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[bookmark: _Hlk192166733]SUMMARY:
[bookmark: _Hlk192148527][bookmark: _Hlk192581603]The article presents the protocols of a cascade design oxidation process and a highly basic reduction reaction for innovative, scalable conversion of graphite into multilayer graphite oxide powder, graphene oxide nanosheets, supramolecular reduced graphene oxide hydrogel, and reduced graphene oxide nanomaterials.

ABSTRACT:
[bookmark: _Hlk192489446][bookmark: _Hlk192734746][bookmark: _Hlk192736075]This present work describes the scalable synthetic methods of oxidation and reduction reactions for producing graphene oxide and reduced graphene oxide nanomaterials. Cascade design of Mn(VII)-based oxidation reaction is applied to convert graphite into multilayer graphite oxide powder, the precursor of single-layer graphene oxide nanosheets. Since exothermic heats, relevant chemical ratios, and combinative strategy are utilized, the cascade design process saves considerable amounts of heating energy, chemical reagents, and synthetic time. In the next stage, the hydrated multilayer structure of graphite oxide is exfoliated in water with the support of sonication. Graphene oxide nanosheets are electrostatically stabilized and chemically reduced using highly basic ammonia solution at pH 14 and a temperature of 90 °C. Alkaline ammonium hydroxide solution is considered an environmentally friendly and inexpensive chemical agent for synthesizing reduced graphene oxide nanosheets assembled in a hydrogel structure. Hydrated reduced graphene oxide nanosheets in the supramolecular hydrogel can be ultrasonically exfoliated to produce homogeneous aqueous dispersions. The general protocol of oxidation–reduction reactions sequentially synthesizes graphite oxide powder, graphene oxide nanosheet, reduced graphene oxide hydrogel, and reduced graphene oxide nanosheet for various scientific research and multidisciplinary applications. Prospective development of the synthetic approach from laboratory scale to industrial production is envisioned to elaborate on the potential.

INTRODUCTION: 
[bookmark: _Hlk192167008]Graphene-based materials have great potential to revolutionize many applications and industries, including water purification, polymer nanocomposites, paints, coatings, inks, supercapacitors, lithium-ion batteries, solar cells, fuel cells, and artificial photosynthesis1. Today, graphene-based materials are synthesized from various raw materials, such as natural/artificial graphite, biocarbons, and hydrocarbon/hydrogen gases. Methods for large-scale production of graphene-based materials include liquid-phase exfoliation of graphite, oxidation–reduction processes, and chemical vapor deposition (CVD)1. Liquid-phase exfoliation method has been scaled up for industrial manufacturing of pristine graphene nanosheets. Efficiency, standard, and processability of pristine graphene are crucial issues for development in this approach2. About the CVD method, single-layer graphene layers are synthesized from the deposition of hydrocarbon/hydrogen gases (typically methane and hydrogen) on metal substrates. CVD graphene is atomically thin, conductive, and transparent for biosensing, optoelectronic, and electronic applications. In the approach of oxidation–reduction processes, natural/artificial graphite structures are oxidized to synthesize graphite oxide (GrO) and graphene oxide nanosheets (GO) that are then reduced to obtain reduced graphene oxide nanosheets (RGO)3. The oxidation–reduction pathway produces both GO and RGO nanomaterials that are solution-processable and versatile building blocks for a variety of formulations and applications.

[bookmark: _Hlk192166701][bookmark: _Hlk192166625][bookmark: _Hlk192556894][bookmark: _Hlk192736179][bookmark: _Hlk192734884][bookmark: _Hlk192166109][bookmark: _Hlk192736427][bookmark: _Hlk192736317][bookmark: _Hlk192166659]In the aspect of the primary process in the oxidation–reduction approach, graphite oxidation can be conducted using an electrochemical method or a chemical reaction. At present, graphite oxidation reaction using Hummers reagents (sulfuric acid, potassium permanganate, water, and hydrogen peroxide) is considered the most popular chemical method for GrO/GO production in scientific laboratories and industrial factories4–6. Manganyl (VII) or Mn(VII) compound, deriving from the mixture of potassium permanganate and concentrated sulfuric acid, is an inexpensive and potent agent for oxidation reactions, but it is also dangerous and explosive at temperatures above 55 °C7. Conventional designs of graphite oxidation reaction use a high amount of Mn(VII) compound (graphite: KMnO4 = 1:3 w/w) and the exothermic addition of water to graphite/Mn(VII) reaction mixture, leading to serious risks of thermal runaway explosion and additional energy-consuming cooling/heating processes8. Therefore, our recent research papers presented the cascade design of Mn(VII)-based oxidation reaction (using graphite: KMnO4 ratio of 1:2 w/w and two exothermic cascade steps), providing the advantages of process safety, energy saving, and chemical efficiency for scalable production technology3,8. As a result, graphite is chemically converted into GrO, a multilayer structure intercalated with water molecules in intersheet galleries. When sonicated in water, ultrasonic vibrations and cavitations in aqueous channels exfoliate multilayer GrO into single-layer GO nanosheets.

[bookmark: _Hlk192736893][bookmark: _Hlk192734917][bookmark: _Hlk192736368][bookmark: _Hlk197849379]Regarding the secondary process in the oxidation–reduction approach, GO nanosheets dispersed in aqueous solution are chemically reduced to obtain RGO nanosheets. Our recent paper demonstrated that highly basic ammonia solution at pH 14 is an effective environment for the reduction reaction3. In comparison with the reducing agents of hydrazine, hydroiodic acid, ascorbic acid, and sodium borohydride, ammonia solution is more inexpensive and alkaline for synthesizing supramolecular RGO hydrogel3. As-synthesized RGO nanosheets still contain a number of oxygen-containing functional groups (C/O ratio of RGO nanosheets is about 4.17) for retaining surface hydration. With the water-intercalated hydrogel structure, hydrated RGO nanosheets can be ultrasonically redispersed in water at appropriate concentrations.

