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Abstract 

Graphene oxide (GO) and its derivatives, have been widely used in various applications such as 

energy storage devices, sensors, nanofiltration, and desalination. With regards the production of 

GO, chemical oxidation of graphite (CGO) has been the most popular route due to its low cost, 

high yield and good dispersibility of CGO in water. However, this method has certain drawbacks. 

Typically, this production procedure is dangerous, with a high risk of explosion by forming 

manganese heptoxide. In addition, the need for additional purification steps to remove residual 

metal ions and the introduction of irreparable hole defects further limit its applications. In this work 

electrochemical oxidation and exfoliation of graphite have been explored due to the greener and 

simpler processes they represent, along with fewer defects in the electrochemically-derived 

graphene oxide (EGO). Nonetheless, there are still many challenges to be solved to accelerate its 

development. Conventional electrochemical methods often show discontinuous electrochemical 

oxidation processes due to graphite pieces peeling off from the electrode before complete oxidation 

and exfoliation. There is still a lack of rational design of electrochemical cells to improve 

exfoliation and oxidation levels for industrial productions. In addition, previously reported EGO 

normally shows poor aqueous dispersibility, which significantly restricts its processability into 

larger quantities and structures in practical applications. Another challenge is the lack of 

understanding of the structure, chemistry, and properties of EGO such as its dispersibility, ability 

to be reduced, ion or molecule permeability, and the relationships between its structure and 

properties.  

This thesis reports on a new electrochemical oxidation method to produce graphene oxide with 

improved exfoliation and oxidation levels, improves the aqueous dispersibility with optimized 

electrochemical methods, characterises the structure, chemistry and properties of EGO, and 

investigates how EGO differs from CGO in terms of microwave reduction ability and the properties 

of resultant multilayered membranes. The research is this divided in to four parts.  

The first part introduces a mechanically-assisted electrochemical exfoliation process to produce 

EGO directly from graphite flakes, which is promising for large-scale production of graphene 

oxide. The mechanical stirring allows continuous physical contact of graphite flakes with the 

electrode, which improves oxidation and exfoliation levels of the graphite. The resultant EGO 

shows less defects, better long-term stability in ethanol, and more facile thermal reduction ability 

than conventional CGO. To increase the aqueous dispersibility of EGO for better processability, a 

more controllable electrochemical oxidation process is studied in the next section with an 

investigation of various factors influencing the dispersibility including electrochemical oxidation 
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time, graphite sources and electrolyte concentrations. With the optimized conditions, aqueous 

dispersible EGO was produced with long-term stability and good processability. In the third part, 

one intriguing property of graphene oxide, microwave reduction ability, was investigated for EGO 

and it was demonstrated how it differs from CGO in terms reduction efficiency by the microwave. 

EGO could be rapidly reduced by microwave irradiation within seconds to produce very high-

quality graphene with a large aromatic domain size of 102.8 nm and a high C/O ratio of 33.6, which 

shows much higher microwave reduction efficiency than conventional CGO. The fourth part is 

aimed at understanding the properties of EGO membranes including stability in water and ionic 

sieving properties. It was found that EGO membranes exhibit higher stability in aqueous solution 

and better rejections to ions and molecules than CGO membranes. The structures and chemistry of 

the material were also studied in this section, which provides a deep understanding on their 

relationships with the properties of EGO membranes. 

In summary, the thesis represents a comprehensive investigation of EGO relating to synthesis and 

characterisation of structure, chemistry, and properties, which shows the great potential of 

electrochemical methods to produce graphene oxide and its utility in applications.   
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Chapter 1. Introduction 

Graphene oxide (GO) has gained increasing interest, with extensive studies of GO-based 

materials recently reported due to its potential significance in various applications. With the 

development of graphene-based materials in many applications such as energy-storage 

devices1, sensors2, transparent conductive films3 or graphene-polymer nanocomposites4, 

graphene oxide has been regarded as a promising precursor for bulk synthesis of graphene by 

various reduction processes. With its special two-dimensional structure and abundant 

oxygenated functional groups on its surface, graphene oxide has also been used in many fields 

such as nanofiltration and separation5-6, electrochemical sensors, electrocatalysis7, polymer 

nanocomposites8 and functional dispersing agents9. 

The most common method to produce graphene oxide is chemical oxidation of graphite with 

subsequent exfoliation into chemically-derived graphene oxide (CGO). With a long history 

tracing back to 150 years ago, chemical oxidation of graphite experienced some important 

developments and improvements. In 1859, Brodie first described oxidation of graphite in nitric 

acid and potassium chlorate10. Staudenmaier optimised the method in 1898 to reduce the 

possibilities of explosion11. Following this, Charpy first used potassium permanganate as an 

oxidant to oxidise graphite. In 1958 Hummers and Offeman developed the protocol with the 

same procedure to oxidise graphite with potassium permanganate, sodium nitrate, and 

sulphuric acid12. The Hummers method has now become the most used method to produce 

graphene oxide with several optimizations later13. Graphene oxide produced by chemical 

oxidation shows many oxygen functional groups on its surface, including hydroxyl, carboxyl, 

and epoxy moieties, all of which render graphene oxide highly dispersible and processable.  

Structures, chemistry and properties of CGO have been comprehensively investigated. It is 

known that the structure of CGO sheets consists of nanoscale graphitic sp2 domains with 

disordered sp3 oxygen domain or defects surrounding them. Chemical analysis CGO has large 

amounts of carboxylic acid groups at the edge of sheets and hydroxyl and epoxy groups at the 

basal plane of sheets9. In addition to the characterisations of structure and chemistry, various 

properties of CGO have also been extensively studied. CGO is found to show very good 

dispersibility in water. The factors influencing the aqueous dispersibility and chemistry 

underlying the phenomena have been reported widely, which is important for processability of 

CGO9, 14-15. Another important property of graphene oxide is its ability to be reduced. In 
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addition to widely investigated reduction methods including thermal reduction and chemical 

reduction, microwave reduction of graphene oxide also appears to be a promising and rapid 

reduction method to produce highly conductive graphene with good qualities16. When 

assembled into laminated membranes, graphene oxide membranes show excellent water 

permeation and molecular sieving properties, another intriguing aspect of graphene oxide5.  

The past decade has witnessed the growth of graphene oxide field in its property studies and 

application developments. While graphene oxide related studies have been reported at an 

increasing rate, the studies of graphene oxide are mainly based on chemical oxidation methods 

due to their advantages of high oxidation, good dispersibility, and processability. However, 

chemical oxidation methods have some problematic issues. One common issue is the use of 

strong oxidants which will raise safety issues, especially on an industrial scale. In the Hummers 

method, the use of sodium nitrate produces toxic and hazardous gases. Another common risk 

comes from potassium permanganate that reacts to form manganese heptoxide, which can 

readily explode at high temperature17. In addition, the use of strong oxidants will also introduce 

metal ion impurities into final graphene oxide products such as K+, Na+, Mn2+ and Fe3+. 

Complicated and time-consuming purification steps including filtration, centrifugation, and 

dialysis are required to reduce the impurities. The wastewater after the washing steps will also 

contaminate the environment with heavy metal ions. Apart from the issues in the production 

process, there are also some disadvantages with the quality of the GO products by chemical 

oxidation methods. The traditional Hummers method can produce hole defects within the 

lattice of graphene oxide by the formation of CO2 that removes carbon atoms from the lattice. 

Therefore, developing alternative oxidation methods which avoid the above issues are highly 

in demand to produce graphene oxide.  

In addition to chemical oxidation of graphite, another promising wet chemical method to 

produce graphene oxide is the electrochemical oxidation of graphite which is green and simple. 

Increasing attention has been drawn to electrochemical oxidation and exfoliation of graphite 

over the last several years, although it has been a long history to use electrochemical 

intercalation of graphite to produce graphite intercalation compounds (GIC)18. The production 

of graphene oxide normally involves applying a positive current or voltage to the graphite 

electrode to attract anions and molecules to co-intercalate between graphite sheets with 

subsequent oxidation within the graphite. Although electrochemical methods have been 

developed increasingly in the last decade, most of the studies aimed to produce less defective 
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few-layer graphene/graphene oxide sheets with a low level of oxidation by a quick 

electrochemical exfoliation process19. The electrochemically-exfoliated graphene/graphene 

oxide (EGO) sheets normally show high conductivities with low oxidation and few defects20-

23, which are promising in applications that require high conductivities such as transparent 

conductive films or supercapacitors. 

Without the need of strong oxidants, electrochemical methods can achieve oxidation of 

graphite by a controlled positive current on graphite electrode which is immersed in an aqueous 

electrolyte such as H2SO4. Since the electrochemical oxidation method is still nascent, many 

challenges need to be solved to drive its development. One challenge is the discontinuous 

electrochemical oxidation process since graphite often falls into pieces and lose contact with 

electrode before complete oxidation process is achieved. As a result, oxidation and exfoliation 

degree will be very low, with mainly few-layer graphene flakes produced20-25. In addition, with 

few oxygen groups generated on their surface, they can only disperse in organic solvents such 

as dimethylformamide instead of water, which limits their processability and applications. 

Therefore, achieving production of graphene oxide with a high oxidation degree would be an 

important step forward for electrochemical methods. Another challenge is the current, limited 

understanding of electrochemically-produced graphene oxide (EGO) including its structure, 

chemistry as well as important properties. Previous studies mainly focus on the production of 

graphene oxide by electrochemical oxidation process without in-depth characterizations and 

analysis of its properties20-22, 26-27. Important properties about graphene oxide such as 

dispersibility, reduction property, and ion or molecule permeability need to be investigated to 

obtain a comprehensive understanding about EGO. With limited applications reported for 

electrochemically-derived graphene oxide, it is important to make a thorough investigation 

about its properties and determine its key properties that differentiate it from CGO.  

This work will be aimed at developing a new, scalable approach for the synthesis of graphene 

oxide by electrochemical oxidation method, and particularly to study the chemical structure, 

colloidal chemistry of EGO, and investigate how aqueous dispersible EGO could be produced 

with optimized electrochemical conditions, and how EGO could differ from CGO in terms of 

ability of microwave reduction and the properties of multilayered membranes based on EGO. 

Specifically, we firstly developed a novel electrochemical exfoliation process with the 

assistance of mechanical stirring to produce EGO directly from graphite flakes, which is 

different from the conventional electrochemical methods. Furthermore, we synthesized 
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aqueous-dispersible EGO by a controllable anodic oxidation of graphite foil and studied the 

influence of electrochemical conditions on the dispersibility. Next, we found the rapid 

microwave reduction properties of EGO to produce high-quality graphene, which is much more 

efficient than microwave reduction of CGO. Finally, we investigated the stability and 

nanofiltration properties of EGO laminated membranes.  

The study will thus be a comprehensive investigation of EGO in terms of its synthesis, 

structure, chemistry, and properties. It is expected that electrochemical oxidation method will 

be further developed, and that electrochemically-derived graphene oxide can be widely studied 

and used in more applications based on this study. 

In Chapter 2, a literature review will be presented about synthesis, characterisation, properties, 

and applications of graphene oxide. Firstly, the recent progress and challenges of graphene 

oxide production methods will be reviewed including chemical oxidation routes and 

electrochemical oxidation methods. Dispersibility of graphene oxide in aqueous and organic 

solvents will then be discussed, including progress and significance. Next is a review about the 

reduction of graphene oxide and its change in properties. Finally, applications of graphene 

oxide as permeation membranes will be reviewed in terms of their development and remaining 

challenges.  

Chapter 3 is aimed at developing a new, continuous electrochemical oxidation and exfoliation 

process to solve the problems of premature peeling of graphite pieces. A novel mechanically-

assisted electrochemical method is reported to produce graphene oxide directly from graphite 

flakes. With mechanical stirring as assistance, graphite flakes in the electrolyte can be directly 

used instead of using the single bulk graphite electrode reported in previous electrochemical 

methods20-22. Mechanical stirring allows continuous contact into electrode and oxidation of 

graphite flakes. Exfoliation is also achieved and graphene oxide sheets result, with most of 

them less than 3 layers. This method avoids the use of hazardous chemical oxidants and shows 

a simple purification process, whilst the electrolyte can also be readily recycled. These 

advantages make the method promising for large-scale and cost-effective production of 

graphene oxide. In addition to such advantages of the process, the resultant EGO produced by 

this method shows distinct favourable properties: fewer physical defects than CGO, facile 

reduction ability, high conductivity of thermally-reduced EGO, and long-term stability in 

ethanol when compared with CGO. 
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Chapter 4 is aimed at increasing the aqueous dispersibility of EGO, which is important for its 

processability and further assembly for various applications. This chapter studies the aqueous 

dispersibility of EGO by using a more controllable electrochemical oxidation process. 

Different factors affecting the electrochemical oxidation process are, for the first time, 

investigated for their influence on the dispersibility of EGO. With optimized conditions, the 

electrochemical oxidation process could achieve high dispersibility of EGO in water. Long-

term stability of EGO dispersion is also studied, which found that EGO aqueous dispersion can 

remain stable for at least 19 days. The chemistry underlying such good dispersibility is also 

investigated by using some necessary characterisations such as zeta-potential. This work paves 

the way for further processing of EGO and application of the material. 

Chapter 5 focuses on another intriguing property of graphene oxide: its ability to be reduced 

by microwave radiation, with the aim of investigating how EGO differs from CGO in this 

property for the first time. In this chapter, the microwave reduction process of EGO is studied 

and compared with CGO. It was found that the EGO membrane can be significantly reduced 

in a rapid microwave treatment of just 3 sec. Microwave-reduced EGO exhibits a high 

conductivity of about 49140 S/m. In comparison, CGO could not be directly reduced by 

microwave treatment without a thermal treatment in advance. Factors including microwave 

time, microwave power, membrane thickness, and microwave atmosphere was also 

investigated. Microwave-reduced EGO is also found to be of high quality, with few defects and 

oxygen groups remaining within the structure. By extensive characterisation of EGO before 

and after microwave treatment, structure and chemistry of the materials are also studied to 

explain the mechanism of quick microwave reduction properties of EGO. The rapid microwave 

reduction of EGO makes it a promising method to produce highly conductive graphene. 

In Chapter 6, the aim is to understand the properties of EGO assembled membrane structure 

and the differences it shows from CGO membrane. In this study, we first investigated aqueous 

stability of EGO membranes produced by electrochemical oxidation method for nanofiltration 

since traditional CGO membranes have poor stability in the aqueous solution that makes it easy 

to swell and disintegrate. In this the study, it was found that EGO membrane exhibits limited 

swelling and keeps integrated in water. Ion and molecule permeation about EGO membranes 

were also investigated and good ion sieving properties for EGO membrane demonstrated. 

These membranes nanofiltration performance were also studied, and it is found that EGO 

membranes also show good aqueous solution permeance and good rejection of ions and/or 



6 
 

molecules. The structures of EGO and its membranes were also characterised to determine its 

sieving and permeation properties. The work in this chapter shows that EGO can be considered 

as a good candidate for nanofiltration applications. 

Chapter 7 will outline the main conclusions of this thesis and summarize the contributions that 

this project made in the field of graphene oxide. The opportunities and challenges in future 

work will also be discussed to facilitate the possible development of the electrochemical 

production of graphene and applications of electrochemically-derived graphene oxide. 
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Chapter 2. Literature review 

2.1 Background 

Graphene is a two-dimensional material consisting of sp2-bonded carbon atoms and has 

attracted increasing attention from academia and industry in the last 15 years or so. Ever since 

2004 when Novoselov and Geim28 discovered the unique electronic properties of the two-

dimensional monocrystalline, the amount of research about graphene started its exponential 

growth, which was further boosted by the Nobel Prize awarded to Novoselov and Geim for 

their discovery in 2010 (Figure 1). With a greater number of scientists focusing on studies of 

graphene, more remarkable properties were discovered including high carrier mobilities 

(200,000 cm2 V−1 s−1)29, high Young’s modulus (~ 1 TPa)30, superior thermal conductivity 

(~5000 Wm-1K-1)31, and high specific surface area (2630 m2g-1)32.  

The development of graphene facilitated research of graphene oxide (GO), which also shows 

rapid growth in the last decade (Figure 1), even though its discovery can be traced back to 

1859 when Brodie first produced graphite oxide by chemical oxidation of graphite and then 

dispersed it in water10. GO is disordered and of an insulating nature, with excellent 

dispersibility and processability in solution. Despite reducing interests on GO from physicists, 

more chemists are focusing on it due to its oxygen-containing chemical structures which 

provides high processability to fabricate macrostructures or composites, tunability of sp3 

fraction to tune its properties and functionality to form hybrid groups7, 9, 33-34. 

 

Figure 1. The number of publications in “graphene” and “graphene oxide” related topics from 

the year 2000 – 2018.  
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Within the graphene family, there are several types of graphene-based materials that are similar 

but show different structures, which makes it important to clarify the concepts. Pristine 

graphene is an “ideal” graphene without defects on its plane, showing perfectly aligned carbon 

atoms in a honeycomb structure, as shown in Figure 2a. It is very hard to achieve pristine 

graphene, even with relatively delicate production methods such as mechanical exfoliation e.g. 

scotch tape, molecular assembly, or chemical vapor deposition which normally result in high 

quality graphene in comparisons to other methods. These production methods are suitable for 

the theoretical research of graphene which requires nearly perfect graphene and applications 

that require a small amount of graphene such as touch screens or solar cells. However, for large 

scale production of graphene for applications such as energy storage electrode or conducting 

fillers in composite, these methods have low advantage in terms of cost. To produce graphene 

at high yield and low cost, research has tended to put more emphasis on graphene oxide which 

is a cheap and scalable precursor to graphene. GO is an oxidised form of graphene, which is 

composed not only sp2 bonded carbon atoms but also large amounts of sp3 hybridised carbon-

oxygen functional groups, as shown in Figure 2b. The oxygen groups are heterogeneously 

distributed on the surface of GO, providing excellent dispersibility in aqueous solution but 

disrupting conjugated honeycomb structures and electrical conductivities. Thus, GO needs to 

be reduced to remove its oxygen groups and recover its conjugated networks to produce 

conductivity.  

Nevertheless, reduced graphene oxide (RGO) is not a perfect honeycomb carbon structure like 

pristine graphene and contains some remaining oxygen groups that are difficult to remove and 

some defects such as holes on its basal plane, as shown in Figure 2c15. As another member in 

the graphene family, graphite is intrinsically made up of many layers of graphene (Figure 2d) 

and can be used as a cheap and abundant source to produce GO. To increase the interlayer 

distance and reduce attractive forces between graphite layers, it can be oxidised to form oxygen 

groups on each layer. The resultant graphite oxide is a stack of graphene oxide layers (Figure 

2e), which can be easily exfoliated from each other when dispersed in water due to repulsive 

forces between oxygen units.  
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Figure 2. Schematic of (a) pristine graphene15 (b) graphene oxide15 (c) reduced graphene 

oxide15 (d) graphite and (e) graphite oxide. 

Graphene oxide has shown its importance in producing graphene for applications such as 

supercapacitors35, transparent conductive films3 and conducting polymer composites36. 

Moreover, GO itself can also be utilised in various applications with its oxygen moieties which 

yield functionality. For example, GO-laminated membranes show well-defined nanochannels 

between the layers, which can be used for nanofiltration or desalination37. GO can also be used 

as sensors for detecting humidity due to the presence of abundant oxygen groups38. In addition, 

with excellent dispersibility, GO can act as surfactants for carbon nanotubes39. It was also found 

that GO can be used in biomedical applications such as drug delivery40. These promising and 

potential applications present an enormous practical value of the research study on GO. 

Research of GO is currently devoted to following fields: synthesis, characterisation of atomic 

or chemical structure, properties, processing and the study of macrostructure and performance7-

9, 17, 33-34, 41. An overview of the research fields of graphene oxide is given in Figure 3. For 

synthesis of GO, many efforts have been put on the chemical oxidation of graphite such as 

Hummer’s method, with several later modifications7-8, 33, 41.  

Despite of high oxidation degree and good dispersibility and processability of produced GO, 

chemical methods shows drawbacks of using harsh oxidants, high risk of explosion, complex 

steps and large amounts of defects. As an alternative oxidation method, electrochemical 
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oxidation of graphite is drawing more attention due to it being a greener and simpler process42. 

Previous research on electrochemical methods put more emphases on synthesizing graphene 

with the purpose of minimising oxidation degree. While the resultant graphene shows a high 

electrical conductivity with limited defects, the exfoliation degree, dispersibility, and 

processability have previously been largely disregarded20-23.  

Characterisation of the structure and properties have already been extensively studied for 

chemically-derived GO (CGO), which reveals large amounts of structural information and a 

range of properties such as dispersibility, electrical conductivity, reduction ability and so on. 

However, there has been much less research on properties and characterisation of 

electrochemically-derived GO (EGO), which is necessary for working towards applications of 

EGO. As for further processing of GO into macrostructures for various applications, work to 

date have shown good processability and uniform macrostructure of CGO such as CGO 

membrane, which presented good ionic sieving properties5. Despite the fact that CGO has been 

widely explored for its properties and performance, many studies also show challenges to be 

resolved for CGO such as poor reduction efficiency of CGO16 and structural instability of CGO 

membrane when used in aqueous solutions43. Therefore, the exploration of EGO with regards 

to its structure, properties, processing and performance in applications is significant for both 

improvement of current CGO-based applications, and for the development of electrochemical 

methods and EGO as an alternative graphene oxide. 

 

Figure 3. An overview of the research fields of graphene oxide. 
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This literature review will introduce the great progress of graphene oxide research in terms of 

the synthesis, characterisations, properties and graphene oxide membrane. A detailed 

description will be given for developments and current challenges of chemical and 

electrochemical synthesis to demonstrate the usefulness of studying electrochemical methods 

as the next generation GO-synthesis method that makes clear the possibility of replacing 

traditional chemical methods. The structural and chemical characterisation will then be 

introduced to give a comprehensive overlook for atomic and chemical structures of graphene 

oxide. In the review, given the broad aspects in the field, only dispersibility and the reducing 

ability of graphene oxide will be discussed, also being the two main research components of 

this thesis. Moreover, the final part will be devoted to graphene oxide membranes which can 

be used in applications of ionic sieving and nanofiltration.  

2.2 Synthesis of graphene oxide 

2.2.1 Chemical methods 

2.2.1.1 Progress of chemical synthesis 

The history of chemical production of graphite oxide can be traced back to the 19th century 

when the first pioneers explored the reactivity of graphite with strong oxidant chemicals. In 

1859, Brodie tried oxidising graphite with oxidising agents by mixing graphite with three times 

its weights of “chlorate of potash” (i.e. potassium chlorate or KClO3) and sufficient nitric acid 

(HNO3) at 60 °C for 3 - 4 days10. After washing to remove the acid and salts and drying, the 

whole oxidation process was repeated four times until no further change of the product was 

found. Finally, light yellow products with increased weight resulted. On the application of heat, 

the product decomposed with the evolution of gases, leaving a black residue similar to original 

graphite. By analysing the elements in the products, it was found to be a mixture of carbon, 

hydrogen, and oxygen with a composition of C: H: O = 61.04: 1.85: 37.11. It was also found 

that the products were soluble in pure water but insoluble in acid or saline water. Brodie named 

the products as “graphic acid”10. This well-known study was the beginning of graphene oxide 

scientific research. Much later research about graphene oxide are based on modifications of 

Brodie’s method. His finding of insolubility of “graphic acid” in acid or saline water became 

an important research topic in the application of graphene oxide for more than 100 years.  

However, the rudimentary exploration of graphite oxidation by Brodie represented just the 

start. In 1898, Staudenmaier realised the high risk of explosion by Brodie’s method and 
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developed a modified Brodie’s method to oxidise graphite11. He reduced the percentage of 

fuming nitric acid (HNO3) by replacing two-thirds with concentrated sulfuric acid for the 

purpose of improving the acidity of the reagents. He also added potassium perchlorate in 

aliquots over the four-day reaction, instead of by a single addition. The improvements reduced 

the risk of explosion. The modification also allows the whole oxidation process in a single 

reaction vessel with similar oxidation degree (C: O ≈ 2:1) to Brodie’s multiple oxidation 

processes. 

Subsequently Charpy proposed the use of potassium permanganate (KMnO4) as the oxidizing 

agent44. Nearly 50 years later, Hummers and Offeman developed the famous Hummers method 

to oxidise graphite based on potassium permanganate12. They pointed out the Staudenmaier 

method and modified methods based on it were time-consuming and hazardous, with a high 

risk of explosion. Therefore, they developed an oxidative method by using a mixture of 

concentrated sulfuric acid (H2SO4), sodium nitrate (NaNO3) and potassium permanganate 

(KMnO4) within two hours at a low temperature to avoid hazards. Graphite flakes and NaNO3 

were added into H2SO4 whilst stirring. The mixture was then cooled to the temperature of 0 °C 

by an ice-bath, and KMnO4 was then slowly added into the mixture by vigorous agitation. After 

that, the mixture was kept at around 35 °C for 30 minutes, during which the mixture became 

increasingly thickened with gradually decreased evolution of gas. Next, some of water was 

added into the mixture and maintained for 15 minutes at 98 °C. Finally, a large amount of water 

was used to dilute the mixture and 3% hydrogen peroxide (H2O2) was added to reduce excess 

permanganate and manganese dioxide (MnO2). There were some purification processes used, 

such as filtration and dialysis to remove manganese and other ions after the oxidation process. 

The produced graphene oxide showed a bright yellow color with a high oxidation degree (C: 

O = 2.1 – 2.9). Currently Hummers method is the most widely used method to produce graphite 

oxide with several optimisations later based on it. It is much safer than the Brodie and 

Staudenmaier methods if the temperature during the procedures is carefully maintained. The 

shorter oxidation time required also makes it widely accepted. 

