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Abstract

:

The reaction-time-dependent synthesis of graphene oxide (GO) was carried out using a modified Hummer’s method. The drop-casting method was used to coat GO films on a glass substrate. Various techniques, including scanning electron microscopy, X-ray diffraction, UV–Vis spectroscopy (UV–Vis), Fourier transform infrared spectroscopy, and current–voltage characteristics, were performed to obtain the morphological, structural, optical, and electrical properties of GO. Morphological structural observations revealed that more oxygen functional groups were present as the reaction time increased from 24 to 96 h, which was confirmed by the optical properties of GO thin films. The resistivity of the as-deposited films increased from 9.74 × 106 to 26.85 × 106 Ω·cm as the reaction time increased. The optimized reaction time with a resistivity of 12.13 × 106 Ω·cm was 48 h, as demonstrated by morphological and optical data.
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1. Introduction


In the field of biomedicine, various materials, such as ceramics, metal alloys, and polymers, have been used for tissue engineering [1]. Among the polymers, two types (synthetic and natural) are considered for the aforementioned applications [2]. Biomaterials are thought to interact with biosystems. Recently, the use of carbon-based nanomaterials in the bioindustry, electronics manufacturing industry [3], and as energy storage devices has grown owing to their exceptional service properties. Among the carbon-based nanomaterials, graphene-based materials can be used in display screens and other electronic circuits [4,5] owing to their high durability, flexibility, and light weight. These materials also have applications in supercapacitors and solar cells [6].



Graphene-based materials have biocompatible and chemical attributes, which make them a biomaterial [7]. Efforts have been made to find new molecules with superior bioactivity in biosystems, such as scaffolds [8]. Graphene-based materials, including their derivatives, have been widely used in the field of bioscience as effective nanomaterials. These materials exhibit comparable biocompatibility, superior stiffness, high flexibility, and excellent thermal attributes [9]. These materials have various applications in the medical and electronic industries. Graphene has a 2D honeycomb lattice structure with an arrangement of mono-layered sp2-bonded atoms. The use of graphene is considered cell-based tissue engineering owing to its physiochemical attributes and biocompatibility [10].



Among the hydrophilic derivatives, graphene oxide (GO) and reduced GO are prominent owing to their unique attributes. GO has a single monomolecular 2D structure of sp2- and sp3-bonded carbon atoms lined with epoxide, hydroxyl at the basal plane, and carboxyl group at the edges [11]. In various applications, GO is a notable development compared with graphene with oxygen fractions. The oxides and hydroxyls in GO differentiate into stem cells. The integration of GO and silica nanoparticles with human neural stem cells enhances bioactivity (induced pluripotent and embryonal stem cells) [12,13,14]. Despite their wide applicability and the considerable interest they have received, the production of superior-quality graphene materials using economically attractive and environmentally conscious processes remains challenging [15].



There are various methods for synthesizing graphene. CVD [16] is used to synthesize graphene films in the desired layers. However, the only complexity is in achieving hydrocarbon and pure hydrogen gas flows as the precursor and carrier gases, respectively. The process is carried out at 1000 °C, which limits the setup [11]. A mechanical method, which is complicated and limited to small-scale production, is the exfoliation of pristine graphene. Epitaxial growth is another potential method for synthesizing graphene without defects or superior attributes. The challenge lies in the assembly process, where film production is complex. Another well-known chemical process called the Brodie method is suitable for large-scale syntheses [17]. There are other chemical methods that are prominent but are limited because they are hazardous and toxic, including the Staudenmaier method [18] and Hummer’s method [19]. These methods produce C1O2 and NO2 during processing. There have been few improvements in the existing methods to modify outcomes based on their limitations. An improved and environmentally conscious method known as the Tour method synthesizes graphene on a large scale for various applications [20]. In this process, graphite powder is processed with H2SO4 and H3PO4 and requires a large quantity of KMnO4.