[bookmark: _Hlk192736023][bookmark: _Hlk192167064][bookmark: _Hlk192166068][bookmark: _Hlk192734435][bookmark: _Hlk192167904]In this manuscript, protocols of cascade design oxidation reaction and highly basic reduction reaction are described for safe, efficient, and scalable production of GO and RGO in laboratory and pilot scales. Considerable improvements in the synthetic procedures are reported for scale-up development. In the aspect of GrO/GO synthesis, the combinative cascade strategy of adding several chemical units into water is implemented and analyzed to elaborate on the scale-up potential. In the aspect of RGO synthesis, GrO precursor structures are electrostatically stabilized, ultrasonically exfoliated, and fully converted into RGO hydrogel. The improved procedure of alkaline reduction reaction significantly enhances production efficiency because of the complete conversion of GrO material into RGO hydrogel. The RGO hydrogel obtained has good properties of three-dimensional morphology, supramolecular self-assembly, aqueous dispersibility, and graphene-based nanostructures. In general, the chemical oxidation–reduction processes produce high-quality products of GrO powder, GO nanosheets, RGO hydrogel, and RGO nanosheets.

PROTOCOL:
[bookmark: _Hlk197602484]
1. Scalable production of graphite oxide using cascade design oxidation reaction

1.1. Preparation of three beakers of graphite/H2SO4 suspension

1.1.1. [bookmark: _Hlk197598947]Add 5.0 g graphite powder to a 50 mL glass beaker. Add 50 mL of 97% sulfuric acid (H2SO4) to the beaker. Prepare an additional two beakers of graphite/H2SO4 suspension in the same way.

CAUTION: Concentrated sulfuric acid 97 % is a strong corrosive chemical that may cause severe burns upon contact with organic substances.

1.1.2. Stir (magnetically) the three graphite/H2SO4 suspensions in ambient conditions for at least 1 h.

1.2. Preparation of three erlens of Mn(VII)/H2SO4 solution

1.2.1. [bookmark: _Hlk192169108]Add 100 mL of 97% sulfuric acid to a 250 mL glass erlen. Slowly add 10 g potassium permanganate (KMnO4) to dissolve in the H2SO4 solution under magnetic stirring, resulting in about 100 mL of Mn(VII)/H2SO4 solution. Similarly, prepare the second and third erlens of Mn(VII)/H2SO4 solution, respectively. 

CAUTION: The Mn(VII)/H2SO4 solution is a dangerous oxidizing compound that may become explosive at temperatures above 55 °C or upon contact with organic substances (tissue paper, lubricant grease, ethanol, and acetone).

1.2.2. Use an infrared thermometer for measuring reactor temperatures. Stir (magnetically) the three Mn(VII)/H2SO4 solutions for at least 15 min before the next reaction step.

1.3. First cascade of graphite/H2SO4 suspension into Mn(VII)/H2SO4 solution

[bookmark: _Hlk192169206]1.3.1.	Put one as-prepared erlen of Mn(VII)/H2SO4 solution in a water bath with ambient water temperature of around 27 °C. Use an infrared thermometer for measuring reactor temperatures during reaction processes.

1.3.2.	Conduct the first cascade step by pouring one above-prepared graphite/H2SO4 suspension (50 mL) very slowly into the Mn(VII)/H2SO4 solution (100 mL) under magnetic stirring in the 250 mL glass Erlen. 

CAUTION: This reaction stage may be explosive if the exothermic reaction temperature increases to above 55 °C or the reaction mixture is contaminated with organic impurities and/or water.

1.3.3.	After 9 min of putting the Erlen in the water bath, take the Erlen with the reaction mixture (graphite/Mn(VII)/H2SO4) out of the water bath and keep stirring the reaction mixture at room temperature. The reaction temperature gradually increases to a peak in the range of 48 – 52 °C and then slowly decreases to near-room temperature.

1.3.4.	Prepare the three erlens of graphite/Mn(VII)/H2SO4 mixtures as described above by the slow addition of graphite/H2SO4 suspension to Mn(VII)/H2SO4 solution.

1.3.5.	Stir (magnetically) the three mixtures of graphite/Mn(VII)/H2SO4 reaction for at least 4 h, resulting in three erlens of graphite/Mn(VII)/H2SO4 mixtures.

1.4. [bookmark: _Hlk192582458][bookmark: _Hlk192201449]Second cascade of graphite/Mn(VII)/H2SO4 mixture into water

1.4.1. Conduct the second cascade step using the combinative strategy of adding three as-prepared graphite/Mn(VII)/H2SO4 mixtures to an appropriate amount of water. At first, add 1080 mL of pure water to a 2 L glass beaker, followed by magnetic agitation.

1.4.2. [bookmark: _Hlk192201459][bookmark: _Hlk192169216]Carefully pour the first Erlen of graphite/Mn(VII)/H2SO4 mixture into water under agitation in the 2 L beaker. Exothermic heat from the reaction of water and concentrated sulfuric acid raises the reaction temperature to about 59 °C. To measure reactor temperatures, use an infrared thermometer.

1.4.3. Add slowly the second Erlen of graphite/Mn(VII)/H2SO4 mixture to the reaction. As a result, the mixture temperature increases to about 80 °C.

1.4.4. Add the third Erlen of graphite/Mn(VII)/H2SO4 mixture to the reaction, making the mixture temperature rise to approximately 94 °C.

1.4.5. Agitate the reaction suspension for 2 h. The reaction temperature spontaneously declines to near-room temperature.

1.5. [bookmark: _Hlk192201471]Addition of hydrogen peroxide solution 

1.5.1. Prepare 450 mL of 5% hydrogen peroxide solution by mixing approximately 75 mL of 30% hydrogen peroxide solution and 375 mL of pure water.

1.5.2. [bookmark: _Hlk192201479]Gradually pour the obtained 450 mL of 5% H2O2 solution into the reaction mixture in the 2 L beaker. A small increase in mixture temperature occurs due to the exothermic reaction.

