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Abstract 

Membrane separation technologies are gaining attention for sustainable water supply since 

they are energy efficient, environmentally benign and economical. However, development 

of state-of-the-art membrane materials with well-defined nanostructures and excellent 

selectivity, high permeate flux and antifouling properties, remains challenging. Due to their 

excellent physical and chemical properties, two-dimensional (2D) graphene oxide (GO) is 

promising for use as building blocks for membrane construction. This thesis describes 

innovative research which constructs and tunes laminar structures of GO-based membranes 

for water treatment. 

In this thesis, membrane separation technologies and membrane materials were introduced. 

Bioinspired conception for fabrication of polymeric, ceramic, metallic and nanomaterial-

based free-standing membranes was then reviewed. GO could be combined with traditional 

membrane materials, forming composite membranes for enhanced separation performance. 

GO nanosheets (NS) could also be assembled into laminar structures solely for molecular 

and ion sieving. Laminar structures are attractive for designing GO-based membranes with 

desirable properties, which was a focus of this thesis. 

Precisely tuning the crumpled laminar structure of GO-based membranes is crucial. I 

attempted to reduce GO and intercalate nano-fillers into the laminar structure. I developed a 

novel 1D graphitic carbon nitride nanotube (g-C3N4 NT) intercalated reduced GO (rGO) 

nanofiltration (NF) membrane with enhanced photo-induced self-cleaning performance. The 

g-C3N4 NT photocatalyst enlarged the rGO interlayer spacing for improved water 

permeability and endowed the composite membrane with visible-light photocatalytic 

activity for efficient removal of organic dyes from water. My g-C3N4 NT/rGO membrane 

exhibits superior water permeability (4.87 L·m−2·h−1·bar−1) and synergetic Rhodamine B 

(RhB) removal rate (> 98%) for long-term operation. The RhB removal mechanism on the 

as-prepared composite membranes under integrated photocatalytic filtration was also 

established.  

Apart from reducing GO and increasing laminar interlayer space to optimize the laminar 

structure of GO, I explored the potential for preparation of “nanoporous GO membranes” by 

in-situ ion beam modification. Ultra-thin (150-200 nm) GO films were modified by low 

energy carbon ion beams with ion fluences of 1 × 1015 ions·cm-2 - 1 × 1017 ions·cm-2. Low 
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energy carbon ion beam irradiation can simultaneously reduce and drill nanoscale pores on 

GO surfaces in a controllable manner, which could be used for engineering GO-based 

separation membranes. 

Ion beam modification was then used to prepare real GO ion-sieving membranes. The 

thickness of the GO layer and the ion fluence applied control the ion beam irradiated GO 

structure and the consequent mono-/di-valent metal ion separation performance. All ion 

beam irradiated GO membranes exhibited enhanced K+ selectivity compared with the ion 

separation performance of the corresponding GO membranes without ion beam treatment. 

Pure GO membrane with 0.5 mg GO loading amount exhibited a K+ ion permeation rate up 

to 1.4 × 10-3 mol·m-2·h-1 and an infinite separation factor to di-valent ions, after ion beam 

irradiation with fluence of 1 × 1016 ions·cm-2. Ion beam modification was also successfully 

applied to EDA-modified GO membranes for enhanced selectivity, demonstrating the 

potential for applicability to other chemically modified GO membranes. This work is a step 

towards the development of high-performance GO-based membranes for use in water 

desalination, gas separation and biomedical applications. 

Key words: graphene oxide; membranes; water treatment; nanofiltration; ion sieving 
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Chapter 1: Introduction 

1.1 Membrane Separation Technology 

A membrane can be defined as a “thin barrier or film that exhibits permselectivity” when 

subjected to a driving force [1, 2]. Fig. 1.1 illustrates a typical model showing membrane 

process, whereby the membrane is mounted in a vessel forming two compartments. The 

membrane could selectively allow one of the constituents in the upper compartment to pass 

through, while blocking other constituents. 

 

Figure 1.1. Schematic illustration of membrane separation process. 
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The feeding phases for membrane vessels are diverse; membranes could be used for gas-gas, 

gas-liquid, liquid-liquid, gas-solid and liquid-solid separation (e.g. liquids, gases, ions, 

molecules, and particles). 

For membrane operation, a driving force is applied to the feeding fluid, forcing it to cross 

through the membrane. Pressure, concentration, temperature and electric potential gradient 

are commonly used driving forces in membrane operation [3-5]. With the development of 

smart membrane materials, diverse stimuli might be utilized as driving forces in the near 

future since many stimuli-responsive substances have been found and used to modify 

membrane materials [6].  

Membrane materials are generally classified according to their nature (i.e. natural or 

synthetic membranes), structure and material type [7]. Common structures of synthetic 

membranes are presented in Fig. 1.2 Various types of membrane materials for water 

treatment will be discussed in next section in detail. 

 

 

Figure 1.2. Common forms of synthetic membranes and corresponding  scanning electron 

microscopy (SEM) images. (The SEM images are obtained from public lecture notes 

kindly shared by Prof. Enrico Drioli, Research Institute on Membrane Technology, ITM-

CNR, Italy.) 
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Membrane separation technology involves many processes, which have recently become an 

accepted unit operation for a variety of industrial applications, providing technical solutions 

to the most urgent concerns of today (Fig. 1.3). 

 

Figure 1.3. Membrane processes and membrane engineering solutions to challenges that 

human beings are facing today. 

 

These membrane processes are generally classified by the driving force applied, feeding 

phases, and pore size of membrane materials used [8]. Among them, pressure-driven 

membrane processes including microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), 

and reverse osmosis (RO) are predominant in water treatment industries [9-12]. Other 

membrane processes including but not limited to thermal-driven membrane distillation (MD) 

and osmotically driven forward osmosis have also been attempted for water treatment, 

especially desalination. However, the cost of thermal-driven membrane process is still not 

economical and the development of desired membrane materials for osmotically driven 

membrane processes is still challenging [13].  

Currently, different textbooks or researchers define pressure-driven membranes differently 

because of the onging emergence of high performance membranes. Fig. 1.4 summarizes 
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commonly accepted definitions of pressure-driven membrane processes and the materials, 

which are mainly based on membrane pore size [14]. 

 

Figure 1.4. Characteristics of pressure-driven membrane processes 

 

Additional desired characteristics are expected to be improved, which leaves room for 

membrane material scientists to challenge their knowledge and develop state-of-the-art 

membrane materials. 

1.2 Water-treatment Membrane Materials 

As discussed above, it is inappropriate to simply classify synthetic water treatment 

membranes according to their pore sizes. It is more reasonable to classify synthetic 

membranes on the basis of membrane material types: polymer-, ceramics-, metal-, and 

nanomaterial-based.  

Owing to the remarkable advantages of low cost, prominent flexibility, excellent 

processability and ease of operation, polymeric membranes made of polysulfone (PSf), 

polyethersulfone (PES), polyvinylidene fluoride (PVDF), polytetrafluoroethylene (PTFE), 

etc., have been widely used in water treatment [15-19]. These membranes, however, may 

suffer from accumulation, adhesion, spreading, coalescence and migration of foulants as 

well as inevitable clogging during wastewater treatment, which results in flux decline and 

rejection deterioration [20]. 



 

5 

 

In the family of membranes, porous ceramic membranes are important because of their high 

chemical, thermal and mechanical stability, which makes them suitable for use in harsh 

conditions such as corrosive and high temperature environments [21].  

 

Figure 1.5. (a) Tubular ceramic membrane products with different shapes and channels and 

(b) oily waste water before and after treatment by ceramic membranes. (The photos were 

kindly provided by Prof. Hong Qi, Nanjing Hongyi Ceramic Membranes Co. Ltd., China, 

with all copyright reserved) 

Ceramic membranes are made from alumina, titania, zirconia or silica oxides, silicon carbide, 

etc. [22]. Typical ceramic membranes are made in layers with different porous structure: a 

support (also known as the substrate) layer and a thin separation (also known as the top) 

layer. Sometimes an intermediate layer might also exist in a ceramic membrane. Ceramic 

supports usually consist of the above-mentioned metal oxide or inorganic powders, to which 

binders and plasticizers may be added. The resulting mixture is then pressed, extruded or 

slip cast prior to sintering. To obtain a ceramic membrane, the ceramic support surface has 

to be smoothed first. Then the flat ceramic support is usually coated with a casting material 

and then dried. Following coating and drying, a separation layer made of ceramic 

microcrystals is obtained by further calcination. This complicated manufacture process leads 

to relatively high cost of production and this consequently limits wide application of ceramic 

membranes in water treatment. As there is a growing tendency to apply ceramic membranes 

for industrial wastewater treatment, ceramic membranes with low production costs will be 

more attractive. 

Dense metallic membranes (e.g. Palladium membrane) have for some time been considered 

for the separation of hot gases [23] while porous metallic membranes (e.g., stainless steel 
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mesh membranes, copper mesh membranes, or silver membranes) with pore diameters 

ranging from micro- to nanometer size have also been widely used for water treatment [24-

26]. Gas separation membranes are out of scope of this thesis and the emerging mesh 

membranes are introduced in detail in Chapter 2. 

With tremendous interest in nanotechnology, various types of metallic and several 

carbonaceous nanomaterials have drawn significant attention in recent years for water 

purification [27, 28]. In the field of water-treatment membranes, nanomaterials have been 

used not only to modify membrane surfaces but also to construct nanomaterial-based free-

standing thin membranes. An ideal membrane is expected to have an active separation layer, 

which should be as thin as possible for pursuing low transport resistance and high flux. 

Therefore, taking advantage of their high surface area and special surface properties, 1D or 

2D nanomaterials have made impressive progress in fabricating ultrathin filtration 

membranes with innovative structures which could exhibit low weight, high permeability 

and high rejection rate compared with traditional membrane materials. 

1.3 Graphene-based Membranes 

1.3.1 Graphene-based Nanomaterials 

Since Geim and Novoselov received the Nobel Prize in Physics 2010 for their pivotal 

research on graphene [29, 30], graphene-based materials have attracted a growing interest in 

various environmental applications, such as metal ion removal [31], gaseous contaminants 

adsorption [32], desalination [33] and water treatment [34]. Graphene is composed of a 

single layer of carbon atoms arranged in a sp2-bonded aromatic structure (Fig. 6) [35]. It 

possesses unique properties that make it attractive for environmental applications [36]. 

These properties mainly include special electronic mobility, excellent mechanical strength 

and high specific surface area. Although graphene is only one atom in thickness, it is the 

reported strongest material, with a Young’s modulus of E = 1.0 TPa and intrinsic strength of 

130 GPa. Graphene also has the highest specific surface area, making it an ideal candidate 

for adsorption and surface reactions. 

There are three types of graphene-based nanomaterials including graphene, graphene oxide 

(GO) and reduced GO (rGO). The general preparation route of graphene, GO and rGO from 

graphite is demonstrated in Fig. 6. Graphene can be produced by mechanical exfoliation 

from graphite, chemical vapour deposition (CVD) approach or by thermal decomposition of 



 

7 

 

SiC [32]. Graphene oxide (GO) is the oxidized derivative of graphene, which could be 

effectively produced through a solution-based approach by direct oxidation and exfoliation 

from graphite. GO could be regarded as a graphene scaffold with different oxygen-

containing functional groups including epoxy, carboxyl, hydroxyl, and carbonyl [37]. The 

oxidation of GO provides abundant reaction sites for chemical modification. GO is the most 

popular graphene-based nanomaterial due to its low production cost. Moreover, GO could 

be easily reduced into rGO by chemical reduction, thermal reduction, or ultraviolet light 

irradiation-based reduction [38]. 

 

Figure 1.6. Schematic diagram for preparation of graphene, GO and rGO from graphite. 

 

1.3.2 Graphene Oxide Membranes 

In addition to direct doping graphene-based nanomaterials into a polymer matrix forming 

graphene-based composite membranes, there are two types of graphene-based membranes, 

including nanoporous graphene membranes and stacked GO membranes (Fig. 1.7) [39]. As 
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introduced above, production of graphene requires complicated procedures and high cost. 

Although many theoretical studies [40, 41] have predicted the extraordinary molecular 

separation performance of porous graphene and several experimental attempts [42, 43] 

drilling holes in graphene surface have confirmed the potential of porous graphene in 

selective passage of salt ions and gas molecules, facile and economical preparation of large-

scale porous graphene membranes are still challenging. 

Due to the low production cost of GO, there are exponentially growing studies on GO-based 

membranes [44]. Stacked GO that forms a laminar structure is able to be applied as a 

separation layer, which could either be assembled onto a support as a composite membrane 

or be a free-standing membrane [45]. The GO selective laminar-structured layer can be 

constructed via direct physical confinement such as filtration, drop casting, spin-coating, 

spay-coating, or dip-coating on substrates [46]. These methods are based on self-assembly, 

capillary force, centrifugal shear force and compressive force [47]. Among them, vacuum 

filtration based on compressive force is the most commonly used approach because the 

process is simple and the thickness of membranes is controllable by adjusting the loading 

amount, which shows great potential for industrial scaling up from lab research.  
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Figure 1.7. Schematic diagram of the two types of graphene-based membranes: (a) 

nanoporous graphene membranes consisting of a single layer of graphene with nanopores 

and (b) GO-based membranes with laminar structures. 

In recent years, GO-based membranes with laminar structures have proved competitive for 

water treatment by various membrane operations. For example, Bhadra et al. [48] modified 

PTFE membrane surfaces with GO for desalination via direction contact membrane 

distillation (DCMD) and achieved a high water flux up to 97 kg·m2·h-1 at 80 °C. The high 

performance of the GO membrane was attributed to selective sorption, the nanocapillary 

effect and reduced temperature polarization due to the presence of the polar functional 

groups of GO. GO has also been used to fabricate the selective layer of NF membranes for 
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heavy metal removal [31]. Huang et al. [49] developed a GO-based ceramic membrane for 

aqueous organic solution separation via pervaporation. Crumpled GO nanostructures can 

provide nanoscale channels for potentially fast water transport [50]. GO can also be 

incorporated with other materials such as TiO2 [51], carbon nanotubes (CNT) [52] and 

hydrogels [53] via structure design or surface engineering to develop high performance 

membranes.  

Despite great progress having been achieved, there remain many technical challenges to be 

overcome for fabricating reliable GO-based membranes in terms of stability, permeability 

and selectivity. GO-based membranes used for liquid separation generally need to be 

chemically modified due to their intrinsic water dispersion characteristic [54]. Cross-linking 

GO laminates and reducing GO are the simplest ways to enhance the water stability of GO-

based membranes[55]. However, chemical modification often changes the GO laminar 

structure. The water transport channel of GO laminates are formed by face-to-face (van der 

Waals force) and edge-to-edge (electrostatic repulsive force) aligned GO and the reduction 

of GO can eliminate the oxygen-containing groups and narrow the water transport channels 

leading to a sharp decline in water permeability of the membrane [56]. To prepare robust 

and high performance GO-based membranes, most researchers apply the combined strategy 

of reduction of GO and intercalation with nano-spacers into the laminar structure [57]. 