In this study, GO was synthesized with an economical and convenient process using KMnO4 with a 9:1 mixture of H2SO4 and H3PO4. This process was used to make the preparation of GO easier to obtain higher yields. Throughout the synthesis, GO was produced by the oxidization of graphite powder, which adds oxygenated functionalities. However, the thin film was produced through spin coating, spray pyrolysis, and/or drop casting on the work piece. The drop-casting method of depositing GO on a substrate is an effective process because of its simplicity and avoidance of wasting solution. There have been recent developments in producing thin-film GO using electron accepting in organic solar cells because of its structure [21], electrical attributes, and use in the drug-delivery field [22]. The properties of GO, such as the synthetic route, reaction time, temperature, and stirring speed, are highly influenced by process conditions [23]. Despite the amount of literature available for the synthesis of GO, synthesizing GO through cost-effective methods with improved electrical properties remains challenging. The aim of this study was to synthesize GO by cost-effective methods with improved electrical properties to enable its in solar cell applications. A comprehensive investigation was conducted on the reaction time parameters under the selected synthesis conditions. The morphological, electrical, and optical attributes of GO were analyzed in this study. The characterization of GO was carried out using scanning electron microscopy (SEM), UV–Vis spectroscopy (UV–Vis), current–voltage (I–V) characteristics, and FTIR spectroscopy.




2. Materials and Methods


GO samples were synthesized by the oxidation of raw graphite flakes via an improved Hummer’s method [11,24,25]. First, a mixture of 90 mL of sulfuric acid (H2SO4) and 10 mL of phosphoric acid (H3PO4) was vigorously stirred. Then, graphite powder (0.75 g) was poured into the mixture, and 4.5 g of potassium permanganate (KMnO4) was slowly added. The production of dimanganese heptoxide (Mn2O7) indicated the oxidation of graphite upon the reaction between KMnO4 and H3PO4 [23]. The stirring duration of samples was 12 h (GO1), 24 h (GO2), 48 h (GO3), 72 h (GO4), or 96 h (GO5) under a reaction temperature of 50 °C. After a specific stirring duration, the color of the mixture changed from dark purplish green to light green, indicating the completion of the oxidation process. Once the stirring process was complete, the mixture was maintained at room temperature and poured into ice water (~200 mL). Next, 0.75 mL of hydrogen peroxide (H2O2) was slowly dropped into the solvent, and the color immediately changed to bright yellow, indicating the formation of GO. The washing process was carried out via simple decantation of the supernatant via centrifugation at 6000 rpm for 10 min. The suspension was repeatedly washed with diluted hydrochloric acid (HCl) and deionized (DI) water to form GO. The suspension was then dried at 60 °C for 2 h in an oven.



UV–Vis was used to detect the chemical functional groups and absorption of GO. UV–Vis absorption spectra were obtained in the range of 200–800 nm using a UV-1800 Shimadzu instrument (Kyoto, Japan). Fourier transform infrared (FTIR) spectra were recorded from 400 to 4000 cm−1 (with a resolution of 2 cm−1 and four averaged scans) using a Shimadzu IRAffinity-1 instrument. The Raman spectra of GO were generated using a Renishaw inVia microscope with a HeCd laser source (Wotton-under-Edge, UK). The phases of GO were investigated by X-ray diffraction (XRD) using a D8 Advance X-ray diffractometer (Bruker AXS, Billerica, MA, USA). The morphology and structure of GO were inspected using a tabletop TM3030 Hitachi instrument (Tokyo, Japan) and SEM. Finally, a Keithley source meter 2450 (Cleveland, OH, USA) was employed to analyze the I–V electrical characteristics of GO.




