a bipolar membrane run under 

forward and reverse bias.69 Reprinted with permission from 

Pärnamäe, R.; Mareev, S.; Nikonenko, V.; Melnikov, S.; Sheldeshov, 

N.; Zabolotskii, V.; Hamelers, H. V. M.; Tedesco, M. J. Memb. Sci. 

2021, 617. https://doi.org/10.1016/j.memsci.2020.118538. Copyright 

2021 Elsevier.  

1.5.2. Electrochemical Impedance Spectroscopy 

Electrochemical impedance spectroscopy (EIS) is useful for understanding the 

properties of bulk materials and interfaces. A DC current or potential is applied in 

combination with an AC component. An AC response is measured which has varied from 

the input signal in amplitude and phase shift. The frequency of the AC component ranges 

from approximately mHz to MHz. As frequency changes, processes which occur at 

varying timescales are able to be characterized. EIS data can be visualized in terms of 

real and imaginary impedance, the phase angle and frequency. Data is most often shown 

in the form of a Nyquist plot which plots real impedance, Re(Z’), on the x-axis, and 

negative imaginary impedance, -Im(Z”), on the y-axis. Data can also be visualized using 

Bode plots which plot phase angle and real impedance vs. frequency.  
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Data is frequently analyzed by fitting these plots to equivalent electrical circuits. 

A common circuit is a Randles circuit, shown in figure 1.14, which consists of a resistor 

in series with a capacitor and second resistor in parallel. Individual components in an 

equivalent circuit refer to specific bulk materials or interfaces within a cell allowing 

individual processes and interfaces to be differentiated. Randles circuits may be used to 

describe the ohmic resistance of a cell and a single charge transfer process. However, 

often features of the anode and cathode of a cell may overlap into a single semicircle. A 

constant phase element may be used in a place of a capacitor in equivalent EIS circuits. 

The constant phase element (Q or CPE) is used to describe a non-ideal capacitor which 

presents as a depressed semi-circle in the Nyquist plot.107 A common cause of non-ideal 

behaviour is roughness of the electrode. 

 

Figure 1.14  (a) Common equivalent circuit used in electrochemical impedance 

spectroscopy, Randles circuit. Ohmic resistance, Rohmic, is in series 

with activation resistance, Ract., and double layer capacitance, Cdl. (b) 

Nyquist plot showing Randles circuit shown with corresponding 

resistances and double-layer capacitance as it related to the apex 

frequency, 𝝎apex, and activation resistance. The x-axis real impedance, 

the y-axis is negative imaginary imedance. 

For water electrolyzers EIS is used primarily to characterize the ohmic losses of 

the cell, electrode kinetics, and mass transport processes.108 Ohmic losses are found by 

determining the high frequency resistance (HFR) or high frequency intercept. This is the 

point at which the data crosses the x-axis at high frequency and is a measure of ohmic 

resistance across the cell. As such, changes to the high frequency intercept can be 
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interpreted as changes to the membrane or ionomer ion conductivity, the electrical 

conductivity of the porous transport layers, or contact resistance between any two 

components. The activation resistance or charge transfer resistance is measured from the 

diameter of the semicircle of the Nyquist plot. This resistance describes the performance 

of the catalyst layer. At low DC voltages the charge transfer resistances are infinite and 

the Nyquist plot resembles that of a capacitor. As DC voltage is increased the charge 

transfer resistances decrease with ohmic losses dominating the measured impedance.109  

Impedance spectra of BPMs are more complicated as an extra interface exists at 

the BPM junction. Besides the electron transfer reactions at electrodes, water dissociation 

is also occurring at this interface. Initial modeling of the AC impedance response of 

BPMs was limited to salt ions and did not properly take the water splitting reaction into 

account.110 Alcaraz et al. showed that EIS could be used to determine characteristics of 

the BPM junction such as the dielectric constant and the structure of the interfacial 

layer.111 Subsequent work by Alcaraz, Holdik, and others have been able to estimate the 

width of the space charge region in the BPM under reverse-bias polarization. 112,113  

Yan et al. used EIS to explore the relationship between the electric field and 

catalysts in the interfacial layer in enhancing the water dissociation reaction in BPMs. In 

this work, a resistor and capacitor in parallel were used to model the high frequency 

feature which represented the water dissociation reaction. The low frequency feature was 

ascribed to the diffusion of protons from the water dissociation reaction. This was 

modeled using a Gerischer element from which the water dissociation rate constant was 

measured.114 

Blommaert et al. compared EIS spectra of BPMs in different salt solutions, 

specifically in the absence and presence of co-ions. In their work, a high frequency 

feature was also attributed to the water dissociation reaction. However, the low frequency 

feature was fit to a resistor and capacitor in parallel and attributed to the diffusional 

boundary layer at the membrane|solution interface. This was shown by the absence and 

presence of this feature in the absence and presence of co-ions in the anodic solution.115 
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1.5.3. UV/Vis Reflectance Spectroscopy 

UV/Vis reflectance spectroscopy was used to detect a color change in an 

indicating anion exchange membrane in chapter 4 of this thesis. This technique uses a 

beam of light generated by halogen and deuterium lamps emitted from a probe which 

interacts with the sample. The light reflected is adsorbed by detectors on the probe and 

the absorbance or reflectance of the sample as function of wavelength is plotted.  

1.5.4. Membrane Permselectivity 

Membrane permselectivity describes the ability of an ion exchange membrane to 

transport certain ions while blocking those of a different charge or valence.116 This thesis 

focuses on permselectivity as the capacity of an ion exchange membrane to block the 

transport of co-ions, i.e. cations in the case of PEM/CEMs, and anions in the case of 

AEMs. The permselectivity of an IEM results from an electric potential at the 

membrane|solution interfaces known as the Donnan potential, 𝜑𝐷𝑜𝑛, as shown in 

equation 10.117 This potential is the difference between the membrane, 𝜑𝑚, and solution, 

𝜑𝑠, potentials. In equation 10, R is the ideal gas constant, T the temperature, zi, the 

valence of ion, i, and as and am are the activities of the species in the solution and 

membrane, respectively. The apparent membrane permselectivity data for monopolar 

membranes is presented in this thesis. The apparent membrane permselectivity differs 

from the true membrane permselectivity as it does not account for water transport 

through the membrane.118  

 

(10)   𝜑𝐷𝑜𝑛 = 𝜑𝑚 − 𝜑𝑠 =
𝑅𝑇

𝑧𝑖𝐹
ln

𝑎𝑖
𝑠

𝑎𝑖
𝑚 

 

 

1.6. Thesis Scope 

The following chapters of this thesis explore the performance of novel 

hydrocarbon ion exchange membranes in electrochemical devices, the primary focus 
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being hydrogen generation from liquid water. The polymers used in this thesis are 

compared to current state-of-the-art commercial polymers. Device performance is related 

to the membranes physical and chemical properties which in turn relate to the chemical 

structure. Electrochemical characterization is the primary tool for assessing device 

performance and gaining insight into the various processes occurring in each device. The 

most common two methods in thesis being polarization, or current-voltage, curves and 

electrochemical impedance spectroscopy (EIS). A recurring theme through this work is 

cell fabrication, spanning from assembling zero-gap water electrolysis cell systems, to 

membrane-electrode assemblies (MEA), and creation of bipolar membranes from two 

monopolar polymer materials.  

In chapter two, two monopolar ion exchange membranes, one proton exchange 

membrane (PEM), one anion exchange membrane (AEM), are used in water electrolysis 

cells and compared to commercially available membranes. Cell components such as 

bipolar plates and porous transport layers, as well as general cell construction, is found to 

have a large impact on performance. First, sulfonated poly(arylene) ether (SPAE) is 

compared to the widely used perfluorinated PEM, Nafion, using polarization curves and 

EIS. SPAE performs poorly due to a combination of incompatible ionomer in the catalyst 

layer and highly resistive hardware. Second, a class of poly(arylimidazolium)s is used in 

an AEM-WE cell fed with highly caustic electrolyte. The poly(arylimidazolium)s are 

found to survive five times longer than a commercially available AEM in a durability 

test. This work highlights the stability of sterically hindered imidazoliums in basic 

solution.   

In chapter three, the fabrication of novel bipolar membranes (BPM) is explored 

with specific emphasis on the BPM junction. Water dissociates into H+ and OH- ions at 

junction, where the AEM and PEM (also referred to as cation exchange membrane 

(CEM) in this context) are in contact. The performance of BPMs using different junction 

materials and morphologies is determined using polarization curves. A high surface area 

junction which includes a water dissociation catalyst is found to outperform a 

commercially available BPM.  
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Chapter four continues to explore BPMs but in terms of bulk AEM and CEM 

layers. The thicknesses of bulk layers are varied in a series of BPMs. The trends seen in 

polarization curves are attributed to differences in co-ion leakage currents which can be 

explained by the polymers permselectivity. Additionally, a novel spectroelectrochemical 

approach is utilized to confirm water dissociation at low cross-membrane potentials. EIS 

is used to confirm the onset of co-ion leakage. 

Conclusions and future directions are given in Chapter 5.  As a whole, this work 

highlights promising novel hydrocarbon PEMs, which rival perfluoronated materials, and 

novel AEMs, which possess excellent stability in base. Catalyst layer development for 

AEM-WE and PEM-WE is necessary for improved MEA fabrication as is continued 

polymer development. For BPMs, further development of interfacial layer fabrication is 

needed for improved performance. 
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Chapter 2.  

 

Water Electrolysis Using Hydrocarbon Ion Exchange 

Materials in Mono-pH Systems 

2.1. Proton Exchange Membrane Water Electrolysis With 

Sulfonated poly(arylene ether), SPAE 

2.1.1. Introduction 

Generation of hydrogen through electrochemical means is a necessary component 

for adoption of the hydrogen economy. Proton exchange membranes (PEM) have been 

well studied as a replacement to traditional alkaline technology which consists of two 

electrodes separated by a liquid electrolyte and porous diaphragm. Though it is 

technologically mature and widely employed, traditional alkaline water electrolysis has 

many shortcomings. The use of a liquid electrolyte leads to high ohmic losses and limits 

operation to low current densities (<0.5 A cm-2). Additionally, liquid electrolyte hampers 

the system’s ability to rapidly cycle current density, thus making it difficult to pair with 

intermittent electricity from renewable sources.12 PEM water electrolysis offers solutions 

to these problems by using a thin, solid polymer electrolyte which conducts H+ ions. 

The current state-of-the-art PEM water electrolysis systems employ heavily 

fluorinated materials, namely NafionTM (DuPont). These materials show high chemical 

and oxidative stability, excellent mechanical properties, and high proton conductivities. 

Some disadvantages of using perfluorosulfonic acids like Nafion are that these polymers 

are expensive and pose environmental issues .12,26 To remedy this, there has been 

significant interest in developing hydrocarbon-based PEM materials. Many sulfonated 

derivatives of poly(arylene ether sulfone)s have been reported in literature but often 

sacrifice mechanical and chemical stability for proton conductivity.119–121 

The membrane studied in this research is a sulfonated poly(arylene ether), SPAE, 

shown in Figure 2.1.122 SPAE was synthesized in three molecular weights (MW) of 

376500 Da, 280,000 Da, and 110,500 Da, referred to as SPAE-H, SPAE-M, and SPAE-L, 
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respectively, with SPAE-H showing exhibiting the most promising physical 

characteristics.  

Table 2-1 shows the ion exchange capacity (IEC), water uptake, hydration 

number (𝜆), and dimensional stability of SPAE and Nafion 211. SPAE-H shows similar 

dimensional stability to Nafion even though it has a higher water uptake. As Mw 

increases so does the degree of polymer entanglement, explaining why higher molecular 

weights correspond to less swelling. Besides chain entanglement, swelling is also 

decreased by utilizing a multiphenylated backbone which has been shown to increase free 

volume in the polymer thus creating space for increased water sorption.123 All SPAE 

membranes exhibited higher proton conductivities (207-242 mS cm-1)  than N211 (115 

mS cm-1) at 95% RH as shown in figure 2.2. This is likely a result of the high IEC and 

water uptake of the SPAE membranes compared to Nafion. The oxidative stability of 

SPAE was determined using Fenton’s reagent (3% H2O2 containing 2ppm FeSO4) at 80 

°C with results shown in table 2-2. The addition of a trifuoromethyl group in the aromatic 

ring ortho to each ether linkage is thought to minimize oxidative attack of the polymer 

chain compared to fully hydrocarbon backbone.120,124 The oxidative stability of SPAE is 

lower than that of Nafion, especially for lower MW SPAE. This is likely due to the 

higher water uptake which leads to higher diffusion of radical species into the polymer 

matrix. 

Given the high dimensional stability of hydrated SPAE-H and its impressive 

conductivity of 95% RH compared to that of Nafion 211, SPAE-H was chosen for study 

in a water electrolysis cell. 
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Figure 2.1 Structure of sulfonated poly(arylene ether) (SPAE) in its acid form. 

Table 2-1 Ion exchange capacity (IEC), water sorption, and dimensional 

stability of sulfonated poly(arylene ether) (SPAE) 

Sample IECa 
(titr.) 

Thickness 
(um)b 

Water 
uptakec 

λc △l (%)d △T (%)d VU (%)e 

SPAE-H 3.27 41 84 16 15 17 56 

SPAE-M 3.48 20 114 21 20 35 94 

SPAE-L 3.30 29 146 27 41 53 216 

Nafion 211 0.91 25 30 19 15 20 62 
a IEC determined by acid-base titration. 
b Initial dry membrane thickness. 
c 80 °C in water. 
d Change in film length (△l) and thickness (△T) at 80 °C in water. 
e Volume swelling at 80 °C in water. 
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Figure 2.2 Proton conductivity of sulfonated poly(arylene ether) (SPAE) of 

various molecular weights and NafionTM 211 as a function of relative 

humidity at 80oC. Figure prepared by Dr. Hsu-Feng Lee. 

Table 2-2 Oxidative stability of sulfonated poly(arylene ether) (SPAE) of various 

molecular weights and NafionTM 211. 

Sample 𝝉1
a 𝝉2

b 

 Residual weight (%) Residual Mw (%) (hr) 

SPAE-H 99% 90 33  

SPAE-M 95% 86 24 

SPAE-L 93% 82 5.5 

Nafion 211 99% - >50 
 

a After heating in Fenton reagent (FeSO4 (2 ppm) in 3% H2O2 solution) at 80 OC for 1 h. 
b 𝜏2 refers to the time when the membrane dissolved completely at 80 °C (replaced the fresh Fenton reagent every 
12hrs). 

 

2.1.2. Experimental 

MEA Preparation and Cell Construction 

Membrane-electrode assemblies (MEA) were prepared by hand spraying catalyst 

inks onto an SPAE membrane, 27 μm thick, and a NafionTM 115 membrane, 125 μm 

thick. Catalyst inks contained 2.3% solids, 25% of which was NafionTM ionomer, 

suspended in a 1:1 water: isopropyl alcohol mixture. These MEAs were compared to a 
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commercially available MEA (Greenerity® GmbH, E400) utilizing a NafionTM 115 

membrane. The catalyst loadings for SPAE were 0.80 mg cm-2 of Pt and 2.54 mg cm-2 of 

Ir black for the cathode and anode respectively. The loadings for the NafionTM 115 

reference were similar, 0.83 mg cm-2 of Pt and 2.78 mg cm-2 of Ir black for the cathode 

and anode respectively.  

