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Abstract. In this study, we explored a low-cost, green, and renewable approach 

utilizing biomass resources, i.e., coconut fronds, palm fronds, and rambutan stems, 

to rapidly synthesize graphene oxide via atmospheric plasma techniques. The 

plasma treatment, with argon gas as the plasma source and a power source of 960 

W, lasted for 5 minutes. Graphene oxide (GO) was confirmed using SEM and 

TEM images with a C:O content ratio greater than 80% for all samples and the 

formation of graphene layers. The presence of a D-band and a G-band in Raman 

spectroscopy as well as O-H and C-O groups in the FTIR confirmed the existence 

of GO. 

Keywords: atmospheric plasma; graphene oxide; graphitization; plant biomass; 

synthesis. 

1 Introduction 

Since its discovery by Geim and Novoselov (2004), graphene is practically 

known as super material that can be applied to almost all fields due to its special 

physical and chemical properties [1]. Graphene is well known as a pure carbon 

with a hexagonal structure in the form of a very thin, one-atom-thick layer and 

has extraordinary optical transparency, electronic, thermal, mechanical strength, 

and even magnetic properties [2–4]. Graphene can be synthesized using two types 

of approaches: top-down and bottom-up. In the top-down approach, graphene 

sheets are synthesized from the separation of graphite layers, while in the bottom-
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up approach, graphene is produced from the synthesis of carbon-containing 

materials [5]. During the early time of its invention in 2014, graphene was 

produced by repeated exfoliation of graphite block surfaces. In addition, graphene 

can also be synthesized using several other methods, such as liquid phase 

exfoliation (LPE), chemical vapor deposition (CVD), flame synthesis, and pulsed 

laser deposition (PLD) [6]. A recent method for graphene fabrication is the flash 

method. In this approach, the carbon source is placed inside a quartz tube and 

compressed between two copper or graphite electrodes. These electrodes are 

connected to a capacitor bank with a total capacitance of 60 mF at a voltage of 

120 V for approximately 50 ms. This process heats the carbon source to a 

temperature of 3,000 K [7].  

There are several derivatives of graphene, including pristine graphene, graphene 

oxide, and reduced graphene oxide [8]. Graphene oxide (GO) is graphene that has 

been functionalized with oxygen-containing groups such as hydroxyl, epoxy, and 

carboxyl groups [9,10]. It has excellent optical properties so that it can fluoresce 

at wide wavelengths [11]. The optical properties (photoluminescence) of GO and 

its derivatives have several potential applications, such as in photonic devices, 

photovoltaics, and photosensors [12].  

Precursors for the synthesis of graphene oxide can be derived from pure graphite 

or carbon-containing materials such as biomass. Recent research mentions the 

use of biomass materials such as rice husks, oil palm empty fruit bunches 

(OPEFB), bagasse, mango peel, coffee beans, tea leaves, coconut shells, and oil 

palm fronds as carbon precursors [13–18]. Graphite precursors typically involve 

the Hummers method, which utilizes various harmful chemicals that pose 

environmental risks and requires a lengthy synthesis process to oxidize the 

graphite followed by exfoliation to graphene oxide [19–22].  

The use of hazardous chemicals can be reduced by employing temperature-based 

methods [7], such as carbonization, pyrolysis, and graphitization. These methods 

generally use biomass materials containing lignocellulose (lignin, cellulose, 

hemicellulose) as precursors, leading to the thermal decomposition of the 

material. However, these methods rely on catalysts [17,23] and require long 

processing times due to temperature limitations [24]. To address these issues, this 

study introduces a plasma-based method that converts biomass materials into 

carbon-rich substances such as graphene oxide by utilizing high temperatures 

over a shorter period, without the need for any chemicals. 
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2 Materials and Methods 

2.1 Materials 

The carbon sources are a variety of biomass wood, easily found everywhere in 

Indonesia and the Asian region, such as palm (Veitchia merillii) fronds, coconut 

fronds, and rambutan stems. The biomass materials were each cut to a length of 

approximately 2.8 cm, a width of 0.2 cm, and a thickness of 1 cm, and then 

arranged into a graphite container measuring 4 cm in length and 4 cm in diameter, 

which was sun-dried for 3 hours before plasma exposure. Commercial GO 

powder Sigma Aldrich (Product Number: 796034), with specifications of 15-20 

sheets and 4-10% edge-oxidized, was used as reference material. 

