
 

 

 
Copyright Undertaking 

 

This thesis is protected by copyright, with all rights reserved.  

By reading and using the thesis, the reader understands and agrees to the following terms: 

1. The reader will abide by the rules and legal ordinances governing copyright regarding the 
use of the thesis. 

2. The reader will use the thesis for the purpose of research or private study only and not for 
distribution or further reproduction or any other purpose. 

3. The reader agrees to indemnify and hold the University harmless from and against any loss, 
damage, cost, liability or expenses arising from copyright infringement or unauthorized 
usage. 

 

 

IMPORTANT 

If you have reasons to believe that any materials in this thesis are deemed not suitable to be 
distributed in this form, or a copyright owner having difficulty with the material being included in 
our database, please contact lbsys@polyu.edu.hk providing details.  The Library will look into 
your claim and consider taking remedial action upon receipt of the written requests. 

 

 

 

 

 

Pao Yue-kong Library, The Hong Kong Polytechnic University, Hung Hom, Kowloon, Hong Kong 

http://www.lib.polyu.edu.hk 



GRAPHENE-SUPPORTED 

ULTRATHIN TWO-

DIMENSIONAL  

MATERIALS AND THEIR 

APPLICATIONS 

NG Sze Wing 

PhD 

The Hong Kong Polytechnic University 

2019



 

The Hong Kong Polytechnic University 

Institute of Textiles and Clothing 

 

 

GRAPHENE-SUPPORTED 

ULTRATHIN TWO-DIMENSIONAL  

MATERIALS AND THEIR 

APPLICATIONS 
 

 

 

 

NG Sze Wing 

A Thesis Submitted in Partial Fulfillment of the 

Requirements for the Degree of Doctor of Philosophy 

 

June 2018 

  



Certificate of Originality 

I hereby declare that this thesis is my own work and that, to 

the best of my knowledge and belief, it reproduces no material 

previously published or written, nor material that has been 

accepted for the award of any other degree or diploma, except 

where due acknowledgement has been made in the text. 

____________________________ (Signed) 

Sze-Wing NG 

June 2018 



 

 

 

 

To my parents and friends for their endless support. 

 

 



I 

 

ABSTRACT 

The flexible and wearable technology has attracted tremendous attention from research 

field and commercial market in recent years. To ensure the users comfort, wearable 

devices are preferable to be lightweight and thin, and they are more likely to be built or 

attached to relatively soft and rough substrates, such as polymeric films, textiles and 

papers. Unfortunately, most of these flexible materials would deform under high 

temperature, be contaminated or damaged during chemical treatments. Therefore, two-

dimensional (2D) transferrable and functional materials are important for building up 

the wearable electronics nowadays. Starting from 2004, there has been a number of 

reports on transferring mono-to-few layers graphene films on different electronic 

devices as flexible electrodes. Also, functional graphene surface with specific 

biological and chemical reactivity have been tailor-made via various modifications.  

 

This thesis focuses on describing several approaches to fabricate polymer-free 

transferable, ultrathin and flexible graphene-supported 2D materials. The statement of 

challenges and objectives of this research is presented in the beginning, followed by a 

comprehensive literature review on graphene properties and preparation methods, and 

the modifications that have been done on graphene as well as their applications. For the 

content about the experiments in this research project, Chapter 4 introduces the grafting 

of polymer brushes on graphene surface via non-covalent interaction and their 

application on surface wettability control and biomolecules immobilization. Chapter 5 

states the graphene-assisted gold (Au) film transfer and detail characterization of the 

graphene-mediated grown gold layers. Chapter 6 describes the patterning and transfer 

processes of the Au@graphene (Au@G) films with their application on photovoltaic 

devices. Chapter 7 discusses the fabrication and transfer of graphene-supported metal 

oxide layer, and the micro-supercapacitor supported by the metal oxide@graphene 

bilayer. Finally, Chapter 8 provides conclusions and future outlooks. 

 

Firstly, by adopting a pyrene-group bearing initiator which interacts with graphene 

basal plane non-covalently through π-π interaction, four kinds of polymer brushes with 
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distinct functionalities were grafted on the chemical vapor deposited (CVD) graphene 

via self-initiated atomic transfer radical polymerization (SI-ATRP). Copolymer 

designed with desired functional group with pyrene group as termini was also 

synthesized and successfully anchored on graphene surface. These fabricated 

polymer@graphene 2D objects are transparent, flexible, transferrable on various 

substrates with good stability, and are patternable into different structures. 

 

Secondly, ultrathin Au films with various thicknesses were thermally deposited on CVD 

graphene. The ultrathin Au@G films are transferable without protection and achieve 

relatively high smoothness and mechanical stability when compared with pure Au films. 

An unexpected hcp phase Au structure was also discovered from the graphene-mediated 

grown Au layer. These extraordinary behaviors of graphene-supported Au films were 

discussed with density functional theory (DFT) stimulation results. Moreover, Au@G 

meshes were fabricated in aids with photolithography. As the Au@G meshes could be 

patterned with high optical transmittance and possessed high flexibility, they were 

integrated in organic solar cells as the top electrode. 

 

Moreover, the growth and wet-transfer of metal oxide layers with graphene support 

were demonstrated. This is the first report on transferable silicon dioxide (SiO2) layer 

fabricated through plasma-enhanced chemical vapor deposition (PECVD) on CVD 

graphene. The resulted SiO2@graphene films were found to be highly transparent, thus 

making it an ideal ultra-thin insulating building block for transferable, transparent thin-

film electronics. A planar micro-supercapacitor was built on these SiO2/graphene 

bilayers and was transferred on various substrates with good stability and flexibility. 

 

In conclusion, ultrathin graphene-supported functional organic layers, graphene-

supported metal and metal oxide layers were fabricated. Given that these three kinds of 

graphene-supported ultrathin materials all have their own distinctive properties and 

functions, the work presented here is expected to have significant impact on physical, 

chemical, material, biological and engineering fields.      
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to 500 mV s-1, and b) 1 V s-1 to 20 V s-1. c) GCD curves of the supercapacitor device 

with different current densities (0.02 mA cm-2 to 0.2mA cm-2). d) Nyquist plot of the 

micro-supercapacitor. f) Cycling performance of the device during 8000 cycles at a scan 

rate of 0.02 mA cm-2. 

 

Figure 7.5 CV curves of the finer micro-supercapacitor at different scan rates a) 10 mV 

s-1 to 500 mV s-1, and b) 1 V s-1 to 50 V s-1. c) GCD curves of the supercapacitor device 

with different current densities (0.08 mA cm-2 to 0.4mA cm-2). d) Nyquist plot of the 

micro-supercapacitor.  

 

Figure 7.6 Digital images of µSCs transferred onto a) PI tape, b) cotton fabric and c) 

A4 paper. d) SEM image of µSC transferred onto PI tape. e) Digital image of the bent 

µSC on PI tape and f) CV curves of the µSC on PI tape at flat and bending state.   
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CHAPTER 1 INTRODUCTION 

 

1.1 Background and challenges 

The emerging interest of flexible and wearable technology has dominated the research 

field and commercial market in past decades. Numerous attempts have been made for 

fabricating flexible electronics such as sensors, display devices and portable energy 

storage devices. Instead of the currently adopted rigid building blocks such as glass or 

other silicon-based substrates, soft materials like very thin plastic films, textiles or even 

papers are required as supporting materials for the next generation electronics. 

Unfortunately, there were large obstacles on the fabrication process while adopting 

these flexible materials as device building block – they would lose their flexibly due to 

deformation under high temperature, which is always involved in physical vacuum 

deposition process of metal electrodes; or damaged by acidic environment or solvents 

during the solution-process functionalization. In this situation, mechanical transfer of 

functional layers or whole devices is the only solution for building the electronics on 

flexible but fragile materials. However, conventional transfer printing technology 

always required flat and rigid substrates as the transferred components were pressed 

onto them via external force, or specific chemical interactions. Hence, it is highly 

essential to fabricate transferrable, functional two-dimensional (2D) materials and 

develop a transfer technology to integrate the thin-film components onto arbitrary 

flexible substrates.  

 

Among the state of art technology, mono-to-few layer graphene film is one of the most 

promising flexible and ultrathin two-dimensional (2D) materials. Ever since the first 

electrical measurement of monolayer graphene was published in 20041, graphene has 

been a rapid rising star in the field. The graphene layer is now well known for its one-

atomic-thick structure composed with sp2 carbon atoms hexagonally arranged into a 

honeycomb lattice. More importantly, it was found to possess a series of fascinating 

behaviors in different aspect, including its extraordinary high mechanical strength, 

flexibility, optical transparency, and electrical and thermal conductivity2-5. Under the 
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protection of a spin-coated polymeric layer or few-ten-nanometer metal layer, a 

complete graphene film could be transferred onto various substrates and electronic 

devices as electrodes.6-9  

 

However, the chemical inertness of graphene lamentably leads to an obstacle for 

incorporating graphene films into devices or matrices in sensing and actuating areas, 

which requires biochemical sensitivities and reactivity. There is no functional group on 

pure graphene surface; surface modifications are therefore necessary for introducing 

specific functional groups on the graphene basal plane. Scientists have investigated 

numerous surface modifications on graphene; and modified-graphene layer with 

specific biological and chemical reactivity has been tailor-made via grafting different 

small molecules and polymers on the graphene surface10-14. However, plenty of the 

modifying strategies depend on the covalent bond formation in between the foreign 

molecules and graphene film, which would damage the conjugation of the basal plane 

and sacrifice the electronic merits of graphene. For this reason, a versatile modifying 

strategy, which allows the grafting of a wide range of functional groups onto the 

graphene films via non-covalent modification, is largely demanded. To avoid any 

further protection coated on top of the functional layer which will lead to further 

cleansing process, the grafted organic layer should also be dense enough to protect the 

supporting graphene film. 

 

From an electronics point of view, pristine graphene film was not applicable to all kinds 

of electronic devices as, for example, the zero-bandgap structure always avoids 

applying graphene as logic circuits components such as transistor. 15-17. The relatively 

low conductivity of graphene also limited the performance of devices that were 

fabricated with pristine graphene as electrode, when compared with other flexible 

conductive materials such as the conductive polymer and metal nanowire networks18-

20. In this situation, instead of pristine graphene film, transferable and highly conductive 

graphene-supported 2D materials are preferable as the electrodes for high-performance 

electronic devices. In addition to transferable functional and conductive thin films, 
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transferable graphene-supported devices are the goal for integrating the electronics on 

the daily-wear materials.  

 

 

1.2 Research objectives 

This study focuses on the fabrication of transferrable and highly flexible graphene-

supported ultrathin 2D materials via non-covalent approaches. In detail, the objectives 

are listed as follows: 

 

1. To fabricate graphene-supported ultrathin functional polymer films via non-

covalent interaction between graphene basal plane and pyrene-group bearing 

initiator for polymerization. 

2. To fabricate graphene-supported metal thin film and metal mesh via physical 

deposition. 

3. To characterize the graphene-supported metal in detail after transfer process and do 

comparisons between pure metal film and the graphene-mediated grown metal layer. 

4. To fabricate a graphene-based transparent building block for transferrable devices 

by depositing ultra-thin, dense and flat protective layer on graphene.  

 

 

1.3 Research originality  

In this research project, all the fabricated ultrathin 2D materials were grown on and 

supported by mono-to-few layer graphene films. The main originality associated with 

the studies is the graphene-assisted transfer technology, which opened the avenue of 

attaching quasi, flexible and ultrathin 2D materials on arbitrary substrates, including 

the functional organic layers, metal and metal oxide layers, as well as ultrathin 

electronic devices. 

 

At first, investigations have been performed on the graphene-supported functional 

organic films, which introduced the chemistry and methodology for grafting polymer 



4 

 

brushes on graphene sheets via non-covalent interaction. This approach enabled a 

robust route for fabricating ultrathin, transferable functional 2D organic materials when 

compared with the conventional methods. As various kinds of polymer brushes with 

different functional groups possess unique properties, the graphene supported organic 

layer could be tailor made for specific reactivity-required applications.  

 

Furthermore, via the simple thermal deposition of Au layer on CVD graphene film, it 

came to the first discovery that the Au layer with hcp phase could be achieved by 

graphene-mediated growth; such Au layers supported by graphene films could be 

patterned and transferred onto various target substrates without any protection on top. 

Good flexibility with satisfactory conductivity makes them very suitable for being 

applied as electrodes for flexible electronics. 

 

This study also contributes to the first discovery of wet-transferable ultrathin silicon 

dioxide/graphene bilayer (< 25 nm), as well as the first wet-transfer of micro-

supercapacitor (< 150 nm) adopting the bilayer as basal material. The silicon 

dioxide/graphene bilayer obtains a high transmittance of visible light region and 

attaches well on various substrates such as papers, textiles and polymeric films. As a 

result, it is a promising building block for semitransparent or transparent electronics.   

 

 

1.4 Outline of the thesis 

Chapter 1 introduces the importance of transfer technology for thin-film materials, the 

background of graphene, and current challenges of applying graphene in various 

aspects. The research objectives and the original contributions of the study are also 

stated. 

 

Chapter 2 gives a brief introduction to the properties and fabrication process of 

graphene and its derivatives, and the surface modifications, including the covalent and 
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non-covalent ones, which have been done on the graphene-based materials based on 

different objectives. 

 

Chapter 3 elaborates the methodology of this research project, including the materials, 

general wet-transfer process of graphene-supported 2D materials, and adopted 

characterization techniques. 

 

Chapter 4 includes the chemistry and results of polymer brushes grafted on the top side 

of CVD graphene film via non-covalent π-π interaction, as well as the application of 

polymer brushes grafted graphene film on surface wettability control and biomolecules 

immobilization. 

 

Chapter 5 discusses the graphene-assisted Au layers transfer. The morphology, 

mechanical stability and crystallographic structure of the thermal-deposited Au layer 

on CVD graphene were studied. In addition, the mechanism of the unique graphene-

mediated Au growth was elaborated through stimulation results. 

 

Chapter 6 reports the fabrication of patterned Au@graphene films via photolithography; 

their application as flexible and transferable electrode for optoelectronic was 

demonstrated. 

 

Chapter 7 demonstrates the first wet-transfer of silicon dioxide (SiO2) layer on arbitrary 

substrates via mono-to-few-layer graphene support, and the fabrication and transfer of 

an ultrathin micro-supercapacitor supported by such SiO2@graphene bilayer. 

 

Lastly, Chapter 8 concludes the whole research project, with some future outlooks 

suggested. 
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CHAPTER 2 LITERATURE REVIEW 

 

2.1 Introduction to graphene 

In 2004, Geim and Novoselov et al. reported the intentional empirical discovery of 

isolated monolayer graphene through mechanical exfoliation of graphite2. Such pristine 

graphene sheet, which is a one-atomic-thick honeycomb structure composed with sp2 

carbon atoms, was found to possess ultra-high mechanical flexibility and durability 

(Young’s modulus: ~1 TPa; intrinsic tensile strength: 130 GPa)21, superb optical 

transparency (~97% transmittance to visible and infra-red light)22 and thermal 

conductivity (~ 5000 mK-1)23, and a high stability in air and moisture below 300 ℃. 

Monolayer graphene also obtains a zero-bandgap, where there is a tiny overlap between 

its valence and conduction bands.2,5 In addition, graphene also has a pronounced 

ambipolar electric field effect, which allows the continuous tuning of charge carriers 

between electrons and holes in concentrations as high as 1013 cm–2, which resulted in 

an extremely high charge carrier mobility of graphene (~100,000 cm2V-1s-1), as well as 

its quantum hall effect under ambient conditions. Furthermore, all of these electronic 

properties of graphene were proved as quality-dependent on the graphene film, the 

atmospheric condition is therefore not a factor influencing graphene properties24-26.  

 

Because of all these fascinating and unique properties of graphene, intensive 

investigation about the fabrication of graphene were conducted. Moreover, due to the 

zero-band-gap as well as the biological and chemical-inertness of graphene, 

modification techniques of graphene with adequate atoms and functional groups were 

also widely studied. 

 

In order to produce graphene sheets with high efficiency, chemically derived graphene 

from graphite oxide (GO) by chemical oxidation of graphite is regarded as an important 

method. After Ruoff’s group first demonstration on producing single-layer graphene 

through solution-based process in 200627, oxidative treatments on graphite that based 

on the three principle methods by Brodie, Hummers and Staudenmeier28, have become 
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the most routine approach for GO production. All of these methods achieve the 

oxidation of graphite to various levels by adopting strong acids and oxidants, and the 

Hummers method has been regarded as the most common and widespread route, which 

the oxidation of graphite is driven by an anhydrous mixture of sulfuric acid, sodium 

nitrate and potassium permanganate. Different from pristine graphene film, there are 

abundant oxygenated, hydroxyl and epoxide functional groups on the basal planes of 

GO sheets; while carbonyl and carboxyl groups located at the edges. As the presence 

of these functional groups makes the GO sheets strongly hydrophilic, allowing them to 

readily swell and disperse in water. On the other hand, the oxygen groups on GO could 

be removed via the aqueous reduction process, giving reduced GO (rGO) sheets as the 

product11,12.  

 

In contrast, non-chemical exfoliation is regarded as the main routes to achieve graphene 

without the oxidation process. Liquid-phase exfoliation of graphite is based on 

exposing the materials to a solvent with a surface tension that favors an increase in the 

total area of graphite crystallites29. Generally, there are two methods for the liquid phase 

exfoliation of graphite into graphene: using high surface tension solvents or using 

aqueous solutions with surfactant or polymers in water as stabilizers30. Through the 

sonication of graphite in these solutions, graphite splits into individual platelets and 

yields a significant fraction of monolayer graphene flakes in the suspension31,32. 

 

Importantly, large area and uniform graphene films can be readily synthesized via 

scalable methods including chemical vapor deposition (CVD)33-35, plasma-enhanced 

chemical vapor deposition (PECVD)36,37 and graphitization of carbon-containing 

substrate. Up to date, the most typical and readily accessible approach for producing 

high quality graphene is the CVD approach, which generally involves the 

decomposition of gaseous carbon source such as methane38, hexane, toluene39,40 and 

ethanol41 over a transition or polycrystalline metal substrate typically held at high 

temperature around 1000°C42-44. The single to few-layer CVD graphene films are 

commonly grown on polycrystalline metals such as Ni45 and Cu foils8,46, and CVD of 
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graphene on transition metal substrates such as Pt47, Ru48,49, Ir39,50 had also been 

explored. Large area CVD graphene sheets grown up to 30 inches which exhibited a 

low sheet resistance ~125 Ω/sq, high optical transmittance (~97.4%) and mobilities up 

to 7350 cm2 V-1 s-1 at low temperature were reported in the literatures51. energy-related 

materials52. Moreover, to enable the CVD-graphene fabrication at a lower temperature, 

the PECVD was introduced to the field in 201036. As reported by Wang et al., assisted 

by the remote-discharged radio-frequency plasma beam source (13.5 MHz), the 

deposition of monolayer graphene could be done on Cu foil in less than 5 minutes at a 

relatively low temperature (~650 ℃) when compared to the traditional thermal CVD 

process. In contrast, wafer-size single-to-few layer graphene films were also achieved 

on carbon containing substrate like silicon carbide (SiC) (0001). Such graphene films 

were fabricated via the sublimation of silicon atoms and graphitization of remaining 

carbon atoms by annealing at a higher temperature (1000-1600°C) when compared to 

the two methods mentioned above53.  

 

For the applications of these large-area, flexible, conductive and transparent graphene 

films, the reliable methods of isolating and transferring them onto arbitrary substrates 

remains a critical step. The most commonly used methods included the wet transfer 

process, where a polymeric protection layer was spin-coated on top of graphene, 

followed by etching of growth substrate underneath9,54,55, this allows the transfer of 

CVD graphene film onto three different classes of substrates: substrates covered with 

shallow depressions, perforated substrates, and flat substrates9. Dry transfer is another 

method which is similar to the wet process, but an additional soft polydimethylsiloxane 

(PDMS) stamp was attached to the protective layer on top of graphene (Figure 2.1). 

