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Abstract 

Graphene oxide (GO) is an atomically-thick, two-dimensional nanomaterial decorated 

with an abundance of oxygen functional materials on the basal plane and edges. Due to its 

unique set of properties, it is a material used in many applications including sensors, energy 

storage and conversion devices, healthcare, optics, etc. The tendency to easily self-assemble 

into large-area, thin-film membranes and to host a defect-rich surface filled with oxygen-

containing functional groups, makes GO an excellent membrane candidate material for facile 

coordination with other materials and molecules. However, in many electrochemical systems, 

GO membranes lack sufficient ionic conductivity to substitute the current, state-of-the-art 

perfluorosulfonic acid membranes. Significant efforts have been invested in expanding the 

unique combination of traits that GO has to offer as a new generation of electrolyte membrane 

material. 

The primary objective of this project was to develop highly efficient, environmentally 

benign electrolyte membranes for electrochemical devices based on GO. To accomplish this, 

two different approaches were effectively implemented: (i) the development of a facile, 

environmentally benign, and scalable method of incrementally enhancing the through-plane 

proton conductivity of any GO-type membranes that utilizes GO as the base; and (ii) the 

complementary development of efficient and high performance GO membranes through 

functionalization. The properties of these new materials were investigated through (i) various 

physicochemical and electrochemical characterizations; and (ii) the validation of its pragmatic 

feasibility by prototyping the GO membranes in various electrochemical devices. 

The hydroxide-ion conductivity of GO membranes was improved to serviceable levels by 

functionalizing GO with an ionic liquid, 1-hexyl-3-methylimidazolium (HMIM). HMIM itself 

possesses considerable ionic conductivity with minimal dependencies on temperature and 

humid media. Furthermore, HMIM strengthened the mechanical and chemical stability of GO 

membranes enabling operation in alkaline pHs. To confirm the commercial viability in wearable 

devices, model supercapacitors and Zn-air batteries were constructed with the HMIM-GO 

membranes demonstrating improved conductivities and lesser environmental dependencies 

than commercial membranes.  

The through-plane proton conductivity and isotropy of the GO membrane was selectively 

enhanced by exploiting sonication-assisted (SA)-Fenton’s reaction to generate a porous 

morphology in GO nanosheets. The resulting porous graphene oxide (pGO) was the first 
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reported near-isotropic proton conducting GO membrane with significant improvements in the 

through-plane conductivity over GO. Although pGO membranes offer an incremental 

improvement to GO membranes, they have demonstrated that the proton conductivity remains 

low due to the basis of their pristine nature. The feasibility of functionalization was evaluated 

with a plant extract called phytic acid (PA). PA was homogenously distributed throughout the 

GO membrane anchoring phytate groups onto the surface of the GO nanosheets. PA also 

removed and deactivated residual metal ions left by previous processes. The functional groups 

introduced to the material significantly boosted the proton conductivity of the GO membranes. In 

latter two projects, prototype alcohol fuel cell sensors equipped with all the aforementioned GO-

based membranes were developed on the basis of direct ethanol fuel cell principles, exhibiting 

excellent sensitivity, linearity and stability. 

New GO electrolyte membranes were developed by tailoring the surface morphology or 

by functionalization. Multiple application prototypes equipped with the new electrolyte materials 

highlight the practicality of the next-generation development in green, high performance 

electrochemical devices. 
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Chapter 1: Introduction 

1.1 Challenges and Motivation 

By 2050, the world energy usage will increase by 50% from 2019 due to worldwide 

technological advancement and industrial development.1 There is an imperative commercial 

need to leverage alternative energy sources in order to prevent global energy exhaustion. 

Based on the report from US-EIA, fossil fuels is currently the predominant energy source used 

globally, whereas renewable energy usage is predicted to surpass all other energy sources by 

2050.1 Tremendous efforts have been invested towards the development of alternative energy 

storage and conversion systems to capitalize on the increasing renewable energy sources. The 

development for high performance, yet environmentally friendly and low cost, energy storage 

and conversion systems is among the most explored research areas around the globe.  

The primary approaches to replace traditional energy resources involve fuel cells, 

batteries, and supercapacitors. Among these seemingly different systems, a commonality lies in 

their constitution, i.e. at the basic level, they’re primarily comprised of an electrolyte and 

separator sandwiched between two electrodes. Customarily, electrochemical reactions transpire 

at one electrode releasing electrons and generating ions. Subsequently, the electrons travel 

through the external circuit and an external load, while the ions simultaneously traverse through 

the electrolyte to complete the reaction at the other electrode. Both the electrode and electrolyte 

play critical roles in determining the performance of the electrochemical system. Despite the 

equitable relevance of each component, the amount of research devoted to membrane 

development is comparatively lacking compared to that of electrode development. A redesign 

and constant improvement of electrolytes and electrolyte materials are needed in order to match 

the ever evolving electrodes that are used for energy conversion and storage devices. 

The attributes of the electrolyte greatly influences many characteristics of the 

electrochemical system as a whole, including internal resistance, operational temperature, 

current response, etc. For example, in chemical gas sensors, the ionic conductivity influences 

the current response, which in turns, affects the detection limits, speed and sensitivity. Apart 

from the property of the current response, the temperature at which membranes can operate 

dictates whether the potentially faster response and recovery times can be achieved at lower 

temperatures and thereby lower the power requirements that would otherwise be needed to 

maintain the higher temperature.2 Practically, a higher operating temperature will presumably 
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require a complementary heating unit to preserve the sensor temperature. The electrolyte 

membrane should ideally possess properties such as high ionic conductivity at room target 

temperature, selective permeability, and sufficient chemical, mechanical and thermal stability.  

As materials are continuously being redefined in electrolyte membranes, GO 

membranes have drawn a considerable attention due to their superior properties such as large 

surface area, mechanical stability, tunable electrical and optical properties, and impermeability 

towards most gases and liquids.  The versatility of GO membranes results in its application in 

various energy storage conversion and storage devices (e.g. fuel cells, supercapacitors, 

batteries, flow-batteries, solar cells, and sensors), liquid/gas detection/separation, optics, etc. In 

many electrochemical systems, GO membranes have been incorporated into separators or 

solid-state electrolytes; the function of which is predominantly occupied by commercial ionic 

polymers, such as Nafion. GO membranes also come with specific undesirable properties; they 

primarily lack ionic conductivity, risk of aggregation and possess relatively weaker mechanical 

and thermal stability especially when compared to commercial, established membranes.  

 

1.2 Thesis Objectives and Approaches 

The primary objective of this thesis is to enhance the ionic conductivity of GO-based 

electrolyte membranes (EM) for the impending implementation into commercial energy 

conversion and storage devices. This process is accomplished by providing incremental 

advancements or adding alternative methods to augment GO’s desirable characteristics. The 

secondary objective includes preserving, if not improving, the current thermal, mechanical, and 

chemical stability. To this extent, two different strategies are considered and executed: surface 

modification and functionalization of GO membranes. 

 

1. Ionic Liquid (IL) Functionalization of GO Membranes 

Certain functional groups can be anchored onto the GO surface to greatly enhance 

hydroxide-ion conduction. More specifically, an IL, 1-hexyl-3-methylimidazolium chloride (HMIM) 

molecules, was anchored onto the surface of GO via esterification reactions and electrostatic π-

π stacking. This resulted in a superior hydroxide conductivity, intercalated, bulky HMIM groups 

to prevent GO aggregation, minimum performance dependency upon environmental conditions 

(humidity and temperature), and improved mechanical integrity. 
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Overall, this project demonstrated the possibility of (i) tailoring GO membrane via 

functionalization to significantly improve hydroxide conduction; (ii) a working prototype to 

highlight the potential in this GO-composite EM to perhaps replace commercial membranes in 

future hydroxide-based devices. 

 

2. Further oxidation of GO, via sonication assisted (SA)-Fenton reaction, to produce near-

isotropic porous graphene oxide (pGO) membranes 

The initial goal entering this project was (i) to selectively enhance the through-plane 

proton conductivity (actual pragmatic flow of ions in devices), and thereby decrease anisotropy; 

(ii) to develop a facile and scalable method to prepare pGO membranes.  

The search led to varying the duration of SA-Fenton reaction to control the rate of 

oxidation in GO. This procedure generated additional pores and enlarged the existing pores. As 

a result, compared to GO membranes, the through-plane conductivity was increased by faintly 

compromising on the in-plane conductivity, which also significantly decreased the degree of 

anisotropy. Secondly, based on various characterizations, we elucidated the pore-formation 

mechanism, as well as enhanced proton conductivity of pGO.  

Overall, this project contributed to: (i) discovering a method of preparing pGO that is 

environmentally benign, facile, and scalable; (ii) elucidating the mechanism by which pGO is 

prepared and the fundamental reasons for improving through-plane conductivity; (iii) 

implementing the material into an alcohol fuel cell sensor as a proof-of-concept for future 

development. These contributions may at least serve as a complimentary technique to 

incrementally improve GO membrane technology. 

 

3. Phytic acid (PA) Functionalization of pGO membranes 

Specific functional groups can be attached to the surface of pGO to tailor GO’s ability to 

enhance proton conduction. Phytic acid (PA) was anchored onto the surface of pGO via epoxide 

ring opening reactions and subsequent esterification reactions. This modification resulted in an 

electrolyte membrane that possesses superior proton conductivity, consisting of intercalated 

and bulky phytate groups to prevent GO aggregation, and having residual iron ions removed or 

deactivated. 
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Overall, this project contributed to: (i) discovering a method to functionalize pGO that 

continues to be environmentally friendly, facile and scalable; (ii) tailoring pGO (and GO) 

membrane via functionalization to significantly improve proton conduction; and (iii) affirming the 

practicality of this membrane in a prototyped alcohol fuel cell sensor. 

 

1.3 Structure of Thesis 

The thesis is organized in six chapters and is structured as follows. Chapter 1 introduces 

the readers to the motivation, challenges, objectives and scope of the thesis work. Chapter 2 

provides a comprehensive review covering the background and alternative solutions in the 

literature related to the content in this thesis. Chapter 3 briefly summarizes the characterizations 

that help confirm the thesis work as well as present the key performance measurements that 

are utilized throughout the thesis. This chapter also includes the associated theories used to 

explain certain traits and characteristics of the material. The details are provided in chapters 4 to 

6. Chapter 4 involves the ionic-liquid functionalization of GO for a hydroxide-conductive, solid-

state electrolyte membrane that exhibits superior ionic conductivity and stability. Chapter 5 

provides an in-depth information on the reformed strategy of preparing pGO via employing the 

SA-Fenton reaction on GO to enhance the porosity, surface groups and ultimately, the proton 

conductivity. Chapter 6 describes a synergistic combination achieved via functionalization pGO 

with phytic acid, which to a large extent, enhanced the proton conductivity. Chapter 7 contains 

the summary and conclusions of the thesis, as well as possible avenues for future development 

to capitalize on the improvements to existing technology that resulted from this research. 
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Chapter 2: Background and Literature Review 

2.1 Graphene-Oxide and Membranes 

2.1.1 Graphene Oxide (GO) 

Graphene oxide (GO), the disordered and insulating analogue of graphene, has recently 

become one of the most active research fields, originally because of its potential as a precursor 

to graphene, but now, due to its multifarious properties and robust utility in many applications. 

GO is generally denoted as a single layer of graphite oxide, typically, prepared from oxidation 

with subsequent dispersion and exfoliation. GO is similar to graphene, but possessing a 

plethora of oxygen-containing functional groups and structural defects scattered throughout its 

basal plane and edges. These functional groups include epoxides, alcohols, ketones, carbonyls 

and carboxylic groups, all of which endow GO its specific properties. In addition, these 

functional groups disrupt the sp2 bonding networks causing GO to be electrically insulating, 

which enables its use in many other applications. As an example, due to its enhanced electrical 

resistance (compared to graphite and graphene), it can be utilized as a separator/electrolyte, 

whereas its analogues would short the electric cell.  

The first mention of what was described as graphene oxide can be found in Brodie’s 

publication.3 Brodie, after oxidation, noticed an increase in the overall mass.3 He also noted that 

successive oxidation treatments increased the oxygen content; however, the oxygen content 

reached a plateau after 4 treatments. Unfortunately, he was mistaken in trying to find one 

discrete molecular formula for graphite and graphite oxide. 

In reality, the exact model for GO has been under debate for many years, yet no 

conclusive model exists.4 There is a large variability in the types and distribution of the oxygen 

functional groups depending on the various preparation processes. In general, Anton Lerf and 

Jacek Klinowski’s model has been the most widely accepted model in the graphene oxide 

community. Lerf et al. characterized many GO samples by nuclear magnetic resonance (NMR) 

spectroscopy.5 

GO has been widely used when fashioned into a membrane.6 Apart from its utility as an 

electrolyte, its application has also been reported in water desalination,7 filtration, and transport 

because GO has a very low permeability towards every fluid other than water vapor. It is also 

used in hydrogen separation,8 proton exchange,9 bacterial deactivation and removal,10 and 
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many other fields. Although the molecular model remains inconclusive, the lack of molecular 

clarity has not prevented researchers from integrating it into various technologies; there are still 

many potential applications for GO. 

GO, like graphene, has many favorable attributes. It is generally electronically insulating, 

but by manipulating the disorder, GO can be fashioned to be insulating, semiconducting or even 

semi-metallic.11 GO has very selective permeation and is relatively easy to prepare and process 

as a membrane, making it a very strong candidate for gas/liquid filtration. As a membrane, it’s 

very customizable: the pore size distribution, membrane thickness, interlayer spacing and 

surface functionalization can all be easily tweaked. GO also possesses unique optical properties, 

and a high surface area. One of the biggest advantages of using GO is that it can be processed 

from inexpensive natural graphite through liquid-phase exfoliation. Yet many challenges still 

exist for a full exploitation of this material.11  

There is still a need to better understand the defects and its effects on conductivity and 

electron transport characteristics. GO is known to be metastable at room temperature due to 

loss of epoxy groups and gaining hydroxyl groups.12 Consequently, much research is still 

needed to mature the design and construction of GO-based devices. 

 

2.1.1.1 Preparation of GO 

In the development of GO, early attempts focused on inserting chemical species 

between the basal planes. Shaffault was credited with successfully intercalating potassium into 

graphite.13 Intercalation can expand the interlayer spacing up to 1 nm in graphite intercalation 

compounds (GICs). This expansion was due to the reduction in van der Waals forces, which 

eventually led other researchers to subsequently try chemical exfoliation. Shortly after, Brodie 

developed his method of exfoliating graphite in 1859.14 He added potassium chlorate (KClO3) to 

graphite slurry and fuming nitric acid (HNO3). This process generated toxic gases and KClO3 is 

very reactive, flammable and combustible. Three decades later, Staudenmaier improved on this 

method in 1898.15 Instead of adding KClO3 in one addition, Staudenmaier added KClO3 in 

multiple aliquots to graphite over fuming HNO3 and concentrated sulfuric acid (H2SO4).16 This 

process was very time-consuming because it took over a week for the reaction to cool down; it 

was also dangerous due to ClO2 evolution and the large amounts of combustible potassium 

chlorate that were used. In 1958, Hummer and Offeman built upon Brodie’s and Staudenmaier’s 

methods.17 Hummer instead oxidized graphite using potassium permanganate (KMnO4) with 
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sodium nitrate (NaNO3) in concentrated sulfuric acid (H2SO4). Hummer reported having 

achieved similar levels of oxidation to that of Staudenmaier. The active species in this oxidation 

reaction is dimanganese heptoxide, Mn2O7, which is known to detonate when heated to 

temperatures greater than 55 oC or when placed in the presence of organic compounds. The 

advantage of this process was that the oxidation could be completed within two hours. Yet the 

Hummer process did not resolve the issue of releasing toxic gasses (NO2 and N2O4).16 Recently, 

Tour proposed an improved synthesis of GO.16 In this work, NaNO3 was replaced with 

phosphoric acid (H3PO4). In addition, aliquots of KMnO4 was added to a 9:1 mixture of 

concentrated H2SO4:H3PO4. As a result of this improvement, the method mitigated the 

generation of toxic gasses, and produced higher yields. 

Recently, other techniques of preparing GO had been discovered and were constantly 

undergoing development. These techniques were devised on the basis of optimizing either or a 

combination of the following criteria: quality (layers of graphene oxide per stack/platelet), yield, 

safety (human, environmental), potential for automation and scale-up, and cost. For example, 

recently Hatakeyama et al. published a new method of  bubbling ozone into an aqueous solution 

containing graphite.18 This method avoided the usage of concentrated acidic solutions, but not 

the generation of harmful gases.  

Another method for preparing GO that had branched into its own research field was via 

the electrolytic method, which had been reported to have yields as promising as Hummer’s 

method. The electrolytic method had drawn the attention of many researchers due to its ease in 

execution, safety and efficiency. The exfoliation was typically initiated by the intercalation of ions, 

followed by the expansion induced by gaseous products. More specifically a voltage bias was 

applied to induce hydrolysis and produce radicals.19, 20 Subsequently, the radicals attacked the 

sp2 carbon atoms located on defect sites and on the edges of the graphite electrode to generate 

hydroxyl groups. However, some of these hydroxyl groups on the basal plane oxidized into 

epoxy groups, while some of the hydroxyl and ketone groups found on the edges oxidized into 

carbonyl and carboxyl groups, respectively. The graphite exfoliation was attributed to the 

combination of water electrolysis, anionic intercalation and gas evolution.  

The primary factors that affected the oxidation level of GO products were the pre-

treatment of graphite electrodes, and the type of oxidative electrolytes used. The operational 

inputs, which include applied voltages, electrolyte temperature and mechanical forces also 

contributed to the properties of the resulting graphene-based materials. Each of these factors 

had developed their own paths of research for further exploration and optimization. 
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For example, the quality of exfoliation was found to depend on the number of ions that 

were intercalated during the electrode pre-treatment. The pre-treatment typically involved 

soaking in concentrated H2SO4, which enabled HSO4
- 19, 21-23  (or sometimes H3O+ 24) ions to 

intercalate. Other reports had shown that the oxidative electrolytes, such as H2SO4, HClO4 or 

HNO3, were used in the electrolytic method, wherein anions intercalated under certain potentials. 

The subsequent electrochemical decomposition of the anions produced various oxygen-

containing radicals (HOꞏ and Oꞏ). Other oxidizing precursors were also considered as 

electrolytes (e.g. Na2WO4, NaNO3, and H2O2) for GO synthesis.25, 26 In their findings, H2O2 

introduced many defects to the graphene materials, while NaNO3 produced very thick GO 

(~50nm), which suggested poor exfoliation. 

In the optimization of the operational parameters, increasing exfoliation voltage was 

correlated with faster generation of HOꞏ and Oꞏ radicals.27-29 Another factor, exfoliation 

temperature, affected the rate of generating oxidative radicals and their efficiency towards 

graphite exfoliation.30, 31 Complimentary mechanical forces (e.g. stirplate mixing) was found to 

facilitate graphite exfoliation.32 

 

2.1.2 Porous Graphene Oxide (pGO) 

GO inherently possessed very small nanopores, which enabled it to reject everything 

other than water vapor (including ethanol and gasses). Although several research efforts were 

spent on investigating porous graphene, there was very little research on strategies to enlarge 

the pores of GO for other applications. Porous GO (pGO) is basically GO that had been further 

oxidized. The processes to generate pGO are accomplished by introducing more pores, 

enlarging the pores, and/or introducing more oxygen-containing functional groups.  The 

properties inherent to GO but absent in graphene, were typically enhanced, such as 

hydrophilicity, ionic conductivity, and electrical resistance. 

Based upon generating more defects and oxygen-containing functional groups, pGO 

possessed higher surface areas, a greater hydrophilicity, which would relate to higher water 

absorption rates and enhanced proton mobility. Alternatively, more and larger pores translated 

to more pathways for ions to traverse through the membrane. The challenges of introducing 

more defects and oxygen functional groups also implied that the mechanical integrity and 

chemical stability of GO were compromised, depending on the degree of oxidation. 
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2.1.2.1 Preparation of pGO 

There are limited reports on preparing pGO. A major challenge lies in the trait that GO 

can be easily reduced. For example, pGO preparation techniques must be carried out at low 

temperatures because deoxygenation of GO began at 150 oC. Han et al. reported having 

prepared porous graphene oxide via steam etching.33 When steam-etching was carried out at 

200 oC, a significant amount of oxygen functional groups were removed. Han concluded that the 

steam-etched GO was partially reduced. There was another report using UV irradiation under 

O2.34 The GO suspension was dried under vacuum then irradiated with mercury lamp in O2 or 

N2–filled environment. As a result, nanopores were produced in oxygenated group domains 

where CO2 evolved through photo-oxidation and GO was photo-reduced. The only other report 

claiming to have synthesized pGO was via ozonation9. This process was accomplished by 

bubbling O3 into GO solution for set intervals, which generated nanopores and increased the 

number of oxygen-containing functional groups on the graphene oxide, and was very favorable 

for increasing proton conductivity. Even though pGO was produced, these methods were 

difficult to scale up and dangerous to administer. On the basis of the above considerations, 

there is an industrial need for scalable and environmentally benign methods of producing 

porous graphene oxide. 

 

2.1.3 Graphene Oxide Membranes 

GO membranes are thin films of GO, which make great candidate materials to mold into 

membranes.  Compared to graphite and graphene, GO membrane inherently possesses a low 

electrical conductivity, which is the primary requirement for separators.35, 36 

The property which allowed GO to be applied as a 2D proton conductor is due to the 

various hydrophilic oxygen functional groups (e.g. hydroxyl, carboxyl, epoxy) covalently 

attached to each side of the GO sheet. These groups are able to form a continuous hydrogen-

bonding network with water molecules from a humidified environment.37, 38 In other words, the 

high ionic conductivities can be attributed to the hydrophilic oxygen groups and rapid translation 

through the hydrogen-bonding network formed by adsorbed water layer on the GO surface. As 

an example, the proton conductivity of GO sheets (single or bulk) were in the order of 10-3 – 10-2 

S cm-1 at 95% RH, depending on the temperature at which the characterization was 

conducted.39-45 These conductivities can potentially reach that of commercial conductors such 

as Nafion. Studies show that GO proton conductivities increased with film thickness (under 
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200nm thick).45 This property was due to a multilayer stacking of GO nanosheets to form 

compact bundles of 2D proton conduction channels which further contributed to accelerating 

proton mobility and hydrogen bond breaking/reformation process.45 Some researchers 

speculated that, based on the proton conductivity, GO membranes could provide better 

performance in acidic electrolytes than that of many polymer proton conductors.46 

GO membrane research has been steadily developing in various electrolytes, filtration, 

and purification. A major benefit lies in its impermeability towards most gases, yet selectively 

permeable towards water. For example, water molecules permeate through GO membrane at 

least 1010 times faster than He atoms.47 

 

2.1.3.1 Membrane Preparation and Attribute Tuning 

Over the years, many techniques have been developed for preparing GO membranes 

and selectively tuning specific properties.35 When tuning for specific properties, GO synthesis 

controls the chemical structure, whereas the fabrication method determines the physical 

structure. For example, Paneri et al. found that the methanol permeability was linearly related to 

the flake size, while proton conductivity did not depend on the physical structure because 

protons conducted through the functional groups rather than channels.48 Lv et al. discovered 

that adjusting the pH controls the extent and nature of functional groups, physical size of 

membrane channels, and also optical properties.49 

 There are many methods that have been developed for preparing GO membranes, 

primarily revolving around self-assembly. The simplest variance of this self-assembly would be 

through “drop-cast”-ing GO solution.50 This involves pouring a solution of GO onto a substrate 

(i.e. petri dish) then letting the solvent evaporate. Subsequently, the standalone membrane can 

be displaced from the substrate. Another variant of self-assembly is via Layer-by-Layer 

deposition.51 This technique involves repeatedly dipping a substrate into a GO solution, then a 

cross-link-containing solution, alternating between the two solutions repeatedly. The number of 

thickness of the layer can be controlled depending on the number of immersions that were 

made. A group of self-assembly techniques that has become the most commonly used process 

for preparing GO membrane is utilizing filtration.52 Within filtration, there are 3 common 

approaches:53 pressure-assisted self-assembly (PASA), vacuum-assisted self-assembly (VASA) 

and evaporation-assisted self-assembly (EASA). 
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Figure 2-1. Schematic of GO/mPAN membranes preparation via (left) pressure-assisted self-assembly, 

(middle) vacuum-assisted self-assembly (VASA), (right) evaporation-assisted self-assembly (EASA) 

(reprinted from Ref53 with permission from Elsevier). 

 

A very recent approach of preparing GO membranes involves using nematic liquid 

crystals of GO to prepare GO-based nanofiltration membranes.54 The GO solutions were initially 

concentrated with the aid of hydrogel beads to produce nematic phase GO liquid crystals, 

followed by casting on a doctor blade to orient into GO membranes. This newer technique offers 

better versatility in controlling the membrane architecture, and efficiency in forming membranes.  

 

2.1.4 Graphene Oxide Composite Membranes 

Practical GO-based membranes take the form of polymer/GO nanocomposites. Most of 

the studies in this field has essentially been screening for synergistic characteristics between 

GO and the complimenting polymer. As a result, possible combinations where GO fulfills the 

role as a base, filler and even a functionalized bridge between the mobile ion and base has 

been considered and explored quite thoroughly.  

When considering GO as a grafting base, there are a wide variety of polymers with 

various chain structures that can be grafted, which allow for many possible combinations. For 

example, Shen et al. developed a thermal responsive composite via grafting 

poly(sulphobetaine) (PMABS) onto GO in order to prevent thermal runaway reactions in energy 

storage devices.55 PMABS is an upper critical solution temperature polymer, which readily 
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attached to GO and functioned as an additive in non-aqueous electrolyte. The PMABS/GO-

containing cell reversibly reduces specific storage capacity by >50% (compared to 30% without 

polymer modification) when operating beyond the “safe” temperature range. It also prevents 

reversible ion flow at elevated temperatures, whereas traditional means would irreversibly short 

the cell. In this study, GO provided the physical scaffold and functional groups that enable the 

covalent anchoring of PMABS. In another report, Zarrin et al. developed a hydroxide-conducting 

membrane by grafting an ionic liquid, hexyl-methyl imidazole (HMIM) onto GO.56 HMIM was 

anchored onto GO by both covalent and non-covalent bonds that were induced by esterification 

reactions and electrostatic π-π stacking, respectively.  

 Despite several advancements made in utilizing GO as a grafting base, even more 

advancements were made in utilizing GO as a graft or filler. GO has many favorable properties 

that can enhance the base material, e.g. high hydrophilicity, which enables better water uptake 

and retention. The largest category of GO composite membranes, in terms of research and 

development, are GO/Polymer membranes. A plethora of polymers, which can be further 

subdivided into fluorinated (e.g. Nafion), and non-fluorinated (e.g. sulfonated poly-(ether ether 

ketones (SPEEK)), chitosan) have also been thoroughly explored.57 Perfluorosulfonic acid 

membranes (i.e. Nafion) serve as the industry standard due to its high proton conductivity and 

excellent mechanical, thermal and chemical stability. Adding GO can raise the standard by 

augmenting both the side chains and backbone of Nafion, as well as the strong interfacial 

attraction that is formed. For example, Ansari et al. added GO into the Nafion polymer matrix 

and found significant changes in the ionic domains.58 Zarrin et al. incorporated sulfonated GO 

into Nafion to improve selectivity and proton conductivity.59 The result was an improvement in 

proton conductivities of up to 4 times over recast Nafion.  