NafionTM 115 and Greenerity® MEAs were tested on the same cell hardware 

consisting of titanium endplates and bipolar plates. The SPAE MEA was tested in a cell 

consisting of titanium endplates, and titanium bipolar plates which had been sanded and 

coated with gold using sputtering deposition. Porous transport layers (PTLs) (Bekaert) 

were used to facilitate gas removal from the catalyst layer. The PTL used for NafionTM 

115 and the Greenerity® reference was pre-coated with platinum, while the PTLs used in 

the SPAE cell were coated with gold using sputtering deposition. 

Ink preparation was a joint effort by Amelia Hohenadel and Thulile Khoza. Hand 

spraying was done by Dr. Thulile Khoza. Gold sputtering was performed by Dr. 

Alejandro Oyarce. Sulfonated poly(arylene ether) (SPAE) was provided by Dr. Hsu-Feng 

Lee. Ion exchange capacity (IEC), water sorption, dimensional stability, and conductivity 

of SPAE was determined by Dr. Hsu-Feng Lee. 

 

Electrochemical Characterization 

Both cells were conditioned overnight at 40 °C running DI water to the anode and 

cathode at a rate of 0.2 liters per minute. Steady state polarization curves were taken at 60 

°C, 70 °C, and 80 °C. A current of 1 A cm-2 was held for 10 minutes before increasing 

the temperature. Polarization curves presented in this work have been iR corrected using 

the high frequency intercept (HFR) as determined by electrochemical impedance 

spectroscopy (EIS) to account for differences in cell thickness and hardware. EIS was 

taken by scanning 50 kHz to 100 mHz at various current densities. Pre-heated DI water 

was continuously run through the anode and cathode of the cell at rate of 0.2 liters per 

minute for all characterization. 
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2.1.3. Results and Discussion 

Polarization curves, shown in Figure 2.3 (A), demonstrate that although SPAE 

functions in the water electrolysis system, voltages are significantly higher than the Nafion 

and Greenerity references. SPAE-H has a voltage of 1.725 V at 1 A cm-2 compared to 1.623 

V for Nafion 115 and 1.568 V at 70 °C. These high voltages are particularly unusual given 

the thickness of SPAE which is approximately 100 𝜇m less than the Nafion and Greenerity 

MEAs. These very high voltages likely originate from differences in cell hardware. The 

bipolar plates used for characterizing the SPAE were made of titanium which had formed 

of a resistive passivated TiOx layer on the surface. This is a well-known occurrence in PEM 

water electrolysis for titanium bipolar plates and PTLs, particularly on the anode side.125 

The gold coating applied to the sanded plate does not appear to have adequately increased 

conductivity. A photograph of the cell after disassembly, Figure 2.4, shows that this gold 

coating was beginning to peel away from the plate after a single use. 

Also evident from the polarization curves are losses occurring in the mass transport 

region for SPAE at current densities above approximately 1.5 A cm-2. Mass transport losses 

in a water electrolyzer typically occur when reactant water is blocked from reaching active 

sites due to increased reaction rate and from large bubbles which may reduce catalyst 

utilization.12 These losses are reversible and only occur at high voltages. Comparison of 

forward and backward polarization curves for SPAE, shown in figure 2.3 (B) suggest 

irreversible losses occur at high voltages. Although mass transport losses may account for 

some of the overpotential at high current densities, it seems that another irreversible 

process is occurring. This could be continued passivation of the titanium hardware or 

delamination of the catalyst layers, which was observed when dismantling the cell, shown 

in figure 2.4. SPAE showed in-plane dimensional stability similar to that of Nafion, as 

shown in Table 2-1. This suggests that the poor adhesion between the catalyst layer and 

membrane resulted from incompatibility between the Nafion ionomer and hydrocarbon 

membrane rather than a difference in swelling between bulk membrane and ionomer in the 

catalyst layer. 

Characterization of the cells by EIS confirms that the hardware used for the SPAE 

membrane is significantly more resistive than the hardware used for the Greenerity and 

Nafion membranes. This is clear from comparison of the high frequency resistance (HFR) 
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represented by circuit element R1. Nyquist plots comparing SPAE, Nafion and Greenerity 

membranes at 60 °C, 70 °C, and 80 °C are shown in figures 2.6 to 2.8. Data was fit to 

equivalent circuits shown in figure 2.5 with values for each circuit element shown in tables 

2-3 to 2-5. Nyquist plots for Nafion exhibit two overlapping semi-circles and is best fit 

with an equivalent circuit which contains two constant phase elements and three resistors. 

Rozain et al. showed that at intermediate DC voltages, two semicircles may be visible in 

the Nyquist plot of a PEM water electrolyzer.109 Although it seems intuitive to assign one 

semicircle to each the cathodic and anodic reaction, a comparison of the OER and HER 

time constants in this work indicated otherwise. The HER charge transfer process 

contributes negligibly to the plot while the two overlapping semicircles observed represents 

two single-electron processes associated with the OER. This may be the reason two 

semicircles are observed in the Nyquist plot of the Nafion cell. The difference in Ir-loading 

at the anode could explain why this is not seen for the SPAE cell even though both MEAs 

used the same ink formulation and spray coating technique. The ohmic resistance of the 

cells, measured as circuit element R1, decreases with increasing temperature. The 

Greenerity MEA exhibits the lowest activation resistance, measured as R2 for Greenerity 

and SPAE and R2+R3 for Nafion.  

Further investigation with EIS shows SPAE deviates from the ideal semi-circle 

Nyqust plot at larger voltages, shown in figure 2.9. Unlike the plot of Nafion which shows 

a small second semi-circle at high frequencies, this deviation occurs in the low frequency 

region. This suggests slow processes, such as mass transport limitations, are responsible. 

However, from the polarization curve shown in figure 2.3 (B) it is assumed that these are 

irreversible processes such as the delamination of the catalyst layer and resulting interfacial 

resistance, and continued passivation of the Ti bipolar plates and PTLs. 
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Figure 2.3 (A) Polarization curves (forward scans) comparing sulfonated 

poly(arylene ether) (SPAE), NafionTM 115, and Greenerity® MEAs at 

70 °C. (B) Polarization curve of SPAE at 80 °C showing the forward 

and backward scans. Dashed lines represent curves which have been 

iR-corrected using the high-frequency resistance obtained with EIS.  

(A) 

(B) 
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Figure 2.4 Photograph of disassembled water electrolyzer cell using sulphonated 

poly(arylene ether) (SPAE). Catalyst layers are completely 

delaminated from the membrane and adhered to the porous transport 

layers (PTL). The gold coating on the bipolar plates has begun to 

delaminate after a single use. 

 

Figure 2.5 Equivalent circuits used for fitting electrochemical impedance 

spectroscopy (EIS) data with R representing resistors and Q 

representing constant phase elements. Circuit 1 is used to fit 

sulphonated poly(arylene ether) (SPAE) and Greenerity® cells. Circuit 

2 was chosen for fitting NafionTM as it provides a better fit the data. 
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Figure 2.6  Nyquist plot comparing Greenerity®, sulfonated poly(arylene ether) 

(SPAE) and NafionTM 115 at 60 °C. Greenerity® was held at a current 

density of 0.4 A/cm2 while both SPAE and NafionTM were held at 0.35 

A/cm2. Dots represent data points and dashed lines represent fitting to 

an equivilant circuit by EC-Lab Z-fit software. 

Table 2-3 Circuit element values for the Greenerity®, sulfonated poly(arylene 

ether) (SPAE), and NafionTM 115 membranes at 60 °C after fitting 

EIS data using EC-Lab Z-fit software.  

@ 60 °C Greenerity  

@ 0.40 A/cm2 

SPAE 

@ 0.35 A/cm2 

Nafion 115 

@ 0.35 A/cm2 

R1 (mOhm cm2) 48.36 121.85 58.20 

Q2 (F s (a-1)) 2.931 1.55 0.609 

𝛼2 0.918 0.681 0.774 

R2 (mOhm cm2) 63.20 124.85 14.415 

Q3 (F s (a-1)) - - 2.526 

𝛼3 - - 0.728 

R3 (mOhm cm2) - - 100.15 

𝜒2 2.82 x 10-3 1.97 x 10-3 2.62 x 10-3 
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Figure 2.7  Nyquist plot comparing Greenerity®, sulfonated poly(arylene ether) 

(SPAE) and NafionTM 115 at 70 °C. Greenerity® was held at a current 

density of 0.4 A/cm2 while both sulfonated poly(arylene ether) (SPAE) 

and NafionTM were held at 0.35 A/cm2. Dots represent data points and 

dashed lines represent fitting to an equivilant circuit by EC-Lab Z-fit 

software. 

Table 2-4  Circuit element values for the Greenerity®, sulfonated poly(arylene 

ether) (SPAE), and NafionTM 115 membranes at 70 °C after fitting 

EIS data using EC-Lab Z-fit software. 

@ 70 °C Greenerity 

@ 0.40 A/cm2 

SPAE 

@ 0.35 A/cm2 

Nafion 115 

@ 0.35 A/cm2 

R1 (mOhm cm2) 44.23 99.60 54.05 

Q2 (F s (a-1)) 2.914 1.233 0.444 

𝛼2 0.917 0.727 0.828 

R2 (mOhm cm2) 62.35 103.7 13.94 

Q3 (F s (a-1)) - - 2.106 

𝛼3 - - 0.728 

R3 (mOhm cm2) - - 100.15 

𝜒2 2.24 x 10-3 1.49 x 10-3 6.07 x 10-3 
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Figure 2.8  Nyquist plot comparing Greenerity®, sulfonated poly(arylene ether) 

(SPAE) and NafionTM 115 at 80 °C. Greenerity® was held at a current 

density of 0.4 A/cm2 while both sulfonated poly(arylene ether) (SPAE) 

and NafionTM were held at 0.35 A/cm2. Dots represent data points and 

dashed lines represent fitting to an equivilant circuit by EC-Lab Z-fit 

software. 

Table 2-5  Circuit element values for the Greenerity®, sulfonated poly(arylene 

ether) (SPAE), and NafionTM 115 membranes at 80 °C after fitting 

EIS data using EC-Lab Z-fit software. 

@ 80 °C Greenerity SPAE Nafion 115 

R1 (mOhm cm2) 41.09 87.60 50.45 

Q2 (F s (a-1)) 2.904 1.107 1.339 

𝛼2 0.919 0.766 0.694 

R2 (mOhm cm2) 62.7 101.3 18.66 

Q3 (F s (a-1)) - - 1.872 

𝛼3 - - 0.828 

R3 (mOhm cm2) - - 86.75 

𝜒2 4.15 x 10-3 2.00 x 10-3 2.20 x 10-3 
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Figure 2.9 Nyquist plots comparing Greenerity®, sulfonated poly(arylene ether) 

(SPAE) and NafionTM 115 at various DC current densities.  

Conclusion 

In an initial study of sulfonated poly(arylene ether) (SPAE) it is found that the 

membrane functions well in a water electrolyzer up to 80 °C, although performance is 

poorer than that of Nafion. Inconsistencies in hardware, catalyst loading, and membrane 

thickness limit the conclusions that can be drawn from this study. A high ohmic 

A 

B 

C 
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resistance likely results from the hardware used for the SPAE cell highlighting the 

importance of engineering zero-gap water electrolysis cells and optimizing all 

components. In addition, it was found that a spray coated catalyst layer containing Nafion 

does not adhere well to the SPAE membrane causing irreversible losses at high current 

densities. To better understand how SPAE function in a water electrolyzer further studies 

utilizing SPAE as both the ionomer and membrane are necessary.  

2.2. Anion Exchange Membrane Water Electrolysis with Poly(bis-

arylimidazoliums) 

Portions of section 2.2 Anion Exchange Membrane Water Electrolysis have been 

reproduced in part with permission from Fan,J.; Willdorf-Cohen, S.; Schibli, E.M.; Paula, 

Z.; Li, W.; Skalski, T.J.G.; Sergeenko, A.T.; Hohenadel, A.; Frisken, B.J.; Magliocca, E.; 

Mustain, W.E.; Diesendruck, C.E.; Dekel, D.R.; Holdcroft, S., Nat Commun 10, 2306 

(2019). https://doi.org/10.1038/s41467-019-10292-z. Copyright 2019 Springer Nature 

Limited. 

2.2.1. Introduction 

Anion exchange membranes (AEM) have been studied recently as an alternative 

to acidic proton exchange membranes. As solid electrolytes, these membranes have many 

of the same advantages as proton exchange membranes (PEM) but with reactions 

occurring in basic rather than acidic media. This allows for the use of abundant, 

inexpensive catalysts.126 However, anion exchange materials have historically been 

plagued by instability and low ionic conductivity.127 Because of this, continuing research 

has been necessary for commercialization of alkaline water electrolyzers and fuel cells.  

Of the many organic cations studied, imidazoliums are particularly attractive 

because of their ease of synthesis and enhanced stabilization due to electron 

delocalization.128 DFT studies have also suggested that imidazoliums are more stable than 

benzimdazoliums.129 Imidazolium ions are prone to degradation in the presence of base, 

but these degradation pathways can be suppressed through selection of suitable 

substituents. Significant progress has been made studying poly(arylimidazoliums) 
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beginning with model compound studies of sterically protected imidazolium groups.62 

Through a combination of degradation studies and density functional theory (DFT) 

calculations, it was found that imidazolium groups protected by methyl substituents on an 

adjacent mesityl group showed the highest stability in alkaline conditions with 

degradation occurring predominately through demethylation of the imidazolium cation. It 

was reasoned that the methyl substituents provided adequate steric hindrance to protect 

the C2 position of the imidazole while increasing stabilization through electron donation. 

A polymer based on this model compound, HMT-PMPI, shown in figure 2.10 (A), was 

synthesized but it had low molecular weight (67 kDa) and was soluble in water at 80°C. 

This work was continued with the study of model compounds and polymers with longer 

alkyl chains attached to the N1/N3 positions of the imidazolium cation which has 

previously been shown to inhibit demethylation.62,128 However, longer alkyl chains would 

increase the mass of each repeat unit, lowering the ion exchange capacity, and thus the 

polymers conductivity. To maintain high ion exchange capacity, bis-imidazolium model 

compounds and polymers, shown in figure 2.10 (B), were studied.43  

Figure 2.11 shows conductivity and stability data for the polymers studied. 

Generally speaking, as alkyl chain length increases, stability increases and IEC decreases. 

The poly(bis-arylimidazolium) with methyl groups at both the N1 and N3 positions 

(PAImMM) exhibited the highest conductivity, a result of its high IEC, but very low 

stability with a calculated half-life of only 400 hours in 10 M KOH at 80 °C. DFT 

calculations of model compounds show that bis-imidazolium ions have a higher 

electrostatic potential than their single imidazolium counterparts, and thus more attraction 

between the cations and hydroxide anions exists leading to increased hydroxide attack.43 

The most stable polymer was PAImBB, which had butyl groups at both N1 and N3 

positions, with a half-life of 8560 hours. Because of its impressive stability, PAImBB 

was characterized in a fuel cell obtaining a maximum power density of 250 mW cm-2 at 

70°C. PAImBB was also characterized in water electrolysis cell run with 6 M KOH 

solution and compared to PAImEE, which has ethyl groups at both N1 and N3, under the 

same conditions. 
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Figure 2.10 Structures of (A) hexamethyl p-terphenyl poly(arylene-imidazolium) 

(HMT-PMPI) from Ref [61] highlighting the methyl groups sterically 

protecting the C2 position of the imidazolium ion and (B) poly(bis-

arylimidazoliums) (PAImXY) where X and Y represent alkyl chains 

R1 and R2 from Ref [42]. 
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Figure 2.11 Properties of poly(bis-arylimidazoliums) (PAImXY) where X and Y 

represent alkyl chains R1 and R2 at the N1 and N3 positions of the 

imidazolium. (a) Ionic conductivity in Cl- form at various 

temperatures under 95% RH. (b) Ionic conductivity at 80 °C, 95 % 

RH vs. IEC. (c) Stability of PAImXY to caustic solution after 

immersion in 10M KOH at 80 °C for 240 h. (d) Calculated half-life. 

