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Abstract 

 

Design and Characterization of Composite Membranes for Solar Fuel Generating 

Devices  

 

 

a dissertation by 

 

Ibtehaj Fahad Alshdoukhi 

 

Major Advisor: Michael Freund, Ph.D. 

 

Currently, there is a great need for research and development on new sources 

of energy in order to meet energy demands in a clean, efficient, sustainable, 

economical and environmentally friendly way. A system that promises to meet these 

requirements is water splitting through artificial photosynthesis, generating hydrogen 

and oxygen, effectively storing light energy in the form of fuel such as H2. One main 

limitation in artificial photosynthesis is that the membrane must be able to conduct the 

ions involved in redox reactions, as well as the electrons/hole carriers produced by 

light absorption, while being mechanically stable and optically transparent. No one 

material fulfills all of these demands to date, and as such a composite is desired. Due 

to the conditions the membrane is exposed to, the composite should also be 

homogeneous on the nanoscale, electronically tunable and impermeable to gases.  

This research seeks to develop such composite membranes, looking at tuning 

the electronic and ionic characteristics of the membrane through incorporation of 

electrical conductors such as PEDOT:PSS or GO, and ionic conductors such as Nafion 



iv 

 

and a novel anionic exchange membrane. The morphology, thickness, and 

conductivity measurements were taken and compared to previous reports. It has been 

concluded that these composite membranes have attractive ionic, electronic and 

physical properties for artificial photosynthetic applications.  

Secondly, this research also focuses on the creation of a composite bipolar 

membrane that could be used in an artificial photosynthetic device, allowing a pH 

gradient to exist in the system between the oxidation and reduction reaction cells. Key 

performance characteristics such as pH gradient stability, electronic and ionic 

conductivity were monitored, and compared to figure of merits in the literature. It was 

found that the composite films explored are able to meet the figures of merit outlined 

for these integrated energy systems. The findings of this study can help in 

manufacturing, utilization and evaluation of such a bipolar membrane for commercial 

use. 
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Chapter 1: 

Introduction 
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1.1 Energy for Global Sustainable Development 

According to the latest International Energy Outlook 2017 (IEO2017) from the 

US Energy Information Administration, the world energy consumption will grow by 

28% between 2015 and 2040. In 2040, it is projected that there will be an increase in 

world consumption of energy from all fuel sources, except for coal, where the demand 

is projected to remain relatively unchanged. The fastest-growing energy source is 

renewables, with consumption projected to increase 2.3% per year from 2015 to 2040. 

The second fastest-growing source of energy is nuclear power, with consumption 

increasing 1.5% per year over that period. The third fastest-growing fossil fuel is 

natural gas with global gas consumption increasing 1.4% per year, as shown in 

Figure1.1. The abundant gas resources and rising production directly result in the 

relatively high rate of gas consumption.1   

 
 

Figure 1.1: Energy consumption increases for all fuels other than coal, renewables 

include wind, solar, geothermal and biomass by 2.3% per year between 2015 and 

2040, nuclear power by 1.5% per year and natural gas by 1.4% per year. Reproduced 

from U.S. Energy Information Administration (September 2017) (ref. 1).  
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Sustainable development is a type of development in which a minimal impact 

on the environment is desired, while supplying human energy requirements. An 

example is the development of a ‘carbon neutral energy source’, a type of fuel 

produced from renewable energy sources (solar panels, wind) with little to no net 

greenhouse gas emissions emitted into the atmosphere.2 However, meeting the energy 

demands without damaging the environment is one of the most difficult challenges 

that we are facing. According to estimates by the International Energy Agency, in 

2007, production from 16 of the top 20 producing oil fields in  Azeri-Chirag-Guneshli 

was in decline,3 with this declining oil production leading to a global energy deficit. 

This decline may be compensated by using non-renewable energy sources such as 

natural gases and coal, or renewable energy sources like solar energy. The exploitation 

of shale gas, a type of natural gas trapped within shale rocks, has given us access to 

huge reserves of natural gases at low prices. But burning natural gas leads to emission 

of large quantities of carbon dioxide, a major greenhouse gas contributing to global 

warming and climate change.4 Therefore, sustainable sources of energy production 

such as renewable energy sources are the ideal choice to compensate for the global 

energy demand while reducing the emission of CO2 into the atmosphere. 

The need to take immediate action is described by the International Energy 

Agency’s World Energy Outlook 2011, which stated that, ‘there are few signs that the 

urgently needed change in the directions of global energy trends is underway’.3  The 

challenges cannot alone be tackled only by the policies but we also need scientists and 

engineers to develop renewable energy solutions. 
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Increasing the share of renewable energy sources has been an area of 

significant interest worldwide. In discussion of alternatives available for power 

generation for renewable sources, conversion of sunlight to solar energy plays a 

prominent role since the energy it can yield is enormous, ~23,000 TW per year as 

shown in Figure1.2. 

 

 
 

Figure 1.2: Comparison of global energy potential between non- renewable and 

renewable energy sources, solar energy has a high energy potential ~23,000 TW than 

other sources, where total reserves are shown for non- renewable resources, Yearly 

potential is shown for the renewables. Reproduced with written permission from IEA 

Solar Heating and Cooling Programme (November 2015) (ref. 5).  
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The proposed research will explore how to develop a renewable energy source 

with low environmental impact by using materials that are available in nature by 

converting solar energy to chemical fuels or electric current for human consumption. 

For example, solar energy can be converted to produce hydrogen fuel that will be use 

as fuel for transportation systems.  This dissertation can raise awareness of the concept 

of solar generated fuels and their potential to become a significant new optional source 

for energy in the future. 

 

1.2 Solar Energy 

The primary source of the Earth’s energy is the Sun. All the solar energy that 

strikes  the Earth’s atmosphere does not reach  the surface of the Earth due to the 

reflection by the atmosphere of ~6%, clouds of ~ 20%, and 4% reflected off the 

surface of the Earth, with ~70% being accessible on the Earth’s surface.6  The solar 

energy that reaches the Earth’s surface through the atmosphere is considered as the 

‘solar energy to the Earth’. This energy is used for the vast diversity of life forms, 

keeping the temperature of the Earth sustainable for life, photosynthesis, solar power 

plants, and photovoltaic cells.                 

The Sun can be modeled as a black body, an ideal body that can fully absorb 

radiation which falls on it while also emitting radiation that has a continuous spectrum 

which can be determined via the black body's temperature (about ~6000 Kelvin 

(K)).7,8 As such, the Sun's solar radiation is similar to that of a black body with a 
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temperature of about 5,780 K,9 from which the spectrum that is hitting the Earth can 

be predicted.  

The energy from the Sun comes in the form of electromagnetic radiation,10 

with wavelengths ranging from 100 nm to 1 mm hitting the Earth. The solar energy to 

the Earth consists of three different bands with three different parts of spectrum: 2% 

corresponding to ultraviolet radiation, 100 nm – 400 nm; 47% consisting of visible 

light, 400 nm – 700 nm; 51% infrared radiation, 700 nm – 1 mm; and less than 1% in 

Gamma-rays, X-rays, Microwaves and Radio waves11 as shown in Figure1.3a. In the 

original spectrum of the solar radiation vs. wavelength as Illustrated in Figure1.3b, the 

blue curve shows the black body, the orange curve shows the sunlight spectrum at top 

of the atmosphere, (before atmospheric absorption) and the red curve shows the 

sunlight spectrum at sea level (after atmospheric absorption). The intensity of the solar 

radiation fits the black body model for the Sun, with a maximum in the visible light 

region.  

 

   

a) 
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Figure 1.3: a) The solar spectrum. The solar energy at the Earth’s surface is primarily 

made up of visible and infrared radiation. Only a minute amount of ultraviolet light 

hits the Earth’s surface, Reproduced from Science and Spaceflight (November 2017) 

(ref. 11),  b) Spectral distribution of solar radiation observed at the upper of the 

atmosphere (orange), and at the Earth's surface (red). Reproduced with written 

permission from Springe (January 2014) (ref. 12).  

 

The effect of the Earth’s atmosphere on solar radiation is known as air mass 

(AM), which refers to the actual path length (L) of solar radiation through the 

atmosphere over the normalized path to the Earth’s surface (L0), in Equation1.113 

 

AM = L/L0 = 1/cos ɵ                                           (1.1) 

 

Where ɵ is the zenith angle in degrees between the actual path length of solar radiation 

(L) overhead and the normalized path to the Earth’s surface (L0) (Figure 1.4). The 

values of AM are calculated between zenith angles of (0) and (90◦). The air mass 

depends on the Sun’s elevation path, which varies with the time of a day, atmospheric 

conditions, the passing season, and the observer’s latitude. The AM value is assumed 

b) 
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zero that in outside the Earth’s atmosphere, and spectral distribution of solar radiation 

at the earth's surface assumes an AM of 1.5, refers to the solar zenith angle of ɵ = 

48.2°, which was chosen for standardization purposes in the 1970’s.14 AM 1.5 

standard spectrum are generally used to report the performance of photovoltaic 

devices as the performance measurements of the photovoltaic devices depends on the 

incident spectrum.  

 

Figure 1.4: Illustration of the air mass (AM) determination. 

 

 

The Solar Constant (ISC) is the average radiation intensity at normal incidence 

at the edge of the Earth’s atmosphere when the Earth is at its mean distance from the 

Sun. It is expressed in units of power per unit area. The ISC value is determined to be 

1,367 W/m2.15 The solar constant is also measured in terms of the photon flux density 

of the solar radiation at the surface of the Earth’s atmosphere. The photon flux (Ф) is 
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the number of photons per second per unit area. The power density at a particular 

wavelength can be calculated by multiplying the energy of the photons by the photon 

flux, in Equation1.2.16  

 

 Power density H (W/m2) = Ф x hc/λ (SI units) (1.2) 

 

The maximum solar photon flux occurs in the visible region, which spans from 

400 nm to 700 nm, and is primarily used for the sensations of color by the living 

beings on the Earth, and also used for photochemical processes such as 

photosynthesis. The solar photon flux dictates the maximum flux of charge passed in 

an artificial photosynthetic membrane, thus determination of the maximum resistance 

to carrier charge flux through a membrane is critical, and is an important aspect 

explored in this dissertation. 

 

1.2.1 Prospects for Solar Energy 

The current energy demand has called for a switch from the non-renewable 

sources such as oil, coal and natural gas to renewables sources such as hydroelectric, 

wind and solar energy. Table 1.1 shows the energy consumption rates of renewable 

sources with estimated energy consumption rate potential. 
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Table 1.1 Energy consumption rates of renewable sources with estimated energy 

consumption rate potential 

Renewable Sources 

 

 

Geothermal 

Biomass 

Wind 

Solar 

Hydroelectric 

Consumption Rate 

(TW) 

 

0.02 [a] 

1.30 [c] 

0.30 [e] 

0.0085 [g] 

0.35 [i] 

Consumption Potential 

(TW) 

 

0.05-0.2 [b] 

3.35 [d] 

426 [f] 

1,700 [h] 

1.63 [j] 
 

[a]2012 (ref.17); [b] technology available in 1999 (ref.17); [c] 1999-2002 data (ref.18); [d] 

(ref.18); [e] 2012 (ref.19); [f] for near surface production only, including induced drag 

(ref. 20); [g] installed, 2007 (ref.21); [h] current photovoltaic technology, before 

removing competitive land (ref.21); [i] 2012 (ref. 22); [j] technically feasible (ref.22). 

 

 

Solar energy has proven to be both accessible and economical as it involves 

tapping the rays from the Sun and converting them to usable energy.23,24 According to 

Table 1.1, solar energy is a renewable source with a very high potential of meeting 

vast demands of humans, where 1,700 TW is the highest rate that the sun’s light 

reaches the Earth’s surface and is almost equivalent to ~30x that required to power the 

planet by the end of this century. 22 In addition, this source is noncarbonaceous which 

is the answer to all of the issues raised in Section 1.1, and can provide a clean and 

renewable resource of energy in the long term. Turning to the use of abundant 

resources is the main challenge that exists in harnessing light into usable forms such as 

electricity or fuel. Therefore, solar technology must be able to capture and convert 

light efficiently and economically to support such a technological changeover, which 

will be a function of technological breakthroughs.25 The first solar PV device was 

introduced by Bell Labs in the US in 1954, with efficiencies below 4%. This aspect 
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made it popular and by 1958, small-scale scientific and commercial applications had 

already adopted its use. Furthermore, the energy crisis in the 1970s brought more 

interest in the use of solar cells for production of home and businesses electricity. 

However, the exorbitant prices by the producers made its large-scale application 

impracticable. 

In 2003, the solar energy cost of utilization is $7.5 billion USD yr-1 and is 

growing by approximately 35-40% over the time period of 1988-2003, which shows 

that the energy supply distribution is increasing day by day.26 Accounting for all 

production costs, available retail prices for electricity produced from photovoltaic 

(PV) panels for solar cells/panels (in Section 1.2.2) is 25 – 30¢ kW·hr1, that to recover 

capital cost requires a 30 year lifetime, where by comparison the cost for (solar 

photovoltaic (PV)-diesel hybrid system technology) power in Saudi Arabia is 17¢ 

kW.hr-1 (2009)27 and for (mostly non-renewable28) power in the United States, 129¢ 

kW·hr‐1 (2014).29  Therefore, it has become important to be economically competitive 

and major changes should be made to lessen the costs. The development of industries 

in the following years made the use of PV devices more feasible, leading to an 

increased production and decreased costs cycle. Additionally, the rapid fall in the 

prices has made solar more affordable, with its prices having dropped by 33% since 

2011. Also, the industry has scaled up its manufacturing and improvement of 

technology with new materials. For example, fabrication accounts ~ 70% of the cost of 

PV modules, due to the demand for high-purity, highly crystalline Si and its assembly 

into manifolds with electrodes.30 This problem can be solved by advancing simpler 
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techniques such as roll-to-roll printable modules that are thin and require less material 

(Section 1.7.1). However, some materials such as inorganic crystals currently 

employed are brittle and not easily processable, meaning other alternative materials 

need to be explored (e.g. conducting polymers, see Section 1.6.1.1) that are capable of 

solar conversion. Most of the current solar cells result from thin-film semiconductor 

materials due to their simplicity and lower cost to manufacture. At this point, these 

have lower stability, and conversion efficiencies of ~10% have been demonstrated.31 

Now the development of the current PV model is becoming more efficient. 

When comparing to the theoretical conversion efficiency, for example for Si-based 

devices it is 31%, current devices are >20%26, meaning the intrinsic conversion by the 

active material can be improved. For printable PV, there is a problem where there is a 

relationship between cost and material (purity/intricate assembly). To solve this issue, 

an entirely different approach involving some of the steps of physical material 

formation (non-printable) and a modified device architecture can be utilized. Whereas 

ideal PVs are in a planar form, other architectures such as high-aspect ratio arrays of 

Si on the micro-scale has been fabricated with the intention of decreasing the 

conversion reversal "recombination", allowing the use of less pure and lower fidelity 

Si morphology thereby improving efficiency and saving on cost simultaneously.32 This 

design depends on light absorption, with a shorter diffusion path for the converted 

particle and decreased probability of recombination.33 
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1.2.2 Principles of Solar Photovoltaic Device  

Since the mid-20th century, photovoltaic (PV) technology has been known 34 

and has been continually developed until now as the primary method to convert 

sunlight directly into electricity for human use. Indeed, the electricity produced in this 

way is direct and clean with no noise and by-products that may lead to maintenance 

costs.35,36 The purpose of this section is to introduce the technology and its 

mechanisms, in general. 

The most common semiconductor used is silicon. In its crystalline form, 

silicon has a four coordinate environment resulting from the formation of four 

covalent bonds to neighboring atoms.37,38 The valence molecular orbitals formed for 

each Si atom will contain four electrons one in each of four sp3-hybridized orbitals and 

will constitute the highest occupied molecular orbitals (HOMO) at the same energy 

level. The corresponding antibonding orbitals will exist at a higher energy level and 

will constitute the lowest unoccupied molecular orbital (LUMO) level. As bulk Si 

atoms are bonded to form the lattice structure, the HOMOs constitute the highest 

range of electron energies in which outermost electrons of all Si atoms occupy and is 

known as the valence band (VB), while the LUMO constitutes the lowest range of 

vacant electronic states of which only excited electrons can occupy, and is known as 

the conduction band (CB). The energy gap difference between the highest level (VB) 

and the lowest level (CB) is known as the band gap, of which its magnitude (Eg) is the 

energy required to promote VB electrons into the CB, in Si the Eg = 1.1 ev39 as shown 

in Figure 1.5. 
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Figure 1.5: Diagram of Si valence orbital, forming HOMO and LUMO with multiple 

atoms, forming continuum of HOMO and LUMO (valence and conduction bands), 

respectively with atoms in bulk. Electrons occupy the VB and the CB is vacant in the 

non-excited state. VB and CB are separated by the band gap energy, Eg. 

 

 

The tetrahedral lattice structure attained reflects light when struck, transmits 

some while some are absorbed by the silicon material. This is the same occurrence 

when light falls on a silicon crystal. To excite electrons, if the incident light is to a 

higher threshold, some photons from incident light can be absorbed by the crystal 

leading to excitation of some of the electrons making up the covalent bonds. 

Therefore, the excited electrons migrate as they acquire energy that aids their 

movement from the VB to CB,40 it leaves behind a vacancy, which is a deficiency of 

positive charge in the VB, known as a hole (h+) for every removed electron. In 
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general, both the hole and the electron are able to (1) recombine and liberate a photon, 

with no net energy conversion, and/or (2) diffuse freely within their respective bands 

throughout the material where the electrons and holes, known as carriers or charge 

carriers, comprise an electric current. Materials such as Si can become 

semiconductors through their capability of carriers to easily occur, especially with 

energy sources such as light.41  

There is a process used to increase the population of free carriers known as 

doping, which is the introduction of impurities into the Si lattice that are in excess of, 

or deficient in, bonding electrons relative to Si. For example, the most common 

dopants are boron (III) which results in an additional hole and phosphorous (V) which 

results in an additional electron. The implantation of a very small percentage, ~10 

ppm, of these dopant atoms leads to modification of the Si band structure: when the 

dopant is electron-deficient, leads to the formation of dopant bands within the band 

gap very close to the VB, when the dopant is electron-excessive will be very close to 

the CB. This allows the material to become more conductive. The doped 

semiconductors have two types of semiconductors, known as p-type when the dopant 

atom injects excess holes and n-type when the dopant atom injects excess electrons 

(Figure 1.6 a). 

From this scheme, one can form an electric circuit from both ends of a 

semiconductor under solar irradiation, whereas one electrode collects the photo-

generated holes and other electrode collects the photo-generated electrons. There are 

some features required: (1) the carriers must be able to access the collectors before 
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recombination and (2) a built-in potential in the semiconductor that is capable of 

efficiently separating charges and discouraging recombination. This is accomplished 

through the construction of a junction of p- and n‐type semiconductors, the junction is 

referred to as the p-n junction (Figure 1.6 b). If a p and n-type materials are placed in 

contact, electrons and holes near the interface are electrostatically driven to recombine 

in the materials, with the dopant atoms electrostatically opposing the process. The 

electric field is built into the material across the junction where the p-side has some 

electrons, possesses a net negative charge, and the n-side has some holes, and 

possesses a net positive charge. The area (width) of the interface emptied of carriers is 

known as the depletion region (Figure 1.6 c). 

   

a) b) 
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Figure 1.6: A p-n junction diagram of the p-and n‐type semiconductors where n-type 

material has free electrons as black dots and the p-type material has vacancies shown 

as white dots; a) before contact, b) at contact, the carriers are driven electrostatically 

toward the opposing side and recombination of interfacial charge carriers causing 

photon emission; c) after contact, near the p-n junction the electrons diffuse into the 

vacant holes in the p material causing a depletion region; d) a PV device, at the 

junction the photons are absorbed, the electrons and holes combine at the junction and 

current passes through the material to the collector electrodes to generate electric 

current. 

 

Figure 1.6 d. shows a p-n junction for a PV device, where photons are 

absorbed by the n- and p- type material, in the VB the generated holes are 

electrostatically drawn to the p-side, in the CB the generated electrons are 

electrostatically drawn to the n-side (creates the spatial separation required), avoiding 

deleterious recombination processes. Whereas, the carriers are successfully collected 

by the circuit elements as electricity.42 

 

c) d) 
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1.2.3 Solar Fuel 

Solar Fuel, by definition, is the fuel that is produced from the sunlight using 

artificial photosynthesis or a thermochemical reaction. The energy source is light, 

where solar energy is converted to chemical energy leading to a reduction of the 

protons to hydrogen. Due to the increase in demand for sustainable energy, solar fuels 

are the most attractive forms of energy due to their ability to be stored long-term while 

recycling exhaust products such as water and carbon dioxide.35,40  The production of 

solar fuels is either through direct or indirect methods although both involve the use of 

sunlight as the primary source of energy. The direct method involves the harnessing 

energy from sunlight to produce fuels without intermediate conversions of energy. 

Indirect methods, however, first convert the sunlight to another form of energy before 

it can be used for fuel production. Photo electrochemical processes are a direct method 

for conversion of solar energy into chemical energy.43  

 

1.3 Photosynthetic Reactions System 

1.3.1 Natural Photosynthetic Reactions System 

Photosynthesis is a process conducted by plants as well as other organisms are 

called photoautotrophs, such as algae and cyanobacteria through conversion of light 

into chemical energy (energy transformation).35,44 The process is characterized by 

generation of chemical energy, which is stored in carbohydrate molecules such as 

sugars from carbon dioxide and water,43 as shown in (Equation 1.3).   
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                                                     Light 

                    6CO2 + 6H2O                             C6H12O16 + 6O2                              (1.3) 

 

The process of photosynthesis is depicted in Figure 1.7, where the plant absorb 

sunlight (solar energy) for the splitting of water into oxygen and hydrogen equivalents. 

The oxygen is released to the atmosphere, whereas the hydrogen equivalents play an 

active role in the reduction of carbon dioxide. The plants get carbon dioxide from the 

air through the leaves, the root absorbs water and minerals from the soil to grow, thus 

producing carbohydrates, which can result in the formation of fruit.   

    
Figure 1.7: Schematic of process natural photosynthesis in plants.  
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 Photosynthesis is very important, it is responsible for producing and 

maintaining the oxygen content of the earth's atmosphere, and supplies all of the 

organic compounds and most of the energy necessary for life on earth.45  Currently, 

the energy generated using photosynthesis is approximated to be about 130 terawatts, 

about three times of the normal power consumption by humans.40 Also, the 

photosynthetic organisms convert over 100-115 thousand million metric tons to 

biomass from carbon dioxide every year.43 Oxygenic photosynthesis forms the basis of 

solar energy conversion applied in the world today. 

 

1.3.2 Oxygenic Photosynthesis 

Oxygenic photosynthesis occurs in all plants, algae and some bacteria such as 

cyanobacteria, and involves a non-cyclic photosynthetic electron chain, which uses 

CO2 as the electron acceptor (reduction of CO2 to carbohydrate) and water as the 

electron donor (removal of electrons from H2O to form oxygen). The process of 

photosynthesis in nature occurs in two phases namely the photosynthetic light reaction 

and the photosynthetic dark reaction,46 Figure 1.8 depicts a schematic of two phases in 

light and dark reactions.    
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Figure 1.8: A simple diagrammatic representation of the process of natural 

photosynthesis in two phases the photosynthetic light and dark reactions. 

 

 

The first phase known as photosystem I (PSI) is dependent on light. In plants, 

chloroplasts are the units of photosynthesis which are contain thylakoids that are the 

main structural units for the light-converting reactions during photosynthesis where, 

(PSI) takes place in the thylakoids membranes, 47 wherein light is used for providing 

additional energy to the electrons energized in photosystem II (PSI). The second phase 

of photosynthesis known as photosystem II takes place in the stroma and is not light-

dependent. In this phase, the carbon dioxide from the atmosphere combines with 

hydrogen contained in the water molecules to form sugar or organic molecules.  

 

1.3.3 Processes of the Reactions Photosystem II and Photosystem I 

The overall function of photosystem I and II, is to convert solar energy into 

chemical energy in the form of Nicotinamide Adenine Dinucleotide Phosphate 

(NADPH) and Adenosine Diphosphate (ADP), in a multiprotein complex called a 
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photosystem. NADPH and ATP are used in light independent reactions and fuel the 

assembly of sugar molecules.48  Both of PSI and PSII, consists of multiple proteins 

that contain a mixture of chlorophyll a and b molecules and other pigments like 

carotenoids.49 Photosystem II uses light energy to drive two chemical reactions; the 

reduction of plastoquinone and the oxidation of water resulting in the release of O2 

into the atmosphere.50 Photosystem I generates NADPH, which has strong reducing 

characteristics and releases reducing equivalents to CO2, which in turn results in the 

production of sugar and organic molecules.37 

PSII is where the light dependent reactions start, when the energy from 

sunlight splits water molecules, which releases two electrons, two hydrogen atoms, 

and one oxygen atom. Two photochemical reactions that lead to the removal of four 

electrons and protons from two water molecules are needed (every electron requires 

the energy of two photons of light), which leads to the formation of an oxygen 

molecule.44 Due to this state of the electron being very unstable, the electron is 

transferred to another molecule creating a chain of redox reactions called an electron 

transport chain (ETC).51 The electron flow travels from PSII to cytochrome b6f to PSI; 

electrons lose energy as they move between these two photosystems. Due the electrons 

having lost energy prior to their arrival at PSI, they must be re-energized by PSI, so a 

second photon is absorbed by the PSI. That energy is transmitted to the PSI reaction 

center. This reaction center, known as P700, which is a weak oxidant, is oxidized and 

sends a high-energy electron to reduce NADP+ to NADPH,52 as shown in Figure 1.9 
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a) b) 
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Figure 1.9: Light-dependent reactions of photosynthesis at the thylakoid membrane, 

when photons are absorbed from sunlight by chlorophyll molecules in the reaction 

center, the light excites an electron from the chlorophyll. In (a) photosystem II (P680), 

the electron comes from the splitting of water, which releases oxygen; (b) photosystem 

I (P700), the electron comes from the chloroplast electron transport chain, which 

reduces NADP+ to NADPH; (c) The electron transport chain moves protons across the 

thylakoid membrane into the lumen, with splitting of water adding protons to the 

lumen while removes protons from the stroma by reduction of NADPH, creating an 

electrochemical gradient which ATP synthase uses to form ATP. Reproduced  with 

written permission from Pearson (June 2014) (ref. 53).  
 