Non-fluorinated polymers that had been sulfonated or blended with mineral 

acids/inorganic precursors were also widely used due to its facile functionalization and excellent 

stability. One such example is SPEEK, which has been considered due to its thermal, chemical 

and mechanical stabilities.57, 60 However, it does possess lower ionic conductivities when 

compared to Nafion, which can be mitigated by the incorporation of various fillers. Kumar et al. 

grafted sulfonated graphene oxide onto SPEEK for polymer electrolyte fuel cells.61 In this report, 

the sulfonated GO enhanced the proton conductivity by interconnecting the proton transport 

channels between SPEEK sulfonic acid groups. As a result, the composite membrane 

demonstrated high proton conductivities at both low and high humidity. Another example is 

polyacrylonitrile (PAN), which has been studied due to its process efficiency and excellent 
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resistance to oxidative degradation. Zhu et al. discovered synergistic effects, including a highly 

porous structure and good wettability, which can be exploited when mixing PAN and GO as a 

separator in LiS batteries.62 

One other major category of composites for grafting GO is incorporating it into metal 

organic frameworks (MOFs), which also has been heavily investigated.56, 63, 64 MOF is a class of 

crystalline materials that contain metal ions that are held together by organic bridging ligands.63 

MOFs are attractive materials due to their large surface area, structure tenability and high 

porosity.65-67 As an example of utilizing GO in MOFs, Bian et al. reported the use of GO as a 

stabilizer for an n-octanol and water emulsion system to promote the formation of MOF/GO via 

Pickering emulsion-induced growth. In this report, the presence of GO was reported to have 

enhanced the surface porosity, and water resistance.68, 69 In another case, Castarlenas et al. 

utilized layer-by-layer assembly to prepare UiO-66-GO mixed matrix membranes. There was an 

improved selectivity and permeability for H2 adsorption, which can be attributed to the exfoliation 

of GO and the addition of defects in the hybrid layers.70 

In addition to utilizing GO as a grafting base or the graft itself, utilizing functionalized GO 

as a bridge between mobile ions and the base is very practical. More specifically, there are 

many polymers that would be rendered unusable in electrochemical systems due to its very low 

ionic conductivity. However, this lack can be compensated by introducing mobile ions into the 

polymer matrix. Here, GO via its surface functional groups can play dual roles of enabling a 

connection with the polymer, and providing mobile ions for the composite to facilitate ionic 

conductivity. For example, polybenzimidazole (PBI) has been formed into membranes due to its 

excellent thermal stability and good chemical stability, but has seen limited use in 

electrochemical applications due to its limited ionic conductivity.  

In a recent report, Lin et al. challenged this notion by tethering an ionic liquid (IL) to GO 

(IL-GO), then dispersed it into another ionic liquid to enhance the conductivity in dye-sensitized 

solar cells (DSSCs).71 IL-GO was prepared via epoxide ring-opening reaction between GO and 

1-(3-aminopropyl)-3-methylimi-dazolium bromide (IL-NH2), then an anion exchange was 

introduced with Lithium bis(trifluoromethane-sulfonyl) imide (LiTFSI). The result of adding 4 wt% 

IL-GO improved the overall power conversion efficiency to 7.04%, from 5.65% for that without 

IL-GO. IL-GO was found to have improved the diffusion coefficients of I3- which enabled an 

easier regeneration of the dye molecule; however, excess IL-GO increased the viscosity and 

hindered the ionic transfer. From the same group, Wan et al. prepared polybenzimidazole 

(PBI)/IL-functionalized GO (PBI/IL-GO) composite membrane for alkaline anion exchange 
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membrane (AEM) fuel cells.29, 72 The addition of IL-GO significantly the increased water uptake, 

and maintained acceptable swelling degree and alkaline stability, which ultimately led to an 

improved ionic conductivity. Another example is a zwitterion-coated (ZC) GO containing both 

ammonium and sulfonic acid groups as proton-carrying additive for PBI-based PEMs.73 The 

attached sulfonic acid groups contributed to an increased proton conductivity, while the 

dissociation of sulfonic acid was facilitated by the electrostatic attraction of quaternary 

ammonium groups. GO was mixed with poyletherimide (PEI) and 1-[3-(di-methylamine) propyl]-

3-ethylcarbodiimide, then refluxed in DMSO with 1, 3-propanesultone, and dried to obtain ZC-

GO. The PBI/ZC-GO composite membrane was prepared via mixing ZC-GO with PBI vigorously 

and casting onto a glass plate. ZC-GO possessed an extremely high surface area and large 

amounts of ammonium and sulfonic acid groups, which enabled higher water retention and 

proton conductivity rates. It also extended the number of available ion exchange sites per 

clusters, which enhanced the proton mobility of the membrane. 

_ 

2.2 Fundamentals and Electrolytes in Energy Conversion and Storage Devices 

 

 

Figure 2-2.  Simplified Ragone plot outlining the major types of energy conversion and storage devices and 

their relative performances 
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This section covers the background and operating principle of the energy conversion 

and storage devices for which the thesis work was prototyped on. Figure 2-2 outlines the major 

categories within energy conversion and storage devices. 

 

2.2.1 Polymer Exchange Membrane Fuel Cells (PEMFCs) 

On one corner of the Ragone plot (Figure 2-2) lies the fuel cell, which possesses high 

energy densities but lacking in the power density (in comparison to the other categories of 

energy storage devices). Within the field of fuel cells, there are many different subtypes 

depending on the operating temperature and fuel used. Each subtype also has a plethora of 

research and development that had advanced each technology since the inception of fuel cells. 

The scope of this section will be limited to PEMFCs, which operate at the lower 

temperature end of the fuel cell spectrum and utilize H2 and air as its fuel. PEMFCs remain a 

very promising technology, possessing high electrical efficiencies (up to 60%) greater than that 

of internal combustion engines and conventional power plants. They produce very low 

emissions, wherein the only exhaust is unused air and water. With very high energy densities, 

as seen in Figure 2-2, they are simple in operation, low cost over the lifetime of the material, as 

well as no moving parts involved. Moreover PEMFCs are very modular; more power can be 

easily generated by running multiple cells in parallel; and less planning is necessary when 

compared to other sources, such as power plants. Unfortunately, the widespread commercial 

adaptation has yet to be realized because hydrogen is not readily available. Hydrogen 

generation will most likely generate emissions, but are lower than comparable conventional 

energy conversion technologies. Another major hindrance to wider usage is due to the cost, 

which is associated with the expensive materials needed to produce PEMFCs. Although 

electrocatalysts utilize precious metals, substitution and reduction of noble metals for this 

process are being explored. Another major component of the PEMFC is the PEM, which the 

current state-of-the-art electrolyte is based on perfluorosulfonic acid (PFSA) (commercially most 

common used polymer is Nafion®, which was developed by DuPont in 1960s).  

The PEM can be considered the core of PEMFC. It must possess efficient proton 

conductivity, low fuel permeability, and high mechanical stability. Considering these 

characteristics, Nafion has been adopted as the industry standard. The Nafion backbone is 

comprised of polytetrafluoroethylene (PTFE, or also known as Teflon), which provides the 

structural support, while the sulfonic acid functional groups facilitate proton transport. The major 
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drawback of Nafion is that it is costly to produce due to the complex and toxic manufacturing 

process, swelling problems and fuel crossover.74, 75 There has been a lot of efforts spent on 

finding new materials to replace Nafion. As a result, graphene oxide-based membranes were 

investigated.8 Although GO membranes absorb more water than Nafion, the membrane also 

swells to a greater degree, which increases the risk of deterioration when hydrated. There have 

been progress in developing GO membranes for PEM, and also potential for improvement. 

 

2.2.1.1 Principles of Operation 

A PEMFC is primarily comprised of an electrolyte, anodic and cathodic electrodes 

containing catalyst (for electrochemical reactions), gas diffusion layers, bipolar and flow field 

plates. The key components can be summed up in a Membrane Electrode Assembly (MEA) 

which is comprised of only the PEM, anode and cathode. The setup consists of a negative 

electrode (anode) and a positive electrode (cathode) sandwiching the electrolyte.76 

In the operation of a typical PEMFC, the fuel in the form of hydrogen is fed to the anode 

and air to the cathode. Each hydrogen atom is split at the electrode. The proton travels through 

membrane, while the electron travels to the current collectors, through the external load-

containing circuit, then back to the other electrode on the other side of the membrane. The 

electrons then meet at a catalyst site with the proton, which travels through the electrolyte, and 

the oxygen, which was fed from the other side of the fuel cell. As for the by-products, water and 

heat are simultaneously produced in the electrochemical reaction and must be removed from 

the system to prevent performance issues. 

The aforementioned electrochemical reactions are summarized in the following 

equations: 

𝐴𝑛𝑜𝑑𝑒: 𝐻ଶ → 2𝐻ା ൅ 2𝑒ି (2-1)

𝐶𝑎𝑡ℎ𝑜𝑑𝑒:
1
2

𝑂ଶ ൅ 2𝐻ା ൅ 2𝑒ି → 𝐻ଶ𝑂 
(2-2)

 

2.2.2 Supercapacitors 

On the other side of the Ragone plot lies the supercapacitors or sometimes referred to 

as electric double layer capacitors (EDLCs), which vaunts its high power densities, but is lacking 
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in its energy densities (compared to the other types of energy storage devices). Supercapacitors, 

also known as ultracapacitors, have garnered much attention since its initiation in 1957.77  

Supercapacitors holds several advantages over conventional batteries and fuel cells. It 

possesses a high power density, shorter charging times, and a longer battery and shelf life. 

Unfortunately, it suffers from its low energy density, which has been progressively mitigated 

through much research over the years. Popular approaches include manipulating the electrode 

architecture to increasing the surface area, optimizing the electrode/electrolyte compatibility (e.g. 

adjusting surface functionality, pore structure/size, ion size), and increasing operational voltage 

(e.g. utilizing a non-aqueous electrolyte). 

Due to the low energy densities, supercapacitors are uncommonly used as a sole, 

primary source of energy, but rather as a complimentary energy source. Thus far, it’s been often 

implemented in conjunction with other energy sources that have higher energy densities, but 

lack the initial power. For example, supercapacitors are used in regenerative braking systems; it 

stores charge when the vehicle brakes, then releases it upon acceleration.78 Moreover, it can be 

found in lifting operations, where bursts of power is needed,79 transitional backup power 

systems, supplying energy when sources are being exchanged,79 increasing energy grid 

stability, voltage stabilization in start/stop systems. Lastly, supercapacitors are starting to see 

more usage in consumer electronics: wearable and portable electronics,80-82 and even as a 

primary power source in railcars.83 

Supercapacitors tend to be very similar in composition and setup compared to traditional 

capacitors, i.e. two electrodes are separated by a dielectric layer (separator). Although 

conventional capacitors use flat plates, the electrodes of supercapacitors are commonly carbon 

derivatives because they tend to possess higher surface areas, and more surface area equates 

to more sites for charge accumulation. Thus, supercapacitor electrodes tend to have far greater 

surface areas than that of capacitors, which enables a higher energy density by partially 

comprising its power density. Another functional difference involves separating capacitor 

electrodes with a layer of air while supercapacitors tend to be separated by membranes soaked 

in an electrolyte. With supercapacitors, the separator acts both as an insulator that separates 

the electrodes and a medium to facilitate ion transfer between the electrodes. These separators 

are often functionalized with ionic groups to enable both separation and ion conducting 

capabilities. 
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Researchers have divided electrolyte into several categories depending on the 

composition:84 

I. Aqueous (e.g. KOH, KCl, H2SO4) 

II. Organic (e.g. TEABF4/ACN) 

III. Ionic-Liquids (e.g. EMIM/BF4) 

IV. Solid-state or semi-solid-state, which can be further divided into: inorganic electrolyte, 

gel polymer electrolytes, and dry solid polymer electrolytes 

V. Redox-active electrolytes. Overlaps with categories I-III, but special emphasis on redox-

active compounds 

Supercapacitors can be subdivided primarily into 2 types: EDLCs and pseudocapacitors. 

EDLCs are non-faradaic capacitors that store energy by separation of charge in a Helmholtz 

double layer.85 Since, charge is stored non-faradaically, there is no charge transfer between 

electrode and electrolyte, which means that there will not be any chemical/composition changes 

(in either electrode or electrolyte), the charge/discharge is highly reversible and it will easily 

maintain a high cycling stability. Pseudocapacitors possess fast, reversible faradaic (redox) 

reactions at each electrode when a potential is applied. Here, the electro-activity is not merely 

limited to the surface, but occurs throughout the electrode. Comparing to EDLCs, 

pseudocapacitors tend to hold more capacitance, which equates to larger energy densities, but 

possess relatively lower power densities due to slower kinetics involving redox reactions 

occurring naturally slower than electrostatic accumulation. Moreover, they tend to have lower 

cycling stability due to the electrochemical changes constantly occurring within the electrode. 

Actually, there is another type of supercapacitor that hybridize the two primary types 

called hybrid supercapacitors.85 This hybrid technology capitalizes on the relative advantages, 

yet mitigate the disadvantages of EDLCs and pseudocapacitors. This technology can be further 

subdivided into: composites, asymmetric and battery type hybrid supercapacitors. Briefly, the 

composite subtype integrates carbon-based materials with either conducting polymers or metal 

oxides utilizing both charge storage mechanisms. The carbon material provides a high surface-

area, conductive backbone for the complimentary component, which focuses on boosting 

capacitance. The asymmetric subtype combines faradaic and non-faradaic reactions via 

coupling an EDLC electrode with a pseudocapacitor electrode. Lastly, the battery subtype also 

couples two different electrodes, but from different energy storage types: a supercapacitor 



  

19 
 

electrode and a battery electrode. This technology compromises on a device that possesses a 

higher energy density than most supercapacitors and a higher power density than most 

batteries. 

 

2.2.2.1 Principles of Operation 

 

 

Figure 2-3. Schematic of a typical capacitor operation during a) charging and b) discharging 

 

Supercapacitors are not only constructed very similarly to capacitors, but also operate 

very similarly. As seen in Figure 2-3, the basic operation of a capacitor is as follows. During 

charging where the capacitor is attached to an energy source (Figure 2-3a), an electric field 

develops causing positive charges to accumulate on one plate and negative charges to 

accumulate on the other plate. The larger the plates, the more charge can be stored, and the 

greater the potential difference there will be in the capacitor. During discharge where the 

capacitor is attached to an external load (Figure 2-3b), the accumulated charge on the plates 

will dissipate along with the potential difference. 
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Figure 2-4. Diagram of electrostatic accumulation in EDLCs 

 

As previously mentioned, EDLCs store energy by holding a separation of charge in the 

Helmholtz double layer.85 When an energy source is applied, charges accumulate on electrode 

surfaces. The ions in electrolyte diffuse across separator into the pores of the electrode of the 

opposite charge. The electrodes prevent recombination of ions, and instead a double layer of 

charge is produced at each electrode. When the energy source is replaced with an external load, 

similar to capacitors, the potential difference dissipates, flowing electrons 86from anode through 

the load into cathode until the electrodes are left at an electrical equilibrium. 

 

2.2.3 Batteries (Zinc-Air) 

In between fuel cells and supercapacitors (on the Ragone plot), lies batteries. But in 

particular, zinc-air cells are more like a hybrid between fuel cells and batteries, possessing 

properties that were otherwise unique to each technology. Zinc-air primary batteries, most 

known for their application in hearing aids, are metal-air batteries that generate energy by 

oxidizing zinc with oxygen from air. Moreover, there are mechanically and electrically 

rechargeable analogues, which have both been conceived and developed. The mechanically 

rechargeable cells can recharge by replacing the zinc anode and electrolyte, or use zinc powder 

to replenish reactants. This technology has yet to see large-scale usage due to the complexity 

of setting up a network of zinc depositing/recharging stations. Instead, the most efficient designs 

led researchers to zinc-air batteries that utilized a flowing electrolyte configuration, which also 

improved the durability of the zinc electrode.87, 88  
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Thus far, zinc-air cells have been used in various applications, and depending on the 

application, the size and assembly of the storage device differs. For example, button cells have 

been designed for small devices, i.e. hearing aids and watches. Larger batteries have been 

developed for large devices, i.e. film cameras. Lastly, very large batteries were created for 

electrical vehicle propulsion and even grid-scale energy storage. 

Zinc-air cells have been well-researched due its high energy density, relatively low costs, 

safe operation and market-ready solutions. Compared to other metal-air batteries, zinc is 

abundant, low in cost and possess a low equilibrium potential. Moreover, zinc-air cells can be 

prepared at ambient conditions, whereas other metals, such sodium, lithium and potassium, 

require inert atmospheres (e.g. argon) for handling and battery assembly. Compared to lithium, 

the energy densities involving zinc are gravimetrically inferior, but volumetrically superior due to 

inherently higher atomic density of zinc metal. 

Unfortunately, for small zinc-air batteries like button cells, it is not trivial to scale-up (with 

same construction) due to air diffusion performance, heat dissipation and leakage problems. For 

Psecondary zinc-air cells face other various challenges, which include dendrite formation, non-

uniform zinc dissolution and limited solubility in electrolytes. Moreover zinc corrosion can 

produce potentially explosive hydrogen, which can be partially mitigated by use of vent holes. 

Lastly, the power density has been relatively low due to the catalysis challenges involving the 

oxygen gas that is fed into the air electrode. 
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2.2.3.1 Principles of Operation 

 

Figure 2-5. Simplified schematic of a discharging metal-air battery and corresponding three-phase zone. 

(Reprinted from Ref89, with open access under Creative Commons Attribution 4.0 International License) 

 

As depicted in Figure 2-5, a metal-air is typically comprised of four main components: 

an air electrode (usually a gas diffusion layer with a painted layer of catalyst), an alkaline 

aqueous electrolyte, a separator, and a metal (in this case, zinc) electrode.  

During discharge, the oxygen from air diffuses/reacts at air electrode (cathode) and is 

reduced to hydroxide ions via ORR (Equation (2-5)) at the three phase interface (oxygen, 

electrolyte and electrocatalyst). Simultaneously, zinc cations are generated at zinc electrode. 

The generated hydroxide ions then migrate into the zinc electrode, where zinc is oxidized into 

zincate (Zn(OH)4
2-) ions liberating electrons which travel to cathode via external circuit 

(Equation (2-3)). At super-saturated Zn(OH)4
2- concentrations, it will further decompose into 

insoluble zinc oxide (ZnO) and water (Equation (2-4)). The water from the anode is recycled at 

cathode (water is not consumed). The overall reaction produces theoretical 1.66V, but lower in 

practice. For charging, the reactions are reversed. Briefly, at the air electrode, oxygen evolution 

reaction (OER) occurs, where oxygen is generated and released. Meanwhile, the zincate ions 

are reduced back to zinc at the zinc electrode. 

The described electrochemical reactions (for discharge) can be summarized in the 

following equations: 
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𝑍𝑖𝑛𝑐 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 ൌ 𝑍𝑛 ൅ 4𝑂𝐻ି → ZnሺOHሻସ
ଶି ൅ 2eି,

E଴ ൌ െ1.26V vs. standard hydrogen electrode ሺSHEሻ 

(2-3)

𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 ൌ ZnሺOHሻସ
ଶି → ZnO ൅ HଶO ൅ 2OHି (2-4)

𝐴𝑖𝑟 𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 ൌ 1
2ൗ 𝑂ଶ ൅ HଶO ൅ 2eି → 2OHି, E଴ ൌ 0.40V vs. SHE (2-5)

𝑂𝑣𝑒𝑟𝑎𝑙𝑙 ൌ 2𝑍𝑛 ൅ 𝑂ଶ → 2ZnO, E଴ ൌ 1.66V (2-6)

The equations for charging would be similar, but in the reverse directions. 

 

 

2.2.4 Alcohol Fuel Cell Sensor (AFCS) 

Although alcohol fuel cell sensors (AFCSs) are not quite considered an energy storage 

or conversion device, the fundamental working principle is based on the fuel cell. Breathalyzers, 

or breath analyzer, are devices that estimate the blood alcohol content (BAC) from a breath 

sample. Generally, the presence of alcohol can be detected in blood, urine, breath or via 

transdermal. Obtaining a blood or urine sample may be challenging, when the subject is in a 

public area or if the sample is needed within a very short timeframe. Obtaining samples via 

transdermal route tends to involve high costs and detection can produce false positive results.90 

The best option is an alcohol breath testing which is now more commonly used because 

sampling is non-invasive and the procedure is accurate, low-cost, convenient, and rapid in 

detection. Among the breathalyzers, there are three major types, which are based on either fuel 

cell, semiconductor, or infrared (IR) spectroscopy technology. 

AFCSs are widely used and developed because it is not affected by environmental 

pollutants and other chemicals. It tends to have higher levels of sensitivity and selectivity to 

differentiate alcohol from acetone. The responses and recovery tend to be much quicker, which 

would allow for concurrent testing. 

The disadvantages associated with AFCSs include a higher cost of manufacturing due to 

the use of platinum material and MEA setups. It also requires more power and parts, wherein 

devices tend to be bigger than the semiconductor-based devices. The state-of-art MEAs 

typically use a polyvinyl chloride membrane saturated with aqueous sulfuric acid, which are not 

safe and incompatible with electronic devices. This last drawback has been partially mitigated 

through a replacement with solid-state electrolyte membranes. 
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2.2.4.1 Principles of Operation 

AFCS operates very similar to the direct alcohol fuel cell,91 but for the purpose of 

detecting ethanol. The process starts with a subject exhaling into the breath analyzer device. An 

ethanol present in the breath is partially oxidized into acetic acid at the anode,92 where electrons 

are released and flow through the external circuit. At the cathode, atmospheric oxygen is 

reduced, i.e. electrons are accepted from the anode and consumed by reducing the oxygen to 

water. This reaction oxidizes ethanol into acetic acid and water. The electric current that is 

produced is measured and translated as an approximation of the overall blood alcohol 

concentration. 

The process can be summarized in the following equations 

𝐴𝑛𝑜𝑑𝑒: 𝐶𝐻ଷ𝐶𝐻ଶ𝑂𝐻 ൅ 𝐻ଶ𝑂 → 𝐶𝐻ଷ𝐶𝑂ଶ𝐻 ൅ 4𝐻ା ൅ 4𝑒ି (2-7)

𝐶𝑎𝑡ℎ𝑜𝑑𝑒: 𝑂ଶ ൅ 4𝐻ା ൅ 4𝑒ି → 𝐻ଶ𝑂 (2-8)

𝑂𝑣𝑒𝑟𝑎𝑙𝑙: 𝐶𝐻ଷ𝐶𝐻ଶ𝑂𝐻 ൅ 𝑂ଶ → 𝐶𝐻ଷ𝐶𝑂ଶ𝐻 ൅ 4𝐻ଶ𝑂 (2-9)

For the approximation of the blood alcohol concentration, it is generally accepted based 

on Henry’s law, that the ethanol concentration expelled from the lungs is directly proportional to 

the ethanol concentration in blood. Based on statistical sampling of many individuals, 1 mL of 

blood contains 2100 times more ethanol than 1 mL from the air in the lungs. Using this 

relationship, the blood alcohol concentration can estimated from the electric current that was 

detected from the AFCS. 
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Chapter 3: Characterization Techniques 

3.1 Morphological and Elemental Analysis 

3.1.1 Scanning Electron Microscopy (SEM)  

Scanning Electron Microscopy (SEM) is the most popular and versatile method for 

visually examining surface microstructures and chemical compositions, as it is capable to view 

both organic and inorganic materials so long as the sample surface is conductive or can also be 

made conductive through carbon/gold sputtering. Graphically, it is capable of producing three-

dimensional-like images due to its large depth of field. In SEM, an electron beam is focused 

through a series of condenser lens and swept across the surface of the specimen. The 

electrons decelerate upon coming in contact with the specimen and generate a variety of 

signals. For the scope of this project, the signals of interest are secondary electrons, 

backscattered electrons and X-rays. The most widely used signal is the secondary electron 

emission signal, which is used principally for its topological contrast, i.e. investigating surface 

texture and roughness.93 The other signal, backscattered electrons, are used to examine 

compositional and topographic information.93 In this thesis, SEM was utilized to investigate the 

layered structure observed at the cross-section of GO-based films. 

 

3.1.2 Transmission Electron Microscopy (TEM) 

Transmission Electron Microscopy (TEM) is a high-resolution, imaging tool used to view 

very small specimen, in the order of a few angstroms to sub-micrometers. Similar to the SEM 

operating principle, an electron beam is generated at a source and focused through a series of 

condenser-lens system, which in this case, also controls the illumination area of the sample.94 

Unlike SEM, TEM detects electrons which are transmitted through the thin specimen through a 

fluorescent screen, where it is then converted to an electric signal to produce the final image.94  

 There is a specific imaging mode in TEM called high-resolution transmission electron 

microscopy (HR-TEM),95 which is also known as phase contrast. The HR-TEM allows for direct 

imaging of the atomic structure of the sample based on the phase of the electron waves that 

resulted from the specimen interaction. The TEM and HR-TEM aided in resolving the pore 

distribution and size of the nanopores in GO and pGO.  
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3.1.3 X-Ray Diffraction (XRD) 

X-ray diffraction (XRD) is a technique used to explore the crystal structure and atomic 

spacing of a material. The XRD device is primarily comprised of 3 basic components: an x-ray 

tube, a sample holder and an x-ray detector. In XRD, either the X-ray tube and detector rotate 

simultaneously, or the sample rotates. X-rays are generated in an x-ray tube, filtered through a 

monochrometer, then collimated and directed onto the sample to produce diffraction patterns 

corresponding to the specific crystal planes.96 The detected angle of diffraction can be related to 

the specific crystal orientation via Bragg’s law as follows: 

𝑛𝜆 ൌ 2𝑑 𝑠𝑖𝑛𝜃  (3-1)

where n represents the order of the spectrum, λ is the wavelength of the x-ray, d is the 

interplanar spacing detected from the diffraction signal, and θ is the diffraction angle.  

In the case of graphene-based materials, the interplanar spacing also corresponds to the 

inter-sheet distance. It should be noted that XRD cannot detect amorphous materials, since it 

will result in diffuse patterns that resemble noise rather than distinct peaks as to that when 

scanning crystalline materials.  

 Scherrer’s equation in Equation 3-2 can be applied to define the relationship between 

the d-spacing and the number of layers per stack of graphene (oxide):97 

 𝐿௖ ൌ ሺ𝐴𝜆ሻ
ሺ𝐵𝑐𝑜𝑠𝜃ሻ൘  

(3-2))

 

where A is the shape factor (~0.9); B is the full width at half maximum (FWHM) of the (002) 

peak in radians. In this project, XRD was used to compare GO samples, the interlayer spacing 

and their corresponding number of layers. 

 

3.1.4 Raman Spectroscopy 

Raman spectroscopy is a non-destructive characterization for obtaining high-resolution, 

structural and electronic information. The Raman spectrometer generates an intense, 

monochromatic electromagnetic beam that is focused on the sample, inducing a dipole moment. 

For the purpose of this study, the moment of interest is the inelastic scattering (also known as 

Raman scattering), which can be further divided into stokes and anti-stokes scattering. 
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Stokes/anti-stokes scattering occurs when there is a lower/higher energy of scattered radiation 

compared to the incident beam, resulting in an upshift/downshift (respectively) in frequency. 