1.5.3. Keep stirring the reaction mixture in ambient conditions for about 1 day.

1.6. [bookmark: _Hlk192201486]Washing graphite oxide with 5% hydrochloric acid solution and water

1.6.1. [bookmark: _Hlk192169579]Pour the reaction mixture in the 2 L beaker into 50 mL centrifuge tubes for centrifugation at 1500 x g for 5 min at ambient temperature conditions.

1.6.2. [bookmark: _Hlk192169675]After centrifugation, collect the sedimented solids for mixing with 1 L of 5% hydrochloric acid solution. Agitate the acidic suspension for at least 1 h using a magnetic stirrer.

1.6.3. [bookmark: _Hlk192169837]Centrifuge the acidic suspension at 1500 x g for 10 min, at an ambient solution temperature of 28 °C to remove the supernatant acidic solution. Wash the sedimented solids with pure water until the supernatant solution reaches pH 4. Measure the solution pH using pH papers.

1.6.4. [bookmark: _Hlk192201499][bookmark: _Hlk192171745]Use filtration and pure water to wash the sedimented solid of graphite oxide in a vacuum filtration system until the aqueous filtrate shows a pH of nearly 7. Use a porcelain Buchner funnel (diameter of 125 mm) and filter papers (diameter of 110 mm) for filtration.

1.7. Drying, grinding, and packaging

1.7.1. After the washing stage, dry the graphite oxide slurry at 80 °C in a drying oven for about 2 h. Use a stainless steel or ceramic mortar with a corresponding pestle to grind the obtained material to produce a powder of graphite oxide product (GrO).

1.7.2. [bookmark: _Hlk197849854][bookmark: _Hlk192171781]Weigh and analyze the moisture of GrO powder (the moisture of GrO should be about 20% wt). To measure moisture content, use an electronic moisture analyzer. Store the GrO product in a plastic bag.

1.8. [bookmark: _Hlk192201512]Characterization of the powder

1.8.1. [bookmark: _Hlk197849993]Measure the weight and moisture of GrO powder using an analytical balance and an electronic moisture analyzer. Calculate solid contents (by subtracting moisture weight from total GrO weight), product yields (the ratio of GrO solid weight to initial graphite weight), and chemical efficiencies (equivalent to the mass ratio of GrO solid product to use the KMnO4 reactant).

1.8.2. [bookmark: _Hlk192201522][bookmark: _Hlk192558917]Characterize GrO product using X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), Raman spectroscopy, scanning electron microscopy (SEM), and energy-dispersive X-ray spectroscopy (EDS) as described in previously published papers3,8. Raman spectroscopy is analyzed with the laser excitation wavelength of 532 nm.

2. Scalable synthesis of reduced graphene oxide hydrogel using highly basic reduction reaction

2.1. [bookmark: _Hlk192582755][bookmark: _Hlk187840446]Preparation of graphene oxide dispersion

2.1.1. Weigh 1.25 g of GrO powder and add 1000 mL of pure water. Drop 25%–28% ammonia solution drop by drop into the aqueous dispersion to make the solution pH 10.

2.1.2. Agitate the aqueous alkaline dispersion for 1 h. Sonicate the GrO dispersion using an ultrasonic probe with power of 100 W, continuous cycle, and amplitude of 80%. Sonicate for 15 min, followed by a cooling period of 15 min in ambient conditions. Perform a total of four sonication cycles for a total of 1 h of sonication.

2.2. [bookmark: _Hlk187840747]Reduction of graphene oxide dispersion using highly basic ammonia solution

2.2.1. Pour the obtained 1 L dispersion of graphene oxide (GO) into a 1-L round glass reactor. Add 111 mL of 25%–28 % ammonia solution to the reactor, making the reaction mixture highly basic (pH 14). Seal the glass reactor with polyethylene films and put in a water bath.

2.2.2. Heat the reaction mixture (1111 mL) to 90 °C, without agitation. Maintain at 90 °C for 3 h. Then, turn off the heating and leave the reactor to cool down gradually.

2.3. Filtration, washing, gelation, and storage

2.3.1. Filter the highly basic mixture of reduced graphene oxide (RGO) using filter fabrics or cellulose filter papers in a vacuum filtration system. Wash RGO solid with pure water until the filtrate solution reaches pH 8.

2.3.2. [bookmark: _Hlk197850139]Dry the obtained RGO slurry at 80 °C for gelation. Use an electronic moisture analyzer to measure the moisture content of the RGO hydrogel (it should be about 97%). Collect and store the RGO hydrogel product in a closed plastic box.

2.4. Characterization of the hydrogel

2.4.1. [bookmark: _Hlk197850218][bookmark: _Hlk197850236]Measure weight and moisture of RGO hydrogel to calculate solid weights and product yields. RGO solid weight is the difference between RGO hydrogel weight and RGO moisture weight. The product yield or production efficiency is the mass ratio of RGO solid product to GrO solid precursor.

2.4.2. [bookmark: _Hlk192172296][bookmark: _Hlk192559118]Characterize RGO hydrogel product using XRD, FTIR, Raman spectroscopy, SEM and EDS techniques as presented in our previous publications3,8. The wavelength of incident laser in Raman spectroscopy is 532 nm.

2.4.3. Disperse 0.1 g RGO hydrogel in 300 mL of water by agitation and sonication. Ensure homogeneous dispersion of RGO nanosheets to indicate the aqueous dispersibility of the supramolecular RGO hydrogel.

RESULTS: 
The experimental schemes of cascade design, oxidation reaction, and highly basic reduction reaction are presented in Figure 1. As described earlier, the graphite oxidation reaction includes two main cascade steps3,8. In the protocol, after steps 1.1 and 1.2, step 1.3 was implemented (Figure 1A). The increase in mixture temperature from room temperature to about 48–52 °C indicates that an exothermic oxidation reaction between graphite and Mn(VII) compound occurs. In the next step, step 1.4, strong exothermic heat released from adding concentrated sulfuric acid to water makes the reaction temperature rise to above 90 °C in a few minutes. The brown color of the reaction mixture (Figure 1B) indicates that graphite is oxidized to obtain graphite oxide (GrO). After washing, drying, and grinding, the product of GrO powder shown in Figure 1C has a moisture content of around 20%. From the initial 15 g of natural graphite, the oxidation process produced 24.375 g GrO powder (equivalent to 19.5 g solid content). Therefore, the product yield of GrO solid content is 130% wt. Regarding product quality, GrO powder is well-dispersed in water, particularly with the support of sonication. Figure 1D shows the aqueous dispersion of GO nanosheets (GO concentration of 10 ppm) derived from sonication of GrO powder in water for 5 min.