 

 

The cytochrome b6f (Cyt b6f) and plastocyanin (PC) helps in the flow of 

electrons and protons from PSII to PSI resulting in a release of energy required to 

transform Adenosine Diphosphate (ADP) to Adenosine Triphosphate (ATP). Where, 

c) 
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cytochrome b6f uses the energy of electrons from PSII to pump hydrogen ions from 

the lumen (an area of high concentration) to the stroma (an area of low 

concentration).54 The ATP and NADPH work together to transform CO2 to sugars.55 

Since the O2 produced requires that two water molecules be split, two electrons per 

water molecule are removed and therefore four photons per reaction center of 

photosystem I and II. Overall the reaction occurs in two half reactions in (Equation 1.4 

and 1.5) and the net reaction of all light-dependent reactions in oxygenic 

photosynthesis is in (Equation 1.6)   

 

                       2H2O (+4hv)                   O2 + 4 H+ + 4e-                             (1.4) 

 
          2CO2 + 4 H+ + 4e-                               2H2CO + O2                                  (1.5) 

 

 

2H2O + 2NADP+ + 3ADP + 3Pi       O2 + 2NADPH + 3ATP               (1.6) 
 

 

1.3.4 Artificial Photosynthesis Reactions System 

Artificial photosynthesis attempts to replicate the natural photosynthetic 

process that has been described in section 1.3.1 by using light energy to split water 

into hydrogen gas and oxygen,56 (Equation1.4) but does not depend on biological 

organisms, such as plants, but instead uses photocatalysts and/or semiconductor 

materials in a device as shown in Figure 1.10, and converts carbon dioxide (CO2) to 

fuels and precursors such as carbon monoxide, formic acid, methanol, and methane57 
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by combining the electrons and protons released from the water oxidation reaction 

(Equation 1.5) with CO2 (Equation 1.7).58  

 

 

Figure1.10: Artificial photosynthesis mimics the natural process in the basic 

principles; in natural photosynthesis, plants absorb sunlight for the splitting of water 

and conversion of carbon dioxide to carbohydrates. In artificial photosynthesis, the 

device absorbs light to split water and produce fuel. Reproduced with written 

permission from Royal Society of Chemistry (November 2008) (ref. 59). 

                          

                CO2 + 6e– + 6H+                 CH3OH + H2O                 (1.7) 

 

Also, liquid fuel like CH3OH can be produced by catalytic hydrogenation of 

CO2 and H2, wherein H2 is obtained from solar water splitting (Equation 1.8).58   
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                      CO2 + 3H2     Cu/ZnO60   CH3OH + H2O                   (1.8) 

 

The fuel produced in this manner can be used to fuel vehicles, making it an 

alternative source of energy (Figure 1.11). This has provided a new mechanism to 

show the solar energy system without worry of depletion or unsustainability. 

 

Figure 1.11: Diagram depicting a sustainable solar fuel system of using sunlight to 

split water and produce fuel through the electrochemical reduction of CO2 or catalytic 

hydrogenation of CO2 by solar-produced H2, and use in industry.  
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1.3.5 Principles for Artificial Photosynthesis 

Artificial photosynthesis ensures that the basic steps involved in the natural 

process are replicated to ensure that chemical energy is obtained as expected. Natural 

photosynthesis consists of two major processes; a light reaction and dark reaction. In a 

light reaction, plants use sunlight energy to split water and release oxygen, and 

artificial photosynthesis uses sunlight energy to extract electrons from a photocatalyst 

(material such as semiconductor that has a high energy internally when it absorbs light 

energy, causing electricity to flow such as TiO2
61 and ZnO62) on electrodes, while this 

process generates oxygen by oxidizing water in the solution. 

Four major steps are involved in the artificial photosynthetic process. (1) light 

harvesting is carried out where photons are absorbed and their energy concentrated in 

the reaction center of an artificial leaf device. (2) there is a separation of the charges at 

the reaction center to gather the electrons and positive holes. (3) the splitting of water 

is performed where the positive charges are used to break down water into oxygen and 

hydrogen ions. Lastly, fuel production occurs where the energy from newly absorbed 

photons are used together with the electrons generated from the second step as well as 

with hydrogen ions from step three to produce hydrogen, as shown in Figure 1.12. 

Indeed, prospects have that this process could be expanded and improved in the future 

for the production of carbon-based fuels. 
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Figure 1.12: General scheme for fuel cell device including the main processes of 

artificial photosynthesis where sunlight splits water and releases O2, and reduce CO2 

to fuel products such as formic acid.   

 

 

 

The artificial system aims at improving the efficiency of the water-splitting 

reactions through optimization of the material selection and structure. However, the 

development process of the materials and structure has proven to be a challenging task 

as it is difficult to collect hydrogen and oxygen at different regions. Nevertheless, this 

is not surprising as the natural two-part process can harness both oxygen and hydrogen 

separately.36,43 One of the developed devices is an isolated photoactive species that is 

based on semiconductor particles such as Si.  
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1.3.6 Comparison between Natural and Artificial Photosynthetic Reactions 

Both a natural and artificial photosynthetic reactions lead to the release of O2, 

in the natural system alongside the reduction of CO2 to complex organic molecules, 

and simple fuels in the artificial system, but some differences exist between the two in 

reaction center. The primary distinction of the artificial system is that it attempts to use 

a single step process that is simpler compared to the Z-scheme of the natural 

photosynthetic system. Also, in the artificial system, the design of the material can be 

manipulated to optimize the hydrogen reduction process as well as oxygen-evolving 

process by focusing on the donor or acceptor regions respectively.35,43,44 The Figure 

1.13 shows some of the differences and similarities between the natural and artificial 

process.     

 

Figure 1.13: Schematic comparison of natural and artificial photosynthetic systems. 
Reproduced with written permission from American Chemical Society (November 

2013) (ref. 64).  
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In a natural photosynthetic reactions system (as described Section 1.3.1), there 

are three main steps of processes; (1) absorbed light and charge separations in 

photosystem II (PS II) and photosystem I (PS I), (2) spatial charge separation through 

electron transfer between redox cofactors, and (3) chemical energy and oxygen 

formation at active sites, as shown in Figure 1.13, which is the key for constructing 

efficient artificial photosynthetic systems. The excitation site or chromophore is a dye 

molecule. Also, it can be a semiconductor that absorbs visible light that allows the 

modulation of wavelengths between the highest occupied molecular orbit (HOMO) 

and lowest unoccupied molecular orbit (LUMO).35  

In an artificial photosynthetic system  (as described Section 1.3.4), solar fuel 

produced by a molecular catalyst or/semiconductor photocatalyst is regarded as a 

simplified model of natural photosynthesis, as shown in Figure 1.13, which is electron 

transfer from the excited state (VB) of semiconductor (p-type) (HOMO) to the (CB) of 

semiconductor (n-type) (LUMO).65 The electron donor material is expected to be more 

positive than the water oxidation potential while also connected to the excitation site 

for a swift transfer of electron before the decay of the excited state. Additionally, the 

potential energy of the acceptor must lie between that of the water reduction potential 

and the excited state oxidation potential of the chromophore. For the system to work 

efficiently, co-catalysts are applied to ensure that the process of water-splitting is 

accelerated. 
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Despite the artificial process being productive in providing a means to obtain 

energy in high quantities, some drawbacks of the same have been reported. These 

emanate either from the design of the prototypes used or the complexity of the 

photosynthetic process.  

 

1.4 Water splitting by photoelectrochemical conversion (WS-PEC) 

WS-PEC is a process that utilizes sunlight to produce hydrogen and oxygen 

from water using semiconductors. These materials use sunlight directly or indirectly to 

dissociate water molecules, forming oxygen and chemical energy that is in the form of 

hydrogen.38  

There are three main processes involved in water splitting,66,67 as shown in 

Figure 1.14. (1) Absorption of photons by photocatalyst and generation of 

electron/hole pairs. When the energy of incident light is larger than the band gap 

energy of the photocatalyst/semiconductor(s), electrons are generated in the 

conduction band (CB) and holes are generated in the valence band (VB). (2) Charge 

separation and migration of photogenerated carriers. If the size or the energy level of 

the photocatalyst (bound to the surface of the electrode) is small, the photogenerated 

carriers will have to travel a small distance from (VB to CB) and hence there will be 

less probability of carrier recombination. (3) Reduction of water "by the 

photogenerated electrons" and oxidation "by the photogenerated holes" of water on the 

photocatalyst/semiconductor surface. 
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 Figure 1.14: A schematic of a nanowire photocatalyst used to absorb photons and 

here show the three main processes involved in photocatalytic water splitting; (1), 

absorption of photon by photocatalyst and generation e-, h+ pairs, (2), charge carriers 

separation and migration on the .photocatalyst, and (3), reduction of water by e- and 

oxidation of water by h+ on photocatalyst surface.    

 

 

Since the half reaction of water splitting (Equation 1.5) at the anode requires a 

high oxidizing potential (1.23 V) relative to the other half reaction to form hydrogen at 

the cathode (0 V), the VB has to be more positive than this potential, thus enough 

energy is harnessed by the photogenerated holes to oxidize water. This reaction 

releases four protons (H+) and four electrons (e-), which need to be combined to form 

two H2 molecules (Equation 1.6). However, the (CB) of the semiconductors have to be 

more negative than water reduction potential in order to drive this reaction.  The main 
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processes the photocatalytic water splitting reaction over a semiconductor material is 

shown in Figure 1.15. 

 

  
Figure 1.15: General diagram of band edge in n and psemiconductors for water 

splitting reaction; the theoretical minimum band gap for water splitting is 1.23 eV and 

the maximum is 0 V. h+ oxidize water and realize O2 in anode (n-type), e- reducte 

water and relize H2 in cathode (p-type), at p-n Junction the e- and h+ are driven 

electrostaticaly on opposing side. 

 

To combat difficulties with cost, new materials and method are needed to 

design a PV-electrolyser that will allow the proliferation of hydrogen production using 

solar energy. The materials to be used in the process have to be readily available, non-

precious and with minimal economic and environmental impact, such as abundant 

metals in the Earth’s crust which are an attractive alternative. Consequently, the use of 
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poor quality materials will lead to poor conversion rates leading to deleterious 

efficiency of the process, more (voltage, iR) losses through the length of the circuit.  

As such, the physical distances between components have to be reduced as well as 

their number to avoid the losses. One potential route to achieve this is through 

coupling of chemical conversion processes with the light absorption-charge separation 

process. This method is known as photoelectrochemical conversion (PEC) that implies 

that the energy of the photons can be used directly in an electrochemical reaction.68   

The proposed model in Figure 1.16 is concept for a PEC-WS system; the 

device uses two different semiconductors which are radial-junction arrays, (1) an array 

of rod-shaped n-type photoanodes and (2) p-type photocathodes, to produce the > 1.23 

V necessary to electrolyze water. The photoanodes absorbs blue photon, allowing red 

photon to be absorbed by the photocathodes, to generate charge carriers to perform the 

oxygen-evolution reaction (OER) and hydrogen-evolution reaction (HER), 

respectively. The two semiconductors are electrically connected in a transparent 

membrane that is an impermeable layer to H2 and O2 but allows proton transfer, where 

H2 is collected on the cathode side and O2 is vented to the atmosphere from the anode 

side. Carriers (e- and h+) move in the radial direction to the junction of an 

electrocatalyst decorating the photoelectrode surface to facilitate the reactions. The 

photoelectrodes are embedded and structurally anchored on a material that physically 

separates the OER and HER sides, but is also ionically and electrically conductive.69   
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Figure 1.16: Model of PEC-WS system; a) two different arrays semiconductors, n-

photoanodes (red) and p- photocathodes (blue) decorated with electrocatalysts (grey) 

and separated by a membrane (green); b) single photoelectrode pair, two photons are 

absorbed by the photocathode and two photons by the photoanode to generate two 

hole-electron pairs each. The carriers move in the radial direction to the junction of an 

electrocatalyst and perform the HER and OER.  The e- and h+ recombine in the 

membrane while the protons generated are able to traverse the membrane to dissipate 

charge. Reproduced with written permission from ChemSusChem (September 2014) 

(ref. 38).   

 

As with a normal PV-electrolyser, the photons are absorbed to generate carrier 

charges and an electric current. However, the current produced through PEC is short-

lived, with the charges used immediately in an electrochemical process. This implies 

that each of the steps occurs on a short timescale, and this allows the use of defective 

materials as the energy transferred is streamlined on a molecular scale with reduced 

losses and resistivity. As such, the new approach that utilizes water splitting allows a 

a) b) 
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better way of converting solar energy to hydrogen. In this way, the light converter 

would work to generate carriers that would immediately go into the WS phase at the 

interface of water and the semiconductor.70 Nonetheless, the semiconductors applied 

are not necessarily effective electrocatalysts. Effective electrocatalysts should be 

attached to the semiconductor to form a photoelectrode that can be used to transport 

the carrier to the interface as well as allow the chemical transfer. 

The proposed WS-PEC system in Figure1.16 has been shown to be a 

promising solar to hydrogen pathway due to the high conversion efficiency 

provided.71–73 The ongoing research aims at overcoming the challenges associated 

with the durability, cost, and efficiency of WS-PEC. The PEC materials and systems 

are being optimized through synergies with research efforts directed to 

nanotechnologies and computational materials. The efficiencies are now improved 

through enhancing absorption of sunlight and better surface catalysis. Also, use of 

more rugged materials is being applied to increase the durability and lifetime as well 

as through the use of protective coatings. The costs of hydrogen production are also 

being cut through reduction of processing costs and use of low cost materials. 

 

1.5 Photoelectrochemical conversion (PEC)-Membranes  

In order for the energy from the sun to be useful during the night, an efficient 

storage mechanism will be required.72,73 This is feasible in principle, but all the 

available battery PEC-WS devices are too expensive. As such, only scalable 

manufacturable devices provide a solution to this by using earth-abundant metals. 
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Designing a water-splitting membrane is a promising component of solution to store 

the energy obtained in chemical bonds. As such, the membrane used for PEC-WS 

should be studied well to understand the application of the same in the generation of 

chemical fuel from the sun and capable of performing a plethora of functions. In this 

dissertation, the PEC-WS membranes will be potential solution to meeting the 

challenges of all-encompassing in solar devices. 

 

1.5.1 Characteristics Required in PEC-Membranes 

An ideal PEC membrane has a number of characteristics that need to be met 

for the process of energy conversion from the sun to be effective. As discussed in 

Section 1.4, a PEC- membrane should be compatible with the model schemed in 

Figure 1.16, which must house the photo-rod array and physically separate the OER 

and HER sides while maintaining permeability to electronic and ionic current. This 

spatial separation of the reaction sides will require a physical material (physical 

barrier), such as a semipermeable membrane that separates only a gas molecules but 

not small ionic molecules.74–76 There are some complications when selecting the 

membrane, because there are few materials that are both ionically and electrically 

conductive.77 

The membrane conductivity must also not prefer one type of carrier over the 

other as this may limit the rate of the reaction especially if the resistance of the applied 

membrane is significant. As the membrane must make contact with both 

semiconductors, it acts as the conduit for the charge between the n-type and p-type 
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semiconductors, and must make Ohmic contact to both semiconductors to avoid losses 

due to recombination in impure materials, by the need to overcome a junction 

barrier.78 The transparency of the membrane is also of utmost importance.69   

Considering the ideal model of a WS-PEC in Figure1.16, the top electrode 

must not be impeded or inhibit photon absorption for the bottom electrode, to be    

able to proceed equally, leading to no limitations in the reaction. The membrane 

should be physically stable to ensure a long-term operation. Some practical aspects of 

the membrane including its ability to withstand disturbances such as transportation and 

weather changes should be considered.74 Additional, considerations for the membrane 

include its mechanical strength and its resistance   to the effects of reactions occurring 

around it, as well as its transparency to light in the visible range.  

The chemical changes that occur in the aqueous phase should not affect the 

membrane; this may be avoided through the course of the WS events in PEC into 

potentially harmful intermediates. Including  an OH- nucleophilic attack at high pH, 

As well as drying that may cause changes to the membrane structure including 

hardening or swelling.79  

Availability, easy accessibility, and easy fabrication of the membrane are 

crucial characteristics that need to be considered, to maximize the breadth of 

application. Further, the chemicals used for the membrane require low throughput 

techniques (e.g. synthetic or creating steps, installation of components, etc.) and low 

costs to make the process feasible and easy. One way that has been proposed to curb 

this challenge is to use wet techniques, where all of the components used in creating 
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membranes are soluble and can be recombined easily, cast, and dried to form the 

structure of the membrane, which can lead to fabrication of printable membranes used 

in PES-WS devices.80 

 

1.5.2 Tradeoffs and figures of merit for WS-PEC Membranes 

Despite the challenges involved in designing the ideal membrane for use with 

PEC, discovering combinations of materials to form membranes is already demanding. 

Among these include the amount of electrically conductive material used as well as 

the thickness of the membrane. These two features are interdependent as a change in 

one may alter the activity of the other in the membrane.  A comprehensive listing of 

the expected ramifications of altering either is summarized in Table 1.2. 

 

 

Table 1.2 Electrical conductor and thickness of the membrane are expected effect 

on qualities of membrane 

Phase 

 

 

 

 

Physical 

 

 

 

 

Electrical 

 

 

 

Optical 

Feature 

 

Mechanically stable and 

gas separation 

 

Chemical stable and 

Adaptable 
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Degrades 
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Degrades 

Effect of 
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Thickness 

Contingent 

 

 

Contingent 

 

Contingent 
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Improves 

 

Degrades 
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Considering the different phases of the PEC, each is affected differently by an 

alteration in the two features. For instance, an increase in the membrane thickness 

leads to an improvement of gas separation. However, it leads to degradation in the 

electrical phase. An explanation for this is that with an increase in thickness, the 

membrane blocks the movement of gases as well as increases the physical stability of 

the photo-rod arrays. This is because more material decreases the effects of stress as 

well as lowers the probability of gas crossover. Nevertheless, changes in the 

environment result in decreased flexibility, leading to a diluted impact on the thick 

membrane. Although the thickness of the membrane impedes light passage and charge 

as the path of resistance is increased, it allows for increased stability and gas 

separation. As such, there will exist a trade-off between the functional and structural 

phases of the membrane requiring optimization.81,82 

Incorporation of electrical conductors in membranes can determine the 

behavior of the membrane used. Although the rigidity of the materials used allows for 

resisting mechanical stress and gas blocking, this means they are not flexible and 

adaptive, making them difficult to process as well. A trade-off exists if the rigidity is 

reduced to the extent that leads to improved physical characteristics of another 

material.83 As such, if this material, whose features have been improved, was the main 

ion conductor, incorporating the electrical conductors will compromise this property 

and would pose a trade-off.77 Most of the electronic conductors do not interact 

favorably with visible light that is required for absorption by the photoelectrodes. This 

is because metals reflect the incoming light, while organic conductors and 
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semiconductor possess band gaps that allows for strong absorbance of visible light due 

to π-conjugation. As such, when considering increasing the electrical conductivity, a 

trade-off exists regarding transparency. 

A proposed artificial photosynthesis system design is shown in Figure1.17. 

The green area in the figure shows the membrane that can conduct protons and 

electrons, which is responsible for photosynthesis. The blue and red areas show micro 

and nano rod anodes and cathodes respectively. Upon interaction with light, the 

membrane manufactures facilitates charge transfer, electron-hole pairs at the 

photoanodes and photocathodes. At the photoanodes, the catalyst present oxidizes the 

water and produces oxygen and protons. The protons are reduced to hydrogen due to 

the excited-state electrons and the catalyst at photocathodes.  

             

Figure 1.17: Proposed design of PEC membrane used on artificial photosynthesis 

process; accordance with solar photon flux the ionic and electronic charges are 

managing based on it, absorbed photons, blocking gas crossover with minimal losses 

10%.  
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The expected current density for PEC-WS systems is 20 mA cm-2 based on the 

solar photon flux, assuming complete absorption in the visible region of the spectrum 

(400 - 700 nm).84 If 1 - 10 % (~10 -100 mV) of the thermodynamic WS potential is 

deemed acceptable for losses due to membrane transport, then the conductivity for 

both ions and electrons must be ≤ 0.2 mS cm‐1,77 (see A.1.1). This conductivity should 

be the starting point for membrane design, beginning by choosing materials that have 

a balance of ion/electronic transport and light absorption properties, which lead to 

knowledge of the impact on transparency and stability, where they can be adjusted by 

modifying membrane thickness. 

 

1.6 Materials for PEC Membranes  

This section deals with some of the materials that have been shown to fulfill 

some of the characteristics required for PEC-WS membranes. Although the list is not 

exhaustive, for the purpose of this dissertation, only the indicated will be discussed. 

 

1.6.1 Potential Electrical Conductors for Creating Composite Membranes 

Indeed, electronic conductivity is one of the most challenging tasks for the 

design of PEC-WS despite the potential ability of materials acting as electrolytes and 

good separators. As aforementioned in section 1.5.2, the conductors are solids that are 

often rigid with high reflectivity such as metals or which absorbers include 

semiconductors. These properties influence the property of the membrane composed 

of such materials as they result in poor transparency and mechanical issues. However, 
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this can be circumvented by use of novel materials, which have been applied to the 

composites membranes and investigated in this section of the dissertation. 

 

1.6.1.1 Conducting polymers (CPs) 

Polymers are complex molecules made up of a number of smaller repeating 

molecules known as monomers that result in a chain-like structure, which is the length 

of the polymer chain (usually the monomer units >1000 g mol-1). Also, the length of 

the polymers can be used to provide some of their properties.85,86 Some examples of 

structures conducting polymers are shown in Figure1.18 
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Figure 1.18: Examples of some known conducting polymers. Reproduced with 

written permission from Springer ( January 2004) (ref. 87).  

 

 

Most of the known polymers are organic as they have been obtained from the 

earth-abundant materials that utilize carbon as the initiating element, such as 

petroleum. In general, some of the polymers are flexible, highly adaptive as well as 

mechanically robust.87,88 These are the crucial factors that have led to the application 

of polymers in many structural activities including in the design of containers (e.g. 

plastics) and automobile parts (e.g. rubbers). Indeed, through the use of some organic 
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synthetic methods to achieve the chemical and physical stability, some of the 

properties of the polymers can be modified to perform some set functions.89 

Organic polymers are insulators by nature but a few organic polymers that 

have aromatic rings or alternating conjugated bonds, forming delocalized pi-

conjugation that helps to form conducting polymers (CPs), resulting in the  capability 

to conduct  electric current.90 Figure 1.19 provides a conductivity scale of conducting 

polymers; metal, semiconductor and insulators. 

 

Figure 1.19: Conducting polymers position in conductivity scale; metallic from (10 - 

106), semiconductor (10-10-7) and insulators (10-7-10-18) S.cm-1. Reproduced with 

written permission from The Royal Society of Chemistry (April 2015) (ref. 148).  

 

 

The chemical structure of CPs has been shown to be unique in the creation of 

modest band gaps and degree of electron delocalization, which are not unlike those 
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that characterize semiconductors and metals, respectively.91 Since their discovery in 

the 1970s, conducting polymers have been used in the creation of thin film transistors, 

molecular electronics, corrosion resistance and for electromagnetic shielding among 

other uses88 for this dissertation, the attention will be on the investigation of 

conducting polymers for hydrogen production, which can be applied in PEC-WS 

device.  

In structure of CPs, all of the carbon atoms along the conjugation path are sp2-

hybridized in a single CP chain, while also having one unhybridized p orbital, pz, 

which is out of the plane of the molecule, to form the π- bond in the double bond. 

When these pz orbitals are aligned and in contact, forming (π and π*) blended energy 

states across the chain in the conjugated structure. This is consistent with continuous 

chain of energy states that leads to a band structure in inorganic semiconductors, 

where the HOMO levels of conjugated carbon atoms are equivalent to the VB and the 

LUMO levels of conjugated carbon atoms are equivalent to the CB, and the difference 

in energy is the band gap.92 When electrons can exist in the CB, they are capable of 

moving through the CB chain across the length of the polymer. Based on 

semiconductor theory this is dependent on the band gap accessibility and the degree of 

doping to inject carriers in the CB. This electronic structure is depicted in Figure 1.20, 

which shows π and π* blended energy states across the conjugation chain, where 

electrons in the bonding π are able to breach the band gap by thermal excitation and be 

transported through the chain.  
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Figure 1.20: Depicting of Portion of a CP chain that have alternating conjugated 

bonds along the polymer backbone, σ bond (orange) bonding by sp2-hybridized 

orbitals per carbon atom, and forming the π bond by the pz π and π* orbitals of the 

plane molecule (purple). The π-bonding electrons absorbing enough energy to access 

the π* orbital, thus a cross the band gap (Eg) and travel along the conjugated bond of 

the polymer. 

 

 

While in the inorganic semiconductors, conductivity is bestowed by n or p-

type doping with foreign atoms, the doping which is means the introduction of 

impurities into a semiconductor layer to the defined modification of conductivity.93 

Also, some doping occurs to give CPs electrically conductive due to impurities, or 

charges are removed or injected into from the polymer chain by redox chemistry this 

is what happens in this work.94 Upon oxidation, in the case of p-type semiconductors, 

positive charge is infused in the form of holes, which is introduced by the doping via 

an electron-deficient atom to form polaron states. The positive charges should be 



49 

balanced with anions which is typically external. A key determinant of many of the CP 

properties is the chemical nature of the anion, and is referred to as the dopant.91 For 

example, the CP films (membrane/bipolar membrane) deposited on electrodes in 

electrochemical device are electrochemically oxidized and reduced and this process is 

reversible, which can be controlled by an applied potential to the degree of doping and 

electrical properties. However, upon oxidation anions in the electrolyte such as ClO4
- 

in an HClO4 aqueous solution are brought into the CP film, thereby becoming CP 

dopants. 

A p-type CP in the oxidized state delocalizes the positive charges injected 

which arise from the removal of two electrons within portion of the polymer chain, 

resulting in two positive charges or radicals in different areas, resulting in a bipolaron 

polymer.95  

The basic feature of using CPs in PEC membranes is to integrate the physical 

and electrical properties of these polymers. The flexibility and fluidity nature of CPs 

place them as suitable candidates for portable applications. Additionally, the CPs are 

inert to environmental like chemically, thermally and hence can be altered and 

manufactured at low costs as desired. Comparison of characteristics of CP and those 

of an ideal PEC membrane show increased compatibility. Addition of electrical 

properties to CPs material makes a potentially achieve nearly all the requirement of 

PEC- membranes. 
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Poly (3,4-ethylenedioxythiopene) [PEDOT] 

Among the CP discovered thus far, one of the most promising and popular in 

current research is PEDOT. PEDOT has received a lot of attention due to its unique 

properties. These include low band gap,96 good electric conductivity, excellent thermal 

and environmental stability, inexpensive and high transparency in the visible range, 

which are attributed to its unique chemical structure presented97 in Figure 1.21.  The 

structure contains a thiophene (fivemember aromatic ring monomer which includes a 

heteroatom (S)) and ethylenedioxy-functional group bound to the 3 and 4 positions on 

thiophene. 

                                    
Figure 1.21: Structure of PEDOT. It has a five membered aromatic ring making up 

thiophene with a sulfur heteroatom and ethylenedioxy in 3 and 4 positions on 

thiophene. Reproduced with written permission from American Chemical Society 

(May 2017) (ref. 150).  