2.2 Experimental Setup 

Conversion of biomass into graphite or graphene needs a temperature of at least 

3,000 K and reduced oxygen [25]. These conditions were provided by our 

instrumental setup (Figure 1). The key part of this setup was the plasma torch, 

which was placed at the top of the process chamber insulated by a quartz glass 

container, so that the whole process could be observed for good control. The 

plasma beam was generated inside the plasma torch via ionization of argon gas 

caused by a DC pulse at 12 V of voltage and 80 A of current, which only requires 

0.08 kWh of electricity for a single synthesis. However, not all of the gas flowing 

through the torch is consumed in the formation of plasma. The excess argon gas 

is used to fill the volume around the graphite container holding the biomass 

feedstock to inhibit oxidation during plasma exposure and cooling. This 

technique is therefore sufficiently effective in reducing or eliminating most of the 

oxygen atoms within the processing chamber. By utilizing inert argon gas (in the 

absence of O2) in plasma technology, thermal decomposition of biomass 

materials occurs. 

2.3 Experimental Procedure 

The plasma process was carried out for 5 minutes under a constant flow of argon 

gas at a rate of 15 liters per minute with the equipment current maintained at 80 

A. The distance between the top edge of the graphite container and the plasma 

torch nozzle was consistently set at 10 mm. Following the plasma process, the 

container remained inside the processing chamber for 3 minutes to allow the heat 

to dissipate, preventing residual heat from interacting with oxygen. The synthesis 

products were then removed from the chamber for preliminary testing. Initial tests 

involved measuring the electrical resistance of the plasma-treated biomass 

material, with resistance values being inversely proportional to electrical 

conductivity. This measurement was intended to identify the mature portions, 

indicating the presence of graphite in the product. The product with the lowest 
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resistance was then ground using a mortar for further characterization, as shown 

in Figure 2.  

 

Figure 1 Schematic description of the instrumental setup. 

 

 

 

Figure 2 Schematic of GO synthesis from biomass. 

 

2.4 Sample Characterization 

The plasma GO samples were then characterized using several analytical 

techniques. Raman spectroscopy (Horiba Scientific) was used to analyze the 

quality of graphene at Raman shift 0 to 3,000 cm-1. Crystal structure identification 

was done with a PANalytical EMPYREAN X-ray diffractometer (XRD) based 

on dimension units from 5° to 80° using Cu-Kα radiation (λ = 0.154 nm) at 40 kV 

and 30 mA. The morphology and elemental composition of the product were 

examined with a JEOL JSM-6510 scanning electron microscope (SEM). The 

morphology and diffraction of the biomass after undergoing the plasma process 

were investigated in greater detail using a Talos F200C transmission electron 

microscope (TEM). Fourier transform infrared (FTIR) was used to investigate the 

presence of functional groups in the samples. FTIR spectra were recorded in KBr 

using a Brüker Tensor 27 spectrometer at wave numbers ranging from 4,000 to 

400 cm-1 under transmission mode. The commercial GO was then characterized 
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using FTIR (Brüker Tensor 27) and SEM (JEOL JSM-6510) to determine its 

functional groups, morphology, and elemental composition. 

3 Results and Discussion 

The preparation of graphene, especially graphene oxide, usually takes hours to 

days due to the complexity of the different processes involved, from the carbon 

source to the formation of graphene oxide. When using a faster technique, 

expensive equipment costs are required. Atmospheric plasma technology 

provides the ideal conditions for preparing graphene and its derivatives. This is 

mainly due to the high temperature the plasma provides and the low oxygen 

content. These two parameters are accepted among scientists as the crucial 

conditions for a good transformation of carbon to graphite and graphene [7]. 

Interestingly, during the formation of graphene, there are at least two series of 

processes: pyrolysis and graphitization. During the pyrolysis process, all the 

volatile material and gases are burned before the pyrolysis itself. The plasma 

treatment given to the biomass makes the material go through a graphitization 

process, where the structure of the biomass material containing cellulose, 

hemicellulose, and lignin is converted to graphite through high temperatures [26]. 