Figures prepared by Dr. Jiantao Fan.43 

2.2.2. Experimental 

Catalyst-coated membranes were prepared using the poly(bis-arylimidazoliums) 

as the membrane and as ionomer in the catalyst layer. Platinum on carbon was used as the 

catalyst at both the anode and cathode (46.4% Pt, Tanaka).  Catalyst layers consisted of 

15–20% ionomer. Catalyst loadings were as follows: for PAImBB [20 𝜇m], 0.96 and 0.66 

mg Pt/cm2 at the anode and cathode, respectively, for PAImEE, [25 𝜇m] 0.65 and 0.62 

mg Pt/cm2 at the anode and cathode, respectively, and for PAImEE [13 𝜇m], 0.66 and 

0.5762 mg Pt/cm2 at the anode and cathode, respectively. The electrolysis cell consisted 
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of a membrane-electrode assembly compressed between two titanium bipolar plates 

having serpentine flow fields. Titanium porous transport layers (Fuel Cell Store) 

separated the catalyst layers from the flow fields and provided electrical contact, and 

allowed transport of gasses and liquid. The bipolar plates were housed in titanium 

hardware equipped with gold current collectors. 6 M KOH was fed to the anode and 

cathode using peristaltic pumps at a rate of 10.0 mL min−1 and recirculated using liquid 

gas separators. Argon was bubbled through the KOH solution to limit carbonation from 

ambient air. Electrochemical characterization was performed using a Solartron 1287A 

potentiostat. Polarization curves were taking by ramping current density at a rate of 5 mA 

cm-2 from 0 to 400 mA cm-2. All poly(bis-arylimidazoliums) were provided by Dr. 

Jiantao Fan. Conductivity and stability measurements were performed by Dr. Jiantao Fan. 

Ink preparation, MEA formation, and electrochemical measurements were done by 

Amelia Hohenadel. 

2.2.3. Results and Discussion 

In all polarization curves, voltages remained below 2.5 V for current densities up 

to 400 mA cm−2. Comparison of PAImBB and PAImEE in Figure 2.12 (A) shows slightly 

higher performance of PAImEE, likely to due to its higher conductivity. Improved 

performance can be achieved by increasing the operating temperature. Figure 2.12 (B) 

shows a 0.2 V potential drop from 60 to 80 °C for PAImEE. Stable operation of 

membranes at temperatures up to 80 °C and under such caustic conditions demonstrates 

the stability of the poly(bis-imidazoliums).  

A PAImEE, 25 μm-thick membrane cell was operated at 60 °C with 6M KOH 

under 400 mA cm−2 for 48 h, as shown in figure 2.12 (C). The break in the cell voltage at 

24 hours represents a reconditioning protocol, as trace impurities have been shown to 

strongly affect the rate of hydrogen evolution130,131. After reconditioning, the potential 

was significantly lowered, followed by a gradual increase due to commencement of 

poisoning of the electrodes. It is also likely that the degassed KOH solution began to 

undergo carbonation as it was in contact with the air. Comparatively, commercial FAA 

run using the same setup under much milder caustic conditions (1 M KOH) and much 
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lower current density (20 mA cm−2) failed after 9.5 h. The PAImEE cell was eventually 

shut down, not because of membrane degradation but due to increased resistance of the 

uncoated titanium bipolar plate, which had undergone severe corrosion under contact 

with hot caustic solution. Despite this, the potential remained less than 2.6 V after 48 h, 

showing promising chemical durability of the PAImEE membranes. 

 

 

Figure 2.12 (A) Polarization curves of poly(bis-arylimidazoliums) with ethyl 

groups at the N1/N3 positions (PAImEE) [25 μm thick] and butyl 

groups at the N1/N3 positions (PAImBB) [20 μm thick] AEM 

electrolyzer at 60 °C. (B) Polarization curves of PAImEE [13 μm 

thick] AEM electrolyzer at 60, 70 and 80 °C in 6M KOH. Figures 

prepared by Dr. Jiantao Fan. 

 

Figure 2.13 Poly(bis-arylimidazolium) with ethyl groups at the N1/N3 positions 

(PAImEE) [25 μm] maintained at 400 mA cm−2, and FAA-3 [25 μm] at 

20 mA cm−2 at 60 °C. The difference in voltage between FAA-3 and 

PAImEE in can be attributed to the different current densities at 

which the cell was operated. Figures prepared by Dr. Jiantao Fan. 
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2.2.4. Conclusion 

Poly(bis-arylimidazoliums) with variable alkyl chain lengths at the N1 and N3 

positions represent a class of anion exchange membranes with exceptional stability in 

base and reasonable conductivities. Such membranes function well in electrochemical 

devices, notably in water electrolyzers as both the ionomer in the catalyst layer and bulk 

membrane. These polymers function in devices run at elevated temperature, > 60 °C, and 

in highly caustic environments, 6 M KOH, for extended periods of time and at current 

densities of 400 mA cm-2. 
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Chapter 3.  

 

Electrochemical Characterization of Hydrocarbon Bipolar 

Membranes with Varying Junction Morphology 

Reprinted with permission from Amelia Hohenadel, Devon Powers, Ryszard 

Wycisk, Michael Adamski, Peter Pintauro, Steven Holdcroft, ACS Applied Energy 

Materials 2019 2 (9), 6817-6824. DOI: 10.1021/acsaem.9b01257. Copyright 2019 

American Chemical Society. 

3.1. Introduction 

Hydrogen gas is a flexible energy carrier with the ability to contribute to multiple 

sectors.132 Electrochemical water splitting is a promising method for its production 

because it allows for the formation of very pure hydrogen gas without contributing to 

greenhouse gas emissions like other hydrogen production methods do, such as methane 

reformation.133 Water electrolysis may be coupled with renewable sources of electricity 

such as wind and solar, providing fuel with a minimal carbon footprint. Current water 

electrolysis technologies face obstacles such as high cost, inefficiency, and safety 

concerns. The most mature electrolytic hydrogen technology uses a caustic electrolyte for 

ion conduction and the promotion of electrochemical reactions at relatively inexpensive 

nickel electrodes, where the electrodes are separated by a porous diaphragm.  

Solid polymer electrolyte membranes are being investigated as a replacement for 

caustic solution/porous diaphragm separators as they have the potential to provide 

physical separation of the anode and cathode at shorter distances and, hence, a lower 

ionic resistance between the two electrodes.12 This physical separation also limits mixing 

of the product gases. In this context, proton exchange membranes (PEM), such as 

perfluorosulfonic acid (PFSA) ionomer membranes, are being widely studied.134,135 

Although PFSAs are useful in water electrolysis because of their high mechanical 

strength and high chemical and thermal stability, two problems exist with these systems. 

First, PFSAs are considered to be expensive, relatively permeable to hydrogen and 
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oxygen, and their disposal poses potential environmental concerns.136 Additionally, PEM 

electrolyzers are acidic in nature which necessitates the use of increasingly expensive, 

rare platinum-group metals to catalyze the oxygen and hydrogen evolution reactions. 

Moreover, while the hydrogen evolution reaction is facile in acidic media, the oxygen 

evolution reaction is relatively sluggish. In order to increase the rate of oxygen evolution, 

alkaline anion exchange membranes (AEM) are being investigated.21 In addition to 

increased oxygen evolution reaction (OER) kinetics, OER can occur on inexpensive 

catalysts such as nickel in basic conditions. However, the hydrogen evolution reaction is 

relatively sluggish in caustic media compared to acidic media.68  

Employment of a single acidic or alkaline membrane limits operation to either 

low or high pH, respectively, thus limiting the reaction kinetics and electrode materials. 

By using bipolar membranes (BPM), both AEM and PEM materials may be combined to 

allow half-cell reactions to take place in acidic and basic conditions. This results in an 

electrolytic cell that combines the fast kinetics of the hydrogen evolution reaction at low 

pH with the use of non-noble catalysts and fast kinetics of the oxygen evolution reaction 

in alkaline conditions.  

Bipolar membranes are, in their simplest form, a lamination of an AEM and PEM. 

Water splitting occurs when the membrane operates under reverse-bias conditions as 

depicted in Figure 3.1. Under these conditions, a cathodic potential applied to the 

electrode on the acidic side reduces protons to hydrogen, while an anodic potential 

applied to the electrode on the alkaline side forms oxygen gas. To maintain electro- 

neutrality, water dissociates at the PEM|AEM interface, with the protons diffusing 

through the PEM to the cathode and the hydroxide ions diffusing through the AEM to the 

anode.84 A combination of the second Wein effect and catalytic proton- accepting groups 

such as tertiary amines are reported to account for the fast rate of water dissociation at the 

interface, which is up to 107 times faster than normally associated with the rate of 

dissociation of bulk water into H+ and OH−.77 
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Figure 3.1. Depiction of reverse-bias operation for an electrolytic cell 

incorporating a bipolar membrane. 

The PEM|AEM interface of the BPM is a critical feature of this technology as it is 

responsible for facilitating the splitting of water into protons and hydroxide ions. From 

what is known from the literature, the interface must be as thin as possible to maximize 

the electric field but possess a certain degree of interpenetration of the PEM and AEM 

polymers in order to necessitate sufficient adhesion between the two membranes.79 

Several studies have shown increased water dissociation efficiency when metal 

hydroxides, silicon groups, metal alkoxides, and graphene oxide are present at the 

interface of the PEM and AEM.82,83,137,138 The increase in efficiency is explained by the 

ability of these catalysts to participate in protonation and deprotonation reactions and by 

their hydrophilicity, which increases ion conductivity within the membrane.84,85 

To further investigate the role of the interfacial layer, four bipolar membranes 

were fabricated and compared with a commercial Fumasep BPM. Each of the four 

fabricated BPMs were based on the same bulk AEM and PEM polymer, i.e., hexamethyl-

p-terphenyl poly(benzimidazole) (HMT-PMBI) and sulfonated phenylated 

polyphenylene(biphenyl) (SPPB), respectively.139,140 BPM I and BPM II were fabricated 

with dual-fiber electrospun polymer mats using the method reported by Shen et al.79 In 

this method, a junction consisting of interwoven fibers of AEM and PEM polymers is 

formed separate from the bulk regions. The fibers were coated with nanoparticulate 

Al(OH)3 catalyst. This junction is then placed between precast AEM and PEM and hot-

pressed to form a single BPM. This technique creates BPMs with much larger interfacial 

surface areas and superior adhesion than a simple two-dimensional junction comprised of 

an AEM and PEM. These two BPMs were compared to two BPMs prepared in the 



55 

absence of a dual-fiber electrospun polymer mat. For BPM III, Al(OH)3 catalyst was 

incorporated at the AEM|PEM interface. BPM IV was simply comprised of an AEM and 

PEM and contained no Al(OH)3 catalyst. Figure 3.2 shows the structures of the polymers 

used. A schematic of the four bipolar membranes is shown in Figure 3.3. Based on 

previous literature, it was found that BPMs comprising 3D dual-fiber electrospun 

junctions yield higher current densities than those prepared with a 2D junction.79 This 

work studies whether this observation held with other membrane types, namely, highly 

arylated PEMs and AEMs, and whether the inclusion of aluminum hydroxide decrease 

the overpotentials for water dissociation. The results confirm these hypotheses and reveal 

an interesting dependence of the interfacial layer on co- ion leakage under open circuit 

conditions. 
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Figure 3.2 Structures of PEMs, SPEEK and SPPB, and AEMS, QPPO and 

HMT-PMBI. 
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Figure 3.3 Construction of BPMs I-IV with identical bulk regions and varying 

interfaces. Sulfonated phenylated polyphenylene(biphenyl) (SPPB) is 

shown in orange and hexamethyl-p-terphenyl poly(benzimidazole) 

(HMT-PMBI) in blue. Junction #1 consists of sulphonated poly(ether 

ether ketone) (SPEEK) and quaternary poly(phenylene oxide) 

(QPPO) and Junction #2 consisting of SPPB and HMT-PMBI. 

3.2. Experimental 

3.2.1. Materials 

Poly(ether ether ketone) (PEEK, Vestakeep 4000FP) was obtained from Evonik 

Corporation as a dry powder. Poly(2,6- dimethyl-1,4-phenylene oxide) (PPO), 

poly(acrylic acid) (PAA), and poly(4-vinylpyrrolidone) (PVP) were purchased from 

Sigma-Aldrich as dry powders. Dimethylacetamide (DMAc), dimethylformamide 

(DMF), dimethyl sulfoxide (DMSO), triethylamine (50% in water), trimethylamine 

(TMA) (33% in ethanol), chlorobenzene, methanol, and bromine were purchased from 

Sigma-Aldrich. The sulfuric acid (96 wt %) used for the sulfonation of PEEK was 

purchased from Fisher Scientific. The aluminum hydroxide used to form BPM junctions 

#1 and #2 was purchased from U.S. Research Nanomaterials, Inc. (Al(OH)3,10 nm). The 

aluminum hydroxide used in BPM III (Al(OH)3,30−100 nm) was purchased from 

SkySpring Nanomaterials, Inc. Sodium hydroxide was purchased from VWR Analytical. 

Sodium sulfate and sulfuric acid were purchased from Caledon Laboratory Chemicals. 

All chemicals were reagent grade. Solutions were prepared with 18.2 MΩ cm deionized 

water from a Milli-Q Gradient system. Spectrograde dimethyl sulfoxide purchased from 

ACP Chemicals was used for membrane casting. A commercially available Fumasep 

bipolar membrane (Fumatech BWT GmbH, Germany) was used for comparison with 
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fabricated BPMs. The electrochemical cell and all electrodes were purchased from Pine 

Research Inc. 

3.2.2. Membrane Preparation 

Sulfonated PEEK was prepared by exposing PEEK to sulfuric acid for several 

days at room temperature. After drying PEEK, the powder was mixed with sulfuric acid 

and vigorously mixed; the solution became transparent and was red/ brown in color. After 

6 days, the solution was precipitated in DI water at 0 °C and dried in a fume hood. 

Quaternary PPO (QPPO) was prepared by bromination and subsequent amination of the 

polymer. After drying, PPO was dissolved in chlorobenzene. After the solution was 

warmed to 165 °C and the reaction vessel was purged with argon, bromine was added to 

the solution, which was mixed for 4.5 h under a reflux condenser. After completion of the 

reaction, brominated PPO (Br-PPO) was precipitated in methanol. The cleaned and dried 

Br-PPO was submerged into TMA in a mixture of ethanol and water for 7 days. The 

aminated polymer was then dissolved in methanol, dried at ambient conditions, and 

collected for later use. SPPB and HMT-PMBI were synthesized as previously reported by 

Adamski et al. and Wright et al., respectively.139,140 Sulfonated poly(ether ether ketone) 

and quaternary poly(2,6- dimethyl-1,4-phenylene oxide) were prepared by Devon Powers 

and Ryszard Wycisk. Dr. Michael Adamski provided sulfonated phenylated 

polyphenylene(biphenyl). Hexamethyl-p-terphenyl poly(benzimidazole) was prepared by 

Dr. Andrew Wright. 

