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Abstract: Reduced graphene oxide (rGO) and graphene oxide (GO) are gaining popularity
among many research areas. rGO synthesis is based on bottom-up production, which consists of
two different stages: the oxidation of graphite and the reduction of GO. The properties of rGO
structure are determined by GO used as raw material, reducing agents and the type of process.
Different chemical agents are used to reduce GO to rGO and among these, hydrazine is known
to be the strongest and effective, but the most toxic agent.

In this study, the rGO structure synthesized using sulfur-containing sodium dithionite (Na,S,0,)
was compared with the rGO structure synthesized by L-ascorbic acid (Vitamin C) agent in
terms of layer number, elemental analysis and crystal structures, and It has been observed that
Na,S,0, may be a good is a good alternative. to reduce GO. GO was synthesized by Modified
Improved Hummers method without using toxic sodium nitrate. The reduced products were
examined by FTIR, XRD and SEM/EDS. Results showed that different reducing agents
synthesized similar rGO-Na,S,0, and rGO-LAA structures with 0.34 nm interlayer space also
they included % 14.27 and %12.24 of oxygen respectively.

Key words: Reduced graphene oxide, Graphene oxide, Ascorbic acid, Sodium dithionite,
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Cevresel ve Kimyasal Yaklasimin rGO Yapisina Etkisi

Ozet: indirgenmis grafen oksit (rGO) ve grafen oksit (GO) birgok arastirma alaninda popiilerlik
kazanmaktadir. rGO sentezi, grafitin oksidasyonu ve GO'nun indirgenmesi olmak iizere iki fakli
asamadan olusan asagidan yukar1 iiretim esasmma dayanir. rGO yapismin Ozelliklerini,
hammadde olarak kullanilan GO, indirgeme ajanlar1 ve proses tiirii belirlemektedir. GO'yu
rGO'ya indirgemek i¢in farkli kimyasal ajanlar kullanilir ve bunlar arasinda hidrazinin en giiclii
ve etkili ancak en toksik ajan oldugu bilinmektedir.

Bu ¢alismada, kiikiirt igeren sodyum ditiyonit (Na,S,0,4) kullanilarak sentezlenen rGO yapisini,
katman sayisi, elementel analiz ve kristal yapilar agisindan L-askorbik asit (Vitamin C) ajani ile
sentezlenen rGO yapisi ile karsilastirilmis ve NayS,0,'in GO'nun indirgenmesi igin iyi bir
alternatif olabilecegi goriilmiistiir. GO, toksik sodyum nitrat kullamilmadan Modifiye
Tyilestirilmis Hummers Yontemi ile sentezlenmistir. Indirgenen iiriinler, FTIR, XRD ve SEM /
EDS ile incelenmistir. Sonuglar, farkli indirgeyici ajanlarin, 0.34 nm tabakalar aras1 mesafeye
sahip benzer rGO-Na,S,0, ve rGO-LAA yapilarinin sentezledigini ayrica bu yapilarin sirastyla
% 14.27 ve % 12.24 oksijen icerdigini gostermistir.

Banu ESENCAN TURKASLAN, banuturkaslan@sdu.edu.tr, ORCID: https://orcid.org/0000-0003-3948-
6207



Anahtar kelimeler: Indirgenmis grafen oksit, Grafen oksit, Askorbik asit, Sodyum ditiyonit,
Modifiye gelistirilmis hummers

217



1. Introduction

Graphene is a two-dimensional (2D) nanomaterial in which carbon atoms are arranged
in a crystal lattice. [1]. It is used in advanced material study in various technological and
biomedical applications with its extraordinary properties. However low solubility in
solution resulting in agglomeration led to the search for alternative materials with
similar structures [2,3]. Reduced graphene oxide (rGO) and graphene oxide (GO) are
considered to be a graphene derivative with outstanding properties especially
mechanical and electrical [4-9].

GO is reacted with different agents to decrease the number oxygen groups and reach
similar structure of functionalized graphene called rGO [10]. Therefore, it is very
important to find a suitable reducing agent to obtain rGO with the desired properties.