Moreover, to ease the transfer process to be carried out in an industrial scale, the face-

to-face transfer method was developed recently56.  
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Figure 2.1 Schematic diagram of transfer processes for CVD graphene film. a) Dry 

transfer of the graphene layer onto shallow depressions. b) Wet transfer of graphene 

film onto perforated substrates and c) flat substrates. The boxes in dashed lines show 

magnified views of (a3) and (a4) 57. 

 

Since graphene and its derivatives could be produced from the laboratory scale to large 

scale nowadays, together with the unique and festinating properties of graphene films, 

scientists have been doing several modifications on graphene for widening their 

application in various aspects in the recent 14 years. While the single-to-few-layer 

graphene possess most of the ideal theoretical properties and could be produced in large 

area at the same time, it has been adopted as building blocks for plenty nano-, micro- 

and macro-scale 2D materials through selective surface modifications. These 

modification strategies have significantly expanded the potential of graphene and its 

derivatives to a wide range of applications including energy storage58-63, field effect 

transistors15,17,64 photovoltaic devices65-70, catalysis71,72, sensors and actuators16,46,73-75. 

 

In the following parts of this chapter, various interests, strategies and respective impacts 

of surface modifications on graphene, as well as the application of various 2D 

graphene-based functional materials would be discussed.   
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2.2 Theoretical understanding of atomic-scale modification on graphene 

The earliest interest in graphene modification was based on opening and tuning 

bandgap of graphene. Starting from ten years ago, a series of computations based on 

atomic-scale surface grafting on graphene, such as surface hydrogenation and 

halogenation were conducted. Zhou et al. reported the first simulation on grafting 

hydrogen atoms on graphene basal plane in 2009 via the DFT calculation76. With both 

sides of the graphene grafted with hydrogen atoms, ‘graphane’ film will be achieved. 

On the other hand, ‘graphone’ film would be resulted if all hydrogen atoms on same 

side of ‘graphane’ were removed. And surprisingly, graphone was proved as a 

ferromagnetic semiconductor that obtains a small indirect gap (0.46 eV), while both 

graphane and graphene are nonmagnetic. The major reason for such ferromagnetism of 

graphone is the half-hydrogenation broke the delocalized π-bonding network of 

graphene, that the electrons in the unhydrogenated carbon atoms were localized and 

unpaired. Based on the calculation, the magnetic moments at these sites couple 

ferromagnetically under an estimated Curie temperature between 278 - 417 K, hence 

making graphone an infinite magnetic sheet with structural integrity and magnetic 

homogeneity.  

 

Later, Xiang et al. further studied the graphone by combining the results achieved via 

cluster expansion method with the DFT calculation77. They found that the hydrogen 

atoms grafted on graphene films tend to form a one-dimensional (1D) chains. This lead 

to a competition between elastic strain energy and electronic kinetic energy along the 

graphene film, and ripples would be formed between the sp2 carbon atoms. Interestingly, 

such large strain was further proved to avoid the phase separation between the sp3 

carbon and sp2 carbon basal plane. Therefore, single-sided covalent functionalization 

might be a preferable way to tune the electronic properties of graphene while preserving 

its lattice structure.  

 

Instead of a homogenous plane grafted with hydrogen atoms, Haberer et al. 

demonstrated the first single-side, partial hydrogenation on graphene. Via hydrogen 
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plasma treatment on CVD graphene transferred on gold substrates, a ‘C4H’ 

configuration was achieved 78.  The resulted product obtained a wide band gap (3.5 

eV), thus expected as a functional layer for optoelectronics working in the UV light 

range. As an extension of this work, Li et al. further stimulated a series of 1D C4H 

structure via DFT calculations, for example, the C4H nanotubes and C4H nanoribbons79. 

According to their results, we know that a symmetric, double-side hydrogenated 

graphene layer was impossible to be achieved, as the alternative double-side graphene-

embedded structure is more energetically preferred.  

 

Other than grafting hydrogen atoms on graphene films, the grafting of halogen atoms 

have also been widely investigated80,81. Singh et al. predicted a range of 

hydrofluorinated graphene (HFG) structures in 201182. According to their calculation, 

the most stable HFG structure is the chair conformer one, where the graphene film was 

one-side grafted with H atoms while the other side bonded with F atoms. Together with 

the other structure that each side of graphene is heterogeneously bonded with H and F 

atoms, the HFG was expected to obtain the bandgaps with size ranging from 3.34 - 5.25 

eV. Based on this work, Li et al. also pointed out that there should be a strong interfacial 

interaction among the HFG layers due to the abundant hydrogen bondings in between 

them (C-H···F-C). Beyond their expectation, these interactions would lead to the 

stacking of the semiconducting HGF layers and resulted in a metallic bilayer83. 

 

Afterwards, in 2012, Yang et al. reported a stable charge-transfer complex yielded from 

the adsorption of photogenerated chlorine atoms on single side of graphene via DFT 

calculation. This one-side halogenation lead to a p-type doping of graphene while the 

sp2 hybridized carbon skeleton was remained.81 Such charge-transfer complex might 

not stable in the early stage, and they would undergo further alternative transformations: 

either covalently bonding of adsorbed chlorine atoms to the para-site carbons, or 

combination of two adjacent chlorine atoms would occur. By taking all the possible 

situation in account, the band structures of various chlorinated graphene structures were 

calculated, and the bandgap of these chlorinated graphene complex was ranging from 
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0 to 1.3 eV. To extend their work, instead of graphene modification with a single species, 

asymmetric modification of graphene with two kinds of atoms were also reported by 

the group in 2013 as shown in Figure 2.2 a84.  

 

 

Figure 2.2 a) Schematic diagrams of (i) symmetric and (ii) asymmetric modified-

graphene films. (iii-xi) Band structures for various symmetric and asymmetric 

modified-graphene films, showing with their band gaps values.84 b) Theoretically 

favorable asymmetrically-modified graphene: (i) single-side hydrogenated graphene 

(graphone) and single-side halogenated graphene, (ii) hydro-halogenated graphene, (iii) 

graphene film modified with different halogen atoms on opposite sides, and (iv) hydro-

halogenated graphene combined with dopants. 

 

A series of Janus structures, which refers to asymmetrically modified films, were 

fabricated through grafting various combinations of halogen (F, Cl or Br) and hydrogen 

atoms on the two sides of graphene sheets. According to their results, when the two 
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different elements on the opposing sides are further apart from each other in the periodic 

table, the modified graphene would achieve a larger bandgap84.  

 

On the other hand, in addition to the H and halogen atoms, Ong et al. further stimulated 

the configurations of graphene doped with Li or K atoms (Figure 2.2 b), and discovered 

the piezoelectric properties possessed by these modified-graphene85. Also, in another 

report released later from this group further suggested that, if the monolayer graphene 

grafted with two various kinds of dopants on its opposite side, they would possess 

strong piezoelectricities which were comparable to those of existing bulk piezoelectric 

materials (e.g. wurtzite BN and GaN) 86. If such nanoscale piezoelectric materials with 

outstanding flexibility could be realized, they would play a key role in the development 

of energy conversion device and flexible electronics87. 

 

 

2.3 Hydrogenation and halogenation on graphene  

After a number of calculations and theoretical predictions of modified graphene were 

conducted, different experimental researched have been done on graphene and its 

derivatives. For realizing the halogenated graphene, graphene samples were preferable 

to be placed under mild atmosphere filled with halogen atoms instead of common 

plasma practice, as the one-atom thick graphene layer could be damaged by ion 

bombardment. In 2010, via exposing a gold substrate supported graphene under a XeF2 

atmosphere, a fluorinated graphene structure was achieved by Nair et.al. 88. Through 

the decomposition of XeF2, the graphene was exposed to atomic F and bonded with the 

F atoms.  

 

Not until 2011, the synthesis of single-side chlorinated graphene was reported by Wu 

et al. 89. In this work, three kinds of graphene films were adopted: the mechanically 

exfoliated graphene, CVD graphene, and graphene nanoribbons. All the graphene 

samples were first transferred on a SiO2/Si substrate followed by exposing to Cl2 plasma. 

Importantly, if the exposure time of graphene under the plasma is short enough, which 
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is less than one minute, the graphene layers were successfully p-doped without any 

structure destruction. Moreover, it was proved that the conductance of such Cl-

functionalized graphene was higher than the original graphene sheets. For more detailed 

studies on the halogenation based on this short-time plasma approach, the group also 

demonstrated the production of H- and F- functionalized graphene under the F2 or H2 

plasma treatments respectively. 

 

Zhang et al. then reported the asymmetrically modified graphene films via 

photohalogenation90. In their experiment, mechanically exfoliated graphene and CVD 

graphene films were transferred on Si/SiO2 wafer and were exposed to an atmosphere 

filled with Cl2/N2 gas mixture. In aids with a xenon lamp (0.9 W/cm2), the chlorine 

molecules split into highly reactive chlorine radicals, which consequently grafted on 

the basal plane of graphene through the free radical addition reaction (Figure 2.3 a-d). 

Furthermore, by spin-coating a poly (methyl methacrylate) (PMMA) layer on top for 

the chlorinated side of graphene, the whole film could be peeled off from the substrate, 

which allowed the bottom pure carbon side to be further modified. The Janus 

functionalized graphene films fabricated by this approach were found to exhibit 

different wettability on the different sides as shown in figure 2.3 e.  

 

Instead of the predictions which were done on monolayer graphene as mentioned above, 

Yuan et al. set up a calculation on H and F grafted graphene on a bilayer graphene. 

Interesting, by grafting H and F atoms on opposite sides of the bilayer, a special 

configuration with repeating unit denoted as H–C2 and F–C2 was achieved, which is 

similar to a diamondol structure (a 2D hydroxylated diamond layer, formed by 

compressing two monolayer graphene monolayers with topmost layer covered with 

hydroxyl groups) 91,92. Interestingly, according to their calculations, the number of sp3–

hybridize C atoms were different between the two graphene layers. The first graphene 

layer would be fully sp3–hybridize while only half of the carbon atoms in the second 

layer is sp3–hybridized. And due to the presence of those non-hybridized states, the 

modified bilayer graphene achieved the extraordinary ferromagnetic properties. 
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Figure 2.3 Synthesis of asymmetrically modified (Janus) graphene films. a) Schematic 

diagram of the bifacially nonsymmetrical functionalization on CVD graphene via 

PMMA-assisted transfer process. b) Wettability of the nonsymmetrical modified 

graphene surface through different fabrication procedures: (i) single-sided 

photochlorination on graphene film; (ii) exposure of unmodified side; (iii) single-sided 

phenylation; (iv) asymmetrically modified graphene. The insets images include to the 

schematic diagrams of the asymmetric film surfaces with corresponding wettability test 

images. c) Intensity map showing D band for Janus graphene. The white dotted 

indicated the boundary of the graphene flake. d) D-band mapping for a Janus graphene 

film with functional groups patterned with designed pattern, as illustrated on the left. 

(Scale bars = 5µm).90 e) Schematic diagram showing the general fabrication routes and 

of asymmetrically modified graphene film. 
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2.4 Surface modification on graphene with small molecules 

2.4.1 Covalent modification with small molecules 

So far, most of the covalent modifications have been done on graphene with small 

molecules, were achieved with diazonium salts. The reaction is initialized by the 

spontaneous transfer of electrons from the graphene layer and its substrate to the 

diazonium salts. To these days, the diazonium salts have already been widely applied 

on grafting acryl groups onto the surface of sp2-hybridized carbon materials, such as 

glassy carbon93, HOPG94, and CNT 95,96.  

 

In 2008, Bekyarova et al. prepared a 4-nitrophenyl diazonium (NPD) tetrafluoroborate 

modified graphene layer which was epitaxially grown on SiC substrate (Figure 2.4 a)10. 

The aryl groups of the NPD tetrafluoroborate attached the conjugated carbon atoms and 

changed the graphene samples from near-metallic to semiconducting. Obviously, the 

changes on electronic properties of graphene is due to the covalent bonding between 

carbon atoms of graphene film with the foreign species, which finally lead to the 

conversion of carbon centers from sp2 to sp3, as well as a saturation of conjugated 

electronic structure. Therefore, the changes in graphene conductivity should be 

indirectly proportional to the degree of such modification. As pointed out by Sinitskii 

et al., the conductivity of a monolayer graphene nanoribbon (GNR) decreased with the 

prolonged diazonium treatment with 4-nitrobenzene diazonium tetrafluoroborate, 

which covalently bonded to the carbon atoms on GNR through the 4-nitrophenyl 

groups97. Nonetheless, the changes on electronic properties of graphene caused by the 

diazonium salt modification also depends on the functional group in the para position 

to the phenyl group, as well as the doping effect they would bring to the graphene layer. 

As reported by Farmer et al. that, no conductance changes had been recorded for their 

graphene device at the neutrality point after the graphene film was modified with a 4-

bromobenzene diazonium salt98.  

 

In 2014, Bissett et al. further modified the opposite sides of the monolayer and bilayer 

CVD graphene films with diazonium salts which possessed different aryl groups 
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(Figure 2.4 b) 99. As the first step of their experiments, graphene films transferred on 

SiO2 substrates were immerses into an electron donating (n-type) dopant 4-

methoxybenzenediazonium tetrafluoroborate (MBD) solution, that the MBDs were 

grafted on top of graphene surface covalently. Subsequently, the reacted side was 

protected by PDMS, and the unreacted side was exposed and bonded with the 4-

nitrobenzenediazonium tetrafluoroborate (NBD), which is an electron withdrawing (p-

type) species.  

 

 

Figure 2.4 Schematic illustration showing covalent surface modifications of graphene 

with diazonium salts. a) (Top) Spontaneous grafting of aryl groups to graphene basal 

plane via reduction of 4-nitrophenyl diazonium (NPD) tetrafluoroborate. (Bottom) 

FTIR spectrum of NP-functionalized graphene.10 b) Single-side and two-side aryl 

diazonium functionalization on monolayer and bilayer graphene film.99 
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Interestingly, after the non-symmetrical modification on graphene opposite sides with 

n-type and p-type dopants respectively, the net doping of the modified graphene was 

found to be p-type. In another word, there were more NBDs covalently bonded to the 

graphene surface. As the grafting of NBDs was the second modification step on such 

Janus graphene film, the increase in graphene reactivity determined that the reactivity 

of the bare graphene surface could be altered by the modified side at its back. Moreover, 

the as-fabricated Janus graphene films showed a significantly higher doping level when 

compared with the single-side and symmetrically functionalized graphene; the 

asymmetric functionalization hence allowing an electronic structure control of both 

monolayer and bilayer graphene in a larger range.  

 

2.4.2 Non-covalent modification with small molecules 

Different from covalent functionalization, non-covalent modification of graphene is an 

approach of functionalization the graphene surface while leaving its natural sp2 carbon 

conjugated structure unaffected. In general, non-covalent modifications on graphene 

mainly depend on the Van der Waals force100-102, electrostatic interaction12,103,104, 

hydrogen bonding105,106, coordination bonds107,108 and π–π stacking interactions13,109-112. 

As there are extended π-conjunction on the graphene surface, graphene modification 

with small molecules possess relatively large non-polar aromatic rings through π–π 

interaction is versatile and promising, and such modification could be easily achieved 

over a large-area graphene surface in a uniform way. Up to these days, π-orbital-rich 

groups which have been adopted on graphene sheets modification via π-π stacking 

interaction include the followings: pyrene 109,112,113 and π-orbital rich aromatic 

molecules such as benzopyrene114, 1-pyrenebutyrate115, and dopamine116. 

 

As a typical example, a band structure tuning method for graphene layer was achieved 

in a non-covalent way as reported by Coletti et al. in 2010117. By functionalizing the 

graphene layer epitaxially grown on SiC (0001) with 

tetrafluorotetracyanoquinodimethane (F4-TCNQ) molecules, the bandgap of graphene 

could be tailored. As the cyano groups of the F4-TCNQ molecules tend to remove 
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electrons from the graphene layer, a charge-transfer complex was formed between 

graphene and the F4-TCNQ molecular overlayer, as well as leading to the charge 

neutrality for monolayer graphene.  

 

 

2.5 Surface grafting with functional polymers 

To date, as the polymers could be synthesized with various chemical structures and 

high-density functional groups, there have been plenty modifications on graphene 

achieved with polymers. Such modifying process could be categorized into two main 

approaches: The ‘grafting-from’ and ‘grafting-to’ method. The ‘grafting-from’ method 

refers to the polymerizations which take graphene as the initiation site; while the 

‘grafting-to’ approach refers to the modification achieved via coupling between 

graphene and polymers through chemical reaction.11 

 

2.5.1 Covalent grafting of polymers 

As there are abundant oxygen-containing groups present on graphene oxide sheets, 

researchers have demonstrated enormous covalent grafting of polymers on the GO-

based 2D materials via in-situ polymerization reactions.  

In particular, self-initiated photo-grafting and photo-polymerization (SIPGP) is the 

most commonly adopted polymerization method, in which styrene, maleic anhydride, 

and several acrylate-type monomers118,119. As these activated monomers could be 

excited by free radicals under UV radiation, they are able to abstrac hydrogen radicals 

from hydroxyl and epoxy groups on GO sheets, thus creating radical sites and initiate 

polymerization reactions 120. For example, Steenackers et al. demonstrated the grafting 

of styrene-bearing polymers on CVD graphene film and epitaxial graphene grown on 

SiC via SIPGP. The resultant Raman spectroscopy data revealed that such 

photopolymerization only occurred on pre-existing defect sites on the graphene layers. 

Therefore, this modification would not disrupt the original basal plane structure of 

graphene14.  
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On the other hand, asymmetrically modified GO nanosheet were prepared via a 

covalent “grafting to” method as reported by Wu et al. in 2015121. Monolayer GO sheets 

were first coated onto the wax microspheres through the wax-in-water Pickering 

emulsion process, followed by surface grafting of an amino-containing polymer – poly 

(propylene glycol) bis(2-aminoproryl ether) carried out on the surface of GO sheets. 

After the polymerization was completed, single-side modified GO sheets could be 

released and collected by simply dissolving the wax core with chloroform.  

 

2.5.2 Non-covalent grafting of polymers 

To modify graphene with polymer via non-covalent way, π-π stacking is the major 

strategy, which always includes the synthesis of polymer chains with pyrene group on 

one end.  

 

For tuning the surface wettability of CVD graphene film without degrading its 

electronic properties, Wang et al. demonstrated a non-covalent conductive polymer 

coating on graphene in 2009. Wang et al. and his co-worker modified CVD graphene 

with self-assembled layer of pyrene buanoic acid succidymidyl ester (PBASE) as 

shown in figure 2.5 a, which could stack on the graphene surface in uniform manner 

via the pyrene group69.  

 

Reversible addition fragmentation chain transfer (RAFT) polymerization is another 

useful tool for grafting polymers on graphene with well-controlled architectures.122-127 

In recent studies, Liu et al. synthesized a well-defined thermoresponsive pyrene 

terminated poly(N-isopropylacrylamide) (PNIPAAm) through RAFT polymerization, 

and attached them onto the basal plane of graphene sheets via π-π stacking interactions 

(Figure 2.5 e)128. Similarly, Bai et al. functionalized CVD graphene films with 

conjugated polymer sulfonated polyaniline (SPANI), which is soluble in water with 

good air stability and electrochemical activity111.  
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Xiao et al. also demonstrated a non-covalent grafting of polymer brushes onto CVD 

graphene films in 2013129. A patterned NH2-terminated pyrene derivative layer (Py-

CH2NH2) was successfully transferred on the graphene scaffold via micro-contact 

printing, and the organic layer successfully anchored on the graphene layer via π-π 

stacking interaction. As there are amino groups on the outer face, further photo-

polymerization could be carried out.  

