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Abstract
We studied the basic properties and fabrication of reduced graphene oxide (rGO) prepared 
using eco-friendly reduction agents in the graphene solution process. Hydrazine is generally 
used to reduce graphene oxide (GO), which results in polluting emissions as well as fixed 
nitrogen functional groups on different defects in the graphene sheets. To replace hydra-
zine, we developed eco-friendly reduction agents with similar or better reducing proper-
ties, and selected of them for further analysis. In this study, GO layers were produced from 
graphite flakes using a modified Hummer’s method, and rGO layers were reduced using 
hydrazine hydrate, L-ascorbic acid, and gluconic acid. We measured the particle sizes and 
the dispersion stabilities in the rGO dispersed solvents for the three agents and analyzed the 
structural, electrical, and optical properties of the rGO films. The results showed that the 
degree of reduction was in the order L-ascorbic acid ≥ hydrazine > glucose. GO reduced 
using L-ascorbic acid had a sheet resistance of 121 kΩ/sq, while that reduced using gluconic 
acid showed worse electrical properties than the other two reduction agents. Therefore, 
L-ascorbic acid is the most suitable eco-friendly reduction agent that can be substituted for 
hydrazine.

Key words: graphene oxide, reduced graphene oxide, modified Hummer’s method, eco-
friendly reduction agents, zeta potential

1. Introduction

Two-dimensional nanomaterials, such as graphene, boron nitride, and molybdenum 
disulfide, typically exhibit a flat or wrinkled morphology [1]. Graphene is a collection of 
honeycomb shapes similar to that of a benzene ring, with layers that can be as thin as one atom 
thick, and has excellent electrical, mechanical, and optical properties with a characteristic 
transmittance of 98% [2]. Such material properties are beneficial in applications in various 
fields. However, graphene also has disadvantages that inhibit its mass production, and the 
inherent properties of the synthesized graphene depend on the particular synthesis method [3]. 
Graphene produced by chemical vapor deposition (CVD) is much purer than that produced 
by other manufacturing methods, but is difficult to manufacture for mass production [4-6]. 
Generally, soluble graphene oxide (GO) is synthesized using graphite flakes by a modified 
Hummer’s method, and then reduced using hydrazine hydrate. Reduced graphene oxide 
(rGO) produced by acid treatment of the graphite can be produced in greater amounts than 
using other methods, but rGO does not have the characteristics of pure graphene [7,8]. 

Graphene sheets have hydroxyl groups (OH-) and epoxy groups (-O-) on their surface, 
while the edges mostly lack the properties of the intrinsic graphene because of the presence of 
bonded carboxyl functional groups (-COOH) [9,10]. However, the graphene edges become 
similar to the intrinsic graphene surface when the oxygen functional groups are removed, 
although they will be reoxidized by the reduction process [11-14]. 
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GO powders by a modified Hummer’s method. Next, 100 mg 
of GO powder was sonicated for 6 h after being dispersed in 
200 mL of DI water to produce a GO dispersed solution. The 
dispersed solutions acted as reduction agents. Fig. 1 shows the 
GO synthesis process. 

Table 1 summarizes the molecular formula of each reduc-
tion agent used in the experiment and the reduction mechanism 
used to remove the epoxide (-O-) functional groups bound to 
the graphene surface. Next, 3 mL of hydrazine hydrate and 30 
g each of L-ascorbic acid and glucose were added to 32 mg of 
the prepared GO solution in the presence of a Fe wire, which 
was used in the reduction reaction because H2O2 is generated 
in the oxidation process of glucose. RGO powders were finally 
obtained by vacuum drying in 90°C after being cleaned 2 to 3 
times in an ethanol solvent and DI water. The synthesis process 
was carried out at a temperature below 100°C for 24 h.

Fig. 2 shows the process for reducing the rGO on GO film. 
GO was dispersed to 0.05 wt% in DI water and sonicated for 3 
h. The reduction agents and Triton X100 as a dispersion agent 
were added with 0.05 wt% and 0.001 wt% of DI water and then 
sonicated in DI water for 3 h. Reduction by the reduction agent 
revealed the epoxide group. The reductive pathways of the hy-

By using a soluble reduction method, most of the functional 
groups can be removed so that the hydrazine is exposed to the 
GO in the liquid or gaseous phase [15]. However, toxic gases are 
generated by this method, and nitrogen atoms can be adsorbed 
onto the graphene surface during reduction [16,17]. Hydrazine 
hydrate is known to have environmental issues and is also a 
carcinogen [18]. Therefore, more eco-friendly reduction agents 
have been investigated, such as L-ascorbic acid and gluconic 
acid [19-22]. L-ascorbic acid is called vitamin C and is used as 
an antioxidant in medicine [23]. Gluconic acid is produced by the 
oxidation of glucose, is used as an intermediate drug to supply 
calcium or iron into the body, and is highly reducible among 
sugar-based reducing agents [24]. L-ascorbic acid and gluconic 
acid are eco-friendly because they do not generate contaminants 
during the reduction process. They can act as capping reagents 
to simultaneously stabilize the reduced GO sheet while being 
able to reduce the GO. Furthermore, capping reagents are easy 
to use in experiments because they are well dissolved in water 
and are inexpensive [25-27].