In the last 20 years, with the increasing applications of graphene oxide and breakthrough 

discovery of graphene by Novoselov and Geim28, 45, the production of graphene oxide attracts 

more and more attention. Many works have studied or reported modification and optimisation 

of the Hummers method. Kovtyukhaova and colleagues have reported a modified Hummers 

method by adding a peroxidation procedure before the normal Hummers method46. The pre-
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oxidation of graphite powder was achieved by mixing with concentrated H2SO4, K2S2O8, and 

P2O5 for 6 h. This pre-oxidation process allows complete oxidation of the graphite source and 

tackled the issue of incompletely oxidised graphite in the final product. This procedure has 

been recently used by many other workers in their preparation of graphene oxide1, 26, 47-48. Other 

work by Hirata and co-workers reported a modified Hummers method49. In their work, the 

oxidation period was prolonged to five days and a multi-step purification process was 

employed to achieve high purity. Longer oxidation times were used to achieve a high-yield of 

thin-film particles of graphite oxide since increased oxidation degree will enhance electrostatic 

repulsion between graphene oxide layers. By examination of products using atomic force 

microscopy (AFM), they found the thin particles of graphite oxide they produced had, on 

average, a thickness of several nanometers. Their work also provided a tentative category of 

graphene-family in terms of layer number and oxidation state, including graphene, graphite, 

graphite oxide and graphene oxide.  

Later in 2010, the efficiency of Hummers’ method was further improved by removing NaNO3 

whilst using more KMnO4 and replacing H2SO4 electrolyte with a mixture of H2SO4 and H3PO4 

with a ratio of 9:1, as shown in Figure 4. The advantages of the improved method over 

Hummers’ method are the elimination of exotherm and toxic gas during production, higher 

oxidation degree with the more hydrophilic carbon material, and more isolated aromatic 

rings13. Another study has found that oxidation conditions could influence the area of GO 

sheets. By modifying the Hummers’ method to use a milder condition with less KMnO4 and 

lower reaction temperature, the area of the GO sheets can exhibit a maximum value of around 

40000 μm2 50. Later, further research has tried to optimise the method, and the quality of GO 

by adjusting the amounts of oxidants and electrolyte51, and/or controlling the temperatures52. 

The above modified Hummers’ methods pushed the process towards a much more well-studied 

system by varying the conditions, but the ingredients were not significantly changed.  
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Figure 4. Schematic of the procedures of improved Hummers’ method, in comparison with 

Hummers’ method and a modified Hummers’ method13. 

Recently, a novel oxidant, K2FeO4, has been proposed for green chemical oxidation of 

graphite53. The chemical process is much simpler than Hummers’ method and only involves 

the reaction among three ingredients: K2FeO4, H2SO4, and graphite, for 1 h at room 

temperature. The produced GO shows excellent dispersibility in water and similar chemical 

compositions to GO produced by Hummers’ method. This chemical oxidation method 

significantly simplifies the processes, reduces the reaction time and uses a much safer oxidant 

K2FeO4 than KMnO4 and NaNO3, which builds a new route for chemical oxidation of graphite. 

Another work demonstrated the possibility of using graphite sulfate as a precursor, which could 

react with water to form oxidised graphene with the carbon content of 86%, indicating a low 

oxidation degree54.   

2.2.1.2 Oxidation Mechanism  

Early explorations about chemical oxidation of graphite mainly involve the development and 

improvement of the methods such as Brodie-based methods or Hummers-based methods, with 

little report of studies of the oxidation mechanisms involved. In recent years, work has started 

to appear relating to the studies of the chemical oxidation processes and mechanisms of the 

formed groups or defects. One such work studied the progressive formation of the functional 

groups in graphene oxide, by applying successive oxidising treatments with the Brodie 
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method55. The analysis of functional groups at different steps showed the increase of oxidation 

degree with more treatments. By applying higher oxidation levels, the unoxidised aromatic 

domains were oxidised, and the already-oxidised region will further oxidise the hydroxyl or 

ether groups to ketones or carboxylic acid groups55. Another work studied the evolution of 

oxygen groups with increasing oxidation degree by using the modified Hummers’ method. 

However, this work states that hydroxyl and carboxyl groups are formed in the initial stage of 

the oxidation process, and are transformed into epoxide groups when the oxidation level 

increases. Moreover, the zeta potential of GO will also be increased with a higher oxidation 

degree, indicating the formation of more electronegative functional groups56. Even though the 

oxygen groups have been examined at various oxidation levels, the evolution of the functional 

groups is still not a very clear process, with a lack of investigation into the reaction 

mechanisms. In addition, the different analyses from the above two works demonstrate the 

complexity of the graphite oxidation process, which may be influenced by various factors and 

makes it difficult to provide a definite group evolution process. 

The oxidation processes within graphite flakes with modified Hummers’ method were studied 

by Dimiev et al.57, who provided the mechanism of graphene oxide formation in the scale of a 

graphite piece (with a size of around 300 μm), as shown in Figure 5. Formation of GO involves 

three steps: formation of H2SO4-GIC, conversion of GIC into graphite oxide, and exfoliation 

of graphite oxide into graphene oxide. The conversion of GIC shows an edge-to-center 

oxidation process, which is limited by the diffusion rate of oxidants in to the narrow galleries 

between layers to replace intercalant molecules. Therefore, the size of the graphite flakes is an 

important factors affecting the degree of oxidation, with smaller flakes exhibiting faster 

oxidation process57. This work gives a very detailed analysis in the second oxidation process, 

which provides greater understanding for progressive formation process within a single 

graphite flake or grain.  
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Figure 5. A schematic of GO formation from graphite with three steps: formation of H2SO4-

GIC from graphite, conversion of GIC into pristine graphite oxide (PGO), and exfoliation of 

PGO into GO57. 

During the oxidation process, line defects or cracks are formed within the basal plane of 

graphene (Figure 5a), reducing the size of GO sheetsproduced58. To explain this, phenomena 

an unzipping mechanism has been proposed, which suggests epoxy groups tend to be formed 

and locked in opposite positions of a hexagonal ring, arranging themselves in a strained line, 

as shown in Figure 5b58. Another study shows that with further oxidation, the epoxy chain can 

be easily transformed into epoxy pairs, which then tends to be converted to more stable 

carbonyl pairs at room temperature. The carbonyl pairs will, therefore, cut the sheet in to two 

parts59. Research has been undertaken to better understand the cutting process during the 

oxidation process in the scale of the molecule. One study has used density functional theory to 

study the positions of 1,2-ether groups and hydroxyl groups in GO structure at different 

oxidation levels60. It showed that the hydroxyl group tends to sit on the adjacent carbon atoms 

to the 1,2-ether group, but on the opposite side of the plane, as shown in Figure 6a. The 

skeleton also shows a wrinkling of ~0.5 Å, which is mainly caused by the deformation of 

hydroxyl groups. With higher degree of oxidation, the positions of hydroxyl groups relative to 
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1,2-ether groups are the same, but all ether groups tend to reside on one side, with all the 

hydroxyl groups located on the other side (Figure 6b). GO with higher oxidation levels also 

showed a larger band gap, which leads to insulating behaviour60.  

 

Figure 6. (a) Optical microscope image of oxidised graphite with line defects. (b) Schematic of 

graphene plane with aligned epoxy groups58. Configuration of GO (c) with one 1,2-ether 

oxygen and one hydroxyl at low oxidation level. (d) with two 1,2-ether oxygen and two 

hydroxyl groups at high oxidation level60. 

2.2.1.3 Drawbacks and Challenges 

There are some drawbacks and challenges for chemical oxidation methods. The major 

problems arise from the use of oxidants such as NaNO3, KMnO4, or K2FeO4, which brought 

issues of safety and challenges in the cost of chemicals, quality of GO products and complexity 

of processes.  

The Hummers’ method involves the use of two harsh oxidants: NaNO3 and KMnO4, which 

make the method hazardous. The addition of NaNO3 in the chemical reactions will cause the 

formation of NO2 and N2O4, which are two hazardous and toxic gases. Due to the health issues, 
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some work further developed modified Hummers’ methods and removed the NaNO3 in the 

oxidation process, making it a much safer method13, 51.  Although the NaNO3 has been removed 

in some work, all modified Hummers’ method work still makes the use of KMnO4, which is 

another source of hazards. KMnO4 can react with the H2SO4 electrolyte, producing a dangerous 

side-product: manganese heptoxide (Mn2O7)
61. Mn2O7 has the oxidising property and can react 

with organics when the temperature exceeds 55 °C or explode by itself when temperature is 

higher than 95 °C62. During the oxidation reactions, the temperature can easily rise to 60 °C if 

cooling water is not used making it highly dangerous to do the production.  

A recent, novel chemical oxidation method eliminated the use of NaNO3 and KMnO4 and 

replaced them with K2FeO4 as the oxidant53. Even though it is a much safer oxidant without a 

high risk of explosion, it has the drawbacks of high cost and rapid decomposition in water, 

preventing it becoming an attractive oxidant for chemical methods17. Another big challenge for 

chemical oxidation methods is the quality of the GO products. GO produced by chemical 

methods often show large amounts of hole defects in the carbon lattice, which has been reported 

to be caused by the formation of carbon dioxide (CO2) during the oxidation reactions. Some 

work has tried to minimise the defects by increasing oxidation time at lower temperatures (<10 

°C), which would produce issues for scalability due to increasing costs52. In addition to the 

above challenges, chemical oxidation methods also show problems of complex reaction 

process with multi-steps. The use of oxidants also increases the purification steps including 

stirring, centrifugation, sonication, filtration, and dialysis, which are essential to remove the 

metal ions and the acids17. The complex process not only increases the whole production time 

but also results in higher costs, which is less favorable in industrial production.   

The above drawbacks and challenges make it important to continuously modify the current 

chemical methods or develop new chemical methods, such as looking for alternative chemical 

oxidants and simplifying the processes. In addition, alternative techniques are appearing to 

oxidise the graphite in a greener and the simpler way such as electrochemical oxidation 

methods, which will be introduced in the next section.   

2.2.2 Electrochemical methods 

2.2.2.1 Graphite intercalation chemistry 

Electrochemical methods are part of a growing number of graphene production routes. Unlike 

chemical methods, which often rely on harsh oxidants, electrochemical methods take advantage 
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of graphite’s conductive properties to intercalate molecules between graphene layers. By using 

graphite as an electrode, a positive or negative charge can be imparted in to the material, 

encouraging the intercalation of oppositely charged ions and facilitating exfoliation. Even 

though the method can be performed as a single electrochemical process, it normally involves 

several reaction steps during the whole process, including graphite intercalation of ions to form 

graphite intercalation compound (GIC), oxidation or functionalisation of the GIC, exfoliation 

of the oxidised/functionalised graphite.  

Graphite intercalation of ions is the first step of the electrochemical process, making it an 

essential foundation for further producing graphene oxide or exfoliating graphite to produce 

graphene. Even though the electrochemical synthesis of graphene or graphene oxide does not 

have a very long history, the study of graphite intercalation chemistry can be traced to the first 

GIC produced by Schafhautl in 184163, which laid a solid foundation for the development of 

electrochemical methods. More methods have been developed to produce GIC including 

chemical intercalation methods, electrochemical intercalation or even photochemical methods. 

Besides, there are many types of species that can be intercalated into the graphite such as acids, 

alkali metals, halogens, and metal halides. The first electrochemical intercalation process was 

developed by Rudorff and Hofmann in 1938, which used sulphuric acid to intercalate into 

graphite by electrochemical control64. In the 1970s and 1980s, there is highly increased 

interests in electrochemical intercalation methods to produce GIC due to findings of unique 

properties of GIC and developments of applications such as lithium/graphite fluoride 

batteries65-66. Lithium-ion intercalated graphite was well-studied for the production of batteries, 

which is still under enormous study today due to the commercial applications of batteries. With 

regards electrochemical production of graphene, lithium was also used as a intercalant to 

exfoliate the graphite by applying negative current/voltage, which was inspired by the battery 

system67. 

As one of the most widely used GIC precursors, the graphite-acid compound has been produced 

electrochemically and extensively studied from the 1960s to 2000s68-77. The acids such as 

sulphuric acids, perchloric acids, and nitric acids can intercalate into graphite layers by the 

convenient electrochemical methods with the fixed current or voltages68. During the 

electrochemical formation process of GIC-H2SO4, a positive current is applied to the graphite, 

attracting the negative bisulphate ions. When the potential on graphite reaches the threshold 

potential, the bisulphate ions will start to intercalate between the sheets, which is accompanied 



22 
 

by the intercalation of neutral H2SO4 molecules71. During the intercalation process, GIC with 

various stage numbers will be formed at different stages, as shown in Figure 7. A stage 1 GIC 

represents that one layer of graphene is between two adjacent intercalant layers, which indicates 

a saturated status of intercalation. Stage 2 GIC means there are two graphene layers between 

two intercalant layers. Stage 4 GIC has four layers of graphene between intercalating 

molecules. The intercalation is a transition process from high stage GIC to lower stage GIC. 

The final GIC products by electrochemical methods are normally Stage 1 or 2 GIC, depending 

on the concentrations of the electrolyte.  

 

Figure 7. Schematic of GIC: stage 1, stage 2, stage 476. 

Intercalation of ions or molecules will increase the interlayer distance between two graphene 

layers and reduce the attractive forces between them, making it much easier to exfoliated 

graphene layers from the graphite bulk. Many electrochemical methods utilise this to exfoliate 

graphite to produce graphene or further oxidise the GIC by more easily inserting water 

molecules to the lattice for electrochemical oxidation. Moreover, the electrochemical 

intercalation of graphite can be monitored by measuring the potential, making it a good method 

to theoretical studies of the intercalation process.  

2.2.2.2 Electrochemical setup  

There are several essential components in electrochemical setups including a working electrode 

connected to a bulk graphite, a counter electrode, electrolyte soaking all components, and a 

power supply connecting the working and counter electrodes. As for graphite sources, there are 

various forms including the bulk graphite such as highly orientated pyrolytic graphite (HOPG) 

graphite foil and graphite rod, and graphite pieces such as graphite flakes or graphite powders 

with various mesh sizes. For bulk graphite, they can directly adhere to a working electrode and 
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include platinum wire by conductive carbon tapes. For graphite flakes or powders, they 

normally require preformation into a plate or pad by compressions, which will introduce extra 

costs. As for the counter electrode, Pt or graphite are mostly used. A typical electrochemical 

setup is shown in Figure 8, with a positive current applied to the graphite through the working 

electrode. The counter electrode is on the opposite side of the reaction container, with a certain 

distance to the graphite to void the short circuit. Sometimes, a negative current will be applied 

to the working electrode for a cathodic exfoliation, which will produce graphene but not 

graphene oxide.  

 

Figure 8. A typical schematic of the electrochemical setup20. 

In addition to the common setups, more novel setups have been provided to improve the 

efficiency and exfoliation rates. For example, Liu et al. came up with a novel vertical 

electrochemical cell, as shown in Figure 9a78. The vertical configuration put the graphite rod 

at the bottom of an electrochemical cell, on top of which are electrolyte and counter electrode. 

This configuration allows multiple electrochemical exfoliation processes, because the 

exfoliated graphite pieces during the electrochemical process will not leave the graphite bulk, 

as occurs in conventional setups. Therefore, this setup improves the exfoliation rate and 

efficiency compared to conventional setups78. Work by Abdelkader et al. reported a continuous 

electrochemical exfoliation setup, as shown in Figure 9b79. In this setup, the graphite electrode 

is located at the bottom of a reaction vessel which is fully filled with electrolyte. During the 

electrochemical process, the graphite electrode will be slowly inserted into the electrolyte and 

the graphite surface that is in contact with the electrolyte will be exfoliated, which then float to 

the top of the vessel and out of the cell through the channel79. This setup avoids the exfoliation 

of large pieces of graphite into the electrolyte that would reduce the exfoliation percentage. 

Another method to enhance the efficiency of electrochemical exfoliation is the addition of a 

shear field in the process, proposed by Shinde et al80. They designed a customised microfluidic 

reaction, as shown in Figure 9c. Within the reactor, there is the working electrode located at 
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the bottom of the reactor and the counter electrode locating at the top, with the electrolyte 

flowing from one side to another. The shear forces within the reactor would help with the 

exfoliation of the graphite during the electrochemical exfoliation process, which minimises the 

fragmentation and oxidation of graphene, and provides possibilities of the automated and 

continuous reaction sequence80. In other work by Tian et al., a Tee-cell setup was able to control 

the oxidation level of the electrochemical process, which avoided the detachment of the 

graphite pieces by clamping the working and counter electrode tightly, as shown in Figure 

9d26. Moreover, graphite was also able to be confined by a paraffin coating to prevent the 

peeling off of graphite pieces from the graphite bulk (Figure 9e), which is proposed by Wang 

et al81. A recent work shows a continuous electrochemical setup (Figure 9f) with continuous 

insertion of the pre-intercalated graphite into the electrolyte, which allowed for the full 

oxidation of the GIC in contact with the electrolyte, which paved the way for scalable 

production in industry27.  

 

Figure 9. (a) Schematic of a multiple electrochemical exfoliation setup with a graphite rod78. 

(b) A schematic of a continuous electrochemical exfoliation setup79. (c) Schematic of a shear-

assisted electrochemical micro-reactor80. (d) A schematic of a Tee-cell setup for 

electrochemical oxidation of graphite26. (e) A schematic of electrochemical exfoliation of a 

confined graphite by paraffin81. and (f) Continuous electrochemical oxidation of intercalated 

graphite by inserting the electrode slowly into electrolyte27. 
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2.2.2.3 Mechanisms of electrochemical methods 

The general mechanisms of electrochemical methods are different for anodic production of 

oxidised graphene and cathodic production of non-oxidised graphene flakes. For anodic 

exfoliation (Figure 10a), a positive current is applied to the graphite electrode, attracting 

negative ions to intercalate into the graphite layers42. The intercalation of the ions will increase 

the interlayer distance of the graphite sheets and cause the expansion of the graphite layers. In 

addition to the intercalating ions, there are sometimes other co-intercalating species such as 

solvent molecules to intercalate together with ions into the graphite lattice. The co-intercalating 

species can demonstrate electrochemical reactions under the positive potentials, and form gases 

such as oxygen gas to further expand the graphite. When water is used as the solvent of the 

electrolyte, oxidation of the graphite will also occur on the graphite. The expansion of the 

graphite reduces the π-π attracting forces between the graphene sheets and makes it much easier 

to exfoliate the graphite. The oxidation of the graphite will introduce oxygen groups, forming 

repulsive forces between the sheets and pushing the graphene sheets away from each other. 

Therefore, the oxidised and expanded graphite can be easily exfoliated into monolayer 

graphene oxide or few-layer graphene oxide sheets. The cathodic electrochemical production 

uses a negative bias to attract ions with positive charges from the electrolyte such as Li+ ions, 

which also causes the expansion of graphite by increasing interlayer spacings. However, 

graphene flakes will not be oxidised in this process due to the negative current.  
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Figure 10. Schematic of the mechanism of electrochemical methods for (a) positive current to 

produce oxidised graphene flakes and (b) negative current to produce non-oxidised graphene 

flakes42. 

In addition to the polarity of the potential which determines the major mechanism, the specific 

mechanisms for electrochemical methods are also affected by other conditions such as the 

nature of the electrolytes. Both organic solvents and aqueous solvents have been used as the 

electrolytes, but the use of organic solvents in the electrochemical methods has limited the 

oxidation levels. To produce oxidised graphene or graphite, aqueous solutions are most 

frequently used due to the oxidation effect of H2O under positive potentials. A mechanism 

about electrochemical oxidation, intercalation, and exfoliation in aqueous solution has been 

proposed by Parvez et al., as shown in Figure 1122. In their proposed theory, the hydrolysis of 

water during the electrochemical process will create hydroxyl ions (OH-), which is a strong 

nucleophile, to attack the edges or grain boundaries of the graphite. The oxidised edges or grain 

boundaries will expand the graphite to allow intercalations of negatively charged sulphate ions 

(SO4
2-), which will be co-intercalated with more water molecules in to the graphite layers. The 
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oxidation will continue through the graphite layer structures, and more gases from hydrolysis 

of water or others will exfoliate the graphite sheets. The oxidation mechanism in the 

electrochemical processes was also presented, as shown in Figure 11b22. The hydroxyl ions 

(OH-) attacking the graphite will produce two vicinal OH groups, which will then react to form 

epoxide rings or two carbonyl groups. These formed oxygen groups make the graphite 

hydrophilic, attracting more waters to the vicinity of the oxidised area. In addition, carbon 

atoms may also react with water to produce CO2 gases, which can help with the exfoliation, 

together with the O2 gases from hydrolysis of water.  

 

Figure 11. (a) Schematic of an electrochemical mechanism in (NH4)2SO4 aqueous solution. 

(b) Electrochemical oxidation reactions of graphite in aqueous solution22. 

2.2.2.4 Research progress on electrochemically-derived graphene oxide 

This section will introduce recent research progress of electrochemical methods to produce 

graphene oxide, with the emphasis on the development of electrochemical methods, the study 

of electrochemical conditions, and quality of produced graphene oxide. Electrochemical 

methods of producing graphene oxide have only attracted interests from researchers in recent 

ten years, despite the long history of the electrochemical intercalations. The early research 

about electrochemical productions was almost entirely aimed to produce high-quality graphene 

sheets with minimal oxygen groups. However, the use of the anodic production and the use of 

aqueous electrolytes does not mean an avoidance the oxidation process. A certain degree of 

oxidation in the produced graphene sheets still occurs.  

In one of the first works reported by Su et al. in 201120, an electrochemical exfoliation method 

was reported with the use of H2SO4 and KOH aqueous solution. In this method, an initial low 
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voltage was applied to wet the surface of the graphite electrode, which can assist with 

intercalation of anions. Subsequently, an alternating voltage of +10 V and -10 V will be applied 

to the electrode, with the +10 V for oxidising and exfoliating the graphite and the -10 V for 

reducing the oxygen groups. The resultant graphene sheets show superior electrical properties 

and larger lateral sizes. However, a small level of oxidation was still found from the observation 

of the D peak of Raman spectra and oxygen groups from FTIR and XPS spectrum.  

In 2013, Parvez et al. studied the impact of H2SO4 concentration on the efficiency of 

electrochemical exfoliation21. They demonstrated that 0.1 M H2SO4 had a higher exfoliation 

efficiency than 1 M and 5 M H2SO4, which may be caused by the large graphite fragments 

generated by H2SO4 with higher concentrations. However, the efficiency of exfoliated will be 

compromised, with too low concentrations due to fewer anions for intercalation. Moreover, 

pure H2SO4 electrolyte and a mixed electrolyte of H2SO4/acetic (1:1) show no exfoliations of 

graphite, which indicates water are important elements in the electrochemical process to form 

oxygen and hydroxyl radicals for oxidation. The resultant GO by 0.1 M H2SO4 contains 7.5 

wt% of oxygen content, which indicates a certain but low degree of oxidation happens. The 

sheet resistance of a single sheet is 4.8 kΩ/□, which is low and shows the high quality of the 

produced graphene sheet. 

Another work of Parvez et al. to highlight is the detailed study of aqueous electrolyte of 

inorganic salts in the electrochemical exfoliation of graphite, which emphasises the importance 

of electrolytes22. Electrolytes including (NH4)2SO4, Na2SO4, K2SO4, et al. were examined for 

their exfoliation effects, with the results showing that SO4
2- ions have the best exfoliation 

efficiency among other anions. The concentrations of (NH4)2SO4 also show significant 

influences on the exfoliation yields. With a concentration of < 0.01 M, the exfoliation yield is 

less than 5 wt%, which increases to >75 wt% at a concentration of 1 M. However, when the 

concentration further increases to 3 M and 5 M, the yield reduces to 50 wt% due to less water 

for oxidation. The resultant graphene sheets made under optimised conditions show 5.5 at. wt% 

of oxygen content, which is very low. More than 80 % of the graphene sheets have a lateral 

size of larger than 5 µm. Moreover, most of the graphene sheets (>85 %) are less than 3 layers. 

The D and G peak ratio ID/IG from Raman analysis is 0.25, indicating much fewer defects than 

chemically reduced graphene oxide (~ 1.0).  

Rao et al. developed another aqueous electrolyte system, which is composed of NaOH, H2O2, 

and H2O
23. The addition of H2O2 into this system greatly increases the exfoliation efficiency, 
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which indicates the important role of H2O2 in the electrochemical exfoliation processes. With 

optimised conditions of 3 M NaOH and 130 mM H2O2 with +1 V applied for 10 min and +3 V 

for 10 min, high-quality graphene sheets could be produced with a high yield of 95% (3-6 

layers). The oxidation degree is even further minimised to a C/O ratio of 17.2. The ID/IG ratio 

is 0.67 due to relatively high ID/IG ratio of graphite which is 0.54.  

As can be seen from the above studies, many focus on producing graphene sheets with 

minimised oxidation degree. In the last three or four years, more work has tried to emphasise 

the production of graphene oxide with higher oxidation degree via electrochemical oxidation 

of graphite26-27, 82-84. The transition of the purposes may be due to the poor aqueous 

dispersibility of electrochemically-exfoliated graphene sheets, which are normally dispersed in 

organic solvents such as DMF. Moreover, it was realised that oxygen groups on graphene 

sheets are not a problem, but rather an advantage for better dispersibility, processability and 

functionalisation.  

In the work reported by Cao et al. a two-step electrochemical processes was used to produce 

GO84. The first step is intercalation of graphite in concentrated H2SO4 to form Stage 1 GIC. 

The second step is the oxidation and exfoliation of the GIC in (NH4)2SO4 aqueous solution. 