 

Apart from pyrene groups, due to the non-specific stickiness of dopamine to a wide 

variety of surfaces, polydopamine is also widely used for non-covalent surface 

treatment on low surface energy materials. Since the polydopamine layer is highly 

hydrophilic, polymers that do not normally wet pristine graphene could be readily 

deposited after the polydopamine deposition. For example, Kim et al. depositied a thin 

layer of neutral poly(styrene-ran-methylmethacrylate) (P(S-r-MMA)) on a 

polydopamine-modified CVD graphene layer through simple spin coating process. 

Further covalent reaction between the hydroxyl groups of the copolymer and the 

catechol groups of the polydopamine was achieved via a thermal annealing step.130  
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Figure 2.5 Modifications of graphene film via polymer grafting. a) Transmittance 

spectra of the graphene modified by PBASE. Inset: schematic diagram. b) Combined 

UPS and IPES spectra, c) and d) XPS C 1s and N 1s core-level spectra of PBASE 

modified graphene, respectively.69 e) Thermosensitive graphene nanocomposites 

formed using pyrene-terminal polymers made by RAFT polymerization.128  

  



23 

 

2.6 Deposition with metals and metal oxides 

2.6.1 Vacuum deposition of ultrathin films 

Besides the graphene surface functionalization achieved with organic moieties, metal 

and metal oxides could offer graphene films other specific electrical and chemical 

properties that could not be achieved with organic substances. For the graphene 

decoration with an ultrathin layer (<10 nm) of metal or metal oxides, physical vacuum 

deposition is always the most straightforward approach, especially for depositing 

metals (e.g. Au, Ag and Cu), which are important conductive materials in wide range 

of electronics131. These resulted film structures were largely dependent on the 

deposition conditions and the topography of graphene layer. For example, it was found 

that the grain size of thermal deposited Au layer (<5 nm) increased with the increasing 

number of graphene layers, but the grain density decreased at the same time132. While 

by Au sputtering process, Au particle size (< 2 nm in diameter) could be precisely 

controlled by adjusting the rate of deposition, operation angle, applied current133. On 

the other hand, atomic layer deposition (ALD) is a valuable tool for the deposition of 

uniform and ultrathin (Å) metal or metal oxide layers on graphene surface with precise 

control in thickness134,135. However, additional chemical treatment on graphene films is 

needed before ALD to take place, as pristine graphene layer is inert to the nucleation of 

inorganic particles in the ALD process. For example, gaseous phase pretreatment with 

3,4,9,10-perylene tetracarboxylic acid (PTCA) 135, NO2 
136, or ozone 136 is required 

before the nucleation of the Al2O3 on graphene’s basal plane.   

 

2.6.2 Solution deposition of metal nanoparticles 

Instead of physical vapor deposition, nanoparticle-decorated graphene sheets are 

widely synthesized via the solution-based chemical approaches. As there are abundant 

oxygen-containing groups present on chemically exfoliated and modified graphene 

sheets, metal oxide nanoparticles (NPs) could easily anchor on graphene by simple 

immersion step as demonstrated by Yu et al.137. With protection under a spin-coated 

PMMA layer, the ZnO-attached graphene sheets could be lifted off, exposing the bare 

graphene surface for further modification. An asymmetrically modified graphene sheet 
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with the spherical ZnO and cubic Au NPs deposited on the opposite surfaces was then 

resulted in this experiment (Figure 2.6), which are potentially applicable in 

optoelectronic nano-devices.  

 

Figure 2.6 Asymmetrically modified-graphene decorated with metal and metal oxide 

nano-particles. a) Schematic diagram showing the fabrication procedure of the 

asymmetrical functionalized graphene film with ZnO and Au NPs. b) (i-iii) Deposition 

procedure of spherical ZnO NPs and cubic Au NPs on patterned graphene sheets. iv) 

AFM image showing the selective attachment of ZnO NPs on plasma-treated area of 

graphene sheet. v) AFM and vi) TEM images showing the ZnO NPs deposited in the 

plasma treated area, and the large cubic Au NPs with small spherical ones attached in 

the ZnO/plasma-free region of the modified graphene sheet. Scale bars: iv) 1 mm; v) 2 

mm; vi) 100 nm.137 
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Later in 2015, a noble metal (Au, Pt, Pd) NPs decorated CVD graphene with was 

fabricated by Toth et al. through the in-situ galvanic displacement138. In their work, 

CVD graphene supported with Cu foil was immersed into the precursor solution of the 

noble metals. Galvanic displacement of metal NPs (Au, Pt, Pd) occurred on the upper 

surface of CVD graphene, where the Cu foil acts as an electron donor that transfers 

electrons to the precursor salts (AuCl4 
−, PdCl4

2−, and PtCl4
2−)139. 

 

 

2.7 Preparation of functional graphene-based thin films  

Other than functionalized mono-to-few layer graphene, numerous modified graphene-

based thin films composed of solution exfoliated graphene nanosheets, GO, reduced 

GO (rGO) were also fabricated140,141. In principle, the modification procedure discussed 

above are all applicable to the surface modification in this section. However, covalent 

modification is the dominated modifying approach, as most of the graphene-based thin 

films are made up of GO and rGO sheets, which are rich in oxygen-containing groups.  

 

In 2014, Xiao et al. reported the large-area growth of delicately patterned polymer 

brushes layer over GO sheets deposited on Si substrate142. Since there are strong 

supramolecular hydrogen bonding presented between GO nanosheets and the HO-

terminated surface, GO sheets could be micro-contact-printed by using a PDMS stamp. 

As there are plenty photoactive site on the GO surface, polymer brushes layer following 

the well-designed patterns could be achieved via SIPGP. In their experiments, a nearly 

defect-free polystyrene (PS) brushes layer was successfully grafted onto micro-

patterned GO films with a well-controlled height (~60 nm) in a large feature space (10 

µm). Furthermore, by immersing the PS decorated samples in an aqueous KOH solution, 

the polymer brush@GO films were released from the Si surface and transferred on other 

substrates. 

 

Other than pure GO films deposited on a substrate, a freestanding hybrid sheets 

composed with GO and chitosan were prepared by Han et al. in 2014143. Since the GO 
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nanosheets carry negative charges, that can form stable complex with positively 

charged polyelectrolytes, they would assemble with the positively charged chitosan in 

aqueous solution and spread as a composite membrane. To further functionalized the 

hybride film, the hybrid sheets were functionalized by grafting two polymer brushes: 

polystyrene (PS) and poly(2-(dimethylamino) ethyl methacrylate) (PDMAEMA) 

brushes on the two faces respectively. Since the surface wettability of these two kinds 

of polymer brushes layer are largely different from each other, a membrane with 

contrasting hydrophilicity on the top and bottom sides was created.  

 

In addition, Xiao et al. have demonstrated the fabrication of two-side functionalized 

patterned carbon-based hybrid film via a micro-contact printing and life-off process144. 

CNT/GO films were first deposited on SiO2/Si wafer as starting material, and the 

PDMAEMA brushes were grafted on top via SIPGP. By etching the SiO2 layer on the 

wafer, the CNT/GO films were released as a free-standing film and the unreacted side 

could be exposed. In this way, the polymer-grafted side is an insulating carpet while the 

leaving the carbon side conductive; thus, forming a flexible and miniature electric 

carpet with potential applications for the localized heating of micro-/nano-devices.  

 

Other than the organic functionalization, modifications with inorganic particles and 

layers were also demonstrated on the graphene-based 2D materials. As graphene is 

conductive in nature, electrochemical deposition of is a feasible and effective approach 

for depositing metal and metal oxide on graphene surface. In 2010, Wu et al. and co-

workers reported a series of metal oxide deposition on rGO thin films which supported 

by PET film, including the ZnO nanorods, p-type and n-type Cu2O films 145,146. As the 

modified rGO films could be released from the substrate, this one-side modified rGO 

film could act as conductive transparent electrode (rGO side) as well as active absorbers 

(semiconducting metal oxides layers side) when transferred on a photovoltaic device. 

Moreover, as demostarted by McGrail et al., pH-responsive GO platelets was fabricated 

via functionalized on side of the GO sheet with polystyrene (PS), and the other side 

with poly(acrylic acid) (PAA).147. Acrylate functionalities were first appended to both 
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faces of GO through an acidic aqueous treatment with acrylonitrile, which gave Acr-

GO-Acr as the product. Since these product platelets would align at the interface 

between oil and water phases, they were introduced into an interface between water 

layer with water-soluble PAA5-SH and a toluene layer with oil-soluble PS40-SH. PS40-

GO-PAA5 Janus GO sheets was then yielded from the double thiolene reaction, which 

could stabilize the emulsions at high pH. However, under acidic conditions (pH~2), 

PS40-GO-PAA5 could no more stabilize the emulsions as the protonation of carboxylic 

acid moieties occurred and decreased the solubility of the PAA in water.  

 

 

2.8 Applications of functional graphene-based Materials 

2.8.1 Surface functionalization 

In general, by taking advantages of the ultrathin thickness of these 2D graphene-based 

functional objects, one of the major applications is to transfer them onto target substrate 

for modifying the surface wettability and reactivity. They are always lifted off from the 

original substrate through wet-etching process, and then fished onto a target substrate. 

As a routine practice, a PMMA sacrificial layer is needed to protect the very thin 2D 

objects (e.g. <10 nm) in the transfer process. For example, Zhang et al. synthesized a 

Janus graphene layer with the PMMA-assist transfer, that after one side of the CVD 

graphene film was modified by chlorination, the chlorinated-side was protected of 

PMMA layer and turn up-side-down, allowing the other side to be modified with phenyl 

group90. This resulted Janus graphene exhibited different surface wettability on its two 

faces: the contract angle was 89.9 on the phenylated side and 59.6 on the chlorinated 

side. As shown in figure 2.7, Wang et al. reported a fluorinated graphene (FG) 

transferred on SiO2/Si and quartz substrates148, which was obtained after removing the 

PMMA protection on the transferred CVD graphene followed by an exposure to XeF2 

in an inert atmosphere. Such FG layer was favorable for mesenchymal stem cells 

(MSCs) adhesion, growth and proliferation. In aids with the patterned PDMS layer 

printed on top, the cell neurogenesis was further enhanced with channel-confined cell 

elongation.  
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Figure 2.7 Patterning on fluorinated graphene (FG) film via large-area ink-jet printing 

method. a) Schematic diagram of depositing PDMS barriers on graphene films through 

direct inkjet printing. b) Microscopic image of patterned PDMS barrier on a FG film 

(scale bar = 50 μm). The aligned growth of stem cells on c) unmodified graphene, d) 

partially fluorinated graphene and e) fluorinated graphene with PDMS barriers prtined 

on top (scale bar = 100 μm). f & g) Microscopic image of MSCs attached on the FG 

strips, with their F-actin aligned (red) and expressing neural specific markers—Tuj1 

and MAP2 (green) (scale bar = 50 μm). h) The percentage of immune-reactive cells for 

Tuj1 and MAP2 on unpatterned and patterned FG strips. The patterned FG strips 

induced a higher expression of Tuj1 and MAP2 in the absence of retinoic acid. (n = 6, 

p < 0.05)  

 

More recently in 2015, Singh et al. developed a surface plasmon resonance (SPR) 

immunosensor with high efficiency with a single-side modified graphene film 

transferred on Au substrate149. In order to amplify the SPR signal and to control the 

immobilization of biotinylated cholera toxin antigen, they modified the CVD graphene 

surface with copper coordinated nitrilotriacetic acid (NTA) synthesized with a terminal 

pyrene groups. And the results showed the graphene-functionalized SPR sensor 

performances increased by 80% compared to the graphene-devoid setup. 
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2.8.2 Field-effect transistors (FETs) 

As mentioned in previous sections, it is very difficult to apply pure graphene in the 

FETs due to its a zero-bandgap, which makes it a semimetal and could lead to a high 

leakage currents and ready power dissipation of the device150. Although they are several 

available covalent modification methods that could tune the graphene’s bandgap 

efficiently, the basal plane of graphene was destroyed at the same time, and lost their 

original high electronic conductivity and mobility. To avoid such damage, Sarkar et al. 

develop a bandgap tuning modification graphene via mono-hexahapto (6)-chromium 

complexation. The 6-mode of bonding is distinct from those conventional covalent -

bond formation, there are no of sp3 carbon centers would be created in the graphene 

lattice. The functionalized carbon atoms therefore remaining a part of the electronic 

band structure, and the high mobility of graphene could be preserved. Furthermore, this 

modification on graphene was proved to be effective as the FETs made with this 

functionalized graphene films showed an enhanced on/off ratio to 5~13151.  

 

On the other hand, a non-covalently functionalized graphene film was used as a 

biomolecules reactive layer in a highly sensitive FET biosensor. As demonstrated by 

Yang et al., the pyrene-modified HER2-specific aptamer was immobilized on a 

graphene nanomesh (GNMs) via the π-π interaction152. As the interactions between the 

aptamer and HER2 protein can vary the charge-carrier density on the surface of the 

GNMs, a label-free detection of the protein could be achieved by using a FET 

configuration. As a proof-of-concept, a real-time detection of breast cancer cells by this 

graphene-based sensor was also demonstrated (Figure 2.8). 
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Figure 2.8 GNM FET biosensor. a) Schematic diagram of the fabricating procedure of 

the GNM FET biosensor. b) Digital image of a GNM FET biosensor built on a thin and 

flexible PDMS substrate attached on human skin. Enlarged view is the corresponding 

structure of the biosensor. c) Transfer characteristics of a solution gated GNM FET 

biosensor in response to HER2 protein concentrations ranging from 0.0001 to 200 ng 

ml−1. The Vd is set at a fixed value of −0.1 V. d) Magnified curve of (c) in the Vg range 

of −0.2 to 0.1 V. e) Current change (ΔId, HER2) versus HER2 concentration (CHER2). 

The error bars present the standard deviations of three measurements152. 

 

2.8.3 Actuators 

Through asymmetric surface modification on graphene-based sheets, the two sides of 

such 2D materials would behave in an unbalance way when they were exposed under 

specific external stimuli at the same time. Therefore, changes in shape and movement 

of the 2D sheets could be realized by designing the stress/strain response on each side.  
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For example, by fabricating a graphene films with two faces possessing contradictive 

hydrophilicity, an actuator responsive to moisture could be achieved. In this case, the 

Janus graphene-based electrochemical actuator developed by Xie et al. would be a 

typical example153. Via direct hexane and O2 plasma treatments, a rGO film (thickness 

~ 4-5µm) with its two sides obtaining significant difference in hydrophilicity was 

created as shown in figure 2.9. The rGO face treated with hexane plasma became 

hydrophobic that can limit the accessibility of electrolyte ions; while the O2 plasma 

treated side became relatively hydrophilic. Therefore, bending motions of the 

asymmetrical rGO sheet could be triggered by the contrasting responses of each side 

under the electrochemical charge/discharge process, and the degree of bending could 

be controlled by adjusting the applied voltage. In consequent, the modified graphene 

strip bent towards the hexane plasma treated side at negative bias and vice versa.  

 

More recently, Mu et al. and co-workers fabricated a walking device with a 

asymmetrically modified GO-based paper154. In that work, polydopamine (PDA) 

grafted GO nanosheets were deposited onto rGO paper via filtration. In aids with a 

filtration mask, a patterned GO-PDA/rGO bilayer could be achieved. When the 

modified free-standing graphene-based film was immersed in hydroiodic acid, the GO 

areas covered by GO-PDA protected from reduction, thus keeping its hydrophilic nature, 

while the uncovered GO parts were reduced in the acid and became hydrophobic. The 

hydrophilic regions could readily absorb water and swell, and the hydrophobic rGO 

parts remain unchanged to the moisture variation. As the GO swelling could be 

restricted when exposed to the infrared (NIR) radiation, the patterned GO-PDA/rGO 

papers could be bend and unbend under an on-and-off NIR light, and were fabricated 

as a walking device and an artificial hand. 
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Figure 2.9 a) SEM image showing the cross-section of the rGO film (scale bar: 1 µm). 

b) schematic diagram of the asymmetric plasma treatments on the rGO film with hexane 

and oxygen. Insets: the surface wettability of the corresponding face after treatment. 

The water contact angles for the hexane plasma treated side is 90°, while that for the 

oxygen plasma treated side is 15°. c) The curvature change of the asymmetrically-

modified rGO strip as a function of applied CV potential within ±1.2 V. Insets: digital 

images showing the status of the rGO strip when the applied potential was 1.2, 0, and 

1.2 V, respectively. 153 
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2.9 Conclusions and summary of research gaps 

In this chapter, we have reviewed the fundamental theory, structure simulation, 

materials preparation (Figure 2.10), and applications of modified graphene-based 2D 

materials. To highlight, the major applications of 2D graphene-based materials falls into 

two areas: flexible and lightweight semi-conducting/ conducting materials in micro-

scale electronics, and moisture driven actuators with amphiphilic structures.  

 

 

Figure 2.10 Schematic diagram showing different common routes for functional 

graphene-based 2D objects. 
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In conclusion, a wide range of functional graphene-based materials with different 

shapes, sizes, and compositions can be customized and fabricated via surface 

functionalization on graphene and its derivative. All the modifications mentioned above 

did enrich the surface functionality of the biologically- and chemically-inert pure 

graphene, as well as enhanced its electronic performance. These allowed the assembly 

and use of graphene systems in a wide range of applications, e.g., sensing, cell 

manipulation actuators and electronic devices.  

 

From the chemical point of view, band structure of graphene can be modified through 

the atomic functionalization, such as the insertion of hydrogen and halogen atoms on 

graphene planes, and the chemical reactivity of graphene surface could also be managed 

by covalent grafting with ligands or polymers. However, there is an unsolved drawback 

for these covalent fabrication approach towards functional graphene-based materials, 

which is the damage towards the natural conjugated structure as well as sacrificing 

electronic merits of pristine graphene 

 

The research gaps of the fabrication and application of ultrathin graphene-based 

materials are listed as follow: 

 

1. When the applications were demonstrated with modified graphene sheets were 

based on GO or rGO instead of graphene, superior transparency, conductivity, and 

few-atoms thickness of graphene could not be realized. But the applications of 

modified single-to-few layer CVD graphene are still limited.  

 

2. The fabrication of chemically reactive graphene-based materials via covalent 

modifications destroys the conjugation of the basal plane, which sacrificed the 

major electronic merits of graphene. Although there have been several efficient 

covalent routes developed for transforming graphene into a desire functional state 

that suitable for a specific application, such technologies are not suitable for 

sensitive device which require conductive substrates. Therefore, facile non-covalent 
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approaches are needed for modification of graphene, such as the modification 

realized via π-π interaction between pyrene groups and graphene’s basal plane, or 

Van der Waal’s force between graphene and metal particles physically deposited on 

top.  

 

3. As polymeric protection layer on top of CVD graphene is always needed for dry or 

wet-transfer of graphene, the transferred modified graphene samples could be 

contaminated by any unremoved polymeric substance. Consequently, the resulted 

reactivity and electronic performance of the modified graphene layer would be 

lowered. Hence, extra and comprehensive rinsing steps are required. As the polymer 

layer is always spin-coated on top of graphene, they still sacrificed the nano-scale 

thickness of the graphene film even conductivity is not a concern of some cases. 

 

4. The transparent CVD graphene film shows a great potential as the top electrode for 

flexible thin-film optical electronics. However, it obtains a relatively low 

conductivity among the transparent electrodes including metal meshes and 

conductive polymers. A combination of graphene with the others could be used to 

fabricate transferrable and highly conductive transparent electrodes for efficient 

devices. 
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CHAPTER 3 METHODOLOGY 

 

3.1 Transfer of modified-CVD graphene films.  

Copper (Cu) foil was etched away by placing the modified CVD graphene@Cu sample 

onto the surface of FeCl3/deionized water solution (50 mg/ml) for 2 hours. The freely 

floated modified graphene films were fished by a glass slide, and transferred onto the 

deionized water for rinsing to remove any residue left after the Cu etching process.  