1.4 My Journey and Thesis Outline 

1.4.1 The Journey with Membranes 

My passion for chemical-related engineering began as far back as high school, when my 

mother worked as an accountant for a coal washery, where the salary of engineers in her 

company is much higher than my mother’s. Deeply influenced by this, I realized that 

chemical engineer working with energy resources is a high-paying job. 

Before entering my first university, my chemistry grades were always ranked top in my class. 

Passing the rigid selection, the Chinese College Entrance Exam, I believed that engineering 

works are much more meaningful than pure chemistry, and the role of chemical engineers is 

to make chemical reactions scale up. Therefore, I chose chemical engineering as my subject 

for my first degree at Nanjing Technology University, China. 
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As a result of this sustained interest, I was quite studious towards becoming an excellent 

chemical engineer. After two years study in Nanjing Technology University, I was selected 

as an excellent undergraduate fully funded by the Chinese government to study in the 

University of Strathclyde (UK) for 1 year. Thanks to that study experience, I met an 

outstanding British Chinese scientist, Prof. Shanwen Tao who invented an interesting urine 

fuel cell device. He was happy to include me into his lab for a summer research project and 

that was the first time I came into contact with research. During nearly 4 months’ lab work 

in his world class research centre, I was trained to carry out an independent research project 

fabricating electrolytes within a ceramic membrane, where I learned how to find answers 

that never appeared in the textbooks. 

In February 2014, I went back to my home university to finish my graduate degree.  I was 

designated to conduct research related to desulfurization of petrol using zeolite membranes. 

Benefitting from my previous research experience, my experiments went very well and the 

thesis was also evaluated as distinction by the academic panel at our school of Chemical 

Engineering.  

Later on, even though I completed a fruitful M.Eng. degree in Gachon University, South 

Korea, for nanomaterials and biosensors research during 2014-2016, my strong will to 

pursue a Ph.D. education in the field of membrane research never stopped. Working in 

Macquarie University for a inorganic membrane material-based Ph.D. project was not an 

impulse decision, but a thorough consideration for my future development. For this MQ’s 

Ph.D. project, I do not regret abandoning a Ph.D. scholarship offer for a polymer research 

project from University of New South Wales (UNSW, Australia).  

In fact, my work in Macquarie University is about “Material-oriented Chemical Engineering 

for Environmental Applications” at the Department of Environmental Sciences. I am the first 

Ph.D. researcher at the university for membrane material research, therefore, I started with 

establishing experimental setups, where I met and overcame many problems during the 

process. Fortunately, my little toys, lab-scale filtration membrane performance evaluation 

setups, were designed, purchased and installed by myself after a half year. They could be 

used for gravity-driven, low or high pressure-driven dead-end and low pressure-driven cross-

flow filtration processes (Fig. 1.8).  
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The research brings me a lot of fun. Fig. 1.8c shows the pink dye-containing water was put 

into the stirring cell as the feed and nearly clean water was collected in the permeate side 

driving by nitrogen gas. I was very excited at the moment that my first GO-based NF 

membrane was successfully prepared for dye-containing wastewater purification. The 

ground-breaking project “ion beam engineered GO membranes for water treatment” 

involved in the thesis attracted great interest by experts in the field of ion beam technologies, 

which cheers me up. Getting access to accelerators and collaborating with excellent scientists 

at the Australian Nuclear Science and Technology (ANSTO) also made this thesis happen.  

 

Figure 1.8. Digital photos of experimental setups. (Photos were taken by Yibin Wei.) 
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Making a membrane is like making a cake (Fig. 1.9). I got this idea when I started my first 

membrane research project. At that time, I saw researchers in white lab coats and safety 

glasses mix, heat, coat and calcine materials to form membranes. The process is very similar 

to a baker cooking a cake. In 2017, one of my co-authored papers was accepted for 

publication by Journal of Materials Chemistry A and the editor invited us to design a back 

cover to highlight the work. So, I designed this picture because I can find myself from it. 

Since my future career will continue to be with membranes, I will “bake” more high-

performance membranes for solving practical and urgent energy and environmental issues. 

The future belongs to those who envision it, communicate it, and then make it happen. I am 

eager to be among them. 

 

Figure 1.9. Schematic illustration of making a membrane in cartoon. (The artwork was 

designed by Dr. Huating Song, Yibin Wei and Prof. Hong Qi, with all copyright reserved.) 

1.4.2 Thesis Outline 

This thesis deals with the development of water-treatment membrane materials focusing on 

the cutting-edge theme of two dimensional (2D) GO-based membranes. 
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Chapter 1 briefly introduces membrane separation technologies and membrane materials 

for water treatment. The background and a short review of the emerging graphene-based 

nanomaterials and graphene-based membranes are provided. Two types of transport 

channels in GO laminar membranes were proposed: (1) plane-to-plane interlayer galleries 

formed by face-to-face GO nanosheet interaction, and (2) in-plane structural defects and/or 

slit-like pores formed by edge-to-edge GO nanosheet interaction. The nanofiller intercalation 

is to expand GO plane-to-plane interlayer galleries, while the ion beam is to increase GO in-

plane pores. By carefully regulating the interlayer spacing and creating in-plane pores, 

precise ion sieving can be achieved in GO laminar membranes. 

Chapter 2 is a comprehensive and up-to-date literature review conducted for all types of 

existing materials prepared under the concept of bioinspired special wettability. Although 

the focus is on oily wastewater treatment, a clear and intact membrane material research 

framework is established. With such deep understanding of membrane materials, especially 

GO-based membranes in mind, a series of GO-based membranes were prepared in the 

subsequent research. 

As mentioned above, GO-based membranes show great potential to be the next generation 

of membrane materials for water treatment. Fabrication of high-performance GO-based 

membranes, in essence, is about efficient tuning of their laminar structures. Two strategies 

for tuning laminar structures of GO-based membranes were proposed. Fig 1.10a 

demonstrates the commonly adopted strategy that reduces GO laminates and intercalates 

nano-fillers into the laminar structure. Ion beam technology could reduce GO laminate in-

situ and create subnanometer- and nanometer-sized pores on the reduced GO laminates 

simultaneously, which makes the laminar structure promising for salt ion separation (Fig. 

1.10b). Due to the oxidation process, oxygen-containing functional groups on the GO surface 

create its intrinsic pores which could be reduced by ion beam or modified by chemical 

reagents to improve structural stability. In addition, nanopores on the rGO laminates could 

be precisely tailored by controlling the ion beam conditions. Therefore, tuning laminar 

structures of GO-based membranes by an ion beam offers new insights into designing high-

performance water-treatment membrane materials.  
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Figure 1.10. Schematic of two strategies for tuning laminar structure of GO-based 

membranes: (a) reducing and filling and (b) ion beam-induced reduction and pore 

engineering for GO laminates. 

In Chapter 3, a photocatalytic self-cleaning rGO NF membrane for enhanced water 

treatment has been successfully prepared via the reducing and filling strategy. One 

dimensional (1D) g-C3N4 NT and 2D g-C3N4 NS were prepared as photocatalytic nano-

fillers. g-C3N4 NT/rGO and g-C3N4 NS/rGO composites were then fabricated by 

intercalating g-C3N4 NT and g-C3N4 NS into a rGO laminar structure, respectively. The 

structure and corresponding properties of the prepared nanocomposites were well 

characterized by various methods. The influence of different dimensional intercalation on 

the rGO laminar structure and on the resultant membrane performance regarding water 

transport and Rhodamine B (RhB) removal were compared. Finally, the self-cleaning 

mechanism of the as-prepared composite membranes was described. 

Chapter 4 and Chapter 5 focus on the novel strategy of fabricating porous GO membranes 

by ion beam-induced simultaneous in-situ reduction and defect engineering of GO. To the 

author’s best knowledge, there are no GO-based separation membranes prepared by ion 

beam technology so far which brings the possibilities as well as difficulties to the research. 

In Chapter 4, ultra-thin GO films with thickness of 150-200 nm were prepared and then 

modified by a low energy carbon ion beam with ion fluences ranging from 1 × 1015 ions·cm-

2 to 1 × 1017 ions·cm-2. With the basic understanding of ion beam irradiated GO, in Chapter 

5, I compared the effects of two key parameters - GO membrane thickness and ion fluence - 
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on GO membrane structure and consequent mono-/di-valent metal ion separation 

performance. 

Finally, the discussion of my research and overall conclusions for this thesis including the 

outlook of GO-based membranes are presented in Chapter 6. 
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2.1 Overview 

The Review Article forming this chapter has been published in the journal Advanced 

Materials Interfaces. Oil-water separation has attracted attention because of the ever-

increasing amounts of oily water produced from industrial processes and other daily human 

activities. Cost-effective separation of oil-water mixtures is urgently needed for water, 
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energy and environmental security. Membrane separation technology has been successfully 

used in water industries for a few decades, demonstrating its significant technical and 

economical merits. However, it is inevitable that traditional membrane materials suffer from 

severe fouling, which counteracts the superiority of applying membranes in oil-water 

separation applications. Thanks to the emerging bioinspired interface research, special 

wettability not only endows membrane surfaces with outstanding antifouling properties, but 

also breaks though the long-standing trade-off effect between membrane permeability and 

selectivity. In addition to fundamentals such as the difficulty in separating oil-water mixtures 

and wetting phenomena on membrane surfaces, special wettability in membrane surfaces 

and its applications in oil-water separation are comprehensively summarized. The work 

brings novel insights into membrane material science for improved oily water treatment and 

may appeal to many research communities in areas such as water treatment, environmental 

remediation, material science and membranes. 

2.2 Motivations and contributions 

Membranes have in recent decades gradually become the dominant separation technology in 

many industries. However, extensive research efforts are still needed, particularly from 

materials perspectives to improve the performance of existing membranes and to develop 

novel membranes for new applications. By learning from nature, bioinspired special 

wettability is an emerging research topic. The last few years have witnessed increasing 

applications of bioinspired interfacial materials in the separation field. Therefore, experts 

from the two research fields - specially wettable interfacial materials and conventional 

membrane materials - gathered together on 23-28 January 2018 in Melbourne, Australia for 

the 1st International Conference on Bioinspired Materials and Membranes (IBMM2018) to 

exchange innovative ideas and experiences for development of advanced materials and 

membranes for energy-efficient separation. It was timely to review, summarize and outlook 

this important, newly combined research direction. 

The work was led by Yibin Wei. Two external experts, Prof. Hong Qi at Nanjing Tech 

University (China) and Prof. Xiao Gong at Wuhan University of Technology (China) were 

invited for collaborative efforts. Dr. Shuaifei Zhao at the Department of Environmental 

Sciences, Macquarie University participated in the work. Y. Wei proposed, planned and 

wrote the review article. S. Zhao helped revise the manuscript. H. Qi and X. Gong 
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contributed their knowledge in membrane materials and special wettability, respectively, 

providing useful and constructive suggestions to the work.  

2.3 Story behind the article 

Writing a quality review article is not an easy task. As a newcomer to the bioinspired material 

research field, I read hundreds of papers and eventually 250 references were cited in the 

review. All co-authors believed the article is of high quality when we completed it. After a 

peer-review process and minor revision, the article was published online on 27 September 

2018 by Advanced Materials Interfaces. 
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3.1 Overview 

The Research Article presented in this chapter has been published in the Chemical 

Engineering Journal. Membrane separation technology has been successfully used in water 

industries for several decades, demonstrating its significant technical and economical merits. 

However, it is inevitable that membranes suffer from fouling, which reduces the benefits of 
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using membranes. Crumpled laminar nanostructures with nanoscale water transport channels 

constructed by two-dimensional (2D) reduced graphene oxide nanosheets (rGO NS) have 

been considered a promising membrane separation layer for water purification. In this study, 

I first report a novel 1D graphitic carbon nitride nanotube (g-C3N4 NT) intercalated rGO 

nanofiltration (NF) membrane with a visible light-induced self-cleaning property, which can 

be used for efficient removal of organic dyes in an integrated photocatalytic filtration process. 

A photo-induced self-cleaning mechanism is proposed to explain this behaviour. The article 

brings novel insights into designing and tuning laminar structures of photocatalytic 

graphene-based NF membranes for enhanced water purification.  

3.2 Motivations and contributions 

Constructing NF membrane materials with photo-induced self-cleaning properties gives  rise 

to an emerging organic contaminant polluted water purification technology. Recently, 

graphitic carbon nitride (g-C3N4) has attracted tremendous interest as a metal-free and 

visible-light photocatalyst owing to its good light-harvesting capability, high chemical 

stability, simple preparation and low cost. I realized that the combination of g-C3N4 and rGO 

would enhance visible light absorption, overcome grain boundary effects of g-C3N4 and 

facilitate electron transfer and charge for enhanced photocatalytic performance. In addition, 

the intercalation of g-C3N4 into the rGO laminar structure was also expected to improve 

water flux. Inspired by expectations, the photocatalytic-induced self-cleaning GO membrane 

was designed by incorporating g-C3N4. 

The work was led by Yibin Wei. Dr Yuxiang Zhu and Dr Yijiao Jiang at the School of 

Engineering, Macquarie University (the former was the previous fellow Ph.D. student of the 

latter), were invited for collaborative efforts. Y. Wei had the idea to develop the g-C3N4 

intercalated rGO photocatalytic membranes for enhanced water purification performance 

and designed the experiments. X. Zhu contributed to the synthesis of pristine g-C3N4 

nanomaterials and the analysis of g-C3N4 nanomaterials and g-C3N4/rGO composites in 

terms of their optical properties. Y. Wei performed all of the remaining experiments and 

drafted the article. Y. Jiang supervised the project and provided constructive suggestions on 

it throughout the project. In addition, Y. Jiang critically revised the article for both technical 

and English language polish. A special appreciation must go to Prof. Damian Gore, who 

helped revised the English of the article without requesting authorship or acknowledgement. 



 

54 

 

3.3 Story behind the article  

Dr Yijiao Jiang leads a passionate and fruitful research group working on catalysis at the 

School of Engineering, Macquarie University. With the same research interest in solving 

environmental problems, our membrane research group has very good linkage with Yijiao’s 

group. On hearing that Yuxiang was working on the cutting-edge g-C3N4 photocatalysts, I 

got the idea to combine my GO membranes with their g-C3N4 photocatalyst for a unique 

collaboration.  

 

Then, I searched for the relevant articles in the literature to see if the idea was possible or 

done by other researchers. After a careful analysis of the relevant literature, I believed that 

idea could work. However, there are two papers published regarding g-C3N4 NS modified 

GO membranes for MF applications. I realized that Yuxiang and I have more space to work 

together because Yuxiang was working on the 1D g-C3N4 NT. The 1D g-C3N4 NT showed 

better photocatalytic performance than that of the 2D g-C3N4 NS. In addition, I believed that 

incorporation of the 1D nano-filler into the GO laminar structure could result in higher water 

permeability than that of the 2D nano-filler. Moreover, I aimed at developing a high-

performance NF membrane.  

 

Therefore, it was possible to fabricate a novel photocatalytic g-C3N4 NT/GO membrane. 

Yijiao is a very nice and open collaborator who agreed with my idea and gave me full support. 