In this study, we used a modified Hummer’s method with 
chemical exfoliation, and then fabricated rGO films using 
hydrazine hydrate as a conventional reduction agent and 
L-ascorbic acid and gluconic acid as eco-friendly reduction 
agents. The obtained rGO solutions were compared in terms of 
their dispersion and structural properties. Their electrical and 
optical characteristics were compared and analyzed by forming 
thin films through spray coating.

2. Experimental

2.1. Preparation of GO and rGO

This experiment used expansion graphite flakes (about 50 μm 
size) purchased from Shinsung Carbon (Korea). GO was fabri-
cated using a modified Hummer’s method. First, graphite (5.6 
g) was added to 256 mL of sulfuric acid (H2SO4), and 5.6 g of 
sodium nitrate (NaNO3) was then added to the flask. The mix-
ture was then stirred at 0°C for 4 h. After stirring, potassium per-
manganate (KMnO3, 34 g) was added to 515 mL of distilled (DI) 
water and stirred at 35°C for 1 h; 112 mL of hydrogen peroxide 
(H2O2) was then added to the solution to remove the KMnO3 at 
room temperature. Hydrogen chloride (HCl) was next added to 
remove the remaining acid [28]. The precipitate was separated 
from the solution by filtration and was washed and dried several 
times to produce GO for neutralization to pH 6–7. We prepared 

Fig. 1. Schematic of the process for synthesizing graphene oxide by the 
modified Hummer’s method. DI, Deionized; RT, Room Temperature

Table 1. Specifications of the three types of reduction agents for reduced graphene oxide

Reduction 
agent Hydrazine hydrate L-ascorbic acid Gluconic acid

Chemical  
equation N2H4 C6H6O6

C12H6O8 + Fe + 9H2O 
→ 2C6H12O7 + FeO3

Reduction 
mechanism C-O-C + H2N-NH2 → C=C, H2O, N2H2a) C-O-C + C6H6O6-2OH → C=C, H2O, 

C6H6O8b)
C-O-C + C6H12O7 

→ C=C, H2O, C6H
10O7c)

a)N2H2, di-imide.
b)C6H6O8, hydroxycitric acid.
c)C6H10O7, galacturonic acid.
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GO and rGO were observed by field-emission scanning elec-
tron microscopy (FE-SEM). The particle sizes and dispersion 
properties of the GO and rGO were measured using a dynamic 
light-scattering (DLS) nanoparticle analyzer, with GO and rGO 
dispersed solutions in DI water. The sheet resistance and trans-
mittance of the GO and rGO films were measured by 4-point 
probe measurement and ultraviolet visible infrared spectrosco-
py, respectively.

3. Results and Discussion

Fig. 3 shows the FE-SEM images of GO and the three types 
of rGO film coatings on the Si wafer and the PET film (inserted 
images). The GO had a smooth shape, and hydrazine hydrate 
and L-ascorbic acid formed rough lumps on the surface (Fig. 3a-
c). Gluconic acid produced a surface state with the intermediate 
form of the GO and reducing agent results (Fig. 3d). 

Overall, it can be seen that the coating state differed depend-
ing on the dispersion state and the reduction state. The disper-
sion condition of the GO was stabilized by the oxygen function-
al groups, so that the coating film was uniform [33]. When the 
GO is reduced, the removal of the functional group becomes un-
stable, and the coating state becomes rough. In order to produce 
a uniform coating of rGO, research on dispersion characteristics 
and additives for dispersion improvement should be carried out.

Fig. 4 shows the XRD spectra of the GO and rGO prepared 
with hydrazine hydrate, L-ascorbic acid, and gluconic acid. The 
2θ of GO was 14.36° (d-spacing, 0.31 nm). The change in d-

droxyl group, carbonyl group, and carboxyl group are still being 
studied [29]. 

In the reduction of the epoxy group, functional groups bonded 
to the GO surface are combined with hydrazine hydrate to be re-
moved as a form of di-imide [30]. L-ascorbic acid and gluconic 
acid were also eliminated by binding as hydroxycitric acid [31] 
and galacturonic acid [32], respectively. Table 1 summarizes the 
results. 

RGO is normally dispersed by adding a dispersion agent, be-
cause dispersion is inhibited by the extra functional groups on 
the graphene film. However, our research did not use dispersion 
agents.