3.2.3. Membrane Characterization 

Ionic conductivity of the hydrated membranes was determined using an AC 

impedance method. SPEEK and QPPO membrane samples were loaded into a Bekk-Tech 

4- electrode cell and submerged in deionized water at 23 °C. Degassed water was used to 

measure the hydroxide ion conductivity of QPPO. A Gamry Reference 3000 potentiostat 

was used to generate an impedance spectrum for the samples, and the membrane 

resistance, Rp, was determined as the intercept of the spectrum with the real-axis. Ionic 

conductivity was calculated using eq 11, where L is the distance between the electrodes 
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and A is the cross-sectional area of the membrane when dry. Ionic conductivity of SPPB 

was determined at 25 °C. Fully hydrated samples were secured in Teflon casing with two 

platinum electrodes. The casing was filled with deionized water and placed in a humidity 

chamber at 100% RH and 25 °C. The ionic conductivity was found with AC impedance 

spectroscopy using a Solartron 1260 frequency response analyzer. A DC voltage of 0 and 

AC amplitude of 100 mV was used over a frequency range of 10 MHz to 100 Hz. Data 

were fit to Randles circuit using Scribner ZPlot software, and the charge transfer 

resistance, Rp, was determined. Again, eq 11 was used to determine the membrane 

conductivity. Membranes were completely converted to the proton form prior to testing. 

The ionic conductivity of HMT-PMBI in the hydroxide form was taken from Wright 

et.al.46 This was measured at ambient temperature (~22 °C) as a fully hydrated 

membrane using the same impedance method described above for SPPB. 

(11)      𝜎 (
𝑆

𝑐𝑚
) =  

𝐿 (𝑐𝑚)

𝑅𝑝(𝛺)𝐴(𝑐𝑚2)
 

The ion-exchange capacity (IEC) of SPEEK was determined using a standard 

acid−base titration technique. A SPEEK film of known dry mass in the proton form was 

soaked at 23 °C for 48 h in 2.0 M NaCl to convert it to the sodium form. The soaked 

solution was then titrated with 0.01 N NaOH to a neutral pH, and the IEC (mmol/g) of 

the film was determined using eq 12 where Vt (L) is the titrant volume required to 

neutralize the soak solution, Nt (mmol/L) is the normality of the titrant, and mdry (g) is the 

mass of the dry film. The IEC of SPPB was taken from ref17 where it was determined 

through a similar titration method. The IEC of QPPO was determined using the Mohr 

titration method. A chloride-form QPPO film of known dry mass was soaked in two 20 

mL batches of 0.2 M NaNO3 to exchange Cl− for NO3
−. 

The soak solutions were combined and were then titrated with 0.01 M AgNO3 

using K2CrO4 as the end point indicator. The IEC of the QPPO films was again 

determined using eq 12. The IEC of HMT- PMBI was taken from Wright et. al.46 This 

value was determined from the degree of methylation of benzimidazole groups within the 

polymer. 

(12)     𝐼𝐸𝐶 (
𝑚𝑚𝑜𝑙

𝑔
) =  

𝑉𝑡(𝐿) × 𝑁𝑡 (
𝑚𝑚𝑜𝑙

𝐿 )

𝑚𝑑𝑟𝑦(𝑔)
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Scanning electron microscopy (SEM) images were taken using an FEI Nova 

NanoSEM 430 system. Energy dispersive X-ray spectroscopy (EDX) was used in 

conjunction with the SEM to confirm the presence of Al(OH)3 in the interfacial layer. 

Membrane samples were coated with iridium using a Leica EM ACE600 high-vacuum 

coating system before SEMs were taken.  

Conductivity and IEC measurements were performed by Devon Powers. SEM 

images were taken by Amelia Hohenadel. 

3.2.4. Junction Preparation 

Dual electrospun junctions were prepared using a two-spinneret apparatus as 

described previously.79,141 In this method, two solutions containing the PEM and AEM 

polymers are electrospun simultaneously onto a rotating and oscillating drum from two 

separate syringes. The flow rates were adjusted to compensate for any variation in ion 

exchange capacity, thus allowing the same approximate conductance across the junction. 

For example, a higher flow rate, and thus larger amount of polymer, would be used for 

the polymer with lower IEC to compensate for the slower movement of ions. A small 

amount of high molecular weight carrier polymer, either poly(acrylic acid) (PAA) or 

poly(4-vinylpyrrolidone) (PVP), was added to each solution to facilitate fiber formation. 

The electro- spinning was stopped periodically, and a dispersion of nanoscopic Al(OH)3 

catalyst in water was sprayed onto the drum using a hand- held spray gun. This ensured 

all fibers were coated in a thin layer of Al(OH)3. Table 3-1 presents details of the two 

types of 3D junctions fabricated for this work. Electrospun junctions were prepared by 

Devon Powers. 
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Table 3-1 3D Electrospun junctions 
 

Junction 1 Junction 2  
SPEEK 
(PEM) 

QPPO 
(AEM) 

SPPB (PEM) HMT-PMBI 
(AEM) 

IEC (mmol/g) 1.6 1.4 3.2139 2.546 

Ionic Conductivity (mS/cm) 37.4a  20.3b 154a 23b 46 

Carrier Polymer 4% PVP 2% PVP 4% PAA 4% PAA 

Solvent DMAc DMF 16% MeOH 

84% DMAc 

16% MeOH 

84% DMF 

Voltage (kV) 15 15 13 11 

Flow Rate (mL/hr) 0.15 0.25 0.20 0.51 

Temperature (°C) 22 22.7 

Relative Humidity (%) 35 35 

Spinner to Collector Distance 
(cm) 

10.5 10.5 

Al(OH)3 Loading (mg/cm2) 0.5 0.59 
a Conductivity of membrane in H+ form 
b Conductivity of membrane in OH- form 

3.2.5. Bipolar Membrane Preparation 

Single HMT-PMBI and SPPB membranes were cast on glass plates from 10 and 

7.5 wt % solutions in DMSO, respectively, using a doctor blade. Cast membranes were 

dried at 90 °C for >3 h. Membrane were ∼30 μm thick. Precise thicknesses are provided 

in Table 3-2. Bipolar membranes were formed through a combination of solvent exposure 

and hot pressing of preformed membranes. For BPMs with an electrospun junction, first 

the precast SPPB membrane and the junction were exposed to MeOH vapors for 10 min 

before being pressed together by hand. Next, the conjoined SPPB/Junction and HMT-

PMBI were exposed to MeOH vapors for 15 min before being pressed together and 

transferred immediately to a hot-press. The membranes were hot-pressed at 120 °C at 

10000 lbs for 40 min. Membranes without a junction were exposed to solvent a total of 

15 min before lamination and were hot-pressed under identical conditions. Aluminum 

hydroxide was added to BPM III by brushing nanoscopic aluminum hydroxide in acetone 

onto SPPB before solvent vapor exposure. The loading was determined by weight change 

after addition of the catalyst. After hot-pressing, BPMs were transferred to solutions of 

0.5 M Na2SO4 for at least 12 h before electrochemical characterization. An overview of 
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the four BPMs fabricated is given in Table 3-2. The performance of a commercially 

available Fumasep bipolar membrane was also compared to these BPMs. BPM I was 

prepared by Devon Powers, Ryszard Wycisk and Amelia Hohenadel. BPMs II, III and IV 

were prepared by Amelia Hohenadel. 

Table 3-2 Bipolar membranes fabricated for this work with thicknesses of bulk 

PEM and AEM materials. 
 

PEM Junction AEM 

BPM 1 SPPB, 33 ± 1.5 µm Junction # 1 HMT-PMBI, 31 ± 0.63 µm 

BPM 2 SPPB 28 ± 1.0 µm Junction # 2 HMT-PMBI, 28 ± 1.2 µm 

BPM 3 SPPB 26 ± 0.75 µm Al(OH)3, 0.4 mg/cm2 HMT-PMBI, 30 ± 0.63 µm 

BPM 4 SPPB 30 ± 1.4 µm None HMT-PMBI, 29 ± 0.63 µm 

 

3.2.6. Electrochemical Characterization. 

Electrochemical characterization was performed using a 4-electrode glass H-cell 

with Pt wire as the working and counter electrodes and Ag/AgCl as the reference and 

sensor electrodes (Pine Research Inc.) as shown in Figure 3.4. A Solartron 1287 

potentiostat/galvanostat was used to apply various current densities for 60 s, the last 10 s 

of which the voltage and current density were averaged and reported. Initial experiments 

were performed with 0.5 M Na2SO4 as the anolyte and catholyte followed by 1 M NaOH 

and 1 M H2SO4 as the anolyte and catholyte, respectively 
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Figure 3.4 4-electrode electrochemical cell used for bipolar membrane 

characterization. Ag/AgCl electrodes were used as reference 

electrodes with Pt wire as working and counter electrodes. Both 

compartments were filled with 0.5 M Na2SO4 for initial experiments 

at neutral pH. For experiments run with a pH gradient, 1 M NaOH 

was used as the anolyte and 1M H2SO4 as the catholyte. 

3.3. Results and Discussion 

Polarization curves obtained in Na2SO4 and in acidic/basic media are shown in 

Figure 3.5, where the potential represents the measured voltage difference between the 

two reference electrodes, thus revealing current−potential curves that represent the 

efficacy of the BPMs, devoid of the effects of the electrochemical reaction kinetics at the 

corresponding working and counter electrodes. BPM performance was assessed 

quantitatively by comparing the measured potential to the equilibrium potential, E0 = 0.83 

V, for the dissociation of water, H2O → H+ +OH−. BPMs exhibiting higher 

overpotentials, i.e., larger differences between the theoretical water dissociation potential 

and observed potential, are considered to be poorer in performance. In Na2SO4, all BPMs 

are characterized by a low current density region in which voltage increases rapidly, as 

can be seen in Figure 3.5(a). The plateau that occurs upon drawing current is traditionally 

associated with the limiting current density regime, wherein current across the BPM is 

provided by “unwanted” co-ion leakage of anions from the catholyte to anolyte and 

cations from the anolyte to catholyte.142 This plateau ends when a voltage capable of 

dissociating water at the interface is reached. For BPMs I to IV, the limiting current 

density plateaus all occur between ∼4 and 10 mA cm−2; however, the voltages at which 

water dissociation occur are different, indicating different performance. The commercial 
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Fumasep membrane exhibits a limiting current density between ∼2 and 4 mA cm−2. As 

the bulk PEM and AEM are the same materials in each of the BPMs, any differences in 

the polarization curves are the result of the effect of the interfacial region between the 

PEM and AEM. BPM I shows the best performance, with water dissociation seemingly 

occurring at ∼0.7 V. The exact voltage at which dissociation occurs and extent of 

dissociation is unknown. Shen et al. attributed the increase in current density below 0.83 

V to co-ion leakage through the membrane.79 The pH of the anolyte and catholyte plays a 

large role in determining the voltage across the BPM.143 It is possible that local pH 

gradients at the membrane surface account for the discrepancy between this value and 

reported thermodynamic voltage of 0.83 V. As current was increased, the voltage across 

BPM I remained lower than that of BPMs II to IV and the commercial Fumasep bipolar 

membrane, proving BPM I’s superior performance. BPMs I and II, which comprise 

junctions 1 and 2, yield lower voltages than BPMs III and IV, which were prepared 

without the presence of interfacial ionomeric junction. Comparison of BPMs III and IV 

shows that the inclusion of Al(OH)3 at the PEM|AEM interface reduced the voltage by 

0.44 V in Na2SO4 at 100 mA cm−2. The same general trend in performance is seen at high 

current densities when BPMs are run in acid and base, shown in Figure 3.5(b). Again, 

BPM I is the highest performing membrane and BPM IV exhibits the lowest 

performance. Addition of Al(OH)3 reduces the potential by 1.09 V at 100 mA cm−2 as 

observed by comparing BPMs III and IV. 
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Figure 3.5 Polarization curves of various BPMs in (A) 0.5 M Na2SO4 solution; 

(B) acidic catholyte, 1 M H2SO4, and basic anolyte, 1 M NaOH, at 

room temperature. The dotted line at 0.83 V represents the theoretical 

potential for dissociation of water at 25°C. 

However, the overall shape of these polarization curves is generally different than 

those observed in Na2SO4. Bipolar membranes run in acid and base exhibit higher open 

circuit potentials and more linear behavior. This is most clearly seen for BPMs I and III 

and for the Fumasep BPM. The polarization curve of BPM II slightly deviates from 

linearity. BPM IV, however, exhibits a curve similar to that seen in Na2SO4 solution with 

a clear limiting current density region between ∼10−20 mA cm−2. No trend is seen when 

comparing each membranes individual performance in Na2SO4 versus acid and base. The 

potential of the Fumasep membrane and BPM III decrease when run in acid and base, 

compared to Na2SO4, while the overpotentials for BPM I and IV stay approximately the 

same. The potential of BPM II increases in acid and base. The most noticeable difference 
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when carrying out experiments in neutral pH and in a cell with acid and base are 

observed at low current densities. This is apparent in Figure 3.6, which shows a 

magnified portion of polarization curves obtained in Na2SO4 solution (A) and in acid and 

base (B). At open circuit, when both the catholyte and anolyte contain a neutral salt, the 

measured voltage across the membrane is close to 0 V. This can be understood by 

realizing that the potential measured across the BPM is the sum of potentials across three 

interfaces, namely, the anolyte|AEM interface, the BPM junction, and the catholyte|PEM 

interface. This is shown in eqs 13 through 15, where R is the universal gas constant, T is 

the temperature, F is Faraday’s constant, and z is the number of electrons transferred.96 

Mathematically, this reduces to a difference in ion concentration between the anolyte and 

catholyte. Therefore, when both compartments are at a pH of 7, the open circuit voltage, 

OCV, is 0 V. 

(13)    ∆𝜑𝑡𝑜𝑡𝑎𝑙 = ∆𝜑𝑎𝑛𝑎𝑙𝑦𝑡𝑒/𝐴𝐸𝑀 + ∆𝜑𝐴𝐸𝑀/𝑃𝐸𝑀 + ∆𝜑𝑃𝐸𝑀/𝑐𝑎𝑡ℎ𝑜𝑙𝑦𝑡𝑒 

(14)    ∆𝜑𝑡𝑜𝑡𝑎𝑙 =  
𝑅𝑇

𝑧𝐹
log

[𝐻+]𝐴𝐸𝑀

[𝐻+]𝑎𝑛𝑜𝑙𝑦𝑡𝑒
+

𝑅𝑇

𝑧𝐹
log

[𝐻+]𝑃𝐸𝑀

[𝐻+]𝐴𝐸𝑀
+

𝑅𝑇

𝑧𝐹
log

[𝐻+]𝑐𝑎𝑡ℎ𝑜𝑙𝑦𝑡𝑒

[𝐻+]𝑃𝐸𝑀
 

(15)     ∆𝜑𝑡𝑜𝑡𝑎𝑙 =  
𝑅𝑇

𝑧𝐹
log

[𝐻+]𝑐𝑎𝑡ℎ𝑜𝑙𝑦𝑡𝑒

[𝐻+]𝑎𝑛𝑜𝑙𝑦𝑡𝑒
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Figure 3.6 Magnified regions of Figure 5 showing co-ion leakage currents of 

BPMs in (A) 0.5 M Na2SO4 solution; (B) acidic catholyte, 1 M H2SO4, 

and basic anolyte, 1 M NaOH at room temperature. The dotted line at 

0.83 V represents the theoretical potential for dissociation of water at 

25°C. 

When the catholyte and anolyte contain acid and base, respectively, the 

theoretical open circuit potential across the BPM is 0.83 V (ΔpH = 14, 25 °C). The 

observed open circuit potentials deviate from this, indicating that the pH difference is less 

than 14. Measured OCVs are 0.78 V for BPM I, 0.53 V for BPM II, 0.62 for BPM III, 

0.45 V for BPM IV, and 0.80 V for Fumasep. These OCVs provide a measure of the co-

ion leakage across the membrane and, hence, permselectivity. Literature commonly refers 

to co-ion leakage as being due to anions transported from anode to cathode and cations 

transported from cathode to anode through the BPM, as discussed above. In this case the 

driving force is neutralization of the pH cell, rather than reverse-bias current flow. This 
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co-ion leakage is due to protons that are transported from cathode to anode (impeded 

largely by the AEM) and/or hydroxide ions transported from anode to cathode (impeded 

largely by the PEM). 