I learnt a lot of new knowledge and skills from Yuxiang and Yijiao through this work. This 

research was published by the Chemical Engineering Journal, and was available online on 

15 September 2018.  
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Figure 3.1. Photograph of co-authors of this article. (from left to right: Yibin, Yijiao and 

Yuxiang) 
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3.4 The article- 
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1. Synthesis and characterization of GO and rGO 

Graphene oxide (GO) was prepared using a modified method according to the literature [1]. 

A mixture of NaNO3 (5 g) and graphite powder (10 g) was added to 230 mL of concentrated 

H2SO4 and stirred for 3 h. Next, 30 g KMnO4 was slowly put into the suspension, and the 

solution temperature kept below 20 °C. Then, the suspension was carefully heated to 35 °C 

and stirred for 2 h. 460 mL of deionized water was then added, the mixture was heated to 

98 °C and stirred for another 30 min. The reaction was completed by the addition of 1.4 L 

of deionized water, followed by the introduction of 30 wt% H2O2 (25 mL) until the mixture 

became bright yellow. After washing with HCl and a large amount of water, the GO powder 

was obtained via vacuum freeze drying. The concentration of GO solution was determined 

through re-dispersion. Reduced GO (rGO) solution was obtained through a facile longwave 

ultraviolet light (365 nm) irradiation for 48 h. 

Morphology of the GO nanosheets was characterized by atomic force microscopy (AFM, 

NanoScope, Veeco Metrology). Samples were tested under ambient conditions using silicon 

tips with an average radius of ~10 nm and the 2 × 2 μm images were captured at a scan rate 

of 1.0 Hz with 256 sample points per line and the oscillation amplitude was 10 nm. The 

thermal properties of GO and as-prepared membranes were characterized by 

thermogravimetric analysis (TG analysis, NETZSCH STA 449F3) in the range of room 

temperature to 800 ºC with the rate of 10 ºC min-1.  

 

Fig. S1. (a) AFM; (b) TG analysis of GO; (c) UV-Vis spectra of GO and rGO 

 

2. Characterization of g-C3N4 NT and g-C3N4 NS 
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Fig. S2. HRTEM images of (a)-(b) g-C3N4 NT and (c)-(d) g-C3N4 NS. The insets in (b) and 

(d) are the accompanying SAED patterns. 

 

 

Fig. S3. XRD patterns of the GO, g-C3N4 NS and g-C3N4 NT. 
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Fig. S4. UV-vis diffuse reflectance spectra of the rGO, g-C3N4 NS/ rGO and g-C3N4 NT 

/rGO composites.  

 

 

Fig. S5. PL spectra of the rGO, g-C3N4 NS, g-C3N4 NT, g-C3N4 NS/ rGO and g-C3N4 NT 

/rGO composites.  

According to our previous work [2], the band gaps of g-C3N4 NS and g-C3N4 NT were 

determined to be 2.77 eV and 2.75 eV, respectively. The UV-Vis diffuse reflectance spectra 

of rGO, g-C3N4 NS/rGO and g-C3N4 NT/rGO are shown in Fig. S4a and the band gaps of 

the materials were calculated by using the Kubelka-Munk transformation (Fig. S4b). The 

rGO exhibits strong light absorbance in UV and visible light region and the band gap of rGO 

was determined to be 1.42 eV. After intercalating with g-C3N4 NT and g-C3N4 NS, the band 

gaps of g-C3N4 NS/rGO and g-C3N4 NT/rGO decrease to approximately 2.41 eV and 1.98 
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eV, respectively. The results suggest that the as-prepared g-C3N4/rGO composites shows a 

combined behaviour in optical property. PL spectroscopy was used to investigate the carrier 

separation efficiency of the as-prepared photocatalysts. In general, a lower PL emission 

intensity corresponds to a lower carrier recombination rate, i.e. a longer lifetime of the 

electron-hole pairs [2]. In Fig. S5, the g-C3N4 NS exhibit a strong emission band at around 

450 nm, and the intensity is higher than that of g-C3N4 NT, indicating the efficient 

transportation of the photo-excited carriers at C3N4 NT surface. The PL intensities become 

lower after incorporation with rGO nanoparticles, which may be ascribed to the fact rGO 

acting as an electron collector leads to a decreased recombination of photo-generated 

electrons and holes in the composites. Additionally, it is apparent that the g-C3N4 NT/rGO 

exhibits the lowest intensity of the PL signal, which demonstrates the prolonged lifetime of 

the carriers, thus enhancing the photocatalytic performance.  

Table S1. XPS analysis of g-C3N4 NS/rGO and g-C3N4 NT/rGO 

Name 

rGO 

[Peak (BE)/Atomic (%)] 

g-C3N4 NS/rGO 

[Peak (BE)/Atomic (%)] 

g-C3N4 NT/rGO 

[Peak (BE)/Atomic (%)] 

C1s 284.38-297.95/77.16 284.38-297.95/78.82 284.38-297.95/79.81 

O1s 532.17-544.95/22.84 532.17-544.95/17.96 532.17-544.95/18.35 

N1s 0 398.77-409.95/3.21 398.77-409.95/1.84 

 

Abbreviation: BE, binding energy (eV) 

Supporting References  

[1] W.S. Hummers, R.E. Offeman, Preparation of graphitic oxide, J. Am. Chem. Soc. 80 

(1958) 1339-1339. 

[2] Y. Zhu, A. Marianov, H. Xu, C. Lang, Y. Jiang, Bimetallic Ag-Cu supported on graphitic 

carbon nitride nanotubes for improved visible-light photocatalytic hydrogen production, 

ACS Appl. Mater. Interface 10 (2018) 9468-9477. 
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Chapter 4 Precise Tuning Chemistry and Tailoring 

Defects of Graphene Oxide Films by Low Energy Ion 

Beam Irradiation 

This chapter consists of:  

• Overview 

• Motivations and contributions 

• Story behind the article 

• The article- 

Abstract 

1. Introduction 

2. Materials and methods 

2.1. Materials 

2.2. Ion beam irradiation 

2.3. Characterization 

2.4. Simulation 

3. Results and discussion 

3.1. Surface morphological analysis 

3.2. Chemical state analysis 

3.3. Defect analysis 

3.4. SRIM simulations 

4. Conclusions 

Reference 

 

4.1 Overview 

The research article forming this chapter has been submitted for publication. Crumpled 

laminar nanostructures forming membrane separation layer constructed by two-dimensional 

(2D) graphene oxide (GO) has been considered promising for water treatment. However, 

precise tuning of the structure remains challenging to reach the state-of-the-art separation 

performance that is predicted by theoretical studies. Ion beam irradiation technology offers 

a wide choice of ion beams in terms of ion species and ion energies to achieve on-demand 

modification, which has been applied to 2D nanomaterials modification very recently (Note: 
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detailed research background will be discussed and referenced in the main article). Therefore, 

in this study, we first explore the possibility of in-situ modification of GO films to achieve 

a desired GO-based nanostructure using an ion beam.  I found that the low energy carbon 

ion beam irradiation could simultaneously reduce and drill nanoscale pores on ultra-thin GO 

films in a controllable manner. This work provides in-depth understanding of tuning 

chemistry and tailoring defects on GO-based laminar nanostructures by ion beam-induced 

surface engineering, opening new possibilities for fabricating nanoporous GO for a wide of 

potential applications such as water treatment and gas separation. 

4.2 Motivations and contributions 

As mentioned above, efficient and precise tuning of the laminar structure of 2D 

nanomaterial-based membranes is the key to preparation of high-performance membranes 

with excellent permeability and selectivity. The Australian Nuclear Science and Technology 

Organization (ANSTO) could provide technology supporting a broad range of disciplines, 

emphasising nuclear technology. I expected that a beam of accelerated ions could be used 

for GO membrane irradiation in order to modify its structure by creation of point and 

extended defects. These defects should increase the porosity of the as-prepared membranes. 

Based on the wide choice of ions having different combinations of mass, energy, and charge 

state offered by the ANSTO accelerator, the pore creation efficiency can be tuned in a 

controllable manner. This proposed idea attracted the interest from Dr Zeljko Pastuovic at 

ANSTO as well. With the support from the National Collaborative Research Infrastructure 

Strategy (NCRIS) funding provided by the Australian Government (Project No.: ARP-

11226), the ground-breaking work was conducted together with researchers from Macquarie 

University and ANSTO. 

The work was led by Yibin Wei and Dr Zeljko Pastuovic. Dr Timothy Murphy, an expert in 

Raman analysis, at the Department of Earth and Planetary Sciences, Macquarie University, 

was invited to be included in this project contributing the defect analysis from Raman 

spectroscopy. Y. Wei had the idea of exploring the effect of ion beam on ultra-thin GO films. 

Y. Wei and Z. Pastuovic designed and conducted the experiments. Y. Wei drafted the article 

and all authors contributed to data analyse, discussions and manuscript preparation. D. B. 

Gore supervised the whole project, participated in some experiments and critically revised 

the manuscript. 
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4.3 Story behind the article  

It is never easy to make a research paper. This research project is completely new and there 

were very few references. So, we met many problems and had to overcome them in this 

project. For choosing a suitable GO target, substrate-supported GO film and free-standing 

GO film were both tested. As shown in the below photograph, in our first ion beam 

irradiation experiment, the free-standing GO membrane with thickness about 100 nm was 

burned after ion beam irradiation. Moreover, the way of mounting GO samples on the stage 

was also not idea because the samples might be influenced by the heat generated by the ion 

beams. 

 

Figure 4.1. Photograph of the results obtained from our first ion beam irradiation 

experiment: GO membranes mounted on stage after ion beam irradiation. 

Besides, it was also unknown how to select the ion type, ion energy and ion fluence. Zeljko 

is an experienced ion beam implanter expert, who suggested to use the easily available 

carbon ion with the ion influence between 1 × 1015 ions·cm-2 to 1 × 1017 ions·cm-2. 

Fortunately, characterization which followed confirms that his intuition was correct. We 

found an interesting threshold ion fluence of 1 × 1016 ions·cm-2 which has a significant 

influence on the chemistry and structure of the ion beam irradiated GO film. 
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Figure 4.2. Photograph of Yibin and the low energy ion beam material modification unit in 

ANSTO (photo: Damian Gore). 
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Abstract 

Precise tuning chemistry and tailoring nanopores of graphene oxide (GO) thin films are vital 

for their application in liquid and gas separation. In this work, ultra-thin GO films with 

thickness of about 150 nm were prepared and then modified by a low energy carbon ion 

beam with ion fluences ranging from 1 × 1015 ions·cm-2 to 1 × 1017 ions·cm-2. An ion fluence 

of 1 × 1016 ions·cm-2 is a threshold of surface geometry (i.e. the chemical state and the 

consequent morphology) for the GO film. Moreover, X-ray photoelectron spectroscopy 

(XPS) results reveal that oxygen loss in ion beam-induced reduction of GO films was mainly 

by the elimination of the unstable C=O species. Raman spectroscopy indicates a mass of 

defects with a mean defect distance of about 1.4 nm were generated in GO films by C+ 

irradiation. According to SRIM simulation, an average of 208 carbon vacancies were created 

in GO film per impinging C+. These results suggest that low energy carbon ion beam 

irradiation is promising for simultaneously reducing and drilling nanoscale pores on GO 

surfaces in a controllable manner, which could be used for engineering GO-based separation 

membranes.  

Keywords: Graphene oxide; ultrathin film; ion beam; defect; Raman; SRIM 
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1. Introduction 

Graphene, consisting of a one-atom-thick planar sheet of sp2-bonded carbon atoms, has 

attracted much scientific and industrial interest in the past decade owing to its unique thermal 

electronic, and mechanical properties.1-6 In addition to applications in the production of 

transistors,7 supercapacitors8 and sensors,9 porous graphene has been considered a promising 

nanoscale building block for construction of liquid or gas separation membranes, because 

the robust one-atom-thick carbon layer may minimize transport resistance and maximize 

permeate flux in the separation process.10 Although many theoretical studies11-14 have 

predicted extraordinary molecular separation performance of porous graphene and a few 

experimental attempts15-16 drilling holes in graphene surface have confirmed the potential of 

porous graphene in selective passage of salt ions and gas molecules, there still remain 

challenges in fabricating large-scale membranes with low cost for practical applications.  

Graphene oxide (GO) is the oxidized derivative of graphene, which could be cost-effectively 

produced through a solution-based approach by direct oxidization and exfoliation from 

graphite.17 GO could be regarded as a graphene scaffold with different oxygen-containing 

functional groups including epoxy, carboxyl, hydroxyl, and carbonyl. The oxidation of GO 

provides abundant reaction sites for chemical modification while resulting in considerable 

amounts of defects on the basal plane.18 In recent years, there are an exponentially growing 

number of studies on GO-based membranes, because GO nanosheets could be assembled 

into laminar structures via simple vacuum filtration or coating methods providing fast and 

selective channels for small molecules transportation.19 Most of these works focused on 

tuning GO-based laminar structures to obtain excellent structural stability and membrane 

separation performance (i.e. permeability and selectivity).20-23 To optimize the laminar 

structure, the majority of reported strategies could be summarized as a two-step procedure; 
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reduction of GO and increasing the laminar interlayer space.24 This is because chemical 

reduction can stabilize the GO laminar structure but lead to significant permeability decline, 

and the incorporation of nanoscale fillers could enlarge interlayer spacing introducing more 

channels, compensating for the lowered permeability.25 However, it seems that these 

conventional chemical modification methods involve multiple steps that are not simple to be 

precisely controlled.   

Physical processing techniques including plasma treatment,26 laser treatment,27 electron 

beam irradiation28 and ion beam irradiation29 have been successfully used to engineer 

graphene-based materials in the past few years. Among these techniques, ion beam 

irradiation offers a wide choice of ion species and energies to achieve customizable 

modification. Very recently, several experiments have demonstrated that two-dimensional 

(2D) graphene or GO could be efficiently modified by diverse ion beams30-37 and the 

irradiation of 2D materials may trigger three main effects including structural modification, 

defect engineering, and doping effects.38 For example, O’Hern et al.15 introduced sub-

nanometer defects onto single layer graphene by an ion beam in a controllable manner, which 

demonstrates great potential for the development of nanoporous separation membranes. 

However, Malinsky et al.39 found that there were no compositional changes in bulk GO film 

with thickness ~50 μm associated with ion beam irradiation. In addition, using 250 keV 

chlorine ions at fluence of 5 × 1013 ions·cm-2, Ammar et al.40 believed that their ion beam 

could only penetrate through approximately 200 nm of a graphite surface due to dissipation 

of the irradiating ion energy. These results suggest ion beam could create sub-nanometer 

pores on graphene, but the penetration depth of ions was limited to a certain thickness.    