After three times of rinsing, the modified graphene films were fishes by the target 

substrate and allowed to be dried via 65 ℃ heating on a hot plate for 10 minutes. 

 

3.2 Optical Microscopy 

Optical microscopy adopted in this research refers to the light microscope, magnifies 

the image of samples by adopting groups of lenses under visible light. In aids with a 

10X ocular lens, the final magnifications of the optical microscopy ranges from 50X to 

2000X.  

 

3.3 Atomic Force Microscopy (AFM) 

AFM is a type of high-resolution scanning probe microscope (SPM), which images a 

surface by scanning through with a sharp tip with nanoscale radius fixed on one end of 

the cantilever, and it is well-controlled by coping with computerized feedback 

mechanisms and imaging software. When the tip approaches to the sample surface, the 

tip and cantilever will be pulled by the sample when they are close enough, which 

resulted in the atomic attractive force. While the tip getting closer to the surface, the 

repulsive force will also increase dramatically, and pushes the tip away. Also, there is a 

laser always focusing on the cantilever, that the reflected beams are recorded by a 

position-sensitive photodetector. Therefore, the surface topography of the samples are 

recorded by the variation of the reflected light spot.  
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In these days, there are three basic modes of AFM: the contact mode, which the tips 

contact the sample surface during whole scanning process; the non-contact mode, 

which the photodetector records the vibration of the cantilever caused by the attractive 

force between tip and sample; for the tapping mode, the tip is oscillating at a given 

frequency away from the surface.  

 

3.4 Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-

FTIR) 

Fourier transform infrared spectroscopy (FTIR) is a useful tool for charactering the 

chemical composition of materials. But traditional FTIR with transmission method 

which require measuring sample in powder (tablet) form is insufficient for bulk solid 

samples, fibres, surface coatings or samples that do not pulverized easily. To overcome 

these problems, attenuated total reflectance (ATR) accessory of FTIR was developed in 

1980s. When a light beam travels from a more reflective medium to less refractive 

medium and the angle of incidence is larger than the critical angle, the light beam will 

be ‘totally reflected’. Critical angle refers to θc: 

 

θc = 𝑠𝑖𝑛−1 𝜂2 /𝜂1                                                     (1) 

 

where 𝜂1 is reflective index of more refractive medium and 𝜂2 is refractive index of 

less refractive medium. 

The ATR technique involves a highly refracting prism which would be bought into an 

intimate contact with the measured sample. An IR light beam is then directed to the 

prism/sample interface at incident angle larger than the critical angle. In this case, the 

evanescent wave travel into the surface layer of the sample, the absorptions signals are 

therefore shown in the reflection spectrum. Therefore, the ATR-FTIR obtains the 

surface chemical information from the signals of internally reflected IR beam which 

meets the sample surface. 
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3.5 Ultraviolet-Visible Spectroscopy (UV-Vis) 

Ultraviolet-visible spectroscopy (UV-Vis) refers to the absorption and reflectance of 

light by the samples in range of visible light to ultraviolet light. UV-Vis is widely 

adopted in analytic chemistry for quantitative characterization. For example, to 

determine the color and concentration of metal ion solutions, as this characterization 

method obey the Beer-Lambert law, which refers to the absorbance of samples is 

directly proportional to the concentration of the light absorbing species. Also, 

conjugation degree of organic compounds, and the optical transmittance thin film 

materials are always determined by UV-Vis via comparing the intensity of the light 

passing through the reference with that pass through the samples. 

 

3.6 Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM) is a tool that obtain sample image via scanning a 

high energy focused electron beam over the sample surface. The incident electron beam 

scattered in the sample, both elastically and inelastically, which generate a variety of 

signals, such as the secondary electrons that are generated from the collision between 

incoming electron with the loosely bounded outer electron on the sample surface; 

backscattered electrons which is the escaped incident light retarded by the electro-

magnetic field of the nucleus and scatted with an angle > 180°; and X-rays emitted from 

the samples during bombardment by an electron beam.  

 

Through the secondary electron detector equipped in the SEM, the surface profile of 

the sample can be determined by counting the collected electrons. Such interaction 

volume directly proportional to the acceleration voltage but indirectly proportional to 

the atomic number of the sample. The resolving power of average instruments is in the 

range of 1-5 nm. Most of the modern SEM nowadays is equipped with energy 

dispersive x-ray spectroscopy (EDS), which detects X-rays emitted from the samples 

to characterize the elemental composition of the analyzed volume.  
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3.7 Raman Spectroscopy 

Raman spectroscopy is non-destructive and non-contact tool that widely used in 

identifying specific structures of molecules by inelastic scattering of monochromatic 

light, which is usually a laser in a range of visible light to near ultraviolet light. Under 

the illumination of laser beam, the vibrational, rotational and other low-frequency 

modes could be revealed, via the energy shift of the laser photons.  

 

3.8 X-Ray diffraction (XRD) 

X-Ray diffraction (XRD) characterize a sample by measuring the X-ray scattering from 

crystalline materials. The X-ray beams reflected by the atomic plane of a crystal always 

interfere with one another as shown in Figure 1.1, like the two parallel incident rays 1 

and 2 make an angle (𝜃) with the planes.  

 

 

Figure 3.1 Structural characterization of thin film by X-ray diffraction (XRD)  

 

Reflected beam with maximum intensity will be resulted only if the waves 1’ and 2’ are 

in phase. The difference in path length between 1 and 1’, or between 2 and 2’ must be 

an integral number of wavelength (λ). This relationship could be expressed 

mathematically in Bragg’s Law:  

 

2d sin 𝜃 =  𝑛 𝜆                                                        (2) 
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Where the variable d is the distance between atomic layers in crystal, and 𝜆 is the 

wavelength of the incident X-ray beam, n is an integer.  

 

The angle of the reflected beam leaving the planes is set as angle 𝜃 , and extend to 2 𝜃 

as the angle between the reflected light and original path of the incident beam. The 

possible d-spacing defined by the indices h, k, l are determined by the shape of the unit 

cell: 

 

 sin 𝜃 =   𝜆 /2𝑑                                                      (3) 

 

The possible 2 𝜃 value are determined by the unit-cell dimensions, while the intensities 

of the reflections are determined by the electron distribution in the unit-cell. Therefore, 

each material produces a unique fingerprint of X-ray intensity versus scattering angle, 

determined by its crystalline atomic structure. Hence, conducting qualitative analysis 

of each material is possible by comparing its XRD pattern to the corresponding patterns 

in the XRD library. 

  

3.9 Transmission electron microscopy (TEM)  

Transmission electron microscopy (TEM) is an efficient and versatile technique for the 

characterization of materials, it has the ability to obtain full morphological (grain size, 

grain boundary and interface, phase distribution and defects etc.) data from the samples. 

Detailed analysis of materials about the crystallography, atomic structure, electronic 

structure and coordination number could also be obtained by using TEM 

 

For the TEM imaging, there are two major principle kinds: diffraction contrast imaging, 

and phase contrast or high-resolution imaging (HRTEM). Diffraction imaging includes 

the bright field and dark field imaging, which use transmitted or diffracted beam 

respectively and remove all other beams from the image by the use of objective aperture. 

On the other hand, the phase contrast imaging approach makes use of a large object 
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aperture, combining phase and intensity of diffracted and non-diffracted beams to form 

a phase contrast image. 

 

3.10 Current-Voltage (I-V) Characterization of Solar Cells 

To measure the photovoltaic performance of a solar cell under the irradiation of light, 

and to determine its corresponding diode characteristics under dark state, a sourcemeter 

equipped with a solar stimulator was used to measure the I-V curves of the device. In 

this research project, the areal power rate of the simulated sunlight from is set as 100 

mW/cm2, when the sourcemeter applies a bias on the solar cell from negative to positive 

or vice versa, the current that passes through the solar cells is recorded in form of the 

I-V curves.   
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CHAPTER 4 GRAPHENE-SUPPORTED 

UNLTRATHIN FUNCTIONAL POLYMER FILMS 

 

Different modifications that have been done on graphene to fabricate functional surface 

as well as free-standing 2D objects were discussed in Chapter 2. And the short comings 

of implying covalent functionalization on graphene were mentioned. In this chapter, a 

new strategy of fabricating a functional organic 2D material, the polymer@graphene 

2D objects, were introduced. Various kinds of polymer brushes were tethered on 

graphene sheets via the non-covalent π-π interaction. The functionalities, patterning and 

applications of these graphene based organic 2D materials were also demonstrated.  

 

4.1 Introduction 

2D organic materials like 2D polymers, especially for quasi-2D polymers were 

investigated continuously for their great potential on surface modification as well as 

high feasibility on various chemical and biological applications such as separation 

membranes, smart surfaces, sensors, catalysis, and drug delivery155-164. Previous 

approaches to fabricate quasi 2D polymers include the layer-by-layer assembly165,166, 

Langmuir–Blodgett167,168, self-assembly of block copolymers169-171, interfacial 

polymerization172-174, and spin-casting method175,176, which are rely on the cross linking 

of polymer thin films, making the quasi 2D polymers undesirable for sensitive response 

to external stimuli; obtaining high- density functional groups or patterning. Recent 

studies show that polymer brushes are more suitable materials for quasi-2D polymers. 

The strategy is to anchor polymer brushes on an ultrathin and soft substrate, such as Au 

and crosslinked self-assembled monolayers, via covalent bonds. But such a covalent 

strategy leads to limitation in the flexibility of materials synthesis, functionalization, 

and patterning. As a result, there is still a large room for further investigation of 

effective production of quasi 2D materials as well as their practical applications159.  
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In contrast, mono-to-few layer CVD graphene is well-known of its few-atom-thick 

thickness, excellent optical transparency and flexibility, while could be transferred on 

arbitrary upon polymeric protection layer, and it is patternable via several lithography 

or laser approaches.  

 

Therefore, here we combined the polymer layers and CVD graphene to fabricate the 

polymer@graphene 2D objects, which is a transferable, ultra-thin, transparent and 

flexible graphene based 2D organic film. A series of homogenous and patterned 

graphene based 2D polymer films were fabricated via the strong and non-covalent 

interaction approach, which relied on π-π interactions between the basal plane of 

graphene and functional group on the polymers layers, e.g. pyrene groups on the atom 

transfer radical polymerization (ATRP) initiator and co-polymer layers. We believed 

that the resulted polymer@graphene 2D objects could help to develop a more flexible, 

transferrable and pattern capable bio- and chemical reactive materials comparing to the 

existing ones. From the abundant choice of possible monomers, we demonstrated the 

fabrication of four different polymer@graphene 2D objects with tunable polymer 

thickness and functionality.  

 

 

4.2 Experimental section 

4.2.1 Materials preparation 

CVD-grown graphene sheets grown on Cu foil were supplied by Apex Graphene 

Technology CO., LTD. Macro-initiator was supplied by Prof. Feng ZHOU from 

Lanzhou Institute of Chemical Physics.  

Iron (III) chloride (FeCl3), copper(I) bromide (CuBr), 2, 2’-bipyridyl (bipy), monomers 

including: methyl methacrylate (MMA), glycidyl methacrylate (GMA), (2-

(methylacryloyloxyl) ethyl) trimethylammonium chloride (METAC), poly (ethylene 

glycol) methyl ether methacrylate (OEGMA), 1-pyrenemethanol, trimethylamine and 

methacryloyl chloride (98%), 2-methoxyethanol (anhydrous) and ammonium 

tetrachloropalladate (II) (97 %) were purchased from Sigma-Aldrich.  
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Cupric sulfate (CuSO4·5H2O), sodium hydroxide (NaOH), potassium sodium tartrate 

and formaldehyde (HCHO) were purchased from Uni-chem. 

Organic solvents such as acetone, ethanol, isopropanol, methanol and N, N-

dimethylformamide (DMF) were used as rinsing medium.  

4” Silicon (Si) wafers and 300 nm silicon dioxide (SiO2) deposited-Si substrates were 

purchased from Semiconductor Wafer, Inc., Au (300nm) substrate were fabricated via 

thermal deposition on Si wafer. Poly (ethylene terephthalate) (PET) film, 

polytetrafluoroethylene film (PTFE) were supplied by DuPont Teijin Films.  

DNA oligonucleotides were purchased from Takara (Dalian, China). The target 

sequence was 5’-NH2-(CH2)6-CAT GAT TGA ACC ATC CAC CA-TET-3’ and the 

probe sequence was 5’-TAMRA-TGG TGG ATG GTT CAA TCA TG-3’. 

 

4.2.2 Macro-initiator assembly on CVD graphene  

The macro-initiator was first dissolved in dimethylformamide (DMF) (2 mg/ml), and 

the Cu foil supported CVD graphene film was immersed in the solution for 24 hours in 

the dark at room temperature. The graphene sample was then rinsed with DMF and 

acetone to remove physically adsorbed macro-initiator, and allowed to dry under N2 gas 

flow. 

 

4.2.3 Surface-initiated Atom Transfer Radical Polymerizations (SI-ATRP) 

All the SI-ATRPs were performed in Schlenk tubes. Polymerization recipes for the six 

kinds of polymer: poly (glycidyl methacrylate) (PGMA), poly (methyl methacrylate) 

(PMMA), hydrophilic poly[(2-(methylacryloyloxyl)ethyl) trimethylammonium 

chloride] (PMETAC), poly(oligo(ethyleneglycol) methacrylate) (POEGMA), were 

listed as follows:  

1. For PGMA: Deionized water/methanol mixture (30 ml, 1/4 v/v) was added to GMA 

(6 ml) in a Schlenk tube, under the nitrogen (N2) gas flow, CuBr (63 mg) and bipy 

(0.17 g) were added and dissolved. After the solution changed into dark-brown color, 

which indicated the start of polymerization, the solution was then transferred into a 

50-ml centrifuge tube, heated in a water bath ~37 ℃ for 50 minutes. The graphene 

https://pubchem.ncbi.nlm.nih.gov/compound/Copper_II__sulfate_pentahydrate
https://en.wikipedia.org/wiki/Formaldehyde
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sample was then rinsed with methanol and deionized water, and dried with 

compressed air. 

2. For PMMA: Deionized water/methanol mixture (30 mL, 1/4 v/v) was added to 

MMA (6 ml) in a Schlenk tube, under the nitrogen (N2) gas flow, CuBr (0.14 g) and 

bipy (0.3 g) were added and dissolved. After the solution changed into dark-brown 

color, the solution was then transferred into a 50-ml centrifuge tube, heated in a water 

bath ~30 ℃ for 45 minutes. The graphene sample was then rinsed with methanol 

and deionized water, and dried with compressed air. 

3. For PMETAC: Deionized water/methanol mixture (9 ml, 2/7 v/v) was added to 

METAC (6.9 g) in a Schlenk tube, under the nitrogen (N2) gas flow, CuBr (0.135 g) 

and bipy (0.36 g) were added and dissolved. After the solution changed into dark-

brown color, the solution was then transferred into a 15-ml centrifuge tube, placed 

in room temperature overnight. The graphene sample was then rinsed with methanol 

and deionized water, and dried with compressed air. 

4. For POEGMA: Deionized water/methanol mixture (12 ml, 1/3 v/v) was added to 

OEGMA (4 ml) in a Schlenk tube, under the nitrogen (N2) gas flow, CuBr (70 mg) 

and bipy (0.156 g) were added and dissolved. After the solution changed into dark-

brown color, the solution was then transferred into a 50-ml centrifuge tube, heated 

in a water bath ~40 ℃ for 50 minutes. The graphene sample was then rinsed with 

methanol and deionized water, and dried with compressed air. 

 

4.2.4 Monomer Assembly for Copolymer Synthesis 

The 1-pyrenemethyl methacrylate (PMA) monomer was first synthesized through an 

alcoholysis reaction. Briefly, 1.16 g 1-pyrenemethanol and 0.55 g triethylamine were 

dissolved in 40mL dichloromethane (DCM), followed by adding 0.5 g methacryloyl 

chloride into the solution drop wise. The reaction was proceeded overnight at 0 oC under 

vigorous stirring. The solution was washed three times by 2 M hydrochloric acid (HCl) 

solution, saturated sodium bicarbonate (NaHCO3) solution and deionized water, 

separately. Finally the solvent was evaporated and the co-polymer product (green solid) 

was dried under vacuum. 
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4.2.5 Synthesis of copolymer solution  

The poly (1-pyrenemethylmethacrylate)-poly[2-(methacryloyloxy)ethyltrimethyl- 

ammonium chloride] (PPMA-PMETAC) copolymer was synthesized through radical 

polymerization. Firstly, anhydrous METAC solid was precipitated from METAC 

solution (80%) by adding acetone. Then 0.48 g PMA monomer, 1.87 g METAC and 9 

mg azobisisobutyronitrile (AIBN) were added in 40 ml 2-methoxyethanol (anhydrous) 

under stirring. After all the solutes were dissolved, the solution was heated at 80 ℃ 

under N2 gas protection for twenty hours. Resulted light-yellow solution was then 

stored under dry and dark environment. 

 

4.2.6 Preparation of Cu plating bath 

The Cu plating bath consisted of a 1:1 mixture of newly prepared solution A and B. 

Solution A was prepared by mixing CuSO4·5H2O, (12 g/L), NaOH (12g/L), and 

potassium sodium tartrate (27 g/L) in deionized water. Solution B was a formalin (45 

ml/L). Both solutions were filtered through 0.45 µm PTFE filter before use.  

 

4.2.6 Growth of Cu layer on copolymer (PPMA-PMETAC) coated CVD graphene 

PPMA-PMETAC copolymer were dropped onto CVD graphene followed by spin-

coating. The sample was then dried by heating at 80 ℃for 10 minutes. The copolymer-

coated graphene@Cu foil was then transferred onto target substrate via the wet-etching 

and transfer process mentioned above. And the transferred sample was then immersed 

in ammonium tetrachloropalladate (II) solution for an hour. After that, the sample was 

immersed in freshly mixed Cu plating bath, and was taken out after 3 minutes. 

 

 

4.3 Results and discussions 

4.3.1 Fabrications and characterizations of the polymer brushes grafted graphene 

film  

As shown in figure 4.1 a, CVD graphene film grown on Cu foils were decorated with 

polymer brushes via adopting a specific ATRP macro-initiators, the poly [2-(2-
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bromoisobutyryloxy) ethyl methacrylate-co-4-(1-pyrenyl) butyl methacrylate] (Figure 

4.1 b). Such an initiator was found to be anchored onto the graphene due to the strong 

interaction between pyrene side chains from the initiator, with the graphene basal plane, 

as indicated in previous studies177,178.  

 

 

Figure 4.1 a) Schematic diagram of the fabrication and transfer process of polymer 

brushes@ CVD graphene objects. b) Chemical structures of the macro-initiator and 

polymer brushes.  
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Various polymer brushes were grafted on the initiator-soaked CVD graphene layer, and 

it was found that for the PMMA and PGMA brushes grafted graphene films, the 

polymer brush layers were densely grafted whilst also protecting graphene during the 

wet etching and transfer process. However, PMETAC and POEGMA brushes-grafted 

graphene films could not be wet-transferred without a protective polymeric layer spin-

coated on top, which was due to their hydrophilic nature179,180. From the digital and 

microscopic images of the polymer@graphene 2D object transferred on SiO2 wafer, 

textile fabrics, Au coated Si wafer and PTFE substrate, no obvious damages like cracks 

were observed (Figure 4.2). 

 

 

Figure 4.2 Digital images of transferred PMMA@G objects on different substrates, 

including a) SiO2 wafer; b) cotton fabric; c) Au wafer and d) PTFE film. 