3. Results and Discussion


3.1. Morphological Properties


Surface morphology analysis was applied for quantifying the crystallinity and fractures of the synthesized GO for different reaction times. Figure 1 displays the morphology of the GO flakes after various reaction times ranging from 12 to 96 h. The appearance of the crumpled structure of GO1 with slight tissue paper is shown in Figure 1a, indicating that the graphite was not completely oxidized. The desired GO can be produced through the reaction of graphite powder with strong oxidizing agents based on the optimized reaction time [26,27]. Figure 1b shows the structure of GO2 that started to crumple, which indicated the start of graphite exfoliation. Figure 1c shows that GO3 had a fully crumpled structure, which indicated that the graphite was fully exfoliated. This was justified by the crumpled structure being a deformation resulting from the exfoliation and restacking processes [28]. A tissue-looking structural image is shown in Figure 1d,e, indicating that the graphite was fully exfoliated from graphite for GO4 and GO5. Thus, the morphology may be an essential characteristic of GO owing to its reaction time. In addition, comprehensive studies for further investigation of the synthesized GO with different reaction times are discussed in the following section, including the optical, structural, and electrical properties.




3.2. Optical Properties


The variation in the light absorbance measurement of the synthesized GO was determined, as shown in Figure 2. The figure shows the optical properties of the deposited GO thin films at different reaction times. The absorption peaks were found at 222.0, 226.7, 226.2, 226.08, and 226.0 nm for GO1, GO2, GO3, GO4, and GO5. These peaks correspond to the ππ* transition of the aromatic C=C ring, in agreement with [29].



A similar observation was also found at approximately 300 nm for all five samples, which we attributed to the n–π* transition of the carbonyl groups (C=O) [20]. Furthermore, the peak intensity of GO increased with the reaction time for GO1, GO2, and GO3. This suggested that an ideal time is required for higher oxidation during the synthesis process. However, the absorption peak intensity slightly decreased for the GO4 and GO5 samples. This could be attributed to over-oxidation, which corresponds to the findings of [30].



FTIR was carried out to investigate the presence of functional groups in the synthesized GO. The FTIR spectra of the prepared GO samples with different reaction times are shown in Figure 3. Figure 3a–e reveal a broad peak in the range between 2900 and 3600 cm−1 for GO. This was due to the carboxyl O–H stretching mode, which was superimposed on the –OH stretching of carboxylic acid due to the presence of absorbed water molecules and alcohol groups [31]. The peak located at 1640 cm−1 is shown in Figure 3a–e. It was associated with aromatic C=C bonds, which represent the presence of π bonds, as previously reported [32]. The successful oxidation of GO is confirmed in Figure 3 by the presence of carboxyl, carbonyl, and hydroxyl functional groups [33].



Raman spectroscopy provided facial structural information and quality characterization of the GO thin films, as shown in Figure 4. Figure 4a–e show that the intensity of the G band (~1580 cm−1) was relatively higher than that of the D band owing to the vibration of sp2 bond of carbon atoms [34]. As reported in a previous work [35], the G-band peak (1580 cm−1) refers to the symmetry of carbon atoms, whereas the D-band peak (1350 cm−1) corresponds to the induction disorder of carbon atoms due to lattice motion away from the center of the Brillouin zone. The occurrence of sp2 hybridized carbon was related to the intensities of the D and G bands (ID/IG) in the degree of symmetry or defects. The ID/IG ratios of GO1 to GO5 were 0.87, 0.86, 0.84, 0.85, and 0.85, respectively (Figure 4a–e). In addition, a higher ID/IG ratio indicates more disordered GO, whereas a lower ID/IG ratio indicates fewer defects and subsequently more organized GO [36]. By reviewing the obtained Raman patterns of the prepared samples, as shown in Figure 4, we confirmed that GO3 showed an improvement in the ID/IG ratio. The Raman shift is also shown in Figure 4, where small shifts in the G peak from GO2 to GO5 can be observed. The shifts ranged from 1585 to 1596 cm−1. This could be attributed to the decline in the GO particle layers or exfoliation of the particles [37]. Moreover, shorter reaction times not ideal for exfoliating graphite particles [35].




3.3. Structural Properties


XRD was used to quantify the geometry of GO at different reaction times, as shown in Figure 5. The characteristic peak of graphite was located at 2θ = 26.34 ° [35]. However, the diffraction peak of graphite could no longer be detected in GO because of the oxidation process of graphite. This can be seen in Figure 5. The XRD patterns in Figure 5a–e exhibit a strong and sharp peak at 10.56°, which indicates the formation of GO. The peak gradually moved to the left owing to the formation of oxygen-containing functional groups such as hydroxyl, epoxy, and carboxyl groups in the graphite layers, as discussed in the FTIR section [38]. The oxidation of graphite may break the π–π van der Waals bonds between the lamellae, leading to an increased basal space [33].




