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Abstract 

In this paper, a comprehensive review of development in encapsulation methods of OLED is 

delivered first. As 2 Dimensional(2D) materials, graphene and it’s derivatives are supposed to 

form compact wall for water vapor and oxygen transmission. Application of graphene/its 

derivatives and their polymer composite as barrier coating is then studied in this work. The 

characteristics, properties and synthesis methods of graphene, graphene oxide (GO), reduced 

graphene oxide (rGO) as well as epoxy resin (EP) are summarized in detail. Modified 

Hummer’s method is adopted for the synthesis of GO and solution mixing method is used to 

prepare GO/EP, rGO/EP nanocomposite solution in this study. The solution is then spin coated 

on glass and flexible substrates. By adjusting the rotating speed of spin coater, controlling of 

film thickness at nanometer scale is realized and verified using profiler. The influence of film 

thickness on transmittance of the barrier coating is discussed based on result from UV-Vis 

Spectrometer.  All of the prepared films demonstrate high transmittance (>96%) at visible light 

range. Contact angle was used to characterize the surface hydrophilic/hydrophobic properties 

of the prepared films.  XRD was used to compare the structures between natural graphite, GO 

and rGO. FTIR was used for the identification of functional groups in graphite oxide and SEM 

was used to check the surface morphology to make sure the prepared barrier coating is flat 

and without pin holes. The results indicate that many of graphene’s superior properties have 

been saved to the GO/EP and rGO/EP nanocomposites film, which make this encapsulation 

technology attractive and promising. 

 

 

 

 

 

 

 

 

 

 

Keywords: OLED, Graphene, Graphene Oxide, Epoxy Resin, Gas barrier, Polymer, 
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1. Introduction 

Organic Light-Emitting Devices (OLEDs) have broad application prospects in display and 

lighting field due to their characteristics of wide colour gamut, wide viewing angle, high contrast, 

fast response, low power consumption and suitable for flexible substrates [1-3]. However, the 

industrialization of OLED technology still faces many difficulties to be solved. Organic materials 

and metal electricity in OLED are easily corroded by water vapor and oxygen in the air and 

lose their functions, which is one of the important problems hindering the development of OLED 

[4]. 

Due to its excellent electrical, mechanical and thermal properties, graphene, a monolayer of 

graphite, is being widely explored and has attracted great academic and industrial interest [5]. 

However, there are many problems with making graphene physically in industry, including 

defective graphene layers and difficulties in scale. Another way is to incorporate its derivatives 

including graphene oxide (GO) and reduced graphene oxide (rGO) into polymer matrix [6]. The 

gas barrier performance of polymer materials has become an important indicator in many 

applications, such as packaging, medicine, piping and electronics. Graphene and its 

derivatives have also been considered as superior nanoscale fillers in polymer 

nanocomposites for gas barrier applications, including encapsulation of OLED. In this study, 

Graphene Oxide (GO) and reduced Graphene Oxide (rGO) were prepared and incorporated 

into Epoxy Resin (EP) matrix respectively using solution mixing process to obtain EP based 

nanocomposites with enhanced gas-barrier properties. The GO/EP and rGO/EP solution was 

coated on glass and flexible substrates using spin coating technology and cured with UV light. 

The controlling of film thickness in nanoscale was realized and verified using profiler, thus 6 

control groups with different thickness were set for measuring the effect of film thickness on 

transmittance and hydrophilia. XRD, FTIR and SEM are used for the material characterization. 

2. Review 

2.1 Comprehensive Introduction of OLED 

Since the invention of OLED in 1987 by Dr. Qingyun Deng [6], OLED display technology has 

attracted extensive attention in the industry for its features such as wide colour gamut, high 

contrast, light and thin, large viewing angle, fast response speed, low power consumption, 

active light emitting mode without the need of backlight and can be prepared on flexible 

substrates [7-9]. 

Compared with existed mature technologies such as Liquid Crystal Display (LCD) and Light 

Emitting Diode (LED), although OLED has achieved initial success in intelligent electronics, TV 

and lighting [10], and it is superior to LCD and LED in terms of structure, contrast, response 
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speed and so on having a huge market demand its market share and penetration rate have not 

made great progress [11]. In particular, the industrialization of OLED is still facing great 

difficulties due to the problems in device life, device stability and yield [12-13]. These are all 

focused by current research in the industry. From the lighting principle of OLED, both organic 

small molecule devices based on dyes and pigments, and polymer devices based on 

conjugated polymers can be explained by the same theory. With the recombination of electrons 

and holes, an organic molecule with high energy state is formed. This state is called an excited 

state, and the molecule in the excited state is called an exciton. Excitons return from the excited 

state to the ground state by releasing energy, during which photons are emitted. Simply put, 

OLED is a technology that deposits a hole-injected anode and electron-injected cathode on a 

substrate, as well as organic materials that produce photons. Moreover, this technology is more 

attractive than any other display technology, because it can be prepared on a flexible substrate, 

which provides infinite possibilities for today's people who pursue colour and fashion in design 

[14], as shown in Figure 1. 

 

Figure 1: OLED Technology Applications 

 

 

 

 

 

 

 

Figure 2: Schematic Structure of OLED 

Modern OLED technology is basically a "sandwich" structure composed of organic layers with 

different functions [15]. The properties of each layer and its compatibility with adjacent materials 
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have a very important influence on the performance of OLED. The structure can be shown as 

Figure 2. 

As can be seen from the Figure 2, there are mainly the following functional layers including [16]: 

Hole Injection Layer (HIL) 

The hole injection layer refers to the organic material layer inside the device by reducing the 

potential barrier that prevents the hole from being injected into the organic layer by the anode. 

Hole Transportation Layer (HTL) 

The hole transport layer refers to the organic material layer that transfers the hole injected from 

the anode to the luminescent layer. 

Emission Layer (EML) 

The luminescent layer is where the incoming holes and electrons combine. The holes and 

electrons reach the luminescent layer, find a docking charge for each other, and recombine. 

By stripping electrons from otherwise neutral organic molecules or injecting holes, the electrons 

and holes recombine in the luminescent layer, reducing the organic material in its excited state 

to neutral molecules. From the molecular state, the electron from the ground state to the high 

energy excited state, the excited state is extremely unstable, and then back to the ground state, 

this process energy is released in the form of "light". 

Electron Transportation Layer (ETL) 

The electron transport layer transmits electrons to the luminescent layer, and at the same time 

blocks the hole transfer to the cathode, so that the charge meets and recombines in the 

luminescent layer. Similar to the hole transport layer, the electron transport layer material 

should have a wider energy gap than the luminescent layer.  

Electron Injection Layer (EIL) 

The electron injection layer enhances the cathode electron injection capability. However, when 

the work function of the electron transport layer and the cathode material match, the electron 

transportation Layer can be used directly without using electron injection layer.  

During the process of device preparation, the technologies used for small molecule organic 

materials and polymer organic materials are different. At present, the popular market is mostly 

small molecular organic materials, the thickness of each organic layer is about 20~50nm [17]. 

Therefore, in theory, OLED devices could be made very thin, or even transparent and flexible. 

This unparalleled technological advantage is destined to enable OLED technology to 

show extraordinary talents in the display and lighting field. 

2.2 The Existing Main Problems of OLED   
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2.2.1 Problems in Technology Development 

When OLED was first developed, it was widely regarded as the most promising next generation 

display lighting technology. OLED has many advantages over mature LCD and LED 

technologies. However, there are still many technical problems waiting to be solved in OLED 

[18]. 

(1) Large-area OLED Display 

OLED has achieved great success in small area display, especially in small electronic products 

such as mobile phones, but the production of large area display has always been a difficult 

subject. Many companies have hit a brick wall with OLED TVS so far [19]. 

(2) Short Service Life 

OLED is very sensitive to water and oxygen in the air, especially water vapor in the air. The 

reason is that the organic layer is easy to react with water vapor and oxygen in the air, resulting 

in changes in the structure and performance of the material, thus losing its original role and 

forming dark spots on the surface of the device. Therefore, encapsulation technology is 

particularly important for the development of OLED technology. In order to meet the 

requirements of production, OLED devices are required to have a service life of more than 

10,000 hours and a storage life of more than 50,000 hours [20]. The Water Vapour Transmission 

Rate (WVTR) of encapsulation should be controlled under  5 × 10 − 5 𝑔/𝑚2/𝑑𝑎𝑦 , which 

requires high barrier performance of the device [21]. 

(3) Lack of Stability 

Due to the high requirements of OLED devices and materials, even a little defect will cause 

serious damage to the whole device [22]. At present, organic materials are still not mature, after 

a long time of use, some materials will appear the phenomenon of recrystallization. Moreover, 

the life of red, green and blue luminescent materials is also very different, which leads to some 

distortion in the display device for a period of time [23].  

Although OLED has encountered some difficult difficulties, its development trend and 

prospects are still bright, and a large number of scientists are trying to solve these problems. 