This shift in frequency describes the characteristic information on the vibrational modes of the 

sample. 

Typical to graphene-based materials, two characteristic peaks are seen at ~1350 cm-1 

and ~1580 cm-1 which correspond to the D-peak and G-peak, respectively. The D-peak 

corresponds to degree of disorder within the sample,98 or more specifically, to the double 

resonance process.99 The G-peak corresponds to first order scattering of the stretching vibration 

mode E2g observed for the sp2 carbon domain. As a result, the amount of defects present on a 

graphitic sample can often be characterized by the ratio of the intensity of the D-peak against 

that of the G-peak (ID/IG). 

Tuinstra-Koenig100 discovered an inverse relationship between the ID/IG ratio and the in-

plane crystallite size, La, and described the relationship by the following equation: 

 𝐿௔ ൌ ሺ2.4 𝑥 10ିଵ଴ሻ 𝜆ସ ሺ𝐼஽
𝐼ൗ ሻିଵ 

(3-3)

Many decades later, due to the constant refining of research and technology, 

researchers found that utilizing Tuinstra-Koenig’s law to calculate the crystallite size via the ID/IG 

ratio only held true under specific conditions. Instead, a modified relationship for a more 

generalized model was proposed; the proposal utilizes a ratio that accounts for the entire area 

under the D-band and G-band (AD/AG).99, 101, 102 In the determination of the areas under the 

curve, the AD can be decomposed by a Lorentzian (distribution) centered at the peak of the D 

band, while the AG can be derived by using the Breit-Wigner-Fano (BWF) shape for the G 

band.99, 101, 102 For this research, Raman spectroscopy was used to quantify the degree of 

graphitization, or conversely, the ratio of disorder to graphitization (AD/AG), as well as the in-

plane crystallite size La. 

 

3.1.5 Energy Dispersive X-ray Spectroscopy (EDX) 

The energy dispersive X-ray spectroscopy (EDX) is an elemental analysis technique is 

that is used to determine the composition and distribution of spot area of the sample. It is 

commonly coupled with a SEM or TEM to complement the microscopic analysis. After 

bombarding the sample with electrons, X-rays are emitted and collected by a detector. EDS 

operates on the basis that each element has a unique set of binding energies enabling 
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appropriate identification.103 The emitted X-ray variations can be spatially identified and overlaid 

on a corresponding SEM image to map the concentration of the differing elements. In this work, 

EDS identified the extrinsic elemental composition, their distribution in a sample, and confirm 

the results from XPS. 

 

3.1.6 X-Ray Photoelectron Spectroscopy (XPS) 

X-Ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for 

chemical analysis (ESCA), is a quantitative technique that measures elemental compositions 

and electronic states existing on the surface. The operation of XPS begins with irradiating the 

surface with photons at a characteristic energy.104 The photons then interact with the core 

electrons in the atoms of the sample.104 As a result, ionized states are produced and a 

photoelectron is emitted with an energy approximately the difference between the photon 

energy and the binding energy.104 The elements present on the sample can then be identified by 

back-calculating the binding energy. XPS was used to probe the surface for doped heteroatoms 

elements at different stages of the experiment, which helped elucidate the procedural 

mechanisms with hydroxyl radical oxidation and phytic acid functionalization.  

 

3.1.7 Fourier-Transform Infrared (FTIR) Spectroscopy  

Fourier-Transform Infrared (FTIR) Spectroscopy is commonly used to distinguish the 

molecular structures of organic compounds. It is used to obtain an absorption/emission 

spectrum in the infrared (IR) region. A broadband light source shines into a Michelson 

interferometer and then a detector measures the amount of light that is absorbed by the 

specimen. The beam is then configured to shine a different set of frequencies. This information 

is then translated to display the absorption at each wavelength.105 Organic compounds possess 

a variety of vibrational motions from the constituent atoms, which result in a culminated IR 

spectrum corresponding to each component vibration. Conversely, existing bonds and 

functional groups can be identified by comparing absorption positions of IR spectrum with 

characteristic absorption regions. In this work, FTIR was used to confirm the molecular structure 

by analyzing the chemical bonds within the sample, and complemented by XPS to confirm and 

elucidate the procedural mechanisms. 
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3.2 Physical Properties 

3.2.1 Thermal Gravimetric Analysis (TGA) 

Thermal Gravimetric Analysis (TGA) is a destructive technique that monitors changes in 

physical and chemical properties as a function of (increasing) temperature. Generally, mass is 

lost or gained due to decomposition, oxidation or loss of volatiles. The TGA operates by heating 

the sample at a constant rate in either open-air or inert environment. Meanwhile, the mass is 

constantly monitored for the entire process and charted for further analysis. TGA can be used to 

quantitatively identify the temperature of degradation of GO-based membranes. Thus, it was 

used to confirm the high thermal endurance at the temperatures of interest. 

 

3.2.2 Mechanical Properties  

Mechanical properties encompass a plethora of equipment, characterization, and even 

established and standardized techniques (ASTM) used to describe the mechanical strength of 

materials. For example, a tensile tester can be employed to carry-out and quantitatively 

describe the mechanical properties of the samples. Typically, a sample is punched out in the 

shape of a fishbone or rectangle. Subsequently, the sample held between two vice grips, then 

slowly pulled in opposite directions. All the while, the resistance is measured and summarized in 

a stress/strain curve. Values, such as tensile strength, Young’s modulus, elongation at break, 

toughness, etc., can be extracted for further analysis. In this work, the mechanical properties 

were explored to ensure adequacy in their application. 

 

3.2.3 Contact Angle (Water) 

Contact angle is the quantitative measurement of the wettability of a liquid with respect 

to a solid surface via the Young Equation. A contact-angle goniometer measures the contact 

angle at the 3-interface point among the substrate, the air, and a liquid droplet (with respect to 

the droplet). For example, the static sessile drop method was conducted by pipetting a droplet 

of sample-containing solution (water) onto a static substrate of interest. Images are then 

captured by charge-coupled device camera. Wetting angles less than 90o is considered wetting, 

or hydrophilic, while wetting angles between 90o and 180o is considered non-wetting, or 
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hydrophobic. The water contact angle was used to inspect how hydrophilicity varies depending 

on the composition. 

 

3.2.4 Water Uptake (WU)  

Water uptake (WU) measures the capability of an electrolyte membrane to retain water. 

The degree and rate at which the membrane absorbs water is correlated to the membrane’s 

viscoelastic properties, which is interdependent on the membrane hydration. Increased 

hydration usually corresponds to enhanced ion conductivity and fuel cell performance.106 To 

calculate WU, the membrane is initially soaked in deionized water at room temperature for 24 

hours. Upon removing the water droplets from the surface of the membrane, it is weighed 

immediately. The membranes are then air dried, followed by drying in a desiccator for 4 hours, 

before their weights are measured again. The WU can be determined by the following 

equation:59 

 
𝑊𝑈 ሾ%ሿ ൌ

𝑊௪௘௧ െ 𝑊ௗ௥௬

𝑊ௗ௥௬
ൈ 100 

(3-4)

where Wwet and Wdry are the mass of the wet and dry membrane respectively. 

Alternatively, dynamic vapor sorption can also be used to calculate the water uptake. To 

ensure the sample is thoroughly dry, the sample is placed on a weighing pan (within a sealed 

chamber) and subjected to 0% RH N2 air for 8 hours at room temperature. The mass is 

measured and referenced as the dry weight. Subsequently, the sample is subjected to a 100% 

RH N2 air until the change in mass with respect to time [dm (dt)-1] is less than 0.004% to ensure 

that the sample is well saturated with water. This method was used in favor of submerging 

hydrophilic samples in water, wherein the process may disintegrate the material when 

submerged for extended periods of time. 

 

3.2.5 Ion Exchange Capacity (IEC) 

Ion Exchange Capacity (IEC) is an attribute of membranes which measures the number 

of ions that can be exchanged per unit mass of the membrane. Here, the dried samples are 

soaked in NaCl (e.g. 2 M) for 4 hours to exchange the sodium ions with existing protons held in 

the membranes. A back-titration is conducted using a known concentration of NaOH, and IEC 

values can be calculated via the following equation:59 
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𝐼𝐸𝐶 ሾ𝑚𝑒𝑞 𝑔⁄ ሿ ൌ

𝑉ே௔ைு ∗ 𝐶ே௔ைு

𝑊ௗ௥௬
 

(3-5)

where VNaOH is the titrant volume at equivalent point, CNaOH is the molar concentration of the 

titrant, and Wdry is the dry mass of the membrane. 

In this work, the WU and IEC were measured for calculating the proton mobility when 

combined with the ionic conductivity results.  

 

3.2.6 Dynamic Vapor Sorption (DVS) 

DVS is a gravimetric technique that measures the capacity of and how quickly the 

sample is able to absorb the solvent (water vapor).107 The DVS operates by varying the vapor 

concentration in the environment immediate to the sample while simultaneously measuring the 

resulting change in mass. The DVS begins with measuring the dry mass of the sample. The 

sample is then subjected to a specified relative humidity (RH) profile, where the RH increases at 

step intervals, but rests for a certain amount of time to allow the sample to equilibrate before 

proceeding to the next RH step. During the evaluation, the mass is being tracked, recorded, and 

charted. The DVS was used to chart the water uptake and fitted to Park’s model108 to determine 

water mobility.  

 

3.2.6.1 Park’s Model109 

Park’s model is a multimodal adsorption model developed to fit water vapor adsorption 

isotherms. It is based on three different mechanisms for water adsorption/uptake (WU) and can 

be summarized by the following relationship: 

 𝑊𝑈 ൌ 𝑊ௌ஺ ൅ 𝑊ேௌ஺ ൅ 𝑊஼  (3-6)

where WSA is specific adsorption (Langmuir model at lower water activity), WNSA is nonspecific 

adsorption (Henry’s law), WC is clustering at high water activity. Each mechanism of absorption 

can be simplified to: 

 
𝑊ௌ஺ ൌ

𝑄଴𝐾௅𝑎௪

1 ൅ 𝐾௅𝑎௪
 

(3-7)

 𝑊ேௌ஺ ൌ 𝐾ு𝑎௪ (3-8)
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 𝑊஼ ൌ 𝑛𝐾஺𝑎௪
௡  (3-9)

where Q0 is the specific site capacity (mmol g-1), KL, is the affinity constant, KH is Henry’s 

Law coefficient (mmol g-1), KA is the aggregation equilibrium constant (mmol g-1) regarding 

𝑛𝐻ଶ𝑂 ⇌ ሺ𝐻ଶ𝑂ሻ௡, n is the aggregate size, and aw is the water activity/relative humidity. 

Substituting Equations (3-7), (3-8), and (3-9) into (3-6) yields the expanded expression: 

 
𝑊𝑈 ൌ

𝑄଴𝐾௅𝑎௪

1 ൅ 𝐾௅𝑎௪
൅ 𝐾ு𝑎௪ ൅ 𝑛𝐾஺𝑎௪

௡  
(3-10)

which was used to fit the moisture absorption isotherm. In this study, Park’s model is fitted to the 

DVS-measured vapor isotherm in order to understand the behaviors of the water mobility at 

different humidity. 

 

3.3 Electrochemical Characterization 

3.3.1 Electrochemical Impedance Spectroscopy (EIS) 

Electrochemical impedance spectroscopy (EIS) measures the impedance of a cell, 

which can be converted into an ionic/electrical resistance of a sample. In the process, a small 

alternate current (AC) sinusoidal potential is applied to the cell to measure the pseudo-linear 

response of the current, which can then be used to derive the impedance response of the 

system.110 The resulting data is typically displayed in a Nyquist plot or a Bode plot. For 

membranes, EIS was used to investigate the through-plane and in-plane conductivity that were 

calculated from the real resistance. 

 

3.3.2 Ionic Conductivity 

For membranes, the sensitive responses from EIS are crucial for evaluating the ionic 

conductivity. The chemical potential distribution and polarisation are considered in the 

measurements of resistivity with the current flow, which can be divided into 2-probe and 4-probe 

methods. By using AC impedance spectroscopy, the ion conductivity of electrolyte membranes 

can be measured in the longitudinal (4-probe) or the perpendicular (2-probe) direction, and is 

calculated by the following relationship: 
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𝜎 ൌ

𝐿
𝐴𝑅

 
(3-11)

 

where for a 2-probe setup: σ is the ionic conductivity, L corresponds to the length between 

reference electrodes, A is the cross-sectional area, i.e. the product between the length of a 

probe and the thickness of the membrane, and R is the real resistance. For a 4-probe setup: σ 

corresponds the ionic conductivity, L is the thickness of the membrane, A is the planar area of 

the membrane, and R is the real resistance. The in-plane and through-plane conductivity were 

used to compare the capability to transfer ions (protons or hydroxides) between membranes. 

By measuring the conductivity at different temperatures, the activation energy can be 

obtained via the Arrhenius relationship: 

 
𝜎 ൌ 𝜎଴expሺെ

𝐸௔

𝑅𝑇
ሻ 

(3-12)

 

where σ0 is the pre-exponential factor, Ea is the activation energy, R is the gas constant and T is 

the thermodynamic temperature in K.  

 

3.3.3 Proton Mobility 

Proton mobility is an attribute that quantitatively describes how easily protons can move 

through a medium (e.g. membrane, water). Mobility is proportional to the conductivity and 

inversely proportional to the concentration of protons as shown in the following equation:111 

 𝑢ሺ𝐻ାሻ ሾ𝑐𝑚ଶ

𝑉ିଵ 𝑠ିଵൗ ሿ ൌ
𝜎

𝐹𝑐ሺ𝐻ାሻ
 

(3-13)

 

where σ is the proton conductivity, F is Faraday’s constant (96485 C/mol), c(H+) is the proton 

concentration which can be calculated by the following equation:111 

 
𝑐ሺ𝐻ାሻ ሾ𝑚𝑜𝑙/𝐿ሿ ൌ

𝐼𝐸𝐶 ∗ 𝑑
𝑊𝑈

 
(3-14)
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where IEC is the ion-exchange capacity, d is the density of the solvent (water, taken as 1 g/ml), 

and WU is the water uptake. The proton mobility was used to quantitatively contrast and to 

confirm trends observed in the ionic conductivity. 

 

3.3.4 Linear Sweep Voltammetry (LSV) 

LSV is a voltammetry technique that measures current while sweeping the electric 

potential at a constant rate (similar to CV, but only from lower to upper limit). It is often used to 

screen for redox reactions, which would be detected as a peak/trough in the signal. The 

characteristics of the LSV response depend on (i) rate of electron transfer reaction; (ii) Chemical 

reactivity of electroactive species; and (iii) voltage scan rate. The results are typically outputted 

as current-potential (I-V) graphs. In this work, LSV will be used to confirm the electrical 

resistance of the membranes. 

 

3.3.5 Battery Performance Evaluation 

This section provides a quick overview on some well-discussed criteria that are used to 

evaluate energy storage devices (i.e. supercapacitors, zinc-air batteries, and alcohol fuel cell 

sensors). The de facto parameters such as, operating voltage, power density, energy density, 

specific capacity and cycling stability can be revealed in the following characterizations. 

 

3.3.5.1 Cyclic Voltammetry (CV) 

Cyclic Voltammetry is an electrochemical technique that measures the current, while 

varying the electric potential at a constant rate. It is typically used to investigate the rate 

performance and capacitance of the device. The potential towards the working electrode 

gradually changes at a set ramp rate, then reverses the scan back to the initial potential. 

Meanwhile, the current response is simultaneously measured, then plotted on a “CV” graph. 
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Figure 3-1. Cyclic Voltammograms distinguishing the difference between capacitor and battery materials. 

(Reprinted from Ref.112 with permission from AAAS) 

 

Figure 3-1 shows CVs of supercapacitors that when applied to a constant rate in the 

potential will typically exhibit either a linear current response (in blue), or faradaic redox peaks 

(in red), or sometimes a combination of both. The rectangular shape highlights the rapid 

electrostatic accumulation, while the peaks highlight the occurrence of redox reactions. In this 

project, CV is used to confirm the low ionic transfer resistance in the membrane, i.e. to conduct 

ions quick enough to preserve the supercapacitance behavior. 

 

3.3.5.2 Galvanostatic Charge/Discharge (GCD) 

GCD, also known as chronopotentiometry, is a widely used technique to evaluate 

polarization, specific capacity, energy/power density, equivalent series resistance, and stability. 

As the name implies, GCD, applies a constant or step current and measures the potential 

response as a function of time. The durability can be evaluated with a large loop of charging and 

discharging cycles. Durability is a key indicator of stability and reaction reversibility.113 GCD is 

used to compare polarization losses and confirm the pragmatic functionality of the membrane in 

a flexible battery. 

 

3.3.6 (Alcohol) Fuel Cell Gas Sensor (AFCS) Evaluation 

Alcohol fuel cell gas sensor (AFCS) functions in principle similar to that of a fuel cell. As 

the name implies, this device detects alcohols (i.e. ethanol). Human breath is simulated by 

preparing a predetermined ethanol vapor mixture; the vapor mixture was then injected into the 

AFCS system at a fixed volume. The vapor is subsequently detected, which triggers the ethanol 
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oxidation reaction (EOR) at the anode and oxygen reduction reaction (ORR) at the cathode. As 

a result this reaction process, electrons are released and captured; the signal can then be 

correlated to a concentration of ethanol vapor. The AFCS was built to evaluate the sensitivity 

and selectivity of the membrane in detecting alcohol from a human breath simulation. 
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Chapter 4: Imidazole-doped Graphene Oxide for Enhanced 

Hydroxide Conductivity 

This chapter is adapted with permission from Zarrin H, Sy S, Fu J, Jiang G, Kang K, Jun 

YS, Yu A, Fowler M, Chen Z. Molecular Functionalization of Graphene Oxide for Next-

generation Wearable Electronics. ACS Applied Materials & Interfaces. 2016 Sep 

15;8(38):25428-37. Copyright 2016 American Chemical Society.  

 

4.1 Introduction 

Entering the golden era of wearable electronics has urged the development of fully solid, 

lightweight, flexible, and efficient energy storage devices (e.g. batteries and supercapacitors) to 

be reliable at different environments.114-116 To accomplish this, the compartments of energy 

storage systems (e.g. electrodes and electrolytes) must be replaced with flexible materials 

having high sustainability at various operating conditions.116-118 Specifically, the ion-conductive 

electrolytes in these systems are voluminous and undesirable since their performance is highly 

dependent on the operating temperature and relative humidity (RH) levels.119, 120 Thus, it is 

essential to replace them with a flexible and lightweight electrolyte membrane (EM) possessing 

high and stable ionic conductivity at not only fully humidified and elevated temperatures but also 

low RH and room temperature conditions.  

Recently, the research has focused on the development of graphene oxide (GO)-based 

EMs to (i) enable the fabrication of lightweight and flexible electronics and (ii) increase the 

compatibility of carbon-based electrodes with the electrolyte.9, 41, 44, 59, 121-126 Because of its 

ultrahigh surface area, yet nanoscale thickness,52, 127 GO nanosheets and their derivatives can 

simply stack and form stable, lightweight, and flexible membranes. However, the rate of ion 

conduction in GO-based EMs is highly sensitive to the changes of the operating conditions and 

extremely dependent on the existence of water in the system (i.e., RH). GO is intrinsically 

proton-conductive, electrical insulator and highly hydrophilic. Thus, the interlayer spacing 

widens as RH increases,47 enabling water molecules to be trapped within, and as a result 

increases the rate of ion transfer. Accordingly, when the humidity decreases, the ion 

conductivity will drastically decline (e.g. by 1 order of magnitude).44  Since a practical ion-

conductive EM requires a minimum ion conductivity of 0.01 S cm−1 at different operating 
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conditions,128 it is vital to efficiently boost that for the GO-based EMs with slightest dependency 

on the operating conditions (e.g. RH and temperature). 

The existence of enormous oxygenated groups (e.g. hydroxide, epoxy, and carboxyl 

groups) on the basal plane and edges of the nanosheets enables chemical functionalization of 

GO127 and manipulation of its electrical and physicochemical properties for the desired 

application. Herein, to develop a flexible GO-based EM with high ion conductivity and minimum 

dependency on the operating conditions, especially at low RH and room temperature, the large 

surface area of GO has been functionalized with 1-hexyl-3-methylimidazolium chloride (HMIM) 

molecules via both esterification and electrostatic πcation−π stacking reactions. HMIM is an 

imidazolium-based ionic liquid with low viscosity and high thermal stability.129, 130 The 

combination of bulky and asymmetric cations and anions in HMIM yields an architecture 

possessing considerable ion conductivity and electrochemical stability at not only different RH 

and temperatures but also alkaline pHs.130 These extraordinary features within HMIM has 

resulted in a freestanding HMIM/GO membrane with a superior hydroxide conductivity of 0.064 

± 0.0021 S cm-1 at 30% RH and room temperature with minimum dependency on the operating 

conditions when compared to the commercial polymeric membrane. To study the practical 

application of the HMIM/GO films in wearable electronics, a fully solid-state, thin, flexible zinc−

air battery and supercapacitor have been fabricated exhibiting high battery performance and 

capacitance at low humidified and room temperature conditions, respectively. The successful 

results of this study manifest the feasibility of using the thin and flexible HMIM/GO membrane 

as a reliable solid EM in energy storage systems and wearable electronics at different operating 

conditions. 

 

4.2 Experimental Section 

All materials were purchased from Sigma Aldrich (unless specified) at an ACS reagent 

grade or higher, and used without further purification. Furthermore, any water used in the work 

was of double-deionized (DDI) water. 
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4.2.1 Preparation of Graphene Oxide 

GO was prepared in a batch reaction via the oxidation of graphite powder (2−15 μm, 

Alfa Aesar) via modified Hummer’s method.16, 131 Specifically, 5 g graphite powder and 2.5 g 

sodium nitrate were mixed with 115 ml concentrated sulfuric acid in an ice bath. Shortly after, 15 

g potassium permanganate was slowly added in 2 g aliquots. Subsequently, the ice bath was 

removed and the mixture was allowed to stir for 2 h. Then while stirring, 350 mL water was 

added slowly and left to stir for another 30 mins. Yet while stirring, another 300 mL water was 

added, followed by 100mL hydrogen peroxide (30 wt%), and finally yielding the golden brown 

mixture. Lastly, the mixture was washed with 3L hydrochloric acid (5%) and copious amounts of 

water until the pH > 4. 

 

4.2.2 x-HMIM/GO Membrane Fabrication 

 

Figure 4-1.  Scheme of the experimental procedure preparing free-standing x-HMIM/GO membranes from 

functionalizing GO nanosheets with HMIM.  

 

Figure 4-1 illustrates the process of preparing freestanding x-HMIM/GO membranes (x = 

weight ratio of HMIM to GO = 1, 2, 5, or 10) at GO:HMIM:KOH weight ratios of 1:1:1, 1:2:2, 

1:5:5, and 1:10:10. Firstly, GO (40 mg) was dispersed in water and then mixed with HMIM and 

KOH at room temperature for 48 h. Thereafter, the homogeneous solution was centrifuged 

several times with water to remove any excess KOH and unreacted HMIM. Then, the resulting 
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x-HMIM/GO was redispersed into water before casting into a membrane via the vacuum 

filtration method using an Anodisc membrane (47 mm in diameter, 0.2 μm pore size, Whatman). 

Lastly, the freestanding membrane was further air dried and then, peeled from the filter paper. 

The thicknesses of all membranes were in the range of ∼26−32 μm. 

 

4.2.3 Zinc-Air Battery Fabrication 

To prepare the air electrode in the Zn−air battery, a gas diffusion layer (GDL, Ion Power 

Inc., 25BC) was coated with catalyst ink prepared by sonicating a mixture of active material and 

carbon black, in a 2:1 mass ratio, which is dispersed in isopropyl alcohol, and a binder (AS-4 

ionomer, Tokuyama Inc.) that is 10 μL mg-1 of the total mixture. Co3O4 nanoparticles (<50 nm 

particle size) were used as the bifunctional electroactive material for the air electrode at a 

density loading of 1.0 mg cm-2. A stainless-steel mesh was selected the as the current collector 

to be attached to the air electrode, serving both as an electrical conductor and a pathway for the 

passing oxygen. For the anode, a zinc pellet was prepared using cold compaction of zinc 

powder (purum) under a pressure of 5 MPa for 2 min. Then, copper foil was applied to the zinc 

anode as a current collector. Before assembly into the Zn-air battery, the 5-HMIM/GO and A201 

EMs were preconditioned at 50% and 90% RH, respectively, and at ambient temperature for 2 h. 

The all-solid-state Zn−air battery, with an active surface area of 1.13 cm2, was fabricated by 

sandwiching the solid electrolyte membrane between the zinc pellet and bifunctional, air 

electrode. The single-cell electrochemical evaluation was conducted with a battery prototype 

fabricated in-house using atmospheric air as the oxygen source. To obtain the galvanodynamic 

charge/discharge profiles of the battery, a potentiostat (Princeton Applied Research, 

VersaSTAT MC) was used to measure the changes in the voltage while the current density 

scanned from 0 to 20 mA cm-2 at a step interval of 1 mA cm-2. The cyclability test was performed 

on the Zn-air batteries, made of HMIM/GO and A201 membranes at ~50% and 100% RH, using 

a pulse cycling technique, where each cycle was run for 10 min at a current density of 200 mA 

g-1. 

 

4.2.4 Supercapacitor Fabrication 

To prepare the carbon electrodes in the symmetrical supercapacitor, stainless steel 

shims (0.07 mm, type 304, Custom Gaskets Ltd.) as the current collectors, were coated with a 
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thin layer of aqueous, conductive-carbon ink (Anders Products) and dried overnight at 40 °C. 

Albeit the carbon-ink possesses a low capacitance, it was selected to minimize the influence of 

pores and divert the focus to the solid electrolyte performance. The active area of the electrodes 

was set to 1 cm2. Before the assembly, the 5-HMIM/GO and A201 EMs were preconditioned at 

50% and 90% RH, respectively, and at ambient temperature for 2 h. The supercapacitor cell 

was then assembled by sandwiching the solid electrolyte membrane between the electrodes. 

Electrochemical characterizations were carried out at room temperature by cyclic voltammetry 

(CV) and EIS on the potentiostat. 

 

4.2.5 Physicochemical Characterization 

The structural integrity and distribution of elements in the x-HMIM/GO membranes were 

examined via cross-sectional SEM images and EDX mapping (LEO FESEM1530). XRD (INEL 

XRG 3000) and Raman spectrometry (Bruker Senterra, 532 nm laser) were utilized to study the 

changes in the crystallinity of the samples and the effects of disordering on the plane. The 

elemental and chemical-bonding analyses of x-HMIM/GO membranes were examined via XPS 

(Thermo Scientific Al KAlpha X-ray source) and FTIR (Avatar 320) to elucidate the possible 

mechanism of functionalization. To assess the thermal behavior of GO and x-HMIM/GO 

membranes, the thermogravimetric analysis (TGA, TGAQ500 V20.10) was performed under 

nitrogen in the temperature span of 25 to 800 °C at a heating rate of 10 °C min-1. The water 

contact angle on the surface of freestanding membranes was measured using an optical 

tensiometer (CA 2500 XE) with the software (AST Products, Billerica, MA) to inspect how the 

hydrophilicity changes with the loading of HMIM in GO. 