Generally, ion beam irradiation induced surface engineering can introduce energetic ions 

which alter the surface chemistry as well as create additional defects or vacancies in the 
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target. Therefore, it is possible to fabricate nanoporous thin GO films for separation purposes, 

but the thickness of the GO layer and ion beam conditions need to be better constrained. To 

the best of our knowledge, there is still no report on ion beam irradiated thin GO film with 

thickness of a few hundreds of nanometers. In this work, we explore the potential for 

preparation of “nanoporous GO membranes” by in-situ ion beams for simultaneous tuning 

of chemistry and tailoring nanopores on a GO film. We first investigate the morphological, 

chemical and structural properties of ultrathin GO films (~150 nm) irradiated with low 

energy C+ with different fluences. The defects created by ion beam irradiation were then 

investigated using Raman spectroscopy and theoretically simulated by SRIM. This work 

provides an in-depth understanding of tuning chemistry and tailoring defects on graphene 

oxide films by ion beam-induced surface engineering process, opening new possibilities for 

fabricating nanoporous GO for a wide range of potential applications such as water treatment 

and gas separation.    

2. Materials and Methods 

2.1. Materials 

Graphene oxide (GO) water dispersion (4 mg·mL-1) was purchased from Graphenea 

Corporation. Ethylenediamine (≥ 99.8 %) was purchased from Sigma Aldrich. Commercial 

cellulose nitrate (CN) filters (diameter: 47 mm; pore size: 0.45 μm; thickness 0.5 mm; mass 

density: 1.6 g·cm-3) were obtained from Sartorius. All chemicals were used as received. 

Deionized (DI) water (18.2 MΩ·cm-1 at 25 ℃) used throughout this study was generated by 

a Milli-Q system. 

2.2. Ion beam irradiation  
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Disc-type CN filters were used as a support and GO water dispersion (0.0025 mg·mL-1) with 

was used as GO film casting solution. Ethylenediamine was used as cross-linker to enhance 

the stability of the GO stacking structure.41 200 mL GO water dispersion with 1 wt% 

ethylenediamine was vacuum filtrated through the CN filters at room temperature to form 

the GO films.  

The low energy ion implanter at the Australian Nuclear Science and Technology 

Organization (ANSTO)42 was used for 40 keV C+ ion beam irradiation of the as-prepared 

GO films. All irradiation was performed using a raster-scanning focused beam through a 

mask of 20 mm × 20 mm. The ion fluence delivered to the target was calculated using the 

total integrated ion beam current induced in the target. The ion beam current was varied in 

the 1-5 μA current range in order to achieve homogenous irradiation of the total scanned 

area of samples during irradiation periods of 1 to 60 min. The total accumulated ion doses 

delivered to samples were in the range of 1 × 1015 - 1 × 1017 ions·cm-2.  

2.3. Characterization  

A field emission scanning electron microscope (FESEM, JSM-7100F, JEOL) was used to 

image surface and cross-section morphologies of the as-prepared GO films at an acceleration 

voltage of 15 kV. The three dimensional (3D) vision of the GO film surface and its roughness 

was established and analyzed by atomic force microscopy (AFM, Innova, Bruker). Samples 

were tested under ambient conditions in tapping mode and 5 × 5 μm images were captured 

at a scan rate of 10 μm·s-1 with 1024 sample points per line. The crystalline structure was 

analyzed by X-ray diffractometry (XRD, Aeris, PANalytical) using Cu Kα radiation at 40 

kV and 15 mA. Attenuated total reflection Fourier transform infrared spectroscopy (ATR-

FTIR, Nicolet 6700, Thermo Fisher) was used to study the chemical functional groups of the 

film samples. Raman spectra were recorded on LabRAM (HORIBA) with 512 nm 
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wavelength laser light at power of 50%. Raman mapping was performed at 2 μm steps for 

an area 50 μm × 50 μm with an acquisition time of 2 s and duplicate measurement of each 

point, and the maps were processed in LabSpec 6. An X-ray photoelectron spectrometer 

(XPS, ESCALAB 250Xi, Thermo Fisher) equipped with a monochromated Al Kα source 

(1486.68 eV) operating at 150 W was used for quantitative elemental analyse. A pass energy 

of 100 eV was applied to wide scans and 20 eV was used for high resolution scans. Scans 

were repeated 20 times and the spot size was 500 μm. The binding energies were calibrated 

with reference to C1s at 284.8 eV for adventitious hydrocarbon contamination.  

2.4. Simulation  

Irradiation of the GO film deposited on a thick filter is simulated using the SRIM code.43 

The mass density of GO film is approximated with the density of a graphite sheet (2.253 

g·cm-3). The energy required for a displacement of a carbon atom from its site and creation 

of a carbon vacancy in graphene is ~24 eV.44 The simulation was run for a total of 50000 

carbon ion projectiles incident perpendicular to the sample surface. 

3. Results and Discussion 

3.1. Surface morphological analysis 

The preparation and ion beam irradiation process of the GO films is summarized and 

illustrated in Fig.1. GO films before ion beam irradiation exhibited a yellowish brown colour 

and those films became black after irradiation (Fig. 1b). This may indicate that the chemical 

state of GO films was modified by the C+ ions. Fig. 2 shows the cross-sectional and surface 

morphologies of the pristine and the ion beam irradiated GO films analyzed by SEM. Taking 

the visual error from the cross-sectional images into consideration, the thickness of the as-

prepared pristine GO film was estimated to be ~150 nm. Ion beam irradiated GO films show 
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the same thickness as the pristine GO film, indicating ion beam irradiation with these 

operating conditions did not change the ultrathin and layered GO structures. The pristine GO 

film did not show any visible surface morphological defects and a typical GO surface with 

wrinkled structure was observed. Surface morphologies of GO films irradiated with 1 × 1015 

ions·cm-2 and 5 × 1015 ions·cm-2 were similar to that of the pristine GO film, whereas 

increasing numbers of “silk veil waves” on the GO film surfaces were removed after ion 

beam irradiation at ion fluences greater than 1 × 1016 ions·cm-2. Compared with the surface 

morphology of pristine GO film, the GO film irradiated at the highest ion fluence (1 × 1017 

ions·cm-2) in our study exhibited a nearly new appearance with very few wrinkles. Our 

findings are similar to those reported by Jayalakshmi et al.45, who believed many more 

oxygen-containing functional groups distributed at the edge and basal plane of GO layers 

could be removed by ion beam irradiation at higher ion fluence.  

 

Fig. 1. (a) Schematic illustration for preparation and ion beam irradiation of GO films; (b) 

photographs of GO films mounted on the stage before and after irradiation; (c) illustration 

of the chemical and structural transformation of GO after irradiation.  
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To further characterize the surface morphologies of these GO films, AFM measurements 

were conducted. Sand dune-like surface structures with valleys and gullies were observed 

on pristine and ion beam-irradiated GO films (Fig. 3). The arithmetical roughness (Ra) and 

root mean squared roughness (RMS) of the pristine GO film were 36.4 ± 2.4 nm and 45.3 ± 

0.8 nm, respectively (Fig. 3a). All ion beam irradiated GO films showed significant 

decreases in surface roughness (Fig. 3b-f), and the roughness of ion beam irradiated GO 

films was controlled by the ion fluence. It seems that 1 × 1016 ions·cm-2 is the ion fluence 

threshold in terms of the surface roughness of these ion beam irradiated GO films (Fig. 3d), 

because the GO film irradiated at 1 × 1016 ions·cm-2 has the lowest Ra and RMS values (6.4 

± 2.8 nm and 8. ± 2.7 nm, respectively). We speculate that more surface irregularities were 

eliminated by ion beams with fluence below the threshold, while the GO surface 

morphologies were reshaped by ion beams with larger ion fluences. The AFM analysis is 

consistent with the above-mentioned SEM results.  
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Fig. 2. Cross-sectional SEM images of (a) pristine GO film and GO films irradiated by 40 

keV C+ at fluences of: (b) 1 × 1015 ions·cm-2, (c) 5 × 1015 ions·cm-2, (d) 1 × 1016 ions·cm-2, 

(e) 5 × 1016 ions·cm-2 and (f) 1 × 1017 ions·cm-2. Inserts: SEM images of the surface 

morphologies of these films. 

 

Fig. 3. AFM images of (a) pristine GO film and GO films irradiated by 40 keV C+ at fluences 

of: (b) 1 × 1015 ions·cm-2, (c) 5 × 1015 ions·cm-2, (d) 1 × 1016 ions·cm-2, (e) 5 × 1016 ions·cm-

2 and (f) 1 × 1017 ions·cm-2 with calculated roughness values. 
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3.2. Chemical state analysis 

Crystal structures of pristine and ion beam irradiated GO films were examined by recording 

the XRD patterns (Fig. 4). The XRD pattern of pristine GO film showed a strong peak 

centered at ~9.8° 2θ corresponding to the characteristic peak (001) of GO.46 With the 

increase of the ion fluence, the relative intensity of full GO characteristic peaks became 

weaker. The languishing GO characteristic peak reveals the increasing degree of 

deoxygenation or reduction of the GO, consistent with previous studies.47-48 Notably, the ion 

fluence of 1 × 1016 ions·cm-2 is also the threshold regarding the existence of full GO 

characteristic peak since the peak disappeared when irradiated at an ion fluence above this 

threshold. This result might also explain the threshold phenomenon from the above-

mentioned morphological analysis. 
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Fig. 4. XRD patterns of pristine GO film and GO films irradiated by 40 keV C+ at fluences 

of: 1 × 1015 ions·cm-2, 5 × 1015 ions·cm-2, 1 × 1016 ions·cm-2, 5 × 1016 ions·cm-2 and 1 × 1017 

ions·cm-2. 

The functional groups of the as-prepared GO films were studied by FTIR (Fig. 5a). The 

pristine and ion beam irradiated GO films show identical FTIR spectra. Typical GO peaks 

at 1037 cm−1,1223 cm−1, 1619 cm−1, 1738 cm−1 and 1630 cm−1 representing C-O, C-OH, 

C=C, C-O, and O-H bonds, were recorded. The peak centered at around 625 cm−1 

corresponds to C-C stretching vibration by ethylenediamine.25 This suggests that ion beam 

irradiation could not completely eliminate the existing functional groups on the GO surface. 

In addition, wide-scan XPS spectra confirmed that carbon, oxygen and nitrogen were 

retained after C+ ion beam irradiation (Fig. 5b). The relative intensity of the O1s peak is a 

little higher than that of the C1s peak in pristine GO film, while the opposite result that C1s 

peaks were much higher than O1s, was found for all ion beam irradiated GO films. This 
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indicates the carbon component is predominant after ion beam irradiation despite oxygen-

containing groups being retained.  

 

Fig. 5. (a) FTIR spectra and (b) wide-scan XPS spectra of pristine GO film and GO films 

irradiated by 40 keV C+ at fluences of: 1 × 1015 ions·cm-2, 5 × 1015 ions·cm-2, 1 × 1016 

ions·cm-2, 5 × 1016 ions·cm-2 and 1 × 1017 ions·cm-2. 

To quantitatively investigate the effects of the C+ ion beam on the GO films, C1s, O1s and 

N1s XPS core-level analysis was conducted with detailed composition analyses of the GO 

films (Table 1). Fig. 6 is C1s core-level XPS spectra of the GO film before and after ion 

beam irradiation. Previous reported analyses of GO using XPS,49 show the C1s spectra of 

GO films could be deconvoluted into three peaks at positions of 284.5 eV, 286.7 eV, and 

288.4 eV, corresponding to C-C, C-O, and C=O, respectively. In the C1s spectra of the 

pristine GO film, two strong peaks representing the C-C and C-O groups were observed. 

However, all spectra were nearly unimodal for ion beam irradiated GO films, where the 

graphitic peak 50 located at binding energy of 284.5 ± 0.7 eV was predominant and the 

carbon-oxygen components (i.e. C-O and C=O groups) were largely eliminated in each 

sample. 
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Fig. 6. XPS C1s core-level spectra of pristine GO film and GO films irradiated by 40 keV 

C+ at fluences of 1×1015 ions·cm-2, 5×1015 ions·cm-2, 1×1016 ions·cm-2, 5×1016 ions·cm-2 and 

1×1017 ions·cm-2. 

The O1s core-level of the GO films were further characterized (Fig. 7). Peaks at 530.6 eV 

and 532.9 eV represent the C=O double bond (e.g. C=O or O=C-OH) and the C-O single 

bond (C-OH), respectively.51 A significant decrease in intensity of C=O species was found 

for all irradiated GO films and C=O double bonds in the GO films almost disappeared when 

irradiated at fluences greater than 1 × 1016 ions·cm-2. The calculated atomic O1s percentage 

for 5 × 1016 ions·cm-2 and 1 × 1017 ions·cm-2 irradiated GO films are very close (10.69 % 

and 10.02 %, respectively) (Table 1). We believe that the C-O single bond comprises of the 

remaining oxygen component, and it is more stable than the C=O double bond under ion 

beam irradiation. This is a clear indication that GO films were reduced by the ion beam 

treatment and that oxygen loss was attributed to the unstable C=O species. We also found 

that there was a difference in the N1s spectra between the pristine and the ion beam irradiated 

GO films (Fig. 8).  
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Fig. 7. XPS O1s core-level spectra of pristine GO film and GO films irradiated by 40 keV 

C+ at fluences of:1×1015 ions·cm-2, 5×1015 ions·cm-2, 1×1016 ions·cm-2, 5×1016 ions·cm-2 and 

1×1017 ions·cm-2.  

The N1s spectra of the GO films could be deconvoluted into two peaks with binding energies 

of 399.7 and 401.2 eV, corresponding to C-NH2 and C-N+, respectively.49 The C-N+ bond 

on GO film surfaces reduced after ion beam irradiation, with disappearance when treated 

with an ion beam at fluences above 1 × 1016 ions·cm-2, which is similar to the changes for 

the C=O species. Nevertheless, the atomic N1s percentage of the GO films treated with 1 × 

1017 ions·cm-2 is much lower than that of 5 × 1016 ions·cm-2 (4.15 % and 2.76 %, 

respectively), which implies that the large C+ ion fluence applied could lead to further loss 

of the C-NH2 bond. Ion beam irradiation could efficiently reduce the GO films and the C/O 

ratio of those irradiated films increased with increasing ion fluence (Table 1). From the 

quantitative chemical analyses, we found that ion fluence of 1 × 1016 ions·cm-2 is the critical 

transition between GO and the specific “C=O reduced GO”, which explains and corroborates 

the changes to morphology and structure revealed using X-ray diffractometry.  
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Fig. 8. XPS N1s core-level spectra of pristine GO film and GO films irradiated by 40 keV 

C+ at fluences of: 1×1015 ions·cm-2, 5×1015 ions·cm-2, 1×1016 ions·cm-2, 5×1016 ions·cm-2 

and 1×1017 ions·cm-2. 

Table 1 XPS analysis of surface atomic percentage of C1s, O1s and N1s for GO films. 