Several studies claim that this limiting current density depends on factors other 

than ion leakage, including the diffusional boundary layer at the electrolyte|membrane 

interfaces and that only 10−30% of the ionic current is due to co-ion leakage.93,96,142 

These results seem to support this claim. Figure 3.6(a) shows a similar limiting current 

density for BPMs I to IV, yet open circuit potentials indicate different rates of co- ion 

leakage through the BPMs. These results additionally show the importance of the 

interfacial region on permselectivity, as the PEM and AEM components are the same for 

BPMs I−IV, and thus should equally impede anion and cation transport, respectively, yet 

the differences in OCV between the BPMs are striking. The PEM|AEM interfacial region 

plays a critical role in co-ion transport across bipolar membranes. To look at the 

comparative integrity of the PEM|AEM interfaces for the various BPMs, the cell was run 

under forward bias, with 1 M H2SO4 on the side of the PEM and 1 M NaOH on the side 

of the AEM, by applying a reverse current. This causes not dissociation of water at the 

PEM|AEM interface but the formation of water at the interface. In order for the 

membrane not to rupture upon water generation, it must exhibit sufficient cohesion. The 

forward-bias experiment can be considered as an accelerated stress test as it mimics the 

type of physical degradation that may occur after extensive on−off cycling at high 

reverse-bias current densities. A sudden recombination of protons and hydroxide ions at 

the interface may create swelling that would damage the interfacial region and/or 

delaminate the polymers. The forward-bias and subsequent reverse-bias polarization 

curves are shown in Figure 3.7. Each BPM shows a slightly different behavior under the 

forward-bias conditions. As expected, there are deviations in the observed OCVs similar 

to those seen in the previous reverse-bias polarization curve (Figure 3.5(b) and Figure 

3.6(b)). Again, it is assumed this is due to co-ion leakage as the pH cell attempts to reach 

neutrality. All BPMs display very different polarization curves under forward bias, as can 

be seen in Figure 3.7.  
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Figure 3.7 Forward (dotted line) and reverse (solid line) bias experiment with an 

acidic catholyte, 1 M H2SO4, and basic anolyte, 1 M NaOH (B) at 

room temperature. The dotted line at 0.83 V represents the theoretical 

water dissociation potential at 25°C across a pH gradient of 14. 

Upon application of negative current, the Fumasep BPM exhibits low resistance 

followed by what appears to be a limiting current density regime around −100 to −150 

mA cm−2. In contrast, BPM II displays highly resistive behavior at low current densities 

before a more rapid increase in current density. Unfortunately, it is difficult to ascribe 

these polarization curves to specific BPM characteristics. The changes in slope during the 

forward-bias polarization results from multiple processes which include recombination of 

salt at the interface, formation of water at the interface, co-ion leakage, and eventual 

displacement of Na+ and SO4
2− ions in the PEM and AEM with H+ and OH− ions. These 

processes are depicted in Figure 3.8. 
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Figure 3.8 Diagram of ion movement occurring when a bipolar membrane, 

equilibrated in Na2SO4, is operated under forward bias with an acidic 

anolyte, 1 M H2SO4, and basic catholyte, 1 M NaOH (B) at room 

temperature. Dashed red arrows show co-ion leakage, solid blue 

arrows show recombination of ions at the interface, and solid purple 

arrows show the movement of ions in catholyte and anolyte into the 

membrane. 

A thorough understanding of the behavior of these membranes under forward 

polarization is not explored in this paper. Rather, the purpose of this experiment is simply 

to promote the recombination of H+ and OH− ions needed to assess adhesion. Following 

capturing a polarization curve under forward bias, a reverse-bias polarization was taken 

by applying positive current, shown as the solid lines in Figure 3.7. The potentials 

reached during this reverse polarization were compared to those in Figure 3.5(b). Any 

increase in overpotential was attributed to delamination of the AEM and PEM at the 

interfacial region caused by water formation. The following membranes exhibited 

increased potentials at 100 mA cm−2 when compared to the first polarization curve taken 

in acid and base: Fumasep (26 mV), BPM I (50 mV), BPM IV (78 mV), and BPM II (180 

mV). It is surprising that the overpotential of BPM II increased by more than double that 

of BPM IV and more than triple that of BPM I. The electrospun junctions present in 

BPMs I and II should create excellent adhesion between the PEM and AEM. While this 

seems to be the case for BPM I, BPM II is likely to have undergone severe delamination. 

To further understand the performance of the bipolar membranes fabricated with dual 

fiber electrospun junctions, scanning electron microscope (SEM) images were taken of 

the BPMs and unused electrospun mats. Figure 3.9 shows an aerial view of the two 

pristine electrospun junctions. Junction #1, prepared from SPEEK and QPPO, can be 
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viewed has being heterogeneous in nature with fibers <1 μm in diameter. Junction #2, 

prepared from SPPB and HMT-PMBI, reveals a large degree of heterogeneity. The image 

of Junction #2 shows a mixture of polymer fibers and solid polymer spheres resulting 

from evaporation of sprayed droplets. The fibers formed possess diameters of 1−10 μm. 

Cross-sectional SEM images of BPMs I, and II after the electrochemical characterization 

described previously are provided in Figures 3.10. BPM II shows considerably more 

delamination than BPM I. 

 

Figure 3.9 Top view SEM image of pristine Junction 1 and Junction 2. 

 

Figure 3.10 Cross-sectional SEM of BPM I and BPM II after electrochemical 

characterization showing extensive delamination of BPM II. 

3.4. Conclusion 

Though the bulk PEM and AEM regions did not change, significant variation in 

BPM performance is observed, thus affirming the importance of the interfacial region, 

not just for the efficiency of water dissociation but also for membrane selectivity. As 

expected, the inclusion of Al(OH)3 catalyst lowers the overpotential for water 

dissociation. Of the four membranes, BPMs I and II were superior, indicating the 
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importance of high interfacial surface area. BPM II is characterized by poor adhesion, 

which is attributed to the morphology of junction and properties of the membranes used 

within the junction. 
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Chapter 4.  

 

Spectroelectrochemical Detection of the Onset of Water 

Dissociation in Bipolar Membranes 

Reprinted with permission from Amelia Hohenadel, Apurva Shantilal Gangrade, 

Steven Holdcroft, ACS Applied Materials & Interfaces 2021 13 (38), 46125–46133. 

https://doi.org/10.1021/acsami.1c12544. Copyright 2021 American Chemical Society.106 

4.1. Introduction 

Bipolar membranes (BPM) have been used in electrodialysis and separation 

processes for decades.87,88,144,145 Recently, BPMs have been explored as an alternative to 

mono-pH systems for water electrolysis and CO2 reduction.146–150 BPMs are unique in 

that they combine cation and anion exchange materials such that the anode and cathode 

electrodes may each be operated at a different pH.  Such a system provides a much 

greater choice of electrode materials and reactions. An abrupt junction exists between the 

cation exchange membrane (CEM) and anion exchange membrane (AEM) forming an 

interface analogous to a p-n semiconductor junction. A space charge region exists at this 

junction under equilibrium as shown by Coster and Ramirez et al.71–73  When the cell is 

operated under a significant reverse-bias polarization, in which the positive electrode is 

located on the side of the AEM and the negative electrode is on the side of the CEM, the 

width of the this space charge region increases and a strong electric field is formed at this 

interface.70 Ionic current may flow either through co-ion leakage currents, or water 

dissociation.  

Water dissociation provides a constant flux of protons and hydroxide ions to the 

cathode and anode, respectively, thereby maintain a pH difference across the cell. Upon 

sufficient  reverse-bias polarization, the rate of water dissociation within the BPM was 

found to be 107 times greater than in solution and is believed to result from electric field-

enhanced dissociation, known as the second Wien effect.70,75  In addition to this electric 

field enhancement, the use of catalysts within the BPM junction have been proven to 
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promote water dissociation. Simons first discovered the catalytic role of weakly basic 

tertiary amino groups to facilitate water dissociation at the surface of an AEM.77 Since 

then, significant experimental and modeling work has been carried out to understand the 

role of catalysts at the BPM interface.81,151–153 Water dissociation has been found to 

increase upon addition of catalysts such graphene oxide, Al(OH)3, and other metal oxides 

and hydroxides.83,86,154–156 

Co-ion leakage results from anions in the catholyte migrating to the anode and 

cations in the anolyte migrating to the cathode. This leakage occurs because the 

membrane is not perfectly permselective and thus cations may travel through the AEM 

and anions through the CEM.  Permselectivity of an ion exchange membrane (IEM) 

measures the ratio of flux of counter-ions to the total ionic flux through the membrane. It 

is generally thought that thinner membranes exhibit lower permselectivity, although in 

experiments using single ion exchange membranes, permselectivity has been shown to be 

constant once membranes have exceeded a threshold thickness.157–160 The permselectivity 

of a bipolar membrane is further complicated by the gradients of H+ and OH- ions as they 

migrate through the CEM and AEM, respectively. The permselectivity of BPMs has been 

explored by Moussaoui et al. who studied the effect of external NaCl solution 

concentration on Na+ leakage through a BPM.161 In this work, an expression relating co-

ion leakage to 1/thickness was derived. The permselectivity of an IEM can be described 

by equation 16: 

(16) 𝛼 =
𝑡𝑀

𝑚−𝑡𝑀
𝑠

𝑡𝑋
𝑠  

where t represents the transport number of counter-ion, M, or co-ion, X, through the 

membrane (M) and solution (S) phase. For a perfectly permselective membrane ( =1), 

𝑡𝑀
𝑚 = 1 and the entire ion transport across the membrane occurs by means of counter-ions. 

Alternatively, when 𝑡𝑀
𝑚 = 𝑡𝑀

𝑠 , =0 and ion transport in the membrane is equal to that in 

solution.  

When a bipolar membrane is employed in water electrolysis, the oxygen evolution 

reaction (OER) is made to occur under alkaline conditions at the anode, while the 

hydrogen evolution reaction (HER) occurs under acidic conditions at the cathode. The 

gas evolving reactions, along with their standard electrochemical potentials at pH 14 and 
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0, respectively, are shown in equations 17 and 18. To reach the required standard 

electrochemical reduction potential for water dissociation under these conditions (E0 = 

1.23 V) an additional 0.83 V is necessary. This potential is defined, as defined by Oener 

et al.,86 as the thermodynamic potential needed to generate 1M acid and 1M base from 

neutral solution and it is refered to as the ‘standard water dissociation potential’ 

throughout the text. This electric potential drop, shown in equation 19, occurs across the 

BPM interface and can be related to the difference in pH values between the AEM and 

CEM layers.  

(17)     4OH− → 2H2O +  O2 + 4𝑒−, 

𝐸𝑎𝑛𝑜𝑑𝑒
0 =  0.40 V 

 

(18)      4H+  + 4𝑒− →  2H2 

𝐸𝑐𝑎𝑡ℎ𝑜𝑑𝑒
0 = 0.00 V 

 

(19)      𝐻2𝑂 → 𝐻+ +  𝑂𝐻− 

𝐸𝑗𝑢𝑛𝑐𝑡𝑖𝑜𝑛
0 =  

𝑅𝑇

𝐹
ln (

𝑎𝐶𝐸𝑀
𝐻+

𝑎𝐴𝐸𝑀
𝐻+ ) = 0.83 𝑉, pHAEM – pHCEM = 14 

 

The most common method of electrochemical characterization of BPMs involves 

generation of current-voltage (I-V) polarization curves, which relate current density to the 

potential across the bipolar membrane, the latter being typically measured using a 4-

electrode system in which two reference electrodes are placed on either side of the BPM, 

thus measuring the electric potential drop across the membrane, excluding polarization 

losses due to OER and HER reactions.  

The water dissociation onset potential under standard conditions, assuming the 

activities of H+ and OH- are one in the CEM and AEM, respectively, is 0.83 V, as shown 

in equation 19. However, it must be recognized that the potential measured across the 

membrane is not just the potential drop across the interfacial layer or bipolar junction, Vj, 

but includes the two Donnan potentials, VDon, at each membrane solution interface as 

illustrated in figure 4.1.94,96  
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Figure 4.1  Potential distribution across a BPM and surrounding solution 

showing the Donnan potentials that occur at each membrane|solution 

interface, VDon, and the potential occurring at the AEM|CEM 

junction, Vj. The potential measured by reference electrodes on either 

side of the BPM in a typical 4-electrode cell is the sum of these three 

potentials and is represented by Vm. 

The total current under reverse-bias polarization is the sum of the ionic current 

resulting from water dissociation, and the ionic current resulting from co-ion leakage 

through the BPM. When operating a BPM, it is typically desirable to maximize the water 

dissociation current to maintain a pH difference between the electrodes. Under these 

circumstances, co-ion leakage is considered a loss in efficiency. 

It has been postulated that the point on the polarization curve which exhibits the 

largest resistance, is the point at which the current is dominated by the transport of 

protons and hydroxide ions,73 which typically occurs immediately after the first limiting 

current density, shown as point “B” in figure 4.2. Many reports have now shown 

evidence of co-ion leakage occurring at cross-membrane potentials below 0.83 V and 

within the limiting current density region.  Sun et. al. used inductively coupled plasma 

mass spectrometry (ICP-MS) of the anolyte and catholyte solutions to measure co-ion 

leakage currents and reported that water dissociation accounts for the majority of charge 

carriers generated at current densities as low as 0.5 mA cm-2, where the cross-membrane 

voltage was 0.75 V. This was rationalized by accounting for the difference in pH between 

the anolyte and catholyte solutions which was <14.94 Bui et. al. modeled IV curves for a 

BPM in four different pH gradients.105 In this work, the modeled polarization curves were 

deconvoluted to calculate the contribution of individual ionic species to the total ionic 
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current density. The data suggested that contribution of water dissociation becomes 

significant above 0.6 V and within the limiting current density region. 

 

Figure 4.2 Typical bipolar membrane polarization curve obtained from a four-

electrode cell operated in a pH neutral electrolyte. Points A and B 

define the bounds of the limiting current density which has 

historically been attributed to co-ion leakage current. Point B shows 

the standard water dissociation potential assuming a pH difference of 

14 across the interface, i.e., 0.83 V. 

Although researchers have utilized quantitative tools such as ICP-MS and pH 

monitoring of the electrolyte to measure co-ion leakage, these techniques lack the ability 

to report on water dissociation in real time.  This means that measured co-ion leakage 

may be distorted by degradation of the BPM or changes in the BPM interface that may 

occur over the measurement time.  