 

 

2.2.2 Traditional Encapsulation Methods 

It has been emphasized that water vapor in the air and oxidation of oxygen are an important 

factor contributing to rapid device degradation. Therefore, effectively encapsulating OLED to 
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prevent water vapor and oxygen from entering into the device is an important technology to 

solve OLED degradation [24]. Traditional glass encapsulation technology is to use glass or metal 

cover plate, through epoxy resin and device bonding together [25]. The entire encapsulation 

process is carried out in an environment filled with inert gas (e.g., Argon, Nitrogen, etc.), so 

that a closed space is formed between the device and the glass cover plate and is isolated 

from the external environment [26]. However, the glass and metal cover plates are made of steel 

materials, and the three-dimensional network structure formed by epoxy resin curing is easy 

to crack, which leads to water vapor infiltration and affects the sealing performance of the 

device [27-28]. Therefore, desiccant (𝐶𝑎𝑂) is often added to the interior of the packaged device 

to absorb water vapor entering the device through the interface. When the desiccant absorbs 

a certain amount of osmotic water vapor, it expands, which affects the performance of the 

device. Currently, the glass-based AMOLED packaging technology is FRIT packaging, which 

still uses glass [29]. The so-called FRIT packaging technology is a packaging technology that 

uses laser irradiation to instantly melt glass powder containing oxides (e.g., 𝑉2𝑂5/𝑃2𝑂5/𝐹𝑒2𝑂3/

𝑇𝑒𝑂2/𝐵𝑎𝑂/𝑆𝑖𝑂2/𝑃𝑏𝑂/𝑆𝑛𝑂, etc.) and glass slurry raw materials, so that the upper and lower 

glass plates are bonded together [30]. Obviously, this traditional glass cover plate packaging 

structure will increase the weight of the device, and the cover plate itself is not flexible. 

Therefore, this packaging method cannot meet the requirements of flexible packaging [31]. 

2.2.3 Introduction of Thin Film Technology 

Thin Film Encapsulation mainly uses film covering, which is deposited on the surface of the 

device. If a flexible substrate is used, the front and back sides should be enclosed to isolate 

the device from air due to the limited water and oxygen resistance of the flexible substrate. The 

key to this encapsulation method lies in the barrier ability of the encapsulation film to water and 

oxygen. In order to meet the commercial requirements, OLED packaging film of water and 

oxygen barrier ability to put forward high requirements. High mechanical strength, optical 

transparency, thermal and chemical stability should also be required for ideal packaging [32]. 

At present, there are many methods to improve the barrier performance of polymer materials 

as thin film encapsulation, but they still have some disadvantages, including high cost, high 

humidity, sensitivity, opacity and low mechanical strength. The most common approach is to 

coat thin film polymers using low permeability barrier polymers such as polyethylene (PE), 

polypropylene (PP), and polyvinyl alcohol (PVA), etc [33]. However, although such polymers are 

light, inexpensive and easy to process, their use as barriers is often limited by their relatively 

high permeability compared to the high standards of modern packaging applications. Figure 

3(a) shows water vapor transmittance (WVTR) and oxygen transmittance (OTR) for common 

organic polymers used in barrier applications [34]. It can be seen that the vapor barrier 
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performance of some polymers only meets the food packaging standards. They are far from 

enough for current display devices, including OLEDs and LCDS. 

Another promising technology is inorganic and organic hybrid thin film encapsulation. Inorganic 

films have high water vapor isolation ability and can often be used as a water-blocking layer. 

However, defects (e.g., pinholes, cracks, etc.) will inevitably occur in the process of forming 

inorganic thin films, and the existence of defects greatly reduces its barrier ability [35]. In addition, 

too many or too thick inorganic layers will produce large internal stress, seriously affect the 

package quality. The study shows that the organic - inorganic interlaced packaging method 

can reduce the defects and stress of inorganic film. At present, the organic/inorganic hybrid 

thin film encapsulation technology developed by Vitex System [36] is widely used in the field of 

film packaging, as shown in Figure 4(a). There are nine inorganic organic structures with a total 

thickness of 3~4 μm. It is also called Barix film packaging technology [37]. In fact, the organic 

layer only plays a role in improving the sample surface flatness and reducing mechanical loss, 

only the inorganic packaging layer really plays a role in packaging.   

 

 

 

 

 

 

 

 

Figure 3: (a) [34] Water vapor transmittance (WVTR) and oxygen transmittance (OTR) for 

common organic polymers used in barrier applications. (b) [39] ALD/MLD preparation of hybrid 

inorganic/organic thin film. 

Figure 4(b) shows the packaging method adopted by Samsung, South Korea [38]. CVD is used 

to deposit inorganic silicon nitrite film and inkjet printing sandwich structure of organic materials, 

with a total thickness of 8-10um and a fast-packaging rate, which can be used for flexible OLED 

technology packaging. Meanwhile, CVD technology is relatively mature and suitable for 

industrial production. But the film made by CVD is easy to crystallize and the packaging effect 

is not very ideal. Chen et al. [39] use ALD or MLD to prepare amorphous films shown in Figure 

3(b). This kind of multilayer thin film exhibits extremely low WVTRs, making it ideal for use as 
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an OLED protective layer. However, ALD and MLD are expensive and their wide use is still 

limited. 

 

 

 

 

 

 

 

 

Figure 4: Common thin film encapsulation methods of OLED. 

(a) [37]: Barix encapsulation; (b) [37]: CVD/Inkjet/CVD encapsulation. 

2.3 Application of Graphene and Its Derivatives in Barrier 

Polymer as Thin Film Encapsulation 

The gas barrier performance of polymer materials has become an important indicator in many 

applications, such as packaging, medicine, piping and electronics [40-44]. Due to its easy 

processing, light weight, low cost and multifunctional characteristics, polymer materials used 

for gas barrier gradually replace the traditional materials, such as polyethylene, poly 

(propylene), polystyrene, polyvinyl chloride, poly (lactic acid) and polyvinyl alcohol, the most 

commonly used polymer materials in the packaging industry [45-47]. However, the relatively high 

gas permeability of most polymer materials limits their use in applications. Therefore, it is 

necessary to research and develop how to improve the barrier of polymer materials while 

maintaining good mechanical properties and processing characteristics and meeting the needs 

of modern industrial applications. 

The gas permeation mechanism of polymer materials consists of three distinct steps: physical 

adhesion of gas to the surface of polymer materials, absorption of adherent gas molecules, 

and diffusion of gas in polymer materials. Therefore, adding impermeable layered fillers, such 

as organic montmorillonite, mica and graphene nanosheets, into the polymer matrix is an 

effective means to improve the gas barrier performance of polymer materials. These fillers can 

form "nano barrier walls" in the polymer matrix, which can change the diffusion path of gas 

permeable molecules in the polymer and make the diffusion molecules follow a longer and 

more tortuous path through the nanocomposite membrane [48]. As shown in the Figure 5, Figure 

5(a) shows polymer only, and Figure 5(b) shows after adding non-porous nanomaterials into 
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the polymer matrix [49]. In this process, there are three main factors affecting the bending of the 

diffusion path of the diffusion molecule: the mass fraction of the nanosheet, the morphology of 

the nanosheet, and the specific surface area of the nanosheet. Therefore, uniformly dispersed 

nanosheets with large specific surface area are ideal structures for preparing nanocomposite 

films with high gas barrier. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 [49]: Illustration of the tortuous pathway created by incorporation of exfoliated 

nanoplatelets into a polymer matrix film. (a) Polymer only; (b) Nanocomposite. 

Montmorillonite and mica sheet are widely used as nanofillers in polymer composite barrier 

applications because of their high specific surface area and good compatibility with various 

polymers. Compared with montmorillonite and mica sheets, graphene blends with polymers 

not only show better gas barrier properties, but also better mechanical strength, electrical 

conductivity and thermal properties when properly dispersed in the polymer matrix. Kalaitzidou 

et al. [50] found that graphene and GO were significantly better than nanocomposites such as 

carbon nanotubes, carbon black and montmorillonite in improving the gas barrier of polymer 

materials. Compared to other carbon nanoparticles, such as carbon nanotubes and fullerenes, 

graphene has a high surface to volume ratio, allowing for the longest gas diffusion path even 

at low volumes. 

In recent years, graphene has attracted extensive attention due to its superior material 

properties and has become one of the most widely studied materials [51]. In addition, graphene, 

a mono layer of graphite, is thought to be an ultra-thin, perfectly two-dimensional (2D) barrier 

against the diffusion of gases. Ideally, defectless single crystal monolayer graphene not only 
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has excellent mechanical properties and high transparency, but also is impermeable to air. 

However, the synthesis of large-area, defection-free, single crystal, monolayer graphene 

remains extremely challenging [52-55]. One strategy to exploit graphene's gas impermeability 

properties in mass production is to use Graphene Oxide (GO) and its reduced form Reduced 

Graphene Oxide (rGO) [56]. GO consists of oxygen-containing functional groups on the base 

plane that disperse well in polar solvents such as water, leading to scalable mass production. 

However, there are some defects in the GO base plane. Therefore, multi-layer, highly 

interlocked deposits would be preferred. Unfortunately, GO is significantly affected by relative 

humidity due to its hydrophilicity and is subject to thermal shock even at low temperatures due 

to its structural instability. Therefore, the deposited graphene oxide film layer should be 

chemically or thermally reduced to prevent water vapor from penetrating or absorbing water on 

its surface [57]. In the process of reduction, it is necessary to solve the problem of easy damage 

to the surface of OLED, which is not conducive to large-scale economic production. Therefore, 

another approach is to mix graphene and its derivatives, including GO, rGO and functionalized 

GO (FGO) or functionalized Graphene (FG) nanosheets physically or chemically with polymers 

to prepare graphene/polymer nanocomposites. 

3. Methodology 

As mentioned above, the research focus of this paper will be on the preparation of 

nanocomposites by mixing graphene and its derivatives with polymers. In this chapter, the 

properties, characteristics, structures and barrier mechanism of graphene and its derivatives 

will be carefully and comprehensively described. Their preparation methods will also be 

discussed in detail. Epoxy resin, which is chosen in the research of this paper to make 

graphene/polymer nanocomposites, will then be fully expounded. 