The first agent used for the reduction process is hydrogen sulfide. In recent years,
hydrazine/ hydrazine derivatives, which are strong reducing agents in terms of reaction
time and efficiency, are more preferred [11]. Also sodium dithionite (Na,S,0,) is a
strong reducing agent that is slowly hydrolyzed by water. Generally Na,S,;0, is
preferred as the main reducing agent in the removal of harmful compounds from waste
water and in textile applications. Dogan used Na;S,;0, and sodium borohydride
(NaBH,) as a reduced agent, for the reduction of GO coated polyester fabrics. They
determined that polyester fabrics reduced with Na,S,0, showed more successful
conductivity values than NaBH, [12].

As a result of the toxic nature of hydrazine, a number of alternatives such as organic
acids [13-16], amino acids [17,18], microorganisms [19], sugars [20] have been
originated. Ascorbic acid (CsHgOg) is a non-toxic and high reducing potential agent
which used for the reduction of GO. In addition to being an environmental friendly and
inexpensive agent, it creates more stable rGO products than hydrazine. [21].

A study comparing the reduction capacities of hydrazine, sodium borohydride and L-
AA agents was performed by Fernandez-Merino et al. [22]. They showed that only L-
AA can compete with hydrazine in terms of reduction efficiency. Moreover they were
able to form stable suspensions of rGO-LAA structures both in water and organic
solvents. Chen et al. [23] used sulfur-containing agents such as NaHSOj3, Na,SOs,
Na,S,03 to reduce GO. Among them, NaHSOs is the least toxic, and the electrical
conductivity of rGO prepared using NaHSO3 was calculated as 6500 S m™, whereas for
hydrazine reduced GO was found to be 5100 S m™.

The goal of this study is to reduce GO by different agent to rGO. L-AA and its chemical
counterpart Na,S,04, were selected as a green and chemical reduced agents
respectively. During GO synthesis, based on less chemicals and quantities was carried
out using the "Modified Improved Hummers" method we developed in our previous
study [24].

2. Material and Method

2.1. Material
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Graphite (99%), hydrochloric acid (HCI-%37), potassium permanganate (KMnO,-
%99), hydrogen peroxide (H,O,, %30), sulfuric acid (H2SO4-%98), L-AA and Na,S,0,,
(%99,80) from Sigma Aldrich.

2.2. Synthesis of GO and rGO

Flake graphite powders was added to 50 mL H,SO, and stirred for 2 h. 6 g KMnO,4 was
added in three equal parts to the mixture in a water bath while keeping the temperature
at less than 40 ° C. The resulting solution was diluted by adding 300 mL of water then
the temperature was raised to 90 ° C and stirring was continued. Then 2 mL H,0, was
added and a bright yellow color was obtained. The resulting graphite oxide was washed
and filtered to remove impurities with HCI and deiyonized water (DI) respectively. The
GO nanosheets were obtained by centrifugated for 40 minutes at 7000 rpm and 10
minutes at 9000 rpm.

L-AA (100 mg) was added to the aqueous dispersion of 100 mL (0.1 mg mL™) GO. The
pH was adjusted to 10 by adding NHj3 solution. The mixture was stirred at 90 ° C for 2
hours. The resulting rGO-LAA was filtered, washed and dried for 24 hours. Similar to
rGO-LAA, 1.2 g of Na,S,0, was added to 160 mL (0.1 mg mL™) GO solution with
stirring. The pH was fixed between 9-10 by adding NH3 solution. The mixture was
refluxed at 90 ° C for 12 hours. The resulting rGO-Na,S,0,4 was filtered, washed and
dried for 24 h.

