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Abstract: Reduced graphene oxide (r-GO) has physical-chemical properties like graphene and therefore 

it can be used for most of the graphene technological applications. The r-GO is produced by chemical 

or thermal reduction of graphene oxide (GO). GO is a high water-soluble organic compound that can 

be easily processed in form of aqueous/alcoholic ink to produce thick self-standing films (i.e., GO 

paper) or thin coatings supported on a variety of substrates (e.g., polymers, cellulose, glass, silicon, 

etc.). The best GO reduction technique is depending on the substrate chemical/thermal stability, and 

in the case of thermally unstable substrates (e.g., cellulose) the chemical approach is mandatory. 

However, traditional reductants, like hydrazine and phenyl-hydrazine, are highly active and therefore 

detrimental for the substrate. Among the mild reducing agents, L-ascorbic acid (L-aa) a green chemical 

reductant, has been widely investigated for GO reduction in aqueous solutions. Here, L-aa has been 

used to convert a GO gel-phase to r-GO by (i) swelling the GO phase with hot water, in order to allow 

L-aa permeation inside its lamellar structures by diffusion, and (ii) periodically restoring the reductant 

on the GO layer surface. According to the morphological-structural characterization (SEM, FT-IR, 

etc.), the proposed approach allowed GO conversion to r-GO preserving a thin GO interfacial layer 

essential for a good adhesion. 
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1. Introduction 

Graphene oxide (GO) is a lamellar flexible material with a wide range of functional groups such 

as epoxy, hydroxyl (-OH), and carboxyl (-COOH) on both basal planes and edges [1,2]. The existence of 

oxygen functional groups and aromatic Sp2 domains allow improvement of the distribution of GO sheets, 

generating interfacial bonding with hanging groups of natural polymer matrices, thus taking advantage 

of the outstanding properties of graphene materials. Much work has recently been targeted at 

mechanically or electrically enhanced cellulose composites using GO nanosheets or reduced GO (r-GO) 

because the hydroxyl groups present on the fiber surface may ensure an adequate interfacial adhesion 

[3–5]. 

The cellulose offers the advantage to be a renewable, biodegradable, biocompatible, and almost 

inexhaustible source of raw materials that can replace petrochemical compounds in many cases [6,7]. 

In addition, the paper substrate is interesting because it leads devices light in weight, portable, flexible, 

and foldable which are strongly needed in fields like microfluidics, sensors, etc. [8–13]. 

Inspired by the growing concerns regarding environmental pollution, a novel experimental 

procedure for quantitative reduction of GO films on paper by a green and low-cost chemical reductant 
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(L-ascorbic acid, L-aa) was proposed in our previous work [14]. L-aa is much more environmentally 

friendly then typical GO reductants like hydrazine and hydrazine hydrate [15–17]. 

In our process, the solid GO deposit on paper has been reduced by L-aa, taking advantage of a 

diffusion-based mass-transport mechanism, that is possible for the L-aa molecules, in a closed water-

refluxing environment. This ecofriendly technique has shown to be very adequate to produce flexible 

nanocomposite film of r-GO on paper thanks to a uniform and highly reduced GO layer preserving 

the paper substrate. The precursor materials and the obtained nanocomposites were characterized by 

thermogravimetric analysis (TGA) and Fourier transform infrared spectroscopy in attenuated total 

reflectance mode (FT-IR/ATR), to have structural information and to establish the reduction degree. 

In addition, the morphologies of samples surface, and the interface between GO and paper were analyzed 

by scanning electron microscopy (SEM) before and after reduction process. All experimental results 

confirm that developed procedure allow the reduction of GO deposit, preserve the paper substrate and 

the presence of strong interactions between the GO and cellulose that persist after reduction process. 

2. Materials and Methods 

Briefly our procedure provide the synthesis of GO by a modified Hummers’ method that was 

based on the oxidation of graphite nanoplatelets (GNP) by KMnO4 (≥99%) and KNO3 (≥99%) solution 

in absolute H2SO4 [18,19]. Then, the concentrated aqueous solution of GO was cast onto a paper 

substrate and this system was dried in air at room temperature. A Whatman®  quantitative filter paper, 

grade 42 circles, diam. 42.5 mm, was selected as substrate. The obtained GO on paper sample was 

periodically sprayed by L-ascorbic acid (L-aa, Sigma-Aldrich, 99%) aqueous solution to reduce GO. Such 

treatment lasted for ca. 48 h. More details about developed procedure can be found in Longo et al. [14]. 

To improve the diffusion of reductant agent into thin coating of GO, the system was closed in a suitable 

petri dish and was heated at a low temperature (50 °C) by using a controlled hot plate. In these 

experimental conditions, an effective mass-transport diffusion of the L-aa reductant was possible inside 

the GO layer swelled by water. At the end of process to remove all possible reduction by-products, the 

samples were washed by spraying distilled water on them. Figure 1 show a sequence of all step that 

constitute the developed preparation of r-GO on paper. 

 

Figure 1. Images of all process steps. 