 

After conducting various SI-ATRPs for grafting different polymer brushes on CVD 

graphene sheets, we to ensure that if such surface modification on CVD graphene 

surface is really feasible. Moreover, the physical properties of polymer layers as well 

as their underlying chemistry were also needed to be investigated. Therefore, as the first 

step of this studies, all the polymer brushes@CVD graphene (polymer brushes@G) 
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films were first transferred onto target substrates and were checked under the attenuated 

total reflection Fourier transfer infrared spectroscopy (ATR-FTIR). 

 

According to the ATR-FTIR spectrum, all the functional groups presented on the 

samples, as well as the presences of polymer brushes, could be determined. As shown 

in figure 4.3 a, the spectrum in the middle corresponding for PMMA@G sample 

consists of the obvious peak at 1108 cm−1 assigned to C−O−C groups; peak of C=O 

stretching of ester group at 1738 cm-1 and alkane C-H bonds stretching at 2850 cm-1; 

which indicated the successful grafting of PMMA brushes181,182. Similarly, for the 

spectrum of PGMA@G and POEGMA@G samples, main feature peaks of PMMA are 

also present, in addition, C-O stretching of epoxy group at 907 cm-1 became the 

evidence of the successful grafting of PGMA brushes183,184; and the increase of intensity 

of C-O-C peak shown the presence of POEGMA brushes185-187. For the spectrum of 

PMETAC@G sample, peaks of 1486 cm-1 representing (CH3)4N
+ bond bending 

vibration and 1728 cm-1 representing C=O bond stretching appeared and proved the 

successful grafting of it on the CVD graphene surfaces188,189. Distinctive peaks with 

corresponding binding energies and elements were further summarized in Table 1. 

 

Polymer brushes @ 

CVD graphene films 

Wavenumber (cm-1) of 

distinctive peaks of 

polymers  

Corresponding 

functional groups 

PMMA@G, 

PGMA@G,  

POEGMA@G 

~1108 

~1738 

~2850 

C-O-C 

C=O  

C-H 

PGMA@G 907 C-O (epoxy group) 

PMETAC@G 1486 

1728 

(CH3)4N
+ 

C=O 

Table 1. Summary of the ATR-FTIR data of the polymer brushes @ CVD graphene 

films on target substrates. 
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Furthermore, to check if this modification is a damage-free approach to CVD graphene 

film, Raman spectroscopy was carried out for investigate the completeness of graphene 

layer after the polymerization and transferring process. From figure 4.3 b, the resulted 

Raman spectra showed that D, G and 2D peaks of graphene appeared on all polymer 

brushes@G films; while the peak ratios and positions did not show obvious differences, 

suggesting that our synthesis, etching and transfer process did not destruct the basal 

plane structure of graphene.  

 

By adopting the atomic force microscope (AFM), thicknesses of pure mono-to-few 

layer CVD graphene film, POEGMA@G, PMETAC@G, PMMA@G and PGMA@G 

films could reach 4, 24, 26, 103 and 115 nm, respectively (Figure 4.3 c). However, 

except PMMA@G samples, all of the samples exhibited a roughness higher than 40%. 

Further improvements of the film roughness could be achieved by further investigation 

of optimum thickness of each types of polymer brushes, which was determined by the 

polymerization kinetic, but as we did not vary the brush thickness in detail in this work.  

 

On the other hand, all polymer brushes@G films were found to exhibit high 

transparency over 80 % when wavelength equals to 550 nm (Figure 4.3 d). The 

absorbance of light was found to be different among the four samples in this sequence: 

PGMA≈PMMA >PMETAC >POEGMA, which was same as the sequence of their 

corresponding thicknesses. Therefore, in general, the thicker the polymer brushes we 

grew, the stronger is the absorption of optical light. As the mono-to-few layer CVD 

graphene sheets adopted here were mostly 2-3 layered thick, and they absorbed ~7 % 

of the optical light, the actual light adsorption contributed by the polymer brush layers 

were only ~5~12 %.  
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Figure 4.3 Characteristics of polymer brushes@G films transferred on SiO2 substrate.  

a) ATR-FTIR spectrum, b) Raman spectrum and c) graph showing thickness and 

roughness of the series of polymer brushes@G films transferred on SiO2 substrate. d)  

Transmittance of light of the series of polymer brushes@G films transferred on 125 µm 

PET substrate. 

 

As wettability of each type of polymer brushes layer carried different functional groups, 

water contact angle measurements of the polymer brushes@G films were conducted. 

Static sessile drop method was adopted to measure the water contact angle in the 

experiments: dropping a 5 μl water droplet onto the polymer brushes@G film which 

had already been transferred on a suitable wafer (SiO2 or Au coated Si wafer in this 

experiment). As depicted in figure 4.4, the differences of water contact angles among 

graphene and polymer brushes@G objects were obvious. For pristine CVD graphene, 

water contact angle of Graphene@SiO2 wafer sample was found as ~90°. After the 

grafting of polymer brushes, all the water contact angle measurement values were 

smaller than the pristine graphene film, showing that all the polymer brushes grafted on 

top made the graphene surface more hydrophilic. The water contact angles for PMMA, 
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PGMA and POEGMA grafted surface were observed as 80°, 77° and 45° respectively. 

Furthermore, the water contact angle of PMETAC@G could not be observed via this 

measurement, and such a large decrease in water contact angle of PMETAC-grafted 

graphene surface was due to the highly hydrophilic nature of the PMETAC brushes. 

 

 

Figure 4.4 Optical images of a) PMMA@G and b) PGMA@G films t, c) PMETAC@G 

film transferred onto Au coated Si wafer, and d) POEGMA@G film ransferred on SiO2 

wafer. Insets: water contact angle of the corresponding samples. 

 

4.3.2 Patterning and application of the polymer brushes grafted graphene film  

By utilizing the PMMA@G objects which have the lowest roughness among all the 

polymer brushes@G samples, femtosecond laser was used to pattern the PMMA@G 

films supported by Cu foil by generating square and dot holes on them. After the etching 

of Cu foil and 3 times of rinsing with deionized water, the patterned PMMA@G films 

were transferred onto Si substrate. The as-made patterns with uniform 50 µm squares 

and 5 µm circles (Figure 4.5) were observed clearly under the optical microscope. 

Patterns distributed regularly on the substrate with a constant depth of ~43 nm was also 

measured with the aid of AFM. 
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Figure 4.5 a-b) Optical images and c) AFM images of patterned PMMA@CVD 

graphene films transferred on Si substrate. 

 

From previous researches, PGMA was proved to react with amines effectively and it 

has been used for immobilizing different kinds of proteins, DNAs and enzymes190,191
. 

In order to investigate the reactivity of PGMA brushes grown on CVD graphene, we 

transferred the PGMA@G films onto PET films, and check if they could act as a 

reactive transparent platform for the immobilization of DNA strands.  

 

Here, the arrays of 5’-amino-modified, 3’-TET-labeled single strand DNA 

oligonucleotides (TET-ssDNA) were inkjet-printed onto PGMA-G, followed by 

overnight incubation, in which TET-ssDNA covalently bonded to the PGMA brushes 

through the ring-opening reaction of epoxy groups (Figure 5g). After rinsing away the 

physically adsorbed molecules, green fluorescence patterns were clearly seen under 

blue light excitation (Figure 4.6 a & b), and the thickness of the TET-ssDNA attached 

on the PGMA brushes was found to be ~20 nm (Figure 4.6 c). Then the TET-ssDNA 

was subsequently hybridized with its complementary strand by immersing the whole 

sample into a 100 nM 5’-TAMRA-labeled complementary DNA oligonucleotide 

(TAMRA-cDNA) solution for 7 hours at 45 °C. After the hybridization and rinsing 

processes, orange fluorescence patterns were observed due to Forster resonance energy 

transfer (FRET), and the thickness of the area with printed-TET-ssDNA increased for 

~100 nm. These changes did suggest that a successful hybridization of the two 

complementary oligonucleotide strands (Figure 4.6 d, e & h) was carried out.  
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Figure 4.6 a & b) Fluorescent microscopic images of the fluorescence intensity of 5’-

NH2, 3’-TET-modified ss-DNA bounded with PGMA@G with c) the corresponding 

cross-section analysis. d & e) Fluorescent microscope images of fluorescence intensity 

after hybridization with 5’-TAMRA-labeled complementary probes with f) the 

corresponding cross-section analysis. (The inserted scale bars equal to 200 µm.) g) 

Molecular structure illustration of the DNA binding and hybridization process on the 

layer of PGMA brushes. h) Microscope image of immobilized DNA arrays on the 

surface of PGMA@G film transferred on a 125 µm PET substrate.  

 

4.3.3 Co-polymer coated- CVD graphene film and characterizations  

In the previous part, we found that the PMETAC brushes grafted CVD graphene could 

not be transferred without spin-coated PMMA layer protection, which lead to an extra 

rinsing process after the wet-transfer process, and any PMMA residue would lower the 

chemical reactivity and surface hydrophilicity of the PMETAC@G films. Therefore, 

we synthesized a copolymer terminated with pyrene group and PMETAC group on the 
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two ends. A uniform copolymer layer was found on the CVD graphene after 1 minute 

spin coating (3000 round/min) as shown in figure 4.7. 

 

 

Figure 4.7 Schematic diagram of the fabrication and transfer process of copolymer@ 

CVD graphene films. 

 

To investigate the ability of the copolymer layer of anchoring on CVD graphene 

surfaces well as its physical and chemical properties, the samples were first investigated 

under the ATR-FTIR characterizations. From figure 4.8 a & b, both spectrum of 

PMETAC@G sample and copolymer@G sample transferred on SiO2 substrates 

showed the obvious peak at 1486 cm-1 representing the (CH3)4N
+ bond bending 

vibration, and the other peak at 1728 cm-1 representing C=O bond stretching. The 

PMETAC group, as well as the copolymer layer, were therefore confirmed to be 

successfully anchored on the graphene surface.  

 

The transmittance of the copolymer@G samples was also measured, as shown in figure 

4.8 b, the copolymer@G samples processed a transparency only 1-2% higher than that 

of pure CVD graphene sample. As the thickness and roughness of copolymer@G were 

found to be 26 nm (Figure 4.8 c), the copolymer layer was determined to exhibit a high 
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transparency with a film thickness ~26 nm. Moreover, the roughness (Rq) of the 

transferred copolymer@G on Si wafer was measured as 9 nm (35%), indicated a 

smoother surface was achieved when compared with the PMETAC@G films fabricated 

via SI-ATRP method. 

 

 

Figure 4.8 Characteristics of copolymer @G films transferred on target substrates.  a) 

ATR-FTIR spectrum of copolymer@G films transferred on Au coated Si substrate. b) 

Transmittance of light of pristine CVD graphene and copolymer@G films transferred 

on 125 µm PET substrate. AFM images of copolymer@CVD graphene c) before and 

d) after Cu ELD processing on SiO2 substrates. 

 

Moreover, metal electroless deposition (ELD) of copper (Cu) was also performed after 

the copolymer@G films were transferred onto target substrates. Furthermore, after the 

ELD process of Cu, the thickness of the samples increased to 85 nm with a roughness 

of 30 nm (Figure 4.8 d), where the roughness of the samples kept constant after the 

deposition of metal particles was carried out. Moreover, the Cu particles were found to 

be attached on the samples with good solvent stability, thus further confirmed the spin-

coating of copolymer is a feasible surface modification towards CVD graphene surfaces. 
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As the Cu coated graphene objects were fabricated with acceptable roughness and 

uniformity, it could be considered as a potential electrode material on 

flexible/stretchable devices, thus the mechanical flexibility of such samples were tested. 

Bending test was adopted to evaluate the mechanical stability of Cu@G objects 

transferred on PET substrates with the bending radius equals to 4 mm at a bending 

speed of 2.5 mm/s. (Figure 4.9 a & b). The resistance of the samples were measured 

along 1000 bending cycles. From the results, the resistance of the samples almost 

remained unchanged throughout the test carried out in an ambient condition. Frankly 

speaking, the stable resistance of Cu@G objects during the bending tests resulted as an 

outstanding mechanical stability of the metal structures fabricated by this method. 

 

 

Figure 4.9 Digital images of a) ELD-copolymer@CVD graphene sample on PET 

substrate; b) testing system that incorporates a homemade stretch-compress machine. 

c) Graph showing the changes of resistance of the ELD-copolymer@CVD graphene 

sample along 1000 cycles of bending (bending radius: 4mm and bending speed: 2.5 

mm/s) 

 

 

4.4 Conclusion 

In conclusion, via the π-π interaction between graphene film and pyrene groups on the 

SI-ATRP macro-initiator and copolymer, non-covalent functionalization of graphene 

with organic layers was achieved successfully. 

The as-synthesized anchors allowed asymmetric functionalization of graphene to be 

carried out in two suitable approaches. Firstly, the growth of polymer brushes via SI-
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ATRP with the macro-initiator, which lead to reproducible fabrication of different 

graphene-based 2D materials with various functional groups, and the degree of 

polymerization as well as thickness of the functional layers could be controlled by 

reactions time. Patterning of polymer brushes@CVD graphene on copper foil was also 

demonstrated by utilizing femtosecond laser. Moreover, a patterned PGMA layer was 

demonstrated via simple ink-jet printing. As the PGMA brushes are amine-reactive, the 

patterned PGMA layer could act as bio-microarrays which is potentially to be applied 

on sensor and diagnostic applications.  

 

On the other hand, spin-coating of the pyrene-group bearing copolymer on top of the 

graphene was found to be another feasible method for surface decorations. As the 

functional group of the copolymer could be tailor-made, the coating process is short 

and it could be carried out under ambient conditions, it should be regarded as a high-

throughput surface modifying approach for graphene film.  

 

Also, these polymers-modified graphene objects successfully transferred onto 

substrates with different natures, ranging from rigid wafer substrate to soft cotton fabric. 

Thus, transferring of these polymer@graphene films could act as a mild 

functionalization method on arbitrary substrate materials in ambient environment. 

 

Lastly, the polyelectrolyte bearing graphene 2D objects were known as able to anchor 

ionic species and was being active to ELD process of metals. The resulting objects 

fabricated with copolymer were found to possess higher uniformity and exhibit a 

constant resistance at ~8 Ω even after 1000 cycles of bending on PET substrates; which 

further supported the graphene based 2D materials as a potential candidate as 

interconnects in flexible and stretchable devices.  
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CHAPTER 5 GRAPHENE MEDIATED GROWTH 

AND TRANSFER OF ULTRATHIN GOLD LAYERS  

 

Gold (Au) is always adopted as electrode material in the flexible electronics research 

field. However, uniform and well-control deposition of Au layers always include high-

temperature physical deposition processes, which limited the choice of target substrates. 

Here we make use of CVD graphene layer as a deposition platform as well as the release 

layer that enable wet-transfer of Au thin film. The topography, mechanical stability, 

conductivity and crystal structure of the CVD graphene supported Au layer were 

discussed in detail. 

 

5.1 Introduction 

Gold is always an important electrode candidate in the flexible electronics research field 

due to its chemical inertness, availability in pure form, high conductivity and stability 

up to high pressure and temperatures. However, Au layers are usually fabricated via 

high-temperature physical deposition process (e.g. sputtering and evaporation), the 

choice of basal material is limited. Lifting-off and transfer of Au thin film is an approach 

to solve this problem, however, it is still a challenge nowadays. On the other hand, 

graphene, the one-atom-thick 2D honeycomb structure formed with carbon atoms, is 

well-known due to its high mechanical strength, (Young’s modulus: ~1 TPa; intrinsic 

tensile strength: 130 GPa)21 flexibility, transparency (only ~2.3% absorption of visible 

light) and electrical conductivity (mobility of charge carriers was found as high as ~ 10 

000 cm-2 s-1 for single-layer graphene at room temperatures.).1 3 The chemical vapor 

deposited (CVD) graphene was also well-known for transferrable onto arbitrary 

substrates with any polymeric protection on top, which could be adopted for a single-

to-few-atom thick conductive layer in flexible and thin-film electronics55,65,192,193.  

 

While not until 2012, in order to reduce the organic contamination and avoiding any 

decrease in conductivity of graphene caused by the incomplete removal of polymeric 
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layer, Hsu et al. reported the first CVD graphene transfer assisted by 30 nm Au layer 

deposited on top194. Moreover, the quality of Au-assisted transferred CVD graphene 

films were proved to be largely improved when compared to the PMMA-assisted 

transferred ones.195 The structural completeness as well as the mobility of Au-assisted 

graphene film was found to be higher and the measured sheet resistance were decreased 

for ~25 %. While from our point of view, besides these results supported that the few-

ten-nanometer thick thermal-deposited or sputtered Au layers were dense enough to 

protect the CVD graphene film, the metal layer was also successfully transferred onto 

the target substrates.  

 

Therefore, here we demonstrated that Au layers with different thickness (~10 -100 nm) 

thermally deposited on CVD graphene film grown on copper (Cu) foil could be 

transferred onto foreign substrate by simple wet etching and fishing process. In our 

experiment, we found that graphene acted as a supporting and adhesive layer that enable 

the wet-transfer of a complete Au film onto arbitrary substrates with far lower 

roughness when compared to transferred pure Au films. A transferred 20 nm-thick Au 

film supported by CVD graphene obtained a sheet resistance of 5 Ω sq-1, and showed a 

satisfactory flexibility with only a 8 % increase in resistance after 5500 bending cycles. 

Also, with the assistance provided by Prof. Ye Zhu from the Applied Physics 

Department, we discovered that CVD graphene has acted as a buffer layer for the 

growth of hexagonal close-packed (hcp)-type Au layer via the TEM images, which is 

totally different from the ordinary face-centred cubic (fcc)-structure of Au layer 

fabricated through physical deposition.  

 

In order to establish the reasons behind these extraordinary properties of these 

graphene-supported Au thin film, we also collaborated with Prof. Bolong Huang from 

the Department of Applied Biology and Chemical Technology for conducting a series 

of density functional theory (DFT) calculations, built up the model of Au layer grown 

on graphene@Cu layer. The appearance of a unique bi-layered structure of the Au layer 

deposited on graphene grown on Cu foil was discovered. And we believed that these 
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special structures in Au thin film could be explained with the 2D Peierls Distortion. As 

graphene is a zero-bandgap semiconductor with excellent electron transfer ability, the 

graphene layer could be considered as the source of p electron, when Au film starts growing 

on graphene, delocalization of p-electrons occurred and migrated to upper layer Au atoms. 

Large amount of active p electrons leads to redistribution of electrons and lowered the 

shielding effect of metals, limited the formation of isolated island during Au growth. 

 

 

5.2 Experimental section 

5.2.1 Deposition of Au on CVD graphene layer 

CVD-grown graphene sheets grown on Cu foil were supplied by Apex Graphene 

Technology CO., LTD. Au layers (10 nm, 20 nm, 50 nm or 100 nm) were deposited on 

CVD graphene via thermal deposition at a rate of 0.1 nm/s. 

 

5.2.2 Wet transfer of Au@CVD graphene film 

The Cu foil beneath CVD graphene layer was etched away with FeCl3 solution for 30 

minutes. The Au@CVD graphene film was then rinsed with deionized water, and 

transferred on the target substrates by a fishing action. The as-transferred Au@CVD 

graphene film were dried at 65℃-120℃ or above depending on the nature substrates. 

 

5.2.3 Characterizations  

Optical images were taken by a Nikon Eclipse 80i optical microscope (Nikon, Tokyo, 

Japan). The SEM images were measured by a CARL ZEISS ULTRA 55 scanning 

electron microscope. The AFM topographic images were obtained by an XE-100 AFM 

(Park Systems, Suwon, South Korea) in non-contact mode. The transferred Au layer 

with and without CVD graphene supported were characterized by X-ray photoelectron 

spectroscopy (XPS, Kratos AXIS ULTRA HAS, monochromated Al Kα = 1486.6 eV) 

and X-ray diffraction (XRD, 9KW rotating anode X-Ray source Rigaku SmartLab).   