The produced GO shows more than 90% of monolayers and oxygen content of 17.7 at. %. Tian 

et al. reported a Tee-cell setup for electrochemical oxidation of graphite, which produced GO 

with the highest oxygen content of 25.1 at.%26. In recent work by Pei et al., a continuous and 

controlled electrochemical synthesis of graphene oxide was undertaken, with the setup shown 

in Figure 9f27. This work has achieved the highest oxygen content of 29.2 at.%, compared with 

other reported electrochemical methods of producing GO, which places the electrochemical 

methods on a par with the chemical methods.  

2.2.2.5 Perspective 

The recent works of employing electrochemical methods to produce graphene oxide open the 

routes for future work about electrochemical methods and show the possibilities of producing 

GO with relatively high oxidation degrees by this green, simple and controllable oxidation 

methods. Great potential has been shown by replacing the currently-employed chemical 

oxidation methods in industry, with the electrochemical oxidation methods being one. In 

addition, the potentially different properties of electrochemically-derived graphene oxide from 
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chemically-derived graphene oxide may bring more novel applications of GO or improve the 

current performances of GO-based applications.  

There remain many challenges in electrochemical oxidation methods that need to be resolved 

for further development of the method. Firstly, there are still some limitations for the 

employment of the electrochemical methods in industries. The traditional electrochemical 

setups include a bulk graphite electrode directly inserted in the electrolytes, which can easily 

fall into pieces during the electrochemical processes and lose electrical contact before complete 

oxidation. As a result, the GO produced by traditional setups shows low oxidation and 

exfoliation degree. Although some novel setups have been proposed to avoid the undesired 

facts, the graphite sources used are normally bulk graphite such as graphite rod, plate, and foil 

or pre-formed graphite, which normally requires high cost or extra efforts. In addition, the 

characterisations and study of properties of electrochemically-derived graphene oxide are still 

limited in current researches. For example, dispersibility has been rarely studied due to the 

mostly poor aqueous dispersible GO produced from electrochemical methods. There is also no 

study about how electrochemical conditions affect the dispersibility of the products. Another 

important property of EGO was also not widely studied in previous research, is its ability to be 

thermally reduced and also by microwaves, and the subsequent properties of such reduced 

EGO. Due to the limited aqueous dispersibility of EGO in previous studies, EGO has been 

rarely assembled into the macrostructure such as membranes, which could be used in a variety 

of applications such as nanofiltration or desalination. There is no understanding of the 

properties of the assembled macrostructures and related applications, as well as how the 

properties of EGO are related to the performance of the macro-structures. Therefore, it is 

necessary to develop novel setups for potentially industrial production of graphene oxide, 

produce aqueous dispersible EGO, as well as to study the properties of the EGO such as 

dispersibility and reduction ability, assemble the aqueous dispersible EGO into macrostructure 

for investigation for potential applications and understand the relationships between the 

structures and performances. 

2.3 Characterisations and properties of graphene oxide 

2.3.1 Characterisations of structure and chemistry  

Characterisations is an important way for studying the structure and chemistry of graphene 

oxide, as well as for exploring the relationships between the structure and properties of GO or 
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performance of the GO-based applications. In this section, a variety of reported characterisation 

methods for studying the graphene oxide or graphene will be introduced as important guidance 

for investigating structures, chemistry, and morphologies of EGO or EGO assembled 

structures.   

Raman spectroscopy is a widely-used and powerful tool to study the structures of graphene or 

graphene oxide, which provides extensive information about the atomic structures, defects, and 

functionalisation degree. A typical Raman spectrum normally contains D (~1350 cm-1), G 

(~1580 cm-1) and 2D (~2700 cm-1) peaks for carbon-based materials, with the intensity, width, 

and positions reflecting structure information. The G peak is indicative of the sp2 structures 

within the graphene-based materials, while the D peak reflects the intensity of the aromatic 

rings around the defective regions. The 2D peak is dependent on the highly ordered aromatic 

regions and a number of the stacked layers in an assembly. Tuinstra and Koenig in 1970 

reported that the intensity of the D peak is inversely proportional to the aromatic size of the 

graphite materials85. Based on Tuinstra and Koenig (TK) theory, an equation (2.1) has been 

proposed by Cancado et al86. to calculate the aromatic domain size.  

                                                       La(nm) = (2.4 × 10-10) λ4(ID/IG)-1                                       2.1 

It has been extensively used later in the study of graphene structures. However, this equation 

only applies to the graphene with a small number of defects.  

As for more disordered graphene-based materials such as graphene oxide, Ferrari et al. 

proposed a three-stage model about the variation of G peak position and I(D)/I(G) ratio with 

the amorphisation degree, as shown in Figure 1287-88. Stage 1 is the transformation of graphite 

to nanocrystalline graphite, when the G position and I(D)/I(G) increase with smaller crystalline 

size, corresponding to the TK theory. In Stage 2, when amorphisation increases with increasing 

sp3 bonds, the G peak position and I(D)/I(G) ratio decrease. In Stage 3, the G peak position 

increases and I(D)/I(G) decreases with larger amounts of sp3 bonds. The decreased I(D)/I(G) 

at Stages 2 and 3 result from the decreased amounts of aromatic sixfold rings when the 

defective region increased to a certain amount, causing the decreased signal for the intensity of 

D peaks89. It was found that when the average distances between the defects LD are smaller 

than 5 nm, the relationship between I(D)/I(G) and LD will be at Stage 2 or 3. Equations have 

been proposed to calculate aromatic domain size from I(D)/I(G) in the disordered graphene 

materials89. The above theories provide a comprehensive understanding of the Raman spectrum 
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of graphene oxide materials and act as a useful tool for explaining the aromatic structure within 

it. In addition, the D and G peaks can also be fitted with D* (1150 – 1200 cm-1), D’’ (1500 – 

1550 cm-1) and D’ (~1620 cm-1) peaks, which provide more information about disorders, 

functionalisation, and type of defects90. Currently, Raman spectroscopy has been extensively 

employed as an analysing tool to explain the qualities of the produced graphene oxide13, 51, 53, 

56. However, the misleading use of TK theories to calculate the aromatic domain size of 

graphene oxide or graphene result in some misinterpretations of structures. Care must be taken 

by choosing the correct theories and equations in future Raman characterisations.  

 

 

Figure 12. (a) Three-stage model: G position and I(D)/I(G) ratio change with the amorphization 

and disorder87. (b) The change of the sp2 and sp3 configurations in three amorphization 

stages88. 
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X-ray diffraction (XRD) is another widely-used characterisation tool for investigating the 

structures of materials. Unlike Raman spectroscopy which can directly reflect the atomic 

structure information, XRD is used to examine the crystalline structure of an assembled 

graphene or graphene oxide macrostructures, which can be further analysed to reflect the 

atomic structure information. The XRD peak positions of graphene oxide or graphene 

assemblies reflect the interlayer spacing between the stacking layers. For example, graphene 

oxide assembly normally shows a peak at around 12°, while graphite has a sharp peak at around 

26.7°. According to the Bragg equation (2.2):  

                                                                 λ = 2dsinθ                                                             2.2 

where λ is wavelength and d is interlayer spacings, the interlayer spacings of graphene oxide 

and graphite are 0.37 nm and 0.17 nm respectively. In addition to the peak positions, the 

broadening or width of the peak could also reflect some structural information. The Scherrer 

equation (2.3) can be used to measure the coherent domain size along the axis of the peak,  

                                                        β(2θ) = Kλ/(L(2θ)cosθ)                                                    2.3 

where β(2θ) is widths of peak and L(2θ) is the coherent domain size91. XRD spectra are often 

used as an examination tool for the transformation of graphite to graphene oxide, which can be 

directly observed from the change of peak positions26-27. In addition, XRD is also widely used 

in the structure investigation of graphene oxide membranes, such as the change of the XRD 

peaks in a variety of solvents, which shows the information about the interlayer distance of GO 

in different solvents92. However, XRD is mainly limited to the study of crystalline structures 

instead of porous structure, as it will not show much information about the structures of the 

porous assemblies.  

X-ray photoelectron spectroscopy (XPS) can be used to characterise the chemistry of the 

graphene-based material in the surface with a penetration depth of about 10 nm. The XPS 

spectra can reveal the information about the percentage of elements such as carbon, oxygen, 

nitrogen, and sulfur which are mostly detected from the graphene or graphene oxide. In 

addition, the high-resolution scanning for an element can show the specific carbon or oxygen, 

functional groups. XPS has the advantages of quantitative analysis of the elements, which can 

be used as a general tool to assess the oxidation degree of the produced graphene oxide. It can 

also quantitatively measure the amounts of different oxygen functional groups. This direct tool 

for measurement of chemical compositions is significantly useful in the study of graphene 
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oxide such as assessing the oxidation degree of the produced GO or evaluating the remaining 

oxygen groups after reduction of GO. In addition to XPS, thermogravimetric analysis (TGA) 

and Fourier-transform infrared spectroscopy (FTIR) are another two commonly used methods 

to characterise the chemistry of graphene-related materials. TGA shows the weight loss of the 

materials with the gradually increasing temperature in a specific atmosphere such as air or 

nitrogen. For graphene oxide, the weight losses during elevated temperature is mainly due to 

the removal of a variety of oxygen functional groups. Therefore, the TGA curves are good 

reflections of the composition of oxygen groups, as well as the information about the reduction 

temperatures of them. FTIR can also be used to examine the oxygen functional groups in 

graphene oxide but it is not a quantitative method.  

In addition to characterisation for structure and chemistry, there are some common techniques 

to characterise the morphology of the graphene materials. Due to the two-dimensional 

morphology of graphene, it shows hundreds of nanometers to tens of micrometers of lateral 

sizes, while being less than 1 nanometre in the thickness dimension. The lateral structures of 

graphene or graphene oxide can be easily imaged by scanning electron microscopy (SEM) or 

transmission electron microscopy (TEM). As for thickness information, the graphene or GO 

sheets needs to be measured by atomic force microscopy (AFM), which can show the thickness 

and flatness of the sheets.  

2.3.2 Dispersibility  

In this section, one of the most important properties of graphene-based materials will be 

introduced: its dispersibility, which determines the processability of the material for further 

applications. It is widely accepted that graphene is a hydrophobic 2D material, which can easily 

aggregate and restack into graphite in polar solvents. As a comparison, graphene oxide with 

abundant oxygen groups normally shows good dispersibility in aqueous solutions. To 

understand the dispersibility of graphene or graphene oxide, it is important to illustrate the 

colloidal interactions which lay a foundation for colloidal stability. The Derjaguin–Landon–

Verwey–Overbeek theory introduces the interactions between two particles in a liquid with two 

force contributions: the attractive van der Waals forces and the repulsive electrical double layer 

forces (or electrostatic repulsive forces)93. There are three classical cases of the overall 

interactions of the two forces with the separation distances between two colloidal particles, as 

shown in Figure 1394. When the electrostatic repulsive forces dominate, the dispersion will be 

stable. In the opposite case, the dispersion will form irreversible coagulation if attractive van 
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der Waals forces dominate. The third type is the reversible flocculation which is caused by the 

state at a secondary minimum of the sum of the forces. Graphene oxide contains large amounts 

of carboxylic acid and hydroxyl groups, which can be ionised in water, forming electrostatic 

repulsive forces. Therefore, the stability of the graphene oxide dispersion is determined by the 

overall interactions between the van der Waals forces and electrostatic repulsive forces. It has 

been demonstrated that two interacting GO particles could be face-to-face and edge-to-edge94. 

When two flat GO sheets are edge-to-edge, the electrostatic repulsive forces will dominate due 

to the rapid decay of van der Waals forces with distance. As a result, the GO dispersion will be 

stable in a confined 2D space. However, the dispersion of GO in water is in a 3D space, where 

the two particles may show face-to-face interactions. In this case, the van der Waals forces and 

π-π interactions will form an energy minimum on the curve. The reversible flocculation will be 

formed at this time, which is often observed in the storage of graphene oxide for a long time.  

 

Figure 13. Total energy U versus particles separation profiles94. 

In recent years, there are many studies about the dispersibility of graphene oxide or reduced 

graphene. Paredes et al. reported the dispersibility of graphene oxide in a variety of solvents 

including water and 13 organic solvents, as shown in Figure 1495. It was found that chemically-

derived graphene oxide (by the Hummers method) showed long-term stability in water, 

ethylene glycol, DMF, NMP and THF solvents, which provide a basis for further processing 

of the GO in various applications. One important factor that influences the colloidal stability is 

the size of graphene oxide sheets. When the GO sheets are reduced to nanosheets with lateral 

sizes smaller than 100 nm, the GO dispersion is found to be much more stable, which results 

from higher charge density due to more edge -COOH groups and more uniform distributions 

of sizes96. In addition to the sizes of GO sheets, the types of oxygen groups also have an 

important influence on the stability of GO dispersion at various pHs14. The phenolic groups 
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mainly ionise at basic pH, providing the electrostatic forces for GO. In neutral water, the 

carboxylic groups play an important role by becoming ionised to form charge species. 

However, in acidic environments, most of the phenolic groups and carboxylic groups will not 

ionise. In such cases, the carboxylic groups with phenolic OH groups ortho to them will ionise 

and form stable aqueous dispersions. This work demonstrated the influence of oxygen groups 

and their locations on the aqueous dispersibility of GO. 

 

Figure 14. The dispersion of chemically-derived graphene oxide (by the Hummers method) in 

water and 13 organic solvents95. 

The electrostatic repulsive forces can come from two types of charge: one is by ionisation of 

surface groups to form charged surface, another is by adsorption of external ions on to the 

previously uncharged surface. Therefore, the production of aqueous dispersible graphene or 

graphene oxide normally involves functionalisation of graphene to form covalently bonded 

groups or stabilisation of graphene with extra stabilisers or additives. Work has been tried to 

oxidise the edge of graphene to form carboxylic groups97 or reduce the graphene oxide with 

the preservation of carboxylic groups98. However, the oxidation of only the edge area produces 

mostly few-layer graphene sheets with only a small amount of single-layer graphene97. Other 

work functionalises the graphene with negatively charged -SO3H groups, which causes 

repulsive forces between the sheets. However, the conductivity is limited by the -SO3H groups, 

which cannot be removed by normal reduction99.  

One intriguing property of colloidal particles and indicator of colloidal stability is their 

capability to form liquid crystalline phases100. Colloidal particles normally show an isotropic 
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phase in a diluted concentration. With increasing concentration, a combination of isotropic 

phase and nematic phases coexist, which transform into a complete liquid crystalline phase 

above a critical concentration. In 2009, Kim et al.101 first discovered the graphene oxide liquid 

crystals (GOLC) with nematic ordering, which paved the way of relevant research in GOLC100, 

102-104. Graphene oxide colloidals show discotic shape with a large aspect ratio. This shape 

anisotropy makes graphene oxide colloidals tend to form liquid crystals in the stable, exfoliated 

dispersions. Even though graphene oxide has been found to show liquid crystallinity above a 

critical concentration, various graphene oxide may show different critical concentrations due 

to their differences in aspect ratio, lateral size, thickness, polydispersity, ionic impurities and 

pH100. Graphene oxide sheets with a larger aspect ratio tend to form GOLC at a lower critical 

concentration, while it is not easy for smaller and thicker graphene oxide sheets to form liquid 

crystals105. Polydispersity also shows influence on the GOLC with a broader polydispersity 

causing a broader isotropic to nematic phase transition106-107. With the development of GOLC, 

many promising applications areas such as GOLC-based fibers, papers, supercapacitors, 

batteries, catalysts are being developed100. 

2.3.3 Reduction of graphene oxide 

Due to the excellent electrical conductivity of pristine graphene, reduction of graphene oxide 

has been widely performed to produce reduced graphene oxide with relatively high electrical 

conductivity. With the prevalence of graphene in various applications, it is important to study 

the reduction abilities of graphene oxide. Currently, there are several types of methods for 

reduction of graphene oxide, including thermal reduction, chemical reduction, microwave 

reduction, etc. Among them, thermal reduction and chemical reduction are the two most 

frequently-used methods for reducing graphene oxide to graphene. The thermal reduction has 

the advantages of simplicity, only requiring high-temperature annealing, reliability with the 

temperature adjustable to change the reduction degree, and high yield with large amounts of 

materials reduced at the same time108. Chemical reduction methods eliminate the need for an 

oven, which is a cheaper and more readily available way to reduce graphene oxide. However, 

both methods show drawbacks including energy- and time-consuming issues for thermal 

reductions and toxic agents used for chemical reductions. 

Microwave reduction is a novel method to reduce graphene oxide by providing microwave 

irradiations on the materials. The method has the advantages of uniform and rapid heating 

compared to conventional reduction methods. In addition, it is a simple and convenient way 
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for manipulation, which can be easily performed in a commercial microwave oven. The 

development of microwave reduction has only come to the fore in the last decade. Chen et al. 

utilised microwave to reduce the graphene oxide in the solutions109. The combination of N, N-

dimethylacetamide, and water can control the temperature up to 165 °C. The conductivity of 

the microwave-reduced GO shows 104 times higher conductivity than GO and reaches to 200 

S/m. Later, CGO powders have been reduced by microwave irradiation, which can show 

sparking and even burning within 1 min110. The resultant GO shows an electrical conductivity 

of 274 S/m but a high ID/IG ratio of around 1110. The efficiency of pure graphene oxide is poor, 

as found from the above research. To improve the efficiency, more research has involved 

adding conductive graphene powders or graphite flakes or reduced graphene oxide paper to 

make a contact with the original graphene oxide111-114. The conductivities of the microwave 

reduced graphene oxide have been improved overall, with a much-enhanced carbon to oxygen 

ratio C/O (~15 – 20). Voiry et al. reported the microwave reduction of a thermally annealed 

graphene oxide, which exhibits significantly high efficiency with great improvement in the 

aromatic domain size from Raman spectroscopy, as shown in Figure 1516. By comparing it 

with other graphene, it shows much higher quality than graphene oxide and chemically reduced 

GO, and a similar quality to CVD-graphene. This greatly improved efficiency represents the 

efficient microwave reaction in the partially reduced domains which are conductive and 

reactive to microwaves. Despite progress, the microwave reduction of chemically-produced 

graphene oxide is still limited due to its low efficiency.  

The addition of graphene or graphite may change the original structures. The pre-treatment of 

thermal annealing requires extra energy and time, which reduces the attractiverapid and energy-

saving advantages of the microwave. Moreover, there are no studies about the microwave 

reductions of electrochemically-derived graphene oxide, which may show different reduction 

abilities and properties compared to chemically-derived graphene oxide.  
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Figure 15. I2D/IG ratio versus the crystal size (La) for microwave-reduced GO (MWrGO), CVD-

graphene, HOPG, dispersed graphene, rGO, and GO16. 

2.4 Graphene oxide membrane 

Chemically-derived graphene oxide shows excellent aqueous dispersibility and processability, 

which encourages the use of the sheets as nano-building blocks for assembling into laminar 

membranes through filtration or coating. The resultant GO membranes show flexibility and 

good mechanical strength, with hydrogen bonds holding the GO sheets together37. The 

laminated GO membranes contain 2D nano-channels determined by the interlayer spacing 

between the GO layers, which can be used to transport molecules with sizes smaller than that 

of nanochannels. With the characteristic of tuneable chemistry, the sizes of the nanochannels 

can be adjusted by functionalisation of the GO building blocks with macromolecules or 

polymers. The advantages of GO laminated membrane make it a promising candidate for mass 

transport. The past several years have witnessed the progress of chemically-derived GO 

membranes, which can be used as separation membranes for nanofiltration or desalination. The 

transport properties of molecules or ions have also been extensively studied.  

Initially, Nair and co-workers115 have investigated the permeation properties of GO membranes 

for gas molecules and solvent vapor molecules. The important findings of impermeability of 

GO membrane to all gases and solvent molecules, except for water molecules, have led to the 

GO-based membranes emerging as a hot topic. This pioneering work shows that water 
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molecules can transport 1010 times faster than He molecules. They proposed that the fast 

transport of water resulted from the pristine-graphene capillaries within GO membranes, which 

allow the low-friction flow of one layer of water molecules. This work indicates GO laminated 

membranes are promising in water separation applications based on the favorable mass-

transport properties. In addition to the molecular sieving properties in the dry state, the GO 

membranes also show selective ion permeation when they are utilised in water. For the studies 

of ion transport in GO membranes, it was initially reported by Raidongia and Huang116, which 

demonstrated the ionic transport behaviors of KCl in the 2D nanochannels of the GO 

membranes. Later, Sun et al.117 studied permeation properties of a variety of salts including 

NaHSO4, NaCl, NaOH, NaHCO3, CuSO4, MnSO4, and CdSO4. They found sodium salts 

showed much quicker permeation rates than heavy-metal salts, which indicates the potential 

applications of GO membrane in ions separation.  

Joshi et al. examined the permeation rates of a broader range of ions through GO membranes, 

as shown in Figure 165. To test the permeation behaviors, they used a U-shape setup which is 

separated into two parts: feed and permeation compartments. It was found that GO laminates 

could block all the ions or molecules with a hydrated radius larger than 4.5 Å but allowed the 

permeation of ions smaller than 4.5 Å such as K+, Na+, and Mg2+ ions. This work emphasises 

the importance of physical size effect of the nanochannels in GO membranes. In addition, the 

much higher permeation rates of small ions can result from the capillary-like high pressures of 

the nanocapillaries5.  
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Figure 16. Ionic permeation of GO membranes: (a) Schematic of ion permeation setup, top: 

photograph of a GO membrane with a copper foil. (b) Permeations rates versus hydrated radius 

of a variety of ions5. 

Some research has tried to improve the water permeance by adding other materials into the 

structure as the spacers between the graphene oxide sheets. One such work reported the use of 

multi-walled carbon nanotubes in to the reduced graphene oxide sheets to increase the water 

permeability 4.8 times higher than the pristine rGO membrane118. In other work positively 

charged copper hydroxide nanostrands were mixed with negatively charged GO sheets, which 

were filtered to form membranes119. The nanostrands were then dissolved to form nanochannels 

within the GO membranes and demonstrated a ten times enhancements of the solution 

permeance. 

Although graphene oxide membranes show promising applications in molecule or ion 

separations, there are still challenges for the chemically-derived GO membranes. With the high 

oxidation degree and abundant oxygen groups on GO sheets surface, GO membranes show 

poor stability in aqueous solutions, which exhibit a gradual enlargement of the interlayer 

distance when soaked in water. This progressive increase of interlayer distance will enlarge the 

nanochannels between the GO sheets, which will show decreased rejection for ions. This 

challenge impeded the further applications of graphene oxide membranes in nanofiltrations or 

desalination in industries. Some research has proposed methods to solve this problem. For 
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example, one paper reported using the physical confinement of GO membranes with epoxy in 

a certain humidity as a way to keep the size of the nanochannels unchanged when soaked in 

water6. However, this method increases the complexity of the manipulation, which is not a 

suitable method for industrial applications.  Another work reported adjusted the interlayer 

distance of GO membrane with ions, but the membrane had to be soaked in the same ions 

solution to prevent escaping of the ions120. Both methods are not suitable for real applications 

in industry. More work in the future is required to resolve the instability problems of graphene 

oxide membranes.  

2.5 Conclusions  

This literature review gives a comprehensive background of graphene oxide in terms of its 

progress in synthesis methods, characterisations, properties, and one promising application in 

graphene oxide membranes. A detailed introduction of synthesis methods including chemical 

oxidation methods and electrochemical oxidation methods has been given, which has laid the 

groundwork for developing electrochemical methods and studying the properties of the 

electrochemically-derived graphene oxide. Characterisation and properties of graphene oxide 

was also discussed, with an emphasis on the dispersibility and reduced properties, which 

provide a basic understanding for further investigations of properties of EGO in the following 

experimental chapters. The final part of the chapter introduced current developments of GO 

membranes, as well as the challenges and limitations for current chemically-derived GO 

membranes, which builds a background for the development and characterisations of EGO 

membranes.  

As discussed in this literature review, there are some limitation and challenges in current 

chemical oxidation and electrochemical oxidation methods. The first aim of this research is to 

develop a new electrochemical method with improved setups, which is potentially suitable for 

the industrial productions of graphene oxide with more complete exfoliation and oxidation. 

Due to poor aqueous dispersibility and very few studies about the properties of EGO, exploring 

its aqueous dispersibility and how the electrochemical methods conditions influence the 

property are the second aim of the thesis. In addition to dispersibility, another interesting 

property of EGO, reduction ability, is also not well understood. In the following chapters, the 

microwave reduction abilities of EGO will be reported. The final experimental chapter will be 

aimed at producing assembled EGO membranes, characterising the properties and structure, as 

well as studying the relationships between the structures and performances for the first time.  
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Chapter 3. Mechanically-Assisted Electrochemical Production 

of Graphene Oxide 

This chapter is aimed to develop a new electrochemical method to produce graphene oxide. 