 

The functional group of the molecule has been reported to alter the polymer 

dynamically in terms of its steric orientation, optical, and electronic structure. For the 

electronic structure, the functional group changes the band gap of the polymer.98 The 

oxygen lone pair on the ethylenedioxy-group and extensive conjugation99 have been 
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demonstrated to cause a change in the absorbance region of Infrared (IR) leading to 

more transparency.100 The high degree of conformational and inter-chain order of the 

structure was shown to enhance the conjugation quality when fully oxidized, while 

decreasing the bandgap to 1.4 eV.101 Consequently, the result of this has led to 

improved conductivity, between 1 and 300 S cm‐1 depending on the conditions such as 

degree of oxidation and nature of the counter-ion dopant,101 which controls both the 

electronic structure and conformity. Additionally, the 3 and 4 positions of the 

thiophene ring are protected by a big size of ethylenedioxy group which is the 

protecting group preventing nucleophilic backside attack.102 

Like other CPs, PEDOT can be formed by electrochemical methods (see 

Section 1.7.2) or oxidizing agents. Based to the aromatic substitution reactions, the O-

atom electrons on ethylenedioxy can donate to the backbone of EDOT, resulting to the 

greater degree of conjugation, which is controlled by the ethylenedioxy group by both 

the steric and electronic properties as an electron withdrawing group.100 While this 

feature make PEDOT excellent stability, insoluble and thus easy to deposit but hard to 

solution process. This problem has been overcome when polymerizing EDOT in the 

presence of excess PSS to form [PEDOT:PSS] (Figure 1.22), for which the dopant of 

oxidized PEDOT is the polyanion poly(4-styrenesulfonate) (PSS).99  PSS has the 

feature of being water-soluble, thereby allowing PEDOT:PSS to form as a stable 

aqueous dispersion, resulting in solution-processable thin films. The formula of 

PEDOT:PSS has been optimized on the basis of the application like water volume, 

ratio, solids content and gel particle distribution.103 The films formed have thermal 
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stability ~250°C, exceptional lifetime,99 and stable conductivity104  in ambient 

conditions. When compared these films with conductive oxide coatings, they are 

found to be flexible and strong mechanically,105 which are good properties for use in 

PEC membrane. 

 
Figure 1.22: Chemical structure of PEDOT-PSS, radical-positive charge couple being 

balanced via sulfonate groups on PSS, PEDOT-PSS resulting from reaction EDOT 

with PSS in the presence of adjuvants. Reproduced with written permission from 

American Chemical Society (September 2016) (ref. 149).  

 

 

1.6.1.2 Graphene 

Graphene is a form of carbon that is single monolayer and tightly packed by 

sp2-hybridized carbon atoms that have a molecular bond length of 0.1542 nm, 

arranged in a hexagonal lattice (Figure 1.23). The overall structure forms a 2-

dimensional lattice that makes it the major structural elements for many compounds 

including charcoal, and graphite among others. The structure of graphene produces a 

delocalized electronic network in the molecular plane, which gives rise to 

extraordinary properties making it a sensitive and attractive material for many 
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applications. As such, graphene has been applied extensively in sensors, transparent 

electrodes, transistors, clean energy devices as well as composite materials as this 

work.107 Graphene is in fact composed of earth-abundant carbon making it low-cost, 

environmentally stable and non- toxic, and thus attractive to many research areas.108 

 

                         
                               

Figure 1.23: Chemical structure of graphene sheet for 2-dimensional of conjugated 

carbon atoms.  

 

 

The band structure of Graphene is similar to CPs (Section 1.6.1.1), where it 

uniquely forms a point of zero energy, which is symmetric to all carbon atom in the 

molecular sheet, leading to graphene, a zero-band gap semiconductor,109 and which 

makes graphene a great conductor of electricity. Additionally, graphene has excellent 

electron mobility (2 × 105 cm2 V-1 s-1),110 good mechanical strength (~1 TPa),111 

thermal conductivity(~5000 W m-1 K-1),112  large surface area (2500 m2 g-1),113 as well 

as flexibility(1 – 5 N m-1).114 These properties are due to the delocalized structure of 
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electrons structure coupled with the rigid sigma bond network. Ultimately, the π 

structure results in high visible light absorptivity, but can be reduced when the 

graphene is in the form of thin films, whereby it becomes transparent (~97.7%).107  

For the purpose of this work, graphene oxide-GO (edge/oxidized) from 

Garmor will be utilized. Garmor has developed a method to producing a new type of 

GO. When compared between traditional and Garmor methods, “traditional methods 

used powerful oxidizing agents and acids to produce GO, but Garmor relies upon new 

advances in milling technology to produce GO yielding only water as a byproduct.” 115  

This methods lead to reduced waste disposal costs and deliver a product suitable with 

low prices. Production of edge-GO oxide composed of a few layers of graphene 

(Figure1.24) occurs” by milling graphite powder with an oxidizing agent and collision 

forces, respectively.”115 This mild oxidation process preserves the carbon sp2 orbitals 

on the surface of the flake, which enhances electrical conductivity.  

 

                  

Figure 1.24: Chemical structure of edge- graphene oxide from Garmor.  
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Some features in GO include insolubility in water, nominal particle size 

dimeter of 500 nm with 90% of the particle size below 800nm in dimeter, ~10 layers 

thick (90% of material), 5-10% O2 and can be functionalized with functional 

groups,116 making it an ideal choice for researchers to improve polymer composite 

properties, as such electrical, mechanical strength, and thermal conductivity. 

 

1.6.2 Potential Ionic Conductors for Creating Composites Membrane 

Ions are the other half of charge management in PEC- membranes next to 

electrons. Ionic conductive membranes are solid electrolytes that can be used as 

candidates for the ideal membrane required for PEC-membranes for this dissertation 

as will be described in this subsection. 

 

1.6.2.1 Ion-Exchange membranes (IEMs) 

Ion exchange membranes consist of polymers with ionic functional groups, 

where the polymer chain contains both hydrophilic (water-soluble) and hydrophobic 

(non water-soluble) elements.117 The polar hydrophilic part is referred to as the head 

group, and might be either charged or uncharged, and can be associated into distinct 

domains analogous to surfactants forming micelles, when precipitated into solid 

membranes.118 The moieties in hydrophilic and hydrophobic domains are electrically 

repulsed, leading to the formation of pores of fixed charges, whereas the hydrophobic 

domains account for the structural integrity of the material.119 When using ion 

exchange materials as a membrane, charged ions that are smaller than the pore 
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diameter and are of opposite charge of the ion exchange membrane are easily able to 

traverse the membrane by the pore channels, but large and same-charge ions are 

rejected via the pores. The ability of the pore to perform this process is characterized 

by its permeability and permselectivity.120 The type of charge on the ions moieties on 

the polymer determines the ion that is allowed to enter the pore of membrane, leading 

to IEMs that are either cation or anion-exchange layers, (CELs) or (AELs), 

respectively. 

IEMs can be used in PEC-membranes, where these materials provide selective 

ion transport for charge management in the solution, they also possess attractive 

properties such as chemical and mechanical stability, flexibility and ease of 

processability. This subsection will provide details about the choices of CEL and AEL 

in this work, namely Nafion ® and a poly[2,2′-(m-mesitylene)-5,5′-bis(N,N′-

dimethylbenzimidazolium)] polymer developed by the Holdcroft group, respectively. 

 

Nafion®  

Nafion is a type of CEL known as a proton exchange membrane (PEM), that 

was developed in the 1960s as a polymeric electrolyte for use in FCs envisioned to 

operate under acidic conditions.121 Nafion® is a fully perfluorinated polymer, leading 

to very hydrophobic areas, allowing Nafion films to be mechanically strong and 

chemically stable. The hydrophilic component is added by the functionalization of the 

repeating group (ionomers) with sulfonic acid headgroups (Figure 1.25). Some 

properties of this polymer can be controlled by modifying the values of n, x, and m 
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which represent the repeat units of the various substructures, which control the 

molecular weight of this primary unit and some of physical properties. The presence 

of these sulfonic acid groups constitutes the ion- exchange capacity and the ion 

transport properties, of a Nafion film.122 

 

                          
Figure 1.25: Chemical structure of Nafion®, depicting the repeating unit of 

perfluorinated carbon backbone (blue) and sulfonic (black) acid (red). 

 

 

 

Nafion® was indeed among the first class of synthetic polymers containing 

ionomers. As shown in Figure 1.25, the unique properties are due to the integration of 

a tetrafluoroethylene backbone and perfluorovinyl ethers terminated by sulfonate 

groups. The electrolyte has been shown to have mechanical stability as well as 

excellent thermal stability.123 The protons located on the sulfonate group (SO3H) move 

from one site to another creating pores that allow movement of cations. Furthermore, 
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Nafion is also available in a water or alcohol dispersion that is easily processable,122 

not light-absorbing,77 and also sufficiently electrically insulating, which is preferable 

for use in FCs.124 As such, Nafion® consists of all the required features for a PEC- 

membrane except for the electrical conduction, with future developments expected, 

like incorporating additives to improve the electronic conductivity. 

Anionic Exchange Membrane 

Unlike the PEMs, AEL are designed to work for fuels cells under alkaline 

conditions. When designing fuel cells, the efficiency is maintained through application 

of various parameters including temperature, relative humidity and pressure of the gas 

streams. The membrane is influenced by a number of factors that need to be 

understood for its operations to be effective. The membrane is expected to be an ionic 

conductor and electronic insulator.125 Attaining the desired mechanical/ chemical 

stability and ionic conductivity is the biggest challenge when designing the AEM.126 

The ionic conductivity is expected to be high enough to handle large currents ~ 70 mS 

cm-1 while minimizing resistive losses. This can be improved by increasing the 

amount of charge groups in the membrane,127 but this, however, results in loss of the 

mechanical stability that is crucial for the membrane. The main function of AEM is to 

allow the conductivity of hydroxyl ions from the, in this dissertation cathode to the 

anode at high rates to ensure that reduction of hydrogen and oxidation of oxygen 

occurs.70 As such, if the transport through the membrane is not strong enough, in terms 

of high selectivity, the fuel cell used will not be useful for any application.  
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The stability of the alkaline exchange membrane (stability of the cations) is 

affected by high pH. Under the oxidizing conditions, the cationic nature of the 

membrane is susceptible to hydroxyl and oxygen attack degrades the stability of the 

polymer. As such, the positive charges should be stabilized efficiently both at high 

temperature and pH as well as be resistant to the nucleophilic attack by hydroxyl ions. 

According to Henkensmeier et al. it is possible to come up with an anion-exchange 

material from methylation of poly (benzimidazole) (PBI) and the resulting iodide ion 

exchanged with any anion desired.  

One novel polymer produced is a sterically crowded PBI synthesized from a 

tetraamine and a mesitylene-containing diacid. The structure of the polymer is shown 

in Figure1.26. Poly [2,2′-(m-mesitylene)-5,5′- bis(N,N′-dimethylbenzimidazolium)]. 

Dialkylation with iodomethane and subsequent ion exchange affords the hydroxide 

form of the structure as shown below. The structure created, Mes-PDMBI-OH−, 

however, is insoluble in water; therefore, the mesitylene group was replaced with 

2,2″,4,4″,6,6″-hexamethyl-p-terphenylene (HMT) to make it water insoluble while 

still allowing the steric protection of the imidazolium cation.128  
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Figure 1.26: Chemicals Structures of Mes-PDMBI-OH− and newly reported N-

methylated poly (benzimidazolium)(HMT). Reproduced with written permission from 

American Chemical Society (May 2014) (ref. 128).  

 

 

  

The resulting polymer HMT-PDMBI-OH- after being methylated is very water 

insoluble and could work well under conditions of high alkalinity making it possible 

to be used as a membrane in PEC-WS. 

 

1.7 Membrane Fabrication Techniques for PEC- Membranes 

Although the materials available for making WS-PEC membrane are in abundance, 

the challenge is assembling them chemically and physically to manufacture a 

composite membrane which can be characterized and tested. The chemical and 

physical characteristics have to be assessed to determine the usability of the materials 
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as components of the membrane. In establishing the membrane fabrication technique 

available, this section will describe some of the methods that are applied in part, or 

fully, in PEC-membrane fabrication techniques in this work. 

 

1.7.1 Wet Deposition  

The simplest method for the formation of a membrane is through casting 

solution-processable precursors that dry and/or cures. Curing is done through in situ 

chemical formation, and drying is done via solidification through solvent evaporation. 

This has been termed as an advantage as it can be employed easily with minimal 

losses as the only waste is the liquid phase of the precursors. Additionally, the 

technique allows control of the pattern, thickness, and composition of the material, 

which can be tuned through viscosity, ratio of constituents, temperature, and 

properties of solvent and the method of application. 

 Advanced materials are being manufactured including flexible displays, 

transistors and organic PVs using some of the known (roll- to- roll) techniques.  Large 

rollers are dipped in solutions to form thin layers which can be transferred in a 

controllable manner to a substrate such as polymer or paper, where it can be annealed 

by using UV light or heat.80 Consequently, this is attractive because of the existing 

technology, knowledge and infrastructure that currently exist in industrialized printing 

while it is high throughput and quick. The cost is reduced as the process occurs in 

ambient conditions without high temperatures, or vacuum. 
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In section 1.6, most of the potential PEC-membrane materials discussed can be 

processed in solution through dissolution of the precursors as well as formation of 

dispersions utilizing surfactants or other solubilizing agents. As such, this method can 

be used to cut down the costs associated with the creation of WS-PEC membranes 

leading to scale up of the procedures through application of economically feasible 

technologies. Wet casting has more than one deposition method such as dip, spin-

casting, drop-casting which has been adopted in this work. 

Drop casting is the simplest method as it does not involve the application of 

complex procedures or instruments.71 Applying a select volume of precursor solution 

onto the substrate and allowing the mixture to solidify over time.129 The solution is 

easily poured or pipetted from a large container, and can be stored in large quantities, 

meaning that there is no high cost equipment required for the deposition by wet-

coating methods. While, the drying process is relatively long depending on the solvent 

employed. Nevertheless, a challenge with drop casting is that there is limited control 

over the film uniformity.  

In this dissertation, glass microscope slides (Fisherbrand®) with an area of 1” 

× 3”, were used as substrates, and subjected to a desired volume of the film precursor 

solution or solid membrane and placed on an even benchtop surface, and left to dry 

overnight. After application, it was ensured that all the bubbles had been removed 

through gentle suction. Additionally, to ensure uniform distribution, a pipette tip was 

dragged around the edges. After the materials solidified, the samples were placed in 
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the oven at 80 or 110oC based on the material used, to anneal and remove any residual 

solvent. 

Drop casting has therefore been applied as one of the methods that could be 

considered in the design of PEC-membranes. Its simplicity has allowed most starters 

to use it in the testing of membrane materials before applying specific methods. 

Nevertheless, its limitation is in the period required for solidification as well as 

inconsistency of the film composition. The choice of the solvent and substrate may 

also be tedious due to the differing properties. 

 

1.8 Membrane Characterization of WS-PEC  

1.8.1 Electrochemical Analysis of Conducting Materials  

All PEC-WS systems are essentially driven by electrochemistry, similar to 

other proposed water-splitting systems. As the solar photons are converted to electrical 

charges, which will in turn be used to generate chemical fuels and ions, the membrane 

must manage these charge carriers with minimal resistance. As such, the design of the 

membrane becomes a crucial factor in determining the overall electrochemical 

performance of the system. This section provides an overview of electrochemistry 

focusing on the electrodes and electrolyte used in the reactions, as well as the various 

ways through which electrochemistry can be exploited to investigate the properties, 

and the applicability of composite membranes designed in this dissertation.  
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1.8.1.1 Introduction of Electrochemistry  

“Electrochemistry is the study of chemical processes that cause electrons to 

move”130 at interfaces of different phases,131 typically involving electron transfer 

resulting from chemical conversion. Usually, these phases are an electrolyte, a 

solution which is used to decrease the resistance while allowing for charge 

compensation when undergoing a redox process at the electrode surface. It uses both 

ionic and electronic transport.132 The electrolyte acts as the medium for which 

chemical charge can be used to maintain neutrality when undergoing a redox process, 

as well as act as the analyte for electrochemical transformation. The electrode works 

to allow electrical charge to pass through the system by removing/injecting electrons 

from/to the analyte. Also, the electrode material may act as a solid chemical reactant at 

the interface like copper. The properties of typical electrolytes with soluble salt or 

acid, base, and a liquid solvent such as water, whereas the electrode is typically 

semiconductor material such as silicon or metallic like gold. 

The chemical procedures that cause electrons to move from one electrode to 

another during a reaction entail the basic principle of electrochemistry, where 

electrons are the principal reactants, unlike conventional chemical reactions. There are 

two types of chemical reaction known as oxidation-reduction reactions (or redox 

reactions). The process of losing electrons from a substance has been termed as 

oxidation while gaining electrons from a substance is reduction. These two processes 

occur together. In cell, which includes two electrodes in electrolyte, the oxidation half-

reaction occurs at one electrode (known as the anode) the chemical species loses 
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electrons and so it is oxidized (Ox), and the reduction half-reaction occurs at the other 

electrode (known as the cathode) the chemical species gains electrons and so it is 

reduced (Red).133  

The half-reactions occur at both the anode and cathode forming an overall 

redox reaction.134 When the circuit is closed, the overall reaction produces a flow of 

charge q (Coulombs, C); where current is the amount of charge (measured in 

coulombs) that flows every second (current, i; units: C s‐1, Amperes, A).135  To 

maintain the system’s electrical neutrality, the charge is balanced near the electrodes 

by the transport of ions in the electrolyte.136  Thermodynamically, the current flow in 

the cell depends on the net potential between reduced redox and oxidized redox on the 

half-reaction. The standard voltage potential E0 (is measured in Volts, V) of a half-cell 

is defined as its potential energy (in Joules, J) per unit charge (in Coulombs, C), which 

is defined as 1 Joule per Coulomb of charge. That is, 1 Volt (V) = 1 Joule/Coulomb = 

1 J/C, under standard conditions.137 There are two types of electrochemical cells: 

galvanic (ones that spontaneously produce electrical (current) energy) when redox 

reaction have a net positive potential, and electrolytic (ones that consume electrical 

energy) where the redox reaction have a net negative potential, and requires an 

external potential to bias the electrodes to force electron transfer and thus current to 

flow.138 The main differences in these electrochemical cells are summarized in Table 

1.3: 
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Table 1.3: Differences between a Galvanic cell and an Electrolytic cell 

Galvanic Cell 

 

Converts chemical energy into 

electrical energy 

 

The redox reaction is spontaneous and 

produces electrical energy. 

 

 

The anode is negative and cathode is 

the positive electrode. 

 

The electrons are supplied by the 

chemical species getting oxidized. In 

the external circuit, electrons move 

from anode to the cathode. 

 

The two half-cells are set up in 

different containers, being connected 

through the salt bridge. 

Electrolytic cell 

 

Converts electrical energy into chemical 

energy. 

 

The redox reaction is not spontaneous 

and electrical energy has to be applied to 

initiate the reaction. 

 

The anode is positive and cathode is the 

negative 

 

The external battery supplies the 

electrons, which enter through the 

cathode and come out through the 

anode. 

 

 

Both electrodes are placed in a same 

container 

 

 

A general electrochemical cell is shown in Figure 1.27, which have two 

electrodes (cathode and anode) immersed in the solution, where they are connected to 

each other electrically by wire, and ionically by the electrolyte. This system is a total 

circuit which is capable of an overall redox reaction, transfer all electrical (electron) 

and chemical (ionic) charge, and the electrode where chemical conversion reactions 

occur. In section 1.8.1.3, the electrochemical cells used in this work are detailed.  
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Figure 1.27: Model of a general electrochemical cell, container consisting of, and two 

electrodes are immersed in electrolyte solution which is electrically connected, 

included the electrochemical reactants Ox in cathode and Red in anode. Electrons 

move from anode to cathode and chemical charges (- and +) move by the electrolyte 

solution. 

 

The half-reaction occurring at the anode is oxidation, where Red is oxidized to 

Redn+ and releases n electrons (this can be described as Red acquiring n holes) into the 

electrode. The electrons move through the wire to the cathode (external circuit), where 

they combine with Ox to form Oxn-. Both the reactants (Red and Ox) are consumed to 
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form new chemical products such as H2 and O2. Therefore, there is no change in the 

number of electrons or ions. 

The driving force that pushes electrons injection from cathode to anode (or 

hole removal from anode to cathode) through the external circuit is dependent on the 

thermodynamics of the overall reaction. Under standard conditions, the overall 

reaction of the electrochemical potential is based to the change in standard Gibbs free 

energy (ΔG0
cell) of the reaction, the change in standard free energy, is given by 

Equation 1.9:  

 

ΔG0
cell= - nFΔE0

cell                                               (1.9) 

 

where ΔE0
cell is the standard cell potential = E0

cathode-E
0

anode; F is the Faraday 

constant, the amount of charge per mole of electrons (96,485 C mol‐1) and n is the 

moles of electrons to be transferred per mole of reactant.139 In ΔG0
cell, the negative 

sign is to account for the fact that spontaneous reactions are the result of energy 

leaving the system and thus is negative in terms of thermodynamics (exergonic), while 

it is the result of a deficiency of negative charge for a system and thus is positive in 

terms of electrochemical potentials (endergonic).132 

 

There is relationship between the amount of electric charge (current) passed 

through an electrolyte solution and the amount of the substance (moles of chemical 

species) that is converted and deposited at the electrodes. These are presented by 
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Faraday’s First Law of electrolysis. “This law states that, the mass of a substance 

deposited or liberated at any electrode is directly proportional to the amount of charge 

passed”,140,141 in Equation1.10: 

q = mnF/M    (1.10) 

 

Where q is the amount of charge passed, m is the mass of chemical converted and M is 

the molecular weight of chemical converted. 

 

Also, the amount of current generated in an electrochemical cell is proportional 

to the cell potential and inversely proportional to the resistance of the material, where 

the rate of charge passage will increase by a greater driving force. These are related by 

Ohm’s Law. This law states that the current flowing in an electric circuit is directly 

proportional “to the applied voltage and inversely proportional to the resistance of the 

material”,142,143  in Equation 1.11: 

   E=iR     (1.11) 

 

Where E represents the general potential while resistance R is the facing of the 

materials required to receive the current.  Common sources of resistance in a system 

are from the nature of materials used, junctions between different materials, and mass 

transport inside the solution. These intangible cell features are summarized by a 

constant known as, resistivity, ρ. Similarly, resistance is proportional to the length 
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which charge must traverse the resistive region, l, and inversely proportional to the 

areas where charge is expected to transport (area of solution exposed to material) A. 

This can be computed using the Equation 1.12:  

 

R = ρl/A     (1.12) 

 

  Similarly, the ionic conductivity σionic, (inverse of resistivity), can be 

determined by the transport of ions through the film from a solution, and feature of the 

material deposited on an electrode, using Equation 1.13: 

 

σionic = (l/R⋅A)(t)                                   (1.13) 

 

In cases of a thin film material (two dimension (2D),Sheet), the electrical 

conductivity can be determined of thin film, by measured contacts on the surface in a 

straight line four-point probe technique, sheet resistivity ρsheet can be solved by 

Equation 1.14: 

 

ρsheet= (1/R [π/ln(2)]) (t)                     (1.14) 

 

Where V is the voltage drop between two electrodes, I is the current being passed 

through the material and t the thickness of thin film material. 
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The inverse of sheet resistivity is the electronic conductivity, σelectronic which can be 

calculated by Equation 1.15: 

  

σelectronic = 1/ ρsheet                                   (1.15) 

 

The main reason for interest in electrochemistry is that electrical energy is 

capable of generating current and producing new chemical materials, such as 

alternative energy fuels. 

 

1.8.1.2 Instrumentation 

Potentiostats 

A potentiostat is an instrument that is used to measure and control the amount 

of current or potential that is passed between electrodes in an electrochemical cell. In 

addition, the instrument can be linked to computer software, thus allowing room for 

alteration of conditions inside an electrochemical cell, specifically the current or 

potential, and the time frame of the experiment. The measuring element found in 

potentiostats houses a similar high-impedance resistor present in common voltmeters. 

When using a potentiostat, two experiments can be conducted. The first involves 

applying a constant potential or current for a specific period of time and may be altered, 

the second experiment involves applying a dynamically changing potential or current at 

a defined rate (scan rate).  The dependent variable is then measured by a detecting 
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component of the potentiostat consisting of a high impedance resistor. It is then 

displayed in the form of a graph of current (or current density) in Amps versus potential 

in Volts (I-V or IE, J-V or J-E) for voltammetry experiments while electrolysis analyses 

display either the current (Amps) or electric charge passed in coulombs for the duration 

of the experiment. A potentiostat will be used to drive reactions between electrodes in 

any desired condition. The instrument used in this work was a Solartron 1287 

potentiostat, depicted in Figure 1.28: 

         

 
 

Figure 1.28: Solartron ® 1287 potentiostat and its components. 1: Computer for 

software user interface for inputting the values such as current, etc. 2: Power supply 

for the system 3: Element for measuring and sensing has four leads used in 

connectivity, 3A: Working reference electrode (Rf1), 3B: Counter reference electrode 

(Rf2), 3C: Counter electrode (CE) and 3D: Working electrode (WE). 
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Electrodes 

Types and Compositions  

There is a large number of electrode materials that can be used in 

electrochemistry. Generally, the electrode is a solid electrical conductor (conductive 

material) that can be used to make contact with solution electrolyte. Furthermore, in this 

work, the electrodes should be electrochemically inert as to not be reactants in the cell 

and work solely as conductors. Typical materials of this nature include platinum, gold 

and glassy carbon (GC).  In this dissertation, platinum will be used as the electrodes. 

Platinum electrodes are used to move current through membranes by water 

electrolysis. They act as an excellent electrocatalyst for the water splitting process,144 

and with a large electrode area (~3.7 cm2), can drive huge currents densities (~0.4 A.cm‐

2) under an applied voltage limit of 5 – 15 V, allowing the membrane to be tested under 

high ionic flux. 

 

“The Pt electrode was prepared as follows: Pt foil (99.9%, 0.05 

mm thick, Sigma-Aldrich®) was cut to the desired dimensions, and 

attached to a copper wire with copious silver epoxy (MG Chemicals®), 

which was spread over the area of the wire and foil to obtain a good 

electrical contact.  After drying, to make sure the base of the foil and the 

top of the wire are in good contact, a multimeter was used to determine 

the resistance between them, which was negligible, indicating good 

contact. The entire backside of the foil was covered with copious 
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amounts of standard quick-dry epoxy (Devcon® 5 Minute® Epoxy Gel) 

and then, upon drying, a layer of aerospace grade epoxy (Loctite® E-

120HP Hysol®) was applied to form a chemical barrier and only allow 

electrochemical processes to occur on the pristine foil on the other side.” 

145 

 

Electrode Configurations  

The potentiostat has four leads to connect to the 4 electrodes; two leads to drive 

a potential difference (one per WE and CE electrode) while the other two to measure a 

potential difference (one per Rf1 and Rf2 electrode). For the driving points, the 

electrodes are referred to as the working electrodes (WE) (which included the platinum 

electrodes) and counter electrodes, while the measuring electrodes are referred to as the 

reference electrodes (Rf). There exist three configurations as shown in Figure1.29, 

depending on how the leads of the potentiostats will be connected. 

 

Figure 1.29: Three configurations most commonly used in the electrochemical cells; a) 

two-point; b) three-point; and c) four-point, where the voltmeter element refer a 

potential measurement across two probes and the battery element refers to a driving 

potential (current/voltage) applied across two electrodes. 
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In the two-point configuration (Figure 1.29a), there is no distinction between the 

driving and sensing elements of the potentiostat which are the same, consistent with the 

cell shown in Figure 1.27  As a result, the measured potential is equal to the potential 

used to drive the potential difference across the electrodes. This shows the overall 

potential for the half reactions occurring at the electrodes. In experiment, forming two 

leads in total, one Rf lead is connected to the CE and the other Rf lead is connected to 

the WE, thus that is the simplest measurement. 