 

4.2.6 Electrochemical Characterization 

To measure the in-plane ionic conductivity, all free-standing membranes and the 

commercial A201 were sandwiched in a four-probe cell made of platinum wires and Teflon 

plates. To perform the through-plane conductivity test, all x-HMIM/GO membranes were 

pressed between two stainless steel rods with 1 cm2 surface area. In order to calculate the ionic 

resistance at different temperatures and relative humidity (RH), the conductivity cell was 

accommodated inside a lab-made thermal-controlled humidity-chamber. Exposing the cell to 

different RH levels was performed by mixing water-saturated nitrogen with dry nitrogen flow at 
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different temperatures. For measuring the real temperature, a thermocouple sensor was placed 

in close proximity to the sandwiched membrane. To stabilize the operating conditions, the cell 

remained at least 1 h at each specific temperature and RH until no changes were observed in 

the hygrometer and thermometer. AC electrochemical impedance spectroscopy (EIS) was 

applied to evaluate the ionic conductivity by estimating the real impedance of samples from the 

Bode plots using Princeton Versastat MC potentiostat. The frequency range was between 1 

MHz and 10 Hz with perturbation voltage amplitude of 50 mV. At a given temperature and RH, 

the measurements were repeated at least four times with 10 min interval. The hydroxide 

conductivities were then calculated using Equation (3-11). 

 

 

4.3 Results and Discussion 

4.3.1 Physicochemical Characterization  

 

Figure 4-2. (a) Digital photo of freshly vacuum-filtered, 47 mm-diameter, 10-HMIM/GO membrane. (b) Digital 

photo demonstrating the flexibility of a 10-HMIM/GO membrane. (c) Cross-sectional SEM image of 10-

HMIM/GO membrane indicating the thickness of 26.7 um. 

 

The vacuum filtration method yielded a uniform, smooth-surfaced, freestanding, and 

flexible x-HMIM/GO membranes (‘x’ represents the weight ratio to GO; x = 1, 2, 5, 10), as 

shown in Figure 4-2a, b The cross-sectional SEM picture shown in Figure 4-2c reveals the 

morphology of the 26.7 μm 10-HMIM/GO membrane where the functionalized GO nanosheets 

are stacked layer by layer forming a flexible membrane. 
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Table 4-1. Mechanical Properties of GO and 5-HMIM/GO Membranes 

Membrane  Tensile 
strength  
(MPa)  

Young’s 
Modulus  
(GPa)  

Elongation at 
break  
(%)  

Toughness  
(MPa)  

GO  39.55  3  1.08  0.14  
5-HMIM/GO  35.49  1.7  2.13  0.37  
 

 

Figure 4-3. The Stress-strain plot of GO and 5-HMIM/GO membranes at room temperature (26 °C) and RH of 

35%. 

To determine the effects of HMIM functionalization on the mechanical strength of 

HMIM/GO membrane, the typical stress-strain curves for GO and 5-HMIM/GO membranes are 

shown in Figure 4-3. The tensile strength, Young's modulus, elongation at break, and 

toughness are listed in Table 4-1. At the beginning phase of tension test, a non-linear relation 

between stress and strain can be observed, which is called toe region. This region does not 

express any mechanical property of the samples and occurs because of the wavy form of the 

membranes when placed in the machine. When samples are completely straightened, the 

elastic region starts, where the stress and strain are linearly correlated. The HMIM 

functionalization has reinforced the mechanical strength of GO-based EM by boosting the 

toughness about 62% and becoming more flexible than the bare GO film.  

 



  

44 
 

 

Figure 4-4. The EDX mapping of a) carbon, b) oxygen, and c) nitrogen elements distributed between the 

layers of 10-HMIM/GO membrane. 

 

Figure 4-4a-c represent the EDX mapping of carbon, oxygen, and nitrogen in the cross 

section of 10-HMIM/GO membrane, respectively, confirming the uniform distribution of 

aforementioned elements through the layers of GO nanosheets.  

 

 

Figure 4-5. a) The XRD, and b) Raman spectra of free-standing GO and x-HMIM/GO membranes 

Table 4-2. The calculated crystallite sizes using XRD and Raman spectra 

Sample XRD Raman 
 β La (nm) ID/IG La (nm) 

GO 0.012 11.20 1.38 14.14 
1-HMIM-GO 0.013 10.07 1.41 13.84 
2-HMIM-GO 0.014 10.01 1.47 13.28 
5-HMIM-GO 0.015 9.51 1.60 12.20 

10-HMIM-GO 0.015 9.53 1.60 12.20 
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The XRD spectra of GO and x-HMIM/GO membranes in Figure 4-5a reveals how the 

interlayer spacing changes after functionalizing GO with HMIM ionic liquid. Table 4-2 compares 

the calculated crystallite sizes (La) of GO and x-HMIMI/GO membranes from Raman and XRD 

results. In the Raman spectra, from the integrated intensity ratio (ID/IG) the La of all samples 

were estimated using the Tuinstra-Koenig relationship as follows:100, 132 

𝐿௔ ൌ ሺ2.4 x 10ିଵ଴ሻ𝜆ସ ൬
𝐼஽

𝐼
൰

ିଵ

 
(4-1)

where λ (nm) is the Raman laser line wavelength. In order to measure the crystallite size of GO 

and x-HMIM/GO membranes from the XRD spectra, the critical (002) peak was analyzed which 

gives the required information for the lattice size of GO utilizing Scherrer’s equation as follow: 

𝐿௔ሺ002ሻ ൌ
𝐾𝜆

ሺ𝛽𝑐𝑜𝑠𝜃ሻ
 

(4-2)

where La (002) is the size of crystallite in nm, K is a constant dependent on the crystallite shape 

(0.89), λ is the X-ray wavelength in nm, β is the full width at half maximum (FWHM) in radian, 

and θ is the scattering angle in radian. 

The GO membrane shows the typical sharp (002) peak at 2θ = 11.33°, which 

corresponds to an interlayer spacing of 7.80 Å.133 As the weight ratio of HMIM increases in 

functionalizing GO, the GO (002) peak broadens and shifts to a lower diffraction angle of 10.98°, 

which corresponds to a higher interlayer space of 8.05 Å. This infers the incorporation of bulky 

HMIM groups onto the surface of GO, which increased the distance between the stacked 

nanosheets and decreased the crystallinity of GO nanosheets. The crystallite sizes of GO and 

x-HMIM/GO membrane were estimated via Scherrer’s equation (Equation (3-2)), verifying the 

reduction of GO crystallite size when increasing the loading of HMIM (Table 4-2). Furthermore, 

the loading increase of HMIM functional groups newly developed a diffraction peak at 22.03°. 

The emergence of such a broad peak is attributed to the extended degree of functionalization by 

increasing the amount of HMIM, which reinforced the exfoliation and disordered spacing 

between the lower-crystalline, stacked interlayers.123, 134 

Raman spectroscopy was employed to quantify the surface defects on the GO and x-

HMIM/GO membranes (Figure 4-5b). For all samples, the two typical Raman bands for GO-

based materials are located at ∼1580 and ∼1345 cm-1, which are generally referred to the G 

band (i.e., vibrations of graphitic sp2-hybridized carbon) and D band (i.e., vibrations of sp3 
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carbon atoms due to the defects and disorders on the graphene surface and edges), 

respectively.135-137 The addition of HMIM is reflected in the increase of integrated intensities of 

the D to G bands (ID/IG) ratio, confirming the successful incorporation of HMIM on the basal 

plane. This implies that HMIM functionalization has resulted in a net increase of surface defects.  

However, the ID/IG ratio remained the same for 5-HMIM/GO and 10-HMIM/GO, indicating that 

the GO surface has been saturated with HMIM groups. It is well known that the in-plane 

crystallite size (La) of GO is inversely proportional to ID/IG.98, 132, 138 La for GO and x-HMIM/GO 

membranes were calculated (Table 4-2) using the Tuinstra−Koenig equation (Equation 

(3-3)).100  Figure 4-5b indicate the reduction of crystallite size, by the increasing ID/IG, as the 

HMIM loading increased in GO. The trends observed in the crystallite size from Raman are 

consistent with that from XRD, where both characterizations demonstrated a lower crystallinity 

for HMIM/GO membranes with higher loadings of HMIM. 

 

Figure 4-6. FT-IR spectra of freestanding GO and x-HMIM/GO membranes. 

 

Figure 4-6 displays the FT-IR spectra of GO and x-HMIM/GO freestanding membranes, 

which acknowledge the chemical attachment of HMIM to GO nanosheets. The GO spectrum is 

consistent with previous reports where the IR peaks at 1054, 1412, 1628, 1742, and 3417 cm-1 

were referred to the vibrations of epoxy (C−O), carbon−hydroxyl (C−OH), sp2 carbon (C=C), 

carbonyl/carboxyl (C=O), and free hydroxyl (OH) groups, respectively.59, 123, 139 When the amount 
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of HMIM functionalization increased, the stretching vibrations of epoxy groups significantly 

weakened and shifted to a higher wavenumber of 1170 cm-1. Alternately, a newly broad peak 

emerged at 1080 cm-1 for 1-HMIM/GO and 2-HMIM/GO, which shifted to 990 cm-1 for 5- 

HMIM/GO and 10-HMIM-GO membranes. This developed peak was attributed to the stretching 

vibrations of C−N bonds either in the imidazolium ring or formed on the surface of GO after ring-

opening reaction (refer to functionalization mechanism). After functionalization, the C−OH bond 

shifted to a lower wavenumber of 1370 cm-1, which gradually broadened as the loading of HMIM 

increased. It is assumed that this broad peak could be an overlap of C−H bending in the 

imidazolium ring and stretching vibrations of C−OH on the GO surface.140-142 The deformation of 

epoxy and hydroxyl groups conveyed the cruciality of their presence in the interactions between 

GO and HMIM. It was seen that by increasing the weight ratio of HMIM to GO, the C=C and 

C=O peaks gradually merged into a broad peak at 1670 cm-1 representing C=N, C=C, and C=O 

bonds in x-HMIM/GO membranes. The two newly appeared peaks at 2860 and 2935 cm-1 were 

attributed to the cationic nitrogen bonded to the methyl group (N+−CH3) and stretching C−H 

bond in HMIM, respectively. Except for 1-HMIM/GO, the very broad −OH peak redshifted to 

∼3530 cm-1 for all x-HMIM/GO membranes, indicating that HMIM was attached onto GO and 

that this peak shift may be due to the chemical bonding between these two components.139  
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Figure 4-7. (a) Low-resolution XPS, (b) high-resolution C 1s XPS, (c) high-resolution N 1s XPS, and (d) high-

resolution O 1s XPS spectra of freestanding GO and 5-HMIM/GO membranes. 

 

 Figure 4-7a demonstrates the survey XPS data for GO and 5-HMIM/GO membranes 

where the emergence of nitrogen peak in 5-HMIM/GO, with an atomic percentage of 4.89%, 

confirms the successful HMIM-functionalization onto GO. In order to investigate the types of 

chemical bonds that developed after functionalization, broad scans of C 1s, N 1s, and O 1s 

spectra were recorded for both GO and 5-HMIM-GO in Figure 4-7b-d. The C 1s spectra in 

Figure 4-7b were deconvoluted into four peaks. The GO membrane exhibited aromatic C 1s 

peaks at 284.94 eV (sp3-hybridized C−C/C−H), 287.11 eV (epoxide, C−O−C/hydroxyl, −C−OH), 

288.66 eV (carbonyl, C=O), and 289.83 eV (carboxyl, O=C−OH), which are in agreement with 

the literature.59, 123 The C 1s spectrum for 5-HMIM/GO revealed an intense C−C/C−H peak at 
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284.99 eV, which is due to the long hexyl chain attached to HMIM. The disappearance of the 

epoxide/hydroxyl peak and the emergence of a new peak at the binding energy of 286.51 eV in 

5-HMIM/GO can be attributed to either the interaction between the pyridinic nitrogen atoms and 

carbon in the imidazolium ring of HMIM (i.e., −C−N), or the newly formed −C−N bonds after the 

ring-opening reaction of HMIM with GO. Furthermore, the carbonyl and carboxyl peaks in 5-

HMIM/GO membrane became sharper after slight shifts to 288.34 and 289.93 eV, respectively. 

These intensifications can be assigned to N−C−N bonds in the imidazolium ring of HMIM and 

the formation of O=C−N− bonds covalently attached to the surface of GO via the ring-opening 

reaction.143 The N 1s spectra of GO and 5-HMIM/GO membranes compared in Figure 4-7c 

confirms the successful functionalization of GO with HMIM groups since GO does not typically 

contain any nitrogen. In 5-HMIM/GO membrane the developed N 1s bond at 399.41 eV 

correspond to either the pyridinic nitrogen atoms (−C−N) in HMIM or the generated N−(C=O)− 

bonds after the ring-opening reaction.144 The lifted peak at 401.78 eV represents the cationic 

nitrogen in either the imidazolium ring of HMIM or the produced secondary ammonium when 

HMIM has been covalently bound to GO nanosheets.143 Figure 4-7d represents the high 

resolution O1s spectra of free-standing GO and 5-HMIM/GO membranes. The GO 

membrane exhibited the typical peaks at 530.74 eV (carboxyl, O=C‒OH), 531.85 eV 

(carbonyl, C=O), 532.8 eV (epoxide, C‒O‒C), and 533.8 eV (hydroxyl, ‒C‒OH) which were 

similar to the previous reports.59, 123 After functionalizing the GO with HMIM groups, the 

carboxyl and carbonyl peaks were significantly intensified assigned to the generation of N‒

(C=O)‒O and N ‒(C=O)‒ bonds after the ring-opening reaction through which the HMIM is 

covalently bound to the GO surface. The intensity reduction of epoxide peak at 533.01 eV 

and the disappearance of hydroxyl peak additionally support the ring-opening of epoxide on 

GO surface and the reaction of hydroxyl groups with the ring-opened HMIM. The very broad 

but weakly emerged peak at 534.6 eV is assigned to the existence of trapped water 

molecules in 5-HMIM/GO membrane. The intensified carboxylic and carbonyl peaks in the O 

1s spectrum of 5-HMIM/GO membrane in Figure 4-7b compared to those in the GO spectrum 

in Figure 4-7d further approve the occurrence of the ring-opening reaction between HMIM and 

GO nanosheets. 
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4.3.2 Functionalization Mechanism 

 

Figure 4-8. Illustrations of (a) covalent and (b) noncovalent bondings of HMIM to GO nanosheets. 

 

According to the outcomes from FT-IR and XPS two possible functionalization 

mechanisms are proposed in Figure 4-8, both of which may have occurred simultaneously. The 

first suggested mechanism is based on the covalent bonding between the imidazolium ring and 

GO nanosheets via a nucleophilic ring-opening reaction with epoxy and hydroxyl groups under 

alkaline conditions. According to Figure 4-8a, the carbon connecting two pyridinic nitrogen 

atoms in the imidazolium ring of HMIM can be nucleophilic-attacked by a hydroxyl ion, changing 

the double bond between the nitrogen and carbon to a single bond.145 As a result, two transient 

carbinolamine isomers, amine chains, and KCl salt are produced. KOH attacks GO by reacting 
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with epoxy groups, generating hydroxyl groups and potassium ions weakly bound to the epoxide, 

accessible for being reacted with HMIM.146, 147 The hydroxyl groups on GO donate protons to 

HMIM which reacts with the amine chains producing secondary ammonium cations capable of 

conducting hydroxides. Subsequently, the carbinolamine isomers react with the formed 

oxyanions on the GO surface, generating carboxylate esters which covalently bind the ring-

opened HMIM to GO. The significant increase in the intensity corresponding to the carboxylic, 

carbonyl, and hydroxyl peaks in C 1s (Figure 4-7b) and O 1s (Figure 4-7d) XPS spectra 

strongly supports the proposed functionalization mechanism through the covalent bonding of 

HMIM with GO nanosheets. Another hypothesis for the functionalization mechanism could be 

based on the noncovalent bonds between HMIM and GO nanosheets in an alkaline medium 

(Figure 4-8b). Since N=C and N−C−N bonds did not disappear in the FTIR and XPS spectra, it 

can be concluded that in addition to the ring-opening reaction of HMIM with GO, the HMIM itself 

still exist in the freestanding membranes. In that case, the cationic imidazolium groups in HMIM 

can electrostatically interact with negatively charged GO nanosheets and induce the πcation−π 

stacking between HMIM and GO nanosheets.148 This not only keeps the layers stacked together 

in the freestanding membrane but also highly favors the conduction of hydroxide ions via the 

cationic HMIM along and throughout the layers. It is expected that the covalent and noncovalent 

bindings of HMIM to GO nanosheets exist concurrently and both attribute to the conduction of 

hydroxide ions in the freestanding x-HMIM/GO membranes. 
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4.3.3 Ion Conductivity Measurements 

 

 

Figure 4-9. I–V plots of the x-HMIM/GO membranes at both 30 and 90% RH and room temperature conditions. 

Table 4-3.The calculated electrical resistance (from I-V plots in Figure 4-9) and conductivity (from Equation 

(3-11)) for x-HMIM/GO membranes. 

Membrane  Electrical resistance   
(ohm)  

Electrical conductivity   
(S cm-1)  

1-HMIM/GO  7.64×107  9.82×10-6  
2-HMIM/GO  1.86×107  4.04×10-5  
5-HMIM/GO  8.49×106  5.89×10-5  
10-HMIM/GO  8.36×106  3.42×10-5  

 

To ensure that the membranes exhibit a high electrical resistance and will not short a 

practical cell, all x-HMIM/GO membranes were inspected. GO itself is an electron insulator 

because of the existence of oxygenated functional groups on its basal plane and edges as well 

as having distorted sp3 hybridization.149 In order to investigate if the GO-based membranes 

have maintained their electron insulation properties after HMIM functionalization, we have 

measured their electron conductivities from the current vs. voltage (I-V) plots. The I–V plots 

(Figure 4-9) were recorded at room temperature in both wet and dry conditions by varying the 

voltage between ±0.2 V. The slopes of the linear I-V curves in Figure 4-9 and Equation (3-11) 

were used to calculate the electronic resistance and electron conductivities of the HMIM/GO 

membranes, respectively. All calculated results are demonstrated in Table 4-3. All HMIM/GO 

membranes have extremely high electron resistance and electron-insulating behaviour. 
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Although the increase of HMIM/GO weight ratio from 1 to 10 has increased the slope of the I-V 

curves and thus decreased the electronic resistance from 7.64×107 to 8.36×106 ohms, the 10-

HMIM/GO membrane still exhibits a high electron-insulating behavior. This test confirms the 

electron insulation of all HMIM/GO membranes to be used as solely ion-conducting EMs in Zn-

air battery and supercapacitors. 

 

 

Figure 4-10. The TGA comparison between the free-standing GO and x-HMIM/GO membranes.  

 

For evaluating the performance of the membranes, the free-standing GO and x-

HMIM/GO membranes will be compared based on three key parameters, which are comprised 

of temperature, RH and mass loading of HMIM. Since the hydroxide conductivities of x-

HMIM/GO membranes are considered up to an elevated temperature of 50 °C, 

thermogravimetric analysis (TGA) was performed (Figure 4-10) to assess their thermal stability. 

Before running the test, the samples were preserved at room temperature and 30 %RH in a 

humidity chamber for 2 h. The TGA for GO and all x-HMIM/GO membranes are divided into 

three and four different zones, respectively. The weight loss in zone one was related to the 

water evaporation which was calculated ~14% for the GO membrane in the range of 30-150 °C, 

~6% for 2- and 5-HMIM/GO, and ~4% for 10-HMIM/GO membranes occurred between 30 °C to 

114 °C. The smaller amount of water loss in x-HMIM/GO membranes indicated to a lesser 

tendency of GO membrane to absorb water molecules after functionalization. In the second 

zone, the weight loss for the GO membrane was between 150 °C to 250 °C, whereas that took 

place from 114 to 200 °C for x-HMIM/GO membranes. That weight loss was caused by the 

decomposition of the unstable oxygen-containing functional groups which was 48%, 23%, 19%, 
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and 18% for the GO, 2-HMIM/GO, 5-HMIM/GO, and 10-HMIM/GO membranes, respectively.139 

By increasing the degree of functionalization, more oxygenated groups were involved in the 

ring-opening reaction. In zone three, a 15% weight loss was observed for the free-standing GO 

membrane between 250 °C and 570 °C which was attributed to the removal of more stable 

oxygen groups.139 In this zone, the mass of x-HMIM/GO membranes started to decrease from 

200 °C to 580 °C, which were about 26%, 25%, and 21% for 2-HMIM/GO, 5-HMIM/GO, and 10-

HMIM/GO, respectively. This mass disappearance for x-HMIM/GO membranes was due to the 

bonded HMIM groups beginning to disassociate from the GO surface. In the last zone the sharp 

weight-loss of x-HMIM/GO membranes after 580 °C are assigned to the complete removal of 

HMIM groups.150-152 According to TGA results, the functional groups started to degrade after 

200 °C, which guarantees the high thermal endurance of each membrane at the temperatures 

of interest. 

 

 

Figure 4-11. In-plane hydroxide conductivity of A201 from Tokuyama, the freestanding GO membrane, and 

freestanding x-HMIM/GO membranes in different RH at (a) 25 °C and (b) 50 °C. 

 

Finally after verifying the prerequisites of using the membranes as EMs, Figure 4-11 

presents the in-plane hydroxide conductivity of the freestanding GO and x-HMIM/GO 

membranes, and a reference comparison to that of the commercial A201 membrane from 

Tokuyama. In the case of the commercial A201, the measured hydroxide conductivity, at room 

temperature and 90% RH, was similar to that reported in literature,153 i.e., ∼0.04 S cm-1 (Figure 

4-11a). Considering the pristine GO membrane, where its ion conduction is highly dependent on 
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the presence of water molecules, amongst the considered membranes, it exhibited the lowest 

ion conductivity of 0.000589 S cm-1 at 25 °C and 30% RH. When the RH increased to 60% and 

90%, the conductivity of the GO notably increased by 5.8 and 10.1 times. At high RH, multilayer 

physical adsorption of water molecules occur through hydrogen bonding on the hydroxyl groups 

of GO.154 Moreover, the OH and COOH groups became ionized, and thereby contributing 

hydronium charge carriers.34, 154, 155 In addition, the strong dependency of the ionic conductivity 

on temperature change (Figure 4-11b) demonstrates the high sensitivity to the operating 

conditions in A201 membrane. The obtained results for ion conduction in pristine GO and A201 

membranes is indicative of their performance dependency on the operating conditions, which 

limits their practical application for wearable energy-storage devices. Post-HMIM-

functionalization, for both 25 and 50 °C (Figure 4-11), raising RH from 30% to 90% increased 

the hydroxide conductivity by ∼3.5 times at the two lower HMIM loadings (i.e. 1-HMIM/GO and 

2-HMIM/GO), whereas for the two higher HMIM loading (i.e. 5-HMIM/GO and 10-HMIM/GO) 

increased merely ∼1.5 times. This effect can be linked to the increased interlayer spacing of GO 

nanosheets functionalized with HMIM groups.  
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Figure 4-12. Water contact angle images of free-standing a) GO, b) 1-HMIM/GO, c) 2-HMIM/GO, d) 5-HMIM/GO, 

and e) 10-HMIM/GO membranes. f) The comparison between left and right water contact angles in all free-

standing membranes.  

 

To evaluate any variation in the hydrophilicity of the GO membrane after being 

functionalized with HMIM, the water contact angle on the surface of all membranes was 

measured and displayed in Figure 4-12a-e. For this purpose, a droplet of water (about 7 μL) 

was laid onto the surface of all samples and the images were captured using a charge-

coupled device camera. Contact angles below 90° exhibit the hydrophilic feature of a sample. 

The digital images of water drops revealed that the loading increase of HMIMI has 

increased the water contact angle, denoting the decrease of hydrophilicity of x-HMIMI/GO 

membranes. As shown in Figure 4-12f both left and right contact angles for all free-standing 

membranes were equal, expanding from 48.7° to 60.1° by increasing the weight ratio of 

HMIMI to GO from 1 to 10.  
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Although doped with low concentrations of HMIM, yet some oxygenated groups persist 

on the GO surface, the distance between nanosheets increased and favor the extra absorption 

of water molecules at higher RH, which can facilitate ions transfers and notably increase the 

hydroxide conductivity. When the HMIM loading increases, most of the oxygenated groups (e.g. 

epoxy and hydroxyl) are involved in the formation of either covalent or noncovalent bondings 

with HMIM (Figure 4-8), which then negatively affects the water absorption. The reduction of 

hydrophilicity in GO via increasing the loading of HMIM has been shown by the incremental 

increase of the water contact angle from 48.7° for GO to 60.1° in 10-HMIM/GO membrane 

(Figure 4-12).  

 

 

Figure 4-13. Sensitivity of ion conductivity in 10-HMIM/GO and A201 membranes to RH change at the 

temperature of a) 25 °C and b) 50 °C. 

 

However, since HMIM itself is an ion-conductive ionic liquid with minor dependency on a 

humid medium, a higher degree of that in GO not only boosts the hydroxide conductivity at 

lower RH but also effectively decreases the performance sensitivity to the operating conditions. 

For example, at a low RH of 30% and room temperature, the ion conductivity of 10-HMIM/GO 

membrane was 3.8 times higher than that of commercial A201. By changing RH from 30% to 

90%, the hydroxide conductivity of 10-HMIM/GO varied only 23% and 19% at 25 and 50 °C, 

respectively, whereas that of A201 membrane underwent a dramatic change of 84% and 52% at 

the same conditions (Figure 4-13).  
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Figure 4-14. Sensitivity of ion conductivity in 10-HMIM/GO and A201 membranes to the temperature change 

at RH of a) 30%, b) 60%, and c) 90%. 

 

Likewise, the impact of temperature increase from 25 to 50 °C on the rate of ion transfer 

in 10-HMIM/GO membrane was ∼50% less than that in commercial A201 (Figure 4-14). 

 

 

Figure 4-15. Arrhenius plots showing the natural logarithm of hydroxide conductivity vs. the reciprocal of 

temperature for GO and 5-HMIM/GO membranes. 
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To determine the mechanism of hydroxide conduction in HMIM/GO membrane, the 

activation energy (Ea) for ion-migration in both GO and 5-HMIM/GO membranes is calculated. 

To perform the test, first, the samples are equilibrated at room temperature and 60% RH, and 

then their in-plane ion conductivities are measured at 25, 30, 40, 50, and 55 °C. Assuming an 

Arrehnius behaviour (Equation (3-12)), Ea is measured from the slope of linear regression of 

natural logarithm of ion conductivity (ln σ) vs. the reciprocal of the temperature (1000/T) as 

plotted in Figure S7. As shown in Figure S7, the Ea for GO and 5-HMIM/GO membranes are 

about 34.92 and 10.56 kJ mol-1, respectively. The Ea of 5-HMIM/GO is also compared to that of 

the commercial A201 membrane (ca. 11.26 kJ mol-1) as reported in literature and our previous 

work.156, 157 Compared to GO and A201, the lower Ea of 5-HMIM/GO implies the dominance of 

Grotthus mechanism rather than vehicle mechanism in the membrane. The hypothesized 

mechanism can be highly supported by the minor sensitivity of hydroxide migration to 

temperature and RH in 5-HMIM/GO membrane. From these derived values, the minor sensitivity 

of hydroxide migration to temperature and RH in HMIM/GO membranes can be approved by the 

dominance of Grotthus mechanism rather than vehicle mechanism in the membranes (Figure 

4-15).158, 159  
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Figure 4-16. The through-plane hydroxide conductivity of freestanding x-HMIM/GO membranes in different 

RH at a) 25 °C and b) 50 °C. Degree of anisotropy for x-HMIM/GO membranes in different RH at c) 25 °C and d) 

50 °C. 