3.4. Electrical Properties


Figure 6 shows the electrical properties of the deposited GO thin films at various reaction times. There was a decrease in the current values for GO2 to GO5, from 7.98 × 10−7 to 2.90 × 10−7 A. The current value for GO1 was 5.85 × 10−7 A. According to the graph shown in Figure 6, the current value of GO1 was lower than that of GO3. This may have contributed to incomplete graphite exfoliation [33].



The decreasing pattern starting from GO2 to GO5 was due to the oxidation level, which depended on the reaction time of GO. The oxidation level of GO was affected by the reaction time, as shown in Figure 1. This reaction showed that over-oxidation was caused by a longer reaction time, in agreement with [15,39]. Table 1 shows that the resistivity of GO increased from GO2 to GO5. This was due to the presence of more oxygenated functional groups, which resulted in longer reaction times [11,40].



Table 1 was generated from Figure 6 using a typical I–V calculation. The overall conductivity increased as the reaction time increased. According to Table 1, the resistivity of GO1 was slightly higher than that of GO3, owing to incomplete oxidation during the synthesis of GO. This incomplete oxidation was caused by the reaction time required to exfoliate graphite to achieve GO. The inadequate time in GO1 led to failure to exfoliate the graphite; thus, its resistivity was also higher than that of GO2 and GO3. This work showed the improvement in electrical properties compared with those reported in the literature, and the value of resistance for GO was >1012 Ω [41].





4. Conclusions


GO thin films were successfully synthesized at different reaction times and deposited on a glass substrate using the drop-casting technique. Increasing the reaction time affected the properties of the GO thin films. The electrical data revealed that the resistivity was lower for longer reaction times. The results were optimized using UV–Vis and SEM, and the reaction time of 48 h resulted in the full oxidation of GO based on the appearance of a crumpled and wrinkled structure. Although the resistivity for the 48 h reaction time was higher than that for the 24 h reaction time, the results of UV–Vis and SEM characterization supported that the 48 h reaction time showed higher absorbance and full oxidation. In addition, GO formation was confirmed by FTIR spectroscopy.
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Figure 1. SEM images of synthesized GO at different reaction times: (a) GO1, (b) GO2, (c) GO3, (d) GO4, and (e) GO5. 
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Figure 2. UV–Vis of GO at different reaction times: (a) GO1, (b) GO2, (c) GO3, (d) GO4, and (e) GO5. 
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Figure 3. FTIR of GO at different reaction times: (a) GO1, (b) GO2, (c) GO3, (d) GO4, and (e) GO5. 
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Figure 4. Raman spectra and Raman shift of GO at different reaction times: (a) GO1, (b) GO2, (c) GO3, (d) GO4, and (e) GO5. 
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Figure 5. XRD pattern of GO at different reaction times: (a) GO1, (b) GO2, (c) GO3, (d) GO4, and (e) GO5. 
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Figure 6. I–V characteristics of GO at different reaction times: (a) GO1, (b) GO2, (c) GO3, (d) GO4, and (e) GO5. 
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Table 1. Effect of reaction time on the electrical properties of GO.






Table 1. Effect of reaction time on the electrical properties of GO.





	Label
	Resistance

(Ω)
	Resistivity

(Ω·cm)
	Conductivity

(S/cm)





	GO1
	8.55 × 106
	12.81 × 106
	7.80 × 10−8



	GO2
	6.49 × 106
	9.74 × 106
	1.027 × 10−7



	GO3
	8.097 × 106
	12.13 × 106
	8.23 × 10−8



	GO4
	12.048 × 106
	18.06 × 106
	5.536 × 10−8



	GO5
	17.24 × 106
	26.85 × 106
	3.868 × 10−8
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