Chemical oxidation methods to synthesize graphene oxide have the drawbacks of using 

explosive oxidizing agents, contaminations by residual metal ions, and the formation of hole 

defects on graphene oxide sheets. Conventional electrochemical methods show problems of 

incomplete oxidation and exfoliation due to premature peeling of graphite pieces from the 

electrode. In this chapter, a novel mechanically-assisted electrochemical method is developed 

to produce graphene oxide. Mechanical stirring has been used as assistance to the 

electrochemical oxidation and exfoliation process, which allows the continuous physical 

contact between graphite flakes and working electrode for oxidation and exfoliation. The 

electrochemically-derived graphene oxide has been characterized and shows good oxidation 

degree and less physical defects than CGO. It also shows facile reduction ability and long-term 

stability in ethanol when compared with CGO. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



53 
 

 



54 
 

 



55 
 

 

 



56 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 



57 
 

 

 



58 
 

 

 

 
 



59 
 

 

 



60 
 

 

 

  



61 
 

   



62 
 

 

 

 

 

 

 

 



63 
 

Supporting Information 

Mechanically-assisted Electrochemical Production of 

Graphene Oxide 

Pei Yu,† Zhiming Tian,† Sean E. Lowe,‡ Jingchao Song,† Zhirui Ma,† Xin Wang,† Zhao Jun 

Han,§,# Qiaoliang Bao,† George P. Simon,† Dan Li,† Yu Lin Zhong*,‡ 

†Department of Materials Science and Engineering, Monash University, Clayton, Victoria 

3800, Australia 

‡Centre for Clean Environment and Energy, Gold Coast Campus, Griffith University, Gold 

Coast, Queensland 4222, Australia 

§CSIRO Manufacturing, 36 Bradfield Road, Lindfield, New South Wales 2070, Australia 

#Department of Materials, University of Oxford, Parks Road, Oxford, OX1 3PH, United 

Kingdom 

 

 

Figure S1. Low-magnification TEM images of EGO sheets with scale bar of (a) 0.2 µm, (b) 1 

µm and (c) 5 µm. 
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Figure S2. SEM images of EGO sheets on Si wafer with scale bar of (a)(b) 40 µm and (c)(d) 

20 µm. 

 

Figure S3. (a) AFM image of monolayer EGO sheets and (b) line profile of EGO sheet drawn 

in (a). 
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Figure S4. AFM images of EGO sheets for statistical calculation on the layer number 

distribution. 

 

 

Table S1. Carbon, oxygen, nitrogen and sulphur element percentage (%) of EGO after 

annealing at different temperatures under UHV condition, from XPS. 

 
 

Temperature 
(°C) 

C1s O1s N1s S2p 

25 76.40 20.99 1.45 1.16 

100 76.91 20.69 1.39 1.01 

150 77.56 20.16 1.38 0.90 

200 84.90 13.47 0.78 0.85 

300 87.78 11.09 0.65 0.48 

400 88.97 9.98 0.62 0.43 

600 91.56 7.80 0.55 0.09 
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Figure S5. TGA curve of EGO (black) and CGO (red) performed at scan rate of 2 ⁰C/min in 

Argon. 

 

 

 

Figure S6. Comparison of CGO synthesized from lab with CGO purchased from commercial 

company and EGO for their conductivity change after various thermal reduction time at 200°C 

in an oven (air atmosphere). 

 

 
Table S2. Zeta potential of EGO in water, DMF and ethanol. 

 
 

 Water DMF Ethanol 
Zeta potential (mV) -33.3 ± 0.9 -53.1 ± 8.1 -41.9 ± 16.9 
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Table S3. Concentration change of EGO in water, DMF and ethanol after standing for 24 hours. 

 
 EGO in water EGO in DMF EGO in ethanol 

Initial concentration 3 mg/ml 

Concentration after 24 
hours 

2.1 mg/ml 2.5 mg/ml 2.6 mg/ml 

 

 

 
Table S4. Yield and XRD peak ratio (graphene oxide peak/graphite peak) of EGO products 

from three batches with recycled electrolyte. 

 
 Yield (wt.%) XRD peak ratio 

EGO-1 37.6 2.08 

EGO-2 34.4 1.89 

EGO-3 34.0 1.90 

 

 

 

Scheme S1: Schematic representation of the electrochemical oxidation of graphite.42 
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Chapter 4. Electrochemical preparation of aqueous-dispersible 

graphene oxide 

4.1 Introduction 

4.1.1 Background of aqueous dispersible graphene oxide 

As an important member of the graphene family, graphene oxide (GO) has attracted wide 

interest in both research and industry7, 9, 17. One of the most important reasons why GO is 

widely studied or used is due to its superior aqueous dispersibility4, 14, 47. As a general precursor 

of graphene that is frequently used in a wide range of applications such as energy storage 

devices, processable GO is often required in large quantities35, 121. In addition, GO sheets are 

often assembled into various macrostructures such as uniform membranes that are used in 

nanofiltration5, 37, and ultra-elastic foams for sensors122. It requires homogeneous GO 

dispersions to form these uniform structures, resulting in fascinating properties. Moreover, GO 

sheets with tuneable chemistry also act as promising precursor fillers or templates for graphene-

based polymer/inorganic composites to achieve enhanced properties such as enhanced 

electrical conductivity, increased strength, improved gas selectivity or electromagnetic 

interference shielding4, 123. For graphene-polymer composites, it is vital to form a uniform 

dispersion of GO within the polymer matrix for achieving the required properties. Good 

aqueous dispersibility of GO is critical for it to be homogeneously mixed with water-soluble 

polymers124-125. Some graphene-inorganic composites also require aqueous solution based 

fabrication processes4.  If GO agglomerates are formed in the aqueous dispersion, it will be a 

great difficulty to form the desired structures and achieve effective properties for specific 

applications. Moreover, excellent and stable aqueous dispersibility of GO would also benefit 

its storage and transportation properties in industrial applications.  

The basal plane of GO is bonded with abundant oxygen functional groups including hydroxyl, 

epoxy, carbonyl and carboxylic groups33. The colloidal stability of graphene oxide sheets in 

aqueous solutions is determined by a sum of interacting colloidal forces between the GO 

sheets15. The oxygen functional groups can introduce repulsive electrostatic forces and 

hydration forces which tend to push GO sheets apart from each other. The π-π domain in the 

non-oxidsed area will form attractive van der Waals forces and hydrophobic forces. A stable 

GO dispersion is maintained by the stronger repulsive forces being greater than the attractive 

forces. In the GO-water system, it has been noted that electrostatic forces are dominant due to 
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their strong long-range interactions caused by the ionisation of carboxylic and hydroxyl 

groups15. Therefore, the surface chemistry of graphene oxide needs to be considered to achieve 

a stable graphene oxide dispersion.  

Graphene oxide is commonly produced by oxidation of graphite with chemical oxidants such 

as sodium hypochlorite or potassium permanganate33. The formation of oxygen groups breaks 

the original π-π conjugated region, which reduces the strong, attractive van der Waals forces 

between adjacent graphene sheets. With reduced attraction, exfoliation of the graphite oxide 

can be readily achieved by external forces such as ultra-sonication or agitation. Chemical 

oxidation of graphite such as Hummer’s method is the most popular route to produce graphene 

oxide due to its scalability and high degree of oxidation degree12-13, 46. Due to strong oxidation, 

chemically-derived graphene oxide (CGO) shows remarkable dispersibility in water, which can 

achieve more than 10 mg/ml dispersions46. The chemistry of CGO contributing to the aqueous 

stability has been much studied. Electrostatic forces come not only from the ionisation of 

carboxylic groups but also are strengthened and stabilised by the phenolic and hydroxyl groups 

neighbouring the carboxylic groups14. Even though CGO shows superior aqueous 

dispersibility, the chemical oxidation methods and their products have some drawbacks. The 

use of strong oxidising agents increases the risk of explosion and produces hazardous gases17. 

The use of a large amount of water in the purification process and discharge of wastewater are 

also environmentally unfriendly processes17. Furthermore, products often contain some 

remaining heavy metal ions such as Mn2+, which may affect the properties of graphene oxide 

in applications. Therefore, it is important to develop alternative methods to produce aqueous 

and dispersible graphene oxide.  

4.1.2 Current challenges in electrochemically-derived graphene oxide- 

As an environmentally-benign route, electrochemical oxidation of graphite has gained 

increasing popularity in producing graphene oxide19, 126. The electrochemical methods avoid 

the use of strong oxidising agents. Rather, a positive current is usually applied to the graphite 

electrode to oxidise it in an aqueous solution19. In previously reported works electrochemical 

methods are mainly used to exfoliate the graphite with minimum oxygen functional groups 

introduced into the structure20-23, 82, 127. These electrochemically-produced graphene/graphene 

oxide sheets contain limited oxygen functional groups and show poor dispersibility in water. 

They are normally dispersed in organic solvents such as dimethylformamide (DMF) which is 

hazardous. Therefore, the poor aqueous dispersibility of these electrochemically-derived 
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graphene/graphene oxide limits their further processability into macrostructures and 

applications. Producing aqueous dispersible graphene oxide by the electrochemical method is 

important to advance the widespread use of this route. Even though some recent works have 

been trying to synthesise a more oxidised graphene oxide via electrochemical routes26-27, 82, 84, 

there is still a lack of research on the factors influencing the production of dispersible EGO. 

In Chapter 3, a novel mechanically-assisted electrochemical method was outlined to produce 

graphene oxide with a good degree of oxidation. The resultant EGO showed a much-enhanced 

dispersibility in water compared to previously reported electrochemical methods. The EGO 

concentration of 2.1 mg/ml was reported in the previous chapter, but the dispersion contained 

large amounts of multi-layer graphene sheets. It is important to further enhance the 

dispersibility of the EGO sheets and explore how the electrochemical process conditions 

influences the dispersibility of EGO. In this chapter, an electrochemical Tee-cell setup was 

used, which has been previously reported26, to electrochemically oxidise graphite with a well-

controlled electrochemical program. It is a simpler and more controllable electrochemical 

oxidation method than the mechanically-assisted method, and provides a good platform for 

studying how electrochemical factors influence the produced EGO. The objectives of this 

chapter is to investigate how important parameters such as oxidation time/stages, graphite 

sources, and electrolyte concentrations impact the electrochemical processes and aqueous 

dispersibility of EGO products; and produce highly aqueous dispersible EGO by a controlled 

and optimised electrochemical process.  

4.2 Experimental Section 

4.2.1 Materials 

Two types of graphite sources were used in this chapter: graphite flakes and graphite foils. 

Graphite flakes were the same graphite source as that in Chapter 3, which was purchased from 

Sigma-Aldrich (product no. 332461, particle size: +100 mesh). Graphite foils were purchased 

from Sigma-Aldrich (Product No. GF82433538, thickness 0.2 mm).  Sulphuric acid (H2SO4) 

was used as electrolytes in the electrochemical method, which was purchased from Sigma-

Aldrich (Product No. 435589). All the water used in the experiments was ultrapure water from 

the Millipore Direct-Q system. Aqueous solutions of various pH were prepared by adding 

appropriate amounts of hydrochloric acid (HCl) or (sodium hydroxide) NaOH into ultrapure 

water. HCl (ACS reagent, 37%) was purchased from Sigma-Aldrich (Product No. 320331). 
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NaOH (reagent grade, 97%, powder) was purchased from Sigma-Aldrich (Product No. 

655104).  

4.2.2 Electrochemical oxidation of graphite by Tee-cell setup 

In this chapter, an electrochemical oxidation method reported previously was used26. Firstly, 

graphite foil was cut into a small pellet with a diameter of 12.7 mm (32 mg). If graphite flakes 

were used as the source, 32 mg were pressed into a pellet with a diameter of 12.7 mm under a 

pressure of 100 bar. Electrolytes used in the experiments were prepared by diluting 

concentrated H2SO4 into various concentrations: 18 M, 15 M, 12 M, 9 M, 6 M. The two-

electrode Tee-cell setup used in the experiments was purchased from Swagelok Eastern 

Australia (product No. PFA-820-3). The schematic of the Tee-cell setup is shown in Figure 1, 

with a T-shape channel holding two electrodes. Graphite was attached to the left Pt working 

electrode with glass fibre separators put between graphite and right Pt counter electrode. The 

working and counter electrodes were pushed tightly towards each other to make a good 

electrical connection between graphite and working electrode. The electrolyte was then added 

from the top of the Tee-cell to soak the electrodes, graphite, and separators. The Pt working 

electrode and the counter electrode were connected to a VMP-300 potentiostat/galvanostat 

purchased from Bio-Logic. During the electrochemical process, a positive constant current (2 

mA) was applied to the working electrode with the voltage change recorded. The charging time 

varied according to our investigations. In the study of the influence of oxidation time on 

dispersibility, charging time was set to be 3 h, 7 h, 11 h, 15 h, 19 h, and 22 h. In the study of 

graphite sources, the charging time was set to be 22 h. In the study of electrolyte concentration, 

the charging time was set to the beginning of the final stage when H2O electrolysis began. After 

the electrochemical process, the modified/oxidised graphite pellet was taken out for further 

purifications. In terms of purification steps, the pellet was first placed into a centrifuge tube 

with 50 ml of water. After that, the tube was put in the sonication bath for 5 min to break up 

the pellet, which could be quickly reduced to pieces due to its oxidation degree. The tube was 

then centrifuged by a centrifugal device (Ample Scientific Champion S-50D centrifuge) at a 

speed of 4400 rpm. During this process, the modified/oxidized graphite pieces sink to the 

bottom of the centrifuge tube while the supernatant solution represented the remaining H2SO4 

solution. Then the top solution was discarded, and ultrapure water was added to 50 ml. The 

sonication and centrifugation processes were repeated for twice until the supernatant solution 

reaches a neutral pH of 6 - 7. After the purification process, 50 ml dispersion of 

modified/oxidised graphite (30 ~ 50 mg, according to oxidation degree) sheets were obtained. 
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The dispersion was then exfoliated by ultrasonication via an ultrasonic probe (Branson Digital 

Sonifier S450D, 1/2" Horn, 500W, 30% amplitude, 30 min).  

 

Figure 1. Schematic of a typical T-cell setup for electrochemical oxidation of graphite. 

4.2.3 Dispersibility characterisation 

To characterise the aqueous dispersibility of EGO produced at various conditions, the EGO 

dispersion after ultrasonication (30 min) was adjusted to a concentration of 0.7 mg/ml. The 

UV-Vis spectrum of the dispersion was then collected by a Varian Cary 300 UV/Visible 

spectrometer. The dispersion was diluted 20 times to ensure the intensity of the spectrum was 

in the range of the spectrometer. After recording the UV-Vis spectrum, the EGO dispersion 

was centrifuged for 30 min at 3000 rpm. The supernatant dispersion was taken out into another 

container and tested for its UV-Vis spectrum. The intensity of the maximum peak (~240 nm) 

for the supernatant dispersion divided by that for the original EGO dispersion was the 

percentage of the dispersed EGO in water solution. For long-term dispersibility test, the 

centrifuged dispersions were placed for a given amounts of time: 0, 1, 4, 6, 11, 19 days. The 

top dispersion was tested for its UV-Vis spectrum to calculate the concentration, which could 

also be expressed by the percentage of EGO dispersed, compared to its initial dispersion 

amount.  

4.2.4 Other characterisations  

Electrochemical impedance spectroscopy (EIS) was used to monitor the real-time graphite 

electrode resistance during the whole electrochemical process. Two platinum plates were 

placed on each side of the graphite working electrode and connected to the potentiostat. The 

impedance of the graphite working electrode was recorded during the electrochemical 

oxidation process. 
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X-ray Diffraction (XRD) was used to characterise EGO products for its compositions of 

graphene oxide and graphite, which showed different peak positions in XRD spectra. The XRD 

spectra were obtained from the Bruker D2 Phaser diffractometer (with Cu Kα radiation, λ = 

1.5418 Å). EGO dispersions just after purification were filtered by vacuum to make EGO 

membranes. The membranes were placed in a 50°C oven overnight for complete dryness. The 

EGO membrane samples spectra were measured using XRD.  

The zeta potential of EGO was measured in order to characterise its electrostatic repulsive 

forces to explain its dispersibility. A Malvern Zetasizer Nano ZS analyser was used to test 0.05 

mg/ml EGO dispersion. As a comparison, CGO dispersion (0.05 mg/ml) was also tested by the 

analyser. CGO was produced by a modified Hummers method reported by Kovtyukhaova et 

al.46 The process had several steps. Firstly, graphite (20 g) was added to 30 ml of concentrated 

H2SO4 which contained 10 g of K2S2O8 and 10 g of P2O5 at 80 °C for 6 hours of pre-oxidation 

treatment. After washing, the preoxidised graphite was further oxidised in concentrated H2SO4 

at 0 °C by gradually added KMnO4 (60 g). The solution was then stirred for 2 h at 35 °C, after 

which time, water was slowly added to it. After 15 min, the reaction was terminated by adding 

more water and 50 ml of 30% H2O2 solution. A solution of 1:10 HCl was added to the solution 

to remove the metal ions. The resultant dispersion was repeatedly washed by centrifugation 

and dialysis. Finally, the CGO dispersion was ultrasonicated for 30 min. 

Atomic force microscope (AFM) was used to characterise the EGO sheets. AFM images of 

EGO sheets were taken by Bruker Dimension Icon AFM (tapping mode). EGO dispersion with 

0.01 mg/ml was dropped on top of a silicon wafer which was pre-treated by piranha solution 

(H2SO4: H2O2 = 3:1) to clean the surface and make the surface hydrophilic. When the EGO 

dispersion was dropped on the silicon surface, the droplets quickly spread due to the 

hydrophilicity of the surface. The silicon wafer was then placed on a hot plate (50°C) to 

evaporate the water. After drying, the silicon wafer with cast EGO sheets on top were taken to 

the AFM device.  

4.2.5 Fabrication of EGO membrane 

The EGO membrane was fabricated to demonstrate the processability of EGO aqueous 

dispersion. To produce the EGO membranes, 0.1 mg/ml EGO dispersion (10 ml) was filtrated 

through a filter by vacuum. The filter used was Anodisc alumina filters (Whatman® Anodisc 

inorganic filter membrane, supported, diameter 47 mm, pore size 0.1 μm). When the EGO 
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aqueous dispersion was filtered, the EGO sheets will stack layer-by-layer on top of the filter to 

form the EGO membrane. When all the water had been filtered, the membrane was dried by 

vacuum overnight. Following this procedure, the EGO membrane could be easily peeled from 

the alumina filter by tweezers.  

4.3 Results and discussion 

4.3.1 Electrochemical process 

Electrochemical stages 

A T-cell setup was used in this chapter to electrochemically oxidise graphite into graphite 

oxide. This setup has been previously reported, with the advantage of good controllability and 

batch-to-batch reproducibility26. More importantly, the electrochemical oxidation process 

could be well monitored by this setup which was connected to a potentiostat. Electrochemical 

oxidation of graphite was achieved by applying a constant current (I = 2 mA) on graphite in 

sulfuric acid solution (12 M). The galvanostatic charging curves were recorded during the 

whole electrochemical oxidation processes. A typical galvanostatic charging curve is shown in 

Figure 2. The process can be segmented into three characteristic stages: intercalation of 

graphite into graphite intercalation compound (GIC), oxidation of GIC and H2O hydrolysis. 

Different electrochemical reactions thus happen in different stages.  

  

Figure 2. Galvanostatic charging curve of graphite foil with the voltage change at a constant 

current of 2 mA, with 12 M H2SO4.  

In the initial stage, intercalation of graphite by H2SO4 electrolyte occurred to produce GIC. The 

intercalation stage shows two prominent slopes, representing different stages in GIC 
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production. As shown in Figure 3a, the first slope is the formation of Stage 3 and >376, where 

a layer of intercalants was formed between every three or more than three layers of graphene 

sheets. With increasing charging time, the stage number will decrease, indicating more H2SO4 

intercalated into GIC, reaching a smaller stage number. With an electrolyte of 12 M H2SO4, 

Stage 2 could be formed in the final GIC because a further increase in voltage will activate the 

oxidation process. A schematic of the graphite intercalation process is shown in Figure 3b, 

showing the formation of a second-stage GIC. When the graphite is charged anodically, it will 

attract negatively charged HSO4- ions together with H2SO4 and H2O molecules to co-intercalate 

between the layers to form GIC. 

 

Figure 3. (a) Galvanostatic charging curve in the intercalation stage. (b) Schematic of 

intercalation of graphite with H2SO4 electrolyte. 

When the voltage further increases, the galvanostatic charging curve is due to the second stage: 

oxidation of GIC. During the oxidation stage (Figure 2), an extended plateau can be observed 

due to the consumption of charge by the continuous oxidation process. During this stage, GIC 

will be converted into oxidised graphite by the reaction of graphite with H2O molecules under 

the anodic charging. The oxidation process has been proposed in previous studies with the 

following equations (equation 4.1, 4.2 and 4.3)74. Firstly, water molecules react with carbon 

double bonds to form vicinal hydroxyl (-OH) groups. During further oxidation, the two vicinal 

-OH groups can react to form an epoxy ring, which can be further cleaved and oxidised into 

carbonyl groups.  

                                                                   4.1 
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                                                                      4.2  

                                                                4.3  

The real-time graphite electrode resistance was monitored by the EIS technique during the 

whole electrochemical process, as shown in Figure 4a. As can be observed, the resistance 

shows a slight increase within the first 15 h while it shows a huge increase from 15 h to 18.5 

h. Then it fluctuates dramatically after 18.5 h. Within the first 15 hours, the re-scaled real-time 

graphite electrode resistance is shown in Figure 4b. The resistance shows a continuous 

development of this stage. Initially the resistance increases slowly, especially in the graphite 

intercalation stage. After 5 h, the slope of the resistance curve gradually increases due to further 

oxidation processes. The resistance begins to show a sharp increase from 12 h to 15 h, which 

indicates stronger oxidation process or destruction of the conductive pathway in this stage. 

After 15 h, a dramatic increase of resistance is also accompanied by noisy discontinuities, 

which may be caused by the formation of gas bubbles within the electrode. The gas bubbles 

lead to delamination of the oxidised graphite electrode, thus further reducing its conductive 

pathways between sheets and greatly increasing resistance. The formation of bubbles could 

also be confirmed by observations in experiments. It is not clear about the mechanism of the 

bubbles forming in this stage, but they may be due to H2O hydrolysis within the electrode or 

oxidation process. After 18.5 h, the resistance shows great turbulence, which may be caused 

by the formation of gas bubbles on the Pt electrode. 

 

Figure 4. (a) Real-time graphite electrode resistance during the electrochemical process. (b) 

Re-scaled real-time graphite electrode resistance during 0 - 15 h. 
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Graphite sources 

The electrochemical process above was performed on graphite foil. To investigate the influence 

of graphite sources, graphite flakes were also explored with the same electrochemical 

conditions (I = 2 mA, 12 M H2SO4). The galvanostatic charging curves of the two graphite 

sources are shown in Figure 5. The charging curve of graphite flakes also shows three main 

stages, similar to that of graphite foil. However, the oxidation stage of graphite flakes is much 

shorter than that of graphite foil, which may indicate a lower oxidation degree. The oscillations 

in the final period of oxidation stage of graphite flakes is another different characteristic to 

graphite foil. A zone model has been proposed in a previous study to explain the potential 

oscillations74. In each oscillation, the H2O molecules oxidise a local zone into -OH groups, 

which will fill the space between graphene layers and lead to the formation of hydrogen 

bondings and block the movement of more H2O molecules into the unoxidised region74. The 

anodic charge will result in further oxidation of the -OH groups into carbonyl groups, which 

will further increase the space between graphene sheets. As a result, H2O molecules can further 

move into the unoxidised region and start the next oscillation process. The appearance of 

oscillations indicates that graphite flakes have more dense structures, with less free space 

between graphene sheets. The oscillations disappear in the charging curve of graphite foil, 

indicating that it contains more free space between graphene sheets, allowing continuous 

movement of H2O into unoxidised regions.  

 

Figure 5. Galvanostatic charging curve during electrochemical oxidation of graphite foil and 

graphite flakes. 
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The denser and more ordered structures of graphite flakes can also be observed from the 

intercalation stages in its galvanostatic charging curve, as shown in Figure 6a. Dt/dV vs. time 

was plotted to clearly show the transition of intercalation stages in Figure 6b, with the peaks 

representing stage transition platforms. For graphite foil, dt/dV increased to the first plateau 

from the beginning, indicating the first intercalation stage: a transition from Stage 3+ to Stage 

3. After a period of time, a significant peak rises at the time of about 1 h, which shows the 

second intercalation stage: a transition from Stage 3 to Stage 2. As a comparison, graphite 

flakes shows similar stages, but there is a much sharper peak observed in the second 

intercalation stage. The clearer transition between stages of graphite flakes shows a more 

ordered intercalation process due to less free space between graphene sheets. In comparison, 

graphite foil contains more free space between the sheets which leads to a less ordered 

intercalation process. 

 

Figure 6. (a) Galvanostatic charging curve in the intercalation stage for graphite foil (top) and 

graphite flakes (bottom) with a constant current. (b) dt/dV derived from (a) vs. time. 

Electrolyte concentrations 

In addition to graphite source, electrolyte concentration is another important factor in the 

electrochemical oxidation of graphite. The galvanostatic charging curves (of graphite foil) with 

various concentrations of H2SO4 are shown in Figure 7a. The oxidation time (for the second 

stage) and voltage (at 5 h) with H2SO4 concentration were plotted in Figure 7b. With the 



79 
 

highest concentration of 18 M, the charging curve shows the shortest oxidation time of less 

than 10 h. When the concentration decreases, the oxidation time gradually increases with 6 M 

after almost 45 h. This shows that the oxidation process is related to the amount of H2O in the 

H2SO4 electrolyte. Increasing amounts of H2O in more diluted H2SO4 will contribute to longer 

oxidation times. It can be seen that different electrolyte concentrations show different oxidation 

voltages with 6 M H2SO4 exhibiting the greatest oxidation voltage. When the concentration 

increases, the oxidation voltage gradually decreases to its lowest value at 15 M H2SO4. The 

lower oxidation voltage shows that there is a lower voltage barrier for the graphite to be 

oxidised by H2O. This may be because more intercalated graphite shows enlarged layer 

distances, which exhibites lower barrier for oxidation. Another possible cause is the formation 

of different oxygen groups in different H2SO4, which shows different oxidation voltages. The 

exact mechanism needs to be investigated in future work. When the concentration further 

increases to 18 M, the oxidation voltage increases again, which may be caused by the limited 

amount of H2O molecules in the electrolyte or the lower conductivity of electrolyte at 18 M128. 