 

These results are highly supportive to the development of wearable energy-storage 

systems where the performance dependency on the operating conditions would otherwise 

restrain their long-term application and reliability. The through-plane hydroxide conductivities of 

all x-HMIM/GO membranes are shown in Figure 4-16a, b. Depending on the HMIM loading in 

GO, the through-plane conductivity has dropped about 1−2 orders of magnitude when 

compared to their in-plane conductivity. The resulted differences between in-plane and through-

plane conductivities arise from two main reasons. First, in the through-plane arrangement (i.e., 

through the thickness) L in Equation (3-11) corresponds to the membrane thickness, in the 

range of micrometers, and A is the (flat) area of the electrodes, which is generally much larger 

than the thickness. Thus, opposed to in-plane direction, the dimensional ratio (i.e. L/A) is very 
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small, and the impedance contributions from the interfacial region between the membrane and 

the electrodes become more restrictive.160, 161 The other factor causing the discrepancy between 

the in-plane and through-plane ion conductivities in membranes may arise from variations in 

material’s physical properties at its microstructural orientations, called morphological anisotropy. 

Depending on the similar or different ionic conductivity value in each direction, the membrane 

can be considered as an either isotropic or anisotropic material, respectively. To evaluate that, a 

degree of anisotropy must be defined, which is the ratio of the in-plane to the through-plane 

conductivity. According to the obtained results (Figure 4-11 & Figure 4-16a, b), the degree of 

anisotropy was calculated and tabulated in Figure 4-16c, d. By increasing the loading of the 

HMIM functional groups in GO (e.g. 5-HMIM/GO and 10-HMIM/GO), the degree of anisotropy 

decreased significantly, which supported the faster ion transfer through the thickness of the 

HMIM/GO membranes. This may stem from the existence of a more uniform microstructural 

morphology in both directions of 5-HMIM/GO and 10-HMIM/GO membranes, as conferred by 

XRD and Raman results. As revealed in the XRD (Figure 4-5a) and Raman spectra (Figure 

4-5b), the increased loading of HMIM functional groups reinforces the exfoliation of GO 

nanosheets and disorderly spacing between the stacked interlayers. Accordingly, the 

crystallinity decreased, which creates higher ion mobility in all dimensions of highly loaded 

HMIM/GO membranes.  

 

 

Figure 4-17. Durability of Hydroxide Conduction in a one-year stored 10-HMIM/GO membrane at different RH 

and temperatures of a) 25 °C and b) 50 °C 

 

As the sustainability of hydroxide conduction over a period of time is of great importance 

for wearable electronics, the hydroxide conductivity of a one-year-stored 10-HMIM/GO 
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membrane was also re-measured and compared to a freshly made sample in Figure 4-17. 

According to Figure 4-17a, at room temperature, the hydroxide conductivity of a one-year-

stored 10-HMIM/GO membrane decreased about 11.8, 9.2, and 2.8% at RH of 30, 60, and 90%, 

respectively. At 50 °C (Figure 4-17b) the conductivities also decreased about 20, 26.5, and 17. 

6% at RH of 30, 60, and 90%, respectively.  

 

 

Figure 4-18. The Raman spectrometry of the one-year stored 10-HMIM/GO membrane 

 

The slight reductions in the conductivities in the one-year-stored 10-HMIM/GO could be 

attributed to the increased defects on the surface of HMIM/GO based on the Raman spectrum 

in Figure 4-18. This may have occurred due to the exposure of 10-HMIM/GO membrane to 

ambient room conditions for one year. In spite of the minor performance decrease, the 

hydroxide conductivity of the HMIM/GO membrane is sufficiently high enough to maintain the 

performance for energy-storage systems at different environmental conditions. 

 

4.3.4 Electrochemical Characterization 

In order to affirm the applicability of freestanding x-HMIM/GO membranes in wearable 

energy-storage systems, flexible Zn−air battery and supercapacitor were fabricated using 5-
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HMIM/GO membrane as the hydroxide-conductive solid electrolyte and was also compared to 

those made from the commercial A201 polymeric membrane from Tokuyama. Similar to other 

alkaline electrochemical devices, Zn−air batteries and alkaline supercapacitors suffer from the 

major limitations caused by the aqueous KOH electrolyte such as evaporation, carbonation, 

operating temperature, alkaline corrosion, safety, and electrochemical stability,119, 162 which 

dramatically restrict their applications in wearable electronics. Accordingly, replacing the 

aqueous alkaline electrolytes with a solid-state, thin, and flexible membrane can not only 

address the aforementioned issues, but also provide a lightweight alternative.  

 

 

Figure 4-19. Picture of a flexible electrochemical energy storage device containing the freestanding 5-

HMIM/GO membrane as the solid hydroxide conductive EM. The energy storage system could be either a Zn-

air battery or a supercapacitor. 

  

 As shown in Figure 4-19, the fully solid-state, flexible, and lightweight zinc−air battery 

and supercapacitor were fabricated by sandwiching a 27 μm freestanding 5-HMIM/GO 

electrolyte membrane between either (i) a Zn pellet anode and a bifunctional Co3O4 cathode for 

the Zn−air cell or (ii) two carbon-coated electrodes for the supercapacitor. 
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Figure 4-20. a) Charge/discharge polarization curves, and b) galvanostatic charge and discharge cycling at a 

current density of 200 mA g-1 with a 10 min cycle period, of Zn-air batteries made of a freestanding 5-

HMIM/GO membrane and the commercial A201. c) The Ragone plot for 5-HMIM/GO Zn-air battery. 

 

Figure 4-20a exhibits the cell potential change of the solid-state Zn−air battery 

possessing low humidified 5-HMIM/GO membrane during discharge and charge as a function of 

current density compared to that of a fully humidified A201 polymeric membrane (28 μm) from 

Tokuyama at room temperature. While discharging the battery, the open-circuit voltage (OCV) 

for both membranes was about 1.25 V. Despite operating at a lower humidity than A201, the 

Zn−air battery made of freestanding 5-HMIM/GO membrane has exhibited a larger discharging 

current density than that of A201. For example, at 0.8 V, the discharging current density of the 

battery equipped with 5-HMIM/GO membrane was 1.2 times higher than that with a fully-

humidified A201 membrane. This can be associated to the superior hydroxide conductivity of 5-

HMIM/GO membrane (at low RH) than that of A201 (at higher RH and temperature) (Figure 

4-11). However, a fully humidified A201 showed a slightly better charging current density 

compared to low-RH 5-HMIM/GO membrane; at 2 V, the charge current density of A201 was 

about 1.2 times higher than that of 5-HMIM/GO. Furthermore, to review the cycling performance 

of batteries, the galvanostatic charge and discharge of 5-HMIM/GO and A201 Zn−air batteries 

have been evaluated in Figure 4-20b. Both membranes exhibit stable charge/discharge 

performances for 60 cycles. The comparable cycling stability of 5-HMIM/GO at 50% RH to A201 

at 100% RH confirms its pragmatic functionality at low RH and room temperature conditions to 

provide adequate service as a solid-state, flexible battery, especially in drier climates. Moreover, 

the long cycling stability of 5-HMIM/GO at 50% RH is higher than that of many reported solid 

EMs in the literature, which were tested at the more favourable 100% RH.163, 164 A Ragone plot 

have also been generated for the 5-HMIM/GO Zn−air battery (Figure 4-20c) to assess the 

effect of discharge rate on the energy density decay of the battery. In order to generate the 
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Ragone plot, the 5-HMIM/GO contained Zn-air battery was completely discharged at three 

different current densities, of 100, 200, and 300 mA g-1, to measure the specific energy density 

at different discharge rates. Despite the large increase of specific power density, from 120 to 

360 W kg-1, the specific energy density of the Zn−air cell has merely dropped 16.6 Wh kg-1. The 

high sustainability of the specific energy density can be attributed to the stable hydroxide 

conductivity of 5-HMIM/GO membrane during discharge, which prevents the rapid polarization 

of the zinc electrode as conventionally occurs in Zn−air cells using liquid KOH electrolytes. 

According to the presented Ragone plot, the minor performance sensitivity to the surrounding 

RH and temperature in 5-HMIM/GO membrane demonstrates the feasibility of replacing KOH 

liquid electrolytes with reliable solid EMs for upcoming Zn−air batteries. 

 

 

Figure 4-21. a) CV curve of supercapacitors made of a freestanding 5-HMIM/GO membrane and the 

commercial A201 at a scan rate of 0.2 V s-1. b) The EIS curve of the supercapacitor containing 5-HMIM/GO 

membrane. 

 

Figure 4-21a compares the CV of the supercapacitors equipped with a fully-humidified 

A201 against the low-RH 5-HMIM/GO membrane at a scan rate of 0.2 V s-1. The CVs are 

virtually rectangular showing that both solid EMs have low ionic transfer resistances, additionally 

justified by the electrochemical impedance spectroscopy (EIS) analysis in the Figure 4-21b. At 

the high-frequencies the low intrinsic resistance, represented by the x-intercept, represents a 

low internal resistance within the supercapacitor. This confirms the high ionic conductivity of the 

5-HMIM/GO membrane at room temperature and low RH conditions. At low frequencies, since 
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the imaginary portion of the impedance approaches the infinity with a close phase angle shift to 

90°, it can be concluded that using 5-HMIM/GO electrolyte membranes favor the flexible 

supercapacitors to act as an ideal capacitor without being dependent on the level of water in 

system. The low ionic transfer resistance in the low humidified 5-HMIM/GO is presumed to have 

originated from the incorporated HMIM groups, which increased the interlayer spacing and ionic 

conductivity without any dependence on the RH level. However, for the fully humidified A201, 

the low ionic transfer resistance stemmed from the existence of absorbed water molecules in 

the polymeric backbone of A201 and thus, the increased mobility of ions.  

 

 

Figure 4-22. The CV curve of the supercapacitor containing 5-HMIM/GO membrane at scan rates 0.2, 0.5, and 

1 V s-1. 

 

These results remained consistent with Figure 4-22, which showed the ionic mobility 

was still high albeit varying the CV scanning rates. The CV almost maintains its rectangular 

shape suggesting that the low humidified 5-HMIM/GO membrane maintains a low ionic transfer 

resistance, even at higher scan rates. At a scan rate of 0.2 V s-1, the capacitances were 

calculated at 0.065 and 0.069 F cm-2 for the supercapacitors equipped with fully humidified 

A201 and low humidified 5-HMIM/GO membranes, respectively.  
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Figure 4-23. The CVs of a symmetric 5-HMIM/GO supercapacitor with different potential windows at a scan 

rate of 0.2 V s-1. 

 

The operational voltage window for the 5-HMIM/GO supercapacitor was measured by 

calculating the gravimetric capacitance at certain voltage windows (Figure 4-23) using the cyclic 

voltammetry (CV) at the scan rate of 0.2 V s-1. The gravimetric capacitance consistently 

increased as the voltage window increased. The evaluated voltage window for the 5-HMIM/GO 

supercapacitor demonstrated a stable operational window up to 1.2 V. However, since most 

supercapacitors are operated in the range of maximum voltage (Vmax) and half of Vmax,165 0−1 V 

can be selected as a safe operational voltage window for 5-HMIM/GO supercapacitors to buffer 

against any absorbed water electrolysis reactions at ∼1.23 V. These results confirm that 

freestanding HMIM/GO membranes are considerably functional at low RH and room 

temperature, which can provide adequate operation for a solid-state, flexible battery or 

supercapacitor, without the need to be humidified.  
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Table 4-4. Comparison of hydroxide conductivity and device performance at Room Temperature (unless 

specified) within Zn-air batteries 

Solid Electrolyte  
Membrane  

Ion 
conductivity  
(S cm-1)  

Device 
Performance via 
Power Density 

Testing RH  
(%)  

Reference 

P(ECH-co-EO)  0.001  
0.005 at 90 °C  

14 mW cm-2 100  164 

S-PP/PE  0.018  27 mW cm-2 100  166 
PVA/PAA  0.3  

0.5 at 80 °C  
50 mW cm-2 100  167 

Sulfonated PPf  0.035  38 mW cm-2 100  168 
GGPE  0.0031  9h discharge at 0.92 

V and 0.1 mA cm−2  
100  117 

PVA/PEO/KOH  0.3  12h discharge at 1 V 
and 1 A g−1  

100  163 

QAFCGO  0.033  
0.058 at 70 °C  

44.1 mW cm-2  100  169 

5-HMIM/GO  0.044  
0.078 at 50 °C  

35.12 mW cm-2 30  This work 

 

Table 4-5. Comparison of hydroxide conductivity and device performance at Room Temperature within 

alkaline solid supercapacitors 

Solid Electrolyte  
Membrane  

Ion conductivity  
(S cm-1)  

Device Performance 
via Capacitance 

Testing RH  
(%)  

Reference 

GO-B-PVA/KOH  0.2 130.8 F g-1 at 0.01 V s-

1  
100  170 

PVAPB  0.001  45 F g-1 at 0.02 V s-1 100  171 
5-HMIM/GO  0.044  19.7 F g-1 at 0.2 V s-1  30  This work 

 

A literature survey is conducted to compare the performance of HMIM/GO membrane to 

the so far reported hydroxide-conductive solid EMs in Zn-air batteries and alkaline solid 

supercapacitors. According to Table 4-4 and Table 4-5, the majority of reported solid EMs are 

made of KOH-based gel polymer electrolytes such as poly(vinyl alcohol) (PVA), poly(ethylene 

oxide) (PEO), and polypropylene (PP) with a high concentration of KOH >10 wt%.172 These 

membranes has shown hydroxide conductivities of 0.001–0.3 S cm−1 when tested at room 

temperature and 100% RH, showing their strong reliance on the degree of hydration. When 

used in the battery or supercapacitors, these membranes tend to lose water rapidly by 

evaporation since the electrodes are exposed to the atmosphere. This leads to a fast 

degradation of the hydroxide conductivity and the resultant battery and supercapacitor 

performance. As Zn-air batteries and supercapacitors are used in portable and wearable 
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electronics, the limited operating window of these membranes greatly restrict their application 

and reliability in different environmental conditions and climates. This comparison approves the 

high potential of HMIM/GO to be functional at different operating conditions, especially low RH, 

which is highly important for the reliability of wearable electronics to be used in dry climates. 

 

4.4 Chapter Conclusion 

In this chapter, in order to minimize the performance dependence of wearable 

electronics to the operating environment, a flexible GO electrolyte membrane was functionalized 

with HMIM molecules via esterification reaction. According to the spectrometric analyses, we 

postulated two different functionalization mechanisms that simultaneously occur including (i) the 

covalent bonding of ring-opened HMIM to the ring-opened epoxide and hydroxyl groups on the 

GO and (ii) the electrostatic interaction of cationic imidazolium groups in HMIM with negatively 

charged GO nanosheets. Compared to a pristine GO membrane and the commercial A201 

membrane from Tokuyama, the resultant freestanding x-HMIM/GO membranes demonstrated 

not only significantly higher hydroxide conductivities at low RH and room temperature conditions 

but also the minimum performance dependency on the environmental conditions. For instance, 

the 10-HMIM/GO membrane exhibited a superior and stable hydroxide conductivity of 0.064 ± 

0.0021 S cm-1 at 30% RH and room temperature, which was 3.8 times higher than that of the 

commercial membrane at similar conditions. Likewise, the hydroxide conductivity of 10-

HMIM/GO membrane changed only 22.54% and 41.91% by increasing the RH to 90% (at room 

temperature) and temperature to 50 °C (at 30% RH), respectively. In contrast to the 10-

HMIM/GO membrane, the hydroxide conductivity of A201 membrane was highly dependent on 

the operating conditions, which changed 84.25% and 96.69% by increasing the RH to 90% 

(from 30% RH, at room temperature) and temperature to 50 °C (from 25 °C, at 30% RH), 

respectively. The feasibility of using freestanding x-HMIM/GO membranes in flexible electronics 

was assessed by assembling 5-HMIM/GO membrane in a solid-state Zn−air battery and a 

supercapacitor. At room temperature, the charge−discharge voltage polarization of the flexible 

Zn−air cell and the CV curves of the supercapacitor containing the novel 5-HMIM/GO 

membrane, at low RH, were comparable to those of the commercial polymeric membrane (i.e., 

A201), at humidified environment. This achievement is attributed to the high rate of ion transfer 

at low RH and room temperature conditions favored by the bonded HMIM groups on the surface 

of GO nanosheets. The results of this chapter discloses the promising potential of manipulating 
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a freestanding nanomaterial membrane to work as a flexible and lightweight EM in wearable 

energy storage devices, possessing highly stable performance even at different operating 

conditions, especially at low RHs and room temperature. 

 

  



  

71 
 

Chapter 5: Near-Isotropic Proton-Conducting Porous Graphene 

Oxide Membrane 

This chapter is adapted with permission from Serubbabel Sy, Gaopeng Jiang, Jing 

Zhang, Hadis Zarrin, Timothy Cumberland, Salah Abureden, Ellsworth Bell, Jeff Gostick, Aiping 

Yu, and Zhongwei Chen. Near-Isotropic Proton-Conducting Porous Graphene Oxide Membrane. 

ACS Nano 2020 Nov 11; 14(11), 14947-19459. Copyright 2020 American Chemical Society.  

 

5.1 Introduction 

Graphene oxide (GO) is a widely-recognized two-dimensional (2D) atom-thick 

nanomaterial enriched with abundant oxygenated functional groups on the surface.4, 173 GO 

preparation has realized many iterations and evolutionary changes since its inception made by 

Brodie 3, 174, i.e. utilizing chemical methods (e.g. chlorate,175, 176 permanganate,17, 177-179 etc.180-

182), electrochemical methods,19, 183 to microbial methods.184-186 This development has been 

fueled by the many beneficial characteristics, a combination of which are distinctive of GO. For 

example, GO nanosheets tend to self-assemble into a thin, laminated membrane during solvent 

evaporation. Benefitting from the facile functionalization, high aspect ratio of GO nanosheets, 

and its highly selective, molecular/ionic sieves-like interlayers, the GO membrane can be well 

applied as an ideal separator for multiple important applications, such as gas separation,47, 187-189 

water treatment,187, 188, 190-194 and electrochemical energy-storage or conversion devices (e.g. 

batteries, fuel cells, supercapacitors, solar cells, etc.).56, 195-197 More notably, the high aspect 

ratio of nanosheets enables the GO membrane with typical anisotropic transportation properties, 

including thermal conductivity,198 electronic conductivity,199, 200 and water permeability.47, 187, 201-

203 Accordingly, the ionic conductivities of a GO membrane, mainly proton conductivity and 

hydroxide ion conductivity, are also found to be anisotropic, favoring the in-plane direction rather 

than the through-plane.44, 56, 126 The ratio of in-plane proton conductivity (σ∥) over the through-

plane one (σ⊥), i.e. the degree of anisotropy (σ∥⁄σ⊥) is reported to range from tens to hundreds 

for the GO membranes.39, 40, 204-207 However, when a GO membrane is employed as the solid 

electrolyte in some practical electrochemical devices,8, 9, 56, 59, 123, 125, 195, 204, 208-211 its anisotropic 

proton-conducting properties is not favorable because the through-plane proton conductivity is 

more essential and meaningful than the in-plane counterpart. Some approaches have been 

proposed to enhance the proton conductivity of GO membranes via either doping small 
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molecules40, 205, 206, 212 or the functionalization with proton-conductive moieties.59, 125, 209, 213  

However, although these strategies have increased the overall ionic conductivity, they have not 

changed the degree of anisotropy. Therefore, if the degree of anisotropy of proton conductivity 

could be decreased or even if the GO membrane could be transformed to a near-isotropic or 

isotropic proton conductor, the through-plane proton conductivity would be further enhanced for 

practical applications. 

Herein, considering the high aspect ratio of 2D GO nanosheets in a laminated and 

anisotropic-shaped GO membrane, we purpose a strategy to tailor the proton-conducting 

pathway across the GO membrane via creating a porous morphology in GO nanosheets. In this 

design, a renewed pore-formation methodology using sonication-assisted (SA) Fenton reaction 

is introduced. Briefly, Fenton reaction214 involves the reduction of hydrogen peroxide in the 

presence of a ferrous catalyst to generate ꞏOH radicals, which are powerful and non-selective 

oxidants.  

 

Table 5-1. Table comparing pore-forming methodologies for GO 

Methodology Precursors Temperature Scalable Additional Notes Ref 

Steam-Etching GO, Water 
200 oC 

(hydrothermal) 

Very 

Difficult 

Partially reduces 

GO 
33 

UV irradiation GO, O2 Room Temp. Difficult 
Partially reduces 

GO 
34 

Ozonation GO, O3 Room Temp. Easily  9 

Annealing rGO, Air 400 oC Difficult  215 

Microwave 

Plasma 
rGO, O2 Room Temp. 

Very 

Difficult 
 215 

UV irradiation rGO Room Temp. Easily  215 

SA-Fenton 

reaction 

GO, H2O2 & 

Ferrous salt 
Room Temp. Very Easily  This work 

 

Compared to the so far reported methods, which is summarized in Table 5-1, SA-Fenton 

reaction is favorable towards the pore-forming process in terms of the following distinct 

advantages. First, the hydroxyl radicals, initialized via Fenton reaction, function as the strong 
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oxidizers to further oxidize GO and maintain the oxidizing environment in the suspension. 

Second, harsh treatments such as heat treatment, UV radiation and plasma etching are avoided 

in this facile method,34, 144, 216-219 decreasing the risk of reducing the GO nanosheets. Third, the 

enhanced mixing and diffusion as well as additional hydroxyl radicals generated via sonication 

improve the reaction efficiency, which shortens the reaction duration and enables the possibility 

of scaled-up production. The obtained free-standing porous GO (pGO) membranes demonstrate 

a significant enhancement in the through-plane proton conductivity, and resulting isotropy, as 

opposed to pristine GO membranes because of the balance between the in-plane and the 

through-plane proton conduction. The value of σ∥⁄σ⊥ for the pGO membrane can reach up to 

2.77 at 25oC and 100% relative humidity (RH), confirming it as a near-isotropic, proton-

conducting GO membrane. Despite both GO and pGO membranes exhibiting low ethanol 

detection limits, and excellent ethanol linearity, the significant enhancement in response and 

sensitivity when integrated into an alcohol fuel cell sensor further testifies of its superior proton 

conduction across the pGO membrane. Therefore, generating pores on GO nanosheets via the 

SA-Fenton reaction has proven to be an effective strategy to transform a GO membrane to a 

near-isotropic proton conductor and a promising protic solid electrolyte for electrochemical 

devices.   

 

5.2 Experimental Section 

Graphite flakes (2-15 μm) were purchased from Alfa Aesar. Other chemicals, including 

sulfuric acid (H2SO4, 98%), potassium permanganate (KMnO4, 99%), sodium nitrate (NaNO3, 

99%), hydrogen peroxide (H2O2, 30%), hydrochloric acid (HCl, 37%), iron(II) sulfate 

heptahydrate (FeSO4 •7H2O, 99%) were purchased from Sigma-Aldrich. 

 

5.2.1 Synthesis of Graphene Oxide 

GO was prepared according to modified Hummer’s Method.17, 220 Briefly, graphite 

powder (2 g,) and NaNO3 (1 g) were mixed with concentrated sulfuric acid (46 ml) in an ice bath. 

KMnO4 (6 g) was added slowly into the mixture under mechanical stirring. The temperature was 

maintained below 20 °C. The ice bath was removed, while the exfoliation and oxidation 

continued under stirring for an additional 2 hours. Then, distilled deionized (DDI) water (140 ml) 

was slowly added, resulting in a violent effervescence. The mixture was allowed to stir for 

another 30 minutes to increase the degree of oxidation in the product.  The mixture was further 
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diluted with DDI water (120 ml) and treated with H2O2 (40 ml), turning the solution color to bright 

yellow. The resultant solution was filtered and washed with diluted HCl (2L, 5 %) to remove 

metal ions. Then, the acid was removed via cycling between re-dispersion with copious 

amounts of DDI water and the centrifugation at 4000 rpm, until the pH of the dispersion was 

around 3.0. Lastly, the GO was stored as a diluted solution (~10 mg mL-1) for further use.  

 

5.2.2 Synthesis of Porous Graphene Oxide (pGO) 

The preparation of pGO was fulfilled via sonication-assisted Fenton reaction (SA-

Fenton). Typically, FeSO4ꞏ7H2O (0.5 mg) was dissolved into DDI water (5 mL), then the solution 

was dropwise added into the GO solution (40 mg, 100 mL) under vigorous mixing. After stirring 

for 30 min, dilute H2O2 solution (1.6%, 20 mL) was added into the mixture dropwise and it was 

allowed to continue stirring for another hour. Then, the solution was subjected to a high 

frequency (44 kHz) sonication radiation for a prescribed period of time, for instance 12 hours. 

The resultant suspension was charged in a dialysis bag to remove the iron ions through dialysis. 

Finally, the pGO suspension was lyophilized and re-dispersed into DDI water at a concentration 

of 0.5 mg mL-1.  

 

5.2.3 Membrane Fabrication 

The free-standing GO and pGO membranes were prepared via the typical vacuum 

filtration casting. Prior to membrane casting, a thin layer of GO nanosheets was pre-deposited, 

to prevent ethanol permeation,41, 47, 187 on the poly (ether sulfones) (PES) membrane (47 mm, 

200 nm) via the filtration of a dilute GO suspension (1 mg mL-1, 5 mL). Then, the 

aforementioned pGO suspension (0.5 mg mL-1, 80 mL) was filter-cast through the GO-coated 

PES membrane, and the obtained free-standing flexible pGO membrane was about 25 μm thick. 

For the sake of comparison, GO membrane was also fabricated via the filtration of a dilute GO 

suspension (0.5 mg mL-1, 80 mL) through the pre-coated PES membrane. 

 

5.2.4 Physicochemical and Electrochemical Characterizations 

The chemical structure of GO and pGO nanosheets was characterized via X-ray 

photoelectron spectroscopy (XPS, Thermo Scientific Al K-α X-ray source) and the elemental 
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composition was analyzed semi-quantitatively by XPS and energy-dispersive X-ray 

spectroscopy (EDX, LEO FESEM1530). The structural morphology of nanosheets and 

membranes were imaged by Transmission Electron Microscopy (TEM, JEOL 2010F) and 

Scanning Electron Microscopy (SEM, LEO FESEM1530). X-ray diffraction (XRD) patterns were 

collected by a Rigaku Miniflex 600 X-ray diffractometer while the Raman spectra were obtained 

from a DXR Raman microscope (Bruker Senterra, 532 nm laser).  