2.2. Coating method

As substrates we used a silicon (Si) wafer with 300-nm thick 
silicon dioxide (SiO2) and a 50×50 mm polyethylene terephthal-
ate (PET) film. Thin films of GO and rGO were coated on each 
substrate at an average thickness of 80 nm under the same con-
ditions by spray coating for 5 min at 100°C and 0.1 MPa. The 
spray gun, a product of ROXGEN, was equipped with a nozzle 
size of 1.5 mm and a cup of 850 mL capacity. The injection pres-
sure was controlled by an external pressure pump. 

2.3. Characterization

The graphene crystal structures of the GO and rGO powders 
were analyzed by X-ray diffraction (XRD) and Raman and X-
ray photoelectron spectroscopy (XPS). The morphologies of the 

Fig. 2. Schematic structures of (a) graphene oxide (GO) and GO reduced by (b) hydrazine hydrate, (c) L-ascorbic acid, and (d) gluconic acid.
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by the reduction agent and the characteristics change [24,37,38]. 
However, it was found that while gluconic acid decreased the 
intrinsic peaks of GO, it maintained its morphology, so it can 
be deduced that its reduction characteristics were weaker than 
those of other reduction agents.

Fig. 5 shows the Raman spectra of the GO and the three 
types of rGO, with peaks at 1350 cm−1 and 1590 cm−1. The 
Raman shifts at 1348 cm−1 and 1586 cm−1 represent the D and 
G bands of the pristine graphene, respectively [39,40]. The 
higher D peak of the GO is due to oxidation of the GO surface 
and the collapse of the sp2 bonds of the carbon. Therefore, 
the higher D band means there was more sp3 binding than sp2 
binding [41,42]. 

The D/G ratios were GO (1.41), hydrazine (0.89), L-ascorbic 
acid (0.79), and gluconic acid (1.22), respectively. The Raman 
peak intensity and D/G ratio are shown in Table 2. L-ascorbic 
has a low D/G ratio, which indicates a good reduction state com-
pared to other reduction agents. Gluconic acid had a higher D/G 
ratio intensity than the other reduction agents, and was the same 
or lower than that of GO. Therefore, based on the results of the 
D-peak, we can suggest that gluconic acid did not substantially 
reduce, because of the low removal rate of oxygen during the 
reduction process [23].

GO and rGO prepared with each reduction agent were also 
investigated using XPS measurements. Fig. 6a shows the XPS 
spectra of the GO and rGO samples. The results indicate oxy-
gen-containing groups were removed or decreased in the rGO 
by each reduction agent. 

Fig. 6b-i show the C 1s spectra for GO and for GO reduced 

spacing was due to the intercalation of water molecules and the 
formation of oxygen functional groups between the graphite lay-
ers [34]. The d-spacing calculation is based on the Bragg equa-
tion (2dsinθ = nλ) [35], where d is the interplanar distance, θ is 
the diffraction angle, λ is the wavelength of the X-ray, and n=1 
[36]. It can be observed that the unique peak of GO becomes 
smaller or disappears when the GO film is reduced. It is assumed 
that the oxygen functional groups bonded to the GO are removed 

Fig. 3. Scanning electron microscope micrographs and coating layers 
of as-synthesized (a) graphene oxide (GO) and GO reduced by (b) hydra-
zine hydrate, (c) L-ascorbic acid, and (d) gluconic acid. Inset images are 
each coating film on polyethylene terephthalate substrate. 

Fig. 4. X-ray diffraction spectra of (a) graphene oxide (GO) and GO re-
duced by (b) hydrazine hydrate, (c) L-ascorbic acid, and (d) gluconic acid.

Fig. 5. Raman spectra of (a) graphene oxide (GO) and GO reduced by (b) 
hydrazine hydrate, (c) L-ascorbic acid, and (d) gluconic acid. 

Table 2. Raman peaks of the three types of reduction agents for rGO and GO

　 Graphene oxide Hydrazine hydrate Ascorbic acid Gluconic acid

D band 598.26 279.77 215.19 279.77

G band 424.30 311.97 270.85 226.86

2D band  51.01  24.52  27.07  24.52

D/G ratio  1.41  0.89  0.79  1.22

rGO, reduced graphene oxide; GO, graphene oxide.
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dispersing agent. As a result, the measured zeta potential and 
particle size of the hydrazine hydrate, L-ascorbic acid, and glu-
conic acid were found to be –41 mV and 420 nm, –22 mV and 
560 nm, and –20 mV and 900 nm, respectively. The values for 
the GO were found to be –36 mV and 600 nm. 

When the film size of the GO and rGO is small, the zeta po-
tential is increased. As the zeta potential increases, the repulsive 
force between films is increased, causing the films to separate 
from each other. Therefore, good dispersion properties are main-
tained by preventing particle aggregation [47,48].