In the three-electrode configuration (Figure 1.29b), only one reference electrode 

lead is connected to the working electrode. The measured potential difference is 

between one Rf electrode and the WE while the current is driven between the WE and 

CE.  The reference electrode that will be used in this work will be Silver/Silver Chloride 

Electrode (Ag/AgCl) in 1M KCl solution. This configuration is useful for investigating 

only the material used on the WE, while the half‐reactions that occur at the CE is 

ignored. The potential of the standard Rf is taken assumed to be constant due to the 

current which is passed between the measuring elements of the Potentiostat, is 

negligible. 

In the four-electrode configuration (Figure 1.29c), all the leads of the 

Potentiostat are connected to individual electrodes. This causes the driving elements to 

generate the current (the WE and the CE), while the sensing elements measure the 

drop of potential through the path of the current. This configuration applies to studies 

that do not focus on electrochemical processes but are interested in measuring 

potentials across interfaces as current is being carried across them. This procedure 
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helps in decoupling the potential that is necessary for driving the current and the 

resultant drop in the potential between the probes giving it the accuracy required for 

electrical conductivity. 

 

 

1.8.1.3 Experimental Techniques 

 

The galvanodynamic (GD) and galvanostatic (GS) techniques are used where 

current is changed at a constant rate, potential is measured (GD): the potential is 

increased over time while the current remains constant.146 (GS), a constant current is 

maintained for a specified duration and a graph of potential difference against time is 

generated as output.147 The GD and GS techniques could be applied to any electrode 

configuration that are discussed in Section 1.8.1.2. For this experiment, the 4-electrode 

configuration will be used.  

The GD technique is extremely helpful in providing details about the 

electrochemical properties of the conducting polymers used. GD and GS techniques are 

a dynamic technique and as such could be easily used for the electro-analysis of the 

lifetime of the polymer since it responds to exposure to different as well as changing 

procedures.  

Four-point measurement: As mentioned in Section1.8.1.2, Solartron ® 1287 

potentiostat will be used to initiate a potential difference through the path of the current 
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using the outer driving probes (WE and CE) and measured by using the inner sensing 

probes (Rf1 and Rf2), and the results would be recorded as an I-V or J-V curve.  

 

Electrical characterization 

Electrical characterization generally describes the measurement of the electrical 

conductivity of materials, in this case membranes. Several tests will be conducted to 

determine the electron conductivity of the membrane. The four-point measurement is 

used for electrical characterization. Here, electrical characterization does not measure 

electrochemical events, but rather the electrical conductivity of the material itself. 

 

Four-point measurement method used for electrical characterization 

In this technique, both sensing and driving probes will be used but separately as 

shown in Figure 1.29c. The driving probes are found on the outer side and will be 

responsible for current production while the sensing probes will be located in the inner 

part and will be responsible for measuring the potential difference. This method is more 

effective than the two-point measurement as it decouples the potential that is needed for 

current production and the resulting potential difference recorded by the sensing probes.   

When measuring the membrane, the electrode tips (act as well‐ defined points 

with known dimensions, including tip diameter (2 nm) and tip spacing (1.59 nm)) will 

be connected to a potentiostat and then gently placed on top of the material that is to be 

tested as shown in Figure 1.30. The driving probes are connected to the outer tips while 

the sensing probes are connected to the inner tips. Current is passed through the material 
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and the resulting potential difference is recorded by the inner sensing probes, and an I-

V or J-V curve is obtained, where the resistance of the material can be determined from 

the slope. 

 

        

 

Figure 1.30: Diagram of Four-point probe technique used to measure the electrical 

conductivity for CP thin films (membrane), deposited on a substrate. 

 

Ionic Characterization 

Ionic characterization generally describes the measurement of the ionic 

conductivity of the material such as membrane. Several tests conducted to determine 

the ionic conductivity of the membrane. The four-point measurement is used for ionic 

characterization, similar to electrical characterization. Here, Ionic characterization 

measure the ionic current that passes through a material. 
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Four-point measurement method used for ionic characterization 

Four electrode ionic cell: This type of measurement is referred to as four-point 

measurement described in Figure 1.29c. This method allows accurate determination of 

the ion conductivity of membranes. This measurement technique is done by passing 

ionic current from external probes through the membrane and then measuring the 

potential drop across the membrane. Minimizing disturbance from the outer electrodes 

is more desirable in this case compared to electrical measurements. The apparatus used 

includes CE and WE platinum electrodes, and Rf1, Rf2 consisting of Ag/AgCl electrodes 

that are connected to the main solution through a Haber-Luggin capillary, the test 

membrane and a gasket cast, as shown in Figure 1.31. 
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Figure 1.31: Four-point electrode ionic cell and its components. 1: Working electrode 

(WE), 2 & 3: Reference electrodes (Rf1 & Rf2), 4: Counter electrode (CE), 5: Haber-

Luggin capillary and 6: Gasket cast on half-cell flange. 

 

The platinum electrodes are used because of their capability to transfer large 

currents. Two symmetrical half cells are used to interpose the membrane. Each of the 

cells has an open-ended capillary at the edge separating the major compartment from a 

chamber. The capillaries physically isolate the reference electrodes from the electrolyte 

and also allow remote contact between the electrolyte and membrane. This improves 

the accuracy of measurement. Appropriate equations are applied in calculating 

resistivity. 
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The cell used for this experiment was custom-built by researchers at Department 

of Chemistry, University of Manitoba and consists of two custom-made symmetrical 

half-cells required for interposing the membrane. Each half-cell has a main 

compartment as well as a separated chamber with a terminating open-ended capillary at 

the flange ~ 2.7 cm2.  Thin (<1 mm) gaskets were adhered to the flanges to make 

waterproof seals with membranes by casting dissolved electrical tape (BlueMagic®). 

The cell was held together with Parafilm. The CE and the WE are made of platinum and 

have large areas that facilitate the passing of larger currents and placed into the main 

half‐cell openings. Two reference electrodes have been put in place to check for the 

dependability of the potential difference. Electrolyte such as 1 M NaClO4(aq) was added 

by pipette to each compartment by tilting toward to membrane to ensure no entrapped 

bubbles blocking the current path, which in turn back‐filled the Haber‐Luggin 

capillaries and partially the Rf compartments. The cell was kept idle for some hours, 

during this time monitoring the open circuit potential (applied current of 0 mA), which 

was indicated the membrane was fully hydrated and electrolyte was equilibrated (the 

potentiostat can measure the potential required to equilibrate the system and pass no 

current). Simple I‐V scans were performed to infer the membrane resistance to calculate 

ionic conductivity. 

 

1.8.2 Scanning Electron Microscopy 

It is at times necessary to investigate the visual features of materials in this work. 

Often these features are too small or thin to ascertain useful information by unaided 
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inspection, and so microscopic methods are required. For features on the order of 10-9 – 

10-6 m, optical microscopy is ineffective. For this size range, scanning electron 

microscopy (SEM) will be used in this dissertation.  

In this method, a beam of focused electrons is scattered off of a surface to create 

an image.  A beam of electrons of low energy (0.1 – 30 keV) that is scanned in a regular 

manner over the sample, producing various signals that can be used to obtain 

information about the surface morphology of a material and composition. In this work, 

the instrument used was a JSM.638OLV (JEOL). 

 

1.9 Dissertation Overview  

This research investigates a newly discovered hydroxide conducting polymer, 

imparting electronic conductivity to it and ultimately using it with proton conducting 

polymers to design an effective electronically conducting bipolar membrane. 

Promising results have been reported in a similar study that developed a composite 

membrane via the use of electronically conducting poly(3,4-ethylenedioxythiophene)–

poly(styrene sulfonate) (PEDOT:PSS) and proton conducting perfluorinated ionomer, 

Nafion. In this study, I use HMT-PDMBI-OH-, which is conductive, highly stable, 

water-insoluble and possesses the ability resist disintegration under accelerated 

degradation conditions consisting of 1M KOH at room temperature. The eventual goal 

of this study is to manufacture a bipolar membrane which could be efficiently 

integrated into an artificial photosynthetic device and report the impact that is 
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electronically conducting polymers have on the ionic performance of the bipolar 

membranes. 

The dissertation is organized into chapters with several subsections to describe 

various components of the overall research. Chapter 1 provides a basis for the 

application of PEC-WS membranes in the conversion of solar energy into chemical 

energy that can be stored in the form of hydrogen. The requirements and trade-offs for 

the proposed membranes have been discussed in detail in section 1.5 and the methods 

for application of each in section 1.8. Chapter 2 will be more specific to the 

dissertation addressing the composite approaches that can be used in the design of 

membranes by novel material such as HMT-PDMBI-OH- polymer that has all the 

suitable attributes throughout, which will contribute towards the development of a 

highly stable and conducting bipolar artificial photosynthetic membrane. Here, 

creation of composite membrane and measurement of the ionic/electronic conductivity 

for it will be discussed. Chapter 3 introduces the second approach to PEC-WS 

membranes, which is the formation of BPMs. This allows the OER and HER sides to 

operate in different pH conditions that are optimal for their material performance and 

stability. It was shown that the BPM structure allows this to occur by generating a 

strong electric field formed in the IL which facilitates the dissociation of water. 

Chapter 4 details the fabrication/creation of BPM and explaining/discussing 

preliminary results for some materials hypothesized, such as ionic polymers mixed 

with electronic conductive materials from Chapter 3.  Chapter 5 will summarize the 

key findings of this dissertation and offer outlook and recommendations for future 
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research. Overall, the findings of this study will help to further our understanding 

pertaining to the integration of bipolar membranes in artificial photosynthetic devices 

as well as in other such technologies such as water purifiers and electrolytes. 
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2.1 Homogeneous Mixture of an Electrically and Ionically Conducting 

Components Approach to PEC-membrane 
 

Designing fully functional PEC-WS membranes requires the use of materials 

that possess all the desired qualities such as good ionic/electric conductivity, good 

mechanical, thermal and chemical stability, high transparency, and being solution-

processable. The simplest approach is a single material that exhibits all these qualities 

(Section 1.5.1), but since such a single material does not yet exist, the design of multi-

component materials is important and necessary. Ideally, these composite materials 

would be homogenous in nature, where each component is configured for each area on 

the molecular scale, and will interact favorably with all the other components when 

assembled into a device. This design is useful for micro-scale devices, where the 

semiconductor bases are expected to have ohmic contact with the electrically- 

conductive components of a single‐material membrane, while the ionically‐conductive 

component are able to come in contact with the electrolyte solution.1  

Through this basic principle, the process to form membrane‐integrated PEC‐

WS device containing embedded photoelectrodes could be streamlined, as described in 

Section 1.4, by one or a few facile membrane deposition steps. Initial studies were 

interested in a heterogeneous structure where the membrane is an individually layered 

system. As example, the proposal of initial system recommends the electrical bridge in 

the membrane be composed of a thin layer of PEDOT:PSS, with the bulk of the outer 

material comprised of the inert polymer  polydimethylsiloxane (PDMS), with Nafion 
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® to act as ion channels.2  Another example for a heterogeneous structure is 

heterogeneously layered nano-components created by the layer‐by‐layer method, 

alternating between layers of different materials.3 

Though all these approaches are acceptable, the methodologies for 

heterogeneous designs increases the cost and has complicated design parameters that 

render this technology less feasible. This led to work looking at a homogeneous 

system, which combines components into a single material (membrane) at the 

molecular level, a convenient alternative since it is less expensive and more attainable. 

 

2.1.1 Mixed Electrically and Ionically Conducting Components Composites 

Several materials have been detailed in Section 1.6 as candidates for PEC- 

membranes. As previously mentioned, they include potential electrical conductors 

such as PEDOT:PSS, and potential ionic conductors such as the Holdcroft polymer.  

None of these materials can meet all of the requirements of the PEC- membrane 

(Section 1.5) when used independently because each only meets a single or a few 

requirements out of several needed for the PEC-WS to work. For instance, while CPs 

(Section 1.6.1.1) are excellent electronic conductors that are easily processed and 

transparent to visible light,4 they remain chemically unstable under extreme 

conditions,5 and are not known to be ion conductors.6  On the other hand, ionically 

conductive materials like Nafion® (Section 1.6.2.1),  possess high ionic conductivity, 

chemical stability, and transparency;7 but fall short in electrical conductivity.  
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As such, it is necessary to mix these materials so as to capture all the desirable 

qualities for PEC-membrane. Some materials that are solution‐processable have the 

other advantage that they can be mixed homogeneously with other materials, and the 

resultant product cast to form membranes which contain all of the desired qualities 

when compared to one single material. Such a process is depicted in Scheme 2.1, 

where the electronic component solution and ionic component solution are mixed until 

a homogeneous solution is formed, cast onto a substrate and allowed to dry.  

 

 

Scheme 2.1: Schematic diagram of composite membrane fabrication method. The 

electronic and ionic component are mixed to form a homogeneous solution, which is 

then cast onto the desired substrate. 

 

 

Attempts at this have already been made using commercially available CP 

PEDOT: PSS with the commercially available ionomer Nafion® dispersion as 

composite membranes and cast into thick films (~40 µm).8 PEDOT:PSS contributes 

the electronic conductivity property while Nafion® contributes to the ionic 

conductivity, with the magnitude of each material in the composite membrane tuned 
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by the volume ratio of the starting materials. Since Nafion® is also transparent to 

visible light and chemically stable, its inclusion in the composite makes it suitable for 

PEC-WS applications.  

 

2.1.2 Percolation Theory 

In order to understand how the mixing of an electrical and ionic component 

affects the electrical and ionic conductivity of the resulting membrane, one can use 

percolation theory. Percolation theory is "the theory of the properties of classical 

particles interacting with a random medium," and provides insight as to how the ratio 

of electrical to ionic component affects the resulting electronic and ionic 

conductivity.9 The pseudo-percolation threshold is achieved when the electrical and 

ionic conductivities are the same. Figure 2.1 shows the relationship of a film’s 

electrical conductivity to its filler concentration, where sensitivity of electrical 

conductivity of composite polymer is subjected to tensile strain and becomes greatest 

when filled insulating electronic polymer contains a critical concentration loading of 

filler at the percolation region.10,11  
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Figure 2.1: Percolation threshold and percolation region in a polymeric composite. At 

low filler loadings the film is insulating, at the percolation threshold the composite 

polymer has a few conductive pathways, and has lots of conductive pathways at high 

filler loadings past the percolation threshold. Reproduced with written permission 

from American Society of Civil Engineers (July 2007) (ref. 12). 

 

The critical concentration is known as the percolation threshold or "the poor 

man’s percolation"13,which is at the high end of the percolation threshold region. At 

this concentration, the composite polymer makes a transition from insulating to 

conducting system.        
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Figure 2.2: The difference between network percolations (vc) of CNTs compared to 

carbon black based on resistivity of component verse filler volume%. Reproduced 

with written permission from © 2010 Hwang SH, Park YB, Yoon KH, Bang DS. 

Published in [short citation] under CC BY-NC-SA 3.0 license. Available from: 

http://dx.doi.org/10.5772/17374 (ref. 14).  

 

 

For example, Figure 2.2 shows the difference percolation behavior of carbon 

nanotubes (CNTs) compared to carbon-based fillers such as carbon black. CNTs have 

high conductivity and low aspect ratio (e.g. length or diameter ratio) when compared 

to carbon black fillers, allowing for lower loadings of CNTs in a composite membrane 

to achieve electrical conductivity.  At the percolation threshold, which is first 

continuous network of filler particles were formed in insulating polymer with a 
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minimum filler loading, the electrical conductivity of the composite increases 

considerably. However, the range of concentrations of filler that determines the 

percolation region varies with the filler material, and to a lesser extent with the type of 

insulator polymer, as shown in Figure 2.2. 

 

2.2 Mixed PEDOT: PSS/ HMT and PEDOT: PSS/ Nafion® for PEC-WS 

Membranes 

 

PEDOT:PSS is a promising material for use in a membrane for the water 

dissociation process. The PSS anion renders the polymer blend solution processable 

and increases its ion conducting abilities. When used in electrolytic cells, it acts as an 

electrocatalyst for the oxygen reduction reactions,15 which are quite similar to water 

dissociation reactions. This demonstrates its potential for use in PEC-WS devices. 

Coupling with HMT generates a membrane that has both electronic and ionic 

conductivity. It is also chemically and thermally stable because it increases the 

proximity of adjacent cations,16 with the presence of the ethylene glycol unit on the 

backbone of PEDOT acting as a protecting group from backside nucleophilic attacks.  
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Figure 2.3: Detailed view of the role of the membrane in an integrated PEC-WS 

system, showing photoelectrodes embedded in, and the termini in contact with, a 

homogeneous composite of PEDOT:PSS/HMT. Electrical connectivity is made with 

the CP, while HMT molecules are in sufficient contact with each other to assist in 

trans‐membrane ion (shown as hydroxide (OH-)) for these conditions) charge 

dissipation. 

 

 

 

In Figure 2.3 a proposed molding of the PEDOT:PSS/HMT membrane into a 

PEC- WS device with embedded high-aspect ratio photoelectrodes is shown. The 

components of PEDOT:PSS and HMT are shown to be homogeneously distributed 

and in contact with the photoelectrode bases and adjacent molecules.  For electronic 

charge dissipation, the PEDOT:PSS chains act to facilitate injection and conduction of 

carriers from the semiconductors. Ionic charge dissipation from the surrounding 

solution occurs via the immobilized HMT, hydroxide ions are shown to hop between 

HMT molecules across the thickness of the membrane. 
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2.2.1 Creation and Characterization of PEDOT:PSS/HMT 

Composite membranes that contained varying weight percent of PEDOT:PSS 

were prepared by mixing commercially available aqueous dispersions of PEDOT:PSS, 

Nafion and in-house prepared solution of HMT in DMSO. The characterization of the 

composite membrane was done using scanning electron microscopy (SEM) to outline 

the morphology of the composite membranes surfaces. 

Materials 

To produce the metastable solution of PEDOT:PSS/HMT, the following 

materials were utilized, Poly [2,2′-(m-mesitylene)-5, 5′-bis (N, N′-

dimethylbenzimidazolium)] (HMT-PDMBI) and PEDOT:PSS. Other materials 

included Dimethyl sulfoxide (DMSO), isopropanol (IPA), deionized water and 

microscope glass slides were used for preparing the membranes. The 76.2 mm x 25.4 

mm x 1mm slides were washed in aqueous Fisherbrand® Sparkleen detergent solution 

and rinsed with water before use. 

Membrane Fabrication (12% PEDOT:PSS/HMT as a typical example)  

3 ml of (29.3 mg/ml) HMT and 1.2 ml of (10 mg/mL) PEDOT:PSS (see A.2.1) were 

mixed by vortexing for 1 minute, with the dispersions then applied by drop casting 

onto a glass substrate. The films were allowed to dry overnight under ambient 

conditions before thermally annealing for 180 minutes under vacuum at a pressure of 

40cm Hg at 80 0C. The resulting membranes were found to be water insoluble, semi-

transparent, and mechanically strong. The membranes were allowed to cool for 10 
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minutes and released from the glass by soaking in distilled water as shown in Figure 

2.4. 

 

 

Figure 2.4: Optical images of composite membranes 12% PEDOT:PSS/HMT. 

 

McFarlane et al.(2011) optical image of 12% PEDOT:PSS/Nafion is 

transparent and mechanically strong.8 It is consistent with this work, whose water 

insolubility, transparency and mechanical strength is comparable to the work by 

McFarlane et al. Figure 2.5 shows the effect of varying the weight percent of 

PEDOT:PSS has on the distribution of PEDOT:PSS in HMT, increasing from low 

(12%) to high (90%) weight percent. The transparency decreased from low to high 

loadings of PEDOT:PSS, while the thickness of the membranes increases as one 

moves from 12 to 50% PEDOT:PSS then decreases from 50% to 90%. Thermally 

annealed membranes were of sufficient mechanical strength that they could be 
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repeatedly removed from the solution without any evidence of disintegration. In 

addition, membranes that contained 50% PEDOT:PSS had sufficient strength to be 

removed from solution. However, such membranes became increasingly brittle with 

increasing quantities of PEDOT:PSS. 

 

 

Figure 2.5: Thin films image of  PEDOT:PSS containing from left to right: 12, 25, 50, 

75, 90 wt % HMT. 

 

 

Figure 2.6 shows SEM micrograph images of a) 80 μm thick of HMT 

membrane, b) 35 μm thick of 5% PEDOT:PSS, c) 38 μm thick of 10% PEDOT:PSS, 

d) 40 μm thick of 12% PEDOT:PSS composite membranes showing that the films 

were homogeneous, smooth, and pinhole free on the micron scale. This resembles that 

achieved by McFarlane et al.8 At 5%, PEDOT:PSS is barely scattered on the surface 

and as concentration is increased to 10% a significant distribution of PEDOT:PSS is 

observed on the membrane. 12% PEDOT:PSS has excellent and even distribution with 



111 

 

no sign of breakdown. Horii et al. had similar findings in their characterization of 

PEDOT:PSS.17 

                                  

   
 

Figure 2.6: SEM micrograph images the surfaces of a) HMT membrane b) 5% 

PEDOT:PSS, c) 10% PEDOT:PSS, d) 12% PEDOT:PSS composite membranes. 

 

 

The final structure of the as prepared PEDOT:PSS/HMT films is a composite 

of positivelycharged HMT that is tied up with negatively-charged SO3
- on PSS 

entangled in a relatively disordered, positively- charged PEDOT network, as proposed 

in Figure 2.7. The cation complex on HMT in this case is in its +2 state and balances 

b) c) d) 

a) 
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one negative charge on the PSS polymer and one OH-. Delocalized positive charges 

are shown to be dispersed along the π-electronic conjugation of the PEDOT polymer 

chain and are balanced by negative charges distributed throughout the SO3
- on the PSS 

polymer, the positive charges on the HMT polymer are also balanced by negative 

charges distributed throughout the SO3
- on the PSS polymer and OH-. 
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Figure 2.7: Proposed structure of PEDOT:PSS/HMT, with reduced size HMT 

molecule encapsulated in, and electrostatically balanced by, oxidized PEDOT:PSS 

chains. 

 

2.2.2 Optimization of Electronic and Ionic Conductivities of PEDOT:PSS/ HMT 

Composite Membranes 

 

Electronic and ionic conductivities were determined as a function of the weight 

percent of PEDOT:PSS in the PEDOT:PSS/HMT composites using a 4-point probe 
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and a 4-electrode ionic conductivity cell,7 respectively (see calculations in A.2.2 for a 

picture of the 4-electrode ionic/electronic conductivity cell). 

As shown in Figure 2.8, the composites exhibited pseudo-percolation behavior 

with a threshold near 12% PEDOT:PSS. This is in agreement with McFarlane 2011 

whose composite films were prepared by mixing aqueous Nafion ionomer and 

aqueous PEDOT:PSS, and exhibited pseudo-percolation thresholds near 12%, 

suggesting that changes in the polymer would give a similar quantity of conducting 

polymer required in the composites. Composites prepared from polar aprotic solutions 

of HMT that contained as little as 12% PEDOT:PSS exhibited electronic 

conductivities of ~16.3 mS cm-1, suggesting that 40 μm thick films of this material as 

measured by a micrometer would be adequate for an artificial photosynthetic system. 

In contrast to the electronic conductivities, the ionic conductivities exhibited a more 

gradual transition from that of pure HMT (6.7 ± 0.9 mS cm-1) to that of a 12% 

PEDOT:PSS composite (6.9 ± 0.8 mS cm-1) the experimental values hovered around 

the literature value of ionic conductivity for HMT which is 6.1 mS cm-1.16 A decrease 

in ionic conductivity was expected after incorporating PEDOT:PSS,18 but the ionic 

conductivity determined using 4-electrode ionic conductivity suggested otherwise.  
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Figure 2.8:  Conductivity (o - electronic &  - ionic) of membranes of 

PEDOT:PSS/HMT as a function of weight percent PEDOT:PSS in the composite. 

 

 

 

The conductivity of HMT membranes increases with decreasing membrane 

thickness (~1.3*10-2 mS cm-1 μm -1 from 80 to 50 μm) see Figure 2.8. However, the 

increase in ionic conductivity of a 12% PEDOT: PSS/HMT composite was ~5.0*10-3 

mS cm-1 μm-1. Results similar to McFarlane 20118 were obtained (~3.8 mS cm-1 μm-1 

from 32 to 40 μm), suggesting that additional factors other than film thickness is 

influencing the ionic conductivity of PEDOT: PSS/HMT composites. In this system, 

PEDOT:PSS is fully oxidized and is in its most electrically conductive state, 

suggesting that the electronic conductivity of the 100% PEDOT:PSS membrane 

cannot be increased, but at different weight percentages of PEDOT:PSS can be 
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decreased by altering the composition. It is well known that morphological changes in 

PEDOT: PSS films by various processing steps can dramatically affect the electronic 

conductivity.19  

To estimate of the variability from membrane to membrane by ionic 

conductivity as a function of PEDOT:PSS wt% in 1 M NaOH , with the standard 

deviation. Samples show a reasonable estimate of the variability from membrane to 

membrane and there is no significant change in the ionic conductivity, as observed for 

other membranes, with a maxima arising at 50% PEDOT:PSS. 

 

 

2.3 Mixed GO/HMT for PEC-WS Membranes 

 

 The functional groups on GO allow it to interact with other materials such as 

HMT. Its transparency to light via the oxygen lone pairs, high electrical conductivity 

and the disruption of its sp2 conjugation make it a suitable component in PEC-WS 

devices as a catalyst. When combined with HMT, the resultant mixed composite 

membrane is rendered hydrophobic and its trans membrane ion transport is 

enhanced.16 
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Figure 2.9: Detailed view of the role of the membrane in an integrated PEC-WS 

system, showing photoelectrodes embedded in, and the termini in contact with, a 

homogeneous composite of GO/HMT. Electrical connectivity is made with the GO, 

while HMT molecules in sufficient contact with each other assist in trans‐membrane 

ion (shown as hydroxide (OH-) for these conditions) charge dissipation. 

 

 

A proposed molding of the GO/HMT membrane into a PEC-WS device with 

embedded high-aspect ratio photoelectrodes is shown in Figure 2.9. GO and HMT 

components are homogeneously distributed and in contact with the photoelectrode 

bases and adjacent molecules.  For electronic charge dissipation, the GO chains 

facilitate injection and conduction of carriers from the semiconductors. Ionic charge 

dissipation from the surrounding solution occurs via the immobilized HMT, hydroxide 

ions are shown to hop between HMT molecules across the thickness of the membrane. 
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2.3.1 Creation and Characterization of GO/HMT   

Materials 

To produce the metastable solution of GO/ HMT, the following materials were 

utilized: Poly [2,2′-(m-mesitylene)-5,5′-bis (N, N′-dimethylbenzimidazolium)] (HMT-

PDMBI), Graphene oxide, Isopropanol (IPA), and deionize water. 76.2 mm x 25.4 

mm x 1mm microscope slides used for membrane deposition were washed in an 

aqueous Fisherbrand® Sparkleen detergent solution and rinsed with water before use. 

 

Membrane Fabrication (12% GO as a typical example)  

12 mg of GO (4 mg/mL) was dissolved in 3.5 ml DMSO and then sonicated for 60 

min. 88 mg of (29.3 mg/ml) HMT were added to the GO solution and sonicated for 30 

min. The dispersion was then applied to a glass substrate, with the film dried overnight 

under ambient conditions before thermal annealing for 180 minutes under vacuum at a 

pressure of 40cm Hg at 80 oC. The resulting membranes were found to be water 

insoluble, semi-transparent, and mechanically strong. The membranes were allowed to 

cool for 10 minutes and released from the glass by soaking in distilled water. As 

shown in Figure 2.10, the films are highly flexible and do not easily disintegrate.20 
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Figure 2.10: Optical images of composite membranes  12 % GO/HMT. 