[bookmark: _Hlk197602858]In the stage of highly basic reduction reaction, an appropriate concentration of GrO powder in water is prepared and adjusted to pH 10 using ammonia solution. The agitation and sonication processes result in a GO dispersion with a concentration of around 1000 ppm. It is found that the designated concentration is appropriate to produce exfoliated GO nanosheets in the dispersion for the reduction reaction. In the next step, the GO dispersion with appropriate concentration of ammonium hydroxide (approximately 2.5%) is heated to 90 °C for 3 h (Figure 1E). After natural cooling to room temperature, the RGO suspension is filtered and washed until the filtrate has a pH of 8 (Figure 1F). The product of RGO hydrogel (Figure 1G) should have a moisture of around 97%. In a typical experiment, 20 g of RGO hydrogel containing 97.5% water was attained. About 0.5 g of RGO solid was produced from the input of 1.25 g GrO powder (1 g GrO solid content). As a result, the RGO solid yield is calculated to be 50% wt. With high hydration content, the supramolecular RGO hydrogel has the good property of aqueous dispersibility. In Figure 1H, a homogenous dispersion of RGO nanosheets in water (RGO concentration of 10 ppm) is obtained by dispersion and sonication of RGO hydrogel in water for 5 min.

In Figure 2A, the XRD pattern of GrO powder exhibited (001) peak and (100) peak at 2θ = 10.8° and 2θ = 42.2°, respectively. The (001) peak at 10.8° revealed that the intersheet distance of GrO structure was 8.19 . The FTIR spectrum in Figure 2B presents that the GrO structure oxygen-containing functional groups, including hydroxyl groups (band at 3380.6 cm-1), carboxylic groups (band at 1717.3 cm-1), epoxide groups (band at 1053.9 cm-1), and sulfate groups (small peak at 1226.5 cm-1)3. Water molecules in the hydrated multilayer structure are responsible for the FTIR peak at 1619.9 cm-1. Integrative analyses of SEM and EDS give the results in Figure 3 and Figure 4. The multilayer structure of a GrO particle was visualized in Figure 3B,C. Uniform distributions of carbon atoms and oxygen atoms on the GrO structure were exhibited in the elemental mapping in Figure 3D–F. 

EDS spectrum and analysis (Figure 4A,B) disclosed the typical elemental composition of 64.02% carbon atoms and 35.98% oxygen atoms. Accordingly, as-synthesized GrO particles as well as GO nanosheets have an atomic C/O ratio of 1.78. Owing to the oxygen-containing functional groups, the multilayer structure of GrO is intercalated with water molecules, leading to the property of aqueous exfoliation. After sonication of GrO powder in water (solid concentration of 1000 ppm), the obtained GO nanosheets were visualized in SEM images in Figure 4C,D. The results also suggest that the GrO concentration of 1000 ppm in water is appropriate for ultrasonic exfoliation, producing aqueous GO dispersion for the next stage of chemical reduction reaction.

About the characterizations of RGO products, XRD patterns in Figure 5A demonstrate the differences between RGO hydrogel (97% water) and dry RGO powder. While the XRD pattern of RGO hydrogel has a broad peak at 2θ = 27.7°, the XRD pattern of RGO powder shows the peaks at 2θ = 10.1°, 26.6°, and 42.6°. The XRD result confirmed an amorphous structure derived from the self-assembly of RGO nanosheets in RGO hydrogel. After drying at 80 °C, RGO nanosheets stacked together, resulting in the (001) peak at 2θ = 10.1° (equivalent to the intersheet distance of 8.75 ). Besides, the FTIR spectrum in Figure 5B presents that RGO nanosheets contain covalent hydroxyl groups (the strongest peak at 3455.8 cm-1), some carboxylic groups (small peak at 1400.1 cm-1), aromatic C=C systems (band at 1558.2 cm-1), and hydroxyl groups of hydration water (peak at 1635.3 cm-1).

The supramolecular structure of RGO hydrogel is exhibited in SEM-EDS analyses in Figure 6. After dehydration of RGO hydrogel, non-stacked RGO nanosheets were distributed on the carbon substrate (Figure 6B). Porous morphology of RGO structures (Figure 6C) showed the three-dimensional assembly of RGO nanosheets. SEM-EDS elemental mapping in Figure 6D–F presented the uniform distributions of carbon atoms and oxygen atoms in the RGO assembly. Elemental composition of RGO nanosheets was disclosed in the EDS spectrum and calculation in Figure 7A,B. The atomic proportions of 80.62% carbon and 19.38% oxygen gave way to the C/O atomic ratio of 4.16. It is suggested that the C/O ratio is optimal for supramolecular RGO hydrogel. RGO nanosheets still have a suitable amount of hydrophilic functional groups to keep hydration layers on the surfaces. Water intercalation in RGO hydrogel is crucial to nanostructure preservation and aqueous processability for many applications. Actually, non-stacked RGO nanosheets derived from the dehydration of RGO hydrogel were visualized in SEM images in Figure 7C,D.