3.1 Graphene  

3.1.1 Characteristics and Properties of Graphene 

Graphene was developed in 2007 by Physicists Geim and Novoselov [58] of the University of 

Manchester in the United Kingdom by separating natural graphite into smaller pieces and 

taking thinner parts from the resulting graphite fragments, which is illustrated in the Figure 6. 

The advent of graphene has caused a worldwide research boom. Electrons in graphene 

behave like relativistic massless particles, but follow linear diffusion laws, which allow 

graphene to exhibit many peculiar electrical properties, such as the quantum Hall effect and 

excellent light transmission. Because of graphene's extremely high carrier mobility 

(200000𝑐𝑚2 𝑉𝑠⁄ ), thermal conductivity (
3000𝑊

𝑚𝑘
) and electrical conductivity, graphene 
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electrodes can revolutionize complementary Metal Oxide Semiconductor (MOS) electronics 

[59]. 

Graphene is considered to be a soft, two-dimensional crystalline material that is impervious to 

any gaseous molecule, as demonstrated and experimented in molecular simulations. The 

electron density of the aromatic rings in graphene is high enough to repel the penetration of 

atoms or molecules. For example, energy barriers form when a single-atomic molecule, such 

as Helium (He), approaches the center of a defection-free graphene monolayer carbon ring. 

The energy barrier calculated with the Local Density Approximation (LDA) is about 18.8eV. 

The kinetic energy of the He atom (18.6 eV) is less than the 18.8eV required to penetrate the 

barrier. Relaxation of the graphene layer begins only after He atoms are reflected. This is nicely 

illustrated in the Figure 7 [34]. Therefore, defectless monolayers of single crystal graphene can 

act as a good barrier to gas transport at room temperature. However, it is difficult to synthesize 

large, defection-free graphene sheets because graphene boundaries, point defects and carbon 

rings contain more or less than six carbon atoms.  

 

 

 

 

 

 

Figure 6: The invention process of Graphene 

Graphene is a single layer of carbon atoms in a cellular structure formed by a single carbon 

atom hybridizing in 𝑆𝑃2 with bonds to three adjacent carbon atoms, as shown in the Figure 

7(b). Because graphene with complete structure is a two-dimensional crystal composed of 

stable benzene six-membered rings, it has high chemical stability. Graphene is a surface inert 

material with weak interfaces with polymers. Moreover, the strong van der Waals force between 

the graphene sheets makes it easy to produce irreversible aggregation in the polymer matrix, 

which makes it extremely difficult to prepare various graphene composite materials for 

research and application [61]. In addition, graphene is neither hydrophilic nor oleophilic, making 

it difficult to disperse evenly in the polymer matrix and unable to dissolve into other solvents, 

resulting in moulding difficulties. Therefore, it is usually necessary to modify graphene. By 

introducing some specific functional groups into the ring structure of graphene, specific 

properties can be given to graphene to improve the dispersion and compatibility of graphene 

in the polymer matrix. At present, the most common way to modify graphene is to obtain 
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graphene oxide (GO) after functionalization, because GO has a similar structure to graphene. 

The oxygenation reaction only makes the GO lamellar surface with many oxygen-containing 

functional groups such as hydroxyl, carboxylic group and epoxy group [62], so as to improve its 

dispersibility in organic solvents and polymer matrix and enhance compatibility with polymer 

matrix. This makes it better applied in the field of composite materials, thus helps improving 

the performance of composite materials in all aspects [63]. 

 

 

 

 

 

 

 

 

Figure 7(a) shows the reflection of He atom with kinetic energy of 18.6 eV on graphene 

surface. i) He atom is getting closer to perfect graphene layer. ii) He atom rests before 

penetrating the graphene layer; iii) The He atom is reflected back and the surface begins to 

relax. [Reproduced from ref. 60] 

Figure 7(b) shows the monolayer of carbon atoms with a cellular structure. 

3.1.2 Synthesis of Graphene 

In order to prepare large area defection-free graphene monolayers, many synthetic methods 

have been explored. These methods can be roughly divided into physical methods and 

chemical methods. Physical methods include mechanical exfoliation and large wafer transfer-

printing method. Initially, graphene was prepared by mechanical exfoliation, but this method 

could only produce small amounts of graphene, which could not be mass-produced, and it was 

difficult to control the size of monolayers, which limits its application.  Chemical methods 

include epitaxial growth, chemical vapor deposition and graphite oxide reduction [64]. 

Depending on the preparation method, different types of graphene can be prepared, including 

size, degree of exfoliation, purity and structural defects [65]. Among these methods, CVD growth 

method is the most suitable for obtaining high-quality graphene considering the cost [66]. 

However, graphene in the CVD method has many defects that may lead to adverse molecular 

transport. In the early stage of CVD, grain boundaries between single-crystal graphene 

domains are formed by connections between isolated graphene islands during growth. These 
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grain boundaries of polycrystalline graphite dominate gas transport with unfavourable 

molecular transport. In addition, graphene synthesized by CVD tends to have inherent defects 

(1-15nm in size) [67]. In other words, it is difficult to make defect-free, perfect graphene. 

Graphene can be produced in large quantities by the graphite oxide (GO) reduction method. 

However, some properties of graphene, such as electrical conductivity, may be lost as the 

graphite oxide may not be completely reduced. Currently, there have been many studies on 

large-scale preparation of high-quality defect-free graphene based on theoretical methods. 

However, due to current technological limitations, there are many prerequisites for the 

synthesis of perfect graphene with theoretically desirable properties. In the future, therefore, 

there is a need to develop technologies to grow perfect graphene, defection-free transfer 

methods, nanopore tuning techniques with advanced electron beam resolution, and simple 

multi-layer stacking techniques [68]. 

3.1.3 Barrier Mechanism of graphene and its derivatives 

As mentioned in Chapter 2.3 of this paper, graphene as filler can form a "nano barrier wall" in 

the polymer matrix, thus changing the diffusion path of gas permeable molecules in the polymer, 

making the diffusion molecules pass through the nanocomposite membrane along a longer 

and more tortuous path. The barrier mechanism of graphene/polymer nanocomposites can be 

explained by the theoretical model of small molecule permeability, which began in the 1960s, 

about 20 years earlier than experimental studies [69]. The molecular permeability theoretical 

model assumes that layered nanocomposites are composed of small molecule permeable 

phase (polymer matrix) and small molecule impenetrable phase (layered nanofiller). The nano 

lamellae generally have a uniform shape and are regularly arranged and dispersed in the matrix 

at an Angle to the direction of small molecule penetration. The model shows that the main 

factors affecting the barrier property of layered nanocomposites are the mass fraction of 

lamellar filler, the specific surface area of lamellar filler and the angle between lamellar filler 

and small molecule permeation direction. Nielsen [70] proposed a simple model of a polymer 

matrix containing a regularly arranged inorganic plate, as shown in the Figure 8. The watertight 

inorganic platelets in a permeable polymer matrix can create much more tortuous and longer 

paths for the diffusion of gas molecules. 

 

 

 

 

Figure 8 [70]: Schematic diagram for numerical calculation 
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The penetration of gas molecules into the polymer matrix conforms to the "dissolution-diffusion" 

theory, and the steady-state diffusion process of gas molecules conforms to Fick's first diffusion 

law: 

𝑞 = −𝐷
𝑑𝑐

𝑑𝑥
  (1) 

Where, 

𝑑𝑐

𝑑𝑥
 represents gas concentration, the unit is 𝑘𝑔/𝑚4; 

𝐷 represents diffusion coefficient, the unit is 𝑑; 

𝑞 represents gas transmission in unit time and unit area, the unit is 𝑘𝑔/𝑚2𝑠. 

The process of gas molecule dissolution conforms to Henry's law 

𝐶 = 𝑆 ∙ 𝑝  (2) 

Where, 

𝐶 represents the mole fraction of gas dissolved in polymer matrix in unit volume, the unit is 

𝑚𝑜𝑙/𝑚3; 

𝑝 represents ambient pressure, the unit is 𝑃𝑎; 

𝑆 represents solubility coefficient, the unit is 𝑚𝑜𝑙/𝑚3𝑃𝑎. 

Osmotic coefficient 𝑃𝑔 is used to quantitatively characterize the complexity of the gas molecule 

passing through the nanocomposite thin film: 

𝑃𝑔 = 𝐷 ∙ 𝑆  (3) 

Where, 𝑃𝑔 represents osmotic coefficient, the unit is 𝑚𝑜𝑙/𝑚 ∙ 𝑠 ∙ 𝑃𝑎. 

According to 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (3), the decrease of both solubility coefficient 𝑆 and diffusion coefficient 

𝐷 will make the nanocomposite thin film’s Osmotic coefficient decrease. 

After the addition of nanosheets, the mass of polymer matrix decreases and results in the 

decrease of solubility coefficient 𝑆  of small molecules in nanocomposites, which can be 

expressed by the 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (4): 

𝑆 = 𝑆0(1 − 𝜔) (4) 

Where, 

𝑆0 represents the solubility coefficient of small molecules in matrix, the unit is 𝑚𝑜𝑙/𝑚3𝑃𝑎; 

𝜔 represents the mass fraction of the nanosheet layer. 

At the same time, the addition of nanosheets as impermeable filler forces the infiltration path 

of small molecules to become longer and more tortuous. And this in turn leads to a decrease 

in the diffusion coefficient 𝐷, which can be expressed by the 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (5): 
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𝐷 =
𝐷0

𝜏
 (5) 

Where, 

𝐷0 represents the diffusion coefficient of small molecules in matrix, the unit is 𝑚2/𝑠; 

𝜏 represents the tortuosity, and it is decided by the specific surface area, shape and orientation 

of the nanosheet, which can be expressed by the 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (6): 

𝜏 =
𝑙′

𝑙0
 (6) 

Where,  

𝑙′ represents the length of the path that a small molecule takes through the film; 

𝑙0 represents the thickness of the film. 