 Atomic C1s [%]a Atomic O1s [%]b Atomic N1s [%]c C/O ratio [-] 

Pristine GO film 69.05 24.90 6.05 2.77 

1×1015 cm-2 77.14 16.81 6.05 4.59 

5×1015 cm-2 77.70 16.46 5.84 4.72 

1×1016 cm-2 79.16 15.23 5.61 5.20 

5×1016 cm-2 85.15 10.69 4.15 7.97 

1×1017 cm-2 87.22 10.02 2.76 8.70 

 

Note: a C1s binding energy: 279.1-297.9 eV; b O1s binding energy: 525.1.1-544.9 eV; c N1s binding 

energy: 392.1-403.6 eV. 
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3.3. Defect analysis 

Raman spectra are widely used to understand defect information of graphene-based 

materials.52 For Raman spectra of graphene-based materials, the D peak at about 1330–1340 

cm-1 originates from the activated defects of the breathing modes of six-membered rings and 

the G peak at 1580-1600 cm-1 is attributed to the E2g phonon at the Brillouin zone center.53 

Generally, GO can also exhibit both intense D and G peaks and the intensity ratio of the D- 

and G- peaks (ID/IG) is about 1 with slight fluctuations. The ratio in Raman spectra can be 

used to evaluate the density and size of defect in GO.54-55 Fig. 9 demonstrates the average 

Raman spectra of the pristine GO film and the GO films irradiated by 40 keV C+ at fluences 

of 1×1015 ions·cm-2, 1×1016 ions·cm-2 and 1×1017 ions·cm-2 for the selected mapping area of 

each sample. The pristine GO film exhibited similar intensities for the D and G Raman peak 

(i.e. ID/IG≈0.98). However, we found all intensities of G peaks in the ion beam irradiated GO 

films were higher than those of the D peaks, indicating that ion beam irradiation led to defect 

engineering on the corresponding GO films. The average ID/IG ratios of the three C+ 

irradiated GO films were in the range of 0.90 - 0.93. Eigler et al. established the relation that 

under laser excitation wavelength of 532 nm, the mean distance between two defects (LD) 

increase with the increase of ID/IG ratio, given that ID/IG is below 3 and LD is between about 

1-3 nm.56 According to their results, LD for the three C+ irradiated GO films in this work was 

about 1.42-1.46 nm. 
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Fig. 9. Average Raman spectra of pristine GO film and GO films irradiated by 40 keV C+ at 

fluences of: 1×1015 ions·cm-2, 1×1016 ions·cm-2 and 1×1017 ions·cm-2 for the corresponding 

mapping area. 
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Fig. 10. Raman maps of D and G FWHM peaks and ID/IG for pristine GO film and GO films 

irradiated by 40 keV C+ at fluences of: 1×1015 ions·cm-2, 1×1016 ions·cm-2 and 1×1017 

ions·cm-2 

Fig. 10 shows the intensity maps of D and G full width at half-maximum (FWHM) Raman 

peaks for pristine GO film and GO films irradiated by 40 keV C+ at fluences of 1×1015 

ions·cm-2, 1×1016 ions·cm-2 and 1×1017 ions·cm-2. The colour bar indicates the intensity of 

the corresponding peak from weak to strong with the varying colour from blue to yellow. 

The Raman map for the D FWHM peak of the pristine GO film mainly consisted of green 
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and red regions, while the maps for the D FWHM peaks of the three irradiated GO films 

mainly consisted of green and blue regions. For the Raman map of G FWHM peaks, the 

pristine film was almost pink-red while the three irradiated films were blue-red. Therefore, 

the similar changing tendency in the ID/IG Raman maps of the irradiated GO films confirmed 

that C+ irradiation caused similar defect-engineering impact on the films. Significant color 

changes were observed in FWHM G peak maps of the four GO films, and the size of red 

regions in the irradiated samples decreased with the increase of the ion fluence. This result 

indicates that higher ion fluences can drill more defects on GO film surfaces, because the G 

peak in Raman analysis is highly related to defects in carbon materials.57-58 We note that 

analysis of the G peak in Raman spectra for understanding defects in graphene-based 

materials has been controversial for some time59 and it is still difficult to precisely analyze 

defects in GO films using Raman spectroscopy. 

3.4. SRIM Simulations 

To study the treatment of GO films with C+ beamlines and calculate vacancies generated in 

the GO films from a theoretical perspective, SRIM simulations were conducted. Figure 11 

shows SRIM simulation results for a cubic target cell (XYZ, Z-depth) with each side equal 

to 300 nm. The 2D presentation of randomly simulated ion cascades in the YZ plane is shown 

in Fig. 11a. White colored lines represent trajectories of moving incident C+. Secondary 

cascades produced by recoiled C atoms are presented in orange, while green dots represent 

the calculated resting positions of recoiled (or incident) C atoms (or ions). The 2D projection 

of spatial distribution of final resting positions of C+ irradiated in the sample is shown in Fig. 

11b. From both Fig. 11a and 11b, the vast majority of ion-target atom interactions took place 

and the final resting positions of reaction products are within the GO film. Only a very small 

portion of ion projectiles or secondary recoils reach the substrate filter. The calculated 
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penetration depth of 40 keV carbon ions in the sample is 93 ± 23 nm. The average lateral 

straggling is approximately 20 nm. The 2D projection of the calculated average spatial 

distribution of atomic displacements, i.e. carbon vacancies, generated per ion (impinging 

normal to the sample surface at Y=0) is shown in Fig. 11c. The vacancy distribution is the 

largest close to the point of entry which is the same for all ions in the simulation, and 

decreasing (spreading) further deeper in the film as random ion cascades deviate from the 

initial entry direction along the Z-axis. The raster scanned ion beam causes the movement 

of the point of entry of ion projectile in the XY plane, so the net result of ion irradiation 

through a mask is the typical vacancy distribution depth profile shown in Fig. 11d, which is 

very different from the vacancy profile per ion having the same entry point and direction 

shown in Fig. 11c. The average linear depth profile of atomic displacement density created 

in thin GO film increases from ~1.0 × 10-3 A-1
·ion-1 at the surface to a maximum value of 

2.6 × 10-3 A-1
·ion-1 and decreases sharply to zero close to the end of the ion projected range 

which is smaller than the thickness of prepared GO film. According to SRIM simulation, an 

average of 208 carbon vacancies were created in the GO film per impinging C+ (Fig. 11c) 

Assuming that the vacancy depth range coincides with the thickness of GO film (150 nm), 

the total vacancy concentration (VC) averaged across the whole GO film thickness, which is 

obtained for irradiation of GO film with ion fluences of 1 × 1015 ions·cm-2, 1 × 1016 ions·cm-

2 and 1 × 1017 ions·cm-2, is approximately equal to 1.4 × 1020 cm-3, 1.4 × 1021 cm-3 and 1.4 × 

1022 cm-3, respectively. 
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Fig. 11. SRIM simulations of (a) ion cascades, (b) 3D ion distribution, (c) 3D total 

displacements and (d) vacancies distribution for the process of C+ irradiation on a pristine 

GO film.  

Table 2 The approximate average vacancy concentration in GO films simulated by SRIM. 

Sample No  [cm-2] I [A] T [min] VC [cm-3] 

1 1 × 1015 1 4 1.4 × 1020 

2 5 × 1015 2 10 6.9 × 1020 

3 1 × 1016 4 10 1.4 × 1021 

4 5 × 1016 6 20 6.9 × 1021 

5 1 × 1017 8 55 1.4 × 1022 
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Note:  I, T and VC represent ion fluence, ion beam current, irradiation time and average 

vacancy concentration, respectively. 

4. Conclusions 

We investigated the effects of low energy C+ ion beam irradiation on ultrathin GO films 

supported by CN filters. Under the same accelerating energy of 40 keV, five ion fluences 

ranging from 1 × 1015 ions·cm-2 to 1 × 1017 ions·cm-2 were compared. The physicochemical 

properties of our films before and after irradiation were characterized by a combination of 

SEM, AFM, XRD, FTIR, XPS and Raman techniques. The thicknesses of the GO films were 

unchanged after irradiation, while their surface morphologies were significantly modified 

by ion beam irradiation. A threshold ion fluence of 1 × 1016 ions·cm-2 was found for 

transitioning between two types of surface morphologies, which was further explained by 

reduction of the GO films and reflected in the crystal structure in the X-ray diffractometry. 

We found carbon ion beam irradiation could not change the chemical structure of the GO 

films, but the unstable functional groups (e.g. C=O species) were easily removed by ion 

beam irradiation. Mapping Raman spectroscopy confirmed a mass of defects with mean 

distance of about 1.4 nm were generated in the GO films after irradiation, and a larger ion 

fluence resulted in more defects. Based on SRIM simulation, the total vacancy 

concentrations were 1.4 × 1020 cm-3, 1.4 × 1021 cm-3 and 1.4 × 1022 cm-3, corresponding to 

ion fluences of 1 × 1015 ions·cm-2, 1 × 1016 ions·cm-2 and 1 × 1017 ions·cm-2, respectively. 

Our findings offer a promising strategy for controllable post-synthesis modification ultrathin 

GO membranes with nano-scaled pores for the applications in gas separation and ion sieving. 
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Chapter 5 Ion Beam Engineered Graphene Oxide 

Membranes for Mono-/Di-valent Metal Ion 

Separation 

This chapter consists of:  

• Overview 

• Motivations and contributions 

• Story behind the article 

• The article- 

Abstract 

1. Introduction 

2. Materials and methods 

2.1. Materials 

2.2. Preparation of pristine and ion beam irradiated GO membranes 

2.3. Characterization 

2.4. Ion permeation tests of membranes 

3. Results and discussion 

3.1. Characterization of pristine and ion beam irradiated GO membranes 

3.2. Analysis of ion-beam induced nanostructure 

3.3. Mono-/di-valent metal ion separation performance 

4. Conclusions 

Reference  

Supplementary Information 

 

5.1 Overview 

The research article forming this chapter has been submitted for publication. Chapter 4 is the 

first attempt that uses ion beam to modify ultra-thin GO films, focusing on the effects of ion 

fluence on the change in chemistry and structure of the GO films. This chapter is also a part 

of the ANSTO collaborative project, which focuses on the preparation of ion beam irradiated 

GO membranes for ion sieving. The effect of the two key parameters - GO membrane 

thickness and ion fluence - on the GO structure and the consequent mono-/di-valent metal 

ions separation performance was investigated. The ion beam induced strategy was also 
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successfully extended to diamine cross-linked GO membranes for enhanced selectivity, 

which proves itself in a universal way. The work represents a step towards the development 

of high-performance GO-based membranes for potential use in water desalination and 

biomedical applications. 

5.2 Motivations and contributions 

Like Chapter 4, the motivation for this chapter was to develop ion beam irradiated GO 

membranes for practical applications. Based on fundamental understanding of the effects of 

ion beams on thin GO films, the final goal of fabricating GO membranes was attempted in 

this Chapter.    

Y. W. had the idea of tailoring porous structure of GO membrane using ion beams. Y. W. 

and Z.P. designed and performed the ion beam irradiation experiments. Z. P. performed ion 

beam implantation and simulations. Y. W. tested and conducted metal ion separation 

experiments. C. S. and Y. W. characterized the membranes. D. B. Gore supervised the whole 

project, participated in some experiments and critically revised the manuscript. All authors 

contributed to data analyse, discussions and manuscript preparation.  

5.3 Story behind the article  

We were excited when we got the results as presented in Chapter 4, and we stepped forwards 

to our final goal, making ion beam irradiated GO membranes with high performance. 

According to the experience from the initial study in Chapter 4, it is possible to develop 

desalination membranes for ion sieving and gas separation membranes for H2 separation. 

 

However, when we used the ion beam to treat α-Al2O3-supported GO membranes, a very 

disappointing result was obtained, as the GO layer was damaged by the ion beam (see the 

photo below). It seemed that more effort should be made if we wanted to find practical 

outcomes of ion beam modification of the GO membranes. 
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Figure 5.1. Photograph of the damaged α-Al2O3-supported GO membranes after ion beam 

irradiation in the modification chamber. 

 

For ion-sieving application, it is difficult to choose the testing systems. Because the ion beam 

could only irradiate the GO membrane with the size of 2 cm × 2 cm, the small effective area 

requires a well-designed and custom-made device if we wanted to know its ion-sieving 

performance. We have considered gravity-driven filtration and cross-flow filtration. The 

former exhibited extremely low water permeability because of the small pore size of the as 

prepared GO membranes; while making a suitable membrane module for the latter is even 

more difficult. Finally, we decided to use the concentration-driven process to investigate the 

ion permeation rate for the as-prepared GO membranes.  

 

Although some scientifically interesting findings were collected through this work, more 

work is worthy of investigating in the near future. For example, the accurate experimental 

and theoretical approaches of characterizing nano- or sub-nanometer defects created by ion 

beam modification are yet to be established, and the ion transportation model through the 

porous reduced GO membranes should be explored. The project will continue to provide 

more answers to ion beam irradiated 2D-material membranes.  
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Figure 5.2. Photograph of Yibin and Zeljko in the beautiful Macquarie University North 

Ryde campus. 
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Abstract 

Graphene oxide (GO) membranes with precisely controlled nanopore are promising for 

selective ion separation. Here, an ion beam was used to efficiently and simply modify GO 

membranes, creating nanopores in a controllable manner. We compared the influence of GO 

membrane thickness and ion fluence on the GO structure and the consequent mono-/di-

valent metal ion separation performance. Experimental results indicate all GO membranes 

exhibited improved K+ selectivity with respect to other ions after ion beam irradiation. 

Moreover, the K+ ion permeation rate of the optimal membranes is up to 1.4×10-3 mol·m-

2·h-1 and the membrane shows extremely high K+ separation factor to di-valent ions. 

Remarkably, this method could be used as an in-situ post-treatment for already vacuum-

assembled GO membranes. We believe that this strategy offers novel insights into 

fabricating nanoporous membranes constructed by two-dimensional nanomaterials for a 

variety of fields including energy, desalination and biomedical applications. 

Keywords: Graphene oxide; membrane; ion beam; ion sieving; defect  
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1. Introduction 

Nanoporous graphene for ionic separation has generated considerable interest for its 

unparalleled potential in applications such as batteries, biosensors and separation 

membranes.[1] To date, several strategies have been developed to fabricate nanoporous 

graphene membranes for ion-sieving, including electron beam irradiation,[2] ion beam 

irradiation,[3] and electrical pulse.[4] However, there remains challenge in fabricating large-

scale graphene-based membranes with low cost for practical applications.  

The oxidized form of graphene, graphene oxide (GO), has attracted much attention as the 

alternative product to graphene due to lower production cost. In addition to the inherent 

properties of graphene, the abundant oxygen-containing groups of GO provides it with 

diverse possibilities in functionalization.[5] Therefore, among graphene-based membranes, 

GO constructed membranes have been considered the most promising for the sieving of ions 

and molecules.[6] In addition, Hosseini et al.[7] predicted that nanoporous GO membranes 

could exhibit much better water flux and salt rejection when used for reverse osmosis (RO) 

compared with the performance of graphene, due to the hydrophilic functional groups in GO. 