The bending tests were conduct with a home-made bending machine, while the sheet 

resistance was measured by a 4-point probe system (RTS-9, 4 PROBES TECH). 



62 

 

Transmission electron microscopy (TEM) and high-resolution TEM (HRTEM) images 

were recorded with JEOL JEM-2100F microscope. 

 

 

5.3 Results and discussions 

5.3.1 Topography and crystallographic studies of the Au@Graphene films 

In this part, Au thin films with different thickness ranging from 10 nm to 100 nm were 

deposited onto pristine Cu foil or CVD graphene grown on Cu foil. Via wet etching of 

Cu foil and wet transfer process, Au films ≥ 50 nm could be transferred to target 

substrates with or without CVD graphene support (Figure 5.1 a - d).  

 

While the 10 nm and 20 nm thick Au film could only be transferred with the graphene 

support. These results suggested that the CVD graphene did provide extra mechanically 

strength and flexibily for the Au film, enabled the Au films to withstand the surface 

tension when floating on the solution during the etching and rinsing process. Moreover, 

the 100% completeness of the 10 - 20 nm Au@CVD graphene (Au@G) films 

transferred on the porous TEM grid (Figure 5.1 e & f) further demostrated their 

satisfying ductility, while the pure thin Au films were relatively brittle and broke down 

into pieces during the wet etching process of Cu foil.  

 

Via the microscopic images and observation, the 20 – 100 nm Au films supported by 

graphene were transferred with a far higher integrity when compared to the pure Au 

films. Cracks and buckles were easily observed on the pure Au films, and the thinner 

was the Au layer, the more serious was the cracking problem of the film. However, 

there was an oppsite trend observed from the graphene supported Au film. The 20 nm 

–Au@G was found to be smoother than the 50 nm and 100 nm Au@G samples, and it 

was the only sample that did not obtain continuous buckles.  
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Figure 5.1 Micrscopic images of a) 100 nm, c) 50 nm and e) 20 nm-Au film supported 

by CVD graphene transferred on Si wafers; pure b) 100 nm Au, d) 50 nm and f) 20 nm-

Au film transferred on Si wafers; and g) 20 nm and h) 10 nm-Au@CVD graphene 

transferred on Cu TEM grid. 
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For more detail studies about the morphology, integrity of the films, and any potential 

defects such as cracks and buckles on the transferred Au films, all the samples were 

studied under SEM after transferred on Si wafer. Via comparing the SEM images of 50 

nm Au films transferred with and without CVD graphene underneath, we could notice 

that the one supported by graphene was cracks-free (Figure 5.2 a & b), though buckles 

in length around 2 to 8 µm were observed. While from figure 5.2 c & d, serious and 

large area defects (~ 10 µm × 20 µm) were spoted all over the wet-transferred 50 nm-

pure Au film.  

 

On the other hand, we found out that the 20 nm Au film could not be transferred without 

the graphene support, which just broken down into very tiny pieces during the wet 

etching process of Cu foil. While under the SEM observation of 20 nm Au@G 

transferred on the Si substrate, there were still no cracks or holes were found on the Au 

layer. Moreover, because of the Au@G film is as thin as < 25 nm, the morphology of 

the Cu foil which used as the substrate for CVD graphene growth was duplicated by 

the thermally deposited Au layer, and was observed in figure 5.2 f.     

 

Moreover, not only the Au layer could be protected and transferred with satisfactory 

conpleteness, the CVD graphene layer was also well-protected by 20 nm Au layer. As 

shown in the Raman spectroscopy, the quality of graphene was also checked after 

removal of Cu foil. In this measurement, a PDMS block was attached to the pristine 

CVD graphene grown on Cu foil, as well as attached on the top of Au layer deposited 

on CVD graphene layer before the Cu etching process. As there were no obvious 

difference in the intensity ratio of D and G peaks in between two Raman spectrum, we 

believed that the graphene film was well-protected by the 20 nm Au, which agreed with 

the previous researches 195. 
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Figure 5.2 SEM images of a & b) 50 nm Au@G, c & d) pure 50 nm Au layer and e & 

f ) 20 nm Au@G transferred onto Si substrates. g) Raman spectrum of pristine CVD 

graphene and 20 nm Au protected CVD graphene. 
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Also, from the AFM results, the differences of smoothness in between the pure and 

graphene-supported Au film were well-established. The 50 nm Au@CVD graphene  

showed a far smoother surface with less buckles (roughness ~13 nm), and the widths 

of the buckles were resectively small when compared with the pure 50nm Au layer 

(roughness ~183 nm) (Figure 5.3 a & b).  

 

 

Figure 5.3 AFM images of 50 nm Au layers a) with graphene support and b) without 

graphene support which transferred on Si wafer. 

 

While as shown in figure 5.4, we found that the film uniformity of Au layer themally 

deposited on CVD graphene-grown-Cu foil are actaully far better than that deposited 

on pure Cu foil. From the TEM images, holes (pointed by red arrows in Figure 5.4 a) 

and thickness differences could be easily be spoted on the pure 50 nm Au films, where 

the bulky black areas were the thicker parts, and the brighter and white areas 

corresponding to the holes which allowed the light to pass through. For the 20 nm 

Au@CVD graphene film, the Au grains are found to be nicely packed, showing a Au 

layer with higher crystallinity and uniform thickness. 
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Figure 5.4. TEM images of a) 50nm Au and b) graphene supported 20nm Au layer 

transferred onto Cu TEM grids. 

 

We also studied the orientation of Au crystals from the very thin (~10nm) Au@CVD 

graphene film. Figure 5.5 a and b showed a non-continuous Au film with a common 

morphology that had been reported for evaporated ultrathin Au films. Surprisingly, as 

shown in the HRTEM image (Figure 5.5 c) taken along the [100] zone axis, hcp 

nanostructure of Au was discovered. To further study the crystal nanostructure, selected 

area electron diffraction (SAED) data was obtained, and a typical hcp 002 ring was 

found, the measured lattice spacing of Au atoms under HRTEM was found to be 2.41Å 

along the [002]h zone axis, and 2.27Å along the [011]h zone axis. And to our best 

knowledge, this is the first that hcp-Au was discovered on CVD graphene via simple 

thermal deposition process.  

 

To futher study the orienetation of Au particles, XRD was conducted on Au@G samples 

with diferent thickness. From the XRD spectra in Figure 5.6, a gradually increasing 

trend of Au (200) peak with increasing Au thickness could be observed for the graphene 

supported Au films. When the Au layer was only 10nm, there were no Au (200) peak 

could be observed, the XRD pattern of 10nm-Au@graphene shows a pure and strong 

[111] out-of-plane orientation. When the number of Au layers increased, the spectra 

became more complicated with observable peaks.  
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Figure 5.5 TEM analysis of Au@CVD graphene film. a & b) TEM images of ~10nm 

thick Au@CVD graphene film. c) HRTEM image of a small region of the Au@CVD 

graphene film along [100] zone axis, as indicated in the SAED in d). d) SAED pattern 

of the Au, showing diffraction rings for the Au layer along [100] zone axis. e) Model of 

the atomic arrangement of hcp structure corresponding to c). 
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Figure 5.6 XRD patterns of a) 10 nm, b) 20 nm, c) 50 nm, and d)100nm Au layers 

directly deposited on Si substrates, wet-transferred on Si wafer with and without CVD 

graphene support.  

 

5.3.2 Mechanical study of Au@Graphene films 

On the order hand, as graphene film is well-known for its flexibilty and conductive 

nature, instead of the integraty of the trasnferred Au films, we investigated if the CVD 

graphene film can also enhance the mechanical stability of the deposited Au layer. 

Bending test was therefore conducted to elaborating the differences in between Au film 

with and without graphene support in terms of conductivity and flexibility.  
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Figure 5.7 a) Sheet resistance changes of Au films (with and without CVD graphene 

support) transferred on 125 µm PET substrates within 10000 bending cycles with a 

bending radius of 2.5 mm. Microscopic images of 100 nm Au film b) with and c)without 

graphene support captured after 10000 bending cycles. SEM images of 20 nm Au films 

d) with and e) without graphene support taken after 10000 bending cycles. All the 

bending cycles consisted with a bending radius of 2.5 mm. 

 

The original sheet resistance of 10 nm-, 20 nm- , 50 nm- and 100 nm- Au@G film 

transferred on PET substartes were measured as the followings: 11.01 Ω/sq, 4.98 Ω/sq, 

1.13 Ω/sq and 0.8 Ω/sq respectively. During the bending test, the sheet resistances of 

all graphene supported Au films was decreasing until the 5000 cycles (Figure 5.7 a). 

With the aid of microscopic and SEM images (Figure 5.7 b – e), we believed that the 

Au films were successfully buckled up in a direction normal to the bending action, 
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instead of breaking during the bending process, which was caused by the lubricating 

nature of graphene as reported in the literature196,197. After 10000 bending cycles, sheet 

resistance of the 20, 50, 100 nm-thick Au supported by CVD graphene only increased 

by ~25%, while the pure Au films obtained a far larger increase of sheet resistance about 

350%. And this set of data definitly demostrated the enhanced flexibilty of the Au films 

when supported by CVD graphene films, as well as showing that the Au@G films 

would be a more preferrable canadidate as a conductive component in the flexible 

elemctronics.   

 

5.3.3 Stimulation and crystal structure of Au deposited on CVD graphene 

Since the extra ordinary mechanical strength and ductility of the Au films deposited on 

CVD graphene was measured, and rare hcp Au layer deposited via thermal deposition 

was discovered as mentioned above, DFT calculations were carried out to probe the 

models of the Au layers thermally grown on CVD graphene@Cu foil to seek for the 

mechanism behind these phenomena. The Au growth models are based on one layer of 

graphene and four layers of Cu (111) in bottom. Growth of Au is directly on graphene 

with Au (111) surfaces from 1 layer to 10 layers as shown in Figure 5.8. As the number 

of layers grow, we have found out that the ordered Au structure disappeared, 

accompanying with the appearance of a unique bi-layered structure especially in even 

layers of Au. This bi-layered structure showed a regular fluctuation rather than planar 

structure as multi-layered graphite.  

 

As the layered increases, the fluctuation on each layer are becoming more aligned with 

the nearest layer that form the bi-layered structure. As the tendency of forming bi-

layered structure, the distance of each bi-layered structure is larger than the internal 

distance in bi-layer. The distance results and other parameters are listed in Table 2. For 

odd layers of Au, the bottom layer of graphene will be apparently lifted to form bi-layer 

structure with the bottom single Au layer. Such phenomenon did not appear in even 

layer growth of Au until layer 10. The interactions between each bi-layer structure in 

odd layered films are stronger and more obvious, which even cause upward migration 



72 

 

of Au atoms in Layer 7 and Layer 9. Therefore, the bi-layered structure becomes more 

obvious and ordered in the even number layer structures than the odd number layers.  

 

 

Figure 5.8 Local view of even layers and odd layers of Cu-Graphene-Au multilayer 

structures. 
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Layer number Formation energy (eV)  Bi-layer distance (Å) 

1  0.28  /  

2  0.33  2.659  

3  -1.83  2.597  

4  0.01  2.925, 2.968  

5  -2.93  2.770,2.930  

6  1.00  2.713, 2.851, 2.782  

7  -2.12  2.878, 2.946  

8  1.16  2.610, 2.842, 2.880, 2.921  

9  -1.17  2.634, 2.967, 2.793  

10  -1.26  2.808, 2.962, 2.856, 2.931, 

2.949  

Table 2. The formation energy and layer parameters of different Au thin films 

 

The formation energy has been calculated and are shown in Figure 5.9 a. The even 

layers show higher formation energies than the odd layers, which might originate from 

the more ordered and separated bi-layered structure shows slightly less bonding 

between layers. The higher energy cost might be needed to achieve more stable Peierls 

Distortion on each bi-layer. When over 3 layers, we can see the distortion angle on each 

layer are coherent around 12.5~15°. The bi-layer internal distance shows smaller ranges 

in even layers than odd layers due to new sandwich layer or bond formation especially 

in Layer 7 and Layer 9. The more complicated electrons distribution in odd layers might 

disturb the layer stability that lead to more interaction between bi-layer and further 

influence the distances between bi-layers. Overall, the internal bi-layer distance has a 

trend of increasing as the layers increase.  

 

To further figure out the difference of influence by the layer numbers, we have 

compared the partial density of states (PDOS) of Au atoms d-orbitals for odd number 

layers and even number layers that is shown in Figure 5.9 b. From the pattern shape, 

we can see that in even number layers, the PDOS of Au atoms shows one relatively 
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higher peak around -6 eV with three smaller and broaden peaks around -4.5 eV, which 

gradually shifts 0.5 eV downwards as the layer number grows.  

 

 

Figure 5.9 a) Formation energies of different number of layers. b) Comparison PDOS 

of Au atoms in odd layers and even layers structured films. 

 

For odd numbers, the peaks remain basically at the same position. Moreover, comparing 

to the clear peaks separation in even number layers, odd number layers shows more 

closer peaks with relatively smaller intensity, representing a more complicated and 

decentralized distribution of electrons among the layers. This can also support the 

structure difference between odd number layers and even number layers. In Figure 5.10 

and Figure 5.11, all the PDOS of Au atoms in every layer are displayed from 6 layered 

structure and 5 layered structure, respectively.  
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Figure 5.10 PDOS of all Au atoms on Layer 6. 

 

Figure 5.11 PDOS of all Au atoms on Layer 5. 

 

It is quite obvious that Au atoms of the bottom layer shows relatively distinct pattern 

with other layers, which reflects the influence from p electrons causing by strong 

interaction with the bottom graphene.  
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Based on the preliminary results, we speculate that the special bi-layered structures in 

this Au thin films should consist the 2D Peierls Distortion. To achieve higher stability, 

the low dimension materials will result in Peierls Distortion, which can cause the 

neighboring atoms alternately to get buckled such as the fluctuated structures. On a 2D 

surface, the buckling phenomenon happens both in and out of the surface plane that 

further change the charge density wave, which is in good agreement with the Au thin 

films. The bottom graphene layer can be considered as a sources of p electrons, which 

is like a zero-bandgap semiconductor with excellent electron transfer ability. The 

schematic diagram of graphene electronic structure can be seen in Figure 5.12.  

When Au film starts growing on graphene, the bonding originates from strong 

interaction will cause delocalization of p-electrons and migration to upper layer Au 

atoms. The large amount of active p electrons will affect the electrons density of each 

layer that result in the redistribution of electrons and lower the shielding effect of metals 

to relieve the isolated island structure during thin film growth. This is also consistent 

with the PDOS results that lower layers showing more complicated peaks. Since the 

migration distances of p-electrons are limited, the higher layers show less effect from 

electrons redistribution and show very clear peaks in PDOS. And this also agreed with 

the gradual changes of XRD spectrum of the Au layers along the increase in Au film 

thickness. 

 

 

Figure 5.12 Schematic diagram of Au atoms growth on graphene. 
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To find out whether orbital couplings were happening in between the Au layers and 

graphene films as predicted by the stimulation above, Au layers (2 nm) deposited on 

graphene-grown Cu foil and bare Cu foil were characterized by X-ray photoelectron 

spectroscopy (XPS). Figure 5.13a represents the C 1s of graphene layer of the 2 nm 

Au@G@Cu foil sample, the sp2 hybridized C atoms binding energy (283.4 eV) 

dominated the peak, showing the adopted CVD graphene was uniformly deposited on 

Cu foil. As shown in figure 5.13 b - d, the observed Au 4d 5/2, Au 4d 3/2, Au 4f7/2 and Au 

4f5/2 binding energy of Au layer supported by CVD graphene was shifted to a lower 

value by 0.13 eV, 0.25 eV, 0.2 eV and 0.1 eV respectively, when compared with the 

pure Au layer deposited on Cu foil, which is a typical shift attributed to the strong metal-

semiconductor interaction198, 199. In this experiment, the negative binding energy shift 

of the Au d and f orbitals, could be explained by a relatively negatively charged Au 

layer resulted from the electrons transferred from the graphene layer. And these 

observations agreed with the stimulation results about the p-electron donating behavior 

of semiconducting graphene towards Au layer. 

 

 

Figure 5.13 XPS analysis of a) C 1s of Au@G film, b) Au 4d 5/2, c) Au 4d 3/2 and   

d) Au 4f of Au layer supported by graphene (black line) and pure Au layer (red line) on 

Cu foils. 
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5.4 Conclusion 

In this chapter, we successfully transfer 10 to 100 nm Au thin film supported by CVD 

graphene onto different substrates such as Si wafer, polymeric substrates and porous 

TEM grids. By adopting this approach, homogenous metal films could be transferred 

on arbitrary materials in ambient environment, without the concern of high temperature 

which always involved in the thermal deposition process of metal layers.  

 

According to the experimental results, all of the Au@G films attached on their 

substrates with satisfactory integrity and smoothness, which cannot be achieved by the 

pure Au films grown on pure Cu foil even they had the same thicknesses. Moreover, 

the mechanical stability and flexibility of the Au@G films were found to be 

significantly higher than pure Au films, where the sheet resistance of an ultrathin 20 nm 

Au@G film only increase for ~25% after 10000 bending cycles, which makes the 

Au@G films potentially applicable in highly flexible electronic devices. 

 

Importantly, here we discovered the hcp Au layer structure which deposited on the CVD 

graphene surface directly for the first time. Our results also indicated that, due to the 

excellent electron transfer ability and p-electron donating nature of graphene, the 

electrons density of each Au layers deposited on top of graphene were affected. In 

consequence, the formation of isolated island structure during the Au deposition was 

minimized, and lead to the unexpected epitaxial growth of denser and smoother Au film 

than on bare Cu foil. 
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CHAPTER 6 GRAPHENE-BASED FLEXIBLE AND 

TRANSPARENT ELECTRODES 

 

In the previous chapter, we discovered that thin Au film could be wet-transferred onto 

different substrates without any top-coated protection when supported by graphene film. 

Here, we fabricated the flexible, transparent and transferable CVD graphene based 

electrode via metal patterning and wet-transfer approaches. And the application of the 

electrode on photovoltaic devices would also be demonstrated. 

 

6.1 Introduction 

Transparent electrode is the essential components in the optoelectronic devices, such as 

solar cells, touch screen, light-emitting diodes (LEDs) and other display devices. An 

ideal transparent electrode should possess a high optical transmittance (%T) and low 

electrical sheet resistance (Rs). Moreover, as being flexible and wearable is the trend of 

the advanced electronics development, flexibility of the electrodes has become another 

important factor needed to take into account. Therefore, a great challenge did appear to 

the commonly used transparent electrode, such as indium tin oxide (ITO), which is well 

known for its high optical transmittance (> 85 %T in visible light region) and highly 

conductive (<15 Ω / sq), but brittle in nature19,20,200.  

 

In order to meet the market demand of flexible devices, a number of researches on 

flexible transparent electrodes have been conducted, and the materials being studied 

include the conductive polymer, carbon-based materials and thin metal films or meshes. 

However, each of these materials possesses their own drawbacks as conductive 

electrodes. For example, the electrical conductivity of conductive polymer and carbon-

based materials are relatively low when compared to the others. Metal meshes and thin 

films did show excellent performance in terms of flexibility, optical transparency and 

electrical conductivity in previous researches. While as same as ITO, the fabrication 

process of uniform metal film always involves high-temperature vacuum deposition 
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process, which limited the choice of the substrates when they were deposited as bottom 

electrodes. Also, due to the concern of contamination and surface roughness of 

uncompleted devices, direct patterning of micro-scale metal mesh on the top of the 

device structure is inapplicable. Moreover, researchers had investigated on fabricating 

flexible transparent electrodes with metal nanowires201-203 and metal nanoparticles204. 