The 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (7) can be obtained by the combination of 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (3),

𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (4), 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (5) 𝑎𝑛𝑑 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (6): 

𝑃

𝑃0
=

1 − 𝜔

𝑡
  (7) 

Where,  

𝑃 represents the osmotic coefficient of the nanocomposite, the unit is 𝑚𝑜𝑙/𝑚 ∙ 𝑠 ∙ 𝑃𝑎; 

𝑃0 represents the osmotic coefficient of the polymer matrix, the unit is 𝑚𝑜𝑙/𝑚 ∙ 𝑠 ∙ 𝑃𝑎; 

The decrease of the diffusion coefficient 𝐷 becomes the key step to control the decrease of the 

osmotic coefficient 𝑃, because the additional amount of nanosheets is usually very low and the 

mass fraction ω is very small, and the decrease of the polymer matrix mass can be ignored. 

Therefore, 𝜏 becomes the main factor affecting the barrier performance. So far, the barrier 

mechanism of graphene has been explained clearly. 

When graphene nanosheets are not added to the polymer matrix, gas molecules can directly 

penetrate from one side of the film to the other side. However, when graphene nanosheets are 

added, the gas molecules can only penetrate through the defects due to graphene's blocking 

effect. The permeability path of gas molecules is lengthened and the tortuosity 𝜏 is increased, 

which makes the gas permeability coefficient of nanocomposites reduced, and the effect of 

graphene on enhancing the gas barrier performance of polymer is achieved. Last but not least, 

the derivatives of graphene including GO, rGO share the same mechanism with graphene [71]. 

3.2 Derivatives of Graphene 

3.2.1 Characteristics and Properties of Graphene Oxide 

As mentioned before in the Chapter 2.3 and 3.1.1, the synthesis of large-area, defection-free, 

single crystal, monolayer graphene remains extremely challenging [72]. In addition, graphene 

itself has low processability with conventional polymers and solvents in the chemical process, 
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and it is difficult to disperse evenly in the polymer matrix and cannot dissolve into other solvents. 

Therefore, it is usually necessary to modify graphene. By introducing some specific functional 

groups into the ring structure of graphene, specific properties can be given to graphene to 

improve the dispersion and compatibility of graphene in the polymer matrix. In contrast, 

graphite in solution as a precursor of graphite chemical graphite oxide is easy to produce in 

bulk, and the chemical graphite oxide itself has high processability. Therefore, one strategy to 

exploit graphene's gas-resistance properties in mass production is to use graphene oxide (GO), 

which can be considered as chemically functionalized graphene containing oxygen groups, 

and its reduced form reduced graphene oxide (rGO) [73]. In fact, the preparation of graphite 

oxide from natural graphite has long been considered a strategic starting point for large-scale 

synthesis of graphene.  

Graphite oxide is a product of strong oxidation and hydrolysis of highly crystallized graphite, 

which can be incorporated into a class of graphite interlayer compounds with covalent bonds 

[74]. The structure of GO is similar to graphene, except that there are some oxygen-containing 

functional groups attached to the two surfaces and edges. These functional groups are mainly 

hydroxy, epoxy, dial and spindle groups, where the hydroxy and epoxy groups are located on 

the basal plane of GO, while dial and spindle groups are mainly distributed on the edge of GO, 

as shown in Figure 9. 

 

 

 

 

 

Figure 9: Schematic model of a sheet of graphene oxide 

As described above, GO actually adds some oxygen-containing functional groups to the base 

plane and edge of graphene. The presence of these oxygen-containing functional groups 

destroys the graphene's conjugate bond structure, causing GO to lose its electrical conductivity 

and become an insulator [75]. On the other hand, due to the presence of oxygen-containing 

functional groups, GO is hydrophilic and has good dispersion in water. Li et al. suggested that 

the hydroxyl and carboxy groups contained in GO would be ionized in water, giving it a negative 

charge and electrostatic repulsion, thus dispersing evenly in water. In his opinion, the good 

dispersion of GO in water is not only due to the hydrophilicity of its oxygen-containing functional 

groups, but also due to the electrostatic repulsion between GO sheets. According to Lerf et al 

[76], in most cases, the epoxy and hydroxyl groups are thought to be on the base plane, while 

the carbonyl and carboxylic acid groups are on the edges, shown as the Figure 9. After much 
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research, the exact chemical structure of GO is still being explored. Compared to graphene, 

the oxygen functional groups in GO cause some structural defects. However, in some polar 

solvents, especially in high pH water without any surfactants, the edge carboxylic groups of 

GO suspensions help stabilize the colloidal state electrostatically. Post treatment such as 

ultrasonic treatment and further centrifugation may be necessary to achieve complete 

abscission of the GO suspension. The monolayer thickness of GO is about 1-1.4 nm thicker 

than monolayer graphene (0.34 nm) because of the oxygen-containing functional groups on 

the base plane [77]. 

3.2.2 Synthesis of Graphene Oxide 

3.2.2.1 Brodie Method [78] and Staudenmaier Method [79] of Graphite Oxide 

Synthesis 

Graphite Oxide is usually prepared from graphite oxide. Graphite can be thought of as being 

made of graphene stacked in space, and then graphene oxide stacked into graphite oxide. 

Graphite oxide was first discovered by Brodie in 1859 when he was studying the structure of 

graphite. In one experiment he added potassium chlorate (𝐾𝐶𝑙𝑂3) to natural graphite mixed 

with fuming nitric acid (𝐻𝑁𝑂3). At the end of the reaction, it was confirmed that the resulting 

substance was composed of carbon, hydrogen and oxygen elements, which is why the 

substance has increased in weight compared to the graphite before the reaction.  

Forty years after the first discovery that graphite could be oxidized, Staudenmaier improved 

the method of graphite oxide. In addition to oxidizing graphite with potassium chlorate, he 

added concentrated sulfuric acid to the reaction system to make the mixture more acidic. The 

oxidation degree of products obtained by Staudenmaier's method is basically the same as that 

of Brodie's method, but his method can be basically completed in one time in the same system. 

3.2.2.2 Hummers Method [80] of Graphite Oxide Synthesis 

Sixty years after Brodie's method appeared, Hummers developed a new method of oxidation. 

By reacting graphite with potassium permanganate (𝐾𝑀𝑛𝑂4)  and concentrated sulfuric 

acid(𝐻2𝑆𝑂4), he obtained graphite oxide with an oxidation degree similar to Brodie's graphite 

oxide. Although these reaction methods have been slightly modified by later generations, these 

three methods are basically the main way to synthesize graphite oxide. 

3.2.2.3 Comparison of Synthesis Methods of Graphite Oxide 

There are great differences in the reaction products in these methods. Actually, these 

differences are not only related to the oxidizer used, but also related to the graphite raw 

materials and reaction conditions. Both Brodie and Staudenmaier methods use potassium 

chlorate as an oxidant and mix graphite, potassium chlorate, and fuming nitric acid then 
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conduct processing. Nitric acid is a common oxidant and can react strongly with aromatic 

groups on carbon, including carbon nanotubes [81]. When nitric acid reacts with the aromatic 

groups, the aromatic groups are introduced into various oxygen-containing groups including 

carboxyl, lactone and ketone groups [82]. Likewise, potassium chlorate is a strong oxidizer 

commonly used in explosive materials. Potassium chlorate is a typical in situ source of 

dioxygen as reactants in the reaction, mainly plays an oxidation role in the strong oxidation 

reaction. The Hummers method uses potassium permanganate and sulfuric acid to oxidize 

graphite. Although permanganate is also a common oxidant, the actual reaction in the process 

is manganese heptoxide (𝑀𝑛2𝑂7) . The reaction chemical equation can be expressed by 

equation (8): 

𝐾𝑀𝑛𝑂4 + 3𝐻2𝑆𝑂4 → 𝐾+ + 𝑀𝑛𝑂3
+ + 𝐻3𝑂+ + 3𝐻𝑆𝑂4

−   

𝑀𝑛𝑂3
+ + 𝑀𝑛𝑂4

− → 𝑀𝑛2𝑂7  (8) 

The dark red oily substance, manganese heptoxide (𝑀𝑛2𝑂7), is produced by the reaction of 

potassium permanganate with sulfuric acid. This kind of bimetallic heptoxide is much more 

reactive than the mono-metal peroxide complexes and can explode when the temperature of 

the system exceeds a certain temperature or when it comes into contact with organic 

compounds [83]. The methods used in the literature and comparison between them are 

summarized in Table 1 in the next page. 

3.2.2.4 Exfoliation of Graphite Oxide to Graphene Oxide 

Whereas graphite is thought of as a material with a three-dimensional structure made up of 

innumerable graphene sheets stacked together, graphite oxide can be thought of as a material 

made up of innumerable graphene sheets stacked together by van der Waals forces. If 

graphene and GO are to be prepared, the van der Waals forces between these sheets need 

to be broken. Thermal expansion method is commonly used to prepare graphene, while 

ultrasonic exfoliation method is usually used to prepare GO [87]. Ultrasonic exfoliation involves 

dispersing graphite oxide in deionized water and then ultrasonic treating the mixture using 

instruments such as an ultrasonic cleaning machine or an ultrasonic cell crusher. A typical 

ultrasonic instrument used during the experiment of this paper is shown in the Figure 10(a). 