A method to confirm water dissociation over the course of seconds rather than 

hours would reduce the likelihood of membrane degradation and changes to electrolyte 

concentration.  This requires a technique which can accurately assess the presence of 

either hydroxide ions or protons as they form at the BPM AEM|CEM junction, thus 

distinguishing currents originating from water dissociation from co-ion leakage. The 

detection of electrochemically-generated hydroxide ions within an anion exchange 

membrane has been demonstrated by Cao et. al. using a pH indicator incorporated within 

the membrane.57 In that work, thymolphthalein was cast with hexamethyl-p-terphenyl 

poly(methylbenzamidazolium) (HMT-PMBI) to visualize the transformation of the AEM 

from bicarbonate to hydroxide form. The indicator-imbibed polymer membrane is a 

yellow-orange in color in solutions of low pH, where the counter ion is halide or sulfate 
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ions, for example, but dark blue when converted to the hydroxide form in high pH 

solutions. In the context of bipolar membranes, Yan et al. recently reported on a BPM for 

CO2 electrolysis which utilized a ratiometric pH indicator covalently bonded to weakly 

acidic ion exchange layers deposited on the CEM side of the BPM. These layers allowed 

for monitoring of the cathode pH, which plays an important role in the faradaic efficiency 

of CO2 reduction.162 

The research described herein adopts the use of an indicator-imbibed polymer 

membrane to report on the change in pH that occurs in the membranes as hydroxide ions 

are produced by water dissociation.  When a BPM based on a pH indicator/HMT-PMBI 

membrane is placed under a reverse bias potential, water dissociation occurs at the 

AEM|CEM junction. Due to the applied potential, OH- produced at the AEM|CEM 

junction diffuses in the AEM portion of the BPM, where it deprotonates the pH indicator 

and produces a visible colour change. This is illustrated in Figure 4.3, which shows the 

absorbance spectrum of a BPM under 3 different current densities. As the current density 

is increased and water dissociation is initiated, a change in absorbance of the indicator 

related to the change in pH is observed. This colour change is detected using UV/Vis 

spectroscopy and allows for continuous measurements to be made on the timescale of 

milliseconds. In this research, polarization curves and UV/Vis spectra of the BPM are 

measured simultaneously. A previous reported polymer, sulfonated phenylated 

polyphenylene with a biphenyl linker unit (SPPB) is used as the CEM.139 By using SPPB 

in conjunction with HMT-PMBI, a fully hydrocarbon BPM system is employed. Fully 

hydrocarbon polymers are an attractive alternative to the traditional perfluorosulfonic 

acid (PFSA) polymers typically used as CEMs for a variety of reasons.  Among these 

reasons are their ease of synthesis, relative low cost, low gas crossover in electrochemical 

systems such as fuel cells, and fewer environmental concerns.163 
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Figure 4.3  UV-Vis spectra of BPM with thymolphthalein doped hexamethyl-p-

terphenyl poly(methylbenzamidazolium) (HMT-PMBI) used as bulk 

AEM material under reverse polarization at 0, 10.5, and 25 mA cm-2, 

and sulfonated phenylated polyphenylene with a biphenyl linker unit 

(SPPB) CEM.  As OH- ions are formed at the AEM|CEM interface 

and migrate through the AEM. Deprotonation of pH indicator, 

thymolphthalein, creates a visible colour change. 

The goal of this work is to determine the current density at which it is possible to 

detect the presence of hydroxide ions, i.e., field generated dissociation of water. This 

knowledge will strengthen our understanding and interpretation of IV curves obtained 

from four-electrode BPM systems. The topic of co-ion leakage is further explored by 

examining a series of bipolar membranes with varying thicknesses of the CEM and AEM 

components. Asymmetric bipolar membranes have been previously reported in the 

literature but the effect of decreasing either the AEM or CEM layer on overall BPM 

performance is variable and depends on the individual membrane 

properties.100,101,105,164,165 To date, no such study has been performed using SPPB and 

HMT-PMBI. Co-ion leakage currents can be further understood by determining the 

permselectivity of the individual AEM and PEM.  Electrochemical impedance 

spectroscopy (EIS) is also employed to provide additional insights into voltage dependent 

water dissociation vs. co-ion leakage. 
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4.2. Experimental 

4.2.1. Materials 

ACS grade Na2SO4, DMSO, and deuterated DMSO were purchased from Fisher 

Scientific. ACS grade Na2CO3, NaHCO3, NaCl and NaOH were purchased from ACP 

chemicals. Thymolphthalein was purchased from Eastman Organic Chemicals. All 

solutions were made using 18.2 MΩ cm deionized water using a Millipore Synergy UV 

water purification system. Hexamethyl-p-terphenyl poly(methylbenzamidazolium), 

HMT-PMBI, was used as the anion exchange membrane in this work. HMT-PMBI was 

co-cast with 0.1 wt % thymolphthalein indicator as described by Cao et. al.57 The cation 

exchange membrane used was sulfonated phenylated poly-phenylene with a biphenyl 

linker, SPPB. Structures of these polymers are shown in figure 4.4. SPPB was provided 

by Dr. Michael Adamski. HMT-PMBI was provided by Dr. Andrew Wright. Indicating 

HMT-PMBI was provided by Xinzhi Cao. 
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Figure 4.4  Chemical structures of the anion exchange membrane, hexamethyl-p-

terphenyl poly(methylbenzamidazolium), HMT-PMBI, the cation 

exchange membrane sulphophenylated polyphenylene with a biphenyl 

linker, SPPB, and thymolphthalein indicator in its protonated and 

deprotonated form.  

4.2.2. Physical Characterization 

Thymolphthalein was uniformly incorporated into the HMT-PMBI membranes by 

stirring the indicator and polymer in DMSO before casting on a glass plate. Water uptake 

and volumetric swelling of the HMT-PMBI containing 0.1% thymolphthalein were found 

by recording the mass and dimensions of several membranes when fully hydrated and 

dry. Membranes were hydrated by soaking in DI water and patted dry before weighing. 

Membranes were dried under vacuum for 24 hours before dry measurements were made. 

Water uptake, Wu, and volumetric swelling, Sv, were found using equations 20 and 21 

where Ww and Wd are the mass of wet and dry membranes, respectively, and Vw and Vd 
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are the wet and dry volumes of the membrane samples, respectively.  Volumes are 

calculated and the product of membrane width, length, and thickness. Properties of the 

polymers are shown in table 4-1. 

(20) 𝑊𝑢(%) =
𝑊𝑤−𝑊𝑑

𝑊𝑑
× 100 

(21) 𝑆𝑣(%) =
𝑉𝑤−𝑉𝑑

𝑉𝑑
× 100 

Table 4-1  Properties of the polymers used in this study. 

 IEC (mmol g-1) 

(Theoretical, OH- form) 

σ (mS cm-1) Volumetric 
Swelling (%) 

Water 
Uptake (%) 

HMT-PMBI 
containing 0.1% 
thymolphthalein 

Series A-E: 2.27 

Series F-H: 2.36 

97.657 at 
40°C and 
90% RH 

(OH- form) 

59 ± 4 

(Cl- form) 

48.0 ± 8.7 

(Cl- form) 

SPPB 

(H+ form) 

3.46139 129139 at 
30°C and 
95% RH 

145.1 ± 0.5139 119.2 ± 
1.8139 

 

4.2.3. BPM Fabrication 

BPMs were fabricated by hot-pressing pre-cast HMT-PMBI and SPPB 

membranes at 120°C under a pressure of 27 lbs. cm-2 for 10 minutes to form a uniform 

2D interface. A water dissociation catalyst was not used in this work because its inclusion 

led to irreproducible I-V characteristics. Catalyst-free BPMs, while being more resistive 

to water dissociation provided reproducible I-V characteristics, allowing for a more 

meaningful spectroelectrochemical study. A complete list of the BPMs characterized is 

provided in table 4-2. The thickness of the SPPB CEM was varied in series A-E, while 

the thickness of the HMT-PMBI AEM was varied in series F-H. Series A-E used a 

different batch of HMT-PMBI than the series F-H. The two batches of polymer were 

compared using NMR and the ion exchange capacity of each batch was found using a 

previously reported method.46 All BPMs were exchanged to their Na2SO4 form by 

solution exchange using three 24-hour exchanges in 0.5 M Na2SO4 solution before 

spectroelectrochemical measurements were made.  
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Table 4-2  Complete list of BPMs used in this study with corresponding 

thicknesses of the AEM, hexamethyl-p-terphenyl 

poly(methylbenzamidazolium) (HMT-PMBI), and CEM, sulfonated 

phenylated polyphenylene with a biphenyl linker unit (SPPB)  

Series CEM|AEM thickness (µm) Individual Sample CEM|AEM thickness (µm) 

 

A 

 

42±1|21±<1 

A1 41±1|22±<1  

A2 41±1|21±<1 

A3 43±<1|21±<1 

 

B 

 

33±1|20±1 

B1 34±1|19±<1 

B2 33±1|21±<1 

B3 33±<1|20±<1 

 

C 

 

25±2|21±1 

C1 26±1|20±<1 

C2 25±<1|21±1 

C3 23±1|21±<1 

 

D 

 

16±1|20±<1 

D1 19±<1|20±<1 

D2 17±1|20±<1 

D3 16±<1|19±1 

 

E 

 

13±1|20±<1 

E1 12±<1|21±<1 

E2 12±<1|20±<1 

E3 13±1|20±<1 

 

F 

 

31±1|21±1 

F1 31±1|21±1 

F2 30±<1|20±1 

F3 31±<1|21±1 

 

G 

 

30±<1|31±1 

G1 30±<1|30±1 

G2 31±<1|30±1 

G3 30±<1|32±1 

 

H 

 

32±1|40±2 

H1 31±<1|40±1 

H2 33±1|40±1 

H3 31±<1|38±2 

 

4.2.4.  Electrochemical Characterization 

A four-electrode cell, shown in figure 4.5, was used for all measurements. During 

these measurements 0.5 M Na2SO4 solution was circulated through both compartments at 

a flow rate between 12-13 mL/min using INTLLAB dosing pumps, model DP385. Two 
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pumps provided a constant flow of solution below the membrane and reference 

electrodes. Another two pumps, situated next to the working and counter electrodes, 

pumped excess solution out of the cell. This ensured that there was no pH change in the 

bulk solution which would result from the oxygen and hydrogen evolution reactions at 

the working and counter electrodes, respectively. A Neware Battery Testing System, 

model CT-ZWJ-4’S-T-1U (China), was used as the galvanostat. Ag/AgCl reference 

electrodes (Pine Research) were used and Pt flag electrodes were used as the working and 

counter electrodes. Two types of steady state polarization curves were obtained for each 

BPM in series A - E. The first was a stepped protocol which the applied current density 

was incrementally increased from 0 to 30 mA cm-2 in 4-minute steps to BPMs with 1.5 

cm2 active area. The second was a square-wave protocol which alternated between the 

applied current density and 0 mA cm-2 for 4 and 2 minutes, respectively. The average 

voltage over the last 30 seconds of each applied current is reported. Only the stepped 

protocol was used to measure polarization behaviour of series F – H. Both the cross-

membrane voltage measured between the sense and reference electrodes and the visible 

absorbance were recorded continuously during polarization curves. Electrochemical 

impedance spectroscopy was performed at room temperature (approx. 22 oC) using the 4-

electrode H-cell previously described with Na2SO4 solution flowing through both 

compartments 13-15 mL min-1. A Gamry Interface 5000 Potentiostat/Galvanostat/FRA 

was used. Several experiments were performed on each BPM to obtain data at various 

current densities. The applied direct current density (DC) ranged from 0 mA cm-2 to 20 

mA cm-2 with an alternating current (AC) half the applied direct current. For the 

experiments carried out in the absence of an applied direct current, an alternating current 

of 2 mA cm-2 was used. The frequency range of the alternating current was 10 kHz to 10 

mHz. 
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Figure 4.5  4-Electrode quartz H-cell used for spectroelectrochemical 

measurements. Two compartments containing 0.5 M Na2SO4 solution 

are separated by the bipolar membrane (BPM). Ag/AgCl reference 

electrodes (RE) monitor the voltage across the BPM while Pt flag 

electrodes served as the working electrode (WE) and counter 

electrode (CE). A UV/Vis reflectance probe was used to 

simultaneously measure the absorbance of the BPM. Light emitted 

from this probe passed through the quartz cell, and mirror placed 

behind the quartz cell reflects it back through the BPM, creating a 

stronger absorbance signal and improving the signal to noise ratio. 

Figure prepared by Celeste Jhala. 

4.2.5. UV/Vis Spectroscopy 

An Ocean Optics Flame Miniature Spectrometer, model S-XR1-ES, was used in 

conjunction with a reflectance probe as the UV/Vis Spectrometer. An Ocean Optics DH-

2000-FHS dual halogen/deuterium lamp was used as the beam source. The UV/Vis was 

calibrated to 0% and 100% absorbance using the H-cell containing Na2SO4 solution, but 

no BPM, in the absence and presence of the deuterium/halogen light source, respectively. 

The average absorbance between 609-618 nm was used to confirm the presence of 

hydroxide ions. The absorbance from 785-815 nm was subtracted from each point to 

reduce spectral noise and points were background-corrected by subtracting the average 

absorbance at 0 mA cm-2 (0 V) from each point in polarization curve. Absorbance spectra 

were taken every 33 ms.  

The relationship between absorbance and soaking solution pH was explored by 

exchanging indicating HMT-PMBI in CO3
2-/HCO3

- buffer solutions. After 24 hours the 

polymers were placed in the electrochemical cell and the absorbance was measured. The 
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solution pH was measured using an Metrohm 848 Titrino Plus with a Metrohm pH 

electrode. 1 M NaOH made from argon bubbled MilliQ ultra-pure water was used as the 

pH 14 soaking solution. The pH of this solution could not be accurately measured on with 

the Titrino Plus and pH was assumed to be 14. The ionic strength of the NaOH solution 

used at pH was 1. The ionic strengths of the buffer solution varied from 0.5 – 0.75 as the 

proportion of carbonate to bicarbonate varied. 

4.2.6. Permselectivity Measurements 

A static approach which ignores the effects of boundary layers and solution-

membrane interfaces was used to measure the apparent permselectivity of the individual 

membranes in the BPM. When an AEM or CEM is positioned in a two-compartment cell 

with different electrolyte concentrations, a concentration gradient develops across the 

membrane causing ion transfer from a solution with a high concentration to low 

concentration. Ion transfer establishes an electric potential difference across the 

membrane, (𝐸𝑚). 𝐸𝑚 can be used to determine the apparent counter-ion transport number 

(𝑡𝑀
𝑚) and the apparent permselectivity (𝛼) in the membrane phase using the following 

equations:116,166,167 

For a 1:1 electrolyte: 

(22) 
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where, R is the ideal gas constant (8.314 J mol-1K-1), T is the absolute temperature (K), F  

is Faraday’s constant (96485 C mol-1), z is the charge on the counter-ion, 𝛼±
𝐻  (𝛼±

𝐻 =

√𝛼+
𝐻𝛼−

𝐻) and  𝛼±
𝐿  (𝛼±

𝐿 = √𝛼+
𝐿 𝛼−

𝐿 ) are the mean activity’s of high and low concentration 
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salt solutions, (𝑡𝑀
𝑠 ) and (𝑡𝑋

𝑠 )  are the transport number of counter-ions and co-ions in the 

solution phase, respectively. The membrane potential is negative for CEMs and positive 

for AEMs as the sign depends on the charge on the respective counter-ions.  

An acrylic cell (H-type) was used to measure the membrane potential across the 

IEM. The two 15 mL compartments were separated by samples of HMT-PMBI or SPPB 

of different thicknesses. Ag/AgCl wire electrodes, placed 3 mm from the membrane, 

were used as reference electrodes.168. 0.5M and 0.1M NaCl solutions were pumped into 

the compartments at a 23 mL/ min using a double channel peristaltic pump (BT100-1L-B, 

DG-2-B, Langer Instruments Corp., USA), Magnetic stirrers were placed in each solution 

compartment to avoid concentration boundary layer errors in the measurements. All 

experiments were conducted at 20±0.3°C. The potential difference (𝐸𝑥) between 

reference electrodes was measured using a multimeter. All experiments were run for at 

least 60 minutes, and the membrane potential (𝐸𝑥) values were taken using the last 30 

minutes of each 60-minute experiment. The offset potential between the pair of reference 

electrodes was determined by immersing both electrodes in 0.5M and 0.1M NaCl 

solutions and averaging the two potentials, equation (24). The offset potential (𝐸𝑜𝑓𝑓𝑠𝑒𝑡) 

and ideal potential difference of Ag/AgCl wire electrodes in 0.5M and 0.1M NaCl 

solution at 20 °C (𝐸𝑖𝑑𝑒𝑎𝑙,20 °𝐶 = −37.24 𝑚𝑉) was subtracted from 𝐸𝑥 to obtain the 

effective membrane potential (𝐸𝑚) for respective IEMs.168 Using the effective membrane 

potential 𝐸𝑚 (𝐸𝑚 = 𝐸𝑥 − 𝐸𝑜𝑓𝑓𝑠𝑒𝑡 − 𝐸𝑖𝑑𝑒𝑎𝑙) and the equations (22) and (23), the transport 

numbers (𝑡𝑀
𝑚) and permselectivity values (𝛼) of counter-ions were calculated. 