Despite this, fabrication of porous GO membranes with ion selectivity is still lacking 

investigation, because very few effective approaches are capable of achieving precise 

dimensional control at nanometer-sized pores. Very recently, Li et al.[8] reported a 

combustion synthesis method by partial combustion of hydrotalcite covered GO. They found 

the resulting nanoporous GO membranes exhibited high selectivity for K+ to Na+ with a 

separation factor of 3.84, but the method still included complicated pretreatment. Hence, 

general, rapid, simplebut highly controllable routes for fabrication of nanoporous GO 

membranes are keen to be developed. 
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Surface modification by ion beam irradiation has been used to create molecular-scale holes 

(also known as vacancies, defects or pores in different research fields) for monolayer 

graphene membrane.[1c] Such generated nanopores function as membrane channels that 

regulate ionic flow and molecular transport across the graphene membrane. When massive 

ions accelerated by dozens of keV impinge on the graphene surface, atomic-scale erosion 

removes approximately one atom from the surface for every incident ion.[9] Moreover, my 

recent work also confirmed that ion beam irradiation could efficiently alter the chemistry 

and structure of ultra-thin GO films, along with creating nano-sized pores as well (Chapter 

4). Therefore, in this study, I for the first time propose an ion beam-induced method for 

fabrication of ion-selective GO membranes, with controllable reduction and defect 

engineering. As opposed to other methods, this process is a facile post-treatment for GO 

membranes, which does not require a long time. Fundamental understanding of ion beam-

induced nanoporous GO membranes were revealed, and structure-property relationships of 

the ion beam irradiated GO membranes were explored.  

2. Materials and Methods 

2.1. Materials 

Graphene oxide (GO) water dispersion (4 mg/mL) was purchased from Graphenea 

Corporation. Sodium chloride (NaCl, anhydrous, ≥ 99.0 %), ethylenediamine (EDA, ≥ 

99.8 %), hydrochloric acid (ACS reagent, 37 %), anhydrous ethanol tris(hydroxymethyl) 

aminomethane (Tris, ACS reagent, ≥99.8%) and dopamine hydrochloride (≥ 99 %) were 

purchased from Sigma Aldrich. Potassium chloride (KCl, anhydrous, ≥ 99.9 %) magnesium 

chloride (MgCl2, anhydrous, ≥ 99.0 %), calcium chloride (CaCl2, anhydrous, ≥ 99.0 %) were 

purchased from Merck. Cellulose acetate (CA) membranes (diameter: 47 mm; pore size: 
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0.45 μm) were purchased from Sterlitech Corporation. Deionized (DI) water (18.2 MΩ·cm-

1 at 25 ℃) was generated by a Milli-Q system and used throughout this study. 

2.2. Preparation of pristine and ion beam irradiated GO membranes 

Pure GO membranes were prepared as similar as one of our previous studies.[10] Briefly, CA 

membrane substrates were pre-treated with polydopamine (PDA) to enhance their adhesive 

force to GO separation layer. 0.005 mg/mL GO water dispersion was used as membrane 

casting solution and the loading amount of GO could be controlled by the volume of the GO 

solution added. Pure GO membranes were then prepared by assembling GO onto PDA-

pretreated CA substrates via vacuum suction at room temperature. Finally, pristine GO 

membranes were obtained after overnight drying at room temperature.  

For comparison, diamine and cation cross-linked GO membranes were also prepared. The 

diamine-modified GO membranes were prepared in the same way as the pure GO 

membranes preparation procedure except 1 wt% EDA was added to the GO casting solution 

for cross-linking GO layers. KCl was used as cation source to cross-link GO membrane 

following a reported method.[11] KCl cross-linked GO membranes were produced by 

immersing pristine GO membranes in 0.25 M KCl solution at room temperature for 1 h and 

taking them out for overnight drying. 

The low energy and high current C+ ion beam was produced by a low energy implanter for 

in-situ GO membranes modification. All irradiation was performed using a rapidly-scanning 

focused carbon beam through a 2 cm × 2 cm mask in order to achieve homogenous 

irradiation. The beam current (i.e. ion fluence) was varied from 1 × 1015 to 1 × 1017 ions·cm-

2. Details on synthetic parameters of the as-prepared membranes are in Table 1. 
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Table 1 Comparison of synthetic parameters of M1-M9. 

Membrane Ion fluence (ions/cm2) GO loading amount (mg) Modification* 

M1 1 × 1016 0.25 No 

M2 1 × 1016 0.5 No 

M3 1 × 1016 1.0 No 

M4 1 × 1015 0.5 No 

M5 1 × 1017 0.5 No 

M6 1 × 1016 0.5 EDA  

M7 1 × 1016 0.5 KCl  

M8 1 × 1016 1.0 EDA 

M9 1 × 1016 1.0 KCl 

 

Note: C+ ion beam with accelerated energy of 40 keV was used throughout this study. M1-

M5 are pure GO membranes irradiated by ion beam only; EDA presents diamine-induced 

cross-linking of GO by using ethylenediamine before ion beam irradiation; KCl presents 

cationic ion-induced cross-linking of GO using KCl before ion beam irradiation. 

 

2.3. Characterization  

Membrane surface morphologies and roughness was analyzed by atomic force microscopy 

(AFM, Innova, Bruker) with the scan size of 2.5 × 2.5 μm. Cross-section morphologies of 

membranes was observed by field emission scanning electron microscopy (FESEM, JSM-

7100F, JEOL). An attenuated total reflection Fourier transform infrared (ATR-FTIR, 

Thermo Nicolet 6700, Thermo Fisher Scientific) spectroscopy was used to record the 

chemical states of the prepared membranes. The crystalline structure of as-prepared 

membranes was analyzed by X-ray diffractometry (XRD, X’pert Pro MPD, PANalytical) 

using Cu Kα radiation (λ = 1.54060 Å) at 40 kV and 15 mA. Raman spectra were recorded 

on LabRAM (HORIBA) with 512 nm wavelength incident laser light. An X-ray 
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photoelectron spectrometer (XPS) (ESCALAB 250Xi, Thermo Fisher) equipped with a 

monochromated Al Kα (1486.68 eV) operating at 150 W was used for quantitative elemental 

analysis. Using the sessile drop method, water contact angles (WCA) of the prepared 

membranes were measured by a contact angle analyzer (DSA30, KRUSS).  

2.4. Ion permeation tests of membranes 

The ion permeation performance of pristine and ion beam irradiated GO membranes were 

comparatively investigated using a home-made diffusion cell (Fig. S1). The membranes 

were first thoroughly wetted with DI water and then mounted with two gaskets before being 

clamped onto the cell. The effective membrane area was 0.785 cm2. In a typical experiment, 

one compartment referred to as the feed side was created with 80 mL salt solution (e.g. 0.25 

M KCl, NaCl, MgCl2, CaCl2) while the other compartment referred to as the permeation side, 

was filled with 80 mL DI water. Continuous magnetic stirring at 500 rpm was introduced to 

both sides to avoid potential concentration polarization. All experiments were conducted 

under steady state at 25 ℃. The concentration of ions in the permeation side was 

continuously monitored by an electrical conductivity probe (HACH, HQ40d multi). 

The ion permeability P (mol∙h-1∙m-2) can be calculated by: 

P =
∆𝐶 × 𝑉

𝐴 × ∆𝑡
                                                                 (1) 

where ∆C (mol∙L-1) is the concentration change in permeation side, V (L) is the volume for 

permeation side, A (m2) is the effective membrane area and ∆t (h) is the test time. 

The ideal separation factor (α, i.e. selectivity) was defined as follows: 

α =
𝑃𝑖

𝑃𝑗
                                                                          (2) 
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where Pi and Pj are the ion permeation rates for components i and j, respectively. 

3. Results and Discussion 

3.1. Characterization of pristine and ion beam irradiated GO membranes 

The appearance of the as-prepared GO membranes before and after ion beam irradiation was 

observed (Fig. S2). The dark regions with size of 2 cm × 2 cm in each sample were irradiated 

by ion beams while the light regions in each sample are pristine GO membranes. The pristine 

M1, M2 and M3 are light yellow, yellow and brown, respectively. This suggests that pristine 

GO membranes with different GO loading amounts were successfully prepared. All ion 

beam irradiated regions became darker compared with their pristine states. Thus, we can 

deduce that the pristine GO could be reduced by ion beams under vacuum.  
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Fig. 1. Cross-sectional SEM images of the as-prepared ion beam irradiated membranes.  

The cross-sectional morphologies of as-prepared GO membranes before and after ion beam 

irradiation were imaged using SEM (Fig. S3 and Fig. 1). A crumpled laminar nanostructure 

of GO was captured in all samples and the laminar structure is attributed to the oxygenated 

groups and interlayer spacing and the nanosheet folding effect during the deposition.[12] 

Samples M1, M2 and M3 shows GO layers with estimated thickness of 100 nm, 200 nm and 

400 nm, respectively (Fig. S3 a-c). This suggests that a higher loading amount of GO led to 

a thicker layer of GO. In addition, EDA and KCl modification of GO membranes cannot 
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significantly alter the GO crumpled laminar nanostructure. Fig.1 demonstrated that GO 

laminar nanostructure could be completely preserved after ion beam irradiation. 

 

Fig. 2. AFM images of the as-prepared ion beam irradiated membranes.  

However, the surface morphologies of GO membranes were obviously changed by ion beam 

irradiation. Fig. S4 shows the three-dimensional AFM images with roughness parameters of 

pure GO membrane, and EDA modified GO membrane. The sand dune-like surface 

structures with valleys and gullies were observed on the three types of GO membranes. The 

arithmetical roughness (Ra) and root mean squared roughness (RMS) of the pure GO 

membrane were 21.8 ± 3.4 nm and 26.6 ± 4.2 nm, respectively. The two modified GO 



 

123 

 

membranes showed significant decreases in surface roughness. In Fig. 2, all of the ion beam 

irradiated GO membranes exhibited lower roughness compared with their pristine state 

before irradiation. M4 had the largest roughness values (Ra 13.0 ± 0.3 nm and RMS 16.3 ± 

0.5 nm), while M5 had the smallest roughness (Ra 3.08 ± 0.6 nm and RMS 3.88 ± 0.8 nm). 

This finding suggests the intensity of ion beam could significantly influence the surface 

morphology of GO membranes and more wrinkles were eliminated by the ion beam, which 

is consistent with the finding in -Chapter. 4-. Moreover, the roughness of M6 and M8 is 

similar, which may imply that by using the same ion dose the effect of thickness on surface 

roughness of the EDA-modified GO membrane is negligible. This also applies to KCl-

modified GO membranes since there is no significant roughness change between M7 and 

M9.  

 

Fig. 3. Water contact angles of the as-prepared ion beam irradiated membranes.  
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WCA analysis is widely used to evaluate surface wettability. The pure GO membrane shows 

a WCA of 58.8 ± 7.7 °, and the EDA- and KCl- modified GO membranes are a little more 

hydrophilic with WCA of 50.9 ± 4.5 ° and 52.5 ± 6.1 °, respectively (Fig. S4). Fig.3 

compares the WCAs of the nine ion beam irradiated GO membranes. All these membranes 

became relatively hydrophobic after irradiation, which could be explained by the loss of 

oxygen-containing groups by ion beam treatment. The WCAs of M1, M2 and M3 are 88.0 

± 4.7 °, 84.3 ± 3.5 ° and 71.2 ± 4.6 °, respectively, which suggests that the more hydrophilic 

oxygen-containing groups were eliminated on the thinnest GO surfaces when treated by the 

same intensity of ion beam (i.e. ion fluence). M4 and M5 exhibited WCAs of 73.5 ± 5.3 ° 

and 83.9 ± 3.8 °, respectively, and the WCA of M5 is similar to that of M2. This indicates 

that the ion beam intensity plays a dominant role in GO membrane surface wettability for 

such GO membranes with same thickness, but there is a threshold for shifting surface 

wettability. When the ion beam fluence is below 1 × 1016 ions/cm2 the ion beam could 

effectively improve the hydrophobicity of pure GO surface, but the hydrophobicity is 

maintained when using a much higher ion fluence. A similar phenomenon was also in line 

with findings in -Chapter 4-.  

The chemical states of the as-prepared GO membranes were investigated by FTIR. FTIR 

spectra of pristine CA, pure GO, EDA-modified GO and KCl-modified GO membranes are 

in Fig. S5a. Typical GO peaks at 1037 cm−1,1223 cm−1, 1619 cm−1, 1738 cm−1 and 1630 

cm−1 represent C-O, C-OH, C=C, C-O, and O-H bonds, respectively.[13] In the FTIR spectra 

for ion beam irradiated GO membranes, the peaks representing the above-mentioned 

oxygen-containing functional groups were found, suggesting that ion beam irradiation could 

not completely remove the existing functional groups on GO surface.  
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Fig. 4. FTIR spectra of the as-prepared ion beam irradiated membranes.  

To further understand the chemical composition changes of GO membranes after ion beam 

irradiation, XPS analysis was conducted. The details for atomic percentage of carbon, 

oxygen and nitrogen elements of GO membranes irradiated by different intensity of carbon 

ions are in Table 2. Pure GO does not contain elemental nitrogen, thus the N1s peak detected 

in the XPS spectra was sourced from the PDA pre-treatment. The C1s, O1s and N1s XPS 

core-level analysis were based on peaks at binding energies between the ranges of 279.01-

298.91eV, 526.01.1-545.91 eV and 393.01-406.21 eV, respectively. The C/O ratios of pure 

GO membranes is as low as 2.48, while the GO membrane irradiated by the ion beam with 

fluence of 1 × 1017 ions/cm2 exhibited a relatively high C/O ratio of 7.04. The C/O ratios of 

M2 and M4 are 4.29 and 4.15, respectively. These results confirm that ion beam irradiation 

is an efficient approach to partially reduce GO. It should be noted that the chemical 
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composition of M2 and M4 are similar, which also confirms that the ion intensity of 1 × 1016 

ions/cm2 is a threshold when treating GO membranes. 

Table 2 XPS analysis of surface atomic percentage of C1s, O1s and N1s for the pure and ion 

beam irradiated GO membranes with different fluence of ions. 

 C1s [%]a O1s [%]b N1s [%]c C/O ratio [-] 

Pure GO membrane 69.61 28.10 2.29 2.48 

M4 (1×1015 cm-2) 79.13 19.07 1.8 4.15 

M2 (1×1016 cm-2) 79.68 18.58 1.74 4.29 

M5 (1×1017 cm-2) 86.70 12.30 1 7.04 

 

Note: a C1s binding energy: 279.01-298.91 eV; b O1s binding energy: 526.01.1-545.91 eV; N1s 

binding energy: 393.01-406.21 eV. 

3.2. Analysis of ion-beam induced nanostructure 

Raman spectra are widely used to analyse the quality of graphene and its derivatives.[14] Pure 

GO and chemical modified GO membranes exhibit two strong adsorption bands at 1346 and 

1596 cm−1 (Fig. S5b), which correspond to the D- and G-bands, respectively. The intensity 

ratio of D- and G-band (ID/IG) can be used for qualitative analysis of the graphene-based 

material structure, especially defect density and size.[15] Fig. 5 is the Raman spectra of ion 

beam irradiated GO membranes and Table 3 compares the ID/IG ratios of these membranes 

before and after ion beam irradiation. 
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Fig. 5. Raman spectra of the as-prepared ion beam irradiated membranes. 