The process is simple and safe. During the ultrasonic process, the ultrasonic wave radiates in 

the graphite oxide suspension in dense and alternating intervals, thus making the liquid flow 

and producing a large number of bubbles. Ultrasonic wave is a longitudinal wave, and these 

bubbles will grow on the negative pressure formed in the direction of the ultrasonic wave and 

close in the positive pressure area, which is called "cavitation" effect. In the "cavitation" effect, 

the closure of bubbles creates an extremely high transient pressure, which continuously shocks 
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the GO sheets and breaks the van der Waals force connections between the sheets, thus 

causing the GO sheets to break free from the van der Waals force and fall off [88]. 

 

Method Oxidants Solvent Oxidation time Advantages Disadvantages Reference 

Brodie 𝐾𝐶𝑙𝑂3 𝐻𝑁𝑂3 3 days Stable, 

Low 

pollution, 

Small 

interlayer 

distance. 

Slow, 

Complex 

operation 

(Need multiple 

reactions). 

78 

Staudenmaier 𝑁𝑎𝐶𝑙𝑂3 𝐻𝑁𝑂3 2 days Complete 

Structure, 

Controllable 

degree of 

oxidation 

High risk, 

Slow. 

84 

Hummers 𝑁𝑎𝑁𝑂3 

𝐾𝑀𝑛𝑂4 

𝐻2𝑆𝑂4 1 hour Fast 

reaction, 

Fewer 

defects, 

High degree 

of oxidation, 

Safer. 

High pollution 

(𝐻2𝑆𝑂4), 

Degradation. 

80 

Modified 

Hummers 

𝑃2𝑂5 

𝐾𝑀𝑛𝑂4 

𝐻2𝑆𝑂4 8 hours Safer, 

Less 

pollution 

(Compared 

to 

Hummers). 

Relatively 

slower 

(Compared to 

Hummers). 

85 

 𝐾𝑀𝑛𝑂4, 

𝑀𝑛2𝑂7 

𝐻2𝑆𝑂4 

𝐻3𝑃𝑂4 

15hours   86 

Table 1: Comparison between GO synthesis methods 

 

3.2.2.5 Freeze Drying Technique 

Freeze drying is also called sublimation drying. It is a drying method that freezes the water-

bearing material below freezing point, turns the water into ice, and then removes the ice into 

vapor under a higher vacuum. The material can be frozen in the freezer first and then dried. It 

can also be frozen directly in the drying chamber by rapid vacuum pumping. The steam 
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generated by sublimation is removed by the condenser. The vaporization heat required in the 

sublimation process is generally supplied by thermal radiation [89]. 

Because vacuum freeze drying is carried out at low temperature and low pressure, and water 

sublimates directly, it gifts the product many special properties. For example, vacuum freeze 

drying technology can dehydrate heat-sensitive materials more thoroughly, and the dried drugs 

are very stable, easy to store for a long time. Compared with other drying methods, the physical 

structure and molecular structure of materials have little change, and their organizational 

structure and appearance are well preserved. In the vacuum freeze drying process, the 

material does not have the problem of surface hardening, and its internal formation of porous 

spongy, therefore it has excellent rehydration, thus can be restored to the state before drying 

in a short time. Because the drying process is carried out at a very low temperature, and 

basically isolated from the air, it effectively inhibits the biological, chemical or physical changes 

of heat sensitive substances, and better preserves the active substances in the raw materials. 

A typical freeze drying instrument used during the experiment of this paper is shown in the 

Figure 11. 

3.2.2.6 Practical Experimental Method of Graphene Oxide Synthesis  

In the previous Chapter 3.2.2.3, the most common methods of synthesis of graphite oxide are 

summarized. The graphite oxide prepared by Staudenmaier method has a relatively regular 

structure, and its oxidation degree can be controlled by the oxidation time, but it is prone to 

explosion in the reaction process thus has a high risk. The Brodie method takes less time to 

prepare graphite oxide, has a higher degree of oxidation, and is relatively safer than other 

methods. At present, Hummers method is the most common method for preparing graphite 

oxide, and has been modified by many researchers in literatures. Modified Hummers method 

was used to prepare Graphite Oxide in this paper. In the previous Chapter 3.2.2.4, the 

exfoliation methods of Graphite Oxide to Graphene Oxide are listed and among them the 

ultrasonic exfoliation is fully explained, which is adopted during the experiment of this paper. 

Freeze drying technique mentioned in the Chapter 3.2.2.5 is used to dry excess solvent to 

obtain dry graphene oxide powder. The specific experimental procedures used in this paper 

are as follows: 

40 mL of 𝐻2𝑆𝑂4 was placed in a large beaker, cooled in an ice bath (important for safety), 

followed by the addition of 2g of Graphite flake (Natural, 325 mesh) and 1g of 𝑁𝑎𝑁𝑂3. The 

mixture was stirred for 15 min below 5 ℃ after which 15g of 𝐾𝑀𝑛𝑂4 was added slowly within 

10 min. After 30 min at around 10 ℃, the reaction was continued for 60 min at room temperature. 

Then 90 mL of deionized water was dropped into the mixture and the temperature of reactants 
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rose to around 95 ℃. The viscous mud was diluted in 500 ml of water and the unreacted 𝐾𝑀𝑛𝑂4 

was reduced with 30% 𝐻2𝑂2 until the slurry turned dark brown. 

 

 

 

 

 

 

 

 

Figure 10 (a b c from left to right): (a) Typical laboratory ultrasonic cleaner. 

(b) Operation interface of ultrasonic cleaner. 

(c) Vortex mixer. 

 

 

 

 

 

 

 

 

 

Figure 11 (a b c from left to right): (a) Vacuum freeze drying instrument. 

(b) Weighing Scale. (c) Deionizer. 

The product was ultrasonic treated, centrifuged, washed with dilute hydrochloric acid and hot 

water, and finally wet graphene oxide was obtained, shown as yellow-brown viscous mud in 

Figure 12(a). Then use freeze drying technique to get dry graphene oxide powder. 1-2ml 

graphene oxide deionized water was added in a small glass bottle. Five sealed bottles with 

samples were put in the freezer for 3 days until the water was totally frozen. Then holes are 

made on the seal tape to extract water. 20mg dark-golden-yellow graphene oxide was obtained 

following the above procedures. The instruments used during the experiment are shown in the 

Figure 11. The products obtained during the experiment are shown in the Figure 12 in order. 
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Figure 12 (a b c from left to right): (a) Wet GO. 

(b) Dry GO powder just after freeze drying. (c) Dry GO product. 

After experiment, GO was dispersed in Water, Isopropanol, Acetone respectively to test its 

solubility. Ultrasonic treatment and vortex mixing (Shown in Figure 10) was further used to 

exfoliate probably residual graphite oxide during the dissolution. As can be seen from Figure 

13, GO produced by Hummer’s method obtains good dispersion in water and isopropanol 

(polar solvent). The good dispersion of GO in water and polar solvent mentioned in Chapter 

3.2.1 was proved. And few precipitations can be observed when dispersed in Acetone, which 

was considered as lower solubility. Therefore, supernatant of Acetone/GO solution should be 

taken for further procedures if needed. 

 

 

 

 

 

 

 

 

Figure 13 (a) GO dispersed in Water. 

(b) GO dispersed in Isopropanol. (c) GO dispersed in Acetone. 

3.2.3 Characteristics, Properties and Synthesis of reduced Graphene 

Oxide 

Both graphite oxide and graphene oxide are insulating materials due to their 𝑆𝑃2  cellular 

structures. However, both graphite oxide and graphene oxide can become conductive 

materials again by connecting their conjugated network, therefore the reduction of GO is one 
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of the most important reactions of GO. Due to the wide application of graphene, reduction of 

GO is the most suitable method for large scale preparation of graphene materials. The 

reduction of GO is mainly achieved by chemical reduction, thermal reduction and 

electrochemical reduction [90]. Among them, Go can be a precursor of graphene by chemical 

or thermal reduction, the relationship between graphene, graphene oxide and reduced 

graphene oxide can be briefly summarized in Figure 14.  

Thermal reduction means that graphite oxide is heated rapidly in high temperature. Because 

the surface of graphite oxide is rich in a large number of oxygen-containing groups such as 

hydroxyl and epoxy groups, these oxygen-containing groups will detach from the graphite 

sheet in the form of small molecules such as carbon dioxide or water molecules at high 

temperature. Because graphite oxide is heated rapidly at high temperatures, the rate of gas 

formation will be greater than the rate of its release. At this point, the pressure between the 

layers due to the lack of time for the gas to be released from the system may be greater than 

the van der Waals forces that bind the graphite, thus freeing the graphene sheets from the van 

der Waals forces. 

 

 

 

 

 

Figure 14: The relationship between Graphene, GO and rGO. 

For chemical reduction, a number of chemical reagents can be used to reduce GO when it is 

dispersed in a solvent as a colloid. However, the first substance reported to be used to reduce 

GO is hydrazine hydrates. Although most strong reducing agents have a slight tendency to 

react with water in water except hydrazine. This property of hydrazine makes it the preferred 

candidate for reducing go dispersed in water. In 2006, Stankovich and Ruff et al [91] from North-

western University of America reported in Nature that graphene sheets with thickness can be 

prepared by REDOX method to form polystyrene nanocomposites. When the GO is reacting 

with the Hydrazine, the GO will no longer disperse in water, but instead will form black 

precipitations. This phenomenon is caused by the reduction of the polar functional groups on 

the GO sheet after the reaction, resulting in a decrease in the hydrophobicity of GO. 