 

The effect of varying the weight percent of GO on the distribution of GO in 

HMT is shown in Figure 2.11. Increasing from low (2%) to high (90%) weight percent 

of GO does not alter the transparency of the films significantly. At 25%, however, 

fragility of the membrane was observed, as there were signs of breakdown. As the 

concentration of GO was increased from 50 and 90%, the fragility increased while the 

thickness decreased. In the 10% wt. GO , the membrane acquired a convenient 

thickness, ~50 μm, and the concentration of the GO was adequate for its dispersion on 

the surface to be observable. 
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Figure 2.11: Optical images of GO containing films, from left to right: 2, 5, 10, 12, 

25, 50, 90 wt % in HMT 

 

Figure 2.12 shows SEM micrograph images of a) 80 μm thick of 5% 

GO/HMT, c) 50 μm thick of 10% GO/HMT, d) 40 μm thick of 12% GO/HMT 

composite membranes showing that the films were no cracks or pinholes on the 

micron scale when examined with SEM. At 5% GO, the film was well homogenized 

with HMT, as the concentration is increased to 10% a significant distribution of GO is 

observed on the membrane. At 10% GO is well dispersed, giving the membrane a 

smooth surface where HMT appear smudged together.20 
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Figure 2.12: SEM micrograph images the surfaces of a) 5%GO/HMT, b) 

10%GO/HMT, c) 12% GO/HMT composite membranes. 

 

 

HMT can be added by embedding its chains into the surface of GO via the 

cation- π interaction. In this reaction, positive charge on N of HMT are tied to the C=C 

in GO.21  

 

a) b) c) 
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Figure 2.13: Proposed structure of GO/HMT, with reduced size HMT molecule 

encapsulated in, and electrostatically balanced by, oxidized GO chains. 

 

 

The final structure of the as prepared GO/HMT films is a composite of 

positively‐charged HMT polymer entangled in a relatively disordered, πelectronic 

conjugation of the GO chains, as proposed in Figure 2.13. The cation in this case is in 

its +2 state on HMT and balances C=C on the GO next to OH-. Positive charges on 

HMT are balanced by the π-electronic conjugation of the GO chain, as well as OH- 

ions. 
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2.3.2 Optimization of Electronic and Ionic Conductivities of GO/HMT Composite 

Membranes 

The composites exhibited pseudo-percolation behavior, with a threshold near 

10% GO as shown in Figure 2.14. Composite films that were prepared by mixing 

polar aprotic solutions of HMT and aqueous PEDOT:PSS exhibited pseudo-

percolation thresholds near 12%, suggesting that changes to the conductive polymer 

would aid in rising the quantity of conducting polymer required in the composites, see 

Figure 2.8. Composites prepared from polar aprotic solutions of HMT that contained 

10% GO exhibited electronic conductivities of ~10.0 mS cm-1, suggesting that 50 μm 

thick films of this material would be adequate for an artificial photosynthetic system. 

In contrast to the electronic conductivities, the ionic conductivities exhibited a more 

gradual transition from that of pure HMT (6.7 ± 0.9mS cm-1) to that of a 10% GO 

composite (7.2 ± 1 mS cm-1). A decrease in ionic conductivity was expected after 

incorporating GO,22 but in this case an increase in ionic conductivity was observed, as 

determined using 4- electrode ionic conductivity. However, the increase in ionic 

conductivity of a 10% GO/ HMT composite was ~1.3*10-2 mS cm-1 μm -1, the film 

thickness is influencing the ionic conductivity of GO/HMT composites. 
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Figure 2.14:  Conductivity (o - electronic & - ionic) of membranes of GO/HMT as a 

function of weight percent GO in the composite. 

 

 

 

As seen in Figure 2.14, the estimate of the change in the ionic conductivity of the 

membrane in 1M NaOH is reasonable estimate of the variability ionic conductivity of 

composite membrane from (0% GO) to (25%GO) and there is no significant increase 

in change, as observed for composite membranes (50% and 90% GO), with an 

increase in change of ionic conductivity but still reasonable. That is due to the increase 

%GO in HMT membrane which increases the fragility of membranes.  
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2.4 Mixed GO/ Nafion® for PEC-WS Membranes 

 

In polymer electrolyte membrane fuel cells (PEMFC), Nafion membranes are 

popularly used, where Nafion is mandated to conduct protons. The movement of 

protons occurs in the presence of water through the SO3H groups. As such, optimal 

proton conductivity is met by ensuring the membrane is hydrated throughout the 

process. However, water content in these systems is affected by several factors such as 

pressure and temperature, membrane thickness, the electrical load and the electrode 

catalyst. These factors have prompted the development of various approaches to 

ensure the membrane is fully hydrated.23,24  

 GO ranks highly as a suitable material, because of its a large surface area that 

not only allows water retention, but also chemical and mechanical stability. Its surface 

is dotted with functional groups which enhance its proton conductivity. The carboxylic 

groups enhance the compatibility with polyelectrolytes thereby increasing the 

polyelectrolytes’ proton conductivity.23,25,26  

The conductivity of GO can be improved when it is functionalized with other 

chemical groups.23 Peng, Kang-Jen, Juin-Yih Lai, and Ying-Ling Liu (2016) utilize 

these principles to generate a GO/Nafion hybrid membrane. This GO-Nafion hybrid, 

when compared to the primary GO PEM, exhibits superior activity in regards to ionic 

conductivity.27 The membrane fuel cells needs to be fully hydrated, when GO is added 

into membranes, they minimize water absorption due to the hydrophobic nature of 
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GO.23 Incorporation of GO into the PEM also streamlines the transport functions of 

Nafion.26,28  

 

 

Figure 2.15: Detailed view of the role of the membrane in an integrated PEC-WS 

system, showing photoelectrodes embedded in, and the termini in contact with, a 

homogeneous composite of GO/Nafion®. Electrical connectivity is made with the GO, 

while Nafion® molecules are in sufficient contact with each other to assist in trans‐
membrane ion (shown as protons for these conditions (H+)) charge dissipation. 

 

The molding of the GO/Nafion® membrane into a PEC-WS device with embedded 

high-aspect ratio photoelectrodes is proposed in Figure 2.15.  GO and Nafion® 

components are shown to be homogeneously distributed and in contact with the 

photoelectrode bases and adjacent molecules. For electronic charge dissipation, the 

GO chains act to facilitate injection and conduction of carriers from the 

semiconducting photoelectrodes. Ionic charge dissipation from the surrounding 

solution occurs via the immobilized Nafion, protons (for this case) are shown to hop 

between Nafion® molecules across the thickness of the membrane. 
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2.4.1 Creation and Characterization of GO/Nafion® Composite Membrane 
 

Materials 

The following materials were utilized to produce the metastable solution of 

GO/ Nafion, Nafion® perfluorinated ion-exchange resin as a 5 wt.% dispersion in 

water, Graphene oxide from Gramor, as a 4 mg/mL solution in Methanol, Isopropanol 

(IPA), deionized water, and glass slides (76.2 mm x 25.4 mm x 1mm) washed in an 

aqueous Fisherbrand® Sparkleen detergent solution and rinsed with water before use. 

 

Membrane Fabrication (12% Go as a typical example) 

12 mg of GO was dissolved in 3 mL methanol, and mixed with 1.76 mL of a 

5wt% dispersion of Nafion® perfluorinated ion exchange resin in water under 

sonication for 60 min. The dispersion was then applied to a glass substrate, and the 

films allowed to dry overnight under ambient conditions before thermal annealing for 

90 minutes at 110 oC. The resulting membranes were found to be water insoluble, 

semi-transparent, and mechanically strong. The membranes were allowed to cool for 

10 minutes and released from the glass by soaking in distilled water, as shown in 

Figure 2.16, with the films exhibiting a high degree of flexibility. 
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Figure 2.16: Optical images of composite membranes 12 % GO/Nafion®. 

 

Figure 2.17 shows the effect of varying the weight percent of GO has on the 

distribution of GO in Nafion, from low (2%) to high (12%) weight percent.  The 

produced membranes were easily detachable from the substrate and flexible such that 

they could be rolled up, or lightly pulled repeatedly without ripping. However, such 

membranes became increasingly brittle with increasing quantities of GO. The 10% 

GO had a membrane with good thickness of ~55 μm and transparency. 
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Figure 2.17: Thin films image of GO containing from left to right: 2, 5, 10, and 12 wt. 

% Nafion 

 

The SEM image of the surface of 34 μm thick Nafion membrane is shown in 

Figure 2.18, with the film produced homogeneous and smooth without sintering or 

holes. 

 

                                                
                                  

a) 
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Figure 2.18: SEM micrograph images the surfaces of a) Nafion® membrane, b) 

5%GO, c) 10%GO, d) 12%GO composite membranes. 

 

 

Nafion can be added by embedding its chains into the surface of GO via the 

Anion- π interaction. In this reaction, protons move through the SO3H in Nafion and 

are tied to the C=C in GO.29 The final structure of the asprepared GO/Nafion films is 

a composite of negatively-charged Nafion polymer entangled in a relatively 

disordered, πelectronic conjugation of the GO chains as proposed in Figure 2.19. The 

anion in this case is in its 2 state on Nafion polymer, and are balanced by either C=C 

on the GO chains, or protons in solution.  

b) c) d) 
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Figure 2.19: Proposed structure of GO/Nafion composite, with reduced size Nafion 

molecule encapsulated in and coordinated to oxidized GO chains. Protons not shown 

for clarity (this statement may work). 

 

 

 

 

2.4.2 Optimization of Electronic and Ionic Conductivities of GO/Nafion® 

Composite Membranes  
 

The conductivity of the films as a function of GO content, shown in Figure 

2.20, indicates that the composites exhibit pseudo-percolation behaviour with high 

threshold on GO ~30 wt. GO. Composite films that were prepared by mixing aqueous 

solutions of Nafion and aqueous PEDOT:PSS exhibited pseudo-percolation thresholds 

near 12%,8 the changes to the conductive polymer conditions would aid in increasing 

the quantity of conducting polymer required in the composites. However, the ionic 
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conductivities exhibited a more gradual transition from that of pure Nafion (75 ± 1.2 

mS cm1) to that of a 10% GO composite (98± 1.2 mS cm-1), with a percolation 

threshold similar at ~10% for all combinations. The experimental values hovered 

around the literature value of ionic conductivity for pure Nafion which is 73 mS cm-1. 

It is known that the conductivity of Nafion membranes increases with increasing 

membrane thickness (~0.7 mS cm-1 μm -1 from 40 to 80 μm),7 however, the increase in 

ionic conductivity of a 10% PEDOT:PSS/ Nafion composite was ~1.2 mS cm-1 μm -1. 

For drop cast Nafion membranes, results were found to be similar to Slade et al,7 (~0.6 

mS cm-1 μm -1 from 32 to 89 μm), related to how the film thickness is influencing the 

ionic conductivity of GO/Nafion composites. Optimization of the GO content 

improves the transport performance of Nafion and also increases the water retention 

capacity because of its large surface area.28,30  
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Figure 2.20:  Conductivity (o - electronic &  - ionic) of membranes of GO/Nafion as 

a function of weight percent GO in the composite. 

 

 

 

The estimate of the change in the ionic conductivity of the membrane in 1M 

HClO4 is very reasonable and there is no significant change in membranes at 0% and 

25%, while the change in membrane ionic conductivity at 50% and 90% is greater 

than the change in smaller ratios of GO but still reasonable as shown on Figure 2.20. 

 Therefore, in principle, the creation of composite membranes that conducts 

both electrons and ions can be formed by using HMT or Nafion as the ionic conductor, 

and with PEDOT:PSS or GO as a supplementary electronic conductor. The composite 

membranes should possess excellent properties to be used in solar fuel generating 

devices, such as not water soluble, as well as chemical and mechanical stability. The 
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optimal blend are approximately 10% of PEDOT:PSS‐to‐HMT, 10% GO- to- HMT 

and 30% GO-to-Nafion by  weight present, rendering composite membranes that have 

relatively equal electronic and ionic conductivities that will be used to fabricate 

bipolar membranes without limiting the rate of reaction of the system. The findings of 

this study would help in the fabrication of a composite bipolar membranes that can be 

used in solar devices.      
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3.1 Relevant pH Conditions for PEC Materials 

 

3.1.1 Electrocatalyst Stability     

Electrocatalytic materials employed in water electrolysis are sensitive to 

operation in aqueous solutions and the conditions therein. For instance, minute 

amounts of impurities like CO2 can poison the catalyst in fuel cells.1 Thus, control 

over the conditions/impurities present is necessary to prevent 

electrocatalyst/photoelectrode decomposition.2 While decomposition leads to surface 

layers that block absorption of light and charge transfer of semiconductors, the 

electrocatalysts become inactive over time, or dissolve. For instance, nickel catalysts 

are affected by HER where hydrogen is adsorbed3 onto the nickel surface, while OER 

corrodes the MoO2 and V2O5 catalysts.4 As shown in the following equations 3.1-3.4, 

the thermodynamic potential, as well the reactants and products of the WS half 

reactions are pH-dependent.5 
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The pH and applied potential are important, as they can control the chemical species 

that  the catalyst interacts with, as well as dictate the surface species of the catalyst,6 

and thus can be selected to provide the most favourable conditions for catalyst stability 

and reactivity. Some catalysts could be used in different pHs such as rutile-TiO2 in 

acid and ZrO2 in alkaline solution.7  

 

 3.1.2 Running of a PEC-WS Devices with pH differences 

 

 In a PEC device, the active conversion components require running in 

different pH ranges for optimal performance. Due to the proximity of these 

components in an integrated device, a method is needed to run such a cell with a pH 

difference. As previously shown, the PEC-WS process is improved by introducing a 

pH gradiant.8 The anode is placed in an alkaline solution and the cathode in acidic 

solution corresponding to reverse bias conditions, with the half reactions that exhibit 

the lowest thermodynamic potentials (Equations 3.2 and 3.3, respectively) expected to 

occur. The overall potential remains at 1.23 V for water splitting, however, due to the 

chemical potential of maintaining such a pH gradient between the cathode and anode.9 

Further, it can stabilize the photoconversion materials via running them in different 

pH, and under less intense conditions. 

However, the magnitude of this bias generated in the cell diminishes over time 

as ions are carried across the cell, eventually neutralizing the pH difference, and the 

achievable current is reduced. For this configuration to work in a practical set-up, the 
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PEC-WS device that adopts two distinct solutions must continuously maintain these 

conditions. The redox reactions and gaseous products will need to be physically 

separated by the membrane in an integrated PEC. This component (membrane) will 

also be responsible for the separation of different pH solutions on either side of the 

system so as to uphold unchanging conditions.6 One proposed membrane consists of a 

CEL/AEL heterojunction, forming a bipolar membrane. 

 

3.2 Maintaining pH Differences with Bipolar Membranes 

3.2.1 Structure of the Bipolar Membrane  

 

A bipolar membrane (BPM) consists of two membranes, an anion exchange 

membrane layer (AEL) and a cation exchange membrane layer (CEL) (Figure 3.1a), 

which are laminated together (Figure 3.1b,c).10 When the two ion exchange 

membranes that make up the BPM are placed in contact, the movable charges, which 

are usually ionically fixed to the polymer ionic groups, are driven by a concentration 

gradient to combine at the meeting point of the two layers. This process occurs in the 

bulk of the layers until the magnitude of the electric field created by the fixed charge 

groups exactly opposes the recombination driving force.11 

The border/junction of the BPM region, known as the interfacial layer (IL),  

contains membrane- bound fixed charges (- and +) and  has a very low density of  

mobile ions(OH- and H+) due to OH- and H+ recombination,  resulting in a built-in 



141 

 

electric field that repels both the OH- (on the AEL) and H+ (on the CEL) away from 

the junction (Figure 3.1c).5,6,12A potential drop of ~0.83 V across the junction from the 

AEL to the CEL is developed to initiate WD due to the electric field in IL (Figure 

3.1d). The AEL and CEL may also incorporate various other materials to modify it 

and grant the IL a distinct structure. Tertiary amine groups are highly preferred for use 

in this IL region, since they are convertible to their conjugate acid form of NR2H
+,12 

where the ammonium cation groups can form hydrophilic pores.13 These materials 

allow the IL region to become a catalyst for the water dissociation process,12 because 

WD is breaking the ‘recombined’ water molecules into mobile ions in the IL.   

 

 

    

 

 

 
a) 
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Figure 3.1: a) BPM are formed by a heterojunction of an AEL and CEL, which 

consist of membrane‐bound fixed charges (+ and ‐, respectively) and mobile species 

(OH- on AEL and H+ on CEL), b) AEL and CEL are placed in contact to form a BPM 

junction region known as the IL that allows mobile carriers near the AEL‐CEL 

interface recombine, resulting in c) a region with a built‐in electric field; d) the 

potential drop of across the junction from the AEL to the CEL. 

 

 

 

c) 

 

b) 

d) 
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The BPM resembles a p-n junction present in a semiconductor device.14 The 

AEL acts like an n-doped solid while the CEL is a p-doped solid. When put in contact, 

the charge carriers of the electrons (e-) and protons (h+) species near the junction 

recombine until the net negative and net positive charges generated cancel out further 

recombination. A region of built-in potential known as the space charge region, or 

alternatively the depletion region analogous to the IL in a BPM is formed. These 

mechanisms have been used to innovate and develop LEDs, photovoltaics and 

diodes.15 

 

3.2.2 Behavior of BPM on application of current 

 

Current can be passed in a BPM in two directions, the forward bias and the reverse 

bias. When in forward bias, the applied current causes the cations (H+) of the CEL and 

the anions (OH-) of the AEL  move toward the IL and combine to form a neutral 

species such as H2O in this case. Because there is no field opposing this process, the 

resistance is low once the built in potential has been overcome. In the reverse bias, the 

ions in the ion exchange membranes move away from the IL.12,16,17 The WD occurring 

in the system leads to an additional resistance. However, enhancing WD will lead to 

lower the resistance in reverse bias. The configuration of the reverse bias is such that 

the BPM in a uniform electrolyte is placed between the anode and the cathode wherein 

the CEL faces the cathode and AEL faces the anode. The effect of the ion movement 

/transport is such that the resistance of the membrane will be higher due to the 
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decrease in ionic concentration at the BPM junction. This ion or mass transport of 

water to the interface limits the WD, which creates a limiting current.12 

 

 Theoretically, no current is passed across the BPM at low potential in reverse 

bias; however, due to non-ideal permeability and permselectivity of the membrane, 

ions of like charges are able to traverse through it, producing a limited current. At 

higher potentials ~0.8 V, the charge carriers (OH - and H+) dominate the total current 

as these charge carriers are produced in the IL region of the BPM by the dissociation 

of water (WD) 6, as in Equation 3.5, here E J(WD) = -0.83 V, which is the 

thermodynamic potential for WD in the IL.18 

H2O (l)                OH-
(aq) + 2H+ 

(aq),        EJ (WD) = ‐0.83 V        (3.5) 

 

 

 

WD is started when the electric field  in the IL increases beyond the 

overpotential that is required to dissociation the water molecules in the IL; these 

molecules are polarized by the high potential causing them to split19 as the OH and H+ 

sides of water molecules become heavily drawn towards the anode and cathode 

respectively, as shown in Figure 3.2. This phenomenon is known as the enhanced field 

effect and its exact mechanism has not been well elucidated.6 Hydrogen gas is formed 

at the cathode due to the reduction of hydrogen ions while at the anode, the hydroxide 

ions are oxidized resulting in oxygen gas.14 
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Figure 3.2: BPM structure with anion-exchange layer (AEL) facing the anode and 

cation-exchange layer (CEL) facing the cathode in NaClO4 aqueous solutions. Ions 

migrate toward the oppositely charged electrodes. Na+ and ClO4
- transport through the 

AEL and CEL, respectively (faded arrows), is greatly attenuated due to electrostatics 

(dashed lines indicate some leakage of these ions through the BPM). To maintain 

electroneutrality at large biases, water is dissociated in the AEL–CEL junction (the 

interfacial layer) and the dissociation products (OH- and H+) migrate toward the 

electrode of opposite charge. Water that is consumed in the interfacial layer is 

replenished.  

 

 

 

Figure 3.3 depicts a basic (J-V) curve of a BPM under neutral condition (1 M 

salt solution, (M+X−)). The first limiting current density (Jlim1) refers to the small 

current densities (<9 m A cm-1) resulting from co-ion leakage. At potentials >0.83 V 

(EWD), the WD mechanism starts, where OH- and H+ are generated in the interfacial 

layer. At current densities >100 mA cm-2 a second limiting current density (Jlim2) is 
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reached, the water transport toward the BPM junction is not enough to replenish the 

water dissociated at the interface, leading to water diffusion limitations.20 

 
                              

 
 

Figure 3.3: Graphic illustration of the current voltage (J-V) curve of a bipolar 

membrane in a salt solution (M+X−). The first limiting current density (Jlim1), 

represents the complete depletion of the co-ions at the bipolar interface. Up to the 

second limiting current density, water dissociation is enhanced. At the second limiting 

current density (Jlim2), water transport is limited. Reproduced with written permission 

from Journal of Membrane Science (December 2010) (ref. 21).  

 

 

This dissertation will focus on WD under solar-flux conditions that occurs in 

the visible region from 400 nm to 700 nm used for photosynthesis. Estimating the 

current density, J, passing through a membrane, assuming a solar flux of 4.0 mmol-s-1-
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m-2 and assuming that one charge carrier traverses the membrane for every two 

incident photons absorbed by the photoelectrodes, is ~ 20 mA cm-2,22 i.e. region 2 

shown in Figure 3.3. Further, at low potentials (0 V - 0.83V), an ohmic current is 

present at region 1 due to leakage of counterions from the solution. When electrostatic 

repulsion by the membrane attenuates further solution counterion transport, current as 

a function of potential becomes limited. At potentials greater than 0.83V, the current 

becomes enhanced by water dissociation, with this current becoming ohmic, resulting 

in a straight line with a positive gradient in a current-voltage plot. The steeper the 

gradient, the lower resistance will be, where the resistance is inversely proportional to 

the slope, as in region 2 via the movement of the H+ and OH -.16, 18 

               This relationship is analogous to the p-n junction when it is subjected to 

reverse bias conditions such that the AEL n-doped material is attached to the anode 

while the p-doped CEL is attached to the cathode. The fixed charges on the membrane 

resemble the dopants that are included in semiconductors 5,6,17. Zero current flows at 

the start if the materials are ideal, but some carriers are able to leak across the 

depletion region to a limited degree, causing a leakage current similar to region 1 in 

Figure 3.4. When the electric field in the depletion region surpasses the potential 

required to ionize atoms (breakdown voltage), electrons (e‐) and holes (h+) are 

electrostatically generated and produce ohmic current similar to region 2 in Figure 3.4, 

where the breakdown voltage is the voltage required to ionize water molecules.19 
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Bubbles on the surface of electrodes signify the expulsion of hydrogen and oxygen 

gases as products of the redox reactions.6, 17 

BPMs have primarily been used for the process of electrodialysis, namely 

purifying acids and bases from their parent salt water solution.6,19 Additional ion 

exchange membranes are incorporated to hold the H+ and OH– ions generated from 

water dissociation in restricted compartments.6 As such, the aquatic solutions of acids 

and bases is consumed at the electrodes (cathode and anode, respectively) while the 

leaking counter-ions, OH- and H+, are directed into the effluent compartments. Other 

applications of use of BPMs under an applied electric field include wastewater 

treatment 23 and extraction of agricultural by products.24 

 

3.2.3 Electrochemical Configuration of a BPM for maintaining a pH Gradient  

 

The BPM can be utilized to maintain a pH gradient via OH- and H+  

consumption at the anode and cathode respectively, where the co-ion leakage current 

region is minimized due to the absence of competing co-ions in each half cell. For this 

to work, the AEL face adjacent to the anode is placed in base and the CEL face 

adjacent to the cathode is placed in acid (reverse bias conditions). OH‐ and H+ are in 

contact with the BPM and are consumed by the electrodes, and are then compensatory 

replaced by their regeneration via WD within the BPM. Under reverse bias conditions, 

Figure 3.4 shows a schematic of an ideal BPM in an electrochemical WS cell with a 
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pH gradient. The anode is placed under high pH, for instance in 1 M NaOH (aq), while 

the cathode is placed under low pH conditions, 1 M HClO4 (aq) can be used. This setup 

helps stabilize the reduction and oxidation of materials in the PEC-WS and 

demonstrates their ability to run under steady-state pH gradient conditions.6, 16 

        
 

Figure 3.4: BPM electrochemical structure to maintain a pH gradient with base (1M 

NaOH) in the anode (AEL) compartment and acid (1M HClO4) in the cathode (CEL) 

compartment. OER and HER are depicted under reverse bias conditions, with 

transport of membrane fixed charge-compensating ions (OH- and H+) generated from 

WD in the IL moving into solution, the OH- is consumed at the anode and H+ is 

consumed at the cathode. Solution counterions (Na+ and ClO4
-) transport are 

electrostatically attenuated by the membrane, with some counterion cross-over 

(dashed lines) occurring in a non-ideal BPM. 
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At the anode under high pH (Equation 3.2), OER is affected via the oxidation 

of primarily OH-, producing oxygen gas and water. As the negatively charged species 

is consumed, charge is compensated by the diffusion of the solution counterion (Na+) 

away from the anode. At the cathode under low pH (Equation 3.3), HER is effected 

via the reduction of primarily H+, producing hydrogen. As the positively charged 

species is consumed, charge is compensated by the diffusion of the solution counterion 

(ClO4
‐) away from the cathode. However, charge neutralization is hindered via 

electrostatic repulsion of the counterions by the ionic groups fixed on the AEL and 

CEL, blocking crossover of Na+ and ClO4
‐, respectively. The circuit is completed by 

water dissociation at the BPM interface, generating H+ and OH-, which migrate toward 

the cathode and anode to replace those reactants, respectively.   

With an acid and a base on the two sides of the BPM, the current-voltage 

characteristics are completely determined by proton and hydroxide transport.18 Such a 

curve is drawn schematically in Figure 3.5. Up to the operating current density 

(PROD) and far above that, the curve is a straight line. It allows the prediction of the 

electric potential difference across the bipolar membrane during electrodialysis at the 

applied current density.25 



151 

 

          

Figure 3.5: General (J-V) relationship of a BPM under reverse bias conditions with a 

pH gradient under standard conditions, a high pH AEL adjacent to the anode and a 

low pH CEL adjacent to the cathode. 

 

The general J-V curve of this configuration involving a pH gradient reverse 

bias under solar-flux conditions, and reflects the same mechanisms as those observed 

in Figure 3.3 under neutral conditions, (no pH difference). The only difference is the 

absence of a leakage current (region 1) due to trespass blockage.20 This achieves a 

completely ohmic curve, with an open circuit voltage equal to the magnitude of the pH 

difference. This potential is 0.83 V under standard solution conditions (1M for both 

acid and base). Any further applied potential across the membrane will cause current 

to pass via the generation of H+/ OH- carriers from WD.18 
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Theoretically, an ideal BPM would be stable and capable of maintaining a pH 

gradient indefinitely under reverse bias conditions when operating at a constant 

current for long operating times, provided water is constantly supplied. Future 

commercial devices will require this feature in order to be economically feasible. The 

good stability of BPM is evidenced by maintaining the pH gradient across the BPM. 