 

Figure 7. (a) Galvanostatic charging curves during electrochemical oxidation of graphite foil 

with electrolytes of 6 M, 9 M, 12 M, 15 M, 18 M H2SO4. (b) Oxidation time and voltage change 

with H2SO4 concentration. 

The intercalation stages were analysed by deriving the charging curves to dt/dV vs. time, as 

shown in Figure 8. At the highest concentration of 18 M H2SO4, three peaks could be observed 

representing three main intercalation stages: Stage 3+ to Stage 3, Stage 3 to Stage 2, Stage 2 to 

Stage 1. When the concentration decreases, fewer and less distinct peaks were able to be 

observed in 15 M and 12 M H2SO4 , which shows fewer intercalation stages in diluted H2SO4 

electrolyte. When H2SO4 is further diluted to 9 M and 6 M, the peak gradually diminishes and 
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disappears, which indicates less distinct intercalation stages in low concentrations. This result 

shows that a higher concentration of H2SO4 contributes to the intercalation process of graphite, 

while the lower concentrations show almost no intercalation process.  

 

Figure 8. Dt/dV vs. time derived from Figure 7 at electrolytes of 6 M, 9 M, 12 M, 15 M, 18 M 

H2SO4. 

4.3.2 Dispersibility of EGO 

The dispersibility of EGO in water was examined for different oxidation times, graphite 

sources and electrolyte concentration. The EGO dispersions were centrifuged (3000 rpm, 30 

min) to cause the non-dispersed EGO sheets to settle out. The weight percentages of remaining 

EGO were calculated to represent the dispersibility of EGO in water.  

The percentages of dispersible EGO under different oxidation times are shown in Figure 9a. 

With 3 h of oxidation time, less than 10% of EGO is dispersible in water, which is due to the 

main graphite intercalation process with limited oxidation. When the oxidation time increases 
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to 7 h, the percentage of dispersible EGO increased dramatically to around 49%, with a 

subsequent moderate increase of 8% after 11 h. The percentage of dispersible EGO then shows 

a second dramatic increase to 76% after 15 h oxidation time. Finally, after 22 h, the percentage 

reaches a steady value of 82%. During the whole electrochemical process, the percentage 

shows two significant increases, at 3 – 7 h and at 11 – 15 h. During 3 – 7 h, it is speculated that 

oxygen groups are first formed on the edge of graphite, which transforms it from hydrophobic 

to hydrophilic. In the period of 7 – 11 h, oxidation continues towards the middle part of the 

basal plane that further increases the dispersibility but shows less influence than the oxidation 

process of 3 – 7 h. During 11 – 15 h, the dramatic increase of dispersibility may be due to a 

complete transformation of the remaining unoxidised area into the oxidised region, which 

greatly reduced π-π attractive forces. In addition, the formation of –COOH groups may also 

contribute to the progression of oxidation. After 15 h, the limited increase of dispersibility 

correlates with analysis shown in Figure 4a which shows the formation of gas bubbles within 

the electrode causing a significant increase of resistance. Therefore, during this period, most of 

the current is consumed for the electrolysis of H2O into O2, with only a small amount for further 

oxidation of graphite.  

X-ray diffraction (XRD) was used to examine the composition of the products after the 

electrochemical process at various oxidation time and washing steps, as shown in Figure 9b. 

It can be observed that the XRD curves are composed of two main peaks in the 2θ scanning 

range of 6 - 32°. One peak is at around 12 - 13°, representing the formation of EGO with oxygen 

functional groups between the sheets. Another peak is at around 27°, indicating the existence 

of non-oxidised graphite in the product. The XRD curve of the product from 3 h of oxidation 

shows a significant peak at 27.0° but a weak peak at 13.1°, corresponding to the small amount 

of dispersible EGO in the product. With the increase of oxidation time, the XRD curves show 

gradually increased EGO peak, with a reducing graphite peak. After 15 h of oxidation, the 

graphite peak has been significantly diminished, indicating the majority of remaining graphite 

has been oxidised to EGO. Moreover, the positions of EGO peaks move to lower values of 2θ, 

corresponding to a larger interlayer spacing with longer oxidation time. This may result from 

the formation of an increased amount of oxygen functional groups increasing the interlayer 

distance. 
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Figure 9. (a) Percentage of dispersible EGO after centrifuge (3000 rpm for 30 min) with 

different oxidation time by 12 M H2SO4. (b) XRD of electrochemically-oxidised graphite with 

different oxidation time. 

The influences of graphite sources on aqueous dispersibility of produced EGO were also 

studied. The percentages of dispersible EGO after centrifugation produced from graphite foil 

and graphite flakes are shown in Figure 10a. EGO produced by graphite foil shows more than 

80% of the product is dispersible in water at various initial concentrations. Even when the 

initial concentration reaches to 5 mg/ml, around 80% of EGO remained dispersible with a 

maximum concentration of 4 mg/ml achieved. This shows good dispersibility of EGO produced 

from graphite foil. In comparison, EGO produced from graphite flakes showed less 

dispersibility. The percentage of dispersible EGO by graphite flakes is greatest (84%) at the 

lowest initial concentration of 0.1 mg/ml. However, the percentage drops rapidly to about 42% 

when the initial concentration increases to 0.3 mg/ml. At an initial concentration of 0.5 mg/ml, 

the percentage retains a similar value (43%). The maximum concentration of dispersible EGO 

can reach 0.215 mg/ml at this point. For higher concentrations of 0.7 mg/ml, more than 80% 

of EGO sheets were precipitated to the bottom. For a more intuitive comparison, Figure 10b 

shows the images of EGO dispersions (0.7 mg/ml) produced from graphite foil and graphite 

flakes after 24 h. EGO dispersion by graphite foil is much more stable and homogeneous than 

EGO dispersion by graphite flakes, which aggregates after 24 h. 

UV-vis spectroscopy of EGO by graphite foil and graphite flakes is shown in Figure 10c. The 

maximum peaks for EGO by graphite foil and graphite flakes are at 240 nm and 247 nm 

separately, which are due to the π-π* transitions of the aromatic C=C bonds. The higher peak 
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position of EGO produced by graphite flakes reflects a larger area of the aromatic region than 

that of EGO by graphite foil. It is likely that graphite foil has more pores and defects than 

graphite flakes because the production of it involves intercalation, expansion by heating and 

compression129. Graphite foil has a density of around 1.3 g/cm3 while graphite flakes have a 

much higher density of about 2.2 g/cm3. This explains the more ordered electrochemical 

intercalation process of graphite flakes. It has been regarded that electrochemical oxidation 

process starts from the edge of graphite towards the inner section19, 74. Therefore, more pores 

and defects could introduce more oxidation processes and reduce the barrier of oxidation into 

the inner part of graphite due to the shortening of each oxidation length. As a result, the 

oxidation could be completed more thoroughly with more oxygen functional groups introduced 

to the flakes.  

 

 

Figure 10. (a) Percentage of dispersible EGO after centrifuge (3000 rpm for 30 min) with 

different graphite source. (b) Picture of EGO produced from graphite foil and graphite flakes 

after placing for 24 h. (c) Uv-vis spectra of EGO produced from graphite foil and graphite 

flakes. 
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It has been shown in Section 4.3.1 that H2SO4 concentration has a large impact on the 

electrochemical processes including oxidation time, voltage and intercalation stages. Here, the 

influences of electrolyte concentrations on dispersibility of EGO were also studied. First, all 

the electrochemical processes were undertaken until they reach the 3rd stages (H2O hydrolysis), 

when the 2nd stage of electrochemical oxidation is finished. As shown in Figure 11a, with the 

decrease of H2SO4 concentrations, the red bars (3rd stage) increase and reach to the maximum 

percentage at 12 M H2SO4. With the further decrease of concentration to 9 M and 6 M, the 

percentages of dispersible EGO show no much change. However, as shown in the previous 

section, the oxidation time will greatly increase when the H2SO4 concentration drop to 9 M and 

6 M. The oxidation time required for 9 M and 6 M H2SO4 is about two or three times the 

oxidation time for 12 M H2SO4. Therefore, the electrochemical time (22 h) of 12 M H2SO4 was 

used as a standard time for attaining maximum dispersibility.  

The electrochemical processes were then run for 22 h of charging time and tested their 

percentages of dispersible EGO again. As shown in Figure 11a, the black bars show similar 

percentage values to the red bars for 18 M, 15 M and 12 M H2SO4, while they are much lower 

than the red bars at 6 M and 9 M H2SO4. As a result, it can be observed that 12 M H2SO4 shows 

the highest percentage of dispersible EGO. The corresponding XRD curves of the 

electrochemically-modified products with 22 h of charging time were shown in Figure 11b. 

The product of 18 M H2SO4 shows a broad EGO peak and a broad graphite peak, indicating a 

weak amount of oxidation due to limited H2O in the electrolyte. At 15 M H2SO4, the graphite 

peak greatly diminishes with a sharper EGO peak. When the concentration is diluted to 12 M 

H2SO4, the graphite peak is at a minimum among the samples, showing the highest level of 

oxidation. With a further diluted electrolyte to 9 M and 6 M H2SO4, the oxidation degree 

decreases again with an increase of graphite peaks and a decrease of EGO peaks. Therefore, 

considering the factors of oxidation time, 12 M H2SO4 is the optimal electrolyte concentration 

for producing the most dispersible EGO. 
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Figure 11. (a) Percentage of dispersible EGO after centrifugation (3000 rpm for 30 min) with 

different electrolyte concentrations after 22 h of oxidation, or reaching the 3rd stage. (b) XRD 

of electrochemically-oxidised graphite for different electrolyte concentrations after 22 h of 

oxidation. 

4.3.3 Characterisation of dispersible EGO 

As discussed above, dispersible EGO can be produced at optimised conditions (22 h, graphite 

foil, and 12 M H2SO4). In this section, the dispersible EGO was characterised for its stability, 

zeta-potential and sheet morphology.  

To determine long-term stability, the concentration of EGO dispersions after standing for a 

certain time was tested. The concentrations were measured by UV-VIS spectroscopy. Figure 

12a shows UV-VIS spectra of 0.3 mg/ml EGO dispersion placed for 0, 1, 6, and 19 days. The 

curves show little change after standing for 19 days. The corresponding percentage of 

dispersible EGO with time is shown in Figure 12b. It was found that percentages of dispersible 

EGO at various concentrations were higher than 80% at the initial time with 0.1 mg/ml EGO 

even reaching around 88%. After standing for more days, the concentrations fluctuate without 

any clear decrease. The fluctuations may be due to errors in the UV-VIS measurements. After 

19 days, the lowest percentage of dispersible EGO still shows 79%. This shows the good long-

term stability of EGO dispersions at a concentration of 0.1 – 1 mg/ml.  
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Figure 12. (a) UV-VIS change of 0.3 mg/ml EGO dispersion for 0, 1, 6 and 19 days. (b) 

Percentage of dispersible EGO with time at various concentrations (0.1, 0.3, 0.5, 0.7, 1 mg/ml).  

As shown in the previous section, 4 mg/ml EGO dispersion is the maximum concentration that 

could be achieved. Figure 13a shows the picture of 4 mg/ml EGO dispersion, which is 

uniformly dispersed without any observable agglomerates. The dispersion was also tested for 

its stability of 7 days, with the concentration changes shown in Figure 13b. The concentration 

of the dispersion remains at around 4 mg/ml and shows almost no change after standing for 7 

days. 

 

Figure 13. (a) Picture of 4 mg/ml EGO dispersion. (b) Concentration change of 4 mg/ml EGO 

dispersion. 
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The zeta potential has been used as a useful tool to characterise electrostatic charges on the 

surface of nanoparticles. Negative values of zeta potential represent negative charges on the 

surface. The more negative zeta potential is, the stronger repulsive forces between the 

nanoparticles. Zeta potentials of EGO dispersion (0.05 mg/ml) were measured at various pH, 

the results shown in Figure 14. In comparison, the zeta potentials of CGO dispersion were also 

measured. As can be observed, the absolute zeta potentials for both EGO and CGO increase 

with the increase of pH values. At pH less than about 2.2, the absolute zeta potential is less 

than 30 mV. When pH is greater than about 2.2, the value will be larger than 30 mV. Even 

though the absolute zeta potential of EGO dispersion is smaller than that of CGO dispersion, 

its zeta potential values of below -30 mV are sufficiently great enough to maintain repulsive 

forces between EGO sheets and thus retain good stability.  

 

Figure 14. Zeta potential of EGO dispersion and CGO dispersion for various pH. 
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To characterise the thickness and the sheet size of EGO sheets, atomic force microscope (AFM) 

was used to examine the EGO sheets which were uniformly deposited on a Si wafer. Figure 

15 shows a typical EGO monolayer and its thickness. It can be observed that the EGO sheet 

shows a uniform thickness of about 1.2 nm, which is around the size of an oxidised graphene 

sheet. Several AFM images with larger scale were taken to statistically analyse the EGO sheets, 

which are shown in Figure 16a. As can be observed, most of the sheets (> 95%) are single-

layer EGO sheets, which are much greater than the percentage (66%) of single-layer EGO 

sheets produced by the mechanically-assisted method in Chapter 3. Figure 16b shows the size 

distribution of single-layer EGO sheets. It can be seen that the EGO sheets are mainly 

distributed in the range of 100 nm – 1 μm. The relatively small size is due to th 30 min of 

sonication, which can simultaneously reduce layer numbers and lateral size of EGO sheets. 

 

Figure 15. (a) A typical EGO monolayer and (b) its thickness measurement. 
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Figure 16. (a – e) AFM images of EGO sheets deposited on Si wafer. (f) Lateral size 

distribution of monolayer EGO sheets with the mass percentage. 
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The processability of the EGO dispersion was further tested by forming a membrane using 

vacuum filtration. A thin and free-standing EGO membrane with mass loading of 0.1 mg/cm2 

was fabricated and shown in Figure 17. During vacuum filtration, 0.1 mg/ml EGO dispersion 

is filtered through the filter. After drying in air for overnight, the EGO membrane could be 

readily peeled off. The membrane is also strong enough to withstand normal physical 

manipulation. As can be seen in the picture, the EGO membrane is uniform on a macro scale, 

with no obvious aggregations. This indicates good processability and formability of the EGO 

dispersion produced by the optimised electrochemical method.  

 

Figure 17. Picture of the free-standing EGO membrane (mass loading: 0.1 mg/cm2) 

4.4 Conclusions 

In summary, the influences of important factors including electrochemical oxidation time, 

graphite sources and electrolyte concentrations on the electrochemical process and aqueous 

dispersibility of EGO by employing a controllable Tee-cell electrochemical oxidation method 

have been explored. With increasing oxidation time, the electrochemical process shows three 

sequential stages: intercalation, oxidation, and water hydrolysis. In the intercalation stage, the 

products show limited aqueous dispersibility due to limited oxidation. During the oxidation 

stage, the aqueous dispersibility of EGO increases with longer oxidation time but shows two 

significant increases in periods of 3 – 7 h and 11 – 15 h, which are due to the initial formation 

of oxygen functional groups and complete transformation of non-oxidized region separately.  

The influence of graphite sources: graphite flakes and graphite foil, was also examined. 

Graphite flakes show a more ordered electrochemical process with shorter oxidation time than 

graphite foil due to denser structures of graphite flakes. EGO produced from graphite foil 

shows a much higher aqueous dispersibility than that produced from graphite flakes, which 
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indicates the importance of graphite source in producing graphene oxide. In addition to 

oxidation time and graphite sources, electrolyte concentrations also play an important role in 

the electrochemical process and aqueous dispersibility of the produced EGO. H2SO4 electrolyte 

with high concentrations can produce higher-stage GIC but exhibit limited oxidation level due 

to small amount of H2O. H2SO4 electrolyte with low concentrations show an increased 

oxidation level but the small amount of H2SO4 restricted the intercalation process which causes 

a long oxidation time. The aqueous dispersibility of EGO reaches the maximum at around 12 

M H2SO4. Overall, EGO dispersion with maximum aqueous dispersibility could be produced 

at optimised conditions: 22 h oxidation time, graphite foil source and 12 M H2SO4. The EGO 

dispersion produced at such optimised conditions was further characterised, and the long-term 

stability at various concentrations was demonstrated. The zeta potential of EGO dispersion is 

shown to be less than -30 mV, which indicates sufficient repulsive forces between EGO sheets. 

The AFM images of EGO sheets show a thickness of around 1.2 nm and lateral size of 100 nm 

– 1 µm. Moreover, an EGO membrane was fabricated to demonstrate the good processability 

of the EGO dispersion. 

The results in this chapter assist in drawing a clear relationship between important factors in 

electrochemical process and aqueous dispersibility of the EGO products. By controlling and 

optimising the electrochemical conditions, highly aqueous dispersible EGO was produced, 

which could further enable the processability of EGO in to membranes for a range of 

applications.  
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Chapter 5. Microwave reduction of electrochemically-derived 

graphene oxide 

5.1 Introduction 

5.1.1 Reduction of graphene oxide 

Graphene has extraordinary electronic properties, which makes it attractive for many 

applications such as energy storage35 and catalysis16. The presence of high electrical 

conductivities of graphene is due to its perfectly flat sheet composed of sp2 bonded carbon 

atoms130-131. To achieve such unique properties, it is necessary to produce graphene with 

minimal defects and sp3 functional groups. High-quality graphene can be produced by chemical 

vapor deposition (CVD)132, epitaxial growth133, and micromechanical cleavage28. Even though 

high-quality materials can be achieved by these methods, scalability is another vital factor that 

should be considered. These methods have high cost with low yield of graphene134. Therefore, 

they are not suitable methods for high yield production of high-quality graphene. In 

comparison, graphene oxide (GO) can be used as a cheap and scalable precursor to graphene 

due to high yield production of GO by oxidation of graphite134. GO could be reduced to remove 

sp3 oxygen functional groups and defects to form graphene with greatly enhanced electrical 

conductivity. The most commonly-used methods to reduce graphene oxide are chemical134 and 

thermal reduction135. Chemical reduction of graphene oxide can be achieved using various 

reducing agents such as hydrazine, which is toxic and hazardous136. The chemically-reduced 

GO normally shows electrical conductivity of less than 1×104 S/m and C/O ratio of less than 

15136. Thermal reduction of graphene oxide involves a heating process to reach a high 

temperature, which is time- and energy-consuming. Recently, microwave reduction appears to 

be another increasingly popular method to reduce graphene oxide due to its efficient and 

convenient heating process16, 110-113, 137-138. The reduction of graphene oxide can be achieved by 

microwave irradiation within seconds or minutes. Moreover, the method is very convenient 

and can easily be performed in a household microwave oven.  

5.1.2 Challenges in microwave reduction of GO 

Despite increasing attention, there are still challenges in the microwave reduction of graphene 

oxide. Firstly, the reduction efficiency of chemically-derived graphene oxide (CGO) via 

microwave is limited. Some previous work has reported microwave reduction of CGO, but the 

reduced graphene oxide is highly disordered110, 138. The Raman spectra show prominent and 
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broad D peaks which indicate large amounts of residual defects within the graphene 

structures110, 138. To solve the problem, it is necessary to partially reduce CGO before 

microwave irradiation and successfully achieved high-quality graphene after the two reduction 

processes16. However, partial reduction of CGO requires thermal annealing at 300 °C for 1 h, 

which costs time and energy. Even though high-quality graphene was produced, the complex 

method loses the advantages of convenience, high efficiency and low cost compared to the 

straight microwave reduction method. Some other research has tried adding graphite or reduced 

graphene oxide into the CGO as catalysts to improve the efficiency of microwave reduction, 

which reveal increased electrical conductivity113 or aromatic domain size114. Previous reports 

have mainly involved microwave reduction of graphene oxide derived by chemical methods 

due to its high yield, high dispersibility, and processability. However, it was found that CGO 

shows limited microwave reduction efficiency if pre-treatment or catalysts are not involved, 

which will increase the complexity of the reduction method16, 109-110, 113.  

As in previous sections, electrochemical oxidation of graphite can be used to produce 

dispersible and processable graphene oxide. It is able to meet the demand for high scalability 

due to the use of graphite as source and high dispersibility with controllable and optimised 

electrochemical processes. As a promising candidate of GO, EGO could also be used as a 

precursor to graphene. As shown in Chapter 3, mechanically produced EGO shows a facile 

reduction ability with a high electrical conductivity after thermal reduction, which indicates a 

different structure of EGO compared to CGO. As highly dispersible EGO was produced in 

Chapter 4, it would be interesting to study whether the dispersible EGO shows high microwave 

reduction efficiency to produce high-quality graphene.  

This chapter will study the microwave reduction of EGO to examine its efficiency and the 

quality of produced graphene. The reduced EGO by microwave will be characterized for its 

change of structure and chemistry, and compared with other microwave reductions of CGO for 

discussion of mechanisms.  

5.2 Experimental Section 

5.2.1 Production of EGO and CGO 

EGO was produced by the Tee-cell electrochemical oxidation method described in Chapter 4. 

Graphite foil was used as a graphite source. During electrochemical oxidation, constant current 

2 mA was applied to the 32 mg graphite foil pellet with 12 M H2SO4 for 22 hours. The product 
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was then washed to remove remaining H2SO4 and ultrasonicated by an ultrasonic probe 

(Branson Digital Sonifier S450D, 1/2" Horn, 500W, 30% amplitude, 30 min). The produced 

EGO dispersion (0.5 mg/ml) was filtered through a PVDF membrane (diameter 47 mm, pore 

size 0.22 μm) by vacuum to form an EGO membrane (mass loading 1.2 mg/cm2). After the 

filtration, the membrane was dried in air for over 24 hours to remove water. The EGO 

membrane was then peeled from the PVDF filter for further microwave treatment. 

CGO was also produced to make a comparison with EGO. It was synthesized by a modified 

Hummers method reported by Kovtyukhaova et al46. The method has been described in Chapter 

4. To produce CGO with a relatively lower oxidation degree, 30 g KMnO4 was used instead of 

60 g to oxidise 20 g graphite. The resultant CGO was also ultrasonicated by the same process 

as EGO. The CGO dispersion (0.5 mg/ml) was formed into CGO membrane with the mass 

loading of 1.2 mg/cm2.  

5.2.2 Microwave irradiation of EGO and CGO 

Microwave irradiations of EGO and CGO membranes were performed in the centre in a 

household microwave oven (Anko P70B20AP-ST, 700 W, 2450MHz). The EGO or CGO 

membrane was first put into a glass vial, which was then put into a N2 glove box for overnight 

to fill the glass vial with N2 gas. The cap was screwed tightly on glass vial to prevent gas 

exchanging with outside air. The glass vial with EGO or CGO membrane (diameter 35 mm, 

thickness 5 μm) and N2 gas inside was then put into the microwave oven for the microwave 

irradiation. The microwave power could be adjusted from 10% to 100% (out of 700 W). The 

microwave time could also be set from 1 s to minutes. It was found that microwave time of 3 

seconds could induce the microwave reaction of the EGO membrane with the observation of 

bright sparks. For the membranes to be microwave-treated in an air atmosphere, the glass vial 

holding the membrane would be put in the air for overnight and then taken for microwave 

irradiation.  

The microwave-irradiated EGO or CGO is abbreviated to MwEGO or MwCGO. 

5.2.3 Characterisations 

Scanning electron microscopy (SEM) was used to characterise the morphology and structure 

change of the EGO membrane before and after microwave irradiation. SEM images were taken 

by FEI Nova NanoSEM 450 FEGSEM with an accelerating voltage of 5.00 kV. The samples 
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were prepared by cutting the membranes through their cross-section. Then the cross-section of 

the membrane was imaged by SEM. 

Raman spectroscopy was used to characterise the chemical structure of the EGO before and 

after microwave reduction, which could also indicate the quality of the reduced EGO. The 

Raman spectra were measured by a Renishaw InVia Raman Microscope with a 532 nm laser 

wavelength and a 10 µm laser spot size. 

X-ray Diffraction (XRD) was used as a tool to characterise the composition of the product and 

the crystalline structure of the EGO, MwEGO, CGO, and MwCGO membranes. To measure 

the XRD of the MwEGO membrane, the porous membrane was compressed under a pressure 

of 100 bar to compact the membrane. As a comparison, the original EGO membrane was also 

compressed by the same pressure, even though it was already a compact membrane. Both of 

CGO and MwCGO membranes kept a compact membrane before and after microwave 

irradiation, but they were also compressed as a comparison. Chemically-reduced CGO 

(CrCGO) and chemically-reduced EGO (CrEGO) were also used to compare with MwEGO. 

CrCGO or CrEGO were prepared by reducing the CGO or EGO dispersion (0.5 mg/ml) with a 

hydrazine solution with hydrazine to GO ratio of 7:10. Then the CrCGO or CrEGO dispersion 

was formed into membranes (mass loading 1.2 mg/cm2) by vacuum filtration through a PVDF 

filter. The membranes were also compressed to produce a comparable control. 

Thermogravimetric analysis (TGA) was used to characterise the chemical structures of EGO, 

CGO, MwEGO, and MwCGO. It was measured by a Thermo thermogravimetry/differential 

thermal analyser (TG/DTA) 6300 from 25 °C to 700 °C with a heating rate of 1 °C/min. All 

samples were conducted in the air atmosphere. After measurement, the data of curves from 100 

°C to 700 °C were examined, since weight loss below 100 °C were mainly due to evaporation 

of water molecules which mostly escaped above 100 °C. The weight (W) at each point was 

transformed into weight percentage (w%) by calculation of the equation 5.1.  