In addition, other reducing agents have also been used in recent studies. Sodium hydrogen 

boride (𝑁𝑎𝐵𝐻4) is considered to be a better reductant of GO than Hydrazine [92]. Although its 
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hydrolysis in water is slow, enough time is given by this for the formation of sufficient reducing 

agents to reduce GO. The electrochemical reduction of GO mainly depends on the 

electrochemical movement of oxygen-containing functional groups on GO. It can avoid the use 

of dangerous reducing agents and the steps of disposing of by-products, but its principles are 

still being explored and no representative method has emerged nowadays. 

Although three GO reduction methods have been mentioned previously, none of the reported 

reduction methods can completely remove oxygen groups and only achieve partial recovery of 

the graphene network. This can also be seen clearly in the Figure 14. In addition, there are 

many defects in the rGO substrate. As carbon evolves in the form of 𝐶𝑂 or 𝐶𝑂2, the thermal 

reduction process results in holes in the base plane. Chemical reduction of reductants also 

results in the formation of defects and layered structures on the rGO surface and may lead to 

additional doping of the defect site. Due to these reasons, in the experiment of this paper, rGO 

is directly supplied from ALDRICH for its low price and easy operation, shown in the Figure 15 

below.  

 

 

 

 

 

 

 

 

 

Figure 15 (a b c from left to right): (a) Reduced Graphene Oxide. 

(b) Well dispersed rGO/EP solution 

(c) Probe Ultrasonic instrument. 

3.3 Graphene / Polymer Nanocomposite 

3.3.1 Introduction of Epoxy Resin 

Among all kinds of resins, epoxy resin (EP) is a kind of commonly used thermosetting resin, 

and is widely used in polymer matrix composites. EP is a thermosetting polymer used in a wide 

variety of industries such as coatings, adhesives, laminates, electrical insulators, industrial and 

composite applications. Epoxy resin has excellent mechanical and chemical properties, 

including good dielectric properties, high dimensional stability, hardness, flexibility and 
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excellent chemical stability [93-97]. Epoxy resin is obtained from polycondensation reactions 

between epichlorohydrin and bisphenol/polyol/polyacid/polyamine, and its molecules contain 

two or more epoxy groups. In addition, epoxy resin has the characteristics of low shrinkage, 

low cost and easy processing and forming, and has a wide range of applications in machinery, 

chemical industry and aerospace fields. The disadvantage of epoxy resin lies in its high internal 

stress and poor impact resistance after curing, which limits its application to a certain extent. 

The molecular chain of epoxy resin contains active epoxy groups. The epoxy group is a ternary 

ring composed of two carbon atoms and one oxygen atom, all three atoms in a plane. In the 

epoxy group, the electronegativity of oxygen is greater than that of carbon, resulting in 

"electrostatic polarization" as well as a larger density of electron clouds around oxygen atoms 

and a smaller density of electron clouds around carbon atoms [98]. Therefore, in the epoxy 

group there are two reactive center oxygen atoms with a high electron cloud density and carbon 

atoms with a low electron cloud density. In the reaction, the 𝐶 − 𝑂 bond breaks, resulting in 

ring opening of the epoxy group [99]. Because of the polarization of charge and the large 

deformation energy of epoxy group, it has high reactivity. The reactivity of epoxy group enables 

ring-opening polymerization to react with a variety of compounds containing active hydrogen. 

For example, reactions between epoxy group and primary amine, secondary amine or other 

amine, alcohol, as well as phenol and hydroxyl acid, which all gift epoxy resin with high 

reactivity. 

Epoxy resin itself has a thermoplastic linear structure. Crosslinking curing reaction will work 

only after adding curing agent, under certain conditions [100]. So that a network structure is 

formed and applicable. During the curing process of epoxy resin, the epoxide group and 

hydroxyl group in its molecule are the active centers, which can react with many active 

functional groups. During the curing of epoxy resin, the internal factors affecting the curing 

reaction are the structure of epoxy resin and curing agent, while the curing temperature, the 

content of carbon dioxide in the air and solvent are external conditions. During the curing 

reaction process, the internal factors and external conditions work together to change the 

curing reaction process of epoxy resin. Curing agent is an important part of the curing system 

of epoxy resin. As a kind of additive, the curing agent reacts with epoxy resin chemically, 

forming a network of three-dimensional polymer, so that the linear structure of epoxy resin gets 

into a tough stereochemical structure. 

For the experiment of this paper, epoxy resin was supplied by DELO. The type is DELO 

KATIOBOND LP655, its technical datasheet is attached as Appendix 1. It is a kind of modified 

epoxy resin which is free of solvents, thixotropic and tested to be able to provide high water 

vapor barrier. Compared with other types of epoxy resin, its operation is much more convenient 

since it does not need curing agent to perform cross linking curing reaction. And because it is 
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free of solvents, UV- / Vis-curing can be directly used after simple coating as long as its 

uniformity is achieved. The suitable lamp types can be LED 365nm, LED 400nm and UVA and 

its typical irradiation time only needs 20s under the condition of 200𝑚𝑊/𝑐𝑚2 intensity, which 

is easy to operate and suitable for bulk production considering its relatively low price. 

In many studies, epoxy resin based nanocomposite is used to improve its thermal behaviour, 

including thermal stability and flame retardancy [100]. However, considering other good 

properties of epoxy resin including good dielectric properties, high dimensional stability, 

hardness, flexibility and excellent chemical stability, it can adequately be used for the 

encapsulation application of graphene/polymer nanocomposites. None of the studies has 

suggested this possibility so far. Although the mechanisms are different, it can be considered 

to share the same basic idea as organic/inorganic multilayer encapsulation method, which is 

mentioned in Chapter 2.2.3. The epoxy resin in the nanocomposites can be regarded as 

organic layer, plays a role in improving the sample surface flatness and reducing mechanical 

loss while graphene and its derivatives provide the function of gas barrier. Actually, the epoxy 

resin used in this paper was able to provide extra high water vapor barrier, as shown in the 

product specification of Appendix 1. In general, graphene and its derivatives are incorporated 

into polymer matrix mainly to enhance mechanical strength, improve electrical conductivity, 

and give gas barrier properties. In addition, different types of polymer matrix and different types 

of graphene fillers can be selected according to the application of nanocomposites. Therefore, 

there are good reasons to believe that the nanocomposites of GO/rGO and EP is expected to 

have good mechanical strength, flexibility, dielectric properties, high stability, optical 

transmittance and superior gas barrier performance, which are the essential properties of a 

good OLED encapsulation method. 

3.3.2 Synthesis of Graphene/Polymer Nanocomposites 

As for the preparation methods of Graphene/polymer nanocomposites, there are mainly three 

methods: Melt processing, In situ polymerization and solution mixing method [101].  

The preparation of thermoplastic polymer nanocomposites by melting is a typical method. It is 

an environmentally friendly, inexpensive, suitable for large-scale production of industrial 

applications [102]. The polymers are heated until they are in a molten state, and then the 

mechanically mixed molten compound is extruded. Solvents are not required in the smelting 

process, but in the process, strong shear forces are required to mix the highly viscous molten 

polymers with graphene derivatives. Here, graphene buckling may occur, leading to rolling or 

shortening of graphene derivatives. 

In situ polymerization is another method for the preparation of uniformly dispersed graphene 

or GO nanosheets in a polymer matrix because of the interaction between graphene 
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derivatives and the polymer matrix to form chemical bonds. In addition, by inducing additional 

functional groups on graphene or go surfaces, in situ polymerization can enhance the 

dispersion properties and improve graphene compatibility with polymers through chemical 

bonding [103]. Fine powder or uniformly dispersed graphene nanosheets in a solvent can be 

mixed with a monomer solution containing a photo initiator or a thermal initiator. After the 

initiator is dissociated by radiation or thermal energy, the stripped graphene or GO nanosheets 

can be mixed or crosslinked with the polymer chain and this results in higher dispersion 

characteristics. However, viscosity usually increases during polymerization, which may reduce 

the machinability of nanocomposites. 

The solution mixing method is widely used because of its simplicity. The key challenge in 

solution mixing is to minimize residual solvents and obtain good dispersion of fillers in viscous 

polymer solutions. Complete drying is required to eliminate residual solvents. In the case of go 

as nanofillers, thermal reduction of GO should be carefully considered, as go readily degrades 

even at low temperatures around 150 ° 𝐶  [104]. This usually results in local structural 

deformation of the polymer matrix, which results in a significant loss of the physical properties 

of the resulting graphene/polymer nanocomposites. Therefore, the solution mixing method has 

an advantage in this regard. The composition of graphene nanosheets is significantly affected 

by the degree of dispersion in the mixed solution. In addition, aggregated graphene or GO 

nanosheets are a key problem that often arises in such nanocomposites due to poor solubility 

or gravimetric precipitation of unshed graphene or GO nanosheets. Therefore, the choice of 

solvent is very important in solution mixing. 

3.3.3 Practical Experimental Method of GO/EP and rGO/EP Synthesis 

As mentioned in the previous chapter, considering the thermal reduction of GO, solution mixing 

is a convenient and safe method if the right solvent can be selected to achieve good dispersion 

and complete elimination of residual solvents. 

For rGO/EP nanocomposite, 25mg rGO was dispersed in 25ml Ethylene Glycol (EG) with 

ultrasonic treatment (40℃) for 1hour firstly. 10ml supernatant of solution is mixed with 10ml 

Acetone for the dispersion of EP with stirring and vortex mixing for 1hour. Then 2ml EP was 

added to the solution with ultrasonic treatment for 1hour. After these procedures, the well 

dispersed rGO/EP solution is obtained, without obvious solid precipitation after 1 week, which 

is shown in the Figure 15 (b). Ethylene Glycol and acetone can be mutual dissolved, which is 

essential to both good dispersion of rGO and EP. 