The stability of a BPM (Nafion-HMT) has been investigated using the four-probe cell 

under reverse bias conditions in which HMT faces the anode and the Nafion faces the 

cathode by operating it at a constant current of 10 mA cm−2 for an operating time of 4 

h. This corresponds to the time required to neutralize 50 ml of 1M HClO4 and 50 ml of 

1M NaOH (see A.3.1). The IL between HMT and Nafion is maintained, where current 

flows during WD. Protons and hydroxide ions are allowed to move forward in 

opposite directions to participate in reduction and oxidation reactions, respectively in 

reverse bias conditions. The protons are consumed by HER, which arrive from Nafion 

allowing the BPM to maintain its initial pH gradient, while hydroxide ions are 

consumed by OER, which arrive from HMT allowing the BPM also to maintain its 

high pH gradient. An experimental comparison was made to compare the anode and 

cathode compartment pH as a function of time with and without applied current to 

differentiate between co-ion leakage and simple holes in the BPM with two different 

electronic conductors, assuming the current was carried only by counterion (Na+/ClO4
‐

) leakage. This was determined by the total charge passed corresponding to the total 

amount of counterions leaking across the BPM to change the pH (see A.3.2). Figure 
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3.6a shows 12% PEDOT: PSS/(Nafion-HMT)  placed under the similar conditions as 

BPM Nafion-HMT,26  1 M solution of NaOH; resulting in a pH~ 13.8 at anode and  1 

M HClO4 ; pH~ 0.26 at cathode. The pH data of each solution was measured by pH 

meter (Acorn® Ion 6+ Meter (Oakton) where the solutions were stirred.    
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Figure 3.6: pH-t relationship of stability a Nafion/HMT BPM containing 12% 

PEDOT:PSS,  a) during 4 h of operating without current, (light blue) pH gradient of 

the BPM, (red) pH values of the cathode, and (blue) pH values of the anode; b) at a 

constant current of 10 mA cm−2, (green) pH gradient of the BPM, (red) pH values of 

the cathode, and (blue) pH values of the anode. 

 

After 4 h of continuous operation, the pH gradient of 12% PEDOT: 

PSS/(Nafion-HMT) remained constant and stable (pH measurements were taken at 

both cathode and anode every 30 minute and cell value was taken by the calculating 

difference between cathode and anode measurements, with pH=13.5 confirming that 

a BPM is capable of maintaining a pH gradient while consuming OH‐ and H+ at the 

electrodes.  While Figure 3.6b shows 12% PEDOT: PSS /(Nafion-HMT) after 

operating 4h at applied constant current 10mA.cm-2. The pH was ~ 13.4 at anode and 
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pH was ~ 0.25 at cathode. The pH gradient of 12% PEDOT: PSS /(Nafion-HMT) 

remained constant and stable, with pH=13.1 after an applied constant current.  
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Figure 3.7: pH-t relationship of stability a Nafion/HMT BPM containing 12% GO, a) 

during 4 h of operating without current, (pink) pH gradient of the BPM, (red) pH 

values of the cathode, and (blue) pH values of the anode; b) at a constant current of 10 

mA cm−2, (red) pH gradient of the BPM, (black) pH values of the cathode, and (blue) 

pH values of the anode. 

 

 

The same holds for the Figure 3.7a, which shows 12% GO/(Nafion-HMT) 

placed under the same conditions of 12% PEDOT: PSS/(Nafion-HMT). The pH was 

~12.8 at anode while pH was~ 0.25 at cathode after operating time of 4h and without 

applied current. The pH gradient of 12% GO (Nafion-HMT) was ~ 12.6. Figure 3.7b 

shows 12% GO/(Nafion-HMT) at a constant current of 10 mA cm−2 for an operating 

0

2

4

6

8

10

12

14

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

p
H

Time (h)

Cathode

Anode

12%GO/HMT-Nafion at 10 mA.cm-2

b) 



157 

 

time of 4h . The pH was 13.0 at anode while pH was 0.28 at cathode and the pH 

gradient of 12% GO (Nafion-HMT) was ~ 12.8. All the results in both Figure 3.8 and 

3.9 are similar to the results reported by Chabi et al.26    

In conclusion the pH gradient measurement of both 12% PEDOT:PSS and GO 

(Nafion-HMT) at applied a constant current of 10 mA cm−2 are lower than without 

current  because there is some co-ions transport, while it is of negligible difference in 

pH gradient of composite BPM. 

 

3.3 Considerations when using BPMs in PEC‐WS Devices 

 3.3.1 Tailoring the BPM by adding a Potential Electrical Conductors or Catalyst 

to Improve WD in IL 

 

 The primary voltage requirement and main area of energy expenditure of 

BPMs is the WD potential. For application use, BPMs are modified and optimized to 

reduce the energy cost for this process by lowering the overpotential to achieve WD 

voltage close to the thermodynamic WD voltage (0.83 V), and also exhibit high 

turnover rates. For solar PEC applications, there is a need to develop advanced 

materials and structures that reduce the WD redox reaction overpotential, as the BPM 

is responsible for two thirds of the energetic requirement (1.23 V).6 

 The structure of BPM plays a key role in each stage of the reaction, including 

WS, molecular organization, and product evacuation.27 To improve WD that is 

occurring in the IL, electrically and ionically conducting material were mixed to form 
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the AEL and CEL membranes, creating composite BPMs which have both ionic and 

electronic properties. For example, pyridine, tertiary amines and other weak bases,28 as 

well as sulphonic, phosphonic and carboxylic acids,29 led to increased hydrophilicity, 

drawing reactant water molecules into the IL sufficiently to replace expended water; 

this shifts the WD reaction (Equation 3.5) to the right;6 and the number of groups 

increases the magnitude of the electric field similar to the Shockley relationship with 

doping density.30 Also this modification of BPM grants the opportunity to add sites 

whose chemical composition and coordination are variable, which are key to 

activating WD. Upon reacting, besides the electric field, the ionic sites also assist in 

the orientation of water molecules,31 and overall OH-/H+ formation from the splitting 

of water is achieved in the junction of a BPM.32  

 The physical sites in the IL that expedite the reaction must also pass current 

effectively through WD. In the absence of IL materials, WD can be catalyzed by 

amine groups at the AEL‐IL interface.33 The ionizable groups of the ion-exchange 

layers at the junction provide active sites at which WD may proceed. Consequently, it 

is possible to improve WD kinetics via modifying the ion‐exchange groups of the 

layers at the interface.30 For instance, it has been shown that by chemically modifying 

the AEL and CEL polymer layer laminated together, in contact with the IL with 

distinct ion-exchange groups or ionomers,34 improvement to the performance of the 

BPM including WD could be accomplished. 
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WD in BPMs has been improved by mixing an electrical conductive material 

such as PEDOT: PSS in the AEL and CEL membranes in this dissertation. This design 

allows for the incorporation of materials into the BPM, which achieves a WD potential 

in the BPM close to the thermodynamic potential of WD (0.83 V). Generally, 

materials of WD into AEL and CEL that have been recently under study include 

organic molecules and polymers that possess ionic character, building off the ion 

exchange layer-tailoring methods. As an example, in studies looking at their 

capabilities under solar flux conditions  (a current density of 20 mA cm2),22 mixtures 

of poly 4-vinylpyridine with Anion-exchange resin (Indian FFIP) were used as the 

AEL and mixtures of poly(ether sulfone) (PES) with poly(ether ether ketone) (PEEK) 

as the CEL, the estimated voltage from current-voltage curve figure with 0.5 M NaCl 

on both sides of BPM is 2.0 V at 20 mA cm-2 at room temperature.35 Note that in these 

studies, the potential drops (E at 20 mA cm‐2) are recorded under various experimental 

conditions.  

 

3.3.2 Electronic conductive materials Selection for PEC-BPMs  

An ideal BPM composite for PEC-WS must possess the qualities of both an 

efficient WD catalyst and allow for the ease of charge carrier transport. Under reverse 

bias conditions the ionic current for a BPM is carried nearly exclusively by OH‐ and 

H+ originating from the IL. It becomes imperative that this layer prevents ion cross‐

over between anolyte and catholyte rather than facilitate it as in conventional WS 
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cells.6 In an incorporated configuration, this layer must also efficiently shuttle 

electrons/holes moving into the membrane from the photoelectrodes. 

The absorption of visible light by the IL is also of great concern. In spite of this 

layer (IL) being relatively thin compared to the AEL and CEL, all losses must be 

reduced. Some conductive materials  such as electrical conductors can be mixed with 

the AEL and CEL, but most of these materials have relatively large absorptivity 

because of the conjugated π‐bonding in conductive organic molecules and small-band 

gaps in inorganic semiconductor molecules.36 Among the widely investigated 

“transparent electronic conductors” are the conjugated polymer PEDOT, and graphene 

oxide (Sections 1.6.1.1 – 2).37 While these materials are deemed prospective 

components in emergent ultra-thin electronics,38 transparency can be achieved by 

having sufficiently small thicknesses.6 This also allows flexibility, which will be 

practical for thin membrane-based PEC‐WS. 

In spite of a wide array of materials having been considered for BPM 

composite for traditional applications such as electrodialysis, the BPMs described thus 

far in the literature (Table 3.1) would not be suitable for membrane‐integrated PEC‐

WS technology as most of the materials investigated are not electrically conductive.6 

To summarize, some materials such as electronic conductors with electric contact 

capability, are required to construct a composite BPM suitable for membrane-

integrated PECWS. 
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3.3.3 Selection of Ion‐Exchange Materials 

 

Materials that make up the AEL and CEL will require the ability to provide 

ample permselectivity (H+/OH-) to prevent solution counterion cross‐over current, 

which dissipates the pH gradient. At the same time, the materials should be able to 

expel the H+ and OH- generated.21 An additional requirement for these materials 

(AEL/CEL) is transparency to visible light, more so in line with those described for 

integrated PEC- WS membranes (Chapter 1.5).39 The important materials in BPM 

consist of AEL and CEL that are exposed to the electrochemical half-cell reactions. 

The AEL and CEL are responsible for providing stability for the device they are 

incorporated in, and are expected to perfectly attach to the portion of the 

photoelectrode that embedded into the membrane. Owing to the widespread and open 

settings in which PEC-WS devices will be employed, the materials therein should be 

adaptable to the mechanical stress that they will be subjected to in the manufacturing 

process and during operation in the field.  As such the materials should exhibit 

mechanical robustness and be physically compatible with the materials of the 

photoelectrodes. Chemical stability is also required of these materials mainly because 

of the redox reactions and hence reactive intermediates transpiring in relatively close 

proximity to the membrane,40 and with the extreme pH solutions that AEL/CEL are 

exposed to call for chemical stability to prevent decomposition of inherent materials.21 

These materials conjointly serve as the barrier to gas cross-over, and should be 

composed of a structure with pores suited for ion transport but not gas transport. 
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Increasing the thickness of these materials plays a big role in resolving many of these 

issues;41 however, this is a tradeoff that decreases the PEC-passiveness via absorbing 

more light and increasing the resistance to ionic current.  

For the CEL, the protonexchange membrane (PEM) nearly universally 

employed in acid fuel cells (FCs), Nafion®, possesses all the desired properties. Its 

structure, which is ionomeric, has been developed to be highly permselective (H+) and 

the best solid conductor of protons, while its perfluorinated composition makes it a 

chemically resolute material and mechanically stable. It forms films that are 

simultaneously free standing and flexible.42 Due to advanced innovation, Nafion® is 

now available in solution-based forms that prepare good quality films with the 

advantage of controlling the thickness and a myriad of deposition methods.43 This is 

especially useful in BPMs that form easily as layers are successively applied with 

improved contact, expediting the manufacturing process. 

For the AEL, the alkaline anion exchange membrane (AAEM), which is used 

in alkaline FCs, should possess the same features as Nafion®, only exchanging OH- 

and attenuating cations. The materials that are available for the AEL are not as 

superior as Nafion®, however, in terms of OH- conductivity and especially stability 

under operating conditions. This difference is attributed to the difficulties in 

functionalizing stable polymers with stable fixed cations. Additionally, only recently 

have alkaline FCs given considerable attention compared to acid FCs, thus the 

development of anionic exchange membranes (AEMs) has remained menial until 
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now.44 AAEMs also have attractive features, one of them being their ability to utilize 

hydrocarbon polymer membranes as opposed to perfluorinated membranes that are 

more expensive. Unfortunately, AAEMs are prone to nucleophilic attacks on the 

Lewis basic cations at high pH, and so the principal difficulty lays in the ability to 

avoid it. 

So far, all materials used in AEM cannot satisfy the needs of alkaline FCs. 

However, advances have led to promising new membranes that can meet the ever-

evolving demands. These typically include polymers that incorporate aromatic rings to 

gain structural stability alongside pendant ammonium cation groups to form 

hydrophilic pores.13 The resultant membranes are popularly known as ‘cationmers’ 

and they could also be fluorinated to improve quality, especially when used in FCs. 

One example is quaternary ammonium poly(arylene ether sulfone) shown in (Figure 

3.8a),11 which through solution-casting has been fitted into arrayed silicon microwires 

to form a novice membrane integrated PEC-WS.43 Modifying Nafion® by adding 

cations has proved impossible.45 
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Figure 3.8: Chemical structures of AEMs consisting of a) previously reported, block 

co-polymer QAPSF. Reproduced with written permission from Journal of Power 

Sources (May 2009) (ref. 46); b) newly reported, monomer of HMT. Reproduced with 

written permission from American Chemical Society (May 2014) (ref. 47). 

 

 

Protecting the cation groups could also provide ideal AEMs. Using other 

polymers to give protection through steric shielding has also been attempted. For 

example, Poly [2, 2′-(m-mesitylene)-5, 5′-bis (N, N′-dimethylbenzimidazolium)] 

(HMT) shown in (Figure 3.8b), where the cation charge resides in, and is distributed 

about an imidazole ring47 rather than as an exposed pendant on a polymer backbone. 

This new AEM format (as opposed to the ring being attached as a pendant to the 

backbone of the polymer) holds a lot of potential in developing stable alkaline 

membranes to be used as an AEL in PEC-BPMs. 

 

3.3.4 Working mechanism of the proposed PEC-BPM device 

 

A BPM where the AEL face is adjacent to the anode and the CEL face is 

adjacent to the cathode under reverse bias conditions to affect HER in acidic and OER 

in basic conditions while maintaining a steady pH difference, does not have what takes 
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to produce a fully functioning membrane integrated PEC-WS system. However, this 

phenomenon of reverse bias can be used to design a model that embeds high aspect 

ratio photoelectrodes in a BPM performing this process (PEC-BPM) as shown in 

Figure 3.9. 

 

   
 

Figure 3.9: Proposed model for a membrane-integrated PEC-WS device with a pH 

gradient, showing a single photoelectrode pair and BPM section in reverse bias 

configuration; depicting light absorption, carrier generation, and charge transfer to 

evolve O2 in high pH and H2 in low pH. Charge in the photoelectrodes is dissipated by 

recombination in the BPM, and charge in the solutions is dissipated by product 

formation, with the pH gradient maintained by WD in the BPM. The membrane is a 

conduit for the dissipation of ionic and electronic charge.  
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Unlike the passive membrane model under acidic conditions in (Figure 1.12), 

the OH- is oxidized through the absorption of light by the photoanode (red) and the 

holes generated are radially transferred to the OER catalyst, forming excessive 

negative charge in the electrode and excessive positive charge in the solution. The 

electron in the photoanode traverses the BPM at its interface formed directly in the IL. 

Similarly, at the photocathode, the H+ is reduced through the absorption of light by the 

photocathode (blue) and radial transfer of photogenerated electrons to an HER 

catalyst, with the hole traveling to the IL, recombining with the electron from the 

photoanode. WD generates H+ and OH- which go into solution to compensate for the 

lost H+ and OH-. The table below summarizes the AEL and CEL requirements in 

constructing a BPM composite to be integrated into a PEC-WS device.  
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Both AEL and CEL should be transparent, strong mechanically, flexible and 

impermeable to gases. Some materials such as electronic conducting polymer used to 

improve WD, which should be transparent and electrically conductive. 

 

 

 

Principally, the current technology is positive and very promising in regard to 

developing suitable AEL and CEL. Nafion® satisfies all the technicalities required of a 

CEL. When the anionic group in Nafion® is replaced with a cationic group, the 

resultant material would complete an AEL. Though this is suitable, it has remained 

challenging to synthesize, with emerging alternatives being able to satisfy this 

component of the BPM.  

Table 3.1: Characteristics of suitable materials to be used in BPM composite 

in PEC-WS devices operating with a steady- state pH gradient  

Component                                  Requirements Materials 

AEL  Conductive to hydroxide, 

permselective to anions  

 Resistant to reactive chemical 

intermediates and nucleophilic 

attacks by OH-. 

 

 

 Hydrophilic 

 Should favor WD (reaction shift), 

increases built‐in proton and 

transfer interactions 

 

 

HMT[a] 

 

 

 

 

Ionomers 

weak basic polymers 

polyelectrolyte 

mixtures 

 

CEL 

 
 Proton conductive, permselective to 

cations  

 Resistant to chemical intermediates. 

 

Nafion® 
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Materials chosen should be electrically conductive for the IL or composite 

BPM. Incorporation of conducting polymers and graphene oxide (GO) to form 

composite BPMs owing to their transparency, electronic conductivity and exhibit 

properties typical of composite BPM WD catalysts (Table 3.1). Ideally, the composite 

BPM would facilitate photo‐passive electrical dissipation between the photoelectrodes, 

while at the same time acting as a WD catalyst to provide OH- and H+ to the separated 

solutions. The model geometry of the PEC-BPM is depicted in Figure 3.10. 

 
 

Figure 3.10: Detailed view of the role of the BPM in PECBPM, showing 

photoelectrodes embedded in, and the termini in contact with, the IL. Electrical 

connectivity is made with electronic conductor (P) mixed with AEL and CEL and the 

electrode bases, while also assisting in WD alongside a basic polymer (e.g. Nafion® as 

CEL and HMT as AEL). 

 

 

To summarize the role of the BPM in PEC, the interactions of AEL and CEL 

with solution are responsible for preventing counterion and product crossover, while 
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allowing proton and hydroxide ions to be evacuated from the IL.  Considering the 

photoelectrode interactions with it, the physical strength of the material used will be 

most critical in effecting beneficial physical contact and upholding structures. Aside 

from WD, the IL also proves to be the site where the electrical contact with the 

embedded photoelectrode termini. Generically, electronic conducting polymers (P) are 

used to represent the ideal materials for composite BPM.  These categories 

complement each other in that a matrix that homogenizes the particles is formed by 

the organic polymer, while increasing the built-in electric field and the hydrophilicity 

in the IL region, enabling it to participate in proton transfer reactions described for 

bases.18  

 In addition to WD in the IL, the electronic conducting polymer promotes a 

favourable surface of the BPM for activation of WD. It also harnesses the IL’s 

electrical conductivity to connect the photoelectrode termini.  This can only occur if 

the concentration and particle size of the materials are optimized such that charge can 

efficiently cross the layer, thereby ensuring sufficient conductivity.48 The p and n-type 

materials should also form ohmic contact with the IL for the transportation of charge 

to be efficient.49 
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Chapter 4: 

 Fabrication of ionic and electronic 

composite BPMs and Investigate of a 

novel AEL material for use in PEC-

BPMs
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4.1 Fabrication of BPMs 

4.1.1 Chosen and Characterization of AEL and CEL Materials  

 A BPM created from an AEL and a CEL needs to have good permselectivity, 

good transparency, high ionic conductivity, and must be stable under the conditions 

employed. The materials used in BPM must possess as many requirements for 

photoelectrochemical bipolar membrane (PEC-BPM) as possible to achieve excellent 

BPM that could be used in an artificial photosynthetic device. 

Nafion®, was chosen as the CEL because it has high ionic (proton) 

conductivity, good mechanical and chemical stability, and is commonly used in fuel 

cell devices (described in Section 3.3.2). Its commercial availability as aqueous 

dispersions and preformed sheets with variable thickness makes their material 

accessible for constructing a prototype bipolar membrane. In this study, a Nafion® 

aqueous solution (5 wt%, Sigma- Aldrich®) and sheet (Nafion® Membrane (NR-211), 

IonPower®) were used to create contact layers and a membrane for a CEL, 

respectively.  

One of the main challenges with AEL is its stability at high pH.1 Furthermore, 

other features such as high permselectivity of OH-, transparency and OH- conductivity, 

are main challenges of AEL materials as secondary considerations. For this study, the 

AEM developed by the Holdcroft group, poly[2,2′-(m-mesitylene)-5,5′-bis(N,N′-

dimethylbenzimidazolium)] (HMT) (89% degree of methylation (dm)), was chosen, 
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primarily due to its resistance to high pH, mechanical strength, permselectivity and 

high ionic conductivity.2 As received, this membrane had a thickness of 80 μm. The 

polymer is characterized by high ionic (hydroxyl) conductivity (~ 6.1 ± 1.2 mS cm-1)2 

as well as high temperature stability (60-80oC). 

In order to compare the ionic conductivity of the membrane to the overall 

contribution of ionic conductivity of the system, J-V relationships were determined for 

HMT and Nafion membranes 1M NaOH and 1M HClO4 solutions, respectively, 

shown in Figure 4.1. The HMT and Nafion® membranes  were also used initially for 

manufacturing and studying BPM behavior, their characteristics as membranes proved 

to exhibit smaller ionic conductivities (~ (6.7 and 64 ) mS cm-1, respectively) to those 

of NaOH and HClO4 as solutions (~ (154.5 and 525.1) mScm-1, respectively) as shown 

in Table 4.1. 

Table 4.1: characteristics of ion-exchange membranes, acid and base solution 

Membranes 
Thickness 

(wet)(μm) 

Ionic 

Conductivity 

(mS cm-1) 

Ionic 

Conductivity 

(mS cm-1)* 

References 

HMT 80.0 6.70 6.1 2 

Nafion® 36.0 64.0 70 3 

HMT/Nafion® 116 9.00 10.0 4 

NaOH 37.4 154.5[a] 173.3 5 

HClO4 37.2 525.1[b] 345 6 

 

Note: These values [a,b] were calculated using methods shown in A.4.1  

*Literature value of ionic conductivity of HMT, Nafion®, NaOH and HClO4 
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 The magnitude of the J-V curve slopes is proportional to Nafion® and HMT 

membranes adjacent to those for 1M NaOH and 1M HClO4 conductance. The ability 

of CEM to conduct H+ and the ability of AEM to conduct OH- are determined by 

Four-Point Probe Measurement, and it is shown that 1M NaOH and 1M HClO4 have 

practically negligible resistances (~(0.008 and 0.004) Ω, respectively), while the 

Nafion® and HMT membranes are significantly more impeding (>2 Ω), similar to 

those of Chabi et al.4   

 

Figure 4.1: Potential difference across HMT (AEM) in 1M NaOH, Nafion® (CEM) in 

1 M HClO4, 1M NaOH and 1M HClO4 as a function of applied current. Adjusted to 

Voc=0 V.  
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4.1.2 Fabrication Process  

A bipolar membrane was formed by laminating an AEL and a CEL together. 

The details are depicted in Scheme 4.1, a glass slides for membranes preparation, 25.4 

x 76.2 x 2 mm, was washed in an aqueous Fisherbrand® Sparkleen detergent solution, 

followed by rinsing in deionized (DI) water and then in isopropanol, and dried under 

air in the laboratory.7  First, an approximately 4 × 4 cm piece of Nafion® membrane 

NR‐211 sheet was exchanged for proton by treated the membrane with acid (0.5M 

H2SO4) for 24h at room temperature (RT) exchange of water (hydrated), followed by 

soaking in DI for 48 h for remove any excess acid or to amination hydration, then left 

to dry as previously reported.4 The membrane was then cut and bound onto the glass.  

 

Scheme 4.1: Fabrication process of BPMs used in this dissertation. 
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Two drops (~0.5 mL) of 5 wt% Nafion® aqueous solution was added onto the surface 

of the CEL with sufficient volume for full surface coverage throughout to the edges of 

the membrane using a pipette, ensuring it was free of air bubbles.8 The BPM was 

completed by using the AEL preformed HMT sheet, which was exchanged for 

hydroxide by soaking the membrane with base (1M NaOH) for 48h at RT, followed by 

soaking in DI for 120 h , then left to dry as in the literature.2 The AEL membrane was 

cut into approximately 3 × 3 cm sections and bound on the separate glass then pressed 

to ensure no bubbles were present. Prior to laminating (CEL and AEL) they were 

allowed to dry at ambient conditions for 5 min. The Nafion® sheet (CEL) was then 

laid over the top, and another glass slide was placed on top; the underlying solution 

was spread and squeezed by hand to distribute the laminating Nafion® layer and 

remove bubbles.  The layers are then bound together using clips over the edges. The 

resulting BPM was left to dry in the oven at 80oC under vacuum for 2 – 4 min. Finally, 

the BPM was left to cool in RT for 5 min, and then was liberated by removal of the 

clips and glass slides as seen in Figure 4.2. Note, the cut size of the Nafion membrane 

is larger than the cut size of the HMT membrane to tell which side is which of the 

CEL and AEL. 
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Figure 4.2: Photographs of BPM HMT/Nafion®. 

 

4.1.3 Physical Characterization of Fabricated BPMs  

The BPM consists of CEL and the AEL, with HMT-Nafion exhibiting good 

characteristics such as high ionic conductivity (~ 9.0 mS cm-1) as shown in Table 4.1. 

Also included is data for the acid and base solutions without a membrane, for 

comparison. In order to determine the stability of the junction between the AEL and 

CEL membranes, the effect of hydration was also investigated. Swelling is observed at 

6% wt increase upon hydration when it is wet versus dry. As result the contact 

between the AEL and CEL fluctuates for make it unstable when there are continues 

dry and wet system. 

The ionic conductivity was calculated from J-E curves using 1M HClO4 and 

1M NaClO4 to resolve the hydrogen ion and the sodium ion for the cation exchange 

membrane transportation and 1M NaOH and 1M NaClO4 to resolve the OH- and ClO4
-
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.8 This was done to elucidate both the ionic conductivity under operating conditions 

where WD is effected and OH‐/H+ are the current-carriers, as well as to account for the 

transport of solution counterions for current carried by ionic leakage. The results of 

resistivity of HMT, Nafion®, NaOH and HClO4 are similar to that of the literature 

value, as shown in Table 4.1. 

The structural properties of the bipolar membranes having both an AEL and a 

CEL have also been investigated by SEM after operation. The cross-section of the 

BPM is shown in Figure 4.3, where the AEL appears to be smoother and more 

homogenous compared to the other layer CEL. At the intersection of both sides there 

is good contact with the layers.  

In comparison, the HMT/Nafion® form a smooth, homogeneous, and uniform 

transition cross the junction region (Figure 4.3), which is in agreement with mixed 

PEDOT: PSS-(HMT/Nafion®) (Figure 4.7). Outright, this BPM exhibits good 

properties such as low resistivity (~100 Ω cm), and offers a smooth morphology with 

few cracks observed. 
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Figure 4.3: SEM images of cross‐section of HMT/Nafion® 

 

 

4.1.4 Ionic Characterization of Fabricated BPMs  

The membrane potential was measured as function of current density for BPM 

when current step(s) in reverse bias configuration was applied (describe in Section 

1.8.1.3). This was performed under neutral conditions (no pH difference; pH = 7) 

using 1M NaClO4 to observe the bipolar membrane permeability due to the counter 

ion leakage current.  The resulting curve is depicted in Figure 4.4. 