                                         w% = (Wpoint – W100 °C)/ W100 °C*100%.                                      5.1 

X-ray photoelectron spectroscopy (XPS) was used to quantitatively characterise the 

composition of C, O elements and oxygen groups in EGO and CGO. It was conducted in a VG 

ESCALAB220i-XL spectrometer with a hemispherical analyser. After obtaining the data, the 

curves were analysed by the software CasaXPS. The background was removed first from the 
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curves for further fitting. The percentage of each type of atom was derived by having 

considered Relative Sensitivity Factors.  

5.2.4 Measurement of electrical conductivity 

The sheet resistance of the MwEGO and MwCGO membranes were measured using a Jandel 

four-point probe. The probe was connected to a linear arrayed head with 1 mm spacing. To 

accurately measure the sheet resistance of the expanded membranes, they were compressed 

under a pressure of 100 bar to transform the porous structure into a dense layer structure. The 

conductivity of the membrane could be calculated by the equation 5.2.  

                         Conductivity = 1/resistivity = 1/(sheet resistance*thickness)                      5.2 

The thickness of the membranes was measured by Yuzuki electronic micrometer (resolution 

0.001 mm). MwEGO and MwCGO produced under various microwave time, power and 

atmosphere were tested for their conductivities. In addition, the conductivity of MwEGO was 

also compared to that of reduced graphene oxide by other reduction methods. Thermally-

reduced EGO (TrEGO) and CGO (TrCGO) were produced by thermally annealing EGO and 

CGO at 300 °C for 1 h. Microwave-irradiated TrEGO (MwTrEGO) and TrCGO (MwTrCGO) 

were produced by irradiating TrEGO and TrCGO with microwave at 700 W for 10 s in N2 

atmosphere. Chemically-reduced EGO (CrEGO) and CGO (CrCGO) were made by reducing 

EGO and CGO with hydrazine solution as described in section 5.2.3.  

5.3 Results and discussion 

To study the microwave reduction process of EGO, EGO dispersion was vacuum-filtered so as 

to form a laminated membrane with a mass loading of 1.2 mg/cm2. The membrane was then 

placed in to a vial with an atmosphere of air or nitrogen (see details in experiment section 

above). The vial containing the EGO membrane was then placed in to the microwave oven for 

treatment. As a comparison, the CGO membrane was fabricated with the same process and 

mass loading. Upon microwave irradiation of EGO membranes for about 3 seconds, bright 

sparks were observed inside the vial, indicating violent reactions between EGO membranes 

and microwave. After microwave irradiation, the EGO membrane became an expanded 

membrane with larger thickness and porous layer structures. As a comparison, CGO membrane 

showed no sparking and expansion, even when the microwave irradiation lasts for 2 minutes.  

http://www.xpsfitting.com/2009/04/relative-sensitivity-factors-rsf.html
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Figure 1 shows the appearance of the EGO membrane before and after the microwave 

irradiation process. As shown in Figure 1a, the EGO membrane before microwave treatment 

ws a flat, smooth and thin membrane. However, after microwave treatment (Figure 1b), the 

membrane is expanded and bent. To further examine its microstructure change, SEM images 

of the cross-section of the membrane are taken before and after microwave treatment. From 

Figure 1c, d, a drastic change of the thickness and microstructure can be seen. Before 

microwave treatment, the EGO membrane shows densely packed laminated layers with a 

thickness of around 4.1 μm. However, the membrane after microwave treatment showed a 

porous microstructure, with the thickness increased to about 480 μm. The porous 

microstructure should be caused by the gas formation between EGO layers during the removal 

of oxygen functional groups, as often happened in thermal or chemical reduction of graphene 

oxide membranes.  

 

Figure 1. Digital image of EGO membrane (a) before and (b) after microwave treatment. SEM 

pictures showing the cross-section of EGO membrane (c) before and (d) after microwave. Scale 

bar in (c) is 5 μm and in (d) is 400 μm. 
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5.3.1 Structural characterization 

In the first part of the study, structural and chemical characterisations of EGO after microwave 

irradiation were performed to reveal the quality of microwave-irradiated EGO (MwEGO) and 

change of structure and chemistry caused by microwave reduction.  

Raman spectroscopy 

Raman spectroscopy was used to investigate the atomic-scale structural change on EGO sheets 

and the intrinsic quality of the carbon material after microwave treatment. Figure 2a, b shows 

Raman spectra of EGO and CGO, respectively. Both of EGO and CGO consist of two 

prominent peaks in the range of 1000 – 1800 cm-1: D peak and G peak. D peak is induced from 

disruption of sp2 symmetry in sixfold aromatic rings. Therefore, high intensity of D peaks for 

both EGO and CGO indicate the presence of defects including sp3 bonds and hole defects 

within the structure of graphene oxide. The G peak is attributed to the motion of sp2 pair carbon 

atoms, and thus is related to the graphitic domains. After microwave irradiation of EGO and 

CGO, the Raman spectra were measured and are shown in Figure 2c, d, e. Raman spectrum 

(Figure 2d) of microwave-irradiated CGO (MwCGO) after microwave treatment in N2 

atmosphere shows almost no change compared to that of CGO (Figure 2b), which indicates 

no reduction and structural change of CGO subjected to the microwave treatment. In 

comparison, Raman spectra of MwEGO obtained from microwave treatment of EGO in N2 and 

air atmosphere show obvious changes, as can be observed in Figure 2c and Figure 2e 

respectively. The main parameters of the D and G peaks from Raman spectra are displayed in 

Table 1. 
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Figure 2. Raman spectra of (a) EGO and (b) CGO before microwave treatment, (c) MwEGO-

N2 and (d) MwCGO after microwave treatment in N2, (e) MwEGO after microwave treatment 

in air. 
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Table 1. Comparison of the main peak parameters in Raman spectra of EGO, MwEGO-N2, 

MwEGO-Air shown in Figure 2. 

 

Position (cm-1) FWHM (cm-1) ID/IG 

G D G  

EGO 1588.4 93.5 57.7 0.997 

MwEGO-N2 1582.8 39.5 28.4 0.187 

MwEGO-Air 1586.2 171.9 64.3 0.902 

 

Significant changes in the position of G peak from EGO to MwEGO can be seen. The position 

of G peak is correlated with the lattice strain or doping in graphene sheets. Pristine graphene 

or graphite is reported to show a position of G peak at 1582 cm-1. Oxidised graphene or graphite 

typically has a blue-shifted G peak due to the introduction of oxygen and defects into the lattice. 

As shown in Table 1, EGO shows a G peak position of 1588.4 cm-1 due to its oxidised structure. 

In contrast, MwEGO irradiated in the N2 atmosphere shows a G peak position at 1582.8 cm-1, 

which present a great red shift from EGO. The G position of MwEGO is close to that of pristine 

graphene at 1582 cm-1, indicating significant loss of oxygen groups and formation of aromatic 

graphene domains. However, MwEGO produced in air atmosphere shows a G peak position at 

1586.2 cm-1, which is much higher than that of MwEGO from N2. This reveals a higher amount 

of residual oxygen groups in MwEGO from the air than from N2, which may be due to its 

inferior tendency of reduction or oxidation of residual carbon atoms in the air.   

Another clear change is seen in the full width at half maximum (FWHM) of D and G peak. The 

broadening of D and G peaks results from the broader distribution of aromatic domain size and 

orientation, which is normally due to decreased aromatic domain size and the introduction of 

oxygen bonding and lattice strain. MwEGO irradiated in N2 shows much decreased FWHM of 

D (39.5 cm-1) and G peaks (28.4 cm-1) compared to EGO, which has FWHM of 93.5 cm-1 and 

57.7 cm-1 for D and G peak, respectively. The sharpening of D and G peaks for MwEGO from 

N2 indicates a larger aromatic domain and reduced oxygen bonding after microwave reduction, 

contributing to increased order of sp2 clusters. However, MwEGO irradiated in air 

demonstrates opposite change with a great increase in FWHM of D (171.9 cm-1) and G (64.3 
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cm-1) peak, indicating its increased disorder and decreased size of aromatic domains may be 

due to disruption of sp2 domains during oxidation of the carbon structure in the air. 

The most significant change is the intensity of D peak, which is correlated with the number of 

defects within graphene lattice. The D and G peak ratio ID/IG is an important parameter to 

quantitatively interpret the defects or aromatic domains. From Table 1, it can be seen that 

MwEGO irradiated in N2 has a much lower ID/IG of 0.187 than EGO, which shows ID/IG of 

0.997. The decreased ID/IG indicates a reduction in the number of defects and transformation 

of them into graphitic regions after microwave irradiation of EGO in N2. The MwEGO 

produced in the air only shows a small decrease of ID/IG to 0.902, which represents large 

amounts of defects remaining in the structure.  

The size of the aromatic domain (La) is correlated with the D and G peak ratio ID/IG. The 

Tuinstra and Koening (TK) relationship, which holds for carbons with aromatic domains size 

larger than 10 nm, can be applied to determine La of MwEGO irradiated in N2. In the TK model, 

ID/IG is inversely proportional to La. To calculate the size of the aromatic domain La for the 

MwEGO in N2,  the equation 5.3 proposed by Cançado et al86 is used. 

                                             𝐿𝑎(𝑛𝑚) = (2.4 × 10−10) × 𝜆4 × (
𝐼𝐷

𝐼𝐺
)−1                                 5.3 

where λ is the wavelength of incident light (532 nm). The calculated La is 102.8 nm for 

MwEGO that is reduced by microwave in N2. This high value of La shows a large size of the 

aromatic domain in MwEGO irradiated in N2. This La value is similar to the value reported in 

a previous work of microwave-reduced graphene oxide, where the graphene oxide is pre-

treated by thermal heating at 300 °C for 1 h.16 Nevertheless, no thermal treatment is required 

before microwave treatment to partially reduce EGO. EGO can be directly reduced by 

microwave radiation within 3 seconds to produce high-quality graphene.  

Moreover, the valley between the D and G peaks almost disappears after microwave treatment 

of EGO in N2, which represents greatly reduced oxygen functional groups since the valley is 

an indication of sp3 bonding or doping90. In contrast, the valley between D and G peaks of 

MwEGO produced in air shows an obvious increase, which is even higher than that of CGO. 

This shows more sp3 bonding formed during microwave treatment in air. It may be because 

oxidation of the sample happens during the microwave treatment process that there is a loss of 

sp2 bonding and increase of sp3 bonding. In addition to the D and G peaks, another 
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characteristic graphitic peak is the 2D peak at ~2700 cm-1, which indicates highly-ordered π-

bonding in graphene structure139. From Figure 2c, it can be seen that the intense 2D peak of 

MwEGO irradiated in N2, which is greatly enhanced compared to that of EGO. This indicates 

a dramatic increase in interplanar coherence length that is resulted from uniformly stacked 

aromatic domains due to the removal of sp3 bonding and strains after microwave treatment in 

N2. 

The above findings from Raman spectrums indicate the significant structural changes from 

EGO to MwEGO after microwave irradiation. For MwEGO irradiated in N2, the removal of 

defects and oxygen functional groups and formation of aromatic domains have been shown 

from the changes of position, FWHM and intensity of the D, G, and 2D peaks. The quality of 

MwEGO in N2 was examined by the calculation of aromatic domain size La (102.8 nm). 

However, the MwEGO irradiated in air shows different structural changes from MwEGO in 

N2 with many defects and sp3 bonding remaining in the structure, which is likely due to the 

oxidation of carbon structures in the air. Therefore, care must be taken about the atmosphere 

of EGO during microwave reduction, which will cause a great influence on the structure of the 

MwEGO products. In contrast, CGO shows little change in its Raman spectrum, exhibiting 

little activation of the structure during the microwave irradiation. 

XRD 

During microwave treatment of EGO membrane, the oxygen functional groups will be removed 

by reduction, causing the changes in interlayer structures such as the interlayer distance 

between two adjacent sheets. Therefore, XRD would be another useful tool to characterise the 

reduced structure after microwave treatment. Information can be obtained from XRD as to 

whether the GO structure is transformed into graphene/graphite structure and information of 

the aromatic region in the graphitic structure after microwave treatment. To remove the 

influence of the gas formation between sheets causing porous structure, the membrane after 

microwave treatment was compressed with a constant pressure, which is also performed in an 

original EGO membrane for XRD tests.  

The XRD spectrums of EGO and CGO membrane before and after microwave treatment in N2 

are shown in Figure 3. As can be seen in Figure 3a, EGO shows a peak at around 12.2°, which 

corresponds to an interlayer distance of 0.72 nm between sheets. This indicates the presence of 

oxygen functional groups within the structure. After microwave treatment, MwEGO shows a 
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peak at 26.0°, indicating an interlayer distance of 0.34 nm. The decreased interlayer distance 

demonstrates the loss of oxygen groups between sheets. It is well-known that graphite has a 

characteristic peak at around 26.7°. This indicates the transformation of the graphene oxide 

structure into the graphitic structure with graphene sheets stacked together. By comparison, 

MwCGO shows a small right-shift in the XRD spectrum (Figure 3b) which may be due to a 

slight removal of the moisture between the graphene oxide sheets. No peaks could be found at 

around 26°, which indicates no reduction of CGO at all. 

 

Figure 3. XRD change before and after microwave of (a) EGO membrane and (b) CGO 

membrane. 

To further analyze the quality of MwEGO and assess the efficiency of microwave reduction, 

another frequently used reduction method, chemical reduction by hydrazine, was performed to 

make a comparison with microwave reduction. Chemically reduced CGO (CrCGO) and 

chemically reduced EGO (CrEGO) were produced by reduction of CGO and EGO with 

hydrazine solution. The hydrazine to GO ratio of 7:10 is used, which is reported to be an 

optimal ratio for producing highly conducting graphene sheets47. The XRD spectrums of 

MwEGO, CrEGO, and CrCGO are compared in Figure 4. The detailed information about the 

structural features can be obtained by analysing the XRD spectrums. Important peak 

parameters are listed in Table 2, which provide information about interlayer distance and 

coherence. As can be clearly observed from Figure 4, the three samples show different peak 

positions, with MwEGO exhibiting largest 2θ values of 26.0° that is closest to the peak position 

of graphite (26.7°). In contrast, CrEGO shows a peak position at 24.9°, which is smaller than 

that of MwEGO. Among the samples, CrCGO shows the smallest 2θ values of 23.4°. By 

a b
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calculation of the interlayer distance (d) from the 2θ values, CrCGO shows largest d of 0.38 

nm and CrEGO shows second largest d of 0.36 nm, both of which are larger than MwEGO 

(0.34 nm). The smaller interlayer distance of MwEGO shows that it contains the least amount 

of remaining oxygen groups or bonding within the structure, which is closest to the structure 

of graphite.  

 

Figure 4. XRD (002) peak of MwEGO, CrEGO, and CrCGO with normalised intensity. 

Table 2. Parameters from XRD (002) peaks in Figure 4.  

 2θ (°) d (nm) FWHM
π
 (°) L

c
 (nm) layers 

MwEGO 26.0 0.34 1.60 5.04 15 

CrEGO 24.9 0.36 3.92 2.05 6 

CrCGO 23.4 0.38 6.37 1.26 3 

The broadening of the diffraction peaks provides other important information, including 

information about coherence in aromatic regions. It can be seen from Figure 4 that MwEGO 

shows the sharpest peak, with CrEGO showing a broader peak than it and CrCGO showing the 

broadest peak. This shows the most ordered structure of MwEGO and highest disorders within 
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CrCGO structures. To quantitatively analyse the broadening, full width at half maximum 

(FWHM) was measured from the XRD peaks. MwEGO, CrEGO and CrCGO show FWHM of 

1.60°, 3.92°, and 6.37° respectively. According to the Scherrer equation (5.4) shown below, 

FWHM can be used to calculate the crystallite size or coherence length. 

                                                          L𝑐 =
0.89𝜆

𝛽(2𝜃)(00𝑙)𝑐𝑜𝑠𝜃
                                                        5.4 

where Lc is the coherence length along (00l) inter-sheet directions, λ is the wavelength of 

incident X-ray (1.5405 Å), β(2θ) is line broadening in radians. As shown in Table 2, Lc is about 

5.04 for MwEGO, which indicates an average of about 15 layers forming an aromatic 

coherence domain. Compared to MwEGO, CrCGO produced by chemical reduction shows a 

much smaller Lc value of 2.05, with an average 6 layers of π-bonds domain stacked together. 

CrCGO shows the smallest Lc value of 1.26, which means that only 3 layers of aromatic 

coherence domain exist in its reduced structure.  

The structural information obtained from the XRD results shows that MwEGO contains the 

least residual oxygen groups and the largest aromatic coherence domains among the three 

reduced graphene oxide samples. It is clear from these findings that microwave reduction 

shows much higher reduction efficiency than chemical reduction by hydrazine, since not only 

higher-quality graphene is obtained from microwave reduction but also it also requires much 

shorter processing time (3 – 10 s) than chemical reduction (3 h). Higher quality of CrEGO than 

CrCGO demonstrates that EGO can be more easily reduced and transformed into aromatic 

coherence structures than CGO. This agrees with the observation that EGO can be more easily 

activated and reduced under microwave treatment than CGO. 

TGA  

Thermogravimetric analysis (TGA) has been utilised to analyse the change of chemical 

structure after microwave irradiation in N2. Figure 5 shows TGA curves of EGO, CGO and 

their microwave-treated counterparts, MwEGO and MwCGO, which were measured in an air 

atmosphere. TGA curves of EGO and CGO are similar, which contain two major weight losses 

in the whole temperature range. As can be observed in Figure 5a, both of EGO and CGO show 

the first major weight loss at around 150 – 210 °C and 140 – 200 °C, respectively, which is 

caused by decomposition of some oxygen groups. The weight loss % of EGO and CGO in this 

stage are about 29.9% and 29.6%, respectively, which indicates a similar degree of oxidation 
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of EGO and CGO. In the temperature region of around 200 – 450 °C before the next major 

weight drop, CGO loses weight at around 15.4%. In comparison, EGO loses less weight of 

around 11.5% in the temperature range of 210 – 500 °C. The weight loss in this range may be 

due to the decomposition of oxygen groups which are more thermally stable and requires higher 

thermal energy. The second major weight loss of CGO at around 450 °C is due to the loss of 

the remaining carbon in the air since the remaining weight drops to zero. In contrast, EGO 

shows such a carbon loss process at around 500 °C, which indicates better oxidative stability 

of EGO. This may be due to thermally reduced EGO showing a more aromatic structure like 

graphite, which makes it less oxidative in the air. From the TGA analysis of EGO and CGO, 

similarities and differences between the two graphene oxide structures can be seen, which 

exhibits similar amounts of thermally-unstable oxygen functional groups (which are lost at 

around 150 – 210 °C or 140 – 200 °C), different amounts of thermally-stable oxygen groups 

(degrading at around 200 – 450 °C or 210 – 500 °C) and different aromatic structures. These 

structural differences will provide insights into the different behaviors of EGO and CGO under 

microwave treatment.  

The MwEGO and MwCGO were also tested by TGA to reveal their changes in chemical 

structures and their different chemical compositions. The TGA curves of MwEGO and 

MwCGO are shown in Figure 5b. MwCGO shows little change in TGA curves compared to 

CGO, which proves that no reduction process occurs in CGO. In contrast, MwEGO presents a 

significant change in the TGA curve compared to EGO, where there is mainly one dramatic 

weight loss at around 500 – 680 °C for MwEGO. Before 500 °C, a limited weight loss of 

MwEGO could be observed, which shows that limited oxygen functional groups are remaining 

in MwEGO after the microwave irradiation. This proves a reduction process happens with the 

removal of the majority of oxygen groups in EGO during the microwave treatment. Another 

feature of MwEGO is that it shows higher oxidative stability than EGO, which could be 

observed from its higher decomposition temperature (from 500 °C up to 680 °C) than EGO 

(from 500 °C up to 570 °C). This indicates a transition of defective/oxidative carbon structure 

into a highly-ordered graphene-like structure from EGO to MwEGO.  
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Figure 5. TGA curves of (a) EGO and CGO, (b) MwEGO and MwCGO, performed in air 

atmosphere.  

XPS 

To quantitatively analyse chemical compositions, X-ray photoelectron spectroscopy (XPS) was 

used to test EGO, CGO, and their microwave-treated counterparts. Figure 6 shows the XPS 

survey spectra of the four samples, which contain two main peaks that are originated from 

carbon (284.4 eV) and oxygen (531.4 eV). Carbon and oxygen content of each sample has been 

calculated from the spectra and listed in Table 3. EGO contains approximately 74.4 at. % 

carbon content and 25.6 at. % oxygen content with a C/O ratio of 2.9. In comparison, CGO 

contains less carbon content of about 73.4 at. % and more oxygen content of about 26.6 at. % 

with a C/O ratio of 2.8. After microwave irradiation, MwEGO shows a significantly decreased 

oxygen content to about 2.9 at. % with an increased carbon content of 97.1 at. %, which results 

in a high C/O ratio of 33.6.  As a comparison, CGO shows little change in carbon and oxygen 

content after microwave treatment.      

a b
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Figure 6. XPS survey spectra of (a) EGO and MwEGO, (b) CGO and MwCGO at room 

temperature. 

Table 3. Carbon and oxygen content of EGO, MwEGO, CGO, and MwCGO. 

Atom% EGO MwEGO CGO MwCGO 

C 74.4 97.1 73.4 73.5 

O 25.6 2.9 26.6 26.5 

 

The high-resolution XPS C 1s spectra of EGO and MwEGO were scanned to reveal the carbon 

bonds. The C 1s signal of EGO (Figure 7a) can be fitted into three main components: sp2 

graphitic carbon at 284.4 eV, C=O/C-OH/C-O-C at 286.4 eV, COOH at 288.1 eV. The 

presence of strong carbon-oxygen peaks indicates their high oxidation. After microwave 

irradiation, the carbon-oxygen bonds were greatly removed with a main sharp peak at 284.4 

eV, as shown in Figure 7b. The tail of sp2 peak can be fitted with two weak carbon-oxygen 

peaks: C-OH peak at 285.5 eV and C=O peak at 287.1 eV. The C 1s spectrum of MwEGO is 

similar to that of graphite, which consists of a weak C-O peak due to atmospheric oxidation108. 

In addition to C-OH/C=O peaks, a π-π* satellite peak can be observed at around 290.6 eV in C 

1s spectrum of MwEGO, which is resulted from delocalised π conjugation of aromatic carbon 

domain108. The comparison of MwEGO and EGO indicates the transformation of carbon-

oxygen bonds and restoration of aromatic carbon structure in the MwEGO sample. 
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Figure 7. XPS C 1s spectra of (a) EGO and (b) MwEGO with fit components: sp2, C=O/C-

OH/C-O-C, COOH. 

5.3.2 Electrical conductivity 

In the next part, the electrical conductivity of EGO was measured the four-point probe 

conductivity test for different microwave conditions: microwave time, power and atmosphere. 

As an important parameter that increases with reduction degree due to the loss of oxygen 

functional groups and the formation of aromatic networks, electrical conductivity could be used 

to signify the reduction process and reduction efficiency during microwave treatment. 

Influence of microwave time and power 

The influence of microwave time was studied by measuring the electrical conductivity of the 

membrane after microwave time of 0, 1 s, 3 s, 6 s, and 10 s with a microwave power of 700 W 

in the atmosphere of N2. The conductivity change of EGO and CGO with microwave time is 

shown in Figure 8a. As can be observed, EGO and CGO membrane shows a similar electrical 

conductivity of about 0.1 S/m due to their high oxidation degree and disrupted the conductive 

network. After 3 s of microwave treatment, the conductivity of EGO shows an abrupt increase 

to about 36000 S/m. In this short process, bright sparks from the EGO membrane in the vial 

can be seen inside the microwave oven. With further microwave treatment, the sparks continue 

along with a further increase of conductivity to about 49000 S/m after 10 seconds. However, 

CGO membrane shows no sparks during the whole process. Correspondingly, the conductivity 

of CGO membrane shows almost no change, which remains at around 0.1 S/m.  
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The influence of microwave power was studied by microwave irradiation of EGO under 

different irradiation powers (10% - 100% of 700W) for 10 s in N2 atmosphere. The conductivity 

change with microwave power is shown in Figure 8b. The result shows that a minimum of 

20% (140 W) of the highest microwave power (700 W) can achieve the rapid microwave 

reduction of EGO. When the microwave power is further increased from 20% (140 W) to 100% 

(700 W) as shown in the inset of Figure 8b, the conductivity will gradually increase to around 

49000 S/m.  

 

Figure 8. (a) Electrical conductivity of EGO and CGO with microwave time. (b) Conductivity 

change with microwave power for EGO. Inset: rescaled conductivity range for 20% - 100% 

microwave power. 

Influence of atmosphere 

Another important factor that influences the microwave reduction efficiency is the atmosphere 

surrounding the EGO membrane, as shown in the Raman results. A previous study has reported 

the influence of atmospheric gas on the product of microwave reduction111. Ar atmospheres 

show a far more effective reduction process than air atmosphere during microwave reaction of 

a mixture of GO and graphene nanosheets111. To study the influence of atmosphere on the 

microwave reduction efficiency of EGO membrane, the N2 gas surrounding EGO inside the 

vial has been changed to air. During the microwave reaction in the air atmosphere (10 s, 700 

W), the same phenomenon of bright sparks as in N2 atmosphere can be observed. However, in 

that case, a majority part of the sample was burned and disappeared with only a small part of 

the membrane remaining. The weight of the EGO membrane was measured before and after 

the microwave treatment, as shown in Figure 9a. From the change of weight percentage, about 
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57% loss of the initial weight remains for microwave-treated EGO in the N2 atmosphere. The 

lost weight is mainly due to the loss of oxygen moieties. However, in the air atmosphere, only 

8% of the initial weight remains after microwave irradiation. This shows that most of the EGO 

is lost in the air, with the removal of not only oxygen functional groups but also large amounts 

of aromatic carbon atoms. By comparing the conductivities of microwave-treated EGO 

membranes in air and N2 (Figure 9b), lower conductivities of MwEGO microwave-treated in 

the air are observed, than those treated in N2. This shows the much lower efficiency of 

microwave reduction in air atmosphere than in inert N2 gas, which agrees well with the Raman 

analysis. 