Structural characteristics of GrO and RGO materials were analyzed using Raman spectroscopy (Figure 8). Raman spectrum of GrO sample (Figure 8B) showed the D band at 1345 cm-1 (linking to defects in sp2 carbon domain) and the G band at 1583 cm-1 (corresponding to sp2 carbon network). The oxidation reaction disintegrated conjugated sp2 carbon networks of graphene nanosheets and generated oxygen-containing functional groups as well as defects in sp2 carbon domains of GrO/GO materials. The intensity ratio of D band and G band (ID/IG) is calculated to be 1.00, indicating the moderate degree of defection in as-synthesized GO nanosheets9–11. The defection degree or passivation degree is comparable with GrO/GO materials prepared by strong oxidation reactions in conventional procedures using intensive oxidizing agents (graphite: KMnO4 = 1: 3 w/w)10. This cascade design oxidation reaction uses a much smaller amount of Mn(VII) oxidant (graphite: KMnO4 = 1: 2 w/w), self-heating exothermic energy, and fast reaction time to produce GrO/GO materials with a good oxidation degree. After the sonication treatment and reduction reaction, the obtained RGO material presented the Raman spectrum in Figure 8D. Intensities of the D band at 1345 cm-1 and the G band at 1583 cm-1 were collected for intensity ratio calculation. The ID/IG ratio of 1.04 is slightly higher than that of GO material (ID/IG = 1.00), but it is still comparable to imply a moderate degree of defects in the RGO structure. With sufficient hydrophilic functional groups and considerable structural defects, as-synthesized GO and RGO materials show good qualities and solution-processable properties that facilitate applications in research and industries.

FIGURE AND TABLE LEGENDS:
Figure 1: Synthetic schemes of cascade design oxidation and highly basic reduction reactions. (A) The first cascade of graphite/H2SO4 suspension into Mn(VII)/H2SO4 solution. (B) Oxidation reaction mixture after the second cascade of graphite/Mn(VII)/H2SO4 suspension into water. (C) Product of graphite oxide powder (GrO). (D) Graphene oxide dispersion (GO concentration of 10 ppm) obtained from 5 min sonication of GrO in water. (E) GO reduction reaction in highly alkaline ammonium hydroxide solution (pH 14) at 90 °C (the reactor in a boiling water bath). (F) Fabric filtration of the obtained RGO. (G) RGO hydrogel (moisture of 97%). (H) RGO dispersion (concentration of 10 ppm) produced from 5 min sonication of RGO hydrogel in water.

Figure 2: Characterization of GrO powder. (A) XRD pattern and (B) FTIR spectrum of GrO powder.

Figure 3: SEM-EDS analysis of GrO multilayer structure. (A) GrO powder. (B, C) SEM images of a multilayer structure of GrO at the magnifications of 5 µm and 1 µm, respectively. (D) EDS elemental mapping of carbon atoms (red dots) and oxygen atoms (orange dots) on the multilayer GrO structure. (E, F) EDS mapping of carbon atoms (red dots) and oxygen atoms (orange dots) on the GrO structure.

Figure 4. SEM-EDS analysis of GO nanosheets. (A) EDS spectrum, (B) elemental analysis, and (C, D) SEM images of GO nanosheets obtained from ultrasonic exfoliation of GrO in water (solid concentration of 1000 ppm).

Figure 5: Characterization of RGO hydrogel. (A) XRD patterns of RGO hydrogel and RGO powder. (B) FTIR spectrum of RGO nanosheets derived from RGO hydrogel.

Figure 6: SEM-EDS analysis of supramolecular RGO hydrogel. (A) RGO hydrogel. (B, C) SEM images of RGO nanostructures resulting from the dehydration of RGO hydrogel. (D) EDS elemental mapping of carbon atoms (blue dots) and oxygen atoms (orange dots) on RGO assembly. (E, F) EDS mapping of carbon atoms (blue dots) and oxygen atoms (orange dots) on RGO nanostructure.

Figure 7: SEM-EDS analysis of RGO nanosheets. (A) EDS spectrum, (B) elemental analysis, and (C, D) SEM images of RGO nanosheets derived from dehydration of RGO hydrogel.

Figure 8: Raman spectroscopy analysis. (A) Microscopic picture and (B) Raman spectrum of GrO material. (C) Microscopic picture and (D) Raman spectrum of RGO material.

DISCUSSION:
In the aspect of GrO synthesis, oxidation methods using Hummers reagents (KMnO4, H2SO4, H2O, and H2O2) have been applied in GrO productions in laboratory and industrial scales worldwide, owing to basic chemical availability and simple oxidation processes1,3,5,7. However, serious explosive risks of Mn(VII) compounds derived from KMnO4 and H2SO4 were reported since the 1980s12,13. Mn(VII) compound is strongly oxidative but potentially explosive at temperatures above 55 °C. Thermal runaway resulting from exothermic reactions in the oxidation processes may make the reaction temperature rise to above the safety limit of 55 °C and cause explosive danger14. Therefore, explosive risk and reaction safety are prime challenges for the large-scale production of GrO material14–16. Here, the cascade design of oxidation reaction has proved to upgrade the safety and efficiency of GrO production technology3,8. Optimal chemical ratios, typically graphite: H2SO4 = 1 : 30 w/v, graphite: KMnO4 = 1 : 2 w/w, water: H2SO4 = 2.4 : 1 v/v and graphite: H2O2 = 1 : 1.5 w/w, and exothermic energy utilizations are key factors to attain high chemical and energy efficiencies. Considerable amount of chemicals, energy and time can be saved in comparison with conventional procedures (traditional and modified Hummers methods), specifically reduction of 33% KMnO4 reagent, saving of cooling/heating energies and discount of reaction time (particularly in the fast exothermic reaction in the second cascade of graphite/Mn(VII)/H2SO4 mixture into water).