To establish the thermal stability of the cellulose substrate, the pure L-aa and the GO the thermal 

gravimetric analyses (TGA) were carried out by a TA-Instruments Q5000, operating in flowing nitrogen, 

with a constant heating rate of 10 °C/min. In addition, the substrate, the pure L-aa and the GO supported 

on paper samples, before and after the reduction treatment, were characterized by FT-IR spectroscopy 

in ATR mode in the 4000–700 cm−1 range by using a spectrophotometer PerkinElmer Frontier NIR. 

The surface and the cross-sections morphologies of the coating layer were visualized by a SEM using 

FEI Quanta 200 FEG. 
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The chemical structures have been drawn by ACD/ChemSketch (Freeware Software, version 

2019.2.1, Advanced Chemistry Development, Inc., Toronto, ON, Canada, www.acdlabs.com) to clarify 

some aspect about the discussion of interactions present in the system. 

3. Results and Discussion 

Thermo-gravimetric analysis was carried out to verify the thermal stability of the used paper, L-aa, 

and GO. The TGA-thermogram of a paper sample is shown in Figure 2a). The sample is characterized by 

a little weight loss in the range 25–250 and an important weight loss in the range 300 °C ÷ 400 °C, 

with a maximum degradation rate at ca. 346 °C, as it can be seen by the derivative curve (red line in 

Figure 2a). These two weight loss stages correspond to the slow pyrolysis and fast pyrolysis stages [20]. 

At the early and slow pyrolysis stage weight loss was associated with volatilization and vaporization of 

water. Cellulose is hydrophilic and is subjected to dehydration, in which water was released. Further 

weight loss is relatively fast, which was due to dehydration and decomposition of the cellulose. Onset 

decomposition temperature is the temperature in which oxidation process begins. The percentage weight 

residue for the cellulose was 3% [20]. The Figure 2b) show the TGA-thermogram of a pure L-aa. The 

L-aa started to decompose at approximately 191 °C, with the maximum rate of decomposition occurring 

at approximately 208 °C (see derivative curve red line in Figure 2b). This maximum was followed by 

two additional decomposition steps in the 251–500 °C temperature range. At 500 °C approximately 

11% of the initial sample remained as charred residue [21]. 
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Figure 2. TGA thermogram of paper (a); L-ascorbic acid (b). 

The TGA curve of GO film shown in Figure 3 obvious mass loss below 170 °C presumably attributed 

to the evaporation of absorbed water, due to the higher hydrophobicity of GO sample. The GO film 

exhibits a major mass loss (40%) in the range of 170–800 °C, which has been attributed to the loss of 

oxygen functional groups [22]. 
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Figure 3. TGA thermogram of GO. 
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The thermogravimetric analysis confirms that the high temperatures needed to obtain the thermal 

reduction of GO are not compatible with the paper substrate thermal stability, while the here used low 

process temperature (50 °C) is able to guarantee thermal stability to both substrate and the reducing 

agent. The selected process temperature is used to improve the diffusion mechanics of L-aa in the swelled 

GO coating and to ensure a bulky reduction. The presence of abundant oxygenated functional groups on 

GO makes the material very hydrophilic and thus provide it with a high tendency to absorb water and 

swell in humid or aqueous environments [23]. In fact, it is well known the possible absorption of water 

molecules by the interaction with the epoxide and/or hydroxyl groups present on the GO layer (see 

Figure 4). This absorption allows to the layered-staked GO a natural tendency to swell as consequence 

of the enlarged interlayer spacing. For this region, the process temperature was selected to increase both 

the mobility of water and the corresponding mobility of L-aa molecules in the GO channels. 

 

Figure 4. Representation of swelled GO and diffusion pathway of L-aa aqueous solution. 

Figure 5 shows the FT-IR spectra (ATR mode) of: paper substrate (Figure 5a), L-ascorbic acid 

(Figure 5b), GO before (Figure 5c) and after (Figure 5d) treatment with L-aa aqueous solution. The 

absorption bands of paper are observed in two spectral regions: 3660–2800 cm−1 and 1650–400 cm−1 (see 

Figure 5a). The peaks belonging to the 3660–2900 cm−1 range correspond to the stretching vibrations 

of O-H and C-H bonds in polysaccharides. The peak at 3353 cm−1 includes also contributions from -OH 

involved in inter- and intra-molecular hydrogen bonds possible in the cellulose. The band at 2885 cm−1 is 

attributed to C-H stretching vibration of all hydrocarbon groups contained in this polysaccharide. The 

peak located at 1633 cm−1 corresponds to bending vibration of water molecules absorbed in cellulose. 