184 

 

      

 

Figure 4.4: J-E relationship for the current density as a function of potential across the 

bipolar membrane HMT/Nafion® with the anion exchange layer (AEL) facing the 

anode and the cation exchange layer(CEL) facing the cathode in 1M NaClO4 aqueous 

solutions. Ions migrate toward the oppositely charged electrodes. Na+ and ClO4
- 

transport through the AEL and CEL. 

 

 

At potentials less than ~0.9 V, the current appear to be Ohmic until ~40 mA 

cm-2, at which point a less resistant region commences as the field at the IL is 

reduced.11,12 The native BPM (HMT/Nafion®), formed from the anion and cation 

layers begins passing significant current at ~0.9 V, which increases linearly with 

voltage, signaling the onset of WD, consistent with the behavior observed for a 

commercial fumasep FBM.9 At these higher potentials, bubbles could be observed on 
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the external-bias platinum electrodes, indicating that O2 and H2 were the products of 

the redox reactions, and water electrolysis was successfully effected. At current 

densities >100 mA cm-2, a second limiting region is approached, resulting from mass-

transport limitations under which the influx of water from the solutions is not 

sufficient to replace the water consumed in the interfacial layer. 10 This observation is 

typical for BPMs and results from the hydration and water re-entrance for the bipolar 

membrane at the two regions limiting the increase of the electrochemical process.13 In 

terms of PEC-WS, the most critical value of the photo electrochemical is the bipolar 

membrane potential with current densities that are obtained through solar absorption, 

~20 mA cm-2, by solar rays.14 For control BPM HMT/Nafion®, the measured value is 

~ 0.7 V. Consequently, this signifies that this bipolar membrane with a lack of foreign 

interfacial layers has an underpotential of only ~ 0.2 V due to leakage of co-ions and 

could be applied to a PEC-WS device. Ions traversing the bipolar membrane generates 

a current density as a flux of charges, where the rate of leakage of co-ions can be 

solved by measuring the time the membrane takes for a pH difference across the 

membrane to decrease. 

The onset of current with the WD begins with the lower potential (~0V), with a 

less resistant region and with no water limitation current observed. This is shown in 

Figure 4.4, and is the leakage current limited region for the native BPM (HMT-

Nafion), as described in section 3.2.2. The leakage current limited regions indicate the 

permeability and permselectivity of the BPM to the counterion solution cross-over as 
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well as determining the efficiency of the BPM to maintain a pH gradient.15 Since the 

current density is a measure of the flow of charges and ions transporting through/in the 

BPM, it is indicative of the rate of leakage of co-ions through the BPM, and also be 

used to predict the length of time the BPM is capable of maintaining the pH gradient 

(see section 3.2.3 and A.4.2).  For the control BPM (HMT-Nafion), the maximum 

current densities before the WD mechanism is engaged is 20-30  mA cm‐2, and results 

from co-ion leakage through this BPM until a limiting magnitude is reached. This is 

dependent on the thickness of the BPM, where the leakage current limited region 

increases with thickness, which translates to increase of the co-ions transport through 

the BPM.16,17 Also, it can be observed that the line is resistant (not flat) due to very 

few cracks observed in the BPM as see in Figure 4.3. To confirm that, an experimental 

comparison was made for a fumasep membrane (FBM), in 1M NaClO4 to compare 

with and without holes which were made by a syringe needle under same conditions. 

The results clearly illustrate that the BPM with holes has higher coion leakage (Figure 

4.5), and is consistent with the control BPM (HMT-Nafion), meaning that the holes 

causes an increase in co-ions, as well as a shift of WD. 
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Figure 4.5: J-E relationship for the current density as a function of potential across the 

commercial Fumasep FBM without holes (blue), Fumasep® FBM with holes (red) 1M 

NaClO4 aqueous solutions on both sides of the membrane. Note: there are some co-

ions (Na+ and ClO4
-) transport through the BPM in FBM with holes and the curve 

shifts right, indicating the holes causes some co-ions and high overpotential.    

  

On the other hand, it can also be performed under acid and base conditions (pH 

difference) to observe bipolar membrane permeability where no counterion leakage 

current is observed. The membrane potential was characterized as function of current 

density for BPM by applying steps in reverse bias configuration and measuring the 

potential difference across the membrane. The resulting curve is depicted in Figure 

4.6. 
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Figure 4.6: J-E relationship for the current density as a function of potential across the 

bipolar membrane HMT-Nafion® (yellow), Fumasep® FBM (pink) with base (1M 

NaOH) in the anode (AEL) compartment and acid (1M HClO4) in the cathode (CEL) 

compartment. OH- is consumed at anode and H+ is consumed at the cathode. Na+ and 

CIO4
- transport is electrostatically attenuated, and the ionic current is enabled by water 

dissociation in the interfacial layer.  

 

 

The J–E behavior of fabricated control BPM exhibits a behavior similar to that 

observed with no pH gradient in Figure 4.4, but begins passing significant current in 

this range at ~0.78 V, signaling the onset of WD with no co-ion leakage current 

region. This behavior is consistent with behavior of fumasep FBM examined under 

similar conditions as see in Figure 4.6 and also with results reported in a similar study 

under same condition.4,18  
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4.2 Conducting Polymers mixed in the BPM  

In the bipolar membrane, the interfacial layer is responsible for the process of 

WD; hence, there is no interfacial layer that is designed to meet all the requirements. 

In membrane efficacy studies, WD ability can be enriched by adding an electronic 

conductor material into the AEL-CEL to be composite BPM. 

 

4.2.1 Conducting Polymer PEDOT:PSS mixed in BPM  

The electrical conductor polymer PEDOT:PSS is a potential option for the 

photoelectrochemical membrane material. As described in Chapter 2, the conducting 

polymer acts as a transparent conductor, being both flexible19 and stable for over 

oxidation.20 The polymer becomes soluble when mixed in water with excess PSS 

anion and can be cast as a layer. Compared to the previous interfacial layer of the 

membrane, with a large extent of PSS character, this material exhibits a very ionic 

character, which allocates the catalytic and ionic exchange sites.21 PEDOT:PSS has 

been shown to act as an oxygen reduction electrocatalyst in fuel cells.22 It has also 

been used to enhance water dissociation at the bipolar membrane interfacial layer17 as 

a different monolayer, so that a thin interfacial layer is formed. 

In this study, PEDOT:PSS (1-2 wt%, aqueous, Sigma-Aldrich) was deposited 

to form a mixed BPM as shown in the fabrication of composite membranes (described 

in Section 2.2.1) by using the method illustrated in Scheme 4.1. Figure 4.7 shows the 
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photographs of PEDOT:PSS at different weight percentages, 5, 10 and 12%, with 

HMT as AEL and Nafion® as CEL, with the resulting BPM found to be mechanically 

robust.  

 

     
 

Figure 4.7: Photographs of BPMs a) 5% PEDOT:PSS/ HMT-Nafion®, b) 10% 

PEDOT:PSS/ HMT-Nafion®, c) 12% PEDOT:PSS/ HMT-Nafion®. 

 

 

The morphological features of the cross-section of these BPMs were also 

investigated qualitatively by SEM, shown in Figure 4.8; the face of PEDOT:PSS 

mixed in Nafion® (CEL) is very smooth with some cracks observed. This uniformity 

in part grants this material its conductive character. The PEDOT:PSS mixed in HMT 

(AEL) appears to be a less homogenous, random mixture, in part due to its fabric 

support for structural stability, based on SEM.2 The lack of order is likely responsible 

for its lesser intrinsic properties, such as conductivity, but also perhaps for its poor 

permselectivity and mechanical strength. 

a) b) c) 
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Figure 4.8: SEM images of cross‐section of a) 5% PEDOT:PSS/HMT-Nafion®, b) 

10% PEDOT:PSS/HMT-Nafion®, c) 12% PEDOT:PSS/HMT-Nafion®. 

 

The resulting ion transport properties were measured in Figure 4.9 as a 

function of current density for BPMs by increasing the current passed in a step-wise 

fashion in reverse bias configuration, and measuring the potential difference strictly 

across the membrane. This was performed under neutral conditions (no pH difference; 

pH = 7) to observe the counterion leakage current to obtain information regarding 

PEDOT:PSS mixed in BPM.  

 

a) 

b) c) 
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Figure 4.9: J-E relationship for the current density as a function of potential across the 

bipolar membrane HMT-Nafion® in 0%, 5%, 10% and 12% PEDOT:PSS with anion 

exchange layer (AEL) facing the anode and cation exchange layer (CEL) facing the 

cathode in 1M NaClO4 aqueous solutions. Ions migrate toward the oppositely charged 

electrodes. Na+ and ClO4
- transport through the AEL and CEL.  

 

Figure 4.9 shows the relationship between the potential across a fabricated composite 

BPM that is 5, 10 and 12% PEDOT: PSS mixed in BPM (HMT, Nafion®) in 1M 

NaClO4 (aq). Small current densities (<20 m A cm-2) are transported by co-ion leakage 

until a limiting magnitude is reached due to non-ideal selectivity of the BPM as seen 

in Figure3.7 due to cracks. However, at potentials > 0.8 V, the WD mechanism is 

engaged.  It can be observed that the addition of any amount of PEDOT:PSS in BPM 

enhances the WD properties for composite BPMs fabricated herein, due to  the 
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resistance of all samples in the WD region of the curves being smaller than the control 

BPM (HMT-Nafion). Further, the mixture of the conducting polymer PEDOT:PSS 

with the BPM curves appear at lower WD overpotentials ~ 0.08 V than the control 

BPM (HMT-Nafion), indicating that this material indeed enhances WD.  This is 

consistent with previous reports involving PEDOT:PSS - BPM under similar 

conditions.17 As shown in Figure 3.8 when the wt. % of PEDOT:PSS increases, the 

films become less resistant. The 12% PEDOT:PSS is decidedly the least WD‐resistive. 

It is possible that the structure of the PEDOT:PSS composite BPM is 

responsible for this property, where the positive charge of PEDOT is balanced by the 

PSS negative charge, as it is in its oxidized state; hence, there is no increase in ionic 

exchange due to the counter charges (save for those associated with excess PSS).23 

The mixed conducting polymer in the BPM increases the ion exchange due to the 

ionomer balancing with the mobile cations lead to the decrease thickness.24  

Figure 4.10 shows the J–E behavior of PEDOT:PSS mixed in BPM (HMT-

Nafion®) under a pH gradient during water electrolysis with the anode immersed in 

1M NaOH (aq) and the cathode immersed in 1M HClO4 (aq), exhibiting a behavior  

similar to that observed with no pH gradient, Figure 4.8, and displays an open-circuit 

potential of ~0.8 V with no co-ion leakage current region. This behavior is consistent 

with the control BPM (HMT-Nafion) (~ 0.8 V) and previous reports of such BPM 

examined under similar conditions.25,26  
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Figure 4.10: J-E relationship for the current density as a function of potential across 

the bipolar membrane HMT/Nafion® in 0%, 5%, 10% and 12% PEDOT:PSS with 

base(1M NaOH) in the anode (AEL) compartment and acid (1M HClO4) in the 

cathode (CEL) compartment. OH- is consumed at anode and H+ is consumed at the 

cathode. Na+ and CIO4
- transport is electrostatically attenuated, and the ionic current is 

enabled by water dissociation in the interfacial layer. 

 

 

4.2.2 Conducting Polymer GO mixed in BPM  

The presence of inert and lattice-bound C atoms and functional groups such as 

COOH (Section 1.6.1.2) in GO provides regions capable of interacting with other 

molecules. Combining these active sites with the features of graphene (mechanical 

strength, thermal conductivity, large surface area, electrical conductivity) 27 makes GO 
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an active material for solar energy applications. Previous studies showing its 

usefulness in gas sensing28 and drug delivery29 are the most promising studied so far. 

Due to the fact that when the sp2 C structure is significantly disrupted, the π-

conjugation throughout the material is destroyed, and therefore GO is generally not a 

good conductor.8,30 Thus, it is ineffective in a reducing potential, charge transfer 

system or for electronic/electrochemical use where there is a high degree of oxidation, 

and it is currently limited to applications in  solar energy devices. 

The sp3-hybridization is also a major disruption to electron delocalization 

across the molecule, and can result in active sites,31 while reducing the conductivity of 

the bulk material.32 This leads to the possibility that GO might be useful as a catalyst, 

either inherently or involved as a catalyst in reactions that involve O-H bond 

rearrangement, such as oxygen-evolution reaction (OER)33, or possibly that GO could 

be capable of catalyzing WD. In recent studies, GO has been shown to be a potential 

photocatalyst for PECWS (electrode redox reactions).34 

GO mixed in HMT or GO mixed in aqueous Nafion® to form membranes was 

prepared as described in Section 2.2.2 and 2.2.3, with the method described in Scheme 

4.1 used to prepare BPMs, as depicted in Figure 4.11, showing photographs of the 

deferent percent of GO in BPMs.  
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Figure 4.11: Photographs of BPM a) 5% GO/HMT-Nafion®, b) 10% GO/HMT-

Nafion®, c) 12% GO/HMT-Nafion®. 

 

 

An advantage of GO is that its oxygencontaining functional groups maintain 

molecular exfoliation via hydrophilicity in aqueous solutions, making it possible to 

wetdeposit the material to form good films; GO form homogeneous layers that are 

important for the BPM. In this study, GO was deposited from its aqueous solubilized 

form (4 mg mL‐1, Garmor). The emergent GO mixed in BPMs (GO-BPMs) is 

displayed in Figure 4.12 using SEM. 

a) b) c) 
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Figure 4.12: SEM images of cross‐section of a) 5% GO/HMT-Nafion®, b) 10% 

GO/HMT-Nafion®, b) 12% GO/HMT-Nafion®. 

 

The morphology of the GO-BPMs resemble that of the BPMs formed by the 

lamination of the ion‐exchange membranes Holdcroft HMT and aqueous Nafion® 

(AELCEL).  The GO appears to have made better contact with the aqueous Nafion® 

than the Holdcroft polymer. It is possible that the aqueous solution of GO interacts 

favorably to form homogeneous adhesion to the aqueous Nafion®. The reduced 

homogeneity of the GOAEL is cause for concern, as a large WD resistance (see Table 

4.2) can be inferred from this observation, with results similar to those of McDonald et 

al.8 This outcome was recognized with the poor homogeneity of the AEL-CEL 

a) 

b) c) 
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junction compared to that of the PEDOT: PSS mixed in HMT and aqueous Nafion® 

commercial (Figure 4.8), and can be expected to be more pronounced, as seen in 

Figures 4.13 and 4.9. 

 The resulting ion transport properties were measured in Figure 4.13 as a 

function of current density for GO-BPMs applied across the membrane in reverse bias 

configuration, and the resulting potential drop across it was measured. This was 

performed under neutral conditions (no pH difference) to observe the counterion 

leakage current to obtain information regarding GO mixed in BPM. 

 
 

Figure 4.13: J-E relationship for the current density as a function of potential across 

the bipolar membrane HMT/Nafion® in 0%, 5%, 10% and 12% GO with anion 

exchange layer (AEL) facing the anode and cation exchange layer(CEL) facing the 

cathode in 1M NaClO4 aqueous solutions. Ions migrate toward the oppositely charged 

electrodes. Na+ and ClO4
- transport through the AEL and CEL.  
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The resulting J‐E curves are shown in Figure 4.13 as a function of GO loading 

in fabricated  BPM (HMT, Nafion®) under neutral condition 1M NaClO4 (aq).  Unlike 

the PEDOT:PSS composite BPM, the J‐E curves are right‐shifted of the control 

BPM(HMT, Nafion®) by ~0.5V, where the overpotential of WD  of all samples in the 

WD region of the curves are greater than the control BPM, indicating that GO 

composite BPMs fabricated herein do not enrich WD properties.  This is in agreement 

with the previous study involving GO-BPMs.35  The increase in resistance might be a 

result of the opposing effects of effective contact area between two ion exchange 

layers of the BPM and thickness of the IL.36  

With an increase of amount of GO, the effective contact area of the two ion 

exchange layers would increase and also the thickness of the IL " region depleted from 

ions" would increase too, which hinders the performance of the system (proved to be 

the most resistive), likely because the electric field  will be too small to enhance 

WD.17,37  For effective WD, the thickness of the IL should be very small, 

approximately less than 5 nm (see A.4.4).38 There is an increase in co-ion leakage 

through the BPM than that of the control BPM. This implies that the GO composite 

BPM increases solution counterion cross‐over in BPMs. The same explanation can be 

used for this problem, where increasing the thickness of the BPM increased the co-

ions leakage.   

 When performed under acid and base conditions (pH difference) BPM ionic 

permeability is observed due to there being no counter ion leakage current. The J–E 
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behavior of GO- composite BPMs is depicted in Figure 4.14, with the anode immersed 

in 1M NaOH (aq) and the cathode immersed in 1M HClO4 (aq), exhibiting a behavior 

similar to that observed with no pH gradient (Figure 4.13), and displays an open-

circuit potential of ~0.8 V and no co-ion leakage current region. This behavior is 

consistent with control BPM (HMT-Nafion) and PEDOT:PSS-composite BPM, shown 

in Figure 4.10. 

 

 
 

Figure 4.14: J-E relationship for the current density as a function of potential across 

the bipolar membrane HMT/Nafion® in 0%, 5%, 10% and 12% GO with base (1M 

NaOH) in the anode (AEL) compartment and acid (1M HClO4) in the cathode (CEL) 

compartment. OH- is consumed at anode and H+ is consumed at the cathode. Na+ and 

ClO4
- transport is electrostatically attenuated, and the ionic current is enabled by water 

dissociation in the interfacial layer.  
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The figures-of-merit for J-E curves under neutral conditions (no pH difference) 

in Figures 4.9 and 4.13 are summarized in Table 4.2. 

Table 4.2: Figures-of-merit for BPMs from J-E curves in Figures 4.9 & 4.13 

BPM 

 

EWD (V) RWD (Ω cm-2) E(100) (V) 

HMT/Nafion® 

 

0.9 12.5 1.4 

5%GO-HMT/Nafion® 1.4 14 1.9 

10%GO-HMT/Nafion® 1.2 13.8 1.8 

12%GO-HMT/Nafion® 

 

1.2 13.5 1.8 

5%PEDOT:PSS-HMT/Nafion® 0.8 10.6 1.1 

10%PEDOT:PSS-HMT/Nafion® 0.8 10.4 1.0 

12%PEDOT:PSS-HMT/Nafion® 0.8 10.2 1.0 

 

The figure-of-merit for the potential at which WD is initiated EWD was estimated near 

the inflection of the curve at the boundary of regions 1 and 2 (see Figure 3.8) and (see 

A.4.3). This value is 0.9 V for control BPM (HMT/Nafion®), which is in agreement 

with the thermodynamic potential of 0.83 V, indicating that BPMs are electrically 

adept. There is a potential shift to the right for the presence of the GO in BPM by 

approximately 0.5 V for 5%, 0.3 V for 10% and 12% indicating that commencement 

of WD is retarded. This is not surprising, given the substantial WD and ion transport 

resistance observed around one significant WDs is eventually achieved. With this 

same BPM in the presence of the PEDOT:PSS, however, the observed EWD reverted to 

the nearthermodynamic value, indicating that the initiation event for WD is facilitated 

by PEDOT:PSS. 
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 The WD (area) resistance (RWD) from the ohmic region near ~100 mA cm‐2 

for the control BPM (HMT/Nafion®) is much larger (nearly two orders of magnitude) 

than WD in the presence of PEDOT:PSS products, and smaller (nearly one order of 

magnitude) than WD in the presence of  GO products. In the presence of GO, the 

BPM becomes highly resistive for all percentages at these larger current densities by 

one order of magnitude than control BPM (HMT/Nafion®), with negligible resistance. 

While in the presence of PEDOT: PSS, the BPM becomes even less resistive for all 

percentages at these larger current densities by two orders of magnitude than the 

control BPM (HMT/Nafion®). The PEDOT: PSS-BPM proves to be a little superior in 

WD with (no pH differences, pH=7) to GO-BPM and HMT/Nafion BPM. 

 Although it has already been shown that GO cannot be applied to PEC‐WS, 

GO-BPMs can be studied in regard to applicable current densities, which are usually 

considerably higher for electrodialysis (~100 mA cm‐2) and other BPM processes.39 In 

this study, the key figure‐of-merit will be E (100), the overpotential at 100 mA cm‐2. 

This value is directly proportional to EWD and RWD. For the control BPM 

(HMT/Nafion®), GO-BPM and PEDOT: PSS-BPM that was current-conditioned at 

100 mA cm‐2, EWD was lower than E (100). The resulting overpotential of the control 

BPM (HMT/Nafion®) is 1.4 V – 0.83 V = 0.57 V or 40% overpotential to operate at 

this current density. By comparison, the presence of the GO-composite BPM, with 

both a large EWD and RWD value, has an E (100) of 5%GO- composite BPM that is 1.9 

V, which results in an operating overpotential of 1.0 V, E (100) of 10 and 12 % GO-
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BPM that is (1.8 V), which results in an operating overpotential of 0.97 V.  In the 

presence of PEDOT:PSS in composite BPM, E(100) for this composite BPM 

drastically decreases to 1.1 V of 5%, a 95% overpotential difference, and the E(100) 

for this BPM drastically decreases to 1.0 V of 10% and 12%, a 90% overpotential 

difference. 

Analogous to PEC-BPMs being required to maintain a pH gradient, BPMs will 

require that solution ions be efficiently isolated chemically as in (Figures 4.10 and 

4.14). The figures-of-merit for J-E curves under (pH difference) in Figures 4.9 and 

4.13 are summarized in Table 4.3. 

Table 4.3: Figures-of-merit for BPMs from J-E curves in Figures 4.10 & 4.14 

BPM EWD 

(V) 

RWD (Ω cm-2) E(100) (V) 

HMT/Nafion® 

 

0.78 19.2 3.4 

5%GO-HMT/Nafion® 0.82 22.5 4.0 

10%GO-HMT/Nafion® 0.82 21.2 3.8 

12%GO-HMT/Nafion® 

 

0.82 20.0 3.6 

5%PEDOT:PSS-HMT/Nafion® 0.77 18.3 3.0 

10%PEDOT:PSS-HMT/Nafion® 0.80 18.0 2.9 

12%PEDOT:PSS-HMT/Nafion® 0.80 17.5 2.8 

 

The potential of WD for  BPM (HMT/Nafion®) is 0.78 V, which  is closer to 

the thermodynamic potential of 0.83 V and the value of commercial BPM (FBM) 

under a pH gradient.18 In the presence of GO in BPM, the system displays an open-

circuit potential of WD ~0.8 V which is in agreement with control BPM. Also, the 
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same results are obtained when in the presence of PEDOT:PSS- BPM. However, the 

(RWD) from the ohmic region near ~100 mA cm‐2 for the control BPM (HMT-

Nafion) is larger ~19.2 Ω cm-2 (nearly one order of magnitude) than for WD in the 

presence of PEDOT:PSS (18 Ω cm-2 ) products and smaller than WD in the presence 

of  GO (22 Ω cm-2 ) products, in agreement with result of control BPM (HMT-Nafion) 

with no pH difference. In the presence of GO, the RWD is larger  than the control 

BPM (HMT-Nafion) with a pH gradient; and is highly resistive for all percentages at 

these larger current densities by three orders of magnitude, in agreement with the 

results of GO-BPM (no pH difference).  On the other hand, in the presence of 

PEDOT:PSS, the BPM becomes even less resistive for all percentages of PEDOT:PSS 

at these larger current densities by two orders of magnitude than control BPM (HMT-

Nafion) under a pH gradient (see Table 4.3), which is in agreement with the results 

with PEDOT: PSS-BPM (no pH differences). Indeed, the results when PEDOT:PSS-

BPM is present are an excellent to those with GO-BPM and even more so than with 

control BPM (HMT-Nafion).  

The key figure-of-merit for this study is the overpotential of WD at 100 mA 

cm‐2 “E(100)”. For control BPM (HMT-Nafion), GO-composite BPM and PEDOT: 

PSS-composite BPM that was current-conditioned at 100 mA cm‐2, EWD was lower 

than E(100). The resulting overpotential of control BPM (HMT-Nafion) is 3.4 V – 

0.83 V = 2.57 V or 75% overpotential to operate at this current density. In the 

presence of the GO-composite BPM, with both a large EWD and RWD value, has an 
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E (100) of 5%GO-composite BPM that is 4.0 V, which results in an operating 

overpotential of 3.0 V, E (100) of 10 and 12 % GO- composite BPM that is (3.8 V), 

which results in an operating overpotential of 2.9 V.  In the presence of PEDOT:PSS 

in composite BPM, E(100) for this BPM drastically decreases to 3.8 V for 5% 

PEDOT:PSS, and the E(100) for this composite BPM decreases to 2.0 V for 10% and 

12% PEDOT:PSS, a 1.9 V overpotential difference. This reveals that PEDOT:PSS 

helps reduce the barrier to WD. 

It is unexpected that the relatively thin, uncharged conductor material plays a 

significant role in ion transport compared to the relatively thick, like charged ion-

exchange layers. Although the GOBPM was not homogeneous and was shown to be 

of lower quality of water dissociation than PEDOT:PSS-BPM (Figures 4.9 and 4.1, 

respectively), solution counterions are presumably blocked nearly entirely at the 

solution-membrane. Recently, this phenomenon has been reported for novel BPMs as 

Fumasep  but the mechanism has not yet been elucidated.8,17 

To conclude, composite BPMs were fabricated using HMT and Nafion®, 

along with different wt.% of PEDOT:PSS and GO. The BPM can be utilized to 

maintain a pH gradient in the absence of competing co-ions in each half cell. 

PEDOT:PSS in composite membrane can catalyze WD at the interface, as the 

thickness of the IL is small, leading to the generation of a strong electric field, with 

this field catalyzing the dissociation of water. On the other hand, the GO in 

composites interferes with WD at the IL, as the GO is so large (~500 nm) compared to 
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the thickness of the IL (7nm), that it hinders the system (proved to be the most 

resistive), due to the field being too small to enhance WD. On the other hand, the pH 

gradient of composite BPM remained constant and stable after operating for 4h. So, 

BPM possess excellent properties to be used in solar fuel generating devices. 
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5.1 Dissertation Summary  

Artificial photosynthesis has generated a lot of research interest globally due to 

its potential of developing a sustainable energy source. The largest source of energy 

from nature is the energy from sunlight, which vastly exceeds present demand, but its 

potential for everyday use is limited due to technological and economical barriers in 

converting it to more useful forms such as electricity and fuels. As such, one of the 

main challenges that exists is the development of a cheap and robust artificial 

photosynthetic device.  

Currently, the solar energy conversion technology exists in the form of PV 

panels, which is environmentally friendly as it provides an energy source without 

harmful greenhouse gas emissions. However, there are a number of inefficiencies 

associated with PVs: namely that electricity is only generated when sunlight is 

available without storage, and its strong dependence on weather patterns and 

geographical location (dust, clouds, temperature). Also, PVs are still not economically 

feasible for large-scale production when compared with current grid energy costs, 

because PV panels require additional equipment such as inverters to convert direct 

electricity to alternating electricity to be used on the power network, or storage 

batteries which increases the cost of PV panels. Another main problem with PV panels 

is their fragility, and can be damaged easily, which requires additional insurance 

costs.1 Water, which is containable and accessible, can be electrolyzed to liberate H2, 

which can be used as a clean chemical fuel, with this process ideally being coupled 



213 

 

with the absorption of sunlight. The problems with this process involve storage of the 

gas generated, the high-energy input required to perform the reaction, and the high 

cost and low abundance of materials able to catalyze the reaction and make it more 

efficient.  