Silver nanowire (AgNW) is the most promising candidate among the metal NWs due 

to their high conductivity, and as they could be dispersed well in solution, a thin, 

transparent layer of AgNWs could be achieved by spin-coating. However, spin-coating 

approach is not applicable when a large-area transparent conductive layer was needed. 

On the other hand, metal nanoparticles were always prepared as ink or pasted and be 

coated by printing method, e.g. screen printing. However, as the viscosity of the inks 

were relatively high, a uniform conductive surface with low roughness is hard to be 

achieved via this approach, and electrode with such a high roughness is not suitable for 

acting as a bottom electrode, especially for photovoltaic devices. 

 

As there are still obstacles on applying pure metal or metal particle inks as flexible 

transparent electrodes, there were researches focused on developing such electrodes by 

combining both of the conductive polymer and the metal mesh. For example, in 2011, 

a transparent electrode fabricated with silver (Ag) current collecting grids screen 

printed on top of highly conductive PEDOT: PSS was demonstrated by Galagan et 

al.18.The Ag grids was deposited with 6.4–8% surface coverage of the PEDOT: PSS 

layer, and a low sheet resistance of 1 Ω/sq was achieved. However, it was found to be 

buckled more seriously when their substrate got thinner than 130 µm, that the thickness 

of substrates was largely limited if a high flexibility was required for device application. 

Therefore, no matter the fabricating electrode which possesses high transparency, 

conductivity and flexibility at the same time, or depositing such electrode without harsh 

environment such as vacuum and high temperature, are the major challenges for 

researchers until now.    
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On the other hand, for the carbon based conductive materials, CVD graphene was 

reported to be highly flexible and transparent, and available for large area production 

due to the advanced CVD process, thus it has been applied as top and bottom electrodes 

via wet or dry transfer processes in the literature67,68,205-207. But the relative low 

conductivity of graphene when compared to ITO is still an obstacle in nature which 

needed to be overcome, and we believed that, the combination of graphene with highly 

conductive metal could be a solution. 

 

Therefore, here we demonstrated the fabrication of a transferable, flexible and 

transparent electrode by combining the metal mesh with the mono-to-few CVD 

graphene films. Via photolithography and simple rinsing processes, patterned 100 nm-

thick Au meshes were fabricated on CVD graphene grown on Cu foil. Via the etching 

of Cu, the whole Au@CVD graphene (Au@G) mesh becomes free-standing electrode, 

and were transferred on target substrates and devices. This Au@G mesh proceed a high 

transmittance of light in visible region (~92 %T) and less than 10 % increase in sheet 

resistance after 1000 bending cycles. As a demonstration of the transparent electrode 

which fabricated and transferred with this new approach, an organic solar cell was 

fabricated by adopting the Au@G mesh as top electrode. 

 

 

6.2 Experimental section 

6.2.1 Fabrication and transfer of Au@G mesh  

CVD-grown graphene sheets grown on Cu foil were supplied by Apex Graphene 

Technology CO., LTD. Target pattern for metal mesh was first fabricated on the surface 

of CVD graphene via photolithography by using the negative resist (NR9-1500PY), 

where the area for resulted metal mesh lines were left as bare graphene. 100 nm Au 

layer was then deposited on top via evaporation process (0.1 nm s-1).  

Photoresist with the Au on top were then removed by rinsing the whole Cu foil 

supported sample with acetone.  
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The basal Cu foil was etched away afterwards by placing on a diluted FeCl3 solution 

(50 mg/ml in deionized water) for 1.5 hours. In order to remove the Cu etchant residue, 

Au@G electrode was then transferred on the surface of deionized water, and ready to 

be fished on the target substrates. 

 

6.2.2 Fabrication of organic solar cell 

The fabrication of the semi-transparent organic solar cell began with modifying the 

cleaned ITO electrodes with a thin layer of PEI. To deposite a 15 nm thick PEI layer, a 

solution of PEI (0.5 wt% in 2-methoxylethanol) was spin-coated on the ITO substrate 

at 5000 rpm for 30 s. After annealing at 100 ºC for 10 min, via spin-coating a 

chlorobenzene solution of P3HT (20 mg/mL) and PC61BM (16 mg/mL) at 800 rpm for 

30 s on top of PEI layer, a 400 nm-thick P3HT:PCBM active layer was coated.  

The film was then annealed at 145 ºC for 5 minutes in a N2-filled glove box. Afrerwards, 

~170 nm thick poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) 

film was coated on top of the active layer by spin-coating PH 1000 (~1 wt% 

PEDOT:PSS in water, doped with 5% DMSO and 1% Znoyl FS-300 surfactant) 

solution at 1000 round/minute for 60 seconds in air, then the substrate was transferred 

into glove box and annealed at 130 ºC for 10 minutes.  

Finally, graphene@Au was transfer-printed on top of the PEDOT:PSS electrodes by 

wet-transfer. In order to avoid mechanical damage to the electrodes as well as minimize 

the contact resistance, silver paste was casted on the edge of the Au mesh which contact 

the probes during the solar cell preformance measurements. 

 

6.2.3 Calculation for photovolatic device 

The I-V curve of solar cells reflect the photovoltaic performance of solar cells under the 

irradiation of light, or the diode characteristics of solar cells under dark state. A solar 

simulator equipped with airmass 1.5 (AM 1.5) filter is commonly used as the standard 

light source for solar cell characterization, and the areal power rate of the simulated 

sunlight is 100 mW/cm2. The solar cells are connected to a sourcemeter to measure the 

I-V curves. The sourcemeter applies a swept bias either from negative to positive or a 



83 

 

reversed scan on the solar cells, and the current that passes through the solar cells is 

recorded.  

The value of open-circuit voltage (VOC) and short-circuit current (ISC) of the solar cell 

was be obtained from I-V characterization. The current is 0 when the applied bias is 

equal to VOC, and the photocurrent at 0 bias (i.e. at short circuit) is the ISC. The short-

circuit current density (JSC) of the solar cells can be calculated by dividing the ISC with 

the active area of the solar cells.  

The PCE of a solar cell is: 

 

𝑃𝐶𝐸 =
𝑃𝑚𝑎𝑥

𝑃𝑠𝑜𝑙𝑎𝑟
=

𝑃𝑚𝑎𝑥

100𝑚𝑊/𝑐𝑚2×𝐴
                                           (4) 

                                                                                            

where Pmax is the maximum power output of the solar cell, Psolar is the power of the 

sunlight on device which is 100 mW/cm2 times the active area (A) of the solar cell.  

 

The fill factor (FF) of the solar cell is defined as: 

𝐹𝐹 =
𝑃𝑚𝑎𝑥

𝑉𝑂𝐶×𝐼𝑆𝐶
=

𝑃𝐶𝐸×100𝑚𝑊/𝑐𝑚2×𝐴

𝑉𝑂𝐶×𝐼𝑆𝐶
=

𝑃𝐶𝐸×100𝑚𝑊/𝑐𝑚2

𝑉𝑂𝐶×𝐽𝑆𝐶
                         (5) 

                                                      

where JSC stands for short circuit current density.  

 

 

6.3 Results and discussions 

6.3.1 Fabrication and characterizations of metal mesh on CVD graphene 

According to previous chapter, we found that Au layer could protect the graphene film 

for wet transfer. Due to the excellent adhesion of Au on CVD graphene, we fabricated 

a transferable patterned Au layer supported by the mono-to-few layer graphene.  

As shown in figure 6.1, micron-scale Au mesh structure were firstly prepared on CVD 

graphene grown on Cu foil with negative photoresist. The photoresist was first coat and 

developed on the square space of the mesh, while leaving the Au mesh line area as bare 

graphene surface. After the thermal deposition of Au, the Au deposited on top of the 
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photoresist was rinsed away by acetone, while the Au directly deposited on CVD 

graphene was found to be attached firmly on the surface. After the etching of Cu foil 

with FeCl3, adopting deionized water as the media, the Au@G meshes were wet-

transferred onto target substrates.  

 

 

Figure 6.1 Schematic diagram of the fabrication and transfer process of Au@G mesh. 

 

We believed that the conductivity and flexibility of Au@G mesh fabricated via this 

approach could be easily tunes via controlling the mesh pattern. By pre-designing the 

photomasks, two Au meshes with different square holes area were achieved on 

graphene surface. Both of them obtain lines with 5 µm width, but one of them obtained 

square holes of 50 x 50 μm2 while the other obtained 100 x 100 μm2 ones. As shown in 

figure. 6.2 a – d, the Au@G meshes were not damaged by the etching and transfer 

processes. However, as shown in figure 6.2 e, we could notice that the line width of 

transferred Au@G mesh was not exactly 5 µm as designed for the photomask, but 5.9 

µm as measured via AFM. Here the wider line width was mainly caused by the 

roughness of the Cu foil which was used as the growth of graphene. As the Cu foil was 

not exactly flat, the photomask could not be perfectly attached on the graphene surface, 

thus the photoresist solidified on the graphene surface could not be perfectly duplicated 

the pattern of photomask. In order to solve this line widening or narrowing problem, 
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the length of UV curing time during the photolithography process would be the key 

parameter. 

 

 

Figure 6.2 Microscopic images of transferred Au@G mesh on 125μm PET film with 

patterns involved a & b) 100 x 100 μm2 and c & d) 50 x 50 μm2 square holes. e) Cross-

sectional profile of the Au@G mesh. 

 

In addition, we found that the size of the square holes was significantly affecting the 

optical transparency of the meshes. The transparency of the electrode with 100 x 100 

μm2 space achieved a high optical transparency of light, ~92 %T at the visible region 

(at wavelength = 550 nm), while the one with smaller space area only obtained ~80 %T 

(figure 6.3 a), i.e. the double size of the holes lead to a %T decrease of ~12%. 
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Figure 6.3 a) Graph showing transmittance of light and b) bending performance of the 

Au@G mesh transferred on 125μm PET film.  

 

Moreover, in order to investigate whether it is a suitable candidate as transparent 

electrode in practical devices, the flexibility of Au@G mesh had been evaluated by 

bending test after transferred onto a PET substrate, and the bending radius was set as 4 

mm. The original sheet resistance of the Au@G mesh with 50 x 50 μm2 square holes 

was measured as 19.8 Ω; while Au@G mesh with 100 x 100 μm2 square holes obtained 

an original 43 Ω sheet resistance. As plotter in figure 6.3 b, after 1000 bending cycles, 

the sheet resistance of Au@G mesh with smaller holes only increase ~10%, while the 

resistance of the mesh with larger holes increased for 70%. An indirect relationship was 

therefore observed in between the transmittance and flexibly for these semi-transparent 

electrodes.  
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6.3.2 Application of Au@G mesh as top electrode of organic solar cell 

In order to demonstrate the practical usage of the Au@G semi-transparent electrode, an 

organic solar cell was further fabricated with adopting the Au@G mesh as the wet-

transferred top electrode.  

 

 

Figure 6.4 a) Schematic diagram showing the structure of the solar cell. b) Microscopic 

images of the Au@G mesh as top electrode on the solar cell. Graphs showing the J-V 

characteristics of the solar cell when tested from c) ITO side and d) Au mesh side. 

 

As the Au@G mesh was confirmed to be transferable without protection, and 

processing a transparency >80 %T, it was believed to be an ideal top electrode of 

organic solar cell (Figure 6.4 a) which could be deposited on top in ambient 

environment. From the microscopic images capturing the top view of the as-fabricated 

solar cell, the Au mesh was found to be completely transferred without damages, and 

attached smoothly on the solar cell (Figure 6.4 b). 

 

As the bottom electrode of the fabricated solar cell is ITO/glass, which acquired high 

transparency >85 %T in visible light region, the whole device was semi-transparent. 
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The performance of the solar cell was measured as the followings, VOC is 0.58 V while 

the JSC could reach 8.15 mA/cm2, and the corresponding field factor (FF) and power 

conversion efficiency (PCE) was calculated as 2.46% when the device was tested from 

the ITO side (Figure 6.4 c). Moreover, as shown in figure 6.4 d, the FF can reach 55.2% 

while the solar cell was tested from the Au mesh side. The photovoltaic performance of 

solar cell was also checked in the dark state and the no serious current leakage problem 

was observed. 

 

 

6.3 Conclusion 

In summary, we developed the fabrication of transferable, flexible and semi-transparent 

Au@G electrode through photolithography on CVD graphene, followed by thermal 

deposition of Au. The patterned of Au layers were then simply achieved by removing 

the photoresist with acetone. With this fabricating approach, the electrode thickness and 

mesh pattern could be varied and controlled by photomask design. Moreover, a 

satisfactory mechanical stability was achieved by the Au@G mesh, where the sheet 

resistance only increased for 10% after 1000 bending cycles for the Au@G mesh with 

50µm ×50µm space in between lines. Other than the promising flexibility the resulted 

Au@G mesh electrode achieved a high optical transparency ~92 %T. 

 

Furthermore, as a demonstration of applying the Au@G mesh on electronics which 

require high conductivity and transparency, an organic solar cell was fabricated with 

the semitransparent electrode adopted as the top electrode. In this case, the final step of 

the photovoltaic device could be done in an ambient condition, which would be 

satisfactory for those devices made with components that would deform under high 

temperature, such as textiles and ultrathin PET films. Moreover, as the Au@G electrode 

is a quasi-2D materials on the surface of water, they could be applied and attached on 

top of any devices or substrates that were made on curved and rough surfaces.  
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CHAPTER 7 ULTRATHIN, FLEXIBLE, 

TRANSFERABLE GRAPHENE-SUPPORTED 

MICRO-SUPERCAPACITOR 

 

In this chapter, fabrication and performance of the ultrathin, flexible and transferable 

micro-supercapacitor (µSC) based on graphene/silicon dioxide (SiO2) bilayer are 

demonstrated. Highly controllable electrode patterns of the supercapacitor are obtained 

through applying shadow mask during metal deposition or lithography approach. The 

topography and performances of the transferred devices are studied in detail, and the 

advantages of ultrathin, flexible and transferable supercapacitor is discussed.  

 

7.1 Introduction 

Wearable and portable electronics have attracted great attentions from researchers and 

markets nowadays. Importantly, in order to provide all-day comfort to the users, these 

devices are required to be flexible, thin and light weight. Thus, one of the key challenges 

of the wearable electronics development is the miniaturization of the energy-storage 

part, which is conventionally in sandwich structure. To minimize the thickness of 

energy-storage elements, planar micro-energy-storage devices like µSCs were required. 

The basic structure of a µSC consists of a positive and a negative electrode positioned 

next to each other, separated by a pre-assigned gap and ionic conductor electrolyte208. 

Within the planar µSCs with interdigitated electrodes, transportation of electrolyte ions 

occurs in a two-dimensional way, that separator is no more necessary and this could 

shorten the ion travel distance. In recent ten years, intensive investigations on planar 

µSCs with different electrodes design have been done.  

 

Up till now, the micro-scale electrodes were mainly fabricated via lithography209-211, 

laser scribing212-216 and printing217,218 approaches. However, in order to ease these 

micro-fabrication processes, all of these µSCs were required to be built on flat and 
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smooth substrates that would not deform under high temperature and high energy beam, 

which possess thickness of few tens micrometers to millimeters. Although some of the 

resulted µSCs achieved excellent capacitance performance and retention, the 

fabrication requirements largely limited the choices of supporting materials of the 

devices, as well as introducing poor compatibility with some basic materials of 

wearable and flexible electronics, such as textiles and plastic films.  

 

While graphene, especially the CVD graphene, is well-known for its high tensile 

strength, flexibility and conductivity, and could be transferred onto arbitrary substrates 

via dry or wet transfer process with a protective layer (e.g. PMMA or thermal released 

tape) coated on top6,7,57,205. Therefore, in order to realize an ultrathin and transferable 

supercapacitor based on the monolayer CVD graphene, a nanoscale thick and smooth 

insulting layer which could be deposited on graphene under precise controlled is 

essential. Such a layer can separate the conductive graphene layer with the 

interdigitated electrodes printed on top, thus allowing a highly selective 

electrochemical deposition of active materials. At the same time, enable the whole 

structure to be transferred completely through the wet etching process of Cu foil 

underneath. Therefore, instead of the metal protective layer we deposited on CVD 

graphene in previous chapters, insulating metal oxide layers were chosen as the 

modifying agent of the graphene layer. 

 

On the other hand, active materials adopted in the reported µSCs are mainly the carbon-

based materials like multi-layer graphene215,219-221, carbon nanotube (CNT)222-224 and 

carbide-derived carbons (CDC)225,226, or pseudocapacitive materials such as conductive 

polymer227-229 and transition metal oxide230-232. Among all these materials, cabron based 

materials obtained satisfactory rate ability as well as the power density, while the 

pseudocapacitive materials showed a relatively high areal capacitance, since their 

charge storage mechanism rely on rapid and reversible redox reaction.  
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In this chapter, by combining mono-to few layer CVD graphene, SiO2 layer (≦50 nm), 

patterned Au electrode (≦100 nm) and manganese dioxide (MnO2) particles, we 

fabricated an ultrathin (≦180 nm), flexible and transferable µSC. The metal and metal 

oxide layers of this µSC was fabricated via physical vacuum deposition method, and 

the active materials were coated on the electrode surface via electochemical deposition, 

which were simple, efficient, and the thickness of every layer could be well controlled.  

 

To the best of our knowledge, this is the first report of a wet-transferrable SiO2 layer 

which possessed a nano-scale thickness assisted by the support of a mono-to-few-layer 

CVD graphene. Moreover, because of the extraordinary high mechanical strength and 

flexible nature of CVD graphene, flexible µSCs were realized by simply transferring 

the graphene/ SiO2 supported planar electrodes onto suitable substrates. The micro-

supercapacitors fabricated via this approach achieved a highest areal capacitance of 814 

µF cm-2 and a specific capacitance of 21.18 F g-1 at scan rate of 10 mV s-1, and obtained 

satisfactory flexibily when they were transferred and operated on polyimide (PI) tapes 

and paper substrates. We believed that these results are beneficial for realizing the 

fabrication of various kinds of wearable, flexible and thin-film electronics on a wide 

range of substrates in the furture. 

 

 

7.2 Experimental section 

7.2.1 Fabrication of micro-supercapacitor on CVD graphene 

CVD-grown graphene sheets grown on Cu foil were supplied by Apex Graphene 

Technology CO., LTD. A SiO2 layer (20 nm, 50 nm or 100 nm) was deposited on CVD 

graphene via plasma enhanced chemical vapor deposition (PECVD), where the Cu face 

faced down to the tray, and the graphene side was faced up to a gas mixture of 20% 

silane (SiH4) and 80% nitrous oxide (N2O), under 300℃ and 0.7 Torr with a deposition 

rate of 1.2 Å/s. A pair of 100nm thick Au interdigitated electrodes were deposited on 

the SiO2 surface through thermal evaporation process at 0.3 nm/s with the aid of a 

shadow mask. 
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Electrochemical deposition MnO2 was carried out with a thermal release tape (TRT) 

attached to the Cu foil face. The whole deposition process was carried out under a 

constant current of 2 mA cm-2 in a three electrode system at room temperatre, where 

the reference electrode and counter electrode were silver chloride (Ag/AgCl) and 

platinum (Pt) foil respectively. The deposition solution consisted of 0.1 M manganese 

acetate (MnAc2, 98% purity) and 0.1 M sodium sulfate (Na2SO4, 99% purity) dissolved 

in deionized water. After rinsing with deionized water, the TRT was deteched from the 

Cu foil by heating the samples to 120℃ for 1 minute. 

 

7.2.2 Transfer of graphene supported micro-supercapacitor onto target substrates 

The basal Cu foil was etched away by placing on a FeCl3 solution for 30 minutes. The 

graphene/SiO2 supported electrodes were then rinsed by floating on deionized water, 

and ready to be attached on the target substrates. In order to avoid mechanical damage 

to the electrodes as well as minimize the contact resistance during the electrochemical 

measurements, silver paste was casted along the Au collectors. 