The conductivity measurements were proceeded via AC electrochemical impedance 

spectroscopy (EIS, Princeton Versastat MC Potentiostat) at a frequency range of 100 kHz to 1 

Hz and perturbation signal amplitude of 100 mV in varied environmental conditions. Initially, the 

thickness of each membrane was measured with a micro-caliper. Then, for through-plane (TP) 

measurements, the membrane was sandwiched between two overlapped platinum current 

collectors. However, for in-plane (IP) measurements, the membrane was sandwiched between 

a Teflon block equipped with four platinum wires for connection. After confirming the dimensions 

of the membrane, the sandwiched membrane was placed within an in-house, humidity chamber, 

where the environmental conditions were regulated. The IP and TP resistances were measured 

first at room temperature and varying the humidity (25 %, 40 %, 55 %, 70 %, 85 %, 100 % RH), 

then holding the humidity at 100% and varying the temperature (25 oC, 30 oC, 35 oC, 40 oC, 45 

oC). Lastly, the conductivity was calculated via Equation (3-11). The activation energy is 

calculated to determine the proton transportation mechanism within the membrane. The proton 

conductivity follows the Arrhenius relationship (Equation (3-12)). Thus, for each membrane, the 

activation energy for proton transport can be calculated from the slope of ln σ0 vs. 1000/T plot. 

To calculate the proton mobility, water uptake (WU) and ion exchange capacity (IEC) 

were measured first. WU (g g-1) was measured by cutting the membrane into a 1 cm x 1 cm 

square and weighing it as it absorbs water at 100% RH in a gravimetric sorption analyzer (DVS 

Resolution, Surface Measurement Systems, London, U.K.). Initially, the sample was subjected 

to dry N2 air at 25 oC for 6 hours (to obtain the dry sample mass), then held at 100% RH until 

the dm dt-1 of the membrane reached 0.0008 % min-1. The water uptake was calculated by 

comparing the mass of the sample at the end of the water absorption session with respect to its 

dry sample mass. IEC was evaluated via the classical titration method. Briefly, 15 mg dry GO or 

pGO samples were weighed and dispersed in NaCl solution (10 mL, 1 mol L-1) for 4 h to fully 

exchange the protons in the membrane with Na+ ions. Then, standard sodium hydroxide (NaOH) 

solution (0.01 mol L-1) was used to titrate the mixture until it turned pink, as indicated by 
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phenolphthalein. According to the volume of used NaOH solution, the IEC value (mmol g-1) is 

determined based on the following equation,59 

 IEC = cNaOHVNaOH msample⁄ (5-1)

where cNaOH is the concentration of the standard NaOH solution (i.e. 0.01 mol L-1), VNaOH is the 

volume of used standard NaOH solution, and msample is the mass of the dry sample. Thus, the 

proton mobility (𝜇ுశ, cm2 V-1 s-1) of GO and pGO membranes in either direction can be 

calculated according to:111 

 
𝜇ுశ ൌ

𝜎ுశ ൈ 𝑊𝑈
𝐹 ൈ 𝐼𝐸𝐶 ൈ 𝑑

 
(5-2)

where 𝜎ுశ is the measured proton conductivity (S cm-1) in either direction, F is the Faraday 

constant (96485 C mol-1), d is the density of aqueous solution, taken as 1 g cm-3. 

 

5.2.5 Dynamic Vapor Sorption Measurements 

Water absorption isotherms were obtained via the dynamic vapor sorption (DVS) 

experiment, which was equipped with a microbalance and a mass resolution of 0.1 µg. Typically, 

the membrane is cut into 1 cm x 1 cm squares and placed onto the DVS pans. Initially, the 

sample was dried in an N2 environment at 25 °C for 8 hours, then subjected to a relative 

humidity (RH) profile of: 0 to 10% RH at interval of 1%, and 10% to 97.5% RH at interval of 

2.5%. The mass was measured at each equilibrium, or the end of each interval as denoted by 

whichever was shorter between 3 hours or a dm dt-1 of 0.004%.  

According to literature,221-223 the water absorption isotherm of proton exchange 

membrane can be fitted to Park’s multimode absorption model: 

 𝑊𝑈 ൌ 𝑊ௌ஺ ൅ 𝑊ேௌ஺ ൅ 𝑊஼ (5-3)

which corresponds to the 3 different mechanisms of absorption: WSA corresponds to the specific 

adsorption, WNSA to non-specific adsorption and WC corresponding to clustering. Furthermore, 

each mechanism of absorption can be expanded to: 

 
𝑊ௌ஺ ൌ

𝑄଴𝐾௅𝑎௪

1 ൅ 𝐾௅𝑎௪
 

(5-4)

 𝑊ேௌ஺ ൌ 𝐾ு𝑎௪ (5-5)
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 𝑊஼ ൌ 𝑛𝐾஺𝑎௪
௡  (5-6)

where Q0 is the specific site capacity (mmol g-1), KL, is the affinity constant, KH is Henry’s Law 

coefficient (mmol g-1), KA is the aggregation equilibrium constant (mmol g-1) regarding 𝑛𝐻ଶ𝑂 ⇌

ሺ𝐻ଶ𝑂ሻ௡, n is the aggregate size, and aw is the water activity/relative humidity. Finally, 

substituting Equations (5-4), (5-5), and (5-6), into (5-3) yields the expanded expression: 

 
𝑊𝑈 ൌ

𝑄଴𝐾௅𝑎௪

1 ൅ 𝐾௅𝑎௪
൅ 𝐾ு𝑎௪ ൅ 𝑛𝐾஺𝑎௪

௡  
(5-7)

which was used to fit the moisture absorption isotherm. 

 

5.2.6 Electrochemical Gas Sensor Evaluation 

 

Figure 5-1. Diagram of (a) the electrochemical gas sensor setup and evaluation, and (b) the electrochemical 

principle in AFCS 

 

A pGO or GO membrane was first sandwiched with two commercial gas diffusion 

electrodes (GDE, 0.5 mgPt cm–2, 60% Pt/C, Fuel Cell etc. Ltd., Texas, USA) and hot-pressed 

into a membrane electrode assembly (MEA). The hot-pressing was conducted at 130oC and 20 

MPa for 3 min with plastic sheets as the supporting layers. A round MEA with a diameter of 16 

mm was integrated into a plastic housing and sealed prior to the evaluation of electrochemical 

alcohol sensor. Prior to the test, the housing sat in the humidity chamber at 60% RH and 25 °C 

for 72 h and equilibrated with the environment. Then, the housing was inserted into the testing 

device (Figure 5-1a). When the test started, warm ethanol vapor was carried by the air at a 

fixed flow rate out from the breath simulator (Guth, PA, USA) and a fixed volume of this gas 

sample was injected to the housing electrochemical gas sensor via an induction pump. The 
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response current-time curve was recorded by a digital multimeter (Agilent 34411A). Five 

repeated rests were required for each sensor at each ethanol vapor concentration within a 30 

min testing period. The integrated peak area under the response curve was calculated as the 

main signal that is linear with the concentration of ethanol vapor. 209, 210 The linear standard 

curves of peak area and ethanol vapor concentration for GO and pGO membranes were plotted 

after the collection of response curves to all testing ethanol vapor. The sensitivity was defined 

as the fitted slope of linearity curves.  

Alternatively in Figure 5-1b, when the ethanol vapor enters the alcohol fuel cell sensor 

(AFCS) housing chamber, the ethanol molecules diffuse through the gas diffusion electrode 

(GDE) to interact with the catalyst on surface. Moreover, the ethanol will adsorb onto the Pt/C 

catalyst triggering ethanol oxidation reaction (EOR) at the anode, simultaneously releasing 

electrons and protons, and the by-product, acetic acid. The protons (oxonium ions) from the 

EOR migrate through the membrane to the cathode, while the electrons migrate through the 

external circuit to cathode. At the cathode, protons interact with electrons and oxygen, from the 

air, initiating oxygen reduction reaction (ORR) and generating water as the only product. The 

electrons that flowed through the external circuit are recorded and correlated to the ethanol 

concentration in vapor via the coulometric methodology. 
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5.3 Results and Discussion 

5.3.1 Physicochemical Characterization & Functionalization 

 

Figure 5-2. The preparation of free-standing pGO membrane by SA-Fenton reaction and filtration casting. 

 

As illustrated in Figure 5-2, to prepare the near-isotropic proton conducting pGO 

membranes, the SA-Fenton reaction is introduced to the procedure. The highly-oxidative 

hydroxyl radicals were initiated via trace amounts of the Fe2+/Fe3+ redox-couple,224, 225 which 

prompts the formation of pores on the GO nanosheets via further oxidization. The significant 

color change (from dark, opaque brown to light, transparent yellow) of the GO suspension after 

being treated by SA-Fenton reaction successfully confirms the structural changes and further 

oxidation of GO.9  
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Figure 5-3. Digital pictures of GO suspension under the treatment of (a) SA-Fenton reaction and (b) normal 

Fenton reaction for different durations. 

 

Apart from the traditional Fenton reaction, the extra radiation energy from high-frequency, 

ultrasonic waves in the aqueous solution can dramatically accelerate the reaction. This effect 

was directly observed by the faster color fade in the presence of a sonication field (Figure 5-3) 

in comparison with the treatment via normal Fenton reaction.  
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Figure 5-4. TEM images of GO nanosheets after (a) normal and (b) sonication-assisted Fenton reaction for 

16h. 

 

From a microscopic perspective, the transmission electron microscopic (TEM) images 

(Figure 5-4) disclose an enhanced capability of pore generation on GO nanosheets when the 

Fenton reaction was coupled with sonication. This could be attributed to not only the great 

enhancement of the mass transport for all reactants within the sonication field, but also the 

additional hydroxyl radicals generated via the sono-chemical effects.224, 225  
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Figure 5-5. (a) The digital picture of GO membrane (insert: image of flat membrane) and (b) cross-section 

SEM image of GO membrane. 

 

Lastly, the pGO suspension was filtered and cast onto a free-standing flexible 

membrane (Figure 5-2 & Figure 5-5a), with the typical morphology of well-stacked nanosheets 

as shown in the cross-sectional scanning electron microscopic (SEM) image in Figure 5-5b). 
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Figure 5-6. High resolution (a) C 1s and (b) O 1s XPS spectra of GO and pGO with the summary of atomic 

percentages of different chemical structures obtained from (c) C 1s and (d) O 1s spectra, (e) The proposed 

reaction mechanism of oxidation reaction of GO nanosheets by hydroxyl radicals during SA-Fenton reaction.   

 

Table 5-2. Elemental composition of GO and pGO via EDX and XPS 

Element 
EDX XPS 

GO pGO GO pGO 

C 75.7% 74.3% 70.4% 70.0% 

O 24.3% 25.7% 29.6% 30.0% 

 

To elucidate the oxidization mechanism of GO nanosheets via SA-Fenton reaction, GO 

and pGO nanosheet films were investigated by X-ray photoelectron spectroscopy (XPS) shown 

in Figure 5-6a, b. According to the elemental composition obtained by both XPS survey and 
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energy-dispersive X-ray spectroscopy (EDX) in Table 5-2, the oxygen content increases slightly 

after subjecting GO to SA-Fenton reaction. In the high-resolution spectra of C 1s (Figure 5-6a), 

both pristine GO and pGO exhibit five typical peaks, namely sp2-hybridized C=C (283.9 eV), 

sp3–hybridized C-C/C-H (284.9 eV), epoxide (286.9 eV), carbonyl (288.4 eV), and carboxyl 

groups (289.2 eV), which are in agreement with literatures.56, 59, 123, 226 Likewise, the three peaks 

at 531.5, 532.7 and 533.8 eV corresponding to C=O, C-O-C and C-OH, respectively, are found 

in the O 1s spectra of both pristine GO and pGO (Figure 5-6b).56, 59, 211 Although the chemical 

bonds in pGO are similar to that of GO, the relative amounts of the different species within pGO 

differ from those in pristine GO, which could reveal the oxidization mechanism of GO when 

subjected to SA-Fenton reaction.  
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Figure 5-7. Proposed mechanism of oxidizing GO via SA-Fenton reaction. (a) C=C double bonds react with 

hydroxyl radicals by oxidative addition or hydroxylation reactions with epoxide as intermediates, resulting in 

C-C single bonds; (b) Epoxides react with water to form hydroxyl via ring opening reaction in acidic 

condition; (c) Phenols and alcohols are oxidized into quinones and ketones/aldehydes respectively; (d) The 

oxidation of either the side-chain adjacent to the aromatic moieties or the aldehyde groups at the edges of 

nanosheets into carboxylic groups; (e) The carbon atoms removal from the nanosheets by the oxidation of 

the side-chain carboxylic groups  to release CO2 (e.g. Ruff degradation) and vicinal diols cleavage reaction 

to generate small molecules. 
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As summarized in Figure 5-6c, sp2-hybridized C=C in pGO decreases in 33% while sp3–

hybridized C-C/C-H in pGO increases in 6% after the treatment. This suggests that the C=C 

double bonds undergo the possible oxidative addition or hydroxylation reactions with •OH 

radicals, resulting in the formation of C-C bonds as illustrated in red circles of Figure 5-6e and 

the chemical formula in Figure 5-7a.227  The epoxide/alcohol groups of pGO in Figure 5-6c 

have apparently decreased by 11% as opposed to that of GO. However, by comprehensive 

examination of oxygen species by O 1s spectra, Figure 5-6d discloses that a 16% increase in 

alcohol/hydroxyl groups partially offsets the 11% decrease in epoxide/alcohol groups in Figure 

5-6c. This increase could be explained by the hydroxylation through the ring-opening reaction of 

the epoxide groups, which are highlighted in orange in Figure 5-6e and illustrated in Figure 

5-7b. According to Figure 5-6c, d, carbonyl groups increased 21% after the SA-Fenton 

treatment, which could be attributed to the oxidation of phenols and alcohols into quinones and 

ketones/aldehydes, respectively, by •OH radicals.227 This is depicted in Figure 5-7c and 

denoted by yellow circles in Figure 5-6e. Besides, according to Figure 5-6c, the carboxylic 

groups and/or ester groups increased by 26%. This could be resulted from two possible 

mechanisms:  the oxidation of either (i) the side-chain adjacent to the aromatic moieties or (ii) 

the aldehyde groups at the edges of nanosheets (highlighted in green in Figure 5-6e and the 

chemical formula in Figure 5-7d).227, 228 Lastly, because of the highly oxidative nature of 

hydroxyl radical (Eo = 2.80 V), the dangling carboxylic groups on the edge could also be further 

oxidized, and release CO2 and water via Ruff degradation as shown in Figure 5-7e-1.51, 52 

Considering the vicinal diols formed on the unsaturated C=C in Figure 5-7a, a possible 

cleavage reaction could occur during the SA-Fenton reaction, which results in the breaking of a 

C-C bond and the formation of ketone or carboxylic acid (Figure 5-7e-2). Moreover, when extra 

hydroxyl or α-hydroxy ketone groups is adjacent to the vicinal diols, a possible cleavage 

reaction can release smaller soluble molecules (e.g. formic acid) into the solution. These 

reactions lead to the loss of carbon atoms and the etched edges of GO nanosheets (purple 

highlights in Figure 5-6e). To sum up, with the further oxidation by •OH radicals, the reduced 

and lightly-oxidized species, such as C=C, epoxides, alcohol/phenol groups, were converted 

into highly-oxidized species, such as ketones, quinones, carboxylic groups and even CO2. 

Arising from high-frequency sonication, the generation of extra •OH radicals as well as the 

improved mass transport of all reactants greatly enhanced and accelerated the oxidation and 

etching of GO nanosheets.  
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Figure 5-8. (a) HR-TEM and (b) TEM images of pGO nanosheets after 12h SA-Fenton reaction. (c) The 

proposed scheme of pore formation on GO nanosheets via hydroxyl radical etching; (d) TEM image of pGO 

nanosheets after 16h SA-Fenton reaction; (e) XRD patterns and (f) Raman spectra of free-standing GO and 

pGO membranes. 
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To visualize and detect the mechanism of the etching process and pore formation on GO 

nanosheets by •OH radicals, the HR-TEM image of a 12h-SA-Fenton-treated pGO nanosheet 

(Figure 5-8a, b) were investigated.  

 

 

Figure 5-9. TEM images of GO nanosheets under the treatment of SA-Fenton reaction for (a) 0h, (b) 8h, (c) 12 

h and (d) 16 h. 

 

Additionally, TEM images that highlight the pore-formation process on GO nanosheets at 

different reaction times (Figure 5-9) were also considered. It can be observed that different 

nanostructures at different states of oxidation were simultaneously formed. As illustrated in the 

scheme of Figure 5-8c, the inner edges of the original pinholes (outlined in blue and red, 

Figure 5-8c-1) on the GO nanosheet are etched by •OH radicals, causing the pinholes to grow 

larger (Figure 5-8c-2).227 As the •OH radicals continue to etch the inner edges of pinholes and 

of the small pores, at stage (3) of Figure 5-8c, a thin “bridge” (outlined in green) will gradually 

form between adjacent pores (the green circles in the HR-TEM image). Eventually, this “bridge” 

collapses under the continuous attack of •OH radicals, resulting in the joining of two small 

adjacent pores into one large pore (outlined in magenta, Figure 5-8c-4). As “bridges” continue 

to be oxidized into water-soluble species, the small pores eventually merge into larger pores, 
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leaving the peninsula-like structures on the edge (magenta arrows in Figure 5-8a-d). It can be 

concluded that the mechanism of pore growth on the GO nanosheets can be likened to step-

growth polymerization. The pinholes/defects, small pores and large pores are metaphorically 

monomers, oligomers and polymers, respectively, while the growth of pores is akin to the 

propagation of polymer chains. In step-growth polymerization, high molecular weight polymer 

chains eventually appear towards the end of the reaction. Likewise, as displayed in Figure 5-8d 

& Figure 5-9d, large amounts of macropores (> 50 nm) suddenly appear after the treatment of 

SA-Fenton reaction for 16 hours. Thus, it is reasonable to rationalize that those macropores 

originate from hundreds of micropores and mesopores. Besides, the SA-Fenton reaction should 

be terminated before 16 hours to avoid the undesired degradation of GO nanosheets. 

 

Table 5-3. Summary of data derived from XRD patterns and Raman spectra 

Sample 
XRD Raman 

d-spacing, Å Lc # of Layers ID/IG AD/AG 

GO 7.17 64.49 9.00 1.00 1.59 

pGO 7.33 51.92 7.09 1.01 1.33 

 

Both GO and pGO suspensions were cast into thin membranes via filtration through a 

GO-coated polyethersulfone membrane. The obtained GO and pGO membranes are brownish 

and flexible with the typical laminated sheets structures (Figure 5-2 and Figure 5-5). Although 

their macroscopic appearance is alike, their crystal structures are not identical. According to the 

XRD patterns of GO and pGO (Figure 5-8e), the major peaks at 11.7° and 11.1° were observed, 

corresponding to a d-spacing of 7.17 Å and 7.33 Å, respectively. In spite of the insignificant 

increase of d-spacing for pGO nanosheets, the stacking number of pGO layers is significantly 

less than that of pristine GO (7.09 vs. 9.00) according to the calculated results based on the 

Scherrer equation in Table 5-3. This implies that the further oxidation by hydroxyl radicals 

considerably enhances the exfoliation of GO layers. This could be attributed to the weakening of 

π-π stacking interaction between pGO nanosheets brought by the decrease of sp2-hybridized 

carbon and the increase of pores on the nanosheets. Likewise, the intralayer structure of GO 

nanosheets also changed after SA-Fenton reaction, observed in the Raman spectra (Figure 
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5-8f). The area ratio of the D-band peak (~1344 cm-1) and the G-band peak (~1584 cm-1) for 

pGO is larger than that for pristine GO (1.59 vs. 1.33), indicating increased defects within the 

basal plane of pGO.229,54 This is in agreement with the previous XPS analysis that the sp2-

hybridized carbons in the graphene network are transformed into the sp3-hybridized carbons 

and oxygen-containing functional groups.101, 227 

 

 

Figure 5-10. (a, b) Through-plane, (c, d) in-plane proton conductivity and associated (e, f) the degree of 

anisotropy as a function of temperature and relative humidity for GO and pGO membranes, (g) water 

adsorption isotherms of both GO and pGO membranes at room temperature. 
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Table 5-4. Proton mobility of GO and pGO membranes at 100% RH and room temperature 

Membranes IEC (mmol g-1) Water Uptake (%) 
Proton mobility ×105 (cm2 V-1 s-1) 

In-plane Through-plane 

GO 1.20 ± 0.03 142.4% 2.33 0.19 

pGO 0.97 ± 0.14 345.0% 2.21 0.77 

 

The proton conductivities of both pristine GO membrane and pGO membrane were 

measured under various environmental conditions. As depicted in Figure 5-10, proton 

conductivities, at both the parallel and perpendicular directions to the membrane, improve with 

the increase of the relative humidity and the temperature for all the membranes.  In terms of the 

desirable through-plane proton conductivity, the obtained pGO membranes outperform the 

pristine GO membranes at all relative humidity and temperatures (Figure 5-10a, b). More 

specifically, the through-plane proton conductivity (σ⊥) of pGO membrane improves by 47% and 

55% as opposed to that of GO membrane under the fully hydrated condition at room 

temperature and 45oC, achieving 0.22 mS cm-1 and 0.34 mS cm-1, respectively. Also, the 

through-plane proton mobility of pGO membrane at the 100% RH and room temperature is 

found to be 2.3 times higher than that of the GO membrane as displayed in Table 5-4. Given 

that the mobility is inversely proportional to the tortuosity of proton transport pathway,111 the 

shortened proton transport pathway that accompanied the extra pore formation, within the 

nanosheets of pGO membrane is considered as the main contributor to the significant increase 

in the through-plane proton mobility and conductivity. In other words, the morphological change 

on the GO nanosheets has proven to be an effective strategy to selectively increase the 

through-plane proton conductivity for GO-based proton-conducting membranes. Interestingly, 

apart from the steady increase in the σ⊥as the temperature increases, the σ⊥increases 

dramatically at higher relative humidity (RH > 80 %). On the other hand, the pristine GO 

membranes demonstrate better in-plane conductivity (σ∥) in comparison with pGO membranes 

at medium and high RH as well as different temperatures (Figure 5-10c, d).  
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Table 5-5. Summary of activation energies of in-plane and through-plane proton conductivities as well as the 

degree of anisotropic proton conductivity 

Membranes 

Activation Energy (kJ mol-1) 

Ea// Ea⊥ Ea// - Ea⊥* (Ea// - Ea⊥)** 
 Relative 

variation*** 

GO 6.56 11.18 -4.61 -4.62 0.22% 

pGO 42.93 17.72 25.21 24.49 2.86% 

*Values are obtained from difference in the individual activation energies (Figure 5-10a, c) 

**Values are directly obtained from the Arrhenius plot for anisotropy data (Figure 5-10e). 

*** The relative variation is based on the absolute values of Ea// - Ea⊥ and (Ea// - Ea⊥). 

 

As suggested by the activation energies listed in Table 5-5, the Grotthuss-type 

mechanism dominates the proton conduction at in-plane direction of the GO membrane while 

both Grotthuss-type and vehicle-type mechanisms contribute to its through-plane proton 

conductivity. For the pGO membrane, the activation energy increases to 42.93 and 17.72 kJ 

mol-1 for the in-plane and through-plane directions, respectively. The Grothuss mechanism, also 

known as proton hopping, can be considered the dominant mechanism when the activation 

energy is <3 kcal mol-1 (i.e. 12.55 kJ mol-1).45, 211, 230 Generally, the protons translate along 

neighboring lone-pair of H2O molecules forming oxonium (H3O+) complexes in the process. 

Alternatively, the vehicle mechanism involves the migration of hydrated positive ions (e.g. H+, Li+, 

Na+) that are bonded to a “vehicle” (e.g. H2O, NH3) forming complex ions, [H+(H2O)n].231, 232 Thus, 

these results indicate the vehicle-type proton conduction occurs in both directions of the pGO 

membrane. It was observed that the σ∥of pGO membrane enhanced steadily with RH until 

100%, while that of the GO membrane started to substantially increase at the medium RH and 

continued increasing at high RH (Figure 5-10c).  
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Table 5-6. A comparison of the through-plane conductivity and anisotropy at room temperature of various 

works 

Membrane 

Type 

Thickness 

(µm) 

Relative 

Humidity 

σ⊥  

(mS cm-1) 
Anisotropy Ref. 

GO 29 95% 0.18 10.51 This work 

porous GO 34 95% 0.23 2.67 This work 

GO 22 95% 0.86 N/A 9
 

Ozonated GO 22 95% 1.30 N/A 9
 

GO 18 95% 0.23 155 233
 

GO 42 95% 0.40 N/A 8
 

GO 
Single-

layer 
95% 0.20 N/A 126

 

GO ~55 30% 0.40 5.63 234
 

GO ~55 95% 0.90 98 234
 

GO 22 30% 0.011 254.55 207
 

 

The trade-off between the in-plane and through-plane proton conductivities leads to the 

decrease of the degree of anisotropy (σ∥⁄σ⊥) for the pGO membrane at all environmental 

conditions (Figure 5-10e, f). At 25 oC, the maximum value of σ∥⁄σ⊥ decreases from 24.43 for the 

GO membrane at the medium RH of 70% to a near-isotropic value of 2.77, which possesses the 

lowest anisotropy reported thus far (Table 5-6), for the pGO membrane at 100% RH (Figure 

5-10f). It is observed that the degree of anisotropy varies along with the temperature instead of 

being constant (Figure 5-10e), suggesting that the temperature has a certain effect on the 

degree of anisotropy itself. More interestingly, in Figure 5-10e, the degree of anisotropy is 

increasing with the temperature for the GO membrane, whereas that has a descending trend for 

the pGO membrane. This surprising change of anisotropy-temperature relationship can be 

justified by the required activation energy for proton conduction. As obtained from Arrhenius 

plots in Figure 5-10a, c and summarized in Table 5-5, the activation energies of in-plane proton 

conductivity for both samples differ from their through-plane counterparts, supporting the 
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anisotropic effects of temperature on proton conduction in GO-based membranes. Moreover, 

the anisotropic change can also be attributed to the stacking microstructure, as previously seen 

in the SEM (Figure 5-5b). Furthermore, this effect could be directly visualized from the following 

deduced equation, suggesting that the degree of anisotropic proton-conduction in GO-based 

membranes also follows the similar Arrhenius law: 

 𝒍𝒏ሺ𝝈∥ 𝝈ୄ⁄ ሻ ൌ 𝒍𝒏ሺ 𝑨∥ 𝑨ୄ⁄ ሻ െ
ሺ𝑬𝒂∥ െ 𝑬𝒂ୄሻ

𝑹
∙

𝟏
𝑻

 
(5-8)

where 𝝈∥ 𝝈ୄ ⁄ is the degree of anisotropic proton conduction in GO and pGO membranes; 𝑨∥  

and  𝑨ୄ are pre-exponential factors for in-plane and through-plane proton conduction, 

respectively, and are considered to be constant within the measuring temperature range; 𝑬𝒂∥ 

and 𝑬𝒂ୄare the activation energies for in-plane and through-plane proton conduction, 

respectively; R is the universal gas constant and T is the temperature. The effectiveness of the 

equation is manifested by the fact that the value of ሺ𝑬𝒂∥ െ 𝑬𝒂ୄሻ calculated by the above 

Arrhenius law (Figure 5-10e) is in agreement with the difference of  𝑬𝒂∥ and 𝑬𝒂ୄ obtained 

individually (Table 5-5). Thus, the degree of anisotropy becomes independent of the 

temperature only when the apparent activation energies are identical in both directions. As listed 

in Table 5-5, the activation energy of in-plane proton conductivity is lower than its through-plane 

counterpart for the GO membrane, explaining the slight decrease of the degree of anisotropy 

with the temperature in Figure 5-10e. In contrast, the large positive difference between 𝑬𝒂∥ and 

𝑬𝒂ୄ (25.21 kJ mol-1) for the pGO membrane resulted in a significant increase of the degree of 

anisotropy (Figure 5-10e). Therefore, according to the above relation, it is reasonable to 

assume that the pGO membrane could further become isotropically proton-conductive (𝝈∥ 𝝈ୄ ⁄ < 

1.2) at temperatures as low as 2 oC.  