[bookmark: _Hlk192734293][bookmark: _Hlk192582055]Suitable design of chemical cascade steps plays an important role in the scalable oxidation synthesis. The first cascade step harnesses exothermic heat from the reaction between multilayer graphite and Mn(VII) compound. The typical temperature peak of 50 °C in this step is safely below 55 °C. Nevertheless, the graphite/Mn(VII)/H2SO4 reaction in this step is considered the most potentially explosive mixture in the oxidation process. Hence, the preparation of several separate graphite/Mn(VII)/H2SO4 reaction mixtures is recommended to minimize explosive risk and potential damage8. Several units of the graphite/Mn(VII)/H2SO4 mixture are combined in the second cascade step. Although the cascade of graphite/Mn(VII)/H2SO4 mixture into water is significantly exothermic, increasing the reaction temperature to above 90 °C, lowering the Mn(VII) concentration, and an aqueous environment effectively prevent explosions. In this protocol, the combinative strategy of adding three units of graphite/Mn(VII)/H2SO4 mixture to a water reactor is implemented. This strategy scales up the oxidation reaction three times with good safety and efficiency. As a result, 24.375 g GrO powder is produced from the initial 15 g of graphite (GrO powder yield of 162.5% wt and GrO solid yield of 130% wt). This production scale is quite sufficient for research and development in scientific laboratories. Moreover, the cascade design and strategy are appropriate for industrial scale-up. It is assumed that a reactor scale of 84 L volume can produce 1 kg GrO powder in the reaction time of 1 day, and an industrial reactor of 21000 L volume can be designed for large-scale production of 250 kg GrO powder in one batch.

[bookmark: _Hlk192735858][bookmark: _Hlk192581319][bookmark: _Hlk192734235][bookmark: _Hlk192582122]Regarding the aspect of RGO synthesis, the as-synthesized GrO powder is used for preparing aqueous GO dispersion. In conventional procedures, after ultrasonic exfoliation of GrO multilayer structures in water, the suspension is left for sedimentation3. Supernatant GO dispersion is collected for chemical reduction reaction, and a considerable amount of sedimented solid is removed and wasted. In this paper, we report an improved procedure for the complete use of GrO powder. Specifically, an appropriate solid concentration of 1000 ppm and an alkaline solution pH 10 are prepared for ultrasonic exfoliation and electrostatic stabilization. GO nanosheets exfoliated from GrO multilayer structures are negatively charged and stabilized at pH 1017,18. Agglomeration and restacking of GO nanosheets in the dispersion are prevented at a solid concentration of 1000 ppm and an alkaline solution pH of 10. Therefore, the obtained alkaline GO dispersion is directly transferred to the next step of the highly basic reduction reaction. In this way, the waste of valuable GrO precursor is minimized to zero.

A variety of chemical agents have been experimented with for the GO reduction reaction in scientific literature19,20. Although potent reducing agents, such as hydroiodic acid, hydrazine, ascorbic acid, and sodium borohydride, are good for attaining a high reduction degree of RGO nanosheets, the hydrophobic RGO nanosheets also stack strongly together due to hydrophobic force and π-π interaction21. The class of alkaline agents, including potassium hydroxide, sodium hydroxide, and ammonium hydroxide, is effective and environmentally friendly for synthesizing colloidally stable RGO nanosheets in aqueous dispersions3,22,23. Actually, we have recently demonstrated that a highly basic environment of ammonium hydroxide solution (pH 14) is a green chemistry approach to synthesizing hydrated RGO nanosheets stabilized in a hydrogel structure3. The results in this manuscript confirmed that the highly alkaline reduction reaction produced a supramolecular RGO hydrogel with three-dimensional assembly (Figure 6) and an optimized atomic ratio (C/O = 4.16) of RGO nanosheets (Figure 7). The water-intercalated structure gives the advantages of RGO nanostructure preservation, reversible self-assembly, and aqueous dispersibility. Supramolecular graphene-based hydrogels have been experimented to exhibit high performances for water purification3,24, photocatalysis24,25, biosensing24, antibacterial coating25, and polymer nanocomposite reinforcement26,27. RGO nanosheets derived from the RGO hydrogel have good qualities for many potential applications, including supercapacitor electrodes28–30, biomedical materials31, water purification materials32, colorimetric sensors33, and electrochemical sensors34–37.

About RGO product yields, reduction reaction experiments in this protocol synthesized 20 g RGO hydrogel (16 times higher than 1.25 g of GrO powder precursor); however, the RGO solid yield was 50% wt of initial GrO solid due to the reduction of elemental oxygen content (from 42.81% wt in GO to 24.25% wt in RGO) and materials loss in processing. The synthesis of RGO hydrogel using highly basic ammonia solution is inexpensive and eco-friendly for scale-up production. In estimation, one batch of reduction reaction in a 75 L reactor can convert 62.5 g GrO powder into 1 kg RGO hydrogel as well as 25 g RGO nanosheets. Overall, the general oxidation–reduction procedure can convert approximately 38.5 g of natural graphite into 62.5 g of GrO powder precursor (20% wt moisture) and subsequently produce 1 kg of RGO hydrogel containing 25 g of RGO nanosheets.

In conclusion, chemical oxidation–reduction processes are important pathways to synthesize graphene-based materials for diverse applications in the current trend of sustainable development. The synthetic technologies have been developed for improving safety, efficiency, cost, and quality in the production of multilayer GrO powder, aqueous dispersion of GO nanosheets, supramolecular RGO hydrogel, and aqueous dispersion of RGO nanosheets. Cascade design oxidation reaction harnesses substantial exothermic energies in two prime cascade steps, leading to excellent energy and chemical efficiencies. In the stage of reduction reaction, an alkaline ammonia environment is used for electrostatic stabilization of the GO dispersion. Highly basic ammonium hydroxide solution is an inexpensive and simple approach to the synthesis of hydrated RGO assembly for RGO preservation and aqueous dispersibility. The oxidation–reduction protocols are appropriate to scientific syntheses in the laboratory and scale-up productions in industry. Limitations of the methods are the fact that GrO/GO products have a moderate oxidation degree, and RGO products have a moderate reduction degree. To obtain highly oxidized graphene oxide and highly reduced graphene oxide, modifications of the procedures, such as increases of oxidant/reductant concentrations, and post-synthesis treatments, should be applied. However, the protocols and products described in this manuscript are proof of concept for standard preparations and prospective developments in the future.

ACKNOWLEDGMENTS: 
The authors would like to thank the experimental support of Fundamental Materials Science Laboratory and Multifunctional Materials Laboratory, Faculty of Materials Science and Technology, University of Science, Vietnam National University Ho Chi Minh City, and the analytical support of Central Laboratory for Analysis, University of Science, Vietnam National University Ho Chi Minh City.