 

(24) 𝐸𝑜𝑓𝑓𝑠𝑒𝑡 =
𝛥𝐸0.5𝑀+𝛥𝐸0.1𝑀

2
 

 

Permselectivity measurements were provided by Apurva Shantilal Gangrade. 
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4.3. Results and Discussion 

4.3.1. IV Curve Analysis 

By relating the applied current, cross-membrane voltage, and the change in 

absorbance of the reporting pH indicator incorporated in the BPM, it is possible to 

determine the cross-membrane potentials at which water dissociation occurs and where 

these potentials lie on the IV curves for samples with a variety of bulk AEM and CEM 

thicknesses. The polarization curves in figure 4.6 reveal typical IV behaviour of a BPM. 

A sharp increase in current is followed by a limiting current density region where there is 

a very small increase in current density over a wide range of voltages. The end of the 

limiting current density region is characterized by a sharp increase in current density. 

Figure 4.6 (a) indicates there is an increase in the limiting current density between 

approximately 0.1 V – 1.5 V, determined by the CEM thickness, which varies from 42 

µm to 13 µm. A decrease in potential at higher current densities with decreasing CEM 

thickness is observed. When the thickness of the AEM is varied and the CEM thickness 

held constant, there are no significant changes to the polarization curve, as shown in 

figure 4.6 (b). It is apparent that varying the SPPB layer thickness has a much larger 

effect on current-voltage characteristics than varying the HMT-PMBI layer thickness.  

Both BPMs use identical SPPB polymer as the CEM, but the HMT-PMBI 

polymer, used as the AEM, has different ion exchange capacities in series B and F, as 

reported in table 4-1. From figure 4.7 it is clear that that series B, with an IEC of 2.27, 

exhibits a higher limiting current density and higher voltages at current densities above 

15 mA cm-2 than series F, with an IEC of 2.36. The IEC of the AEM contributes to BPM 

performance in many ways. As IEC increases, the ionic conductivity of the bulk AEM 

will increase explaining the differences at higher current densities.  The limiting current 

density seems to indicate that less co-ion leakage occurs in series F. It likely that the 

higher IEC and greater density of fixed charges creates a stronger space-charge region 

under reverse polarization, allowing for increased water dissociation. The same trend was 

observed by Kang et. al. who, using commercial membranes of different ion-exchange 

capacities, reported improved water splitting capabilities for membranes with higher 

fixed charge densities.137 Bui et, al. modeled the effects of changing of BPM ion-
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exchange capacity and showed a decrease in the potentials at which the first limiting 

current density ended suggesting an improvement in water spitting capability. However, 

an increase in co-ion leakage with increasing ion-exchange capacity was also observed 

and attributed to a change in water uptake and thus permselectivity.105  

 

 

Figure 4.6  (a) Polarization curves of BPM series A (CEM 42 µm| AEM 21 µm), C 

(CEM 25 µm| AEM 21 µm), and E (CEM 13 µm| AEM 20 µm), and 

(b) polarization curves of BPM series F (CEM 31 µm| AEM 21 µm), G 

(CEM 30 µm| AEM 31 µm), and H (CEM 32 µm| AEM 40 µm) 

obtained using a 4-electrode cell flowing 12-13 mL/min Na2SO4 

solution at room temperature. Each point represents the mean value 

of the final potentials with error bars at one standard error of the 

mean. 
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Figure 4.7  Comparison of polarization data from series B (CEM 33±1 µm| AEM 

20±1 µm) and series F (CEM 31±1 µm| AEM 21±1 µm) under 

identical conditions. The sulfonated phenylated polyphenylene with a 

biphenyl linker unit (SPPB) polymer, used as the CEM, was identical 

for these two series, but the hexamethyl-p-terphenyl 

poly(methylbenzamidazolium) (HMT-PMBI) polymer, used as the 

AEM, had different ion exchange capacities of 2.27 and 2.36 mmol g-1 

in the OH- form for series B and F, respectively. 

 

4.3.2. Permselectivity  

If the limiting current density region is in fact dependent on co-ion leakage, then 

these results suggest that the permselectivity of SPPB is more dependent on thickness 

than that of HMT-PMBI. In other words, decreasing SPPB thickness from 42 µm to 25 

µm may create a significant increase in the rate of co-ions, SO4
2- , migrating through the 

BPM. In contrast, decreasing the HMT-PMBI thickness by a similar amount, 40 µm to 21 

µm does not appear to increase the rate of migration of Na+ through the BPM.  This 

hypothesis is supported by measuring the apparent permselectivity of the individual 

membranes, plotted in figure 4.8. It should be noted that the apparent permselectivity 

presented in this work neglects boundary effects and the effects of water transport 

through the membranes. The permselectivity of SPPB reduces from 0.841 to 0.681 as the 

thickness is reduced from 50 to 15 µm, as shown in figure 4.8 (a). This corresponds to a 

large permselectivity decrease of 0.160 over a 35 µm decrease in thickness. By 

comparison, the permselectivity of HMT-PMBI decreases from 0.944 to 0.914 between 

52 and 12 µm, corresponding to a decrease of just 0.040 over 40 µm, as shown in figure 

4.8 (b). Not only does the permselectivity of SPPB vary widely over this thickness range, 
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its magnitude is significantly lower than that of HMT-PMBI. This indicates SPPB is 

relatively leaky to co-ions and that co-ion leakage can be reduced by increasing its 

thickness. HMT-PMBI is much more permselective against co-ions and consequently 

relatively less affected by changes in thickness. It should also be noted that the values 

reported in figure 4.8 were determined experimentally in NaCl electrolyte, not Na2SO4 as 

used for IV studies, but it is reasonably expected that the same general trends would exist 

with permselectivity increasing with membrane thickness. 
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Figure 4.8  Permselectivity values for the membranes used in this study obtained 

using the static method in a concentration gradient cell with 0.5 M 

and 0.1 M NaCl solutions at room temperature. (a) Permselectivity of 

Na+ through sulfonated phenylated polyphenylene with a biphenyl 

linker unit (SPPB) as function of membrane thickness. (b) 

Permselectivity of Cl- through hexamethyl-p-terphenyl 

poly(methylbenzamidazolium) (HMT-PMBI) as a function of 

membrane thickness.  

4.3.3. Spectroelectrochemical Analysis 

The polarization curves and permselectivity data presented above suggest that the 

limiting current density is a direct indicator of co-ion leakage currents. However, the 

spectroscopic data presented below will prove that water dissociation is occurring 

throughout the limiting current density region. 

The voltages obtained from each individual polarization curve were plotted 

against the absorbance of the BPM in figure 4.9. The dashed lines at 0.83 V in these 

figures represents the standard water dissociation potential derived from the Nernst 

equation (equation 19). The increase in absorbance seen between 609-618 nm results 

from deprotonation of the thymolphthalein indicator which turns blue in solutions 

ranging from pH 9.3 – 10.5. This color change is a direct result of the hydroxide ions 

resulting from water dissociation in the interfacial region of the BPM. From these results,   

the generation of hydroxide ions in sufficient amount to deprotonate thymolphthalein is 

confirmed at potentials as low as 0.4 V in the case of series A – E (varied CEM 

thickness), and as low as 0.3 V in the case of series F – H (varied AEM thickness). 

The absorbance of indicating HMT-PMBI was related to soaking solution pH by 

soaking polymers in 0.5M NaHCO3/Na2CO3 buffer solutions of varying pH shown in 

figure 4.10. These values are compared to the minimum and maximum experimental 

values (before zeroing data with 0 mA cm-2 absorbance). Although thymolphthalein has a 

pKa of 9.9 and typically undergoes a color change between pHs of 9.3 and 10.5, these 

membranes begin absorbing light in the 609-618 nm range at a pH of 8.9 and do not 

reach their maximum absorbance until after a pH of 10.9. It has been shown that pH-

responsive dyes and indicators incorporated into ion exchange membranes behave 

differently than the same indicators in solution. Though not clearly understood, it is 
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postulated that a combination of ionic interactions between the polymer and indicator, 

and possible aggregation of the indicator molecules account for this discrepancy.169,170 

Although the hydroxide concentration within HMT-PMBI is not quantified using the 

absorbance of thymolphthalein, it can be seen from figure 4.10 that once the membrane is 

equilibrated in a solution above pH 9.3 there is an appreciable increase in absorbance. 

This data proves that while the degree of co-ion leakage through the BPM does impact 

the limiting current density, water dissociation is also occurring throughout this region. 

From figure 4.9 (a) there does not appear to be a trend between the CEM layer thickness 

and the voltages at which absorbance increases. This indicates water dissociation is 

dependent on the cross-membrane potential, not the thickness of the CEM, and that the 

greater current densities observed in figure 4.6 (a) result from the greater contribution of 

co-ion leakage to the overall current. Figure 4.11 shows the relationship between 

absorbance vs. potential, and current density. An increase in absorbance is attributed to 

the water dissociation reaction occurring at the bipolar membrane interface. There is no 

discernible relationship between potential and the water dissociation as shown in figure 

S3 (a) suggesting that water dissociation, while dependent on cross-membrane potential, 

is independent of SPPB thickness. However, figure S3 (b) shows a clear relationship 

between the current density at which water dissociation occurs and CEM (SPPB) layer 

thickness. A students t-test (one-tailed distribution, heteroscedastic, p=0.05) was 

performed which confirms that the absorbances of BPMs A (thickest SPPB layer) and E 

(thinnest SPPB layer) are significantly different between current densities of 4.5 – 12.0 

mA cm-2. This shows that a greater proportion of the current passed is due to co-ion 

leakage when using a thinner SPPB layer. In figure 4.9 (b) it is apparent that absorbances 

of the BPMs in series F are lower than those of series G and H. This is attributed to the 

decrease in the AEM layer which contains the pH indicator.  

Figure 4.12 shows the response time of the spectroelectrochemical method. The 

measured potential and absorbance are shown upon reverse-bias at a specific current 

density, shown in green. At 9 mA cm-2 water dissociation is occurring at an extent 

sufficient to produce a visible colour change. Immediately after the applied current is 

removed the absorbance decreases to near 0%. 
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Figure 4.9   Mean values of potential across various BPM plotted vs. values of 

absorbance for a single BPM sample in (a) series A - E and (b) series 

F – H when held at a current density during cell polarization. The 

dotted lines are at 0.83 V for reference.  
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Figure 4.10  (Red points) The absorbance of pH-indicating hexamethyl-p-

terphenyl poly(methylbenzamidazolium) (HMT-PMBI) membranes 

from batch #1 after soaking in NaHCO3/Na2CO3 buffer solutions. The 

point at pH 14 used a 1 M NaOH soaking solution. Absorbance was 

measured at room temperature after the polymer had soaked in each 

solution at least 24 hours. The average maximum and minimum 

values obtained experimentally from series A – E, at 0 and 30 mA cm-

2, respectively, are shown at solid lines with shaded error bars at one 

standard deviation. Note that thymolphthalein typically changes color 

between pH 9.3 – 10.5. Membranes used range in thickness from 19 – 

24 µm. 
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Figure 4.9  (a) Average absorbance vs potential for BPMs in series A, C, and E. 

Individual absorbance measurements are plotted in figure 8. 

Absorbances shown are averages of 0.1 V increments with error bars 

at one standard deviation. (b) Average absorbance vs current density 

for BPMs in series A, C, and E with error bars are at one standard 

error. 
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Figure 4.10  The voltage (dark blue) across the membrane and absorbance (red) of 

BPM C3 consisting of 21 µm hexamethyl-p-terphenyl 

poly(methylbenzamidazolium) (HMT-PMBI) and 23 µm sulfonated 

phenylated polyphenylene with a biphenyl linker unit (SPPB) vs. time, 

as a function of current density. The numbers in green above each 

voltage step show the current density in mA cm-2 which was applied 

across the BPM. Between each current density hold the current was 

dropped to 0 mA cm-2 for two minutes. The horizontal dotted line 

across the graph is at 0.83 V.  

From these studies I conclude, the theoretical standard water dissociation 

potential of 0.83 V has limited meaning when interpreting four-electrode BPM 

polarization curves, as this potential is derived from the Nernst equation (equation 4) and 

describes only the potential drop across the junction for standard state conditions. The 

discrepancy between the theoretical dissociation potential and the onset potential for 

water dissociation (as revealed by the pH indicator) likely occurs for two reasons. This 

first is that the junction potential cannot be separated from contributions of the Donnan 

potentials at each solution|membrane interface as illustrated in figure 1. When the anolyte 

and catholyte in contact with the reference electrode consist of the same solution the 

potential drop across the membrane is equal to zero. This is the case at open circuit 

potential. Once water dissociation occurs within the interface of the BPM, H+ and OH- 

generated migrate to the catholyte and anolyte, respectively, thereby changing the pH of 

the solutions close to the membrane|solution interface and thus, the cross-membrane 

potential. Secondly, the rate of water dissociation is dependent on the strong electric field 

formed at the interface of the AEM and CEM. Similar to the electric field formed in a 

parallel plate capacitor, the strength of this field is dependent on the magnitude of the 

positive and negative charge. In the case of an ion exchange membrane, this charge 

originates from the positive and negative fixed charge groups of the AEM and CEM, in 
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this case, quaternary amine and sulfonic acid sites. The contribution of water dissociation 

to the total current increases as the BPM interfacial electric field strength increases, thus 

increasing the rate of water dissociation. Therefore, the contribution of water dissociation 

depends on the number of fixed charge groups at the interface. The theoretical water 

dissociation potential assumes standard state conditions and a proton and hydroxide 

activity of unity within the CEM and AEM respectively. When using membranes which 

differ in structure and/or ion exchange capacities, this assumption is no longer valid. 

171,172  

4.3.4. Electrochemical Impedance Spectroscopy 

EIS was also used to probe simultaneous water dissociation and co-ion leakage 

currents occurring in BPMs at different current densities and with varying CEM and 

AEM thickness, corresponding Bode plots are shown in figure 4.13. These plots exhibit a 

low and high frequency feature at approximately 10 mHz and 1000 Hz, respectively. 

These results are in good agreement with the reports by Blommaert et. al. who, using a 

similar experimental set-up, collected EIS data of BPMs (albeit based on different ion 

exchange membranes) in the presence and absence of co-ions.173 The authors were able to 

convincingly attribute the low and high frequency feature to co-ion leakage and water 

dissociation reaction, respectively.  

A representative Bode plot is shown in figure 4.13 (a) and reveals a transition 

from co-ion leakage (low frequency) to water dissociation (high frequency) which is 

dependent on the thickness of the CEM. At an applied current of 12 mA cm-2, the BPM 

with the thinnest CEM layer shows no high frequency feature indicating that the current 

is passed is largely due to co-ion leakage. As the CEM thickness is increased, a greater 

percentage of the current passed is due to water dissociation. By contrast, the Bode plots 

in figure 4.13 (b) reveal little variation as AEM thickness is increased. This provides 

further evidence that the contribution of co-ion leakage to the overall current density 

depends on the relationship between permselectivity and thickness of the AEM and 

CEM.  Bode and Nyquist plots for BPMs studied in this work, at several different current 
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densities, are provided in figures S14-S7. Tables 4-3 and 4-4 provide an analysis of the 

high frequency features present in the Bode plots. 