Electrical conductivity is an important property of graphite and graphene. Hence, 

this can be used as the first indication of carbon-to-graphite transformation. Some 

literature states that even lower-temperature carbon can be partially transformed 

and exhibit conductivity. The conductivity, however, depends on the amount of 

graphite formed. A complete transformation can be achieved only under 

sufficiently high temperatures. Below is an explanation of the characterization of 

plasma-generated biomass materials using X-ray diffraction (XRD), Raman 

spectroscopy, SEM-EDX, TEM, and FTIR. 

X-ray diffraction was used to investigate the crystal structure of the graphite 

products [15,27]. Figure 3 shows the XRD spectra with some Miller indices for 

coconut, palm, and rambutan wood after being heated with atmospheric plasma 

for 5 minutes. The product of the plasma treatment was determined as plasma 

GO. Two variations of crystal structure were determined. For the coconut and the 

palm-derived plasma GO, the crystal structures determined were hexagonal, 

which were probably of graphitic carbon phases, as can be seen in Figures 4(a) 

and 4(b). On the other hand, for the rambutan stem-derived GO, the crystal 

structure determined was probably tetragonal, as can be seen in Figure 4(c). A 

more detailed analysis of the hexagonal and tetragonal crystal structures is 

provided using the following equations [28,29], with the results presented in 

Table 1.  

Hexagonal determination:   𝑆𝑖𝑛2𝜃 =
𝜆2

3𝑎2
(ℎ2 + ℎ𝑘 + 𝑘2) +

𝜆2

4𝑐2
𝑙2                          (1) 
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Tetragonal determination:    𝑆𝑖𝑛2𝜃 =
𝜆2

4𝑎2
(ℎ2 + 𝑘2) +

𝜆2

4𝑐2
𝑙2                             (2) 

 

Table 1 Determination of XRD diffraction peak patterns. 

2θ (o) 2θ (rad) FWHM sin θ Sin2θ h2+hk+k2 l2 hkl d (Å) 