Raman analysis is established on the model that a defect on the graphene surface causes a 

circular structural disorder area (region S), which is surrounded by a so-called activated 

region (region A).[16] The gap between the two regions contribute strongly to the D band, 

whereas the rest area on graphene outside region S contributes to the G band. Structural 

disorder region S contributes weakly to the D band owing to breakdown of the lattice 

structure. Defects generated by ion beams at low fluence mostly results in long distances 

between one defect to another, and the mean distance between defect (LD) is always many 

times higher than the size of defect. According to the supplement by Cancado et al.[17], when 

the model is applied to a low-defect density regime (LD ≥ 10 nm) with the radius difference 

between region A and region S (i.e. rA-rS) of ~ 1-2 nm, LD could be described as: 
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𝐿𝐷
2 (nm2) =

(4.3 ± 1.3) × 103

𝐸𝐿
4 × (

𝐼𝐷

𝐼𝐺
)

−1

                        (3) 

The defect density nD can be expressed as: 

n𝐷(𝑐𝑚−2) =
1

𝐿𝐷
2                                                                     (4) 

The defect density refers to the density of structural defects in the GO layer, thus it cannot 

be used to describe point defects on the GO surface. Similar defect densities obtained in this 

study suggest that carbon ion beams of the energies tested (Table 3) could not change GO 

two-dimensional nanosheet structures and the point defects created by the ion beam (e.g. 

resonant scatterers, substitutional atoms) do not have a strong influence on ID/IG ratios. This 

result matches well with that reported by Cancado et al.[17], indicating nanometer scale point 

defects ~ 1-2 nm were also generated as hypothesized. To further understand these point 

defects from Raman signals, the shape of the G peak might be analysed because strain, 

intercalants, charged impurities and zigzag edges have strong influences on the G peak.[18] 

However, the existing mechanisms and methods remain controversial. 
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Table 3 Comparison of ID/IG, LD and nD for as-prepared GO membranes analyzed by 

Raman spectra. 

Membrane ID/IG LD (nm) nD (cm-2) 

Pure GO 1.03 ± 0.02 11.89 0.0071 

EDA-GO 1.07 ± 0.11 11.70 0.0073 

KCl-GO 1.27 ± 0.19 10.74 0.0087 

M1 1.01 ± 0.01 12.04 0.0069 

M2 0.94 ± 0.05 12.46 0.0064 

M3 0.88 ± 0.03 12.86 0.0060 

M4 0.96 ± 0.02 13.33 0.0066 

M5 0.81 ± 0.02 12.38 0.0056 

M6 0.88 ± 0.04 12.86 0.0060 

M7 0.90 ± 0.02 12.76 0.0061 

M8 0.94 ± 0.08 12.43 0.0064 

M9 0.87 ± 0.02 12.96 0.0060 

XRD pattern can be used to analyze the laminar nanostructure of GO-based membranes. The 

width of 100% GO diffraction peak could be used to study the uniformity of the laminar 

nanostructure.[19] The narrower GO full width at half maximum (FWHM) peak represents a 

highly concentrated distribution of nanochannel height signals, which implies higher 

regularity (i.e. greater crystallinity) of the 2D nanostructure. In addition, according to 

Bragg’s Law,[20] the interlayer spacing (i.e. d spacing) of GO membranes could be analysed 

by the angular position of the GO diffraction peaks. The shift of the GO diffraction peak to 

lower angle represents the increase of interlayer spacings, while the increase in angle of the 

GO diffraction peaks represents a decrease in interlayer spacings. Pure GO showed the 

largest diffraction peak centered at ~10 2θ degree (Fig 6), corresponding to the characteristic 

peak (001) of GO.[21]  
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Fig. 6. XRD patterns of the as-prepared ion beam irradiated membranes (a) M1-M3, (b) M2, 

M4-M5 and (c) M6-M9. 

Pristine M1, M2 and M3 displays sharply defined GO diffraction peaks, and the GO 

membrane with a higher GO loading amount showed a relatively strong peak (Fig. 6a). After 

carbon ion beam irradiation (1 × 1016 ions/cm2), the GO peak in M1 disappeared. Diffraction 

peaks of GO in M2 and M3 increased in angle suggesting collapse of the interlayer distance, 

and the diffraction peak of GO in M3 is weaker than that of M2 after ion beam irradiation, 

indicating a loss of regularity. These results indicate that the GO membrane with low loading 

amount is easier to be reduced by the ion beam and the interlayer spacing of those GO 

membranes decreases during reduction. Moreover, with the increase of ion fluence, the 

relative intensity of GO diffraction peaks of the GO membrane with same thickness became 
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weaker and eventually disappeared (Fig. 6b). The increase in diffracted angle also indicates 

that the interlayer space became smaller as well. The diminishing GO diffraction peak 

revealed the increasing degree of deoxygenation or reduction of the GO, which agrees with 

my previous work -Chapter 4-. 

For chemically modified GO membranes, all the GO diffraction peaks of M6, M7, M8 and 

M9 became weak after irradiation by 1 × 1016 ions·cm-2 carbon ions. M7 and M9 are KCl-

modified GO membranes with GO loading amount of 0.5 mg and 1.0 mg, respectively. In 

addition to the GO characteristic peak, two strong peaks at 28.3° and 40.6° representing the 

(200) and (220) planes,[22] respectively, were detected, which is an indication that K+ was 

successfully incorporated into the GO layers. It is found that the GO peaks for M7 and M9 

increased in diffracted angle and became smaller after ion beam irradiation, which is 

consistent with the change of pure GO membranes (M1-M5). It is worthy of noting that the 

two peaks corresponding to K+ became larger after ion beam irradiation.   

3.3. Mono-/di-valent metal ions separation performance 

The mono-/di-valent metal ions sieving performance was tested using a side-by-side 

diffusion cell. The ion-sieving performances of four metal ions, K+, Na+, Ca2+ and Mg2+ 

(hydrated radii of 3.31 Å, 3.58 Å, 4.12 Å and 4.28 Å, respectively),[23] were tested. The ion 

permeabilities of K+, Na+, Ca2+ and Mg2+ for M1 without ion beam irradiation (i.e. pristine 

M1) are 1.05, 0.91, 0.70 and 0.72 mol·m-2·h-1, respectively (Fig.7a). Pristine M2 exhibited 

lower ion permeabilities (K+: 0.28 mol·m-2·h-1, Na+:0.24 mol·m-2·h-1, Ca2+:0.21 mol·m-2·h-1 

and Mg2+:0.21 mol·m-2·h-1) compared with that of pristine M1. Pristine M3 showed the 

lowest ion permeabilities of K+, Na+, Ca2+ and Mg2+, with values of 0.09, 0.07, 0.06 and 0.06 

mol·m-2·h-1, respectively. These results suggest that pure GO membranes could provide 

nanochannels for ionic transportation and the thickness of the pure GO membrane plays a 
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dominant role in its ion permeation performance. This may be explained by thinner GO 

membranes having a lower ion transport resistance. 

 

 

Fig. 7. (a) Ion permeabilities of K+, Na+, Ca2+ and Mg2+ for Pristine M1, Pristine M2 and 

Pristine M3; (b) ion permeabilities of K+, Na+, Ca2+ and Mg2+ for Pristine M6, Pristine M7, 

Pristine M8 and Pristine M9.  
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Fig.7b demonstrates the ion permeabilities of K+, Na+, Ca2+ and Mg2+ for EDA- and KCl-

modified pristine GO membranes. The ion permeabilities of K+, Na+, Ca2+ and Mg2+ for 

pristine M6 are 0.25, 0.16, 0.11 and 0.11 mol·m-2·h-1, respectively, and the ion transport 

performance of pristine M6 is similar to that of pristine M2. However, the K+ permeability 

of pristine M6 is more than twice as high as the permeabilities of Ca2+ and Mg2+, which 

implies that the EDA-modified GO membranes exhibits selectivity from monovalent to 

divalent ions. Pristine M8 is EDA-modified GO membranes with a GO loading amount of 1 

mg, and the ion permeabilities of the membrane are 0.12, 0.08, 0.05 and 0.05 mol·m-2·h-1 for 

K+, Na+, Ca2+ and Mg2+, respectively. This result also confirms that thick membranes lead 

to high ion transport resistance and that the EDA-modified membrane could be used for 

mono-/di-valent metal ions sieving but with a low separation factor.  

The KCl-modified GO membranes showed ultra-low ion permeabilities for K+, Na+, Ca2+ 

and Mg2+ (Fig, 7b). The ion permeabilities of K+, Na+, Ca2+ and Mg2+ for pristine M7 are 

3.7×10-3 mol·m-2·h-1, 3.1×10-3 mol·m-2·h-1, 2.9×10-3 mol·m-2·h-1 and 2.8×10-3 mol·m-2·h-1, 

respectively. Pristine M9 showed much lower ion permeabilities for K+, Na+, Ca2+ and Mg2+ 

(1.2×10-3 mol·m-2·h-1, 9.3×10-4 mol·m-2·h-1, 6.4×10-4 mol·m-2·h-1 and 6.3×10-4mol·m-2·h-1, 

respectively). This result confirms that K+ could efficiently control the laminar structure of 

GO membrane for outstanding ion rejection, consistent with a previous report.[11]  

Fig. 8 shows the ion permeation performance of ion beam irradiated GO membranes. Using 

the same ion fluence, the effect of GO membrane thickness on the ion permeation 

performance of ion beam irradiated GO membranes was investigated. M2 exhibited the 

highest ion permeation rates for the four ions (4.5×10-3 mol·m-2·h-1 for K+, 3.1×10-3 mol·m-

2·h-1 for Na+, 9.0×10-4 mol·m-2·h-1 for Ca2+ and 6.3×10-4 mol·m-2·h-1 for Mg2+ (Fig. 8a). The 

separation factors for K+/Na+, K+/Ca2+ and K+/Mg2+ were 1.5, 5.1 and 7.1, respectively. The 
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ion permeation of K+ for M1 is 4.9×10-4 mol·m-2·h-1, and M1 also displayed good metal ion 

selectivity with separation factors of 1.1, 3.8 and 5.2 for K+/Na+, K+/Ca2+ and K+/Mg2+. In 

addition, the ion permeabilities for K+ and Na+ were as low as 1.9×10-3 mol·m-2·h-1 and 1.1 

×10-3 mol·m-2·h-1, respectively. It was surprising that the ion permeabilities for di-valent ions 

(Ca2+ and Mg2+) for M3 were too small to be detected (the detection limits are 4.8×10-5 

mol·m-2·h-1 for Ca2+ and 5.6×10-5 mol·m-2·h-1 for Mg2+, respectively), indicating that M3 

could allow mono-valent ions to pass through with low permeation rate and block divalent 

ions. Combined with the ion permeation performance of pure GO membranes before and 

after ion beam irradiation, it  can be deduced that ion beam irradiation could significantly 

reduce the ion permeation rate of the membrane and improve the selectivity for mono/di-

valent metal ion separation performance due to in-situ reduction and nanoscale defect 

engineering for GO structure, consistent with results in -Chapter 4-. 
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Fig. 8. (a) Ion permeabilities of K+, Na+, Ca2+ and Mg2+ for M1, M2 and M3; (b) ion 

permeabilities of K+, Na+, Ca2+ and Mg2+ for M2, M4 and M5; (c) ion permeabilities of K+, 

Na+, Ca2+ and Mg2+ for M6 and M8. 

The effect of ion fluence on ion-sieving performance of pure GO membranes was also 

studied. Fig. 8b compares ion permeation rates of the four ions for M2, M4 and M5. 

Irradiated by low ion fluence, M4 showed a relatively high ion permeation rate for the four 

ions. M4 shows K+ permeation rate of 2.2×10-2 mol·m-2·h-1 and its selectivity to other ions 

are 1.3 for Na+, 5.1 for Ca2+ and 6.4 for Mg2+. Notably, the ion permeabilities of K+ and Na+ 

for M5 are 1.4×10-3 mol·m-2·h-1 and 7.9×10-4 mol·m-2·h-1, while the ion permeabilities of 

Ca2+ and Mg2+ are below detection limits as well. Based on these results, we believe that ion 

fluence is a key parameter for tuning the nanostructure of pure GO membranes. The well-

known trade-off effect between permeability and selectivity exists in the ion beam irradiated 

GO membranes.   
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The effects of ion beams on ion-sieving performance of the chemically modified GO 

membranes was explored. After irradiation by the carbon ion beam, the KCl-modified GO 

membranes (M7 and M9) were unstable in water. The GO layers of M7 and M9 were peeled 

off immediately when immersed in DI water, thus, M7 and M9 could not be used for ion 

permeation tests. Fig. 8c shows the ion permeation performance of M6 and M8. The K+ 

permeabilities of M6 and M8 are 3.1×10-3 mol·m-2·h-1 and 2.2×10-3 mol·m-2·h-1, respectively, 

and the separation factors of K+ to Na+ of the two membranes are 1.4 and 2.4. The separation 

factors of K+ to divalent metal ions of M6 (K+/Ca2+ and K+/Mg2+) are 3.8 and 4.9. The 

K+/divalent metal ions separation performance of M6 is slightly higher than that of M6, with 

separation factors of 5.2 and 6.4 for K+/Ca2+ and K+/Mg2+, respectively. These results 

suggest that the ion beam technique could be extended to diamine cross-linked GO 

membranes for enhanced ion sieving performance. 

4. Conclusions 

In summary, an efficient approach for simultaneous in-situ reduction and defect engineering 

of GO membranes has been developed, by using carbon ion beams. The laminar structure of 

GO membranes could be controllably tuned in terms of reducing interlayer space and 

tailoring nanoscale pores, which was reported for the first time. I found that the thickness of 

the GO layer and the ion fluence applied have enormous influence on the ion beam irradiated 

GO structure and the consequent mono-/di-valent metal ion separation performance. All of 

the ion beam irradiated GO membranes exhibited enhanced K+ selectivity with respect to 

other ions, when compared with the ion separation performance of the corresponding GO 

membranes without ion beam treatment. Pure GO membrane with loading amount of 0.5 mg 

exhibited a K+ ion permeation rate up to 1.4×10-3 mol·m-2·h-1 and the infinite separation 

factor to divalent ions was found based on our experiment, after ion beam irradiation with 
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fluence of 1 × 1016 ions·cm-2. I found that the ion beam induced strategy was also 

successfully extended to EDA-modified GO membranes for enhanced selectivity, which 

holds promise for much broader applicability as well. Overall, this work represents a step 

towards the development of high-performance GO-based membranes for potential use in 

water desalination, gas separation and biomedical applications.  
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Fig. S1. Photographs of the diffusion cell for metal ion sieving: (a) front-view and (b) top-

view. 

 

Fig. S2. Photographs of the ion beam irradiated GO membranes. 
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Fig. S3. Cross-sectional SEM images of the as-prepared pristine GO membranes: (a) pure 

GO membranes with GO loading amount of 0.25 mg; (b) 0.5 mg; (c) 1mg; EDA-modified 

GO membranes with loading amount of (d) 0.5 mg and (f) 1 mg; KCl-modified GO 

membranes with loading amount of (e) 0.5 mg and (g) 1mg. 

 

 



 

145 

 

 

Fig. S4. AFM and WCA analysis of (a) pure GO membrane surface, (b) EDA modified GO 

membrane surface and (c) KCl modified GO membrane surface. 

