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Abstract: Reduced graphene oxide (RGO) provides excellent electrical conductivity 

due to hybridized energy bonding. Despite previous works, the reduction of RGO is 

mostly employed the hazardous agents. However, it has been demonstrated that 

supercritical water may act as reducing agent for RGO under hydrothermal 

conditions, offering a new and “green” route. In this work, RGO was synthesized at 

different pH values; 4, 7 and 11. The morphological structure of the RGO reveals that 

it has a sheet and stacks, with pH 11 having the fewest stacks. The fingerprint of the 

RGO was developed by functional group observation. The lateral dimensions of 

graphene sheet were estimated by dynamic light scattering (DLS) technique, which 

indicates lower in size, 355.5 nm for higher pH value. Permittivity value of 4%-

RGO/epoxy composite almost similar and stable at 5 GHz and above. The composite 

was later designed as planar absorber and simulated at various thickness via free space 

technique. Major absorption is observed at the bandwidth of 1.88 GHz for 10 mm 

thickness. The most minimum return loss (RL) is -22 dB indicating that the thickness 

is comparable with quarter lambda of the resonance frequency. Therefore, the 

composite is suitable to be used as microwave absorber at the respective loading 

percentage of filler, thickness and frequency range. 
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1. Introduction 

Nowadays, microwaves are widely utilized in homes, communications, enterprises, medical, 

military institutions and they contribute significantly to the evolution of human civilization. EM 

radiation absorbers are distinguished by their excellent permittivity and electric permeability [1]. In 

these recent years, there has been a surge in interest in the study of microwave electromagnetic inference 

(EMI) [2]. In order to solve the EMI issues and the detrimental effects of EMI radiation on humans, 

much research has been conducted to develop innovative materials with efficient microwave absorption 

properties and great EMI shielding capabilities [3]. 
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 Electromagnetic wave (EM) radiation protection is increasingly important with the rapid 

advancement of 5G and Internet of Things (IoT) technologies. EM shielding is a typical EM radiation 

protection technology that uses metal-based or carbon-based films/composites to cover objects that can 

reflect EM waves [4]. Shielding functional devices based on reduced graphene oxide (RGO) 

composites, such as RGO composite sheets [5] have recently been disclosed. The fundamental reason 

for employing graphene-based materials for EM shielding is that graphene has both a high carrier 

mobility and an electrical conductivity [6], which makes it an excellent choice for EM shielding. 

 Graphene oxide (GO) is a graphene derivative material with hydroxyl, epoxide and carbonyl 

groups functionalized on the graphene sheet layer [7]. Furthermore, RGO can be produced in vast 

amounts at a minimal cost. On the other hand, many reports are discussing the reduction of graphene 

oxide by using hazardous reducing agents’ hydrazine in each case [8]. The use of hazardous is possibly 

the most well-known procedure in this context, despite the fact that its high toxicity makes the 

exploration of new environmentally friendly methods worthwhile [9]. Besides, the use of supercritical 

water as a reducing agent for graphene under hydrothermal conditions has recently been demonstrated, 

paving the door for a novel and environmentally friendly method of graphene production [9]. 

 To our knowledge, several studies reported of RGO using chemical reducing agent, high 

temperature or combination of both chemical and high temperature. The uses of hazardous hydrazine 

are not environmentally friendly method and bring about the aggregation of samples. Hence, it is 

worthwhile to explore an environment friendly and simple preparation method. In this research, we 

provide a new insight into this hydrothermal technique by investigating the impact of pH on the 

synthesis of RGO. We will describe the chemical nature of the resulting species on the basis of the 

collective employment of Field Emission Scanning Electron Microscope (FESEM), Malvern Zetasizer 

Nano particle analyzer, and Fourier Transform Infrared (FT-IR). The final goal is that estimating the 

range of values for the relative permittivity of RGO with the use of a vector network analyzer. To this 

end, a microwave absorber filler using RGO’s permittivity is designed and simulate a broad absorber 

using CST Microwave Studio.  

2. Methodology 

2.1  Materials 

Graphene oxide powder was bought from SkySpring Nanomaterials. Ethanol and sodium hydroxide 

were purchased from Merck. 

2.2  Sample preparation of RGO 

As a standard procedure, RGO was synthesized by dispersing 1.0 g of GO powder in 150 ml of 

deionized water. The GO suspension was sonicated in 30 minutes and swirled for another 30 minutes. 

Dropwise additions of 1.0 M NaOH was made to the suspension until the pH of the solution reached 4, 

7 and 11 under constant stirring. Hydrothermal treatment of RGO dispersion in Teflon line autoclave 

was performed at 180℃ for 8 hours. Ethanol was used to centrifuge the final product for several times. 

Then, it was dried for 24 hours at 100℃ in an oven. All the samples after hydrothermal process were 

identified and labelled as RGO-A (acidic, pH 4), RGO-N (neutral, pH 7) and RGO-B (basic, pH 11). 