Plasma GO Coconut 

13.7001 0.2391 0.3070 0.1193 0.0142 0 4 002 6.4584 

22.8479 0.3988 0.3070 0.1981 0.0392 0 16 004 3.8891 

28.1934 0.4921 0.1023 0.2436 0.0593 1 16 104 3.1627 

29.2504 0.5105 0.1791 0.2525 0.0638 3 0 110 3.0508 

31.5452 0.5506 0.1535 0.2718 0.0739 3 4 112 2.8339 

33.8696 0.5911 0.1535 0.2913 0.0848 4 0 200 2.6445 

35.7849 0.6246 0.2558 0.3072 0.0944 4 4 202 2.5072 

37.3100 0.6512 0.6140 0.3199 0.1023 3 16 114 2.4082 

39.2193 0.6845 0.2047 0.3356 0.1126 1 36 106 2.2952 

40.3651 0.7045 0.1279 0.3450 0.1190 0 49 007 2.2327 

42.9748 0.7501 0.2558 0.3663 0.1342 1 49 107 2.1029 

45.3419 0.7914 0.6140 0.3854 0.1486 7 0 210 1.9985 

47.3916 0.8271 0.1535 0.4019 0.1615 7 4 212 1.9167 

48.3520 0.8439 0.2558 0.4095 0.1677 7 9 213 1.8809 

50.0213 0.8730 0.0768 0.4228 0.1787 1 64 108 1.8220 

57.2293 0.9988 0.3070 0.4789 0.2294 9 16 304 1.6084 

58.5665 1.0222 0.3070 0.4891 0.2392 4 64 208 1.5748 

60.7090 1.0596 0.6140 0.5053 0.2554 12 0 220 1.5243 

64.5356 1.1264 0.4093 0.5339 0.2850 13 4 312 1.4428 

66.3448 1.1579 0.6140 0.5472 0.2994 13 9 313 1.4078 

Plasma GO Palm 

28.2643 0.4933 0.1279 0.2442 0.0596 1 4 102 3.1549 

29.3104 0.5116 0.1535 0.2530 0.0640 3 0 110 3.0446 

33.7177 0.5885 0.8187 0.2900 0.0841 4 0 200 2.6561 

40.4348 0.7057 0.1535 0.3456 0.1194 4 4 202 2.2290 

45.3605 0.7917 0.6140 0.3856 0.1487 3 9 113 1.9977 

50.1400 0.8751 0.3070 0.4237 0.1795 7 4 212 1.8179 

60.0826 1.0486 0.6140 0.5006 0.2506 12 1 221 1.5387 

66.2928 1.1570 0.2558 0.5468 0.2990 13 4 312 1.4088 

Plasma GO Rambutan 

18.0011 0.3142 0.5117 0.1564 0.0245 0 16 004 4.9238 

22.9790 0.4011 0.2047 0.1992 0.0397 0 25 005 3.8672 

29.3483 0.5122 0.2303 0.2533 0.0642 1 25 105 3.0408 

33.9667 0.5928 0.4093 0.2921 0.0853 1 36 106 2.6372 

35.8341 0.6254 0.1791 0.3076 0.0946 2 25 115 2.5039 

39.3129 0.6861 0.2558 0.3364 0.1132 4 0 200 2.2900 

43.0596 0.7515 0.2558 0.3670 0.1347 4 16 204 2.0990 

47.4800 0.8287 0.1535 0.4026 0.1621 5 16 214 1.9134 

48.4926 0.8464 0.3070 0.4107 0.1686 4 36 206 1.8758 

50.8898 0.8882 0.6140 0.4296 0.1846 4 49 207 1.7929 

57.2063 0.9984 0.4093 0.4787 0.2292 8 1 221 1.6090 

60.5510 1.0568 0.3070 0.5042 0.2542 9 0 300 1.5279 

64.5769 1.1271 0.5117 0.5342 0.2854 10 1 311 1.4420 
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Based on the positions of 2θ peaks and the integrated intensity values shown in 

Figure 3, the atomic coordinates were determined through the structure factor 

analysis method. The calculation results are tabulated in Table 2. Based on these 

calculated atomic coordinates, probable unit cells were simulated, as shown in 

Figure 4. These simulations show that unit-cell frameworks can probably be 

constructed by carbon atoms, while other atoms with lower atomic radius than 

carbon atoms can be diffused between some carbon atoms. Thus, based on the 

simulation result, the probability of graphene and/or graphene oxide formation 

should be in the plasma GO derived from coconut and palm fronds due to their 

hexagonal structures. 

 

Figure 3 XRD patterns of the plasma GO: (a) coconut frond-derived plasma GO, 

(b) palm frond-derived plasma GO, and (c) rambutan stem-derived plasma GO. 

 

Table 2 Calculated atomic coordinates based on XRD structure factor analysis. 

Probability of Atom x/a y/b z/c B-factor Occupation 

Coconut frond-derived plasma GO: 

C 0.000 0.000 0.000 0.3 1 

C 0.000 0.000 0.250 0.3 1 

C 0.000 0.000 0.125 0.3 1 

C 0.500 0.500 0.000 0.3 1 

C 0.500 0.500 0.500 0.3 1 

Non-C 0.250 0.250 0.000 0.3 1 
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Probability of Atom x/a y/b z/c B-factor Occupation 

Palm frond-derived plasma GO: 

C 0.000 0.000 0.000 0.3 1 

C 0.500 0.000 0.000 0.3 1 

Non-C 0.250 0.000 0.000 0.3 1 

Rambutan stem-derived plasma GO: 

C 0.000 0.000 0.000 0.3 1 

C 0.500 0.000 0.000 0.3 1 

C 0.000 0.000 0.500 0.3 1 

C 0.000 0.000 0.125 0.3 1 

Non-C 0.250 0.000 0.000 0.3 1 

 

 

 

 

Figure 4 Unit-cell simulation of plasma GO based on XRD analytical results: (a) 

coconut frond-derived plasma GO, (b) palm frond-derived plasma GO, and (c) 

rambutan stem-derived plasma GO. 
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Figure 5 SAED of TEM: (a) coconut frond-derived plasma GO, (b) palm frond-

derived plasma GO, and (c) rambutan stem-derived plasma GO. 