DISCLOSURES:
The authors declare that they have no known competing financial interests or personal relationships that could have appeared to influence the work reported in this paper.

REFERENCES:
1. 	Zhu, Y., Ji, H., Cheng, H. M., Ruoff, R. S. Mass production and industrial applications of graphene materials. Natl Sci Rev. 5, 90–101 (2018).
2.	Kauling, A. P. et al. The Worldwide Graphene Flake Production. Adv Mater. 30 (44), 1803784 (2018).
[bookmark: _Hlk192583677]3.	Le, H. N. et al. Revisiting oxidation and reduction reactions for synthesizing a three-dimensional hydrogel of reduced graphene oxide. RSC Adv. 14, 30844 (2024).
4.	Hummers, W. S., Offeman, R. E. Preparation of graphitic oxide. J Am Chem Soc. 80, 1339 (1958).
5.	Ikram, R., Jan, B. M., Ahmad, W. An overview of industrial scalable production of graphene oxide and analytical approaches for synthesis and characterization. J Mater Res Technol. 9, 11587–11610 (2020).
6.	Nishina, Y. Mass Production of Graphene Oxide Beyond the Laboratory: Bridging the Gap Between Academic Research and Industry. ACS Nano 18 (49), 33264–33275 (2024).
7.	Brisebois, P. P., Siaj, M. Harvesting graphene oxide-years: 1859 to 2019 A review of its structure, synthesis, properties and exfoliation. J Mater Chem C. 8, 1517-1547 (2020).
[bookmark: _Hlk192583687]8.	Le, H. N. et al. Improving safety and efficiency in graphene oxide production technology. J Mater Res Technol. 24, 4440–4453 (2023).
9.	Lopez-Díaz, D., Holgado, M. L., García-Fierro, J. L., Velazquez, M. M. Evolution of the Raman Spectrum with the Chemical Composition of Graphene Oxide. J Phys Chem C. 121, 20489−20497 (2017).
10.	Paton-Carrero, A., Valverde, J. L., Garcia-Alvarez, E., Lavin-Lopez, M. P., Romero, A. Influence of the oxidizing agent in the synthesis of graphite oxide. J Mater Sci. 55, 2333–2342 (2020).
11.	Ferrari, A. C., Basko, D. M. Raman spectroscopy as a versatile tool for studying the properties of graphene. Nat Nanotech. 8, 235–246 (2013).
12. 	Haight, G. P., Phillipson, D. Hazard in “permanganate volcano” demonstration. J Chem Educ. 57, 325 (1980). 
13. 	Bodner, G. M. Lecture demonstration accidents from which we can learn. J Chem Educ. 62, 1105 (1985).
14.	Lakhe, P. et al. Graphene oxide synthesis: reaction calorimetry and safety. Ind Eng Chem Res. 59 (19), 9004–9014 (2020).
15.	Lee, S., Oh, J., Ruoff, R. S., Park, S. Residual acetone produces explosives during the production of graphite oxide. Carbon 50 (3), 1442-1444 (2012).
16.	Kummer, A., Varga, T. What do we know already about reactor runaway? – A review. Process Saf Environ Prot. 147, 460–476 (2021).
17.	Li, D., Muller, M. B., Gilje, S., Kaner, R. B., Wallace, G. G. Processable aqueous dispersions of graphene nanosheets. Nat Nanotechnol. 3, 101 (2008).
18.	Yang, X., Zhu, J., Qiu, L., Li, D. Bioinspired effective prevention of restacking in multilayered graphene films: towards the next generation of high-performance supercapacitors. Adv Mater. 23, 2833–2838 (2011).
19.	Tarcan, R. et al. Reduced graphene oxide today. J Mater Chem C. 8, 1198 (2020).
20.	Agarwal, V., Zetterlund, P. B. Strategies for reduction of graphene oxide – A comprehensive review. Chem Eng J. 405, 127018 (2021).
21.	Luo, J., Kim, J., Huang, J. Material processing of chemically modified graphene: some challenges and solutions. Acc Chem Res. 46 (10), 2225–2234 (2013).
22.	Fan, X. et al. Deoxygenation of exfoliated graphite oxide under alkaline conditions: a green route to graphene preparation. Adv Mater. 20 (23), 4490–4493 (2008).
23.	Paredes, J. I. et al. Environmentally friendly approaches toward the mass production of processable graphene from graphite oxide. J Mater Chem. 21 (2), 298–306 (2011).
24.	Le, N. H. et al. Solution-processable conductive micro-hydrogels of nanoparticle/graphene platelets produced by reversible self-assembly and aqueous exfoliation. J Mater Chem A. 1, 12900 (2013).
[bookmark: _Hlk192583719]25.	Le, H. N. et al. Sonochemical synthesis of bioinspired graphene oxide–zinc oxide hydrogel for antibacterial painting on biodegradable polylactide film. Nanotechnology. 35, 305601 (2024).
[bookmark: _Hlk192583734]26.	Le, H. N. et al. Melt processing of graphene-coated polylactide granules for producing biodegradable nanocomposite with higher mechanical strength. Polym Plast Technol Mater. 63 (11), 1421-1437 (2024).
[bookmark: _Hlk192583744]27.	Le, H. N., Nguyen, L. N. L., Dao, T. B. T., Nguyen, T. D., Ha Thuc, C. N. Highly tough and antibacterial nanocomposite film of poly(vinyl alcohol)/graphene-oxide-ZnO for biomedical application. Int J Nanotechnol. (2025), In Press (2025).
[bookmark: _Hlk192517021]28.	Bhujel, R., Rai, S., Deka, U., Swain, B. P. Electrochemical, bonding network and electrical properties of reduced graphene oxide-Fe2O3 nanocomposite for supercapacitor electrodes applications. J Alloys Compd. 792, 250-259 (2019).
[bookmark: _Hlk192517042]29.	Rai, S., Bhujel, R., Biswas, J., Swain, B. P. Effect of electrolyte on the supercapacitive behaviour of copper oxide/reduced graphene oxide nanocomposite. Ceram Int. 45 (11), 14136-14145 (2019).
[bookmark: _Hlk192517069]30.	Rai, S.  et al. Synthesis, characterizations, and electrochemical studies of ZnO/reduced graphene oxide nanohybrids for supercapacitor application. Mater Today Chem. 20, 100472 (2021).
[bookmark: _Hlk192517091]31.	Singh, W. I. et al. Fabrication and Characterization of Reduced Graphene Oxide/Polyaniline/Poly(Caprolactone) Electrospun Nanofiber. Arab J Sci Eng. 47, 925–934 (2022).
[bookmark: _Hlk192517280]32.	Chaltash, F., Chekin, F., Vahdat, S. M. Magnetite Reduced Graphene Oxide/Ordered Mesoporous Carbon Nanocomposite as Effective Adsorbent for Removal of 2-Naphthol in Wastewater. Curr Anal Chem. 20 (6), 410 – 417 (2024).
[bookmark: _Hlk192517255]33.	Behrouzifar, F., Shahidi, S. A., Chekin, F., Hosseini, S., Ghorbani-HasanSaraei, A. Colorimetric assay based on horseradish peroxidase/reduced graphene oxide hybrid for sensitive detection of hydrogen peroxide in beverages. Spectrochim Acta A Mol Biomol Spectrosc. 257, 119761 (2021).
[bookmark: _Hlk192517206]34.	Seyedi, S. H., Shahidi, S. A., Chekin, F., Ghorbani-HasanSaraei, F. A., Limooei, M. B. Simultaneous Determination of 1-Naphthol and 2-Naphthol in Waters by Electrochemical Sensor Based on Magnetite Porous Reduced Graphene Oxide/Carbon Nanotube Hybrid. Russ J Electrochem. 59, 1138–1150 (2023).
[bookmark: _Hlk192517225]35.	Vatandost, E., Ghorbani-HasanSaraei, A., Chekin, F., Raeisi, S. N., Shahidi, S. A. Green tea extract assisted green synthesis of reduced graphene oxide: Application for highly sensitive electrochemical detection of sunset yellow in food products. Food Chem X. 6, 100085 (2020).
[bookmark: _Hlk192517304]36.	Naderi, N., Sabeti, B., Chekin, F. Fe3O4 nanoparticles decorated reduced graphene oxide and carbon nanotubes-based composite for sensitive detection of imatinib in plasma and urine. J Electrochem Sci Eng. 14 (2), 119-133 (2024).
[bookmark: _Hlk192517323]37.	Amiri, M., Hashemi, Z., Chekin, F. Zinc oxide nanoparticles decorated nitrogen doped porous reduced graphene oxide-based hybrid to sensitive detection of hydroxychloroquine in plasma and urine. J Mater Sci: Mater Med. 36, 4 (2025).