For GO/EP, many researchers [100,105] choose to use Acetone as the solvent for both GO and 

EP. However, as mentioned before, the GO synthesized in the experiment shows low solubility 

in Acetone even after high power probe ultrasonic treatment, which is shown in the Figure 13 



31 

 

(c). Therefore, by looking up other researcher’s experience on Internet forums and getting 

suggestions from my supervisor Dr. Mingqing Wang, other types of solvents such as Ethylene 

Glycol, Ethyl Alcohol and Isopropanol are used respectively. Figure 16 shows the GO/EP 

solution obtained from the use of Acetone, Isopropanol and Ethylene Glycol respectively. As 

can be seen from the Figure 16 (a), there are obvious precipitations in the GO/EP solution 

obtained from Acetone. In Figure 16 (b), GO and EP dispersed well in Isopropanol at the 

beginning, however, the solution gradually became opaque, which was not observed in the 

GO/Isopropanol Solution in Figure 13 (b). Thus, this is supposed to be epoxy resin 

agglomerating in solution. As shown in Figure 16 (c), well dispersed GO/EP solution was 

obtained by the use of Ethylene Glycol. The specific procedures are as follows:  

First, 1.5mg GO was dispersed in 45ml Ethyl Glycol with Probe Ultrasonic treatment for 1hour. 

10ml Acetone and 1ml EP were consecutively added to the solution with ultrasonic for 1h and 

stirring for 0.5hour, vortex mixing for 0.5hour. After these procedures, the well dispersed 

GO/EP solution is obtained, without obvious solids precipitation after 1 week’s quiescence.   

 

 

 

 

 

 

 

Figure 16 (a b c from left to right): (a) GO and EP dispersed in Acetone. 

(b) GO and EP dispersed in Isopropanol. 

(c) Well dispersed GO/EP in Ethyl Glycol. 

 

 

 

 

 

 

Figure 17 (a b c from left to right): (a) Cutting instrument for glass substrates. 

(b) Cutting instrument for flexible substrates. (c) Spin coater. 
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3.4 Preparation of Samples for Characterization 

After the preparation of well dispersed GO/EP and rGO/EP solution, it is accessible to prepare 

thin films on different types of substrates. Glass substrates and flexible substrates were 

prepared respectively. For cutting process, instruments used for glass substrates 

(2.5cm*2.5cm) and flexible substrates (5cm*5cm) are shown in the Figure 17. After cutting, the 

substrates were dipped in deionized water with 5 minutes’ ultrasonic treatment for cleaning. 

Then moderate amount of acetone was taken for further cleaning, followed by drying process 

using pressured nitrogen blowing concentrator. The films can be coated on the substrates 

using different methods, the common ones include dip coating, vacuum filtration and spin 

coating. Among them, dip coating often results in heterogeneous deposition, resulting from 

self-aggregation [34]. The vacuum filtration has been suitable and by adjusting the amount of 

the filtered GO suspension, different nanoscale thickness of films can be achieved. However, 

it is relatively complex and time consuming. Spin coating can not only prepare uniform films 

but also simple and fast. The thickness of the film can also be controlled by adjusting the 

rotating speed and duration, or the amount of dripped solution. The spin coater used during 

experiment is shown as Figure 17 (c). 

GO/EP, rGO/EP solution were separately dripped onto 3 glass substrates and 2 flexible 

substrates. Different rotating speed, duration time and amount of dripped solution were tested, 

the best combination of set was adopted. For GO/EP, 3000/2500/2000/1500 rpm for 60 

seconds were set and coated. For rGO/EP, 5000/4000/3000/2000 rpm for 60 seconds were 

set and coated.  All the coated substrates were firstly heated at 80 ℃ on a hot plate for 30min 

to eliminate the residual solvent and then cured under ultraviolet light (UV) for 30s. The used 

instruments are shown in the Figure 18. In the following section of this paper, we use 

abbreviations for these samples. For example, GO 3000 is short for GO/EP nanocomposites 

film under the condition of 3000 rpm and 60 seconds for spin coating. 

 

 

 

 

 

 

 

 

Figure 18 (a b c from left to right): (a) Hot plate. (b) UV light. (c) Dark room for curing. 
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4. Results and Discussions 

4.1 Film Thickness Measurement 

BRUKER DektakXT Profiler is used to measure the thickness of films, shown in the Figure 20. 

Step meter belongs to contact surface topography measuring instrument. The measuring 

principle is that when the probe slides gently along the measured surface, the probe moves up 

and down along the peak and valley while sliding because of the tiny peaks and valleys on the 

surface. The motion of the probe reflects the contour of the surface. After measuring the electric 

signal output by the sensor, the output amplitude modulation signal is proportional to the 

displacement of the probe deviating from the balance position. After amplification and phase-

sensitive rectification, the displacement signal can be demodulated from the amplitude-

modulated signal to obtain the amplified signal which is proportional to the displacement of the 

probe. Then noise filter and waviness filter are used to filter the influence of modulation 

frequency, external interference signal and waviness on roughness measurement [106].  

rGO 2000, rGO 3000, rGO 4000, GO 2000 totally 4 samples are measured. It is noticeable that 

a part of film should be scrapped before measuring so that the difference between values of 

Y-axis at initial range and back range of X-axis. This can be explained clearly using the 

software diagram.  

 

 

 

 

 

 

 

 

Figure 19: Profiler diagram of GO 2000. 

The Figure 19 above shows a profiler diagram of GO 2000, the X-axis represents the distance 

the probe has travelled and Y-axis represents the displacement of probe in vertical direction. 

An initial range of X-axis is selected, shown as red zone in the diagram. And the selected green 

range represents back range of X-axis. There exists difference because of the scrapped part. 

To be noticed, relatively smooth part of curve should be chosen rather than those parts with 

yellow and red circles, which are shown in the Figure 19. And to ensure the accuracy of 

average value, it is better for the width of range to be greater than 1mm. The red circled part 
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is supposed to be dust created during scrapping. The yellow circled part is supposed to be 

uniform part of the film, which may be caused by the coating or heating process during 

preparation. Apart from that, the overall film is fairly uniform. 

With diagrams like this, we can calculate the thickness of the film. The films thickness of 4 

samples are listed in the Table 2 below. It can be seen from Table 2 that as rotating speed 

increases, the thickness of the film decreases, and there is an approximate linear relationship 

between them. Every 1000 rpm increases will result in an approximate decrease of 5nm. 

Although more experiments are supposed to be conducted to prove this relationship, the 

realization of controlling film thickness by adjustment of rotating speed during spin coating in 

nanoscale, mentioned in Chapter 3.4, is achieved. 

 GO 2000 rGO 2000 rGO 3000 rGO 4000 

Position (mm)     

R 0.1336 0.4914 0.3911 0.2776 

M 1.9993 3.3891 2.1748 2.1306 

∆ 1.8657 2.8977 1.7837 1.8530 

Width (mm)     

R 0.1336 -0.4475 0.3657 0.4169 

M 0.1138 -0.5062 0.3987 0.4092 

Total Profile (nm)     

R -15.9207 4.5525 5.1443 -7.2993 

M 39.7905 46.9613 42.4558 25.1144 

∆𝑇 55.4113 42.4089 37.3125 32.4138 

Table 2: R represents the selected red zone.  

M represents the selected green zone. ∆𝑇 indicates the thickness. 

 

 

 

 

 

 

 

 

 

Figure 20: (L) Profiler. (R) Contact Angle instrument. 
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4.2 Contact Angle Measurement 

The contact angle (θ) refers to the angle between solid-liquid interface and gas-liquid interface 

at the junction of solid, liquid and gas. The contact angle of liquid on the surface of solid material 

is an important parameter to measure the wettability of liquid on the surface of material. A lot 

of information about solid-liquid and solid-gas interface interactions can be obtained by 

measuring the contact angle. If θ<90°, the solid surface is hydrophilic, that is, the liquid is easier 

to wet the solid, the smaller the angle, the better the wettability. If θ>90°, the solid surface is 

hydrophobic, that is, the liquid does not moisten the solid easily and moves on the surface 

easily. This kind of wetting process is closely related to the interfacial tension of the system. A 

drop of liquid falls on a horizontal solid surface, and when equilibrium is reached, the contact 

angle formed between the surface tension and the contact angle conforms to Young's formula 

below: 

𝛾𝑆𝑉 =  𝛾𝑆𝐿 +  𝛾𝐿𝑉 × 𝑐𝑜𝑠𝜃𝑒 

 

 

 

 

 

 

Figure 21: Schematic diagram of contact angle. 

The principle of contour image analysis is to drop droplets on the surface of solid samples, 

obtain contour images of droplets through microscopic lens and camera, and then use digital 

image processing and some algorithms to calculate the contact angle of droplets in the image. 

In the experiment, the droplets were dropped at GO 3000, GO 1500; rGO 5000, rGO 2000 

samples respectively to test hydrophilicity. The instrument used is shown below in Figure 22.  

The results are shown below in the Figure 22. As can be seen that the contact angle of GO is 

far smaller than rGO, 87.06° of GO 3000 compared to 123.58° of rGO 5000 and 93.59° of GO 

1500 compared to 120.89°   of rGO 2000, which indicates the rGO/EP film has a better 

hydrophobicity than GO/EP. It is noticeable that despite the thickness of GO and rGO film 

changes, there is only subtle difference, 93.59° to 87.06° and 120.89° to 123.58°  There is no 

obvious relationship between film thickness and contact angle. Although the hydrophilia is an 

important property of the film evaluating the encapsulation performance, the basic barrier 

mechanism of graphene is not the interfacial tension, as mentioned in Chapter 3.1.3. Therefore, 
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a good hydrophobicity does not necessarily mean that the film can provide good gas barrier 

and the reverse is also true. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 22: Contact angle measurement of 4 samples, 

rGO 5000/rGO 2000/GO 3000/GO 1500. 