 

Figure 5 shows the selected area electron diffraction (SAED) from TEM. The 

presence of diffraction patterns with white spots on the sample indicates that the 

sample has a crystalline structure in the form of a hexagonal carbon layer [30]. In 

Figures 5(a) and 5(b), the diffraction spots form a six-point pattern compatible 

with a hexagonal symmetry, which is a honeycomb-forming structure like 

graphene [31], indicating (002) planes of a hexagonal crystal structure. The 

distance between the two spots for both were about 0.23 nm, which indicates the 

characteristics of a lattice constant of hexagonal graphitic carbon phase. Figure 

5(c) shows the imaginary lines constructed by groups of atoms that have a 

constant periodic distance. The distance between two imaginary lines indicates 

the interplanar spacing of a plane. The interplanar spacing (d) was determined to 

be about 0.25 nm. According to the XRD analytical result of the rambutan stem-

derived sample, this d value tended to be a (115) plane with a tetragonal crystal 

structure. These structures determined by SAED-TEM confirm the XRD-based 

analysis, which determined the same crystal structure characteristics.   

(a) 

(b) (c) 
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(a) 

 
(b) 

Figure 6 (a) Raman spectra of biomass after the plasma process, (b) FTIR spectra 

of the biomass after the plasma process and the commercial GO. 

 

The quality of the synthesis results was also investigated by performing Raman 

spectroscopy, as shown in Figure 6(a). By using Raman spectroscopy, the 

hybridization of carbon can be investigated [21]. The image identifies the defect 

peak (D-band) and the graphitic peak (G-band), which are characteristic of the 

carbon material formed. The D-band was formed at a wavelength of around 1,340 

to 1,350 cm-1, indicating the presence of defects in the material. These defects 

disrupt the sp2 bonding in the material. The G-band was formed at a wavelength 

of around 1,570 to 1,585 cm-1, indicating the graphitic characteristics of the 

material. This spectrum is caused by the stretching motion of the sp2 carbon-

carbon bonds. Carbon hybridization can be determined by the intensity ratio 
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between the disorder-induced D-band and the G-band (ID/IG) [32]. The samples 

had an ID/IG ratio of 1.16, 0.95, and 0.74 for coconut, palm, and rambutan, 

respectively. The ID/IG ratio values indicate the presence of graphitic or aromatic 

bonds of carbon, indicating the presence of a graphene layer containing oxygen 

[33]. These values were below 2, indicating the formation of carbon materials 

such as graphene oxide and suggesting good quality [34]. 

The functional groups present in the plasma-treated GO samples and the 

commercial GO were analyzed using FTIR, with the resulting spectra shown in 

Figure 6(b). The FTIR spectra of all GO samples from biomass (coconut, palm, 

and rambutan) appear identical to the FTIR spectra of the commercial GO. The 

types of functional groups were identified by comparing the observed peak 

wavenumbers with reference values. The spectrum revealed vibrations 

corresponding to several functional groups, including O-H stretching and C=C 

stretching [35,36], as well as characteristic regions for C-O and O-H bonds. The 

hydroxyl (O-H) groups at 3,424 cm-1 appeared in all samples, with deep and broad 

transmittance peaks that indicate significant infrared absorption. Stretching 

vibrations of C=C were also observed in all GO samples and the commercial GO 

within the 1,600 to 1,650 cm-1 range, suggesting the presence of alkene functional 

groups in aromatic structures, characterized by hexagonal carbon bonds in the sp² 

hybridization state. This sp² hybridization is fundamental to the structure of 

graphene and other aromatic compounds [30]. A bending vibration peak of O-H 

bonds was detected at 1,402 cm-1, further indicating the presence of hydroxyl 

groups. Vibrations of carbon-oxygen groups were observed at 1,034 cm-1. 

 

Figure 7 SEM images with low magnification (top) and high magnification 

(bottom): (a) coconut frond-derived plasma GO, (b) palm frond-derived plasma 

GO, and (c) rambutan stem-derived plasma GO, and (d) commercial GO. 
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The morphology of carbonaceous material such as graphene oxide from the 

biomass material after the plasma process was micro-analyzed using SEM, as 

shown in Figure 7(a), 7(b), and 7(c). At low magnification, the fiber structure of 

the biomass material can be seen with graphene sheets flaking on the surface. At 

higher magnification, it can be seen that the graphene was in the form of thin 

sheets. In more detail, the sheet of biomass plasma GO was observed using TEM, 

as shown in Figure 8. The TEM image shows the graphene sheet, with the darker 

part indicating a stacked or thicker sheet (indicated by the red arrow). Figure 7(d) 

shows the morphology of the commercial GO, which exhibits a spherical 

nanoparticle structure. Upon further magnification, stacked exfoliated sheets 

could be observed. 