It is possible by using electrolyzers and PVs to convert a huge amount of 

energy from the Sun and store this energy in the form of H2, but as mentioned earlier, 

this method has shortcomings and is expensive. So, an inexpensive method must be 

developed and implemented that can overcome these shortcomings at the same time. 

One proposed system is through the use of an integrated PEC-system (artificial 

photosynthesis system), coupling the lighttoelectricity and electricity-to-fuel stages. 

When using highaspect ratio photoelectrodes, the charge carrier (electrons and holes) 

lifetime increases significantly, allowing the use of alternative and less-intensively 

processed semiconductors. Moreover, researchers seek to discover electrocatalysts and 

mount them directly onto the surface of the electrodes to facilitate the reactions of 

charge carriers that move in the radial direction to the junction of an electrocatalyst on 

the photoelectrode surface. In addition, the final challenge is affixing the rod 

photoelectrode arrays and preventing product gas crossover by use of a membrane as a 

separation tool. To perform effectively in PEC-WS, the membrane will need to 

facilitate electronic and ionic transport, allow light to pass through (transparent), be 

insoluble in water, chemically and mechanically stable for long times.  
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Two approaches were explored in this dissertation to develop a composite 

membrane that could be used in solar fuel generating devices. The first is the design 

and characterization of homogeneous composite membranes that have ionic and 

electronic conductivity and that possess most of the characteristics of PEC-WS 

membranes. The conducting part (CP), PEDOT, as well as GO were selected to 

enhance WD ability due to the CP acting as a good electrical conductor with high 

transparency, and which is stable and flexible. The homogeneous composite 

membranes consisting of PEDOT:PSS/HMT, PEDOT:PSS/Nafion, GO/HMT and 

GO/Nafion were found to be satisfactory as PEC-WS membranes that have high 

electronic/ionic conducting membranes, with electrical conductivity ranging from ~ 

104,000 mS cm-1 for PEDOT:PSS/HMT blends and  ~ 63 mS cm-1 for GO/HMT 

blends, and with the ionic conductivity ranging from ~6.2 mS cm-1 for 

PEDOT:PSS/HMT blends and ~ 73 mS cm-1 for GO/Nafion blends. Further, these 

materials also exhibit physical properties such as being insoluble in water and having 

high physical strength such that they were removed from water without physical 

disintegration, attractive features for artificial photosynthesis applications. They also 

exhibited chemical and thermal stability. The electronic and ionic conductivities of 

these materials were also measured as a function of pH and oxidation state to evaluate 

their stability and sensitivity to the degree of oxidation/protonation by tuning the 

electronic and ionic conductivities through adjusting the ratio of CP to Nafion/HMT. 

The membranes with PEDOT:PSS as the CP had high electrical conductivity while the 
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ionic conductivity in Nafion was higher than that of HMT. Where GO was used as the 

potential electrical conductors for creating composites membrane, the membranes had 

low electrical and ionic conductivity when compared with PEDOT:PSS. 

The second approach to PEC-WS membranes is the formation of BPMs 

heterogeneous membrane consisting of two layers. The purpose of this work is to 

operate the OER and HER reactions in different pH conditions that are optimal for 

their material performance and stability. It was shown that the BPM structure allows 

this to occur by generating a strong electric field in the IL that facilitates the 

dissociation of water. The OH- and H+ formed carry current while migrating to the 

anode and cathode respectively. This separation creates a pH gradient across the 

solution interface in the BPM that can also be used to maintain the pH gradient at the 

desired levels by allowing the products of WD to interact and therefore be consumed 

in the same magnitude as their production.  

The choice of AEL and CEL materials should be suitable materials for use in 

PEC-WS, as discussed in section 1.6. For the CEL, Nafion® was chosen because of its 

high ionic conductivity, transparency, and stability. hexamethyl-p-terphenyl 

poly(benzimidazolium) (HMT) polymer was chosen as the AEL since it is highly 

stable, is water insoluble, functions well in alkaline conditions and has high ionic 

conductivity. To operate efficiently, the electronic conductor polymer like 

PEDOT:PSS and GO have been mixed into both the AEL and CEL, and showed that 

composite BPMs provided an enhancement in WD relative to a BPM without 
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electronic conductor polymer added in, where the onset potential of WD is close to the 

literature value of 0.83 V. The tailoring of the IL involved selecting electronic 

conductive materials based on their potential applicability to PEC-WS in terms of 

providing high electrical conductivity with a limited absorption of light, in order to 

improve WD. This composite approach was proposed to provide ionic/electronic 

conductivity with little absorption of light to achieve good PEC-BPMs. 

BPMs were developed by mixing electronic conductor polymers with ion-

exchange polymers as described in Section 2.2.1 using the method illustrated in 

Scheme 4.1, so as to achieve an improvement of WD in interfacial layer. The first 

strategy employed was to create BPMs with PEDOT:PSS mixed into both layers to 

ensure high electrical conductivity, as shown in previous studies. The second strategy 

employed mixing GO into both layers. Recently, researchers have been interested in 

graphene as a material that can possess very high electrical conductivity and is only 

one atomic layer thick, making it very transparent. Therefore, both PEDOT:PSS and 

GO were hypothesized to achieve the role of an ion-exchange polymer to improve 

WD.  It was found that PEDOT:PSS was a better promoter of WD than that of a BPM 

without electrical conductors added in, and GO-BPM. When PEDOT:PSS is mixed 

into the BPM, better homogeneity is achieved in the AEL and CEL, while GO results 

in lower homogeneity. 
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5.2 Conclusion, Outlook and Recommendations for Future Research 

Generally, both the design of homogeneous composite membranes and 

heterogeneous structures used to form BPMs have many significant qualities that are 

required in PEC-WS systems. Both processes rely on the use of polymers to form the 

membrane. Overall, polymers offer the mechanical and chemical stability, flexibility, 

and are solution processeable, allowing them to be chemically manipulated to alter the 

characteristics of the membrane to the preference of the user. The polymers are also 

able to contain ionic groups, enabling the system to have ionic and electrical 

conductivity. The ionic conductivity property was explored using both cation and 

anion exchange membranes denoting that polymers can be applied to other fields of 

study than strictly PEC-WS devices. 

PEDOT makes a suitable candidate for the conducting polymer because it has 

been shown to possess excellent electrical conductivity, transparency, and chemical 

stability.2 The fact that PEDOT can be solution processed and also polymerized 

oxidatively in the presence of PSS, which remains immobilized within the structure, 

makes PEDOT:PSS an ideal material for use.3 While PEDOT:PSS as a conducting 

polymer has desirable qualities, it is still devoid of other important characteristics. For 

instance, it is chemically degraded when placed in extreme both acidic or alkaline 

conditions and its ionic conductivity remains very poor. This calls for the addition of 

another material that would confer the missing properties to the membrane. Nafion is 

ideal ionic conductor, it is known as a proton-exchange membrane4 and also stabilizes 
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the chemical structure of the resultant membrane. Also, it is possible to use a new 

polymer (HMT) which has high ionic conductivity, it is known for its use as an 

alkaline anion-exchange membrane.5 

By using the composite membrane approach, a myriad of material 

combinations is imaginable for mixed ion/electron conductivity to generate optimally 

good membranes. Different formulations of the ionic conductors are described in 

Section 1.6.2 and potential conductors described in Section 1.6.1 could create such 

composites. As an example, Nafion®, because it possesses all of the qualities desired 

in PECWS membranes but for its poor electronic conductivity, can be mixed with 

electric conductors to form an electronic / ionic conducting composite membrane. This 

could include PEDOT:PSS, which is commercially available as an aqueous dispersion. 

This has been done previously, where it was reported to make stable and strong 

membrane whose electronic and ionic properties can be suitable and tuned as desired.6 

To operate in a  PEC-WS with a high pH gradient, a similar mixing method using 

alkaline exchange membranes (AEMs) such as a newly reported hydroxide conducting 

polymer (HMT), which has a similar properties as Nafion® (PEMs), has been utilized 

in this dissertation. However, finding suitable materials that are chemically stable and 

also efficient is difficult, and as such, providing suitable conditions for the materials at 

hand remains the most viable option to remedy these issues in the production of the 

PEC-WS devices. Acidic HER and alkaline OER are the two most considered 

conditions, so the PECBPMs will play a role in realizing a working device for 
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maintaining the pH gradient, and as a result, their initial use in designing prototype 

systems will be a starting point for improving future designs. Although the GO-BPM 

possess all qualities of a PEC-WS membrane, it is not optimized as the WD value is 

shifted from 0.83 V (literature value) to 1.4V.  

In addition, the work with ion exchange materials also presents challenges 

because the available AEMs are not chemically stable, a major limitation. The 

proposed composite membrane (Nafion-PEDOT:PSS) can be spin-coated to form CEL 

at a suitable working thickness, as the PEC-WS membranes should be much thinner 

and more homogeneous than the prototypes fabricated in this dissertation. The alkaline 

exchange layer will also require an alkaline analog of Nafion so that these qualities are 

given to both the AEL and CEL materials of the BPM. The properties of GO-BPM 

have been shown to be chemically controllable, but the homogeneous layer (GO-AEL 

and GO-CEL) and contact layers will also need to be optimized to yield the best of 

these chemical properties, namely a suitable amount of material that would yield 

ohmic contact with the materials used as photoelectrodes, minimal absorption, and 

allow the generation of electric fields that allow efficient and maximum water 

dissociation to take place. It is also important to note that the BPMs employed in this 

research were only prototypes and deciphering their full functionality requires them to 

be scaled up to the device size and manufacturing standards that are acceptable at the 

industrial and commercial levels. Also note that the results reported for PEDOT:PSS- 
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BPMs as described in Section 4.2 are good but it is possible that they can be optimized 

through further refinement. 

GO has been discovered as a new ideal candidate for improving WD when 

mixed in BPM. Their commercialization as industrial BPMs for applications such as 

electro-synthesis would be viable,7 and it will gain importance in the wider field of 

fundamental chemistry, since water dissociation is an important step for other 

numerous reactions. It is also possible to use graphene materials attached to 

photoelectrodes for the reactants of WS, widening the scope of graphene use. The next 

new development for PEC-WS device has been proof of concept of a new GO- 

composite membrane by drop-casting treatments. 

The finer details involving the structure of the GO on drop coating were not 

observed as they went beyond the scope of this dissertation which opens the avenue 

for uncovering these details. Previously in our group, McDonald et al. developed a 

BPM with r-GO in the IL, which was found to enhance electrical conductivity and 

catalyze the water dissociation reaction. So, future work will entail developing new 

strategies of investigation to improve the properties of GO, and perhaps reduce GO to 

create rGO- composite membranes with optimal electronic / ionic conductivities and 

fabricate rGO- composite bipolar membrane using the same design and fabrication 

techniques performed in this dissertation. Strategies to improve the properties of GO 

and functionalizing rGO in BPMs to enhance conductivity may also be assessed and 

brought forward. Also, future work could also determine the ability of PEDOT:PSS to 
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catalyze WD as a heterogeneous film in the IL of additional amount of PEDOT:PSS in 

IL into PEDOT:PSS- composite BPM will facility WD. Lastly, taking into the report 

that photocatalysts enhance the WD in the BPM8, tuning GO into a semiconductor 

allows parasitic light absorption by the semiconductor to be utilized for the water 

dissociation process, thus showing that GO may also function as a photocatalyst.  

It should be noted that not all figures of merit have been evaluated or tested on 

membranes successfully fabricated in this dissertation. The selection of materials for 

the work was solely based on their intrinsic optical properties (transparency), the 

actual values have not yet been measured for the produced membranes, but will be 

required when assessing the total optical losses. Other properties such as gas 

permeability and junction formation with the photoelectrodes were not given any 

attention in this work either, but previous work has found that these qualities have an 

impact on the system.9 This opens up an opportunity for investigating precisely the 

materials used here. 

Overall, these findings demonstrate that there is a need to design devices that 

would convert the available resources such water and synthetic carbon liquid fuels 

from biomass to hydrogen and energy respectively.10 Hydrogen would be stored and 

released on demand to a coupled fuel cell during periods of insufficient sunlight 

(‘personalized energy’).11  The PEC-WS device generated here shows the progress 

that has been made in achieving a BPM that can confer full functionality to a PEC-WS 

system that utilizes only water to produce energy. 
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A.1.1 Calculation of ionic conductivity needed per unit membrane thickness 

To derive J, the current density that passes through a membrane, the following 

assumptions were made: i) Solar flux of 4.0 mmol-s-1-m-2, ii) One charge carrier 

passes through the membrane for every two incident photons absorbed by the 

photoelectrodes. 

Thus, 

Current density J = (4.0x10-7 mol-sec-1-cm-2) (6.022x1023 e-mol-1) (1 C/6.24x1018 e-)/2 

= 0.019 A-cm-2 =20 mA cm-2. 

In case of theoretical membrane area resistance, RA, a solar-flux-generated current 

density and a maximum allowable iR loss, ΔV were 20 mA cm-2 and 10 mV 

respectively. The iR loss of 10 mV is approximately 1 % of the theoretical driving 

force for splitting water (1.23 eV).  

Thus, 

RA = (ΔV/I)A, where I = current in Amps and A = exposed membrane area 

RA = ΔV/J = 10 mV/20 mA cm-2 = 0.5 Ω cm2. 

Theoretical membrane conductivity, σ, can be found given RA = 0.5 Ω cm2, and the 

membrane thickness, t, is denoted in cm. 

σ = (1/RA) (t) = (1/0.5 Ω cm2) (t) = (2 Ω-1 cm-2) (t) 

Given t = 1 μm or 0.0001 cm, then σ = 2 Ω-1 cm-2 (0.0001 cm) = 0.0002 Ω-1 cm-1 

0.0002 Ω-1 cm-1 = 0.0002 S cm-1 = 0.2 mS cm-1 
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Therefore, for an increase of 1 μm membrane thickness requires a corresponding 

increase in membrane conductivity of 0.2 mS cm-1. If a membrane is 40 μm thick, i.e. t 

= 0.004 cm, then the minimum conductivity required to support a loss ≤ 1 % would be 

2 Ω-1-cm-2 (0.004 cm) = 0.008 S-cm-1 = 8 mS cm-1 

 

A.2.1 Calculation of Equivalent Drop‐Cast Volume for Thin Films 

To estimate the mass of PEDOT:PSS of the drop‐cast film, a concentration of 

10 mg.ml-1 for PEDOT:PSS was assumed.1 The target mass of composite film was 

100 mg. Therefore, if the wt. % of PEDOT:PSS in HMT is 12%, then the mass of 

PEDOT:PSS is 12% × 100 mg =1200 mg/100 =12 mg of PEDOT:PSS, where the 

mass of HMT is = 100 mg - 12 mg = 88 mg, 

12 mg/10 mg ml-1 = 1.2 ml of PEDOT:PSS equivalent was drop‐cast. 

 

Note: the concentration of HMT is 88 mg/ 3ml (assumed the value of solution for the 

area of the glass pieces used 1” × 3” = 3") = 29.3 mg ml-1,  where 88 mg of HMT was 

dissolved in 3 ml of DMSO (88 mg/ 29.3 mg ml-1), due to HMT being available as a 

solid membrane and not as a solution. 

 

A.2.2 Experimental ionic and electronic conductivity with 4-electrode cell 

A. Ionic conductivity 

 

Rmem = Rcell+mem -Rcell 
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Rcell = resistance of cell with membrane removed 

Rcell+mem = resistance of cell with membrane 

RA = Rmem x A 

RA = area resistance and A = area of solution exposed to membrane = 2.7 cm2 

σ = (1/RA) (t) t = wet membrane thickness determined with a Fowler Universal 

Micrometer 

The calculation below is for a composite membrane 12 % PEDOT:PSS/HMT through 

which 25 mA is passed and the resulting voltage drop of the cell, 0.004 V in this case, 

being measured. 

 

Rcell = 0.004 V/0.025 A = 0.16 Ω 

Rcell+mem = 0.0094 V/0.025 A = 0.376 Ω 

Rmem = 0.376-0.16 = 0.216 Ω 

RA = 0.216 Ω x 2.7 cm2 = 0.5832 Ω cm2 

L=0.040mm, 40 μm , 0.004cm 

σ = 0.004 cm /0.5832 Ω cm2 = 6.85x10-3 S cm-1 = 6.90 mS cm-1 

 

 

B. Electronic conductivity 

The calculation below is for a composite membrane 12 % PEDOT:PSS/HMT  through 

which 25 mA is passed. Sheet resistivity ρsheet can be solved by Equation 

ρ ̻ sheet = (V/I) [π/ln(2)],  

where R = V/I = 3384.026 Ω  (inverse of the slope of the J‐E curve) 

ρ sheet = 3384.026 [π/ln(2)] = 15337.42 Ω 

Sheet conductivity (σ ̻ ) is the inverse of sheet resistivity, 

σ ̻ = 1/ ρ ̻ = 1/15337.42 Ω = 6.52x 10-5 S 
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The bulk conductivity (σ) can be calculated by dividing sheet conductivity on the film 

thickness, 

σ = σ ̻ /t = (6.52 x 10-5 S) / 0.004 cm = 0.0163 S cm-1 =16.3 mS cm-1 

 

A.3.1 Time required to neutralize 50 mL of 1M HClO4 and NaOH for for 

Maintaining pH Differences with BPM 

 

Mobiles ions (H+ and OH-) are the reactants and thus are consumed at the 

cathode and anode, respectively, where the reaction proceeds over time as seen in 

Figure 3.4. If the BPM is not able of replenishing OH‐ and H+ or not capable of WD in 

IL, the pH difference will dissipate at the same rate as H+ and OH‐ are consumed. 

 

1 M HClO4 (NaOH) = 1 M of mobiles ions (H+ or OH‐)        0 M (H+ or OH‐) 

1 M (concentration) × 50 mL (volume) = 0.05 mol H+ (OH‐) (numbers of moles) 

 

Note: the rate of ions (H+ or OH‐) consumption is twice the rate of water consumption, 

because each water consumed generates two hole-electron pairs to quench two 

hydroxide ions and protons each: Note: this is calculation for an effective area of 16 

cm2 passing a current density of 20 mA cm‐2. 

 

Rate of water consumption* × 2= Rate of ions (H+ or OH‐) consumption 

(5.98 × 10‐3 mol (H2O) hr‐1) × 2 = 1.20 × 10‐2 mol (H+ or OH‐) hr‐1 
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Numbers of moles of ions (H+ or OH‐) consumption/ Rate of ions (H+ or OH‐) 

consumption= Time 

(0.05 mol (H+ or OH‐) / (1.20 × 10‐2 mol (H+ or OH‐) hr‐1) = 4.2 hours 

 

* Water consumption rate is, 

Current density × effective Area = Current 

(20 mA cm‐2) × (16 cm2) = 0.32 A, where 1A=1C/S = 0.32 C‐s‐1   

Current/ electron charge= Number of e- per second 

(0.32 C s‐1) / (1.602 × 10‐19 C per e‐) = 2.00 × 1018 e‐ s‐1 

Number of e- per second/ 2 e‐ to convert 1 molecule of H2O= Number of water 

consumption 

(2.00 × 1018 e‐ s‐1) / 2 =1.00 × 1018 H2O s‐1  

Numbers of water consumption / Avogadro’s number = Numbers of moles of water 

(1.00 × 1018 H2O s‐1)/ (6.022 × 1023 H2O mol‐1) = 1.66 × 10‐6 mol (H2O) s‐1  

 (1.66 × 10‐6 mol (H2O) s‐1 × (3600 s hr‐1) = 5.98 × 10‐3 mol (H2O) hr‐1  

 

A.3.2 Calculation of the Total Charge Passed After 4 h of Operation for BPM to 

pH‐Maintaining Experiment and the Expected Volume of O2 and H2 Gas that 

Generated in Anode and Cathode 
 

The total charge passed after 4 h of operation at constant current of 10 mA cm−2 is, 

1C= 1A×1s 

Current density = 10 mA cm−2 × 10-3 A.cm-2 = 0.01 A cm-2 
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Current = Current density × area of solution exposed to membrane  

= 0.01A. cm2 × 2.7cm2 = 0.027 A 

C = 0.027A × 4 h × (3600 s hr‐1) = 388.8 C 

Calculate the number of moles of electrons; 

388.8 C × 1F/96500C= 4.03 × 10-3 F 

4.03 × 10-3 F × 1 mole e-/1F = 4.03 × 10-3 mole e- 

 

To calculate the expected volume of O2 and H2 (mL) by using the ideal gas law (PV = 

nRT); 

Where, P is the pressure (atm), V is the volume (L), n is the number of moles of gas 

present, R is known as the gas constant (0.0821 atm. L/mole K), T is the temperature 

in Kelvin (295 K). 

The half-reactions of water splitting, which takes place at the anode and cathode are; 

At anode (oxidation): 4 OH

(aq) = O2 (g) + 2H2O (l) + 4 e

–
 

At cathode (reduction): 2 H
+

(aq)   + 2 e
–
  =  H2(g) 

4.03 × 10-3 mole e- × 1 mole O2/4 mole e- = 1.0075 × 10-3 mole O2 

4.03 × 10-3 mole e- × 1 mole O2/2 mole e- = 2.015 × 10-3 mole H2 

[(1.0075 × 10-3 mole O2) (0.0821 atm. L/mole K) (298K)]/ 1atm= 

 0.0246 L =24.6 ml this is the expected volume of O2  

[(2.015 × 10-3 mole H2) (0.0821 atm. L/mole K) (298K)]/ 1atm= 

 0.0492 L =49.2 ml this is the expected volume of H2  
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A.4.1 Determination of Ionic Conductivity of solution  

 

J= σionic E,  σionic = J/E = [I (A) / Area (cm2)]/ [(V/cm)] 

σionic of 1M HClO4 = [0.027 A/ 2.7 cm2] / [0.019078 V/cm] = 0.52416 S cm-1  

= 524.16 mS cm-1 

σionic of 1M NaOH = [0.027 A/ 2.7 cm2] / [0.06491V/cm] = 0.15458 S cm-1  

= 154.58 mS cm-1 

 

A.4.2 Calculation of Permselectivity (rate of leakage)  

 

The height of the limiting region for native HMT-Nafion (Figure 4.4) = 20 mA cm‐2  

= 0.02 A cm‐2 = 0.02 C s‐1 cm‐2 

Jco‐ion / 2F = 0.02 C s‐1 cm‐2 / [2(96500 C mol‐1)] = 1.04 × 10‐7 mol s‐1 cm‐2  

= 104 nmol s‐1 cm‐2 

 

For PEDOT:PSS composite BPM, the rate of leakage is similar to the native HMT-

Nafion due to the height of the limiting region being 20 mA cm‐2 

 

For GO composite BPM, the height of the limiting region (Figure 4.4) = 18 mA cm‐2 

= 0.018 A cm‐2 = 0.018 C s‐1 cm‐2 

Jco‐ion / 2F = 0.018 C s‐1 cm‐2 / [2(96500 C mol‐1)] = 9.32 × 10‐8 mol s‐1 cm‐2  

= 93.3 nmol s‐1 cm‐2 
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A.4.3 Determination of Potential of WD (EWD), Resistance of WD (RWD), and 

Potential at 100 mA cm‐2 (E(100)) 

 

From the J‐E curve at the intersection of the ohmic region (>18 mA cm‐2) and 

the limiting current density region, the potential of WD was determined.  

From the inverse slope of the J‐E curve in the current density range of about 

18−100 mA cm−2 under neutral conditions and 0- 100 mA cm−2 under pH gradient, the 

resistance of WD and was determined. 

From reading the potential of J‐E curve at 100 mA cm‐2, the potential at 100 

mA cm‐2, was determined. 

 

A.4.4 Calculation of the thickness of the interfacial layer (IL) 

 

The recombination of H+ and OH- from CEM and AEM, respectively, to form 

water at the IL generates space charge within the IL region, So, the concentration of 

H+ and OH- ions are assumed to be 10-7 mol.L-1 because only water molecules exist 

there.2 For these calculations, the mobility of ions (H+ and OH-) within the electric 

field can be assumed to be equal to those in bulk water,3 and were taken to be 36.23 × 

10−8 and 20.64 × 10−8 m2 s−1 V−1 for (H+ and OH-), respectively, in this calculations.4 

Whereas it is reported that the mobility of ions (H+ and OH-) in water channels of a 

membranes (fully hydrated) is similar to that of bulk solution. 

The thickness of the interfacial layer (2λ) can be calculated from the following 

equation:5 
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2λ = RIL F (CH
+μH

+ + COH
−μOH

−)                                          A.4.2 

 

where, F is Faraday’s constant, RIL is the ionic resistance of the IL which can be 

calculated using RIL = RBPM − (RAEL + RCEL), CH
+ and COH 

-
 are the concentrations of 

H+ and OH- ions in the IL, respectively, μH+ and μOH − are the mobility of the H+ and 

OH- ions in the IL, respectively.6,7 

 

For the native HMT-Nafion BPM under neutral conditions, RIL = RBPM − (RHMT + 

RNafion) 

= 12.5 Ω cm2 – (1.23 Ω cm2 + 0.438 Ω cm2) =10.83 Ω cm2  

2λ = 10.83 Ω cm2 × 96500 A.s.mol-1 [1×10-7 mol.L-1 (36.23 +20.64) 10−8 m2 s−1 V−1] 

=5.94×10−8 cm2 m2 L-1, where 1m2= 104 cm2, 1L= 1000 cm3 

=5.94×10−8 cm2 × 104 cm2 × 10-3 cm-3 = 5.94×10−7 cm  

=5.94×10−7 cm/100 = 5.94×10−9 m = 5.94 nm 

 

For the 12% PEDOT:PSS composite BPM under neutral conditions, RIL = RBPM − 

(RPEDOT:PSS-HMT + RPEDOT:PSS-Nafion) 

= 10.2 Ω cm2 – (0.68 Ω cm2 + 0.58 Ω cm2) =8.9 Ω cm2  

2λ = 8.9 Ω cm2 × 96500 A.s.mol-1 [1×10-7 mol.L-1 (36.23 +20.64) 10−8 m2 s−1 V−1] 

=4.88×10−8 cm2 m2 L-1 =4.88×10−8 cm2 × 104 cm2 × 10-3 cm-3 = 4.88×10−7 cm  

=4.88×10−7 cm/100 = 4.88×10−9 m = 4.88 nm 

 

For the 12% GO composite BPM under neutral conditions, RIL = RBPM − (RGO-HMT + 

RGO-Nafion) 

= 13.5 Ω cm2 – (0.65 Ω cm2 + 0.05 Ω cm2) =12.8 Ω cm2  
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2λ = 12.8 Ω cm2 × 96500 A.s.mol-1 [1×10-7 mol.L-1 (36.23 +20.64) 10−8 m2 s−1 V−1] 

=7.02×10−8 cm2 m2 L-1 =7.02×10−8 cm2 × 104 cm2 × 10-3 cm-3 = 7.02×10−7 cm  

=7.02×10−7 cm/100 = 7.02×10−9 m = 7.02 nm 
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