Fig. 8 shows the relation between the transmittance and sheet 
resistance of the three types of rGO samples. The transmittance 
and sheet resistance for the samples with hydrazine hydrate 
was 74% at 140 kΩ/sq, whereas that of L-ascorbic acid was 
73% at 121 kΩ/sq and that of gluconic acid was 84% at 181 
kΩ/sq. In the GO synthesis process, the acid treatment forms 
new bonding and defects on the surface and edges of the gra-
phene films. These defects and the oxygen bonding act as resis-
tors and degrade the electric properties of the material. On the 

by hydrazine hydrate, L-ascorbic acid, and gluconic acid, re-
spectively. Five peaks centered at 284.1 eV (C–C), 285.5 eV 
(C–O), 286.5 eV (C=O), 287.5 eV (O-C=O), and 288.8 eV (C-
O-C) were found, corresponding to different functional groups 
[43-46]. The XPS peak intensity and concentration are shown 
in Table 3. The C–O, C=O, and O-C=O peaks in the GO (Fig. 
6b-c) indicate the existence of oxygen-containing groups (i.e., 
hydroxyl, epoxide, and carbonyl groups). After reduction by 
hydrazine hydrate, L-ascorbic acid, and gluconic acid (Fig. 6d-
i, respectively), the intensities of the C–O, C=O, and O-C=O 
peaks decreased, accompanied by an increase in the sp2 type 
carbon peak. This indicates that a large number of oxygen-con-
taining groups were removed, and that the majority of sp2 type 
carbon networks were restored. Based on the XPS results, the 
reduction of GO was confirmed by the significant decrease in the 
oxygen-containing groups in the GO. 

Fig. 7 shows the relationship between particle size and zeta 
potential of the three types of rGO. rGO was also observed to 
remove undistributed functional groups without the help of a 

Fig. 6. XPS spectra of (a) all data, graphene oxide (b) C 1s and (c) O 1s, hydrazine hydrate (d) C 1s and (e) O 1s, L-ascorbic acid (f ) C 1s and (g) O 1s, and 
gluconic acid (h) C 1s and (i) O 1s. 
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In the process of reducing oxidized graphene, the func-
tional groups bonded to the GO films are removed, but the 
defective parts are not recovered, apparently because of the 
degradation of the film’s characteristics. The differences in 
sheet resistance resulted from the differences in the rate of 
removal of functional groups [32]. GO film reduced by eco-
friendly L-ascorbic acid showed better electrical properties 
than that reduced by the other two agents. As a result, eco-
friendly L-ascorbic acid is the most suitable reduction agent, 
and can be substituted for hydrazine in order to prevent envi-
ronmental problems. 

other hand, in the reduction process, the oxygen function of the 
defective dangling bond is removed, but the bond ring is not 
restored [49]. The sheet resistance of the three types of rGO was 
observed to be higher than that of pure graphene. The reported 
rGO and CVD graphene sheet resistances were 4×106 Ω/sq [50] 
and 280 Ω/sq [51], respectively. There are two reasons why the 
sheet resistance is higher than that of CVD graphene. The first 
is the residual oxygen function [52] and the defects produced 
in the sheet during the oxidation process [53]. The second rea-
son is that the connection points are dispersed, because they are 
formed in flake form, compared to the graphene produced by 
CVD. 

Table 3. X-ray photoelectron spectroscopy peaks of the three types of reduction agents for rGO and GO

BE (eV)

Concentration %

Bonding
Graphene oxide

Reduction agent

Hydrazine hydrate Ascorbic acid Gluconic acid

C 1s

284.601 64.021 49.941 52.087 42.808 C-C

285.533 19.24 16.672 16.157 - C-O

286.534  6.965  7.266  8.01 20.739 C=O

287.54  2.845  3.877  3.486  7.413 O-C=O

288.785  1.289  2.312  2.641  2.694 C-O-C

O 1s

531.051  0.563  4.369  3.97  6.045 C-O-C/C-OH

532.126  2.687  7.268  10.616 16.004 C-O

533.373  1.819  4.328  3.032  4.297 O-H

534.511  0.571 - - - H2O

N 1s

399.591 -  1.846 - - 　

401.018 -  1.471 - - 　

402.527 -  0.651 - - 　

rGO, reduced graphene oxide; GO, graphene oxide; BE, Binding Energy

Fig. 7. Relationship between particle size and zeta potential of gra-
phene oxide reduced by (a) hydrazine hydrate, (b) L-ascorbic acid, and (c) 
gluconic acid.

Fig. 8. Relation of transmittance and sheet resistance of graphene ox-
ide reduced by hydrazine hydrate, L-ascorbic acid, and gluconic acid.
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