4.3 Transmittance Measurement  

Transmittance is an important parameter for OLED encapsulation in terms of light emitting, as 

mentioned in Chapter 2.1.1 and 2.2.3. Transmittance indicates the ability of light to pass 

through a medium. It is the percentage of the light flux passing through a transparent or semi-

transparent body compared to the light flux entering it. It is assumed that when parallel 

monochromatic light passes through a uniform, unscattered medium, part of the light is 

absorbed, part of the light passes through the medium, and part of the light is reflected by the 

surface of the medium. Transmittance can indicate the efficiency of light transmission of display 

equipment, which directly affects the visual effect of touch screen. The value T of transmittance 

is a percentage, ranging from 0 to 100%. If all the light is absorbed by the medium, T=0. If the 

light is completely transparent, T=100%. 

Spectrometer is a scientific instrument that decompose complex light into spectral lines. It is 

composed of prism or diffraction grating, etc. Spectrometer can measure the light reflected 

from the surface of objects. PerkinElmer Lambda 750S UV/VIS/NIR Spectrometer was used 

rGO 5000  

rGO 2000  GO 1500 

GO 3000  
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and the chamber of the instrument is shown below as Figure 24 (a). 6 samples: rGO 2000, 

rGO 3000, rGO 4000; GO 1500, GO 2000, GO 2500 are tested and the results are shown in 

Figure 23. The glass substrate without film was measured first to reduce its influence on results. 

It is noticeable that the data exported by software sometimes show as absorbance, 

represented by 𝐴: 

𝐴 = lg (
1

𝑇
)  (9)   

As can be seen from the Figure 23, although rGO/EP films have a generally good transmittance, 

larger than 96.5%, which is adequate for OLED application, GO/EP films perform better, mostly 

larger than 97.5%. The high transparency of graphene gifts nanocomposites films with this 

excellent property, fulfilling the application requirements. It is worth noting that as the rotating 

speed increases, transmittance of both GO/EP and rGO/EP films increases as well. This may 

be because the larger thickness will result in the reduction of transmittance. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23：Transmittance diagrams of 6 samples, 

GO 2500/GO 2000/GO 1500/ rGO 4000/rGO 3000/rGO 20000 

4.4 X-ray Diffraction Patterns 

X-ray Diffraction Patterns (XRD) is a testing method for phase analysis and identification 

using diffraction phenomena generated when rays are projected onto crystals. It can be used 

to measure the crystal plane spacing, cell size and type of the phase, etc. X’Pert PRO is the 

instrument used, shown in the Figure 24. Natural Graphite, GO and rGO are respectively 

coated on glass substrates and then measured. 
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Figure 24 (a b c from left to right): (a) The chamber of UV spectrometer. 

(b) The XRD test platform. (c) XRD instrument. 

 

 

 

 

 

 

 

 

 

Figure 25: XRD patterns of Natural Graphite, GO and rGO. (Not Relative Intensity) 

As can be seen from the XRD patterns of Natural Graphite, GO and rGO in Figure 25. There 

is a strong peak at 26.5°  for Natural Graphite pattern, which is supposed to be the 001 

diffraction peak of the natural graphite crystal plane, corresponding to the highly regular crystal 

structure of natural graphite. According to Bragg equation: 

2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆  (10) 

Where, 

𝑛 = 1 

𝜆 = 1.54Å 

The interlayer spacing of natural graphite is calculated to be 0.34nm, which is highly consistent 

with the literature [107]. 

For the pattern of GO, the peak at 26.5° disappears and instead a broad peak at 12.3°. The 

interlayer spacing of GO is calculated by equation (10) to be 0.72nm. This is due to the insertion 

of hydroxyl and carboxyl groups in the oxidation process. This result is in good agreement with 



39 

 

the crystal plane spacing reported in the literature [108]. This result confirms that the Modified 

Hummers method does lead to complete oxidation of graphite. It is worth noting that for the 

pattern of rGO, it almost coincides with the pattern of glass substrate without any peak. The 

reason for this phenomenon is that rGO has been completely stripped after reduction, so there 

is no longer diffraction peak of crystal plane in the spectrogram, showing disorder and 

exfoliation. 

4.5 FTIR Spectrum of Graphene Oxide 

The functional groups in graphite oxide can be determined by FTIR spectroscopy. The 

instrument used is shown in Figure 27. The FTIR spectra of Graphene Oxide is shown in Figure 

26. In the X-H stretching vibration zone, there is a wide and strong absorption peak 3402. It 

corresponds to the stretching vibration of O-H, which is the vibration of adsorbed -OH in the 

water. The band between 2875 and 2938 corresponds to C-H stretching vibrations. In the 

double bond stretching vibration region, absorption peak 1724 is assigned to the stretching 

vibration of C=O bond in hydroxyl or carboxyl functional groups. Peak 1401 corresponds to the 

stretching vibration of the C-O bond in the carboxyl group. Peak 1273 is due to the O=P group 

and the new band 1036-1060 corresponds to -P-O-C group, which is derived from functionality 

of phosphorus [100]. The Figure 26 also shows some small peaks corresponding to embedded 

acids and oxidants.  According to the above analysis, it is shown clearly that there are a large 

number of oxygen-containing functional groups in graphene oxide mainly including -OH, -

COOH and C-O-C as well as a certain number of C=C, C=O, O=P bonds.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 26: FTIR spectra of Graphene Oxide 
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4.6 SEM Analysis  

Scanning electron microscope (SEM) is a large precision instrument used for high resolution 

microtopography analysis. It has the characteristics of large depth of field, high resolution, 

intuitive imaging, strong three-dimensional sense, wide magnification range, and the sample 

to be tested can be rotated and tilted in three-dimensional space. In addition, it has the 

advantages of abundant samples, almost no damage and pollution of the original sample, and 

can obtain morphology, structure, composition, and crystallography information at the same 

time. Despite good electrical conductivity of Graphene, the conductivity of GO/EP or rGO/EP 

film is not clear, therefore surface gilding is necessary. Quorum Q160R is used to glid the film 

surface, and HITACHI TM4000Plus is used for observation and taking photos.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 27: (Left-Up) FTIR instrument. (Left-Down) Surface gilding instrument. 

(Right) Scanning electron microscope. 

From Figure 28 (a) and (b), obvious scaly structures of rGO and GO are observed, shown as 

bright spots with 5k magnification. The surfaces of both are distributed with some flaps, which 

are rGO and GO sheets with nonuniformity. Figure 28 (b) has a less uniform surface than (a) 

and the layers in structure are relatively loose. The lamellar structure of GO is smaller because 

during the process of oxidation, the strong acidity of concentrated sulfuric acid destroys the 

graphite sheets. The surface of pure epoxy resin is very flat and dense shown as Figure 28 (c). 

After incorporation of GO into polymer matrix and adjustment of adding magnification to12k, a 

uniform and free of any impurities nanocomposite film is shown as Figure 28 (d). There are 

reasons to believe that the film has superior gas barrier performance and can be applied to 

encapsulation of OLED. 
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Figure 28: SEM images of (Left-Up-a) rGO. (Right-Up-b) GO. 

(Left-Down-c) Pure Epoxy Resin (Right-Down-d) GO 2000 film on glass substrate. 

5. Conclusions and Outlook 

In this paper, a comprehensive review of development in encapsulation methods of OLED is 

delivered first. Application of graphene and its derivatives in barrier polymer is then introduced 

and the characteristics, properties and synthesis methods of graphene, graphene oxide (GO), 

reduced graphene oxide (rGO) as well as epoxy resin (EP) are summarized in detail. 2D 

graphene and its derivatives were synthesized and prepared as barrier coating for OLED. 

Modified Hummer’s method was adopted for the synthesis of GO and solution mixing method 

was selected to prepare GO/EP, rGO/EP nanocomposite during the experiment. The solution 

is then spin coated on glass and flexible substrates. By adjusting the rotating speed of spin 

coater, the controlling of film thickness in nanoscale is realized and verified using profiler. All 

of the prepared films demonstrate high transmittance (>96%) at visible light range. FTIR 

confirmed the success synthesis of graphene oxide. Compared with graphene oxide, reduced 

graphene oxide shows higher contact angle even it is difficult to be dispersed. SEM was used 

to check the surface morphology illustrated that the prepared barrier coatings are flat and 

without many pin holes. The results indicate that many of graphene’s superior properties have 



42 

 

been saved to the GO/EP and rGO/EP nanocomposites film, which make this encapsulation 

technology attractive and promising. 

In the future, the improved preparation method of both GO/EP and rGO/EP nanocomposites 

for better dispersion can be expected, giving the material better interface compatibility. More 

material characterization technology should be applied to measure the properties of films in a 

more comprehensive way.  Water Vapour Transmission Rate (WVTR), as the most important 

parameter to measure the gas barrier performance of the film, should be given priority. GO/EP 

or rGO/EP nanocomposites with different contents can be prepared to study the effect of 

GO/rGO content on the properties of the nanocomposites. 

6. Potential applications and socio-economic impact 

This section is described detailly in the previous chapters and will not be covered too much 

here. In conclusion, the results indicate that many of graphene’s superior properties have been 

saved to the GO/EP and rGO/EP nanocomposites film, which make this encapsulation 

technology attractive and promising. After possible improvements technology, the whole 

production process is easily accessible and has the potential of mass production in industry. 
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Appendix 1: Epoxy Resin Specification 
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Appendix 2: Screenshots of 5 full pages 
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