 

Figure 9. (a) Weight percentages of EGO membranes before and after microwave treatment. 

(b) Electrical conductivity of EGO membrane after microwave treatment in air and N2. 

Comparison of reduction methods 

The efficiency of microwave reduction was compared further with other commonly-used 

reduction methods: thermal reduction, microwave reduction of thermally reduced GO, and 

chemical reduction. The conductivities of the reduced graphene oxide were compared and 

shown in Figure 10. As a traditional reduction method, thermal annealing of GO is often 

utilised to produce conductive graphene. Here, both EGO and CGO were thermally annealed 

in inert nitrogen atmosphere at 300 °C for 1 h. The electrical conductivity (1.8 x 104 S/m) of 

thermally-reduced EGO (TrEGO) is higher than that (9.4 x 102 S/m) of thermally-reduced CGO 

(TrCGO), which agrees well with the findings in Chapter 3 that EGO shows excellent 

conductivity after thermal reduction. It should be noted that the EGO used here are produced 

with a higher oxidation degree (C/O = 2.91) than EGO (C/O = 3.64) synthesised in Chapter 3, 
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thus making it less conductive (1.8 x 104 S/m) even after thermal annealing at 300 °C than 

EGO in chapter 3 (4.1 x 104 S/m) annealed at 200 °C. However, the conductivity of TrEGO is 

lower than that of MwEGO, indicating a higher efficiency of microwave reduction than the 

thermal reduction of 300 °C.  

Another microwave reduction method has been reported by Voiry et al., showing that a pre-

microwave step of thermal treatment of CGO at 300 °C for 1 h could result in high reduction 

efficiency of microwave irradiation on the sample16. To allow comparison, EGO and CGO was 

thermally heated at 300 °C for 1 h and then irradiated with microwave at 700W for 10 s to 

produce microwave-irradiated TrEGO (MwTrEGO) and TrCGO (MwTrCGO), respectively. 

The electrical conductivity of MwTrCGO (4.8 x 103 S/m) is higher than that of TrCGO (9.4 x 

102 S/m), indicating activated reduction process under microwave irradiation of TrCGO. The 

much higher conductivity of MwTrCGO than MwCGO also confirmed the increase of 

microwave reduction efficiency after thermal pre-treatment of CGO. However, MwTrEGO 

shows similar conductivities to TrEGO (1.8 x 104 S/m) and lower conductivities than MwEGO, 

indicating no further reduction of TrEGO under microwave irradiation. This shows that 

partially reduced graphene oxide may exhibit a greater microwave reduction efficiency than 

the more completely reduced graphene oxide. This hypothesis requires future verification.  

The XRD spectra of CrEGO and CrCGO have been compared with that of MwEGO in the 

previous section, which shows MwEGO contains less residual oxygen groups and larger 

aromatic coherence domains than CrEGO and CrCGO. The conductivities of CrEGO and 

CrCGO were also measured for further comparison with MwEGO. CrEGO shows conductivity 

of around 4.0 x 104 S/m, which is lower than 4.9 x 104 S/m of MwEGO. CrCGO exhibits a 

much lower conductivity of around 6.4 x 103 S/m, which agrees well with the XRD results. 

This shows a higher efficiency of microwave reduction of EGO, compared with chemical 

reduction of EGO or CGO. 

As can be seen from the results, MwCGO shows the lowest conductivity whereas MwEGO 

shows the highest conductivity among the various reduction methods. The different microwave 

reduction abilities of EGO and CGO maybe resulted from their different structures. The facile 

microwave reduction of EGO demonstrates that it is more suitable than CGO to be used in the 

microwave route to reduce graphene oxide into conductive graphene.  
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Figure 10. Electrical conductivities of MwEGO, MwCGO, TrEGO, TrCGO, MwTrEGO, 

MrTrCGO, CrEGO, CrCGO. (MwEGO/CGO: microwave-treated EGO/CGO at 700W for 10s; 

TrEGO/CGO: thermally-reduced EGO/CGO at 300 °C for 1 h; MwTrEGO/CGO: microwave-

treated TrEGO/CGO; CrEGO/CGO: chemically-reduced EGO/CGO by hydrazine for 3h.) 

5.3.3 Comparison of MwEGO with previous microwave work 

Microwave reduction of EGO membrane and properties of MwEGO was also compared with 

previous works about microwave reductions of graphene oxide produced mainly from the 

modified Hummers method, as listed in Table 4. There are three main types of samples and 

microwave reduction processes: microwave reduction of pure CGO (No. 2, 3, 6), microwave 

reduction of a mixture of CGO and graphene/graphite (No. 4, 5, 8, 9), and microwave reduction 

of TrCGO (No. 7).  

 

 



117 
 

Table 4. Comparison of MwEGO with microwave-reduced GO in previous work 

No. Sample 
Reduction 

process 
ID/IG 

La 

(nm) 

Electrical 

conductivity 

C/O 

ratio 
Ref. 

1 EGO membrane Microwave, 

3 s  

0.187 102.8 49140 S/m C/O = 

33.6 

(or 

97.11% 

carbon) 

This 

work 

2 CGO dispersion 

(Hummers 

method) 

Microwave, 

10 min 

0.96 17.5 200 S/m C/O = 

5.46 

Wufeng 

Chen et 

al.109 

3 CGO powders 

(modified 

Hummers method) 

Microwave, 

air, 1 min 

~ 1 ~19.2 274 S/m C/O = 

2.75 

Yanwu 

Zhu et 

al.110 

4 Mixture of 

graphite oxide 

(modified 

Hummers method) 

and graphene 

powders 

Microwave, 

H2, 50 s (20 

s on-time 

and 5 s off-

time) 

0.785 21.4 1250 S/m C/O = 

18.5 

Sang-

Hoon 

Park et 

al.111 

5 Mixture of 

graphite oxide 

(Hummers 

method) and 

graphene  

Microwave, 

10 min 

~1.7 ~22.7 430 S/m C/O = 

16.99 

Han Hu 

et al.112 

6 Graphite oxide 

(Hummers 

method) 

Microwave, 

3 min 

0.76 22.1 - C/O = 

11.6 

Colin 

Hong 

An 
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Wong 

et al.138 

7 Graphene oxide 

(modified 

Hummers method) 

Thermal 

annealing 

1h at 300 

°C + 

Microwave 

1-2 s 

<0.1 180±77 - ~ 93% 

carbon 

Damien 

Voiry 

et al.16 

8 Graphene oxide 

powder (modified 

Hummers method) 

+ 1 mg flake 

graphite powder 

Catalytic 

microwave, 

2-3 s 

0.88 21.8 48662–

53180 S/m 

C/O = 

17.4 

Runze 

Liu et 

al.113 

9 Graphene oxide 

paper (modified 

Hummers method) 

+ Reduced 

graphene oxide 

(RGO) paper 

RGO paper 

triggered 

microwave, 

3-5 s 

~0.14 ~100  ～40 Ω/□ 

(thickness ≈ 

35 – 45 µm 

for GO 

paper, ~714 

S/m) 

- Wen-

Shuai 

Jiang et 

al.114 

 

By comparing with microwave reductions of pure CGO, ID/IG of EGO membrane (0.187) in 

this work is much lower than that of microwave-reduced pure CGO (0.96, ~1, 0.76). The 

calculated aromatic domain size La from ID/IG of MwEGO (102.8 nm) is also much larger than 

other MwCGOs (17.5 nm, ~19.2 nm, 22.1 nm). In addition to the aromatic domain, MwEGO 

also shows much higher electrical conductivity and C/O ratios than other MwCGOs. This 

agrees well with the results of CGO in this work, which shows a poor reduction efficiency 

under microwave irradiation.  

Other studies found that adding a small number of graphite powders, graphene powders or 

reduced graphene oxide paper in contact with CGO can trigger microwave reduction of CGO, 

as listed in No. 4, 5, 8, 9 in Table 4. The triggered MwCGOs showed a much higher reduction 
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efficiency than pure MwCGOs, with the high electrical conductivity of around 48662–53180 

S/m (No. 8) or high aromatic domain sizes of around 100 nm (No. 9). By comparison, the 

conductivity and aromatic domain size of MwEGO is also around 49140 S/m and 102.8 nm, at 

a similar level to the highest conductivity and La of triggered MwCGOs. In addition, MwCGO 

also shows the highest C/O ratio of 33.6 compared with all the previous works. This shows 

microwave reduction efficiency of pure EGO can reach the level of triggered microwave 

reduction of CGO with graphite/graphene. 

Voiry et al.16 (No.7 in Table 4) showed that microwave reduction of TrCGO in argon could 

greatly improve reduction efficiency. As discussed in the previous section, the conductivity of 

MwTrCGO was measured by using CGO with similar oxidation degree to EGO, which is one 

order of magnitude lower than MwEGO. In Voiry’s work16, a very high aromatic domain size 

of around 180 nm was achieved with around 93% carbon content. MwEGO in this work shows 

smaller aromatic domain size but higher carbon content (97.11%). However, the microwave 

reduction of EGO is much simpler than the microwave reduction of TrCGO which requires a 

thermal annealing step for 1 h at 300 °C. 

5.3.4 Possible mechanisms  

The above results have shown superior microwave reduction efficiency of EGO than CGO 

under the same conditions, which is the result of their different chemical structures. As have 

been discussed in previous works, pure CGO shows poor reduction efficiency due to its poor 

microwave absorption ability. Graphite has proven to be a good microwave absorber with 

abundant π electrons. It can efficiently absorb microwaves and dissipate them into thermal 

energy. Therefore, graphite powders have been used as catalysts in graphene oxide for efficient 

microwave reduction. Another possible catalyst is reduced graphene oxide (RGO), as have 

been previously reported in several works111, 114. RGO is a good absorber for microwaves due 

to its recovered π-π conjugated networks, which interact well with microwaves111, 114. The 

catalysts could transfer the absorbed microwave into thermal heat or arc, which can be emitted 

to adjacent graphene oxide. The microwave reduction of thermally-reduced CGO shows 

similar mechanisms. Slightly reduced CGO could produce conductive areas that easily absorb 

microwaves, which will result in rapid heating of the whole CGO, causing further reduction. 

The structural difference of EGO and CGO could be observed in their Raman spectra (Figure 

2a and b), which shows sharper D and G peaks of EGO than CGO. Smaller FWHM of EGO 
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indicates its larger aromatic domain size, as increasing FWHM (peak broadness) results from 

the disrupted sp2 domains. Therefore, it can be speculated that effective microwave reduction 

of EGO is due to its larger aromatic domain sizes, which may form conjugated networks within 

EGO membranes. The delocalized electrons can freely move within the π-π network, absorbing 

microwaves and dissipate as thermal energy. The increased temperature can easily reduce more 

parts of the oxidised region and convert them into conjugated domains. The microwave 

absorption of larger aromatic domains will cause an “avalanche-like” increase in temperature, 

removing oxygen functional groups and rearranging carbon atoms. As a result, a less defective 

and highly conductive graphene structure can be formed. 

5.4 Conclusion 

This chapter has involved the study of EGO in an effective reduction method: microwave 

reduction. Microwave reduction processes of EGO membrane and properties of MwEGO 

membrane have been explored, which showed an efficient microwave reduction process of 

EGO membrane within 3 seconds and high-quality graphene developed in this rapid process. 

The Raman and XRD analysis showed a large aromatic domain size of 102.8 nm within the 

basal plane, and 15 layers of aromatic coherence domain along inter-sheet directions. Chemical 

analysis from TGA and XPS showed a significant loss of oxygen atoms in the microwave 

reduction process, with a high C/O ratio of 33.6. The electrical conductivity measurements 

showed that MwEGO can be reduced to conductive graphene, with a minimum microwave 

time of 3 seconds and power of 140 W, with a highest electrical conductivity of 49140 S/m 

achieved at 10 seconds and 700 W. By comparing the results of other reduction methods and 

previous microwave reductions of CGO, it was found that EGO shows the highest level of 

reduction efficiency under microwave irradiation with excellent qualities of MwEGO. A likely 

mechanism was proposed to explain the high microwave reduction efficiency of EGO, which 

was due to its larger aromatic regions that efficiently absorb microwave and dissipate them into 

heat, causing a rapid loss of oxygen atoms and rearrangements of carbon atoms.  

This study makes progress in understanding the reduction properties and structures of EGO, 

which shows differences to CGO. EGO also shows a promising candidate for producing high-

quality and highly conductive graphene with large domain sizes using the fast, effective and 

low-cost microwave reduction method.  
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Chapter 6. Electrochemically-derived graphene oxide 

membranes with high stability in aqueous solution 

6.1 Introduction 

6.1.1 Instability of CGO membrane in aqueous solution 

Graphene oxide (GO) is a highly oxidized form of two-dimensional graphene sheet, which 

attracts wide interests in both research and industry fields due to its unique properties and 

scalable production1-3. With good processability of such homogeneous GO dispersions, GO 

sheets can be used as nano-building blocks for assembly of various macro-structures. For 

example, GO has been widely used to form laminated membranes by filtration or coating 

process4. GO membranes show characteristics of good flexibility, mechanical strength and 

tuneable chemistry, being relevant in many applications such as gas separation5, batteries6, 

water purification7-8 and desalination9. GO membranes contain well-defined nanochannels 

between the GO sheets, which allow gas or liquid separation5, 10, and the chemical groups in 

GO membranes make them selective with respect to ion permeation11. The majority of GO is 

synthesized from chemical methods such as the Hummers method using strong oxidants, which 

has the advantages of being scalable and allowing cheap production12-13. Chemically-derived 

graphene oxide (CGO) shows a high degree of oxidation with excellent dispersibility, which 

makes it an excellent platform for processing into hierarchical structures, and assembled CGO 

membranes have been widely studied4, 10, 14-16. However, pure graphene oxide membranes show 

very poor stability in aqueous solutions. When CGO membranes are used in aqueous solution, 

the adjacent GO sheets can be readily kept apart due to the repulsive electrostatic forces caused 

by the negatively charged oxygen groups such as carboxylic acid and hydroxyl groups14. 

Despite the intrinsic instability of graphene oxide membrane in water, some work has produced 

stable graphene oxide membrane by using aluminium oxide (AAO) filters17. Enhanced stability 

of the GO membranes is achieved by crosslinking of the Al3+ ions released from the AAO 

filters. However, interlayer Al3+ ions tend to be redispersed and removed in acid and NaCl 

solutions, causing disintegrations of the membrane18. This will limit their use in aqueous 

solutions containing H+ or other monovalent cations. Moreover, the redispersed Al3+ will cause 

contamination of the aqueous solution, which is unfavourable in some applications such as ions 

separation. Other research has been attempting to increase the structural stability of GO 

membrane by crosslinking graphene oxide sheets with macromolecules or polymers9, 19-20. 

However, these large crosslinkers will change the structure of the GO membranes, such as their 
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well-defined nanochannels. Another common method to enhance stability is by partial 

reduction of GO membranes but it will compromise intrinsic properties of GO membrane21-22. 

For example, water flux will decrease due to decreased interlayer distance in the reduced parts 

of GO membrane. 

6.1.2 Electrochemically-derived graphene oxide 

As shown in previous sections, electrochemical oxidation of graphite is another promising and 

scalable method to produce graphene oxide. Increasing interest has been focused on 

electrochemical methods due to potential scalable production and the environmentally-friendly 

nature of the process23-25. Electrochemically-produced graphene oxide (EGO) sheets have been 

characterized for their chemistry and structure. It has been reported that EGO shows different 

chemical structures and properties compared with chemically oxidized graphene oxide 

(CGO)26-28. With a milder oxidation process, EGO exhibits fewer oxygen groups and less 

disrupted graphene structures than CGO. The chemical and structural differences of EGO 

compared to CGO render it highly conductive after reduction, affecting its applications such as 

electrochemical supercapacitors and transparent conducting films28. However, previous studies 

have mainly focused on the study of electrochemical process and characterization of the 

produced EGO sheets at the atomic scale. EGO sheets have rarely been assembled into 

macroscale membranes that have a broad range of potential applications, and knowledge gaps 

between the structure and properties of the EGO membranes remain. Therefore, to expand the 

applications of EGO, it is necessary to study the properties of EGO membranes and understand 

how the properties are affected by its atomic and membrane structure. 

In this chapter, EGO membranes were fabricated using processable EGO dispersions as 

described in Chapter 4. Stability of EGO membrane in aqueous solution was investigated. The 

membranes were also characterized in detail for discussion of its stability. As a potential 

application, ionic sieving and water permeation properties of EGO membrane were tested. The 

structural and chemical characterization of EGO was also undertaken to understand the 

relationship between these properties. 
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6.2 Experimental section 

6.2.1 Materials  

Graphite foil was purchased from Sigma-Aldrich (Product No. GF82433538, thickness 0.2 

mm) and used as the graphite source for the synthesis of electrochemically-derived graphene 

oxide (EGO). Reagent grade sulfuric acid H2SO4 (95% - 98%) was purchased from Sigma-

Aldrich (Product No. 435589). Analytical reagent sodium chloride was purchased from Chem-

Supply (Product No. SA046, 99.7%). Magnesium chloride hexahydrate was received from 

Merck. Rhodamin B and methylene blue were purchased from Sigma-Aldrich. Ultrapure water 

(from Millipore Direct-Q system) was used in all relevant experiments. 

6.2.2 EGO preparation 

EGO was synthesized by the electrochemical oxidation of graphite foil in a two-electrode Tee-

cell27. The process used is the same as that described in Chapter 4. In the electrochemical 

oxidation process, a constant current (2 mA) was applied to the working electrode for 22 hours, 

with 12 M sulfuric acid solution was employed as the electrolyte. After the electrochemical 

oxidation of graphite foil for 22 hours, the samples were taken out and dispersed in water using 

agitation for a few minutes. The dispersion was washed by the centrifugation process 

repeatedly until the pH of the dispersion was around 7. After washing, EGO dispersion was 

subject to ultrasonication for 30 minutes via an ultrasonic probe (Branson Digital Sonifier 

S450D, 1/2" Horn, 500W, 30% amplitude). The ultrasonicated EGO dispersion was 

subsequently centrifuged at 4400 rpm. for 1 hour to remove large or non-exfoliated sheets. The 

weight percentage for remaining EGO after centrifugation was around 75%. CGO was 

produced by a modified Hummers method originally reported by Kovtyukhaova et al13. The 

purified CGO dispersion was subjected to the same ultrasonication and centrifugation 

procedure before further use. 

6.2.3 Fabrication of EGO membrane 

The EGO dispersion (0.5 mg/ml) was filtered through a polycarbonate membrane (Isopore, 0.1 

µm pore size, Sigma-Aldrich) by vacuum filtration. When filtration was complete, the 

membrane was dried under vacuum conditions at room temperature for about 24 hours. 

Following this, the membrane was able to be peeled off the polycarbonate filter for further 

characterization. CGO membranes were fabricated using the same procedures. 
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6.2.4 Stability tests 

To test the stability, EGO and CGO membranes were fabricated with the same mass loading 

of 0.6 mg/cm2 and cut into round pieces with a diameter of 13 mm. Acidic (pH=1.5) or basic 

(pH=10.5) aqueous solutions were prepared by modifying ultrapure water (pH=6.8) with 

appropriate amounts of HCl or NaOH. During the stability test, both EGO and CGO 

membranes were immersed in acidic, neutral and basic aqueous solution for 1 week. After 

immersion for a certain time (e.g. 24 hours), the membranes in the solution were stirred by a 

vortex mixer (VELP Scientifica) at a speed of 400 rpm for 1 minute. 

6.2.5 Characterization 

The structures of EGO and CGO membranes in the dried and wet states, for different immersion 

times, were characterized by X-ray diffraction (XRD) measurements. XRD was performed in 

a Bruker D2 Phaser diffractometer with a Cu Kα radiation (k = 1.5418 Å). Raman spectroscopy 

was measured on a Renishaw InVia Raman Microscope with a laser wavelength of 532 nm and 

a laser spot size of 10 µm. X-ray photoelectron spectroscopy (XPS) was conducted on a VG 

ESCALAB220i-XL spectrometer which is equipped with a hemispherical analyser. For 

incident radiation, monochromatic Al Kα X-rays (1486.6 eV) was employed at 220 W (22 mA 

and 10kV). The surface charging effect was compensated by a low energy flood gun. 

Thermogravimetric analysis (TGA) of EGO or CGO was conducted by using a Thermo 

thermogravimetry/differential thermal analyser (TG/DTA) 6300 in the atmosphere of air using 

a heating rate of 1 °C/min. Zeta potential of the dispersion was performed by Malvern Zetasizer 

Nano ZS analyser. Atomic force microscopy (AFM) images of EGO sheets were taken by a 

Bruker Dimension Icon AFM in a tapping mode. For sample preparation, EGO dispersion with 

0.01 mg/ml was drop-casted on a Si wafer and dried at 50 °C. 

6.2.6 Permeation and nanofiltration test 

EGO or CGO membranes were fabricated by a Sterlitech dead-end filtration cell with a 

compressed air and dried in air for overnight. For concentration-driven permeation tests, a 

device with a feed reservoir and a permeate reservoir on each side of a membrane clamp was 

used. EGO and CGO membranes (0.3 mg/cm2) with a polycarbonate filter as a substrate were 

fabricated from 0.05 mg/ml EGO or CGO dispersions. The membrane was then assembled in 

the device using a membrane clamp with an exposure diameter of 4.9 mm. The feed reservoir 

was filled with 50 ml of feed solution (0.1 M NaCl, 0.1 M MgCl2, 0.02 M methylene blue and 
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0.02 M Rhodamine B). The permeate reservoir was filled with 50 ml ultrapure water. Solution 

conductance change was monitored in the permeate reservoir to measure the diffusion of NaCl 

and MgCl2. UV-Vis spectroscopy was used to monitor the concentration of methylene blue and 

Rhodamine B.  

For nanofiltration testing, the Sterlitech dead-end filtration cell was used to monitor water 

filtration through EGO or CGO membrane with different mass loadings. For the rejection test, 

1.0 M NaCl, 1.0 M MgCl2, 0.04 mM MB and 0.04 mM RB were filtrated through the EGO or 

CGO membrane (0.02 mg/cm2). The conductivities of NaCl and MgCl2 permeates were 

measured to determine their rejections. Permeance was monitored by the weight increase of 

the permeate with time.  

6.3 Results and discussion 

EGO was prepared via electrochemical oxidation of graphite foil by using the Tee-cell setup, 

the same process as shown in Chapter 4. In this study, graphite was oxidized for 22 hours until 

the third stage (H2O hydrolysis) was reached, by which time full electro-oxidation to EGO was 

achieved. EGO membranes can be fabricated via vacuum filtration of the EGO dispersion 

through a polymer filter membrane. After drying, free-standing EGO and CGO membranes 

with good consistency and uniformity could be obtained (Figure 1). This was consistent with 

the uniform EGO membrane fabricated in Chapter 4, which indicates good processability of 

EGO dispersion. The only distinct difference in appearance of the two membranes is that when 

the mass loading of the membrane is low (0.1 mg/cm2), the CGO membrane is more yellow 

while EGO membrane has a brown colour. This may result from the lower oxidation degree of 

EGO than CGO as increasing oxidation will produce a more yellowish colour.  

 

Figure 1. EGO and CGO membranes with the same areal mass of 0.1 mg/cm2 (Scale bar: 4 

mm).  
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6.3.1 Extraordinary stability to water 

If they are to be used in water-based applications, the stability of graphene oxide membranes 

in different aqueous environment is important because it will directly affect the integrity and 

performance of the membranes. The stability of EGO and CGO membranes in acidic (pH=1.5), 

neutral (pH=6.8) and basic (pH=10.5) aqueous solutions was investigated. It should be noted 

that both EGO and CGO membranes were prepared by vacuum filtration of pure EGO and 

CGO dispersions through polycarbonate membranes, without any addition of external ions to 

strengthen the membranes by introduction of additional forces. The membranes after 

immersion and stirring in aqueous solution with various pH are shown in Figure 2. As in 

previous reports17, CGO membranes showed poor integrity in aqueous solutions, and cleaved 

into pieces after one day of immersion due to the repulsion between the negatively charged 

sheets. After one week, CGO membranes were almost completely redispersed into the aqueous 

solution with pH=6.8 and pH=10.5. In the acid solution (pH=1.5), the CGO solution does not 

become yellowish due to relatively poor ionization of carboxylic acid groups with large 

amounts of H+ in the solution. By comparison, EGO membranes were structurally very stable 

for at least one week of testing on the engineering scale. In acid and base solutions, EGO 

membranes also retained their integrity without any evident cracks after one-week of 

immersion. 