TITLE:    

1

  Scalable  S yntheses of  G raphene  O xide and  R educed  G raphene  O xide using  C ascade  D esign 

2

  O xidation and  Highly Basic Reduction Reactions  

3

   

4

  AUTHORS AND AFFILIATIONS:  

5

  Hon Nhien Le 1, 2 ,   Thi Bich Duyen Luu 1, 2 , Lam Nhu Pham 1, 2 , Thi Bang Tam  Dao 1, 2 , Trung Do 

6

  Nguyen 1, 2 , Chi Nhan Ha Thuc 1, 2 , Van Hieu Le 1 – 3    

7

   

8

  1 Faculty of Materials Science and Technology,   University of Science,  Ho Chi Minh  City, Vietnam  

9

  2 Vietnam National University, Ho Chi Minh City, Vietnam  

10

  3 Multifunctional Materials  Laboratory, University of Science, Ho Chi Minh City,   Vietnam  

11

   

12

  Email addresses of co - authors:  

13

  Thi Bich Duyen Luu       (21250057@student.hcmus.edu.vn)  

14

  Lam Nhu Pham       (21250090@student.hcmus.edu.vn)  

15

  Thi Bang Tam Dao       (dtbtam@hcmus.edu.vn)  

16

  Trung Do Nguyen       (ntdo@hcmus.edu.vn)  

17

  Chi Nhan Ha Thuc       (htcnhan@hcmus.edu.vn)  

18

  Van Hieu Le         (lvhieu@hcmus.edu.vn)  

19

   

20

  Correspond ing author :  

21

    Hon Nhien Le         ( lhnhien@hcmus.edu.vn )  

22

   

23

  K EYWORDS :   

24

  Graphene oxide, reduced graphene oxide, cascade design oxidation, highly basic reduction, 

25

  Mn(VII) compound, ammonia solution, scalable synthesis  

26

   

27

  SUMMARY:  

28

  The article presents the protocols of  a cascade design oxidation process and a highly basic 

29

  reduction reaction for innovative,   scalable conversion of graphite into multilayer graphite oxide 

30

  powder, graphene oxide nanosheets, supramolecular reduced graphene oxide hydrogel ,   and 

31

  reduced graphene oxide nanomaterials.  

32

   

33

  ABSTRACT:  

34

  This present work describes the scalable synthetic methods of oxidation and reduction reactions 

35

  for producing graphene oxide and reduced graphene oxide nanomaterials. Cascade design of 

36

  Mn(VII) - based oxidation reaction  is   applied to  convert graphite into  multilayer graphite oxide  

37

  powder , the precursor of single - layer graphene oxide   nanosheets . Since exothermic heats, 

38

  relevant   chemical  ratios , and combinative strategy are utilized, the cascade design process saves 

39

  considerable amounts of heating energy, chemical reagents,   and synthetic time.  In the next 

40

  stage,  the  hydrated multilayer structure of graphite oxide  is   exfoliated in water with the support 

41

  of sonication.  Graphene oxide nanosheets are electrostatically stabilized and chemically reduced 

42

  using highly basic ammonia solution at   pH 14 and  a  temperature of   90   ° C.  Alkaline ammonium 

43

  hydroxide solution is considered an environmentally friendly and inexpensive chemical agent for 

44

 