 

 

 

Fig. S5. (a) FTIR and (b) Raman spectra of pure GO, EDA-modified and KCl-modified GO 

membranes. 
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Test of membrane stability in aqueous solutions 

Pure and ion beam irradiated GO membranes (i.e. M2 before and after ion beam irradiation) 

were cut into about 0.4 cm × 0.4 cm square pieces, and immersed in pure DI water, HCl 

aqueous solution (pH = 1.8) and NaOH aqueous solution (pH = 11.5) at room temperature 

in a petri dish. The changes of the immersed membranes were captured for 1 day, 1 week 

and 1 month, respectively.  
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Fig. S6. Photograph of M2 (a) before and (b) after ion beam irradiation when immersed in 

DI water, acid and base solutions with different time interval.  

 

Fig. S6 demonstrates that pure GO membrane prepared with GO loading amount of 0.5 mg 

before and after ion beam irradiation displayed excellent stability in DI water, acid and alkali 

aqueous conditions. 
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Chapter 6 Discussion and Summary 

This chapter consists of:  

• Discussion 

• Summary 

• References 

 

6.1 Discussion 

The overall aim of the research, which was to tune the laminar structure of GO membranes 

for improved separation performance based on the two strategies described in the 

Introduction, has been achieved. The research articles, presented as data chapters (chapters 

3-5) within this thesis, form a coherent body of research that provides knowledge and 

perception of how to construct these state-of-the-art laminar-structured GO membranes for 

water treatment. 

The research article contributing to Chapter 3 has been selected as the 2018 Grant Edwards 

Higher Degree Research Paper Award, in the Department of Environmental Sciences, 

Macquarie University. The research compared the intercalation effects of different 

dimensional nanofillers on the laminar structure and separation performance of GO NF 

membranes. The intercalated g-C3N4 photocatalysts endowed the composite membranes 

with visible-light photocatalytic activity for removing organic dyes from polluted water. 

Intercalated laminar GO structures and photocatalytic membranes are two extremely 

important areas in current membrane research. 

I hypothesized that the introduction of g-C3N4 photocatalysts into reduced GO laminar 

structures could improve the water permeability and removal rate for organic pollutants. 

Based on a comparison of the dye-containing wastewater treatment performance of our 

composite membranes with other recently reported GO-based NF membranes (Table 6.1), 

the performance of my g-C3N4/rGO composite NF membranes, especially the g-C3N4 

NT/rGO membrane, is relatively competitive when applied to the purification of dye-

containing wastewater. 
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When attapulgite (APT) nanorods were intercalated into GO laminates via grafting 

modification, the water permeability of APT/GO membranes sharply increases to about 10 

L·m−2·h−1·bar−1 while preserving high rejection to dyes [1]. Similarly, Chen et al. [2] 

successfully developed a series of polyamide (PA)/GO NF membranes and then they 

investigated the effect of intercalating different nanomaterials into GO laminar structures on 

the separation performance of the membranes. They also found the intercalation can improve 

water permeability (11.39–14.82 L·m−2·h−1·bar−1) of their membranes while maintaining 

high dye removal efficiencies (> 99%). In addition, 1D carbon or halloysite NTs and 3D 

UiO-66 were used to improve rGO NF membranes and these membranes also exhibited 

excellent performance in purifying dye-containing wastewater [3-5]. Although intercalating 

different dimensional nano-spacers into GO-based laminar structures is an efficient strategy 

for tuning the separation performance of the resultant rGO membranes, the long-term 

operation stability and antifouling property of those membranes could not be ignored. 

Constructing NF membrane materials with a photo-induced self-cleaning property gives rise 

to an emerging organic contaminant water purification technology. Pan’s group also reported 

a α-Fe2O3@rGO/polyacrylonitrile (PAN) nanofiber membrane for the treatment of dye 

polluting water [6]. Their photocatalytic experiments show that their membrane can 

effectively degrade a variety of organic dyes, among which the degradation rate of 20 

mg·mL-1 RhB is 69.2 % within 2 h. However, they didn’t report any membrane filtration 

results. Lv et al. [7] prepared a β-FeOOH nanorod doped PDA/polyethyleneimine (PEI) 

photocatalytic NF membrane with large water permeability and enhanced RhB removal 

performance, but their RhB removal rate (77.3%) was still unsatisfied. Therefore, my data 

support the idea that 1D intercalation is more efficient in improving water permeability of 

GO laminar structures. My photocatalytic g-C3N4/rGO composite NF membranes show a 

high RhB removal rate and excellent long-term stability.  
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Table 6.1. Comparison of the as-prepared membranes in this work with other reported 

membranes in terms of organic dyes removal rates. 

Membrane WP (LMH·bar-1) Dye Removal (%) Refs. 

APT/GO 

PA 6/GO (120) 

PA 6/GO (120)/TiO2 

PA 6/GO (120)/SiO2 

PA 6/GO (120)/Si3N4 

~9.9 

7.62 

13.77 

11.39 

14.82 

RhB 

MO 

MO 

MO 

MO 

80 

99.47 

99.36 

99.62 

99.28 

1 

2 

2 

2 

2 

CNT/rGO 

PDA/rGO/HNT 

UiO-66/rGO 

α-Fe2O3@rGO/PAN 

13 

9.95 

14.4 

N/A 

MO 

MB 

RhB 

RhB 

98.2 

99.7 

98.2 

69.2 

3 

4 

5 

6 

β-FeOOH/PDA-PEI ~9.97 RhB 77.3 7 

rGO 2.26 RhB 98.9 This work 

g-C3N4 NS/rGO (light) 3.49 RhB 98.7 This work 

g-C3N4 NT/rGO (light) 4.77 RhB 98.5 This work 

 

Abbreviations: WP, water permeability; LHM= L·m-2·h-1; MO, methyl orange; MB, 

methylene blue; APT, attapulgite; PA, polyamide. 

 

Chapters 4 and 5 are linked studies fabricating nanoporous GO membranes by ion beam 

modification. Beam line scientists and the leader of Accelerator Science at ANSTO have 

expressed great interest in my ion beam-modified GO membranes project and will support 
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future research activities using ion beam technologies to modify 2D materials and 2D 

material-based separation membranes. The research framework is summarised in Fig. 6.1. 

 

Figure 6.1. Schematic illustration of the project framework for ion beam modification of 2D 

material-based membranes. 

The first attempt at the project that deals with carbon ion beam irradiated GO membranes, 

provides a robust assessment of the creation of nanopores on thin GO membranes along with 

reduction of GO. Technical merits of nanoporous GO membranes have been predicted by 

many theoretical studies (Chapter 4). However, effective approaches for fabrication of such 

membranes have been reported only rarely. I proposed that ion beam irradiation might offer 

a wide choice of ion beam ion species and energies, which could be used to achieve on-

demand modification of thin GO membranes for the first time. This ground-breaking 

research makes a distinct and original contribution to our knowledge and understanding of 

the effect of ion beam irradiation on GO membranes. To address this knowledge gap and 

gain a preliminary understanding, I embarked on a journey of discovery by testing various 

types of GO substrate, ion source, ion energy and ion fluence.  

Very recently, several experiments have demonstrated that graphene or GO could be 

efficiently modified by diverse ion beams [8-15] and the irradiation of 2D materials may 

trigger three main effects including structural modification, defect engineering, and doping 

effects [16]. For example, O’Hern et al. [17] successfully introduced sub-nanometer defects 

into a single layer of graphene by an ion beam in a controllable manner, which demonstrated 

the great potential for development of nanoporous separation membranes. However, 

Malinsky et al. [18] found that there were no significant compositional changes in the bulk 

of GO film with thickness ~50 μm associated with ion beam irradiation. In addition, using 

250 keV chlorine ions at a fluence of 5 × 1013 ions·cm-2, Ammar et al. [19] believed that 
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their ion beam could only penetrate through approximately 200 nm of a graphite surface due 

to dissipation of the irradiating ion energy. These results may suggest that ion beams could 

create sub-nanometer pores on graphene but that the penetration depth of ions was limited 

to a shallow depth. To the best of my knowledge, there is still no report on ion beam 

irradiated thin GO laminar structures with thickness of a few hundreds of nanometers. 

Therefore, using a low energy carbon ion beam with fluences ranging from 1 × 1015 ions/cm2 

to 1 × 1017 ions·cm-2, my results revealed that surface morphologies and chemical states of 

150 nm-thick GO films could be efficiently tuned by adjusting the ion fluence. Raman 

spectral analyses and SRIM simulations experimentally and theoretically confirmed that 

considerable nano-scaled defects with mean defect distance of about 1.4 nm can be created 

in GO films through ion beam irradiation. The total vacancy concentrations - point defect 

concentration- ranges from 1.4 × 1020 - 1.4 × 1022 cm-3 using ion fluence of 1 × 1015 - 1 × 

1017 ions·cm-2. These findings support the idea that ion beam irradiated GO laminar 

structures are tight and porous which make them usable for membrane separation 

applications. 

The ion beam modification approach in Chapter 4 proved to be appropriate for the 

development of high performance nanoporous GO membranes because it can simultaneously 

reduce GO and drill nanoscale pores on GO surfaces in a controllable manner. Consequently, 

ion beam irradiated GO membranes were prepared to sieve mono- and di-valent ions using 

a diffusion cell (Chapter 5). Although nanoporous GO membranes can exhibit unique 

performance for water treatment, fabrication of GO with nano-sized pores still lacks 

investigation (Chapter 5). Unlike other existing methods [20], ion beam modification is a 

facile and rapid post-treatment for GO membranes. All of the ion beam irradiated GO 

membranes exhibited improved K+ selectivity with respect to other ions, when compared 

with the ion separation performance of the corresponding GO membranes without ion beam 

treatment. My results also confirmed that ion beam irradiation could be used to modify 

diamine cross-linked GO membranes. In this research, a fundamental understanding of ion 

beam-induced nanoporous GO membranes was established, and structure-property 

relationships of the ion beam irradiated GO membranes were revealed.  

There are very few reports available on research of ion beam modified membranes. Back in 

1995, Escoubes et al. [21] investigated the effect of ion beam modification on polyimide (PI) 

membranes and their gas separation (H2/CH4) performance. They believed that ion beam 
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modification was extremely significant in their study, because the permeability and 

selectivity of N+ irradiated membranes (irradiation energy of 170 keV and fluence of 2-5 × 

1015 ions·cm-2) were considerably enhanced. In addition, Chennamsetty and Escobar [22] 

studied the effect of ion beam modification on NF membranes. They post-modified 

polyamine (PA) and polysulfone (Psf) NF membranes using low energy H+ ions (fluence of 

1 × 1013 - 5 × 1014 ions·cm-2 at 25 keV). They found that ion beam irradiation resulted in 

rearrangement of atoms in the membrane, microstructural alterations of the surface layer, 

and a decrease in surface roughness. My findings support and augment their results as well. 

However, their ion beam irradiation led to an increase in water flux but keeping the same 

selectivity, which is the reverse of my results of improved selectivity and decreased 

permeability for GO membranes. This contrast can be understood by the difference in 

structure of the two membranes: the separation layer of PA and Psf membranes is porous 

polymeric matrix while the separation layer of GO membranes is a GO laminar nanostructure. 

Thus, tuning the laminar structure of 2D material-based membranes (including GO-based 

membranes) using ion beam post-treatment has been attempted previously yet remains a 

novel strategy for producing high performance 2D material membranes. 

6.2 Summary 

Membrane technologies are widely utilized for tackling the world-class challenge of 

purifying water, due to their high separation efficiency and relatively simplistic operation. 

However, traditional membrane materials suffer from a variety of problems, such as high 

production cost and huge energy consumption. 2D nanomaterials, especially GO-based 

materials, have opened new possibilities to construct membrane materials for water 

treatment with low cost and high performance. Key findings of this thesis are summarized 

below. 

In Chapter 2, a literature review was given on bioinspired membranes with special 

wettability for oily water treatment. Significant advances in the field of bioinspired 

manufacture have opened new possibilities to improve membrane materials and their 

performance in separation processes. 

In Chapter 3, photocatalytic GO-based membranes with self-cleaning characteristics were 

successfully prepared by reduction of GO and enlarging the interlayer spaces of their laminar 

structure. g-C3N4/rGO composite NF membranes were successfully fabricated by 
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intercalating 1D g-C3N4 NT or 2D g-C3N4 NS photocatalysts into rGO laminates. Different 

dimensional intercalation of g-C3N4 photocatalysts for rGO membranes was investigated for 

water transport and dye-contaminated water purification. I found that 1D intercalation 

exhibited more advantages over 2D intercalation for the nanocomposites. The rGO 

membrane with g-C3N4 NT exhibited higher water permeability than that with g- C3N4 NS. 

The NF and photodegradation of dye contaminants can be achieved in one integrated process 

for both composite membranes. Upon visible-light irradiation, the as-prepared g-C3N4/rGO 

membranes exhibited excellent RhB removal efficiencies in long-term operation. This study 

demonstrated that intercalating 1D nanoscale photocatalysts into rGO membranes offers a 

new strategy for developing efficient photocatalytic membrane materials. 

In Chapter 4, a new strategy of ion beam GO membrane modification was proposed for 

preparation of porous reduced GO membranes. I experimentally confirmed low energy C+ 

could efficiently tune the surface morphologies of GO thin films which was evidenced by 

the change of reduction degree in GO plane. I found C+ selectively removed the unstable 

functional groups (e.g. C=O species) which may increase structural stability of the GO films. 

Raman mapping analysis confirmed a mass of defects with mean defect distance of about 

1.4 nm were generated in the GO films after irradiation and a higher ion fluence resulted in 

more defects. SRIM simulation results suggested the total point defect concentrations were 

1.4 × 1020 cm-3, 1.4 × 1021 cm-3 and 1.4 × 1022 cm-3 for the GO films irradiated at ion fluence 

of 1 × 1015 ions·cm-2, 1 × 1016 ions·cm-2 and 1 × 1017 ions·cm-2, respectively. These findings 

confirm that ion beam irradiation may be an efficient tool for post-synthesis of ultrathin GO 

membranes with nano-scaled pores in a controllable manner in the applications of gas 

separation and ion sieving. 

In Chapter 5, I successfully applied ion beam irradiation for simultaneous in-situ reduction 

and defect engineering of GO membranes. The laminar structure of GO membranes could 

be controllably tuned for reduction of interlayer spaces and tailoring nanoscale pores, which 

was investigated in this thesis for the first time (to the best of my knowledge). The thickness 

of the GO layer and the ion fluence utilized have a significant influence on the resultant GO 

structure. Mono-/di-valent metal ion separation performance by these membranes depends 

on their structure. K+ selectivity (compared with other ions) improved with all GO 

membranes following ion beam irradiation. Moreover, ion beam irradiation could be 

extended to EDA-modified GO membranes. 
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Overall, this thesis shows that nanotechnology plays a growing role in membrane fabrication 

techniques, and 2D nanomaterial-based membranes have enriched the membrane family. 

Tuning laminar structures of GO-based membranes may bring further innovations in water 

treatment industries. However, the GO membranes prepared in this research have very small 

areas due to technical limitations in production. GO membranes are also required to exhibit 

high water permeability, prolonged high salt and dye rejection under harsh conditions as 

well. Therefore, to achieve real industrial practice, more efforts are needed to fabricate 

robust high-performance GO membranes with large membrane areas and excellent industrial 

manufacturability. 
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