 

Figure 2. Stability of EGO and CGO membranes immersed in acid with pH=1.5 (top), neutral 

water with pH=6.8 (middle) and base solutions with pH=10.8 (bottom). 
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The structural changes of EGO and CGO membrane in water were studied via X-ray diffraction 

(XRD). As shown in Figure 3a and 3b, both EGO and CGO membranes showed an initial 

peak at around 12° in the dry state, corresponding to an interlayer GO sheet distance of about 

0.74 nm. When EGO and CGO membranes were immersed in water, their XRD peaks shifted 

to a smaller 2θ value, showing an increase in interlayer distance due to the intercalation of 

water molecules into the both GO membranes. The changes in the interlayer distances of both 

the GO membranes with respect to their immersion time are shown in Figure 3c. Both CGO 

and EGO membranes showed an abrupt increase of interlayer distance after immersion in water 

for 1 min, demonstrating their fast response to humidity, which is known and has been used, 

for example, in humidity sensing29-30. The interlayer distance of EGO membrane increased very 

slightly from 1.12 nm to 1.17 nm after immersion in water for 1 hour and remained constant at 

1.18 nm until a testing period of 7 days. For CGO membrane, its interlayer distance 

progressively increased with increased immersion time from 1.27 nm (1 min) to 1.40 nm (1 

day). This behaviour is similar to previous reports where the interlayer distance of CGO 

membrane  displayed a continuous increase for days until it reached around 6 nm14. Due to the 

limitations of XRD technique, the CGO peak cannot be detected after 1 day of immersion.  

 

Figure 3. XRD patterns for (a) CGO membranes and (b) EGO membranes at different 

immersion times in water of neutral pH. (c) Interlayer spacing change with immersion time. 

The shaded grey area is beyond the detection limit.  

Such swelling of GO membranes results from the insertion of water molecules between GO 

sheets, leading to increasing number of water layers14-15, 31. Previous research has correlated 

the number of intercalated water molecules between GO layers with the interlayer distance 

obtained by XRD, and it was found that a hydrated GO membrane with an interlayer distance 

of about 13 Å contained three layers of water molecules between the two GO sheets15. From 

the XRD patterns of EGO membrane immersed in water for 1 min, a non-symmetrical peak 
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can be observed which contains the transition states between fully dried and fully hydrated 

EGO membranes. The XRD patterns of EGO membrane (Figure 4) can be fitted with two 

component peaks: GO-1 and GO-2, centred on about 9.1° and 7.6°, respectively, corresponding 

to interlayer distances of 0.92 nm and 1.16 nm. Since the size of one water molecule is around 

0.25 nm, the two fitting peaks represent EGO structure with one (0.92 nm – 0.74 nm = 0.18 

nm) and two water monolayers between GO sheets (1.16 nm – 0.74 nm = 0.42 nm). The slightly 

smaller size of intercalated water molecules is due to their denser state in a confined 

environment compared with their existence in the bulk water environment14. For EGO 

membrane immersed for 1 min (Figure 4a), the GO-1 peak displayed a higher intensity than 

the GO-2 peak, indicating that majority part of structure was filled with one layer of water 

molecules. With increasing immersion time (Figure 4b, c, d, e, f), the intensity of GO-1 peak 

decreased while the intensity of GO-2 peak increased, showing that there is a driving force to 

establish a preferred two-layered water molecules intercalated EGO gallery.  

 

Figure 4. XRD patterns with fitting peaks: GO-1 (9.1°) and GO-2 (7.6°) for EGO membrane 

after immersion in neutral water for (a) 1 min, (b) 1 h, (c) 1 day, (d) 3 days, (e) 5 days and (f) 

7 days. 

As a comparison, XRD patterns of CGO membrane with fitted peaks are shown in Figure 5. 

The XRD peak of CGO membrane contains three fitted peaks: GO-1, GO-2, GO-3, where GO-



132 
 

3 is centred on around 6.6° (interlayer spacing = 1.34 nm) which represents three layers of 

water molecules between CGO sheets. After immersion for 1 day, the XRD pattern changes to 

a combination of GO-2 and GO-3 peaks, indicating a mixed structure of two-layer and three-

layer water structures. Due to the detection limits in the XRD technique, no peak with larger 

interlayer distance could be detected but from previous study, multiple layers of water 

molecules (up to 6 - 7 nm) can be intercalated between the GO sheets14. No GO-3 peak was 

observed in the XRD pattern of EGO membrane, even after immersion for 1 week (Figure 4f), 

indicating a stable two-layer water molecule structure within EGO membrane. This stable and 

consistent interlayer spacing of EGO represents an equilibrated state that is most likely 

determined by the interplay of attractive hydrogen bonding/sp2 domains and repulsive negative 

ion charges (e.g. carboxylic acid). 

 

Figure 5. XRD patterns of CGO membrane after being immersed in neutral water for (a) 1 min, 

(b) 1 h, (c) 1 day, with fitting peaks: GO-1, GO-2, GO-3, centred at about 9.1°, 7.6° and 6.6°, 

respectively. 

6.3.2 Ionic sieving and water permeation 

GO membranes have been widely reported as promising separation membranes for 

nanofiltration and desalination, where high retentions and high permeance are required7-9. To 

be used as separation membranes with high performance, ionic sieving and water permeation 

are important properties to be considered. Moreover, such membrane performance is also a 

characteristic of GO membranes that can be used to probe the structure of nanochannels. 

Therefore, ionic sieving and water permeation properties of EGO membranes and used CGO 

membranes were investigated, to allow a comparison of structure. To measure the permeation 

of Na+, a 0.1 M NaCl solution was used in the feed compartment. The amounts of Na+ ions 

permeated through membranes with time were measured by monitoring electrical conductivity 

change of permeate compartments for every 10 seconds. It can be seen in Figure 6a that Na+ 
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ions concentration in permeate compartments increase with time for both EGO and CGO 

membranes. Specifically, EGO shows much reduced amounts of Na+ ions permeating through 

the membrane, compared with CGO. In addition to the Na+ ions permeation, the permeations 

rates of Mg2+, MB and RB through the membranes were also tested, with the results shown in 

Figure 6b. As can be observed, permeation rate shows a significant drop above hydrated radius 

of about 4.5 Å, which agrees well with previous research15. MB and RB molecules show 

extremely low permeation, and no permeation has been detected for both EGO and CGO 

membranes. As for ions, EGO membrane shows about 8 times lower permeation rates for Na+ 

and Mg2+ than CGO membranes. This shows higher rejections of EGO membranes for ions.  

 

Figure 6. (a) Na+ ions permeated through EGO and CGO membranes with time. (b) Permeation 

rates of Na+, Mg2+, Methylene blue (MB) and Rhodamine B (RB) through EGO and CGO 

membranes. Grey area is below our detection limit.  

The stabilities of EGO and CGO membranes in the ionic sieving process were also examined 

by measuring permeation rates of Na+ with prolonged permeation for up to 24 hours, as shown 

in Figure 7. Permeation rate of CGO membrane showed a significant increase from 0.3 x 10-3 

to 0.85 x 10-3 mol/h×cm2 in the first 3 hours, which is due to an abrupt increase of interlayer 

spacing when CGO membrane is swollen within the aqueous solution. It subsequently shows 

a gradual increase to 1.2 x 10-3 mol/h×cm2 during the next 21 hours, which is caused by 

continuously increased interlayer distance within CGO membranes. The EGO membrane 

demonstrates a much lower permeation rate (~ 0.1 x 10-3 mol/h×cm2) than CGO during the 

whole test period. There is a slight increase in the first two hours due to swelling of EGO 
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membrane in aqueous solution. However, after two hours, a very steady permeation rate for at 

least 24 hours is presented, demonstrating its stable structure in aqueous solution. 

 

Figure 7. Na+ permeation rate with permeation time through EGO and CGO membranes. 

Water flux is another important factor other than rejection for filter membranes. Higher water 

flux is desired to achieve a higher filtration efficiency. Therefore, water flux of EGO and CGO 

membranes were also tested for comparison. Despite higher rejections for ions, water flux of 

EGO membranes was not reduced. From Figure 8, water flux of EGO membranes is much 

higher than that of CGO membranes at different mass loadings, which may be due to larger 

aromatic region of EGO exhibiting frictionless flow15. EGO membranes show around two 

times water flux of CGO membranes at a mass loading of 0.05, 0.1, and 0.15 mg/cm2. However, 

the water flux of CGO membranes increased to more than half of EGO membranes at a mass 

loading of 0.02 mg/cm2. The increased water flux may result from the poor stability of CGO 

membrane at a smaller thickness, which causes more holes or pathways in the membrane.  
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Figure 8. Water flux through EGO and CGO membranes at various mass loadings: 0.02, 0.05, 

0.1, 0.15 mg/cm2.  

Nanofiltration performance of EGO and CGO membrane were evaluated for different ions and 

molecules by the pressure-drive filtration setup. Before measuring rejection of ions and 

molecules, they were stabilized by permeating RO water to reach a stable permeability. 

Rejection and permeance for NaCl, MgCl, MB and RB solutions were shown in Figure 9a. 

Rejection of ions were much smaller than that of probe molecules, which agrees well with the 

4.5 Å cut-off radius reported previously. This shows size sieving effect for both EGO and CGO 

membranes. However, EGO membranes show around 8% and 7% higher rejection for NaCl 

and MgCl2 respectively than CGO membranes. For molecules, EGO membranes show around 

14% and 10% higher rejection for MB and RB than CGO membranes. In addition, EGO shows 

greater permeance than CGO membranes, similar to the comparison of pure water flux. To 

evaluate the rejection performance of EGO and CGO membranes in base solutions, 10 ml base 

solution with pH=10.8 were added on top of the membranes to soak them for one hour. Then 

RB solution with pH=10.8 was filtered through the membranes. As shown in Figure 9b, EGO 

membrane keeps 61.5% rejection for RB molecules, which is 22.8% higher than the rejection 

(38.7%) of CGO membrane. This difference is even higher than that in pH=6.8, which 

illustrates better stability of EGO in base solution than CGO membrane. In base solutions with 

pH=10.8, acid oxygen groups on graphene oxide such as carboxylic acid or hydroxyl groups 

will be more ionised and cause increased electrostatic repulsion between sheets, and thus an 

increased distance between layers. Increased pore size reduces the rejection of molecules. As 
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a stable graphene oxide membrane in aqueous solution, EGO membrane shows higher ion and 

molecular rejection, while simultaneously demonstrating a larger water flux than CGO 

membranes. This combination makes it a promising candidate to be used in water-based 

applications, such as ion sieving or desalination.  

 

Figure 9. Nanofiltration test of EGO and CGO membrane. (a) Rejection and permeance of 

EGO and CGO membrane for ions and molecules of different hydrated radius in nanofiltration 

test. (b) Rejection of EGO and CGO membranes for RB molecules at pH= 6.8 and 10.8. 

6.3.3 Structural and chemical characterization 

To understand these membrane properties of EGO membranes, the structure and chemistry of 

EGO were characterized via Raman Spectroscopy, XPS and TGA. Figure 10a shows Raman 

spectra of EGO in the first-order region from 1000 cm-1 to 1900 cm-1. The spectra were fitted 

with D peak, G peak and D’’ peak in the valley between D and G peaks. In comparison, Raman 

spectra of CGO are shown in Figure 10b. The main parameters of the peaks are displayed in 

Table 1. The prominent peak at around 1590 cm-1 is G peak, which is directly related to the 

motion of sp2 atoms in graphene. Another peak in the region of around 1350 cm-1 is D peak, 

which is dependent on the breathing modes of six-atom carbon rings near the defect regions. 

The D peak is often used to indicate the defects in graphene-based materials. The Full width at 

half maximum (FWHM) of D peak and G peak are also important parameters that reveal 

structures of carbon material. The broadening of D and G peaks in graphene oxide are related 

to disorder in the graphene plane, resulting from a decreasing size of sp2 aromatic clusters32-33. 

By comparison of FWHM from Table 1, it can be seen that EGO shows a much smaller FWHM 
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of D peak and G peak than CGO. The smaller FWHM of EGO indicates much larger sp2 domain 

size.  

 

Figure 10. Raman spectrum of (a) EGO and (b) CGO in the first order region (1000 cm-1 – 

1900 cm-1).  

Table 1. Comparison of the main peak parameters in Raman spectra for CGO and EGO. 

 

FWHM (cm-1) 

ID/IG La (nm) ID’’/IG D G 

EGO 92.9 57.4 0.99 11.4 0.06 

CGO 126.1 69.1 0.98 1.3 0.15 

 

To quantitatively determine the aromatic domain size La for CGO and EGO, the intensity ratios 

of D and G peak ID/IG were measured and calculated, with the results presented in Table 1. 

CGO and EGO show almost the same value of ID/IG peak ratio. As proposed by Ferrari and 

Robertson34, the Raman spectra of disordered carbon material are classified by a three-stage 

model. In Stage one, ID/IG will increase when aromatic domain size La decreases, which is 

similar to Tuinstra-Koenig (T-K) relation. When La further decreases and becomes stage two, 

the T-K relation will not be valid since there are decreased signals from sixfold aromatic rings 

near defects. As a result, the ID/IG peak ratio will decrease in stage two. By considering dramatic 
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difference of FWHM and almost same ID/IG peak ratio of CGO and EGO, it can be speculated 

that they are classified as different stages. EGO, with larger aromatic domain size, should be 

governed by Stage 1; while CGO should be in stage two due to its smaller aromatic domain 

size. The value of La can be calculated using a modified Lucchese equation (equation 6.1) as 

given below33. 

                                      
𝐼𝐷

𝐼𝐺
= 𝐶𝐴

(𝑟𝐴
2−𝑟𝑆

2)

(𝑟𝐴
2−2𝑟𝑆

2)
[𝑒−𝜋𝑟𝑆

2 𝐿𝐷
2⁄ − 𝑒−𝜋(𝑟𝐴

2−𝑟𝑆
2) 𝐿𝐷

2⁄ ]                                  6.1 

where CA = 5.43 for 532 nm laser, rA = 3.1 nm, rS = 1.0 nm. The calculated La for CGO and 

EGO are 1.3 nm and 11.4 nm, respectively. The larger La value of EGO indicates larger 

aromatic domain size and better long-range order. Another comparison that can be extracted 

from the Raman spectra of CGO and EGO is the D’’ peak, the appearance of which is correlated 

to chemical doping or sp3 bonding. ID’’/IG peak ratio for EGO is more than two times lower 

than that of CGO. This indicates much less sp3 bonding in EGO, which is in agreement with 

the larger aromatic domain size we calculated. Much larger aromatic domains for EGO can 

form a more ordered and crystalline structure. When the membrane is immersed in aqueous 

solutions, the interactions of the aromatic domains will assist the membranes to retain a more 

ordered structure, with a stable interlayer distance. This will contribute to its high stability in 

water and good ionic sieving properties. Moreover, the larger aromatic region of EGO can also 

explain its higher water flux according to the model proposed by Joshi et al, which proposed 

that water shows frictionless flow in the pristine graphene regions15.  

Figure 11a shows XPS C1s spectra of EGO to analyse its chemical structure. In addition, XPS 

spectra of CGO is shown in Figure 11b as a comparison. The spectra were fitted with three 

peak components: sp2 (284.4 eV), C=O/C-OH/C-O-C (286.4 eV) and COOH (288.0 eV). 

Percentages of each components for CGO and EGO were shown in Table 2. EGO showed 

larger percentage of sp2 bonds (48.0 %) than CGO (44.7 %), which indicates a reduced 

oxidation degree of EGO. By comparing percentage of oxygen groups, it can be seen that EGO 

contains higher number of C=O/C-OH/C-O-C groups while much lesser percentage of COOH 

groups than CGO. EGO only shows 3.5 % of COOH groups compared to 8.4 % for CGO. 
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Figure 11. X-ray photoelectron (XPS) spectra of (a) EGO and (b) CGO in the C1s region (281 

– 292 eV). 

Table 2. Percentage of XPS C1s components for CGO and EGO. 

 CGO EGO 

sp2 44.7% 48.0% 

C=O/C-OH/C-O-C 46.9% 48.5% 

COOH 8.4% 3.5% 

 

As shown in the thermogravimetric analysis (TGA) curves in Figure 12, EGO exhibits approx. 

30% of weight loss at around 200 °C due to the removal of most oxygen groups, which is 

slightly less than for than CGO. EGO also shows less weight loss in the middle region between 

two significant weight losses (around 200 – 500 °C) than CGO (around 200 – 400 °C), likely 

due to less amount of thermally unstable C=O/COOH groups in EGO. The much higher carbon 

decomposition temperature for EGO indicates its higher thermal stability after reduction. From 

the above results, it can be seen most of the oxygen bonded to graphene plane during oxidation 

of EGO form epoxy, hydroxyl, or carbonyl groups, with only a small amount were further 

oxidized into carboxylic groups. These differences in chemical structure of CGO and EGO 

provide insight to their different stability in aqueous solution. It is well known that carboxylic 
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acid groups can be easily ionized in aqueous solution, especially in alkaline solution, and lead 

to electrostatic repulsive forces between graphene oxide sheets. This will cause an increase in 

the interlayer spacing between graphene oxide sheets, which leads to poor structural stability 

of graphene oxide laminated membranes. Hydroxyl groups, conversely, can form attractive 

hydrogen bonding between the sheets. Therefore, apart from the larger aromatic domains, 

lower carboxylic acid and higher hydroxyl content of EGO also contribute to membrane 

stability in water.  

 

Figure 12. Thermogravimetric analysis (TGA) curves of EGO and CGO in air atmosphere. 

6.4 Conclusions 

The chemical properties and structures of graphene oxide membranes produced from 

electrochemically-derived graphene oxide have been investigated, and compared with those of 

chemically-derived graphene oxide. The EGO membrane was highly stable and maintained its 

intact structure after prolonged immersion in water and after being subjected to vigorous 

shaking. The interlayer distance between the hydrated EGO sheets was found to be very stable 

(at 1.18 nm) which is attributed to the formation of a stable two-layer water molecule between 

the EGO sheets at its equilibrium hydrated state. Furthermore, EGO membrane exhibited 

superior water filtration performance than CGO membranes with much higher stability, ionic 

rejections and water flux. From structural and chemical analysis, EGO showed larger aromatic 

domain size and lower carboxylic acid content, which contributes to its high stability and good 

ionic sieving performance. In contrast, CGO membrane disintegrated in less 24 hours in water 
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and showed poor stability with lower ionic rejections and water flux due to its smaller aromatic 

domain size and higher number of carboxylic groups. 

Due to the robust properties of EGO membranes in aqueous condition over a broad pH range, 

the EGO membrane will be very useful for a broad range of aqueous solution-based 

applications such as water purification and chemical or biomolecule sensing. The work also 

highlights the importance of tuning and understanding the chemical and structural properties 

of graphene oxide to allow its optimal use in a range of applications.  
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Chapter 7. Conclusions and future work 

7.1 Conclusions 

This thesis has focused on the investigation of electrochemically-derived graphene oxide 

(EGO) with a comprehensive study of its synthesis, characterization and structure/property 

relationships, and explored possible applications. With the challenges of incomplete oxidation 

and exfoliation from previous electrochemical oxidation methods, it presents the development 

of a novel electrochemical oxidation method that differs from conventional methods for 

continuous oxidation and exfoliation processes. In order to produce EGO with good 

processability, the influences of electrochemical conditions on the aqueous dispersibility was 

undertaken, with the aim of developing aqueous dispersible EGO. It also seeks to determine 

and understand the novel and advantageous properties of EGO, compared with chemically-

derived graphene oxide (CGO). The properties of EGO-based multilayer membranes were also 

studied with regards to their stability in aqueous solution and ionic sieving properties. In terms 

of producing conductive graphene, the reduction process of GO was also investigated. In 

particular, the use of microwave reduction of EGO and CGO was studied, in terms of process 

efficiency and the quality of the output. A summary of the main contributions and findings of 

this thesis are as follows.  

A novel mechanically-assisted electrochemical method has been developed to produce 

graphene oxide with a continuous oxidation and exfoliation process. The new electrochemical 

method utilises mechanical stirring to assist with the electrochemical oxidizing process, which 

allows the direct use of graphite flakes as the graphite source, instead of bulk graphite electrode 

that shows the problems of premature peeling of graphite pieces. The continuous stirring 

process provides centrifugal forces that push the graphite flakes towards the working electrode. 

This enabled repeated physical contact of the graphite flakes and working electrode, which 

allows the partially exfoliated graphite to take the continual oxidation and exfoliation. In 

addition, this novel method also shows the advantages of a green process without the use of 

hazardous chemical oxidants, simple purifications compared to conventional chemical 

processes, and recyclable electrolytes, all of which are desirable in the industrial production of 

graphene oxide. The resultant EGO is less oxidised and defective than conventional CGO. An 

interesting property is long-term stability of EGO in ethanol, which is better than CGO. In 

addition, EGO also shows facile thermal reduction ability and high conductivity after the 



145 
 

thermal reduction. This work has provided a promising solution for cost-effective and large-

scale production of graphene oxide, which shows great potential for application in industries.  

With the requirement of producing processable EGO for further assembly in applications, the 

next part of thesis investigated the influence of electrochemical oxidation processes on the 

aqueous dispersibility of EGO, which lead to the production of aqueous dispersible EGO with 

optimized electrochemical conditions. Electrochemical oxidation time, graphite sources and 

electrolyte concentrations were found to show significant influence on the aqueous 

dispersibility of resultant EGO. Longer oxidation times were favourable for producing EGO 

with high aqueous dispersibility. EGO produced from graphite foil shows much higher aqueous 

dispersibility than that produced from graphite flakes, which may be due to the greater 

concentration of pores and edge defects in graphite foil encouraging more oxidation processes. 

In addition, 12 M H2SO4 electrolyte were found to be optimum for producing aqueous 

dispersible EGO because higher concentrations led to inferior oxidation due to limited H2O, 

whilst lower concentrations required very long oxidation times due to poor levels of 

intercalation. The EGO dispersion produced at optimised conditions was also characterised, 

and showed long-term stability and zeta potential of less than -30 mV. This indicates that there 

exist sufficient repulsive forces between EGO sheets in the dispersion. In addition, the 

fabrication of a uniform EGO membrane demonstrated the good processability of the EGO 

dispersion.  

The manipulation of EGO was then focused on another intriguing property of graphene oxide, 

its ability to be reduced via microwaves. The microwave reduction ability of EGO was 

investigated and compared with its use on CGO. A significant finding is the rapid microwave 

reduction of EGO within seconds to produce very high-quality graphene with a large aromatic 

domain size of 102.8 nm and a high C/O ratio of 33.6. EGO reduced by microwave irradiation 

also showed high conductivity of about 49140 S/m. Conversely, CGO was not as efficiently 

reduced by microwave irradiation. A possible mechanism to explain the high reduction 

efficiency of EGO using microwaves is that large aromatic regions of EGO can more readily 

absorb the microwaves and dissipate them efficiently as heat.  

The properties of EGO multilayer membranes were studied in the final part of the work, with 

a comparison with CGO membranes. EGO membranes show a high stability in aqueous 

solution, which is much better than CGO membranes that can easily swell and disintegrate in 

aqueous solutions. The interlayer distance of EGO membranes in water was found to be very 
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consistent at 1.18 nm with the formation of stable two water molecule layers between adjacent 

EGO sheets. The ionic sieving and nanofiltration performances were also characterized, and it 

was found that EGO shows better rejections to ions and molecules and higher permeance than 

CGO membranes. In addition, the structures of EGO were characterized to explain the possible 

mechanisms for the superior stability and ionic or molecular sieving performances of EGO 

membrane. The results show that EGO contain larger aromatic domain size and lower 

carboxylic acid groups, which contribute to a more ordered structure, with well-maintained 

interlayer distance. This study has thus demonstrated a potential application of EGO, where it 

can be used in nanofiltration applications. It also provides a deeper understanding on the 

structure of EGO and its membranes. 

The findings of the thesis thus contribute the strategies related to synthesis of EGO and an 

understanding of its structure, chemistry, and properties. It is expected that this work will 

advance the development of electrochemical oxidation methods to produce graphene oxide in 

academic research and industry, and more applications of EGO based on such understanding 

of structures and properties should result. 

7.2 Future work 

This work has represented an investigation on the synthesis of EGO and studies of its 

properties, which requires further research. Following areas that are proposed for further 

investigation are: 

1) Current studies on the novel mechanically-assisted electrochemical methods are only 

based on the small prototype setup, which requires further developments for industrial 

productions. A larger setup needs to be designed based on this prototype for large-scale 

production. Problems of lower oxidation and exfoliation may appear with larger setups 

because larger amounts of graphite flakes may make it harder for each graphite flake to 

get physical contact with working electrode. The effect of stirring could be reduced in a 

larger setup. Therefore, it requires further modifications of the setup design or 

electrochemical processes such as stirring speeds.  

2) The second part has studied the influence of electrochemical processes on aqueous 

dispersibility. However, some proposed mechanisms to explain the influence of the 

electrochemical conditions still require verifications. For example, electrochemical 

oxidation process shows different oxidation voltages at various electrolyte concentrations 
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which may be due to the formation of different oxygen groups. To explain the change of 

oxygen groups and structures under the various electrochemical conditions, it is still 

necessary to investigate using characterizations such as X-ray photoelectron spectroscopy, 

X-ray diffraction, and Raman spectroscopy.  

3) An intriguing property found in this study is the efficient reduction of EGO by thermal 

annealing and microwave irradiation. These properties demonstrate the potential use of 

EGO as a precursor for conductive graphene. More applications can be explored in future 

involving reduced EGO such as transparent conductive films, conductive fillers in 

polymer composites that can be thermally reduced at relatively lower temperatures than 

CGO, or EGO-inorganic composites that can be reduced by microwave irradiation to 

achieve high conductivities.  

4) With a preliminary study of EGO membrane which shows high stability and superior ionic 

or molecular sieving performances, the EGO membrane can be further developed for 

various applications. It can be combined with intercalants to increase the interlayer 

spacing for precise nanofiltration of larger molecules. The EGO membrane can also be 

partially reduced to decrease the interlayer spacing to allow for desalinations and 

separation of smaller ions. 

 

 

 

 

 

 

 

 

 