2.3 Material characterization 

RGO powders obtained through hydrothermal synthesis were palleted for 3 minutes using a 

hydraulic pressure machine at 1.4 tons of pressure. Field emission scanning electron microscope 

(FESEM) with EDS (FEI VERSA 3D) was used to study the role played by the PH during the 

hydrothermal reduction of RGP on the morphology and structure of the obtained RGO sheets. The IR 

spectrum of RGO powder was taken using a FTIR spectroscopy (Perkin Elmer Spectrum 100) in the 

450 cm−1 – 4000 cm−1 wavenumber range to examine the oxygen-containing functional group. Lateral 

dimension of RGO sheet and its particle size were measured by zeta potential meter (Malvern Zetasizer 
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Figure 1: Flow chart of preparation RGO by hydrothermal method 

Nano ZS) and the average particle size of particles was measured by dynamic light scattering technique. 

RGO/epoxy composite was later prepared with 4% loading of RGO dispersed inside epoxy as matric 

host. The mixture was poured into toroidal shaped mold with outer and inner diameter of 7 mm and 3 

mm, respectively. The cast composite was fixed into coaxial airline for scattering parameter (S-

parameter) measurement; reflection (S11) and transmission (S21) coefficients using Agilent E5071C 

network analyzer at the frequency range of 1 kHz – 9 GHz. The raw data of transmission (S21) 

coefficient for each composite sample was used in transmission phase shift equation for permittivity 

calculation. The equation can be expressed explicitly as [10]: 
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where 𝑘𝐴 = 2𝜋𝑓/𝑐 is the propagation constant of free space (c = 2.99792458 𝑚𝑠−1); b is the width of 

the aperture of the waveguide, respectively; d is the thickness of the filled sample [15]. The 21 21

A S   

in Eq. (1) and Eq. (2) are the measured phase shift of the transmission coefficient in the air (without 

sample) and the sample respectively. Besides, symbol  is the dielectric attenuation constant for the 

sample (-1.1512m). 

3. Results and Discussion 

3.1 Morphology analysis using FESEM 

The surface morphologies of RGO were studied using FESEM images. These images were used to 

analyse the influence of the medium’s pH on the morphology of the RGO samples. To emphasis this 

facts, FESEM images of the RGO at the various pH level are display in Figure 2. These figures clearly 

indicate that each of the RGOs are curved and wrinkled resulting from the reduction and removal of 
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functional groups in the graphitic lattice [11]. At highly acidic conditions (pH 4), it is easy to find 

broken sheets while under basic conditions resulting the less broken sheet. These defects’ structure 

hinders the graphene sheets from creating stacked layers between graphene sheet layers [11] and 

agglomeration of the sheets due to producing a repulsion between the individual layers [12]. 

Additionally, its curved shape endows RGO with a mesoporous character, which traps carbon dioxide 

gas released during hydrothermal reactions. 

  
(a) (b) 

 

 
(c) 

 

Figure 2: FESEM images of (a) RGO-A, (b) RGO-N and (c) RGO-B 

 

3.2  Functional group analysis using FTIR 

FTIR spectroscopy was utilized to examine the oxygen-containing functional group in the carbon 

lattice. Several characteristic modes corresponding to oxygen-containing functional groups were found 

in each spectrum. Figure 3 depicts the FTIR spectra of RGO samples obtained at pH values of 4, 7, and 

11. The IR peaks of RGO samples has the characteristic peaks at 667 cm−1 and 868 cm−1 representing 

the C-H bending vibration [7] and 1740 cm−1 corresponding to the C=O stretching [13]. Two more 

peaks placed at around 1047 cm−1 and 1217 cm−1. These peaks can be associated to C-O stretching 

vibration [13]. Next, the hydroxyl groups give rise to the peaks at 1365 cm−1, 2661 cm−1 and 225 

cm−1. Additional peaks at 2300 cm−1are associated with the presence of carbon dioxide molecules 

emitted by the RGO [7]. All of these distinctive peaks associated with RGO samples are most likely. 
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Figure 3: FTIR spectra of RGO-A (pH 4), RGO-N (pH 7) and RGO-B (pH 11) 

3.3  Malvern Zetasizer Nano Zs 

Dependent on the particle movement in liquid, dynamic light scattering (DLS) is a good technique 

for measuring the size of lateral dimension as well as its particle size. On the other hand, RGO samples 

have a considerable length or width ratio (few microns) to thickness (few nanometers) [7]. Thus, DLS 

pattern of the aforementioned samples are expected to be close to the lateral dimension of the RGO. In 

Figure 4 depicts the particle size distribution of RGO as assessed by DLS. The particle size distribution 

in RGO samples was symmetric, with neither negative or positive skewing.  