On the other hand, the degree of anisotropy varies dramatically with another 

environmental parameter, i.e. relative humidity. As illustrated in Figure 5-10f, both the pristine 

GO and the pGO membranes show a volcano-shape relationship of the degree of anisotropy as 

function of RH. This relationship is an intriguing and curious phenomenon for GO-based proton 

conducting membranes. The degree of anisotropy for the GO membrane peaked at a medium 

RH (~70%) while that for pGO membrane peaked around 40% RH. To further understand the 

relationship of the degree of anisotropy with RH, water sorption isotherms of both GO and pGO 

membranes were obtained by dynamic vapor sorption (DVS) measurement and plotted in 

Figure 5-10g.  
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Table 5-7. Summary of parameters and corresponding coefficient of determination from fitting Park’s model 

to the DVS isotherms for GO and pGO membranes 

 

Similar to other proton-conducting membranes, these two isotherms can be perfectly 

fitted by Park’s model (Table 5-7).221-223, 235 Hence, the water sorption behavior can be 

described as the combination of three different mechanisms of water absorption, namely water 

adsorption on specific sites (Langmuir model) form a water monolayer at low RH, non-specific 

sorption via Henry’s law to form multilayer water, and water-molecule aggregation (clustering) at 

high RH.221-223, 235 As summarized in the Table 5-7, the specific sites capacity (Q0) of pGO 

membrane, i.e. the monolayer water is found to be significantly smaller than that of pristine GO 

membrane.  

 

Figure 5-11. Schematic depicting the assumptions associated with using Park’s Model for fitting the DVS 

isotherm when (a) WU = Q0, (b) WU = 2Q0, and (c) WU = 3Q0. (d) Bar graph of active Q0 at different relative 

humidity for GO and pGO membrane. 

 

This is likely related to the reduction of the nanosheet size and addition of large holes on 

the nanosheets, where the continuous sandwich-like water monolayer adsorption is reduced 

Membranes 
Q0 

(mmol g-1) 
KL  

KH 

(mmol g-1) 

KA 

(mmol g-1) 

n R2 

GO 5.88 23.02 9.41 1.70 6.83 0.9994 

pGO 4.91 54.36 15.59 2.17 14.65 0.9980 
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(Figure 5-11a).236 Correspondingly, the required RH for the saturation of the water monolayer 

on specific water sorption site is only 6.8% for pGO membrane as opposed to 14.5% for GO 

membrane (Figure 5-11d). When the RH is raised, the water molecules will start to fill in the 

interlayer space of nanosheets and gradually form multilayer water. Meanwhile, the water-water 

hydrogen bonds start to form while the number of hydrogen bonds of the water-functional 

groups remain the same. When the second layer of water molecules forms, the oriented 

hydrogen-bond network (HBN) forms (Figure 5-11b). Such HBN orientation demonstrates a 

high aspect ratio along with the GO/pGO nanosheet, i.e. high structural anisotropy. With 

increasing amounts of water molecules adsorbed into the membrane at high RH, the water 

molecules tend to fill in the interlayer spaces in a distinct bimodal distribution, i.e. close to the 

nanosheets and a low population in the center (Figure 5-11c).236-238 When the adsorbed water 

reaches the amount of 3Q0, the actual number of water layers will exceed three layers (Figure 

5-11c). The water molecules at the center, between the interlayers, are less bonded or oriented 

by the specific sites on the nanosheets, which are akin to bulk water with near-isotropic 

structure and properties, resulting in the anisotropy decrease of HBN. Therefore, when bilayer 

water (WU = 2Q0) is formed in GO and pGO membranes, the anisotropy of HBN reaches its 

peak. The corresponding RHs at which GO and pGO form the bilayer water are found to be 

33.2 % and 61.8 % according to Figure 5-10g & Figure 5-11d, respectively, explaining the 

anisotropy peaks in the proton conductivity at 40% and 70% RH for pGO and GO membranes.  

 

 

Figure 5-12. Proton conducting mechanisms at in-plane (left) and through-plane (right) directions of pGO 

membranes at low, medium and high RH conditions. 
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When the analyzed chemical structure and the morphological changes are followed, the 

RH-dependent degree of anisotropic proton conduction can be described by the schematics in 

Figure 5-12. Under a low RH environment, the gaps in the pores and in the interlayers of a 

pristine GO membrane are vacant (Figure 5-12a), causing insignificant proton conduction in 

both directions. However, in the in-plane direction, the high-density epoxy groups on the GO 

surface behave as the charge carriers, allowing protons to travel along the surface via 

hopping.126  Likewise, pores on nanosheets and the interlayers in the pGO membrane are also 

void at low RH conditions (Figure 5-12b). However, the increased amount and size of pores 

frequently interrupt the chain of proton-hopping via the epoxy groups, leading to a decreased in-

plane proton conductivity and degree of anisotropy.  

When RH increases, the sub-nanometer interlayers of nanosheets begin to be filled with 

water molecules, especially between the hydrophilic regions of two GO nanosheets. Those 

highly hydrophilic oxygenated groups on the surface, mainly epoxy groups start to form an 

oriented HBN together with the water molecules. This oriented HBN plays an essential role in 

the anisotropic proton conduction in the GO membrane. As depicted in the Figure 5-12a, 

protons tend to hop through the HBN along the in-plane direction. As the distance between 

water molecules are shorter than that between epoxy groups, the frequency of hydrogen-

bonding rearrangement among water molecules is much faster and the associated activation 

energy is reported to be lower.239 Therefore, instead of hopping between epoxy groups, protons 

tend to migrate through the hydrogen bonded “water interlayer”.  This sub-nanometer “water 

interlayer” also has a high aspect ratio, favoring the in-plane proton conduction. Moreover, the 

backbone of graphene nanosheets is highly impermeable to most small molecules, including 

water molecules. Thus, protons must migrate to the edge of pores or gaps between adjacent 

nanosheets to reach the next layer instead of travelling through the nanosheets. Meanwhile, 

with only the assistance of hydrophilic function groups such as hydroxyl groups, protons could 

travel through the nanosheet via “proton shuttling”.240 Considering that a GO membrane with a 

thickness of 20 μm consists of up to 20,000 layers of GO nanosheets, the possibility to form a 

continuous HBN through all 20,000 layers to allow proton migration from one side to the other 

side is quite small. Accordingly, any GO layers with clean edges or insufficient epoxy-bonded 

water will also hinder or block the through-plane ion transport, leading to a low through-plane 

proton conductivity. Therefore, it is reasonable that the degree of anisotropic proton conduction 

increases significantly at medium RH. Likewise, the sub-nanometer interlayers within the pGO 

membrane change into the “water interlayers” at medium RH (Figure 5-12b). But it is not as 

continuous as that in the pristine GO membrane. This is not only attributed to the existence of 
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extra pores on the pGO nanosheets, but also due to the reduced amount of epoxy groups on 

the surface, which serve as hoping sites and charge carriers. Thus, the discontinuous HBN 

significantly lowers the chance for a proton to freely migrate along the in-plane direction. As 

depicted in Figure 5-12b, a proton has to travel through one or more layers via the edge of 

nanosheets to complete the in-plane conduction pathway. Therefore, the anisotropic proton 

conduction via the “water interlayers” is noticeably hindered, leading to the low in-plane proton 

conductivity. At the same time, due to more pores and more hydrophilic groups at the edges, 

the through-plane proton conducting pathway is significantly shortened and the chance of a 

proton to migrate through the membrane is significantly increased. As a result, the increase in 

the degree of anisotropy at medium RH for pGO membrane is quite limited. Moreover, the 

discontinuous HBN within pGO membrane requires a lesser amount of absorbed water 

molecules from the environment in comparison with the GO membrane. This could explain why 

the peak of anisotropic proton conduction in a pGO membrane appears at lower RH as opposed 

to that in a GO membrane.  

When both GO and pGO membranes are placed in a humid environment, the excessive 

water molecules will accumulate and fill the nano-size pores and gaps (Figure 5-12). According 

to TEM images, since the pore sizes are much larger than the length of hydrogen bonds formed 

between the oxygenated groups at the edges and water molecules, the excessive water 

molecules within the pores are considered as the “free water”.  Thus, a proton can bond with a 

water molecule to form a hydronium ion and carry the proton to travel across pores or gaps via 

the vehicle mechanism. As a result, the in-plane proton conductivity is further increased for the 

GO membranes. Meanwhile, the free water molecules in the pores could also carry protons to 

travel through one or more layers of GO nanosheets, resulting in a significantly decreased, 

proton conduction pathway. Moreover, the free water molecules could also behave as 

oxygenated groups at the “clean” edges of the GO nanosheets, which can complete the HBN 

and enable more protons to participate in the through-plane proton conduction. Consequently, 

the through-plane proton conductivity increases significantly, and the degree of anisotropy 

decreases at high RH. For pGO membranes, free water molecules start to fill in the numerous 

and enlarged pores at relatively lower RH environments as opposed to GO membranes Those 

free water molecules complement the discontinuous HBN to complete an in-plane proton 

conduction pathway for facilitating protons via the vehicle mechanism (Figure 5-12b). In 

consequence, this is reflected by the increased in-plane proton conductivity at high RH with high 

activation energy. Similarly, for the through-plane direction of pGO membranes, the “free water” 

molecules which accumulated in the numerous pores and enlarged gaps act as the charge 
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carriers to migrate protons through pGO nanosheets via the vehicle mechanism. In comparison 

with GO membranes, the extra nanopores on the pGO nanosheets significantly shorten the 

proton conducting pathway, i.e. the tortuosity, which is in agreement with the mobility results in 

Table 5-4. Besides, it provides protons with more conducting pathways to travel through the 

membrane, implying an increased chance for a proton to complete the proton conduction 

through the membrane. As bulk water is isotropically proton-conducting, the more “free water” 

that is absorbed into the pGO membrane, the lower the degree of anisotropy is achieved for 

pGO membrane at high RH in Figure 5-12b. 

 

5.3.2 Alcohol Fuel Cell Sensor Application 

 

Figure 5-13. Response curves of (a) GO-based, and (b) pGO-based AFCSs, to ethanol vapor with different 

concentrations; (c) linear curve of peak areas as a function of ethanol vapor concentration. 

 

To validate the potential of the pGO membrane as a practical and reliable proton-

conductive membrane, alcohol fuel cell sensors (AFCSs) based on both GO and pGO 
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membranes were fabricated and compared. The typical response curves of AFCSs fabricated 

with GO and pGO membranes to ethanol vapor are displayed in Figure 5-13, showing a larger 

peak area for the pGO membrane-based AFCS as opposed to the GO membrane-based AFCS. 

This is attributed to the higher through-plane conductivity of pGO over that of the GO membrane. 

Figure 5-13a, b illustrate the response variation of pGO-based and GO-based AFCSs along 

with the change of ethanol vapor’s concentration, respectively. Although both AFCSs show 

responses towards ethanol vapor as low as 25.4 ppm, the responses of pGO-membrane-based 

AFCS are superior to those of GO-membrane-based AFCS at all ranges of ethanol vapor 

concentration. To compare the alcohol sensitivity level of each membrane, according to the 

literature,209, 210 the integrated peak area under each response curve was calculated and 

depicted in the inset of Figure 5-13c. Similarly, both pGO and GO membrane based ACFSs 

appear to have a linear relation with ethanol vapor concentration, whereas, the larger slope of 

pGO-based AFCS compared to that of GO-based AFCS indicates a better sensitivity from the 

former sensor.  

 

Figure 5-14. Ethanol response curves (at 190.4ppm) of AFCS equipped with a pGO membrane measured at 

initial and two months after the initial test 

 

Practically, after two months, the pGO sensor demonstrates a near-invariable response 

from the initial test (Figure 5-14), which attests to its excellent stability. The desired superior 

sensitivity for pGO-based AFCS is attributed to the enhanced through-plane proton conductivity 

of the near-isotropic proton-conducting pGO membrane. 

 

0 50 100 150 200 250 300

0.0

0.6

1.2

1.8

2.4

 

 

R
e

sp
o

n
se

 c
u

rr
en

t 
(

A
)

Time (s)

 Initial 
 Two months later



  

101 
 

5.4 Chapter Conclusion 

In this chapter, a reformed strategy to selectively improve the through-plane proton 

conductivity of a GO membrane is proposed and fulfilled via decreasing the degree of 

anisotropic proton conductivity with the pore formation on the GO nanosheets by SA-Fenton 

reaction. The environmentally benign, effective and scalable method to prepare porous GO 

nanosheets combines hydroxyl radical etching and sonication radiation, resulting in a pore-

formation process akin to the step-growth polymerization. The obtained pGO membrane shows 

a much lower degree of anisotropy than that of the pristine GO membrane at all testing 

environmental conditions. In fact, the pGO membrane was found to possess a near-isotropic 

proton conduction at 100% RH and room temperature. Moreover, the unveiled Arrhenius’ 

relationship of the degree of anisotropy with temperature and the volcano-shape relationship of 

that with RH suggest the degree of anisotropic of proton conductivity for pGO membrane could 

be further reduced at low temperature and high RH. It is also found that the interesting 

anisotropy behavior for both pGO and GO membrane in different environments is strongly 

correlated to the water interlayer bonded in the oriented HBN between nanosheets. Lastly the 

selective enhancement in the through-plane proton conductivity of the pGO membrane is 

evidenced by its retained, low ethanol detection limit, and superior ethanol selectivity and 

response in AFCS that employed pGO membrane as the solid proton-conductive electrolyte. 
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Chapter 6: Superior Proton Conductivity in Phytic Acid-doped 

Porous Graphene Oxide 

 

6.1 Introduction 

Graphene oxide (GO) is a prominent two-dimensional material that is comprised of sp2-

hybridized carbon atoms and oxygenated functional groups decorated on its basal plane and 

edges. Bestowed with an abundance of oxygen-functional groups, this atom-thick material is 

electrically insulating, highly dispersible in water, and allows for facile processing and abundant 

active sites for further chemical modifications.241-243 GO nanosheets can self-assemble into free-

standing membranes equipped with intrinsic pores on the nanosheets and interlayer galleries 

that act as selective sieves to promote fast transport within the channels. These characteristics 

of GO membranes prompted researchers to evaluate their applications in electrochemical 

storage and conversion devices196, 244-249, chemical detection,250 water purification,243, 251-257 gas 

separation,258, 259 and healthcare.260 However, challenging drawbacks of GO such as relatively 

low proton conductivity, self-aggregation and long proton pathways have hindered this material 

from being utilized commercially. 

To overcome these drawbacks, two general approaches have been proposed to 

enhance the proton conductivity of GO membranes via either surface modification of GO itself 

or doping small proton-conducting moieties. One example of GO surface modifications, which 

entails the reduction of the proton pathway, include employing steam to hydrothermally etch GO 

sheets; this modification resulted in a partially reduced porous graphene oxide with etched 

edges and the occasional defect on the basal plane.33 In another report, Gao et al. prepared 

ozonated GO, which possessed a greater number of oxygen-containing functional groups and 

pinholes, as well as smaller sheet sizes.9 More recently, Meguro et al. oxidized GO by 

subjecting commercial GO to Hummer’s method, which yielded a deeply oxidized GO with 

increased carbon defects.261 In the previous chapter, we reported on an environmentally benign 

and scalable method of utilizing sonication-assisted Fenton reaction to initiate hydroxyl radicals 

that can further oxidize GO.262 In the aforementioned examples, additional pores, which were 

formed on the GO surface, enhanced the proton mobility, and ultimately improved through-plane 

proton conductivity. The other approach to improving the proton conductivity include doping 

small molecules,56, 59, 123 or grafting functional groups onto the GO matrix, such as sulphates, 
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phosphates, etc.261, 263-270 Incorporating phosphates has been shown to be quite advantageous 

due to its high charge carrier concentration, excellent proton conductivity with minor 

dependence on water, and good thermal stability.271 Phosphate groups can assume either roles 

of proton acceptor and proton donor via self-dissociation; this property is particularly useful for 

increasing the density of protons at low relative humidity (RH) and for maintaining the hydrogen 

bond networks.272 For example, phosphoric acid is typically doped into polybenzimadazole273 or 

imbibed into metal organic frameworks (MOFs)274 as a proton-conduction group even in 

anhydrous conditions.275, 276 The drawbacks of phosphoric acid functionalization include acid 

leaching, membrane degradation and stack durability; these disadvantages will limit the 

practical use of phosphorylated GO matrices.277 

Phytic acid (PA), also known as inositol hexakisphosphate, is an organic phosphate 

compound that is commonly derived from plant food products and seeds. Due to its low cost, 

natural and renewable source, abundance, limited toxicity, excellent biocompatibility and 

chemical/thermal stabilities, it is often incorporated into other food products, chemicals, 

biosensors, anticorrosion coatings, cation exchange resin, pharmaceuticals, energy storage and 

conversion, and other scientific research fields.271, 278-281 PA contains six phosphoric groups, 

which has attracted many researchers into incorporating this moiety into membranes. Zhen et al. 

impregnated a MOF, MIL-101, with PA via a vacuum-assisted method, then utilized it as a filler 

for Nafion in order to generate a hybrid proton exchange membrane.271 Although the thermal 

stability decreased slightly, all of the hybrid membranes exhibited higher proton conductivities 

than pristine Nafion. In another study, Cai et al. prepared a hexaphosphoric MOF called JUC-

200 through reacting zinc with PA as the ligand.282 JUC-200 was then incorporated into polyvinyl 

alcohol as the proton conductor for the water/acid-stable composite membrane. Lastly, the 

amphiphilic properties of PA originating from its hydrophobic aromatic domains (inositol 

triphosphate) and hydrophilic functional groups (phosphoric acid) can form strong π-stacking 

interactions, which makes PA quite compatible with GO.283, 284 

Given these considerations, we employed sonication-assisted (SA) Fenton reaction, 

followed by PA functionalization on GO. In the final step of the SA-Fenton reaction, the dialysis 

step was omitted since PA can chelate and remove the residual iron ions in the subsequent 

filtration step. The use of PA is favorable towards creating a functionalized GO that possesses 

the following unique combination of advantages. Firstly, PA, which contains 12 acidic 

(exchangeable) protons on six phosphate groups, holds the highest number of phosphate 

groups content (except for phosphoric acid).271, 278, 280, 281 It acts as a powerful chelating and 
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cross-linking agent, which can strengthen the stability of multilayered films,279, 285 while it can 

also aid in the purification of residual metallic ions (i.e. residual Fe ions from the Fenton 

reaction). For any persistent, residual iron ions that remained in the matrix, PA can form an iron-

phytate complex that lacks iron-coordinated water, and disables the formation of more hydroxyl 

radicals through the Fenton and Haber-Weiss cycle.286, 287 Lastly, PA is abundant and will 

preserve the environmental benignity of the SA-Fenton reaction. The resulting free-standing 

phytic acid-doped porous graphene oxide membrane (PA-pGO) manifested substantial 

enhancements in the proton conductivity compared to pristine GO. More specifically, the 

through-plane conductivity reached up to 0.37 mS cm-1 at 25 °C and 100 %RH, which 

correspond to an improvement of 177% and 265% over pGO and GO, respectively. The 

practicality of a PA-pGO membrane was evaluated in an alcohol fuel cell sensor, which 

exhibited a superior response especially in comparison to the GO and pGO membranes. These 

successful results testify that PA-functionalization is an effective approach to reliably enhance 

pGO membranes and the feasibility of using PA-pGO membrane as a reliable solid electrolyte 

membrane in future energy storage systems and gas sensors. 

 

6.2 Experimental Section 

Graphite powder (2-15 μm) was procured from Alfa Aesar (MA, USA). Sulfuric acid 

(H2SO4, 98%), potassium permanganate (KMnO4, 99%), sodium nitrate (NaNO3, 99%), 

hydrogen peroxide (H2O2, 30%), hydrochloric acid (HCl, 37%), iron (II) sulfate heptahydrate 

(FeSO4ꞏ7H2O, 99%), and phytic acid solution (C6H18O24P6, 50 wt% in H2O) were purchased from 

Sigma-Aldrich (ON, Canada).  

 

6.2.1 Graphene Oxide (GO) Synthesis 

GO was prepared by Modified Hummers method.17 Typically, graphite powder (2 g) was 

mixed with NaNO3 (1 g) in concentrated sulfuric acid (46 mL), while held in an ice bath. After 

complete dispersion, KMnO4 (6 g) was slowly added in 2 g aliquots, under vigorous mixing. 

Meanwhile, the temperature was maintained below 20 0C. The ice bath was then removed, 

while allowing the mixture to stir for another 2 h. DDI water (140 mL) was gradually added 

resulting in a violent effervescence. The mixture was allowed to stir for another 30 mins. 

Subsequently, the mixture was further diluted with DDI water (120 mL), then reacted with H2O2 

(40 mL), resulting in a bright, golden yellow color. For purification, the GO solution is initially 
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filtered and washed with diluted HCl (2 L, 5%), followed by a wash with copious amounts of 

water via centrifugation (at 4000 rpm) until a pH of 4.0 was achieved. The resulting GO solution 

was diluted to approximately 10mg mL-1 for further use. 

 

6.2.2 Synthesis of Porous Graphene Oxide (pGO) 

The synthesis of pGO was based on the previous chapter262 that utilizes sonication 

assisted (SA) Fenton reaction to generate hydroxyl radicals to further oxidize GO. In this 

process, FeSO4ꞏ7H2O (0.5 mg) was dissolved into DDI water (1 mL) and drop-wise added to the 

GO solution (0.4 g mL-1, 100mL) under vigorous stirring, then left to stir for another 30 min. 

Diluted H2O2 solution (1.6%, 20 mL) was also drop-wise added into the GO solution under 

vigorous stirring, and then left to stir for 1h. The resultant solution was placed in a high 

frequency sonicator (44 kHz) for 12 h to accelerate the oxidation process that yielded pGO 

(solution). As a control, the PA-GO membrane utilized a GO solution that was prepared similarly, 

but omitting the addition of H2O2 and sonication. 

 

6.2.3 Synthesis of Phytic Acid-doped Graphene Oxide (PA-GO) and Phytic Acid-doped 

Porous Graphene Oxide (PA-pGO) 

Phytic acid (421 nL) was firstly diluted in DDI water (1 mL) and mixed for 15 min before 

dropwise-adding into the pGO solution under vigorous stirring. The mixture was mixed for 

another 30 min to ensure a thorough dispersion. 

 

6.2.4 Membrane Fabrication 

PA-GO and PA-pGO membranes were prepared through vacuum filtration casting. 

Initially, GO (1 mg mL-1, 5 mL) was dispersed then pre-deposited onto a filter membrane 

(Polyether sulfone, PES, 200 nm) to ensure ethanol impermeability. Subsequently, either a PA-

GO or PA-pGO suspension was poured on top and left to cast. GO and pGO membranes were 

prepared similarly with their respective suspensions (0.4 mg mL-1, 100 mL) and were also 

casted on a PES membrane. 
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6.2.5 Physicochemical and Electrochemical Characterizations 

The microscopic images were taken by a scanning electron microscopy (SEM, LEO 

FESEM1530) and a transmission electron microscope TEM (TEM, JEOL 2010F). The elemental 

maps were produced by energy-dispersive X-ray spectroscopy (EDX, LEO FESEM1530), while 

the elemental composition was semi-quantitatively measured by EDX and X-ray photoelectron 

spectroscopy (XPS, Thermo Scientific Al K-α X-ray source). The chemical structure of the 

functional groups was characterized by XPS and Fourier-transformed infrared spectroscopy 

(FTIR, Thermo Nicolet NEXUS 670). The crystal structure and defect density were measured by 

X-ray diffraction (XRD, Rigaku Miniflex 500) and a Raman microscope (Bruker Senterra, 532 

nm laser). 

The through-plane conductivity was measured via AC electrochemical impedance 

spectroscopy (EIS, Princeton Versastat MC Potentiostat). More specifically, the EIS was 

conducted between 100 kHZ to 1 Hz with a perturbation signal amplitude of 100 mV in various 

environmental conditions. After the membranes were synthesized, their thickness were 

measured with a micro-caliper. Thereafter, the proton conductivity was measured by 

sandwiching the membrane between two overlapping Pt current collectors. The sandwiched 

membrane was placed within an environmental chamber where the membrane was left to 

equilibrate at each environmental condition prior to measuring conductivity. The environmental 

conditions consisted of varying the relative humidity (RH) at room temperature (25%, 40%, 55%, 

70%, 85%, 100%), followed by varying the temperature at 100 %RH (25 oC, 30 oC, 35 oC, 40 oC, 

45 oC, 50 oC). The conductivity was measured via Equation (3-11). The activation energy was 

derived from the Arrhenius relationship provided in Equation (3-12). Therefore, the activation 

energy can be derived from the slope when the proton conductivity is plotted on a plot of ln σ0 vs. 

1000/T. 
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6.3 Results and Discussion 

6.3.1 Physicochemical Characterizations & Functionalization 

 

Figure 6-1. Preparation of PA-pGO membrane via Fenton reaction and functionalized with phytic acid  

 

Figure 6-1 depicts the preparation procedure of the proton conducting phytic acid-

porous graphene oxide (PA-pGO) membranes. Sonication-assisted Fenton (SA-Fenton) 

reaction was employed on graphene oxide (GO) to generate a porous graphene oxide (pGO) 

solution. The Fenton reaction generated highly oxidizing hydroxyl radicals from H2O2 in the 

presence of trace amounts of the Fe2+/Fe3+ redox-couple. These radicals induced further 

oxidation and formation of additional pores on the GO nanosheets. The post-oxidation process 

involved vigorously mixing dilute phytic acid (PA) into the solution. Notably, the final step of 

dialyzing the pGO solution was omitted in favor of allowing the added PA to chelate and to 

remove residual Fe2+/Fe3+ ions in the subsequent filtration process. Prior to the filtration process, 

a PA-pGO suspension was synthesized. 
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Figure 6-2. Photographs of dilute phytic acid with pH adjusted to (a) pH ≈ 1, (b) pH ≈ 4, and (c) pH ≈ 7 (inset: 

immediate reaction to addition of Fe(II)SO4), and (d-f) the corresponding states when concentrated Fe(II)SO4 

solution was added.  

 

To affirm that iron phytate-complexes were actually forming, a supplementary 

investigation was conducted, as shown in Figure 6-2. It is widely known that treating iron-ion 

containing compounds (i.e. Fe(II)SO4) with hydroxide ions (i.e. NaOH) will result in the formation 

of a bluish-green, insoluble precipitate, iron(II) hydroxide. Thus, this investigation was initiated 

by mixing equal amounts of PA solution and DDI water (Figure 6-2a). Dilute NaOH solution was 

titrated into PA until the pH ≈ 4 (Figure 6-2b) and pH ≈ 7 (Figure 6-2c), wherein the solution 

color changed from a transparent yellow to a light, translucent brown and a dark, transparent 

brown color, respectively. Afterwards, concentrated Fe(II)SO4 solution was drop-wise added into 

each phytic acid solution under vigorous mixing. The PA solutions at pH ≈ 1 and pH ≈ 4 readily 

dissipated, however its addition into the PA solution at pH ≈ 7 generated white cloud-like swirls 

on the solution-air interface, but readily dissipated after a few more seconds (Figure 6-2f, inset). 