 
 

Figure 4.11  Bode plots comparing, (a) BPMs of varying CEM thickness when a 

direct current of 12 mA cm-2 is drawn, and (b) BPMs of varying AEM 

thickness when a direct current of 6 mA cm-2 is drawn. For details, see 

the experimental section. 
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Figure 4.12  Z-phase component of Bode plots obtained from EIS measurements 

for BPMs in series A (b), C (b), and E (c) at different applied direct 

currents. The applied alternating current was half of the direct 

current. The alternating current applied at 0 mA cm-2 was 2 mA cm-2. 

EIS was performed at room temperature in a 4-electrode cell with 0.5 

M Na2SO4 circulating through the both compartments. 
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Table 4-3  Analysis of the high-frequency features for samples A2, C2, and F2. 

The applied direct current is shown with the -z phase maximum, the 

frequency at which the maximum occurs, and the DC voltage 

component of the measured voltage at the frequency shown. 

Sample 
j DC  

(mA cm-2) 

High-frequency            
-z phase maximum (°) 

Frequency 
(Hz) 

Voltage (V) 

A2 

CEM 41 µm | AEM 21 µm 

9 22.1 158 0.22 

12 59.5 1258 0.66 

15 61.7 1979 1.12 

20 58.3 4002 1.68 

C2 

CEM 25 µm | AEM 21 µm 

12 28.7 1979 0.28 

15 44.3 1979 0.58 

20 54.3 3164 1.40 

E2 

CEM 12 µm | AEM 20 µm 

15 47.6 1258 0.46 

20 61.1 2507 1.63 
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Figure 4.13  Z-phase component of Bode plots obtained from EIS measurements 

for BPMs in series F (b), G (b), and H (c) at different applied direct 

currents. The applied alternating current was half of the direct 

current. The alternating current applied at 0 mA cm-2 was 2 mA cm-2. 

EIS was performed at room temperature in a 4-electrode cell with 0.5 

M Na2SO4 circulating through the both compartments. 
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Table 4-4  Analysis of the high-frequency features for samples F1, G1, and H1. 

The applied direct current is shown with the -z phase maximum, the 

frequency at which the maximum occurs, and the DC voltage 

component of the measured voltage at the frequency shown. 

Sample 
j DC  

(mA cm-2) 

High-frequency            
-z phase maximum (°) 

Frequency 
(Hz) 

Voltage (V) 

F1 

CEM 31 µm | AEM 21 µm 

6 68.8 800 0.65 

9 61.3 3164 1.48 

12 56.3 4002 1.74 

15 52.4 5039 1.91 

G1 

CEM 30 µm | AEM 30 µm 

6 65.2 1258 0.71 

9 60.6 3164 1.42 

12 54.7 5039 1.71 

15 51.0 6288 1.87 

H1 

CEM 31 µm | AEM 40 µm 

6 65.7 1979 0.94 

9 58.9 4002 1.48 

12 52.6 5039 1.78 

15 48.9 6288 1.93 
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Figure 4.14  Nyquist plots for BPM samples A2, C2, and E2 at 0, 6, 12, and 20 mA 

cm-2 applied direct current. The applied alternating current was half 

of the direct current. The alternating current applied at 0 mA cm-2 

was 2 mA cm-2. EIS was performed at room temperature in a 4-

electrode cell with 0.5 M Na2SO4 circulating through the both 

compartments. 
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Figure 4.15  Nyquist plots for BPM samples F1, G1, and H1 at 0, 3, and 6 mA cm-2 

applied direct current. The applied alternating current was half of the 

direct current. The alternating current applied at 0 mA cm-2 was 2 

mA cm-2. EIS was performed at room temperature in a 4-electrode 

cell with 0.5 M Na2SO4 circulating through the both compartments. 

4.4. Conclusion 

This work confirms that water dissociation occurs at relatively low cross-

membrane potentials, below 0.5 V, in bipolar membranes, even in the absence of a water 

dissociation catalyst. This is proven using a novel spectroelectrochemical method which 

allows for membrane potential and absorbance to be measured simultaneously. Previous 

experiments have utilized ICP-MS to analyze anolyte and catholyte solutions and 

quantify co-ion leakage currents. If the co-ion leakage is known over a certain period of 

time and at fixed current density, the rate of water dissociation is implied. The 

spectroelectrochemical method employed in this work provides direct evidence of the 
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water dissociation reaction and is immediately responsive to changes in voltage or 

potential. Additionally, this method is not dependent on changes to the electrolyte 

solution.  

Two fully-hydrocarbon ion exchange membranes were used in this study. By 

characterizing samples with AEM and CEM layers of varying thickness, it was found that 

the thickness of the SPPB (CEM) layer played a greater role in determine the current-

voltage characteristics and co-ion leakage currents. This is due to the low permselectivity 

of SPPB, due to its high-water volume content, which is more highly dependent on 

thickness than that of HMT-PMBI. EIS analysis confirms water dissociation at relatively 

low current densities. By comparing samples with different bulk thicknesses of the AEM 

and CEM layers, it was observed that the co-ion leakage currents are dependent on the 

thickness of the SPPB but not HMT-PMBI bulk layers. 
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Chapter 5.  

 

Conclusions and Future Directions 

5.1. Conclusions 

5.1.1. Mono-pH Water Electrolysis 

Chapter 2 of this thesis examined water electrolysis occurring in mono-pH 

systems utilizing either a proton exchange membrane (PEM) or an anion exchange 

membrane (AEM) for acidic or basic systems, respectively. This work investigated two 

novel hydrocarbon ion exchange materials in water electrolysis devices as a proof of 

concept.  

In section 2.1, a PEM, sulfonated poly(arylene ether) (SPAE), is used as the bulk 

membrane material in a water electrolysis cell. The SPAE membrane functioned in a 

water electrolyzer, but at voltages much higher than a similar cell utilizing a 

commercially available Nafion membrane. Much of the poor performance is attributed to 

highly resistive titanium cell hardware which lead to a high ohmic resistance. This high 

resistance was confirmed by electrochemical impedance spectroscopy (EIS). Post-

mortem analysis of the cell revealed delamination of the catalyst layers from the SPAE 

membrane due to incompatibility of the Nafion ionomer and hydrocarbon material. This 

work made evident both the engineering challenges that exist when constructing such 

electrochemical devices, and the importance of good adhesion between the catalyst layer 

and membrane in the membrane-electrode assembly. 

In section 2.2, two poly(bis-arylimidazolium) polymers were used as both the 

ionomer in the catalyst layer, and the bulk membrane in water electrolysis cells. The 

excellent stabilities of both polymers were demonstrated by operation with 6 M KOH 

electrolyte fed to both the anode and cathode. Notably, PAImEE shows excellent stability 

when run in an electrolyzer at 400 mA cm-2 for 48 hours in 6 M KOH.  
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5.1.2. Bipolar Membrane Water Electrolysis 

In this thesis, bipolar membranes were fabricated from two hydrocarbon 

polymers, sulfonated phenylated polyphenylene(biphenyl) (SPPB), and hexamethyl-p- 

terphenyl poly(benzimidazole) (HMT-PMBI).  

In Chapter 3, the role of the interfacial layer was explored through the fabrication 

of four BPMs with identical AEM and CEM bulk layers, but different interfaces. Results 

confirmed the better performance of a high surface area 3D junction vs. a 2D junction, 

and the advantage of incorporating Al(OH)3 as a water dissociation catalyst. Variation in 

the measured open circuit potential suggested a certain dependence of co-ion leakage on 

both interfacial morphology and the inclusion of a water dissociation catalyst.   

Throughout this work, BPMs which contained Al(OH)3 between bulk SPPB and 

HMT-PMBI layers routinely delaminated while those with no catalyst did not. Without a 

water dissociation catalyst, it seemed sufficient electrostatic interaction existed to prevent 

the delamination of SPPB and HMT-PMBI. It was postulated that this poor adhesion 

resulted from the high glass transition temperature of both HMT-PMBI and SPPB which 

inhibited proper coalescence of the two polymers during fabrication by hot-pressing. 

In Chapter 4 the role of bulk layer thickness on the performance of BPMs was 

explored. Polarization curves showed that the co-ion leakage current was dependent on 

the thickness of the CEM, which was varied from 13 µm to 42 µm, but not dependent on 

AEM thickness, which was varied from 21 µm to 40 µm. This is because the 

permselectivity of SPPB is more thickness dependent than HMT-PMBI as shown by 

measurements of the apparent permselectivity. 

Water dissociation at potentials below 0.5 V was confirmed using a novel 

spectroelectrochemical approach. HMT-PMBI was co-cast with a pH indicator, 

thymolphthalein. Electrochemical measurements were performed in a quartz cell while 

the visible color change associated with the pH indicator was measured simultaneously. 

In this way it was possible to visually confirm the water dissociation reaction as the 

indicator changed color when the hydroxide ions formed at the interface migrate into the 

AEM. 
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5.2. Future Directions 

5.2.1. Water Electrolysis 

The viability of water electrolysis depends heavily on the ability to use abundant, 

low-cost catalyst materials in conjunction with robust hydrocarbon membranes. PEM 

water electrolysis solves many of the problems associated with traditional alkaline 

electrolyzers by replacing the liquid electrolyte with a solid polymer electrolyte. 

However, operation under acidic conditions requires platinum group metals to catalyze 

the hydrogen and oxygen evolution reactions. Progress has been made in exploring non-

precious metals for the oxygen and hydrogen evolution reactions but Pt and Ir remain the 

most active catalysts.174 Further computational and experimental studies are needed to 

continue to improve catalyst activity.  

Another issue with current PEM water electrolysis is the use of fluorinated 

membranes and ionomer. This makes hydrocarbon membranes vital for further 

commercializing PEM water electrolyzers. Recent reports show hydrocarbon membranes 

with superior performance to Nafion. However, durability data is rarely presented.175 

Excellent membrane durability is crucial for PEM WE operation. Because of the time 

necessary to complete galvanostatic durability studies, a standard accelerated stress test 

must be developed. Several protocols have been put forward but no standard protocol has 

been adopted.176,177 In addition to standardizing AST procedures, it has been argued that 

testing hardware must also be standardized.176 Chapter 2.1 of this thesis supports this 

claim, as it shows the large impact poor hardware has on cell performance. While the 

work presented in chapter 2.1 is a good starting point for understanding how sulfonated 

poly(arylene ether) behaves in a water electrolyzer, characterization of an MEA utilizing 

the polymer in the ionomer is necessary, as well as performing durability and accelerated 

stress testing. Additionally, hydrogen crossover data should be reported. 

Using AEMs for water electrolysis allows for use of non-precious metal catalysts 

while retaining most of the desirable properties of PEM water electrolyzers such as fast 

load cycling and operation at differential pressures. Many of the obstacles facing AEM 

and PEM WE are similar, however, AEM WE technology is less established than PEM 
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WE. The largest obstacle to the widespread adoption of AEM water electrolyzers has 

been the chemical stability of the membranes and ionomer in base as previously 

discussed in this thesis. Though significant progress has been made in developing stable 

polymers, further improvements in stability, conductivity, and mechanical stability are 

needed. Further development of catalysts is also needed. Despite touting the ability to use 

non-noble catalysts, many studies still chose to use noble metal, particularly for the 

cathode as the HER is more sluggish in base than acid.  

Similar to PEM WE, a standard accelerated stress test for AEM WE should be 

developed. Potential cycling between 1.0 V and 1.8 V was used by Zignani et al. as an 

AST to characterize a Sustanion membrane with a NiFeO anode and Pt/C cathode.178 A 

standardized testing procedure and standardized hardware is necessary for proper 

comparison of new and commercially available membranes. In a review of commercially 

available AEMs for water electrolysis by Henkensmeier et al., the authors note the 

difficulty in drawing conclusions from currently available work which uses a multitude of 

different catalysts, hardware, liquid electrolytes, temperatures, and testing procedures.179 

The work presented in chapter 2.2 of this thesis demonstrates the excellent 

chemical stability of poly(bis-arylimidazolium) with ethyl and butyl groups at the N1/N3 

positions by operating the cells in 6 M KOH. Future work should include operation of the 

cells in conditions more typical for AEM WE such as circulation of 0.1 M and 1.0 M 

KOH. Accelerated stress testing and hydrogen gas crossover experiments should also be 

performed.  

5.2.2. Bipolar Membranes 

In regard to improving bipolar membrane performance, I will discuss 

recommended future directions from three perspectives: (1) the AEM and CEM (or PEM) 

polymers with regard to bulk conductivity, water permeability, and ion crossover, (2) the 

optimization of the interfacial layer, and (3) fabrication methods.  

There is a strong interplay between many the physical characteristics of ion 

exchange polymers. The ideal membranes for use in a BPM would require an almost 

conflicting set of properties. Membranes should have high ion conductivities and high 
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water permeability, yet remain insoluble in aqueous solution and highly permselective for 

cation or anions. These requirements are similar to the desirable properties for polymers 

in mono-pH water electrolysis described above. However, BPMs require better water 

transport to supply the reactant water to the interfacial layer. High permselectivity is also 

needed to prevent co-ion leakage as explored in chapter 4. Further polymer development 

is needed for both AEMs and CEMs with these requirements in mind. 

Optimization of the interfacial layer is needed to increase the efficiency of the 

water dissociation reaction. This can be achieved by altering the geometry of the interface 

and through the addition of water dissociation catalysts. Increasing the interfacial layer 

surface area has been explored through the use of electrospinning as shown in previous 

literature and chapter 3 of this thesis.79,180 The addition of a water dissociation catalyst 

dramatically improves the water dissociation efficiency at the interfacial layer.86,180,181 

Oener et al. developed a high performance BPM by creating a catalyst bilayer with two 

catalysts designed specifically for the pH gradient across the interfacial layer.86 In this 

work Oener also finds that the overpotential of water dissociation reaction is decreased 

by the addition of electrically conducting, semiconducting and insulating metal oxides 

suggesting that water dissociation is more greatly influenced by the presence of a catalyst 

material than the electric field enhancement. Thus, future work optimizing the interfacial 

layer should focus more on catalysis rather than increasing surface area. 

The fabrication of bipolar membranes is important as it may determine the 

properties of the interfacial layer. In chapter 3 of this thesis, it is discovered that hot-

pressing does not adequately adhere the sulfonated phenylated polyphenylene (biphenyl) 

(SPPB) and hexamethyl-p-terphenyl poly(benzimidazole) (HMT-PMBI) polymers 

causing delamination of the layers. It is likely that the high glass transition temperatures 

of these polymers prevent proper coalescence. Because of this, the BPMs in chapter 4 are 

prepared without a water dissociation catalyst. Other fabrication methods for BPMs 

utilizing SPPB and HMT-PMBI have been attempted with limited success. These include 

casting or spray coating successive layers. However, the polymers show similar solubility 

in common solvents which leads to mixing of the AEM and CEM layers. It may also be 

possible to construct zero-gap type cells in which the AEM and CEM layers are forced 

into contact by external hardware. While this suffices for lab scale experiments, proper 
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adhesion seems necessary for a commercially available BPM. Given the importance of a 

water dissociation catalyst in the interfacial layer and good adhesion between the layers, 

it is necessary to develop a method for fabricating a BPM when both polymers exhibit a 

high glass transition temperature and similar solubility is common solvents. 
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