 

7.2.3 Characterizations and electrochemical tests 

SEM images of the surface of as-fabricated electrodes were obtained by a Carl Zeiss 

Ultra 55 scanning electron microscope. The optical transmittance of the SiO2/CVD 

graphene was measured by Agilent Cary 7000 UV-Vis spectrometer. 

 

Electrochemical measurements were carried out on an electrochemical station of a 

Solartron 1,255 frequency response analyzer coupled with Solartron 1,287 

electrochemical interface.  

 

Cyclic voltammetry (CV) measurements based on two-electrode and three-electrode 

system were performed at different scan rates (from 10mV s-1 to 50V s-1). For three-

electrode system, the tested samples were the 2 cm × 1 cm MnO2@Au@graphene 

electrodes transferred onto 125 µm PET films, where 1M Na2SO4 was prepared as 

aqueous electrolyte, Ag/AgCl and Pt foil acted as the reference electrode and counter 
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electrode, respectively. The voltage window of the measurments were set as 0 to 1 V.  

While for two-electrode system, a gel elecroltye was prepared by mixing 3 g polyvinyl 

alcohol (PVA) with 30 ml deionized water at 85℃ with continuous stirring for 4 hours 

at first; followed by adding 6.3 g lithium chloride (LiCl) and kept stirring until all the 

components were fully dissolved. The gel electrolyte was dropped on top of the 

graphene/SiO2 supported electrodes which had already been transferred on substrate of 

interest. The voltage window of the measurments here were set as 0 to 0.8 V.  

 

Galvanostatic charge and discharge (GCD) data and impedance spectra of the planar 

µSC were also obtained under the two-electrode system. The GCD measurements were 

carried out at 0.02 mA cm-2 to 0.4 mA cm-2, and the impedance data were obtained 

under a sine wave with 5 mV amplitude over a frequency range of 100 kHz to 0.01 Hz. 

 

7.2.4 Calculations for electrochemical performance 

The capacitance C (mF) of the supercapacitor electrodes and the fabricated planar 

supercapacitors were calculated from the GCD curve by the following equation 219,225:  

C = 
𝐼𝑡

𝑉
                                                               (6) 

where I (mA) is the discharging current, t (s) is the time for discharge, V(V) is the value 

of potential window during the discharging process of the devices.  

Thus the areal capacitance Ca (mF/cm-2) was calculated by : 

Ca = 
𝐼𝑡

𝑉𝑆
                                                             (7) 

where S (cm2) is the surface area of the electrodes. 

 

 

7.3 Results and discussions 

7.3.1 Deposition and transfer of SiO2@CVD graphene bilayer 

First of all, via PECVD process, we grew SiO2 layer on the CVD graphene surface with 

different thickness to investigate the minimum thickness for the wet transfer of the 

SiO2@CVD graphene bilayer. As shown in Figure 7.1 a & c, 50 nm and 100 nm SiO2 
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layer deposited on CVD graphene layer were transferred and attached well on the Si 

wafer. Although some defects were introduced to the graphene films during the PECVD 

process, as indicated by the decreased D/G peak ratio observed from the Raman 

spectrum of graphene after SiO2 deposition (Figure 7.1e), the uniformity of the 

transferred SiO2 layers was still satisfying.  

On the other hand, the 50 nm and 100 nm SiO2 films deposited on bare Cu foils which 

were used for the grown of CVD graphene adopted in the experiments, they could not 

be transferred as a uniform film via the wet Cu etching process and they peeled off from 

the Si wafer after they were let dried (Figure 7.1 b & d). 

 

The thinnest SiO2@CVD graphene bilayer we successfully transferred was 20 nm thick, 

and the transmittance of the bilayers with different thickness (20 nm, 50 nm and 100 

nm) were measured. We found that all of these samples achieved a high transmittance 

of ~97 % at visible range (~550 nm) (Figure 7.1 f), which is close to the theoretical 

optical transparency of single-layer graphene (97.7 %) 22,65. These results therefore 

suggested the possibility of adopting the SiO2@CVD graphene bilayer as a basal 

material of transferable devices which require high optical transparency, such as the 

photovoltaic devices and light emitting diodes (LEDs). 
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Figure 7.1 Microscopic images of wet-transferred 100nm SiO2 layer a) with and b) 

without CVD graphene support on Si wafer; and wet-transferred 50nm SiO2 layer c) 

with and d) without CVD graphene support on Si wafer. Inset: Digital images of the 

corresponding SiO2@CVD graphene bilayer attached on Si wafer. e) Raman spectrum 

of CVD graphene layers before and after the deposition of 50 nm SiO2 layer. f) 

Transmittances of SiO2@CVD graphene bilayer with different thickness transferred on 

125 µm PET film. 
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7.3.2 Fabrication and device structure 

As illustrated in Figure 7.2 a, ~50 nm thick SiO2 film was deposited on top of the CVD 

graphene as the protective insulating layer via PECVD process, and a pair of 

interdigitated electrodes was fabricated on top by applying a shadow mask during 

thermal deposition of Au, or by photolithography method. As the PECVD and thermal 

deposition process were both operated under high temperature (>300 ℃), it is worth to 

note that graphene is an ideal material to make these fabrication processes well-

established due to its stability under high temperature and pressure67, while many of the 

flexible substrates such as paper, textiles and few-ten-micron-thick PET films will 

deform under such conditions.  

 

To complete the fabrication of the µSC electrodes, MnO2 particles were coated on Au 

surface via electrochemical deposition. There was a pair of interdigitated electrodes 

patterns designed and evaporated on the SiO2 layer, their widths and gaps in-between 

the electrode-fingers were set as 150 µm and 400 µm respectively.  

 

The as-fabricated µSC electrodes on CVD graphene supported by Cu foil was shown 

in Figure 7.2 b and c, which was made up of 24 integrated electrodes (i.e. 12 pairs of 

positive and negative electrodes) that are 8 mm in length. Both of the width and gap in-

between the electrode fingers are 150 µm. Figure 7.2 d is the digital image of the 

graphene/ SiO2 bilayer supported µSC transferred onto a 125 µm PET substrate, and a 

satisfactory attachement without cracks and buckles, as well as a excellent  

completeness of the transferred elecrode fingers could be observed under the 

mircoscope (figure 7.2 e & f). 
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Figure 7.2 a) Fabrication and transfer of the ultrathin, transferable graphene/ SiO2 

bilayer supported µSC. SEM images of b & c) microelectrode as-fabricated on 

SiO2@CVD graphene grown on Cu foil. d) Digital image and e & f) SEM images of 

µSC shown in b & c transferred onto 125 µm PET substrate  

 

7.3.3 Electrochemical deposition of MnO2 

In order to obtain the highest possible capacitance of the fabricated µSC, the optimum 

amount of deposited MnO2 on the Au electrode was first investigated. From the 

previous researches involved the deposition of MnO2 on Au substrates, different 

amounts of MnO2 could be deposited by controlling the deposition time under a fixed 

current density233,234. To start with, we simply deposited 100nm Au onto the surface of 
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50 nm SiO2 coated-CVD graphene that support by Cu foil. The Au electrodes were then 

connected to a three electrode system as the working electrode for anodic deposition at 

room temperature. The current density for MnO2 deposition was always set as 2 mA 

cm-2, while the deposition time was varied from 5 s to 900s. 

 

By utilizing the 3-electrode system, capacitances of the whole series of fabricated MnO2 

coated Au electrodes were measured, and the relationship between the areal capacitance 

of the electrode and the MnO2 deposition time is shown in Figure 7.3 a. When the 

deposition time increased from 5 s, the areal capacitance of the eletrodes increase 

gradually until the deposition time reached 80 s, where the areal capacitance is 14.6 mF 

cm-2. While the deposition time further increase to >80 s, the areal capacitance started 

to drop dramatically. The optimum anodic deposition time of MnO2 was therefore 

considered as 80 s at 2 mA cm-2. 

 

For further investigating the trend of capacitance changes according to the deposition 

time, the structure and topography of MnO2 layer fabricated on Au electrode with 

different deposition time were observed. From the SEM image figure 7.3 c, we could 

find that found that MnO2 particles were deposited through electrochemical 

successfully, obtaining a flower-like morphology, coated on top of Au electrode as 

individual particles and islands. While from figure 7.3 d, an Au surface was first 

observed to be fully covered by MnO2 particles, thus we could only achieve a uniform 

MnO2 layer on the electrode when the electrochemical deposition time is ≥50 s. With 

further prolonged deposition time, the MnO2 layers were found to get denser and denser, 

and bulk MnO2 clusters were observed when the deposition time is longer than 100s 

(Figure 7.3 e). And this could be the reason of the capacitances to drop dramatically 

afterwards. And from figure 7.3 f, we could ensure the SiO2 substrate allowed a highly 

selective deposition of MnO2 on the electrode surface, as no MnO2 particles were found 

in the gap between the electrode gaps. 
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Figure 7.3 a) Corresponding plot showing the relationship of areal capacitance of the 

electrode versus the electochemical deposition time of MnO2. b) CV curves of the 

electrode at 80 s-MnO2-deposition at different scan rates. SEM images of the deposited 

MnO2 layer on top of patterned Au electrodes with different electochemical deposition 

time: c) 5 s, d) 50 s and e) 150 s, and the exposed SiO2 area in between the electrode 

fingers. All scale bars equal to 500µm. 

 

7.3.4 Performance of the micro-supercapacitor 

Based on the above measurements, all the planar Au µSCs fabricated on the surface of 

SiO2@CVD graphene grown on Cu foil were coated with active materials via 80 s 

MnO2 deposition. And after etching away the Cu foil underneath the CVD graphene 

layer, the µSCs were transferred onto 125µm PET film (Figure 7.4 a). After dropping 

the PVA/LiCl gel electrolyte on top, electrochemical performances of the µSCs were 

evaluated using 2-electrode system.  
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Figure 7.4 CV curves of the micro-supercapacitor at different scan rates a) 10 mV s-1 

to 500 mV s-1, and b) 1 V s-1 to 20 V s-1. c) GCD curves of the supercapacitor device 

with different current densities (0.02 mA cm-2 to 0.2mA cm-2). d) Nyquist plot of the 

micro-supercapacitor. f) Cycling performance of the device during 8000 cycles at a scan 

rate of 0.02 mA cm-2. 

 

Cyclic voltammetry (CV) measurements of µSCs obtaining 400 µm-wide electrode 

fingers and gaps were conducted with with voltage ranging from 0 to 0.8 V, at scan rates 

from 10 mV s-1 to 20 V s-1 as shown in Figure 7.4 b & c. Galvanostatic charge–discharge 

(GCD) curves with different current densities from 0.02 mA cm-2 to 0.2 mA cm-2 were 

also plotted in Fig. 7.4 d. The areal capacitance for the device was found as 295 µF cm-

2 at scan rate of 10 mV s-1. The electrochemical impedance spectra (EIS) as shown in 

figure 7.4 e further demonstrate a low internal resistance (~ 5.6 Ω) of the µSC electrode. 

While from figure 7.4 f, nearly 94% of the initial capacitance value was retained after 
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6500 cycles and 82% after 8000 cycles when operating under 0.02 mA cm-2, showing 

a satisfying cycling stability. 

 

In order to improve the capaitance of the µSCs, interdigitated electrodes with finer 

width and smaller gap distance was adopted. Electrode fingers and gaps width were 

narrowed down to 150 µm via photolithography process. Although a higher resistance 

value was obtained (figure 7.5 d), capacitance which is almost 3 times higher was 

achieved. The areal capacitance for the finer device was found as 814 µF cm-2 at scan 

rate of 10 mV s-1, and it was found to perform well even under high scan rate (up to 50 

V s-1) (figure 7.5 a & b), and operated under a wider range of current density (0.08 mA 

cm-2 to 0.4 mA cm-2) as shown in figure 7.5 c. 

 

 

Figure 7.5 CV curves of the finer micro-supercapacitor at different scan rates a) 10 mV 

s-1 to 500 mV s-1, and b) 1 V s-1 to 50 V s-1. c) GCD curves of the supercapacitor device 

with different current densities (0.08 mA cm-2 to 0.4mA cm-2). d) Nyquist plot of the 

micro-supercapacitor.  

Furthermore, flexibilty of the µSCs were also studied. The µSCs were transferred and 

attached onto soft substrates including A4 paper, cotton fabric and PI tape (Figure 7.6 

a-c). Due to the softness of the substrates, buckles were observed on the transferred 

µSCs under microscope (Figure 7.6 d), but no serious electrode breakages were 

observed. These demostrated the tremendous compatibility of this SiO2/graphene 
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bilayer supported µSC with those common basic materials of wearable electronics, their 

stability upon bending action were measured. The µSCs (with 400µm width electrode 

fingers and gaps) was attached on the PI tape, and the capacitance performance was 

measureed under flat and bending state as shown in Figure 7.6 d and f.  

 

 

Figure 7.6 Digital images of µSCs transferred onto a) PI tape, b) cotton fabric and c) 

A4 paper. d) SEM image of µSC transferred onto PI tape. e) Digital image of the bent 

µSC on PI tape and f) CV curves of the µSC on PI tape at flat and bending state.  

 

The device was measured at 100 mV s-1, and it shown a stable performance under the 

bending state with bending radius equals to 4 mm at a bending speed of 2.5 mm/s, and 

the capacitance value of the bended µSC is 9 % higher than the flat state. The enhanced 

capacitnace could be resulted from more serious buckling occurred along the surface of 

µSC, which shortened the travel distance of the electrolyte ions.  
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7.4 Conclusion 

We have developed a facile strategy of fabricating an ultrathin, transferrable micro-

supercapacitor based on a SiO2/graphene bilayer. The transferred µSCs obtained an 

highest areal capacitance of 814 µF cm-2 at scan rate of 10 mV s-1, and had shown good 

cycling stabilities and mechanical flexibilities. More importantly, the µSC was built 

with less than 200 nm thick, which is one of the thinnest among all the reported 

supercapacitors.  

 

And based on making use of CVD graphene grown on Cu foil as the building block, 

high temperature physical deposition processes which allow precise thickness control 

of metal oxide or metal layers could be carried out without the concern of substrate 

deformation. Furthermore, they could be transferred onto arbitrary substrates including 

PET films, tapes, papers and even fabrics.  

 

Other than supercapacitor, the SiO2/graphene bilayer could definitely a substrate for 

building any other electronic devices, especially for photovoltaic devices due to their 

high transparency. We believed that this newly designed strategy could open up a new 

avenue for fabricating transferable and flexible devices in an efficient way. 
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CHAPTER 8 CONCLUSIONS AND OUTLOOK 

 

8.1 Conclusions 

In this thesis, we had investigated different modifications of graphene films with 

organic (polymer brushes) and inorganic substances (metal and metal oxide). In order 

to protect the natural conjugated structure as well as the electronic merits of pristine 

graphene, only non-covalent modifying approaches were considered. We had studied 

and discusses about the chemistry and structures of the modified graphene-based 

materials, as well as applying them in various applications.  

 

In Chapter 4, for widening the applications of chemically inert pure graphene films in 

the biochemical or electrochemical fields, we utilized the ATRP strategy to enrich the 

surface functionality of CVD graphene. Via the π-π stacking interaction between basal 

plane of graphene and the pyrene-group bearing ATRP initiator, four kinds of polymer 

brushes with different functional group and nature were successfully grafted onto the 

surface of graphene. These results suggested that desired surface reactivity towards 

different biological and chemicals substances can be tailored on graphene by this 

strategy. 

 

In Chapter 5, we deposited 10 – 100 nm Au thin film on CVD graphene grown on Cu 

foil via simple thermal deposition. We successfully transfer the graphene-supported Au 

films onto flat and rigid or porous substrates with high integrity, and they attached on 

the substrates with satisfactory smoothness. Moreover, the mechanical stability and 

flexibility of the Au@G films were also found to be significantly enhanced than the 

pure Au films. Also, we are the first to discover the hcp Au structure could occur on the 

CVD graphene surface by simple physical vacuum deposition.  

 

In Chapter 6, we reported the fabrication process of a transferable, flexible and semi-

transparent graphene-based electrodes. Such an electrode was achieved via patterning 

Au mesh on the CVD graphene, where the Au layer also acted as a protective layer of 
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the graphene film underneath. The as-fabricated Au@G electrode possessed a 

promising flexibility that the sheet resistance of the mesh (with 5-6µm line width and 

2500µm2 space) only increased for 10% after 1000 bending cycles. Also, satisfactory 

transmittance to visible light ~92% and sheet resistance ~19.8 Ω were also achieved by 

the Au@G meshes. Moreover, the transferrable electrode was successfully transferred 

onto the top of an organic solar cell and worked as the top electrode, while the 

corresponding FF and PCE reached 55.2% and 2.46%, which are a promising result for 

semi-transparent organic solar cell. 

 

In Chapter 7, a facile strategy of fabricating transferable ultra-thin devices built on 

transparent few-ten-nanometer SiO2 layer was introduced. It was the first report of wet-

transferable PECVD SiO2 layer assisted by mono-to-few layer graphene.  

Planar micro-supercapacitors with different patterns were fabricated with a thickness 

less than 200 nm, and were transferred onto different substrates, including the rigid 

wafer, PET substrates, fabrics and tape. The highest areal capacitance that could be 

achieved by the µSCs was 814 µF cm-2. 

 

For the highlights in this thesis, the major contributions of our work on the fabrication 

of ultrathin functional graphene-based materials falls into three major areas: first, 

providing the surface properties modifications, such as specific reactivity and 

wettability which are required in practical sensor and actuator; second, the growth and 

stabilization of hcp-phased Au structures on CVD graphene surface; third, the 

realization of transferable, flexible, transparent and lightweight conducting or 

insulating materials, which are potentially applied in flexible and wearable electronics 

no matter in large scale or micro-scale. Moreover, these transferable ultrathin graphene-

based would definitely open the pathway of fabricating or integrating various devices 

on more kinds of soft, curved, rough or even fragile materials.  
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8.2 Outlooks 

This research has demonstrated non-covalent modification on CVD graphene with 

organic polymers, and inorganic layer like metal and metal oxides, which resulted in 

different ultrathin graphene-supported 2D materials, and their applications were 

demonstrated. Although several examples of the graphene-supported 2D materials have 

been illustrated in this thesis, further studies and mass-scale production development 

based on these graphene-modifying technologies still needed to be conducted in the 

future: 

1. Although mono-to-few layer graphene possess the properties closest to the ideal 

graphene films as reported in the literature, most of the applications demonstrated 

with graphene sheets until now were based on GO or rGO. This is due to the 

relatively high production cost for producing large area and high quality pristine 

graphene film via epitaxial growth or CVD processes; special handling skills are 

also needed for such ultra-thin carbon-based materials. In order to realize their 

applications in the reality, the next step should be investigated more sufficient and 

low-cost graphene fabrication strategies.  

2. We would like to deepen understanding of the following phenomena:  

i) In this research project, only Au and SiO2 layer were deposited and transferred 

via graphene-support, a wider range of inorganic layers should be adopted in the 

future, to investigate the feasibilities and effects of depositing different inorganic 

layers onto basal plane of graphene. Moreover, to widen the application of 

graphene-supported transferable inorganic layers.  

ii) hcp Au layer was resulted from thermal deposition on CVD graphene. Hence, 

depositing metal on CVD graphene layer could be a new strategy for controlling 

the crystallographic structure of different inorganic layer. On this basis, in aid with 

the lithography method, we hope to fabricate inorganic layers with well-designed 

heterogenous crystallographic orientation, through patterning CVD graphene into 

different structure. We believed that such ultrathin graphene-supported 2D materials, 

especially for the noble metals with programmed dimension, would be desirable 

candidates for applications in plasmonic and catalysis field. 
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