The absorption bands at 1440 cm−1, 1373 cm−1, 1022 cm−1 and 896 cm−1 belong to stretching and bending 

vibrations of -CH2 and -CH, and C-O bonds in cellulose, respectively. The intensity of the band at 

around 1440 cm−1 depends on the cellulose crystalline fraction, while the intensity of the band at 896 cm−1 

depends on the amount of the amorphous phase [24]. The spectrum of pure L-ascorbic acid (see 

Figure 5b) revealed that the stretching vibration of C=C and enol-hydroxyl groups were observed at 

1674 cm−1 and 1322 cm−1, respectively [25]. According to Figure 5c, the GO spectrum includes six main 

peaks, that can be attributed to the resonance vibrations of the oxygen-containing groups, and the 

carbon skeleton. In particular, the very strong and broad peak at 3171 cm−1 can be referred to the 

resonance vibration of hydroxyl groups (–OH), the peak at 1735 cm−1 to the resonance vibration of 

carbonyl groups (C=O), the peak at 1227 cm−1 to the alkoxy groups (C-O-H) and the peak at 1061 cm−1 

to the epoxide groups (C-O-C). In addition, the stretching absorption of C=C groups is also clearly 

visible in the spectrum at 1621 cm−1, and the band centered at 2840 cm−1 is due to the C–H stretching 

vibration [26]. The spectrum of GO after the chemical reduction (see Figure 5d) shows a decrease of 

absorption band number and intensities, thus confirming the formation of r-GO by the removal of 

most oxygen-containing functional groups. In particular, the C–O stretching resonance completely 

disappears, while the C=C and C=O stretching vibrations slightly attenuates [26]. This confirm that 

the removal of carbonylic groups is not complete. 
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Figure 5. FT-IR spectra of paper (a); L-ascorbic acid (b); GO (c) r-GO (d). 

The morphologies of the paper substrate, and the GO supported on paper, before and after the 

chemical reduction, were investigated by SEM, as shown in Figure 6. As visible in Figure 6a, the substrate 

was made of compacted cellulose microfibers having a diameter in the 20–50 μm range. Several pores, 

with a size of ca. 2.5 μm, were uniformly distributed on the substrate surface. After coating the paper 

substrate by GO and drying this system in air, according to the SEM-micrographs shown in Figure 6b 

continuous and uniform coverage of both the cellulose fibers and pores by a thin GO layer was obtained. 

Obviously, the observed roughness in the GO surface can be ascribed to the substrate fibrous morphology, 

that is perfectly reproduced because of the conformational flexibility of GO chemical structure for the 

presence of the sp3-hybridized carbon atoms. As visible in Figure 6c, the coating morphology slightly 

changed after the chemical reduction treatment, indeed the surface roughness reduced significantly, 

and all deep grooves and folds are not visible anymore because of the increased stiffness of the graphene 

coating layer, which consist manly Sp2-hybridized carbon atoms. Such a lower roughness of the 

sample surface, that follows to the chemical treatment, proves a complete conversion of GO sheets to 

r-GO, near the coating top. 

 

Figure 6. SEM micrographs of paper substrate (a), GO supported on paper (b) and GO supported on 

paper after treatment with L-aa aqueous solution (c). 

To analyze the interfacial interaction between the GO coating and cellulose substrate the SEM 

investigation was carried out on the cross-section of the samples of GO on paper (see Figure 7). The 

200 m

a) b) c)
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Figure 7a show that the thickness of the paper substrate was ca. 120 μm, while the thickness of GO 

layer was ca. 30 μm. As visible in Figure 7b, the coating layer appeared as quite compact and cavities 

or other defects were not present in this layer. The SEM micrographs of the r-GO sample shown in 

Figure 7c suggest the formation of air cavities inside the layer because of the reduction treatment, and 

the layer thickness became ca. 50 μm. In addition, these results confirm a good interfacial adhesion 

resulted between the GO substrate and the fibrous coating before and after reduction process. 

 

Figure 7. Cross-section SEM-micrographs of GO (a,b) and r-GO (c) supported on paper. 

Owing to the chemical affinity between the GO layer and the cellulose fibers, related to the presence 

of hydroxyl and carboxylic groups in both solid phases, a strong interfacial adhesion was possible. 

In Figure 8 is schematized the possible interactions at solid interface cellulose/graphene oxide [27]. 

The experiment results show that strong interactions are present also after reduction. According to 

FT-IR results probably these interactions can be related to partially reduction process that does not 

involve the carboxylic groups present in the nearest GO layer at cellulose substrate. 

 

Figure 8. Schematic interaction of GO coating and cellulose substrate. 
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4. Conclusions 

The possibility to reduce thin GO deposits on paper substrate by a non-toxic, eco-friendly, and 

low-cost chemical reductant, like L-aa aqueous solution, has been investigated. The achieved results 

confirm that this procedure allow to obtain a uniform and bulky layer of r-GO on paper. This process 

requires to reflux the L-aa aqueous solution in presence of the GO deposit in a closed 

microenvironment for 48h at a temperature of ca. 50 °C. In these experimental conditions, GO forms 

a swelled-phase where the reductant diffusion can easily take place. According to the TGA 

investigation, the selected temperature process is necessary to increase both the mobility of water 

and the corresponding mobility of L-aa molecules in the GO channels. The infrared spectroscopy (FT-

IR) show that most of the oxygen-containing groups present in the GO layer were removed after the 

reduction, while the SEM characterization confirm a strong interfacial adhesion between the GO/r-

GO coating and the fibrous substrate before and after reduction process. This structural characteristic 

is relevant to achieve a high flexible film based on r-GO layer supported on paper substrate that can 

be analyzed and used to industrial exploitation. 
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