 

  
(a) (b) 
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Figure 4: Particle size distribution of RGO samples at (a) pH 4, (b) pH 7 and (c) pH 11 

 

Table 1: The particle size of RGO samples in various pH values 

Samples pH values 

Average  

particles size 

(nm) 

Range of  

particle size 

(nm) 

RGO-A 4 763.8 712.4 – 955.4 

RGO-N 7 597.5 531.2 – 712.4 

RGO-B 11 355.5 295.3 – 396.1 

 

Table 1 shows the Zeta software results for particle size distributions and average RGO values for 

various pHs. The size distribution of RGO sample at pH 7 ranged from 531.2nm to 712.4nm. When the 

sample was titrated with NaOH until the higher pH was reached (pH 11), the population was discovered 

decrease in the range of 295.3nm to 396.1nm. The reason for the decreasing particle size in basic 

medium could be ascribed to the NaOH acts as hydrogenating agents for graphene oxide and increase 

the GO’s stability [7]. It has also been discovered that NaOH has reliably to remove the oxygen 

functions from the graphene oxide surface to generate activated graphene sheets [14]. These activated 

sheets appear to stabilize themselves in the solution by decreasing their effective size. On the other 

hand, a large size of RGO-A can be seen at 763.8nm. This is due to an increasing of hydrogen ions (H+) 

in a solution progressively increase the size of graphene sheet.  

3.4 Permittivity of composite 

 Figure 5 shows the permittivity of epoxy and all 4%RGO/epoxy composites prepared at various 

pH values. The permittivity almost consistent for all composites throughout the frequency range. 

Permittivity of pH 7 slightly lower because the sample’s length was slightly longer. Fluctuation 

behavior could be clearly seen especially at lower frequency because of longer sample’s length, about 

6 mm. However, the fluctional was easily attenuated at higher frequency due to shorter wavelength. 

The curve of both real and imaginary for all sample decrease as the frequency increase and each of it 

shows similar variation trends. This phenomenon is known as dipole orientation polarization [14]. 

Furthermore, interfacial polarization is a key element that contributes to dielectric loss in 

nanocomposites [14]. 
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Figure 5: (a)The real part and (b) The imaginary part of permittivity of epoxy and 4%RGO/epoxy 

composite at various pH values 

3.5 CST Simulation analysis 

Based on the permittivity result retrieved by transmittion phase shift method (TPS) method, it was 

found that the data almost stable at 5 GHz until the end of the frequency range. Thus, according to the 

waveguide and horn standards Institute of Electrical and Electronic Enginners(IEEE), the listed 

specification below (Table 4.2) is suitable for further investigation as stated in the third objective of this 

work. 

Table 2: The specification of waveguide and horn used in CST simulationn 

WR137 Waveguide Horn Dimension (nm) 

Dimension (nm) Frequency range 

(GHz) 

A (Overall) B (Inner) C (Inner) 

34.8488 x 

15.7988 

5.38 – 8.18 375 170 123 

 

The horn antenna was designed according to the specification as stated in Table 2 and the physical 

look can be seen in Figure 6(a). The simulation work gave the output of S-parameter as shown in Figure 

6(b) where the signal in the frequency range lied under -25 dB, which showed a very good performance 

of return loss (RL) characteristic. The simulation works were further investigated on the RGO/epoxy 

composite material with metal-back plate fixed at 300 nm distance from horn aperture (Figure 6(c) and 

(d)). Several thicknesses of planar RGO/epoxy composites were tested; 6 mm, 10 mm and 14 mm and 

the simulated return loss (RL) can be seen as in Figure 6(e). The composite width of 10 mm thickness 
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is the best candidate to be microwave absorber among the others as the absorption bandwidth which is 

less than -10 dB almost cover more than half of frequency range. The most minimum RL was 22 dB  

 

 

 
 

(a) (b) 

 

 

 

 

(c) (d) 

 

 
(e) 

 

Figure 6: (a) Perspective view of horn antenna, (b) RL characteristic of horn antenna, (c) Perspective 

view of RGO/epoxy composite with metal-back plate at 300 mm distance from horn antenna, (d) Side 

view of RGO/epoxy composite with metal-back plate at 300 mm distance from horn antenna and (e) RL 

characteristic of planar RGO/epoxy composite at various thickness 

 

The following figures shows the electric and magnetic field distribution at the frequency of 7.34 

GHz where the lowest RL occurred. Figure 7(a) shows the side view of electric field at the Y-Z plane 

cross section where the transverse electric (TE) mode arisen from lower to upper side of longest side 

wall meanwhile Figure 7(b) is the perspective view of it. Similarly for magnetic field, which shown in 

Figure 7(c), the perspective view but at X-Z plane cross section because the distribution happened 
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between the two smallest side walls. Both of the fields are propagating toward the composite along Z-

direction. 

 

 

 
(a) 

 

 
(b) 

 

 
(c) 

 

 

Figure 7: (a)The side of electric field and, (b) the perspective view at the Y-Z plane, (c) the perspective 

view at X-Z plane 

4. Conclusion 

In this study, RGO samples was successfully prepared using hydrothermal synthesis in different 

pH medium (pH 4, pH 7 and pH 11). The FESEM images clearly show the increase of pH values lead 

to less stacked sheet and tendency to aggregate. The internal structure of the RGO has been additionally 

studied with FTIR, confirming the fingerprint of functional group. The RGO synthesized in solutions 

at higher pH values showed the particle size increase (751.1 nm) as compared to the basic medium 

(344.0 nm) due to the concentration of hydrogen ion increase. Thus, permittivity of 4%-RGO/epoxy 

almost similar and stable at 5 GHz. Then, the composite was designed as planar absorber and found out 

the best bandwidth at -22 dB GHz for 10 mm thickness. 
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