Figure 8 TEM images: (a) coconut frond-derived plasma GO, (b) palm frond-

derived plasma GO, and (c) rambutan stem-derived plasma GO. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 9 EDX elemental compositions of the biomass plasma GO and the 

commercial GO. 

 

                       (a)                     (b)                  (c) 
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Table 3 EDX elemental compositions of the biomass plasma GO and the 

commercial GO in mass percentage and atom percentage. 

Element 

Plasma GO 

Coconut 

Plasma GO  

Palm 

Plasma GO 

Rambutan 
Commercial GO 

Mass 

% 

Atom 

%  

Mass 

%  

Atom 

%  

Mass  

%  

Atom 

%  

Mass 

%  

Atom 

%  

C 80.15 85.60 69.02 80.18 78.32 85.73 87.63 90.42 

O 16.35 13.11 15.59 13.60 14.45 11.87 12.37 9.58 

Ca 1.97 0.63 1.98 0.69 5.39 1.77 - - 

Si - - 3.06 1.52 - - - - 

Na - - 0.48 0.29 - - - - 

Mg 0.66 0.35 0.43 0.24 - - - - 

P - - 0.54 0.24 0.17 0.07 - - 

Cl 0.86 0.31 1.51 0.60 - - - - 

K - - 7.39 2.64 1.67 0.56 - - 

 

The synthesized findings and elemental analysis were identified through EDX. 

EDX can provide an elemental composition prediction. The distribution of the 

elemental composition in the GO with biomass feedstock after plasma processing 

and the commercial GO is presented in Figure 9. The elemental composition in 

mass percentage and atom percentage is presented in more detail in Table 3. 

Table 3 shows the EDX elemental compositions of the biomass plasma GO and 

the commercial GO. Carbon and oxygen are the most abundant elements found 

in the three GO plasma samples, with a C:O ratio for coconut 4.9:1, palm 4.4:1, 

and rambutan 5.4:1 in mass percentage. Regarding the atom percentage, the C:O 

ratio for coconut was 6.5:1, for palm 5.9:1, and for rambutan 7.2:1. Moreover, 

the commercial GO containing C:O was 7:1 in mass percentage and 9.4:1 in atom 

percentage. This ratio indicates that the samples included materials such as 

graphene oxide, which usually contains a carbon/oxygen ratio of 3:1 [37]. In 

addition to carbon and oxygen, other elements were also present, although their 

proportions compared to the carbon atoms were very small, such as Ca, Si, Na, 

Mg, P, Cl, and K, which are macro elements in the biomass feedstock. This is 

because the carbon source comes from natural materials that contain several 

nutrients essential for plant growth. 

Almost all biomass wood can be converted to graphite and graphene. This 

indicates that all biomass materials have similar properties. There are differences 

in relative carbon content, because of high volatile and organic parts, and in the 

impurity content, which in fact, cannot be classified as impurities. These elements 

somehow play an important role as dotting elements, which needs further 

investigation. According to the characterization results, it could be verified that 

the synthesis of biomass material, especially from coconut fronds, palm fronds, 

and rambutan stems, using plasma technology, can produce graphene oxide, 

which is a derivative of graphene. 
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4 Conclusion 

Graphene oxide was successfully synthesized directly, rapidly, and at low cost 

from biomass materials, especially coconut fronds, palm fronds, and rambutan 

stems, as a precursor to natural carbon with 5 minutes of atmospheric plasma 

exposure, as evidenced by Raman spectroscopy with an ID/IG ratio of 1.16, 0.95, 

and 0.74 for coconut, palm, and rambutan, respectively. The C:O ratio of these 

three biomass materials was observed using SEM-EDS, where the carbon content 

was more than 80%, as indicated by the structure of graphene oxide (GO). As an 

XRD investigation, the detected crystal structure derived from coconut and palm 

fronds was hexagonal and consisted of multi-layer graphene, in line with the 

results of the SEM and TEM investigations. A unique structure was detected in 

the rambutan stem-derived GO, which had a tetragonal structure but had sp2 

hybridization. In addition, atmospheric plasma technology can convert biomass 

wood into valuable materials and can be considered for large-scale production, 

considering the short synthesis process time. 
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