3. Results

3.1. Determination of graphite oxidation

Figure 1 shows XRD patterns for GO indicates graphite is oxidized. Because of the
intercalation of functional groups between graphite layers interlayer space increased to
0.81 nm which belongs to GO located at about 26 = 11.5 nm [25].
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Figure 1. XRD pattern of GO

Figure 2 shows the morphological changes of graphite during the oxidation to GO. As
can be seen in EDS analyzes, functional groups added between layers as a result of
oxidation of graphite form the layered GO morphology (Figure 2 a-b) [26].
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Figure 2. SEM/EDX image of graphite (a) and GO (b)

3.2. rGO results

As shown in XRD pattern after reduction due to removal of oxygen functional groups
from rGO-Na,S,04 and rGO-LAA the interlayer spacing again decreases and peaks
shifted to nearly 26=26.5° (d-spacing: 0.34 nm) [27]. XRD pattern of rGO-Na,S,0,4
exhibits second peaks which might be due to residues of the reduction process.
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Figure 3. XRD patterns of rGO-Na,S,0,(a) and rGO-LAA (b)

The number of layers for rGO from XRD spectroscopy can be calculated by the ratio of
crystal size (tc) to interlayer distance (d) [28]. It is seen in Table 1 that the layer
numbers of the obtained rGO structures are very close to each other.

Table 1. Peak position and d-spacing of rGO structures

Sample t. (nm) d (nm) Number of
Layers
rGO-Na,S,0, 3.14 0.34 9.23
rGO-LAA 3 0.34 8.82
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Figure 4 shows the morphological differences of varying reducing agents on the
synthesized rGO-Na,S,04 and rGO-LAA structures.

4 . N ‘
Figure 4. SEM image of GO (a,b), rGO-Na,S,0,(c,d) and rGO-LAA (e,f)

After the GO reduced layered and wavy edges (Figure 4 a -b) morphology has been
disappeared. Figure 4 e-f showed that rGO-LAA is a well expanded and exfoliated thin
transparent sheet structure while rGO-Na,;S,0, compact and stacked morphology
(Figure 4c-d). Compared to rGO-LAA, residues of the reduction process resulted in the
formation of different elements in the rGO-Na,S,0, structure. It is also seen from the
EDS (Table 2) that the quantity of functional oxygen in the rGO-LAA structure is
removed more than the rGO-Na,S,0, structure.

Table 2. Chemical composition of GO, rGO- Na,S,04 and rGO-LAA obtained from EDS analysis

Sample Elemental Composition (at%)
C O S Na
GO 57.95 40.70 1.34 -
rGO-Na,S,0, 84.11 14.27 0.90 15.65
rGO-LAA 87.73 12.24 0.03 -
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FTIR spectra of rGO-Na,S,04 and rGO-LAA in Figure 5 displays the distinctive peaks
at 3442 cm™ | 3446 cm™ (O-H), 1702 cm™, 1741 cm™ ( C=0), 1645 cm™, 1638 cm™
(C=C) and C—O band within the range of 1059 cm™ respectively [29].
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Figure 5. FTIR spectrum of (a) rGO-LAA and (b) rGO-Na,S,0,

4. Conclusion and Comment

GO was reduced using L-AA and Na,S,0,4 agents and produces similar structures.
Possible reduction mechanisms of GO by Na,S;0, agent, S04 attacked the hydroxyl
groups on GO then S,042 was oxidized to SO5 to result in the GO is reduced to rGO.
L-AA increased the acidity of the hydroxyl groups and attached on the epoxide and diol
groups to create dehydroascorbic acid meanwhile GO reduced to rGO. By optimizing
the experimental conditions of green and chemical approaches, we examined the
possible effects of different reduced agents on the characterization of the rGO structures
and the differences between them. The XRD and SEM/EDS showed oxidation of
graphite to GO and there were no Mn * ions and other impurities in its structure.

After reduction according to the XRD spectrum the characteristic structure of rGO
coexist in the rGO-Na;S;04 and rGO-LAA. In addition rGO-NayS;0,4 has exhibits
second peaks which might be due to residues of the reduction process. During the
reduction due to the degradation of functional groups, GO structure which consists of
14 layers has been transformed into 9 layer rGO-Na,S,04/ rGO-LAA structure. It was
observed that the SEM images of rGO structures and their elemental analysis differ
from each other. The decrease in GO weight and the increase C / O ratio indicate that
the functional groups in the GO structure are removed by the reduction processes.
Hence, we conclude that Na,S,0, should be accepted as a reducing agent for GO as it is
not explosive and is less toxic than hydrazine.
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