After significant amounts of concentrated Fe(II)SO4 solution was added, the PA solution at pH ≈ 

1 remained a transparent yellow solution,  (Figure 6-2d), whereas the solution at pH ≈ 4 

became cloudy brown (Figure 6-2e), and at pH ≈ 7, the solution became cloudy brown with 
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white froth-like precipitate at the liquid-air interface (Figure 6-2f). At a pH ≈ 4, iron-phytate 

complexes were formed and were able to be removed via filtration.288 

 

 

Figure 6-3. TEM Images of (a) GO and (b) pGO nanosheets 

 

Supplementary transition electron microscopic (TEM) images of GO and pGO were 

taken as shown in Figure 6-3. Figure 6-3a showed no apparent pores on the GO sheets, 

whereas the ancillary pores were detected in Figure 6-3b, which affirmed the presence of pGO 

in the pGO containing samples. 
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Figure 6-4. Photograph and SEM cross-section of GO membrane 

 

The sample suspensions were filtered and casted into free-standing flexible membranes. 

A GO membrane was bended as demonstrated in Figure 6-4a. A typical staking morphology in 

a cross-sectional scanning electron microscopic (SEM) image is shown in Figure 6-4b. 
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Figure 6-5. (a) Cross-sectional SEM, and (b) photographic image of flexible PA-pGO membrane. SEM and 

corresponding EDX maps of (d) carbon, (e) oxygen, (f) phosphorous, (g) and iron of the cross-section of PA-

pGO membrane. 

 

The PA-pGO suspension was filtration-casted into a free-standing flexible membrane 

exhibiting a stacked sheet morphology that was typical of GO membranes (Figure 6-5a).125, 211, 

262, 289 The digital picture of the PA-pGO in Figure 6-5b demonstrates a comparable bendability 

to a GO membrane (Figure 6-4a), indicating that the SA-Fenton reaction and PA 

functionalization did not affect its flexible behavior. 

To confirm the presence and distribution of the various functional groups on PA-pGO 

nanosheets, a cross-sectional energy dispersive x-ray spectroscopy (EDX) mapping of PA-pGO 

was taken and shown in Figure 6-5c-g. P, which can only be found in the phosphate groups of 

PA, was homogenously distributed on the membrane, which confirmed that the functional group 

was present. Albeit possessing a weaker signal, the main distribution of P (Figure 6-5f) remains 

consistent with the shape of the membrane in the SEM image (Figure 6-5c) and to the color 

patterns outlined in the EDX spectra of C (Figure 6-5d) and O (Figure 6-5e). Although iron was 

required for the Fenton reaction, the lack of a coherent pattern in the EDX map of Fe (Figure 
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6-5g) attests to the successful formation of iron-phytate complex and its removal in the 

subsequent filtration process. 

 

 

Figure 6-6. (a) XRD and (b) Raman spectra of GO, pGO, PA-GO and PA-pGO membranes 

 

Table 6-1. Summary of values calculated from XRD Spectra 

Sample 
XRD 

d-spacing, Å FWHM Lc # of Layers 

GO 7.58 0.02 72.93 9.62 

pGO 7.87 0.03 54.93 6.31 

PA-GO 8.34 0.02 58.91 7.06 

PA-pGO 8.47 0.03 51.67 6.10 

 

The structural differences among GO, pGO, PA-GO and PA-pGO were examined by X-

ray diffraction (XRD) and Raman spectroscopy (Figure 6-6 and Table 6-1). The XRD spectra 

reveals a major peak located at 11.66o, then a downshift to 11.12o, 10.60o, and 10.44o for GO, 

pGO, PA-GO and PA-pGO, respectively (Figure 6-6a). These observations translate to a d-

spacing of 7.58 Å, 7.87 Å, 8.34 Å and 8.47 Å, respectively (Table 6-1). Based on the Scherrer 
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equation, the stacking number of layers significantly decreased (9.62 for GO), firstly from the 

•OH radical oxidation (6.31 for pGO), then from PA-doping (7.06 and 6.10 for PA-GO and PA-

pGO, respectively). Consistent with our previous work,262 the oxidation via hydroxyl radicals 

enhanced the exfoliation of the GO layers, which weakened the π- π stacking between GO 

nanosheets and decreased the number of layers. Furthermore, the phytate intercalating 

between the nanosheets expanded the interlayer distance, which further weakened the π- π 

stacking, allowing us to effectively reduce the number of layers. 

The Raman spectra (Figure 6-6b) indicated a perceptible change in the intra-layer 

structure in post-SA-Fenton reaction and PA doping processes. The ratio between the 

integrated area underneath the D-band (AD, ~1340 cm-1) to that of the G-band (AG, ~1580 cm-1), 

or  the AD/AG ratio, is typically used to gauge the degree of defects and structural disorder.99  In 

this case, the AD/AG ratio decreased after •OH radical oxidation, from 1.24 to 1.16 corresponding 

to GO and pGO, respectively. This can be rationalized by the further oxidation after subjecting 

GO to SA-Fenton reaction to induce more defects on the basal plane of pGO, which is in 

agreement with the XPS data (Figure 6-7b, e) that showed a decrease in the sp2-hybridized 

C=C and an increase in the sp3-hybridized C-C/C-H.262 The addition of PA on the other hand, 

increased the areal ratio from 1.24 to 1.31 for GO to PA-GO and from 1.16 to 1.22 for pGO and 

PA-GO. The increase in the AD/AG is consistent with literature,290-292 and can be attributed to the 

relatively large amount of phosphates that were added in contrast to the relatively fewer number 

of six-membered aromatic rings in PA.293 Altogether, the XRD and Raman spectra confirms the 

successful oxidation of GO and functionalization of PA in PA-pGO membranes. 
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Figure 6-7. (a) FTIR and XPS spectra of (b) C 1s, (c) O 1s, and (d) P 2p for GO, pGO, PA-GO, and PA-pGO 

films 
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Table 6-2. Elemental composition of GO, pGO, PA-GO, and PA-pGO via EDX and XPS 

Element 
EDX XPS 

GO pGO PA-GO PA-pGO GO pGO PA-GO PA-pGO 

C 72.23% 67.30% 67.06% 65.77% 70.52% 69.46% 69.71% 69.52% 

O 27.77% 32.66% 32.60% 33.93% 29.48% 29.75% 30.08% 30.34% 

P 0.00% 0.00% 0.29% 0.22% 0.00% 0.00% 0.10% 0.07% 

Fe 0.00% 0.04% 0.05% 0.08% 0.00% 0.79% 0.11% 0.07% 

 

To confirm the effectual functionalization of PA onto GO and pGO, the Fourier-

transformed infrared spectra (FTIR) of GO, pGO, PA-GO and PA-pGO membranes were 

collected and presented in Figure 6-7a. In the FTIR spectrum of GO, the characteristic peaks 

located at 3404, 1735, 1625, 1416, 1228, 1050, and 840 cm-1, can be ascribed to the stretching 

of free hydroxyl (O-H), carboxyl (C=O), sp2 carbon (C=C), deformation vibration of hydroxyl (O-

H), and stretching of carbon-hydroxyl (C-OH), epoxide (COC), and epoxy ring, respectively.56, 123, 

211, 294-297 In the pGO spectrum, one additional peak located at 530 cm-1 was due to Fe-O bonds; 

the spectra confirmed the presence of residual iron.298, 299 However, this peak disappeared in 

the PA-GO and PA-pGO spectra, which points to the removal of iron. In its stead, two newly 

emerged, but weak bands were found at 670 and 540 cm-1 which corresponded to COPO3 and 

phosphate (PO4
3-), respectively.283, 300, 301 The appearance of these new peaks corresponding to 

P-containing functional groups indicated the successful functionalization of PA onto GO and 

pGO. 

To understand the mechanism responsible for the PA functionalization, X-ray 

photoelectron spectroscopy (XPS) was employed on the free-standing membranes as shown in 

Figure 6-7b-d. The elemental composition obtained by XPS survey and EDX are presented in 

Table 6-2. Starting from GO, the pGO exhibited a slightly increased oxygen content, which was 

similar to the results of our previous report.262 However, the increased iron content due to the 

lack of dialysis to remove the iron ions. In contrast to that of GO, PA-GO revealed not only a 

higher oxygen content, but also a higher phosphorus and iron content. The increase in the O, P, 

and Fe can be attributed to the addition of Fe(II)SO4 and PA, which contained six phosphate 

groups. The PA-pGO manifested similar trends when compared to pGO (as GO to PA-GO) and 
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to PA-pGO (as to GO and pGO). Proceeding to the high-resolution spectra of C 1s in Figure 

6-7b, the GO, pGO, PA-GO, and PA-pGO membranes showed the typical six peaks, namely 

sp2-hybridized C=C (283.8 eV), sp3-hybridized C-C/C-H (284.5 eV), C-OH (285.6 eV), C-O-C/P-

O-C (286.6 eV), C=O (287.8 eV), and O-C=O (288.9 eV), which are in agreement with 

literature.56, 211, 262, 296, 302-305 Four and five major peaks were identified in the O 1s spectra of the 

GO and pGO, and PA-GO and PA-pGO membranes, respectively (Figure 6-7c). The major 

peaks can be attributed to: O-C=O (530.5 eV), C=O/P=O (531.6 eV), C-O-C (532.7 eV), C-OH 

(533.3 eV) and P-O (532.1 eV), of which the P-containing groups only pertained to the PA-

containing samples.56, 211, 262, 296, 304, 306, 307 Lastly, only one major peak was identified in the P 2p 

spectra for PA-GO and PA-pGO, which corresponded to O-P=O (133.9 eV).308, 309 Although the 

chemical bonds were similar throughout the different membranes, the differences will confirm 

the oxidation from the SA-Fenton reaction and unravel the mechanism to the PA 

functionalization. 

When comparing the atomic percentage of functional groups in pGO and GO (Figure 

6-7e), there is a slight decrease in the sp2-hybridized C=C, while the sp3-hybridized C-C/C-H 

increases. This difference can be attributed to the oxidative addition/hydroxylation reaction with 

the •OH radicals on the C=C bonds, which resulted in the formation of many C-C/C-H bonds.227, 

262 The C 1s spectrum showed a slight decrease in C-O-C, C-OH and C=O groups while O-C=O 

faintly increased in percentage. The slight decrease in the C-O-C can be attributed to the 

hydroxylation in the ring-opening reaction on the epoxide groups, which generated hydroxyl 

groups. The phenols and alcohols can also undergo oxidation by the •OH radicals to form 

quinones and ketones/aldehydes, respectively.227, 305. Lastly, the aldehyde groups can be further 

oxidized into ester and/or carboxylic groups, which explains the slight increase in the O-C=O.56, 

227, 228 The differences that were observed between GO and pGO were apparent between PA-

GO and PA-pGO. 

In the C 1s spectrum of Figure 6-7e, there is a negligible change in the sp2-hybridized 

C=C between GO and PA-GO, but a significant increase in the sp3-hybridized C-C/C-H, which 

was attributed to the addition of PA, which at its center contains an inositol. A decrease in the C-

O-C/P-O-C combined with an increase in the alcohols was due to the epoxide ring opening 

reaction in acidic aqueous media.262 The slight decrease in the C=O and O-C=O was 

rationalized by a significant increase in the sp3-hybridized C-C/C-H that originated from the 

addition of PA.  
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Considering the O 1s spectrum (Figure 6-7e), there was a large decrease in C-OH, but a 

negligible change in O-C=O that was due to the esterification of hydroxyl groups in acidic media, 

which produced ester groups to link the PA to the GO nanosheet. However, the mere addition of 

P-containing functional groups from PA offsets the increase in the O-C=O, which explained the 

insignificant change in C=O/P=O. As described previously, the decrease in C-O-C was resulted 

from the epoxide ring opening reaction. P-O was significantly increased from the addition of PA. 

The trends that was observed between GO and PA-GO was detected between pGO and PA-

pGO, which demonstrated that the functionalization of PA was not significantly different between 

GO and pGO. 

 

6.3.2 Electrochemical Characterizations 

 

Figure 6-8. Through-plane conductivity as a function of (a) temperature, and (b) relative humidity. (c) 

Schematic of through-plane conductivity in GO, pGO, PA-GO, and PA-pGO membranes 

 

The through-plane proton conductivity was measured at various environmental 

conditions by varying sequentially either the temperature or the relative humidity. Generally, the 

proton conductivities of GO, pGO, PA-GO and PA-pGO membranes (Figure 6-8a, b) improved 

with either an increase in the relative humidity or temperature. The pGO membrane 
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outperformed the GO membrane at all relative humidity and temperatures. For example, the 

through-plane conductivity of the pGO membrane was enhanced by 35% (0.21 mS cm-1) and 

80% (0.37 mS cm-1), compared to that of the GO membrane under fully hydrated conditions and 

at 25 oC and 50 oC, respectively. As depicted in Figure 6-8c, this enhancement was explained 

by the shortened proton transport pathway that accompanied the enlargement and extra pore 

formation.262 Subsequently, the PA-functionalized membranes outperformed their non-PA 

containing counterparts at all relative humidity and temperatures (Figure 6-8a, b). For instance, 

the through-plane conductivity of the PA-GO membrane outmatched that of the GO membrane 

by 133% (0.33 mS cm-1) and by a significant 211% (0.63 mS cm-1) under humidified conditions, 

at 25 oC and 50 oC, respectively (Figure 6-8c). This betterment was attributed to phosphonic 

groups on PA, which are known to possess high proton conductivity, even at low RH.271, 300 The 

proton conductivity of PA-pGO exceedingly surpassed that of GO. In particular, the through-

plane conductivity of the PA-pGO membrane was enhanced by 165% (0.37 mS cm-1) and 342% 

(0.90 mS cm-1) under fully humidified conditions, at 25 oC and 50 oC, respectively. The superior 

performance in the proton conductivity proved that the synergistic effects were derived from SA-

Fenton reaction and PA-functionalization (Figure 6-8c); this approach was efficacious in 

enhancing the proton conductivity of GO-based membranes. 

 

Table 6-3. Summary of activation energies calculated from the through-plane proton conductivity of GO, pGO, 

PA-GO, and PA-pGO membranes 

Membranes GO pGO PA-GO PA-pGO 

Activation Energy  

(kJ mol
-1

) 
10.9 17.8 19.4 26.5 

 

Figure 6-8b presents a general trend for the GO, pGO, PA-GO and pGO membranes 

showing that the through-plane conductivity increased linearly as the temperature increased 

from 24 oC to 50 oC. To analyze the mechanism of proton conduction, Arrhenius plots for each 

membrane and their corresponding activation energy were calculated and summarized. 

Generally, Grothuss mechanism, which is also known as proton-hopping, dominates the proton 

conductivity when the activation energy is less than 12.55 kJ mol-1.45, 230 Alternatively, the 

vehicle mechanism involves the shuttling of positive ions, (e.g. protons) via a “vehicle” (e.g. 
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H2O).310 As indicated by Table 6-3, both the Grothuss-type mechanism and vehicle mechanism 

contributed to the proton conduction of GO, while the vehicle-type mechanism dominated the 

process for the pGO, PA-GO and PA-pGO membranes. The activation energy increased with 

either SA-Fenton oxidation or PA functionalization.  

 

6.3.3 Alcohol Fuel Cell Sensor 

 

 

Figure 6-9. (a) Graphic of a breath simulator connected to an alcohol fuel cell breathalyzer. (b) Response 

curves of GO, pGO, PA-GO, and PA-pGO to ethanol vapor at 63.5 ppm 

 

In order to evaluate the practical applicability of the free-standing GO, pGO, PA-GO and 

PA-pGO membranes, alcohol fuel cell sensors (AFCSs) based on each membrane were 

prepared and evaluated. Briefly as depicted in Figure 6-9a, warm ethanol breath was simulated 

by bubbling a fixed amount of air through an ethanol standard solution and injected into the 

housing electrochemical gas sensor, which simulates the intrinsic operation of a breathalyzer. 

The ethanol molecules diffused through the gas diffusion layer and adsorb onto a Pt/C catalyst 

triggering an ethanol oxidation reaction at the anode, and thereby producing protons, electrons 

and acetic acid. The electrons migrated through the external circuit to the cathode, whereas the 

protons (H3O+) migrated simultaneously through the electrolyte and the membrane to the 

cathode. Subsequently, oxygen reduction reaction utilized the protons, electrons, and oxygen 

from the air to generate water. The electrons that flowed through the external circuit were 

recorded by a connected multimeter to produce a response curve similar to that seen in Figure 
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6-9b. A typical response curve, like that displayed in Figure 6-9b, is comprised of a starting 

point, a peak indicating as to when the alcohol was initially detected, followed by the decay 

(recovery time). At 63.5 ppm, two small peaks representing the sensitivity of the GO and pGO 

membrane was observed in Figure 6-9b. Furthermore, a relatively large peak was attributed to 

PA-GO, and yet a larger peak was observed for PA-pGO, wherein increasing peak sizes were 

due to the increasing proton conductivities of pGO, PA-GO and PA-pGO, respectively. These 

results confirmed the superior response of GO membranes that had undergone SA-Fenton 

oxidation and PA functionalization.  

 

6.4 Conclusion 

The phytic acid-functionalized, porous graphene oxide (PA-pGO) membranes were 

fabricated via applying GO to the combination of sonication-assisted Fenton (SA-Fenton) 

reaction and functionalization with phytic acid (PA). The environmentally friendly procedure of 

preparing pGO utilizes •OH radical oxidation assisted by sonication radiation to increase the 

concentration of oxygen functional groups and pores on the GO sheets. This is followed by 

mixing the abundant and also environmentally benign PA prior to casting GO into a membrane. 

The PA capitalized on chelating and removing residual Fe ions, while enhancing the proton 

conductivity via anchoring phytate groups onto the surface of the GO nanosheet. The resultant 

PA-pGO membrane demonstrated superior proton conductivities in the through-plane direction 

up to 0.37 mS cm-1 and 0.90 mS cm-1, which translated to a 265% and 342% enhancement over 

the GO membrane at 100 %RH and 25 oC and at 50 oC, respectively. Lastly, the synergistic 

effects of SA-Fenton oxidation and PA-functionalization were evidenced by the superior ethanol 

response in AFCS that employed the PA-pGO membrane as the solid proton-conductive 

electrolyte. 
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Chapter 7: Conclusion and Future Work 

7.1 Summary and Conclusions 

The primary objective of this thesis is to enhance the ionic conductivity of GO-based 

membranes. The secondary objectives include enhancing, or at least maintaining the chemical, 

mechanical, and chemical stability, and accommodating for the shift towards solid-state 

electrolyte membranes.  Ensuring environmentally safe, inexpensive and scalable methods 

were also considered. 

Ionic conductivity, specifically hydroxide-ion conductivity, was enhanced by 

functionalizing GO with an ionic liquid, 1-hexyl-3-methylimidazolium. Proton conductivity, 

especially the through-plane conductivity, was improved by utilizing two approaches. The first 

approach was based on further oxidizing GO via sonication-assisted (SA)-Fenton reaction, while 

the second approach involved functionalizing GO with phytic acid. Supercapacitor, Zn-air 

battery and alcohol fuel cell sensor prototypes developed using these technologies indicating a 

working proof-of-concept was feasible. The enhanced conductivity was attributed to the shorter 

diffusion pathways and increased oxygen functional groups. These developments open the door 

towards future commercialization of GO membranes. 

 

7.1.1 Imidazole-doped Graphene Oxide for Enhanced Hydroxide Conductivity 

Acquiring reliable and efficient wearable electronics requires the development of flexible 

electrolyte membranes (EMs) for energy storage systems with high performance and minimum 

dependency on the operating conditions. Herein, a freestanding graphene oxide (GO) EM is 

functionalized with 1-hexyl-3-methylimidazolium chloride (HMIM) molecules via both covalent 

and noncovalent bonds induced by esterification reactions and electrostatic πcation−π stacking, 

respectively. Compared to the commercial polymeric membrane, the thin HMIM/GO membrane 

demonstrates not only slightest performance sensitivity to the operating conditions but also a 

superior hydroxide conductivity of 0.064 ± 0.0021 S cm-1 at 30% RH and room temperature, 

which was 3.8 times higher than that of the commercial membrane at the same conditions. To 

study the practical application of the HMIM/GO membranes in wearable electronics, a fully solid-

state, thin, flexible zinc−air battery and supercapacitor are made exhibiting high battery 

performance and capacitance at low humidified and room temperature environment, 

respectively, favored by the bonded HMIM molecules on the surface of GO nanosheets. The 
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results of this study disclose the strong potential of manipulating the chemical structure of GO to 

work as a lightweight membrane in wearable energy storage devices, possessing highly stable 

performance at different  operating conditions, especially at low relative humidity and room 

temperature. 

 

7.1.2 Near-Isotropic Proton-Conducting Porous Graphene Oxide Membrane 

Graphene oxide (GO) membrane is an ideal separator for multiple applications due to its 

morphology, selectivity, controllable oxidation, and high aspect ratio of 2D nanosheet. However, 

the anisotropic ion conducting nature caused by its morphology is not favorable towards the 

through-plane conductivity, which is vital for the solid-state electrolytes in the electrochemical 

devices. Here, we present a strategy to selectively enhance the through-plane proton 

conductivity of a GO membrane by tuning down the degree of anisotropy using pore formation 

on the nanosheets by SA-Fenton reaction. The obtained porous GO (pGO) membrane is the 

first reported near-isotropic proton-conducting GO membrane, showing the degree of anisotropy 

as low as 2.77 and 47% enhancement of through-plane proton conductivity as opposed to the 

pristine GO membrane at 25oC and 100 % relative humidity. The anisotropic behavior exhibited 

an Arrhenius relationship with temperature while the water interlayer formation between 

nanosheets played a pivotal role in the anisotropic behavior under different relative humidity 

(RH). In increasing RH, water molecules tend to orient in a bimodal distribution clinching onto 

the nanosheets and forming a sub-nanometer, high-aspect-ratio, water interlayer, resulting in its 

peak anisotropy. Further increase in RH fills the interlayer gap, resulting in behaviors akin to 

near-isotropic, bulk water. Implementation of the pGO membrane, as the solid proton-

conductive electrolyte, in an alcohol fuel cell sensor was demonstrated, showcasing excellent 

selectivity and response, as well as linearity and sensitivity for ethanol detection with limits as 

low as 25 ppm. The amalgamation of excellent performance, high customizability, facile 

scalability, low cost, and environmental friendliness in the present method holds considerable 

potential for transforming anisotropic GO membranes into near-isotropic ion conductors for the 

furthering of membrane development and electronic sensory applications. 
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7.1.3 Superior Proton Conductivity in Phytic acid-doped Porous Graphene Oxide 

Graphene oxide (GO) contains several oxygenated functional groups attached to its 

basal plane that allows for facile processing and an abundance of active sites for 

functionalization. Attempts have been made at surface modifications that include increasing the 

porosity and the oxygen functional groups on the basal planes and edges. The proton 

conductivity was lacking in these modifications for practical applications. Herein, a free-standing 

phytic-acid-doped porous graphene oxide (PA-pGO) was prepared by combining SA-Fenton 

reaction and PA functionalization to immensely enhance the through-plane proton conductivity. 

PA not only offers an abundance of phosphate groups to improve proton conductivity, but also 

acts as a powerful chelating agent to remove or deactivate residual iron ions left from the SA-

Fenton reaction. Compared to GO and even the pGO membrane, the PA-pGO membranes 

demonstrates a superior protonic conductivity of 0.37 mS/ cm-1 at room temperature and at 

100 %RH, which translated to 2.65 and 1.77 times higher conductivity than that of GO and pGO 

at the same conditions. To evaluate the feasibility of the GO membranes in practical 

applications, alcohol fuel cell sensor prototypes employing PA-pGO membranes as the proton-

conducting electrolyte were developed highlighting the excellent selectivity and response. The 

results of this study revealed promising potential of functionalizing the structure of pGO to 

further enhance the proton conductivity especially at room temperature operations. 

 

7.2 Future Work 

The achievements reported in this thesis serves as a step towards the larger goal of 

commercializing graphene oxide (GO) composite membranes that can rival the current industry 

standards. It is suggested that the future work should either build upon or address any 

shortcomings in these processes. Further investigations should include 1) improving the 

mechanical stability in aqueous solvents (e.g. water), 2) accelerating and/or scaling up pGO 

production, and 3) capitalizing on anchored metal ions for greater phytate stability. 

 

7.2.1 Enhancing the Mechanical Stability in Aqueous Solvents (i.e. water) 

One of defining features of GO is its numerous oxygen-containing functional groups and 

surface defects located on the basal planes and edges, which enable its highly-favored 
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hydrophilicity. The preparation of pGO exploited this attribute by further increasing the number 

of surface defects and oxygen-containing functional groups. As an expected result, rate and 

capacity of the water uptake significantly increased (as compared to GO). This result was 

rationalized by the water molecules penetrating and filling the void spaces in pGO more easily 

than that of GO (at lower humidity). This superior attribute also implies that the process is 

reversible, since pGO was prepared by concentrating the pGO solution via filtration, i.e. pGO 

will disintegrate more easily in water. Consequently, dynamic vapor sorption was favored over 

the traditional method of measuring water uptake. By the traditional water uptake method, the 

processing of membranes requires soaking overnight in order to obtain the weight of a water-

saturated membrane. By the time the pGO was ready to be weighed, the pGO membrane was 

hardly a membrane anymore. For applications that involved prolonged use of membranes in 

humidified environments (i.e. PEMFCs), efforts should focus on investigating additives that will 

improve the water stability of GO-based membranes, without compromising their ionic 

conductivity (e.g. cross-liking agents).  

 

7.2.2 Accelerating and/or Scaling up pGO Production 

The simplicity, scalability, environmental benignity, and low cost of preparing pGO set 

the tracks for scaling-up production from lab-scale to pilot-plant. One particular process in the 

pGO preparation involves concentrating and molding the pGO solution into a pGO membrane. 

This process is tedious and takes about 3 days for GO, and about one week for pGO. This long 

process is due to the GO (and smaller pGO) sheets filling up the pores of the filter membrane. 

As more pores were filled, there were fewer channels for water to filtrate through. Prior to 

scaling-up, it is highly recommended that the concentrating portion be quickened. One possible 

solution, inspired by Akbari et al.,54 would be using hydrogel beads to concentrate the GO 

solution prior to doctor blading or filtration-casting the remaining nematic GO dispersion to form 

the membrane. 

 

7.2.3 Capitalizing on Residual Metal Ions and Optimizing the Phytate Loading  

In chapter 5, phytic acid (PA) is known to be a powerful chelator that is capable of 

binding to residual metal ions, especially those that were used in the previous SA-Fenton 

reaction. In this case, the iron ions that were floating in the solution were chelated by the PA 
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and removed in the subsequent filtration process. Herein, we propose the alteration of the 

procedure to first electrostatically anchor the iron ions to GO, then chelate the PA onto the iron 

ions. The iron ions act as additional active sites for PA to functionalize GO. Afterwards, an 

optimization for the PA doping can be conducted to maximize the proton conductivity, while 

ensuring that acid leaching is completely prevented (as is the case with excessing phosphoric 

acid doping). 
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