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Abstract: Graphene oxide (GO) and reduced graphene oxide (rGO) is a semiconductor device which finds many 
applications in the various electronic devices. In the present study GO and rGO thin sheets have been grown over 
Si wafers using Hummer’s and modified Hummer’s methods and a comparison in the properties of the coatings 
have been carried out. The morphology of the sheets characterized by SEM revealed similar transparent sheet like 
structure for both methods of synthesis. The diffraction patterns of GO and rGO prepared with modified Hummer’s 
method showed peak shift to lower diffraction angle from 9.96˚ to 9.63˚ and 26.4˚ to 26.3˚ respectively. The 
diffraction peaks were observed at diffraction phase of 001 and 002 crystal plane. FTIR spectra revealed presence 
of oxygen functional groups in GO thin sheets whereas peaks for oxygen functionalities were absent in rGO. The 
polarization curve indicated similar corrosion resistance of GO and rGO thin sheets grown under Hummer’s and 
modified Hummer’s. Capacitive property of rGO is better than GO as observed by the electrochemical analysis of 
GO and rGO. 
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1. INTRODUCTION 

The application of grahene [1] in electronic 
devices with a single layer of graphite has received 
much attention among many research groups in 
the recent years. Graphene is a semiconductor 
device with 0 ev band gap where the already filled 
valance bands touches the unoccupied conduction 
band give rise to various electronic properties [2] 
having very wide applications in various 
electronic devices [3-6]. The fabrication of various 
devices on graphene sheets has become a 
straightforward process due to mechanical 
cleaving scotch tape method [1].Various research 
groups have reported the growth of large area 
epitaxial graphene suitable for various industrial 
applications [7, 8]. In recent years, various 
research groups have reported many optimistic 
approaches such as transfer printing of exfoliated 
graphene onto electrodes and many more for 
different types of product basically for large scale 
integration [9-11]. Research groups, not only 
restricted themselves to individual sheet devices, 
but also various successful attempts have been 
reported regarding the development of graphene-

based composites by reducing graphene oxide 
(GO) using various solution and its successful 
incorporation into different hosts [12]. In recent 
studies it has been observed that large number of 
research groups have reported reduction of non-
composite GO into graphene by employing 
various chemical routes and high-temperature 
annealing [13-17]. The various chemical 
approaches for the synthesis of graphene from 
different chemical solutions has made its 
fabrication way too easy on virtually any surface. 
rGO is synthesised either using chemical reduction 
or reduction through thermal process. But in most 
of the cases chemical reduction is preferred over 
thermal reduction as thermal reduction requires 
higher temperatures [18]. rGO is formed by 
successful reduction of GO. When reduced, rGO 
has structure similar to GO but the oxygen groups 
are removed. According to C. Gomez et al, the 
occurrence of hexagonal pattern in rGO indicates 
that there is a long range of hexagonal orientation 
in the sheets [19]. The applications of reduced 
graphene oxide are widely spread in many areas 
like chemical sensors and biosensors in Field 
Effect Transistor (FET) as a semiconductor which 
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is use for detection of hormonal catecholamine 
molecules. The transparent electrodes rGO’s are 
being used as whole transparent layer for polymer 
cells and light emitting diodes (LED’s) [20]. rGO 
has extremely high surface area which can be 
considered for electrodes, double-layered 
capacitors, fuel cells for solar cells [20]. Nano 
composites of rGO are being adsorbed by 
electrically insulating metal oxide nanoparticles 
for enhancing the efficiency of lithium ion 
batteries [21]. In this work, reduced GO layers 
over Si (100) substrate have been prepared using 
two different chemical routes namely Hummer’s 
and modified Hummer’s methods. The 
morphological, microstructural, tribological 
properties of the samples were further 
characterized through SEM, AFM, XRD, FTIR 
and by conducting corrosion test. 

2. EXPERIMENTAL PROCEDURES 

2.1. GO and rGO Synthesis Using Hummer’s 
Method 
2grams of graphite powder were mixed with 1 
gram sodium nitrate (NaNO3) and 46ml of 
sulfuric acid (concentrated H2SO4). The mixture 
was kept in ice-bath for an hour as the mixture 
was exothermic. After an hour 6 grams of 
potassium permanganate (KMnO4) was mixed in 
a gradual manner in the prepared solution. 
Further, the solution was taken out from the ice 
bath and the temperature was raised to 35 ºC and 
was kept constant at that temperature. The 
solution was further stirred for 24 hours by using 
magnetic stirrer. After 24 hours 500ml of 
Deionized water was added and left for stirring 
for 1hr. Then at the end of the process 3ml of 
30% hydrogen peroxide (H2O2) was added. Then 
the solution was kept for filtration and drying. 
The rGO was synthesized using 0.2 gm of GO 
and siriied with 50ml of deionized water for 90 
minutes. The solution was heated at 90ºC for 1 
hour after addition of 2 ml of Hydrazine. Then 
the solution was kept for filtration and drying. 

2.2. Synthesis of GO and rGO Using Modified 
Hummer’s Method 
Graphene Oxide was synthesized by mixing 
sulfuric acid (H2SO4-27ml of) and phosphoric 
acid (H3PO4-3ml). The acid mixture was stirred 
for one hour. After successful stirring graphite 
powder up to 0.225 grams was incorporated in 
the solution. Further, potassium permanganate 

(KMnO4) in 1.32 grams was added in a very 
slow manner in the solution. The mixture was 
stirred for 6 hours until the dark green colour 
solution was obtained. Further the elimination 
process of potassium permanganate was carried 
out by the gradual incorporation of hydrogen 
peroxide (H2O2 -0.675 ml) for 10 minutes. An 
exothermic reaction had occurred and was left 
for cooling down. Once the cooling process is 
over, 10ml of hydrochloric acid (HCl) and 30ml 
of de-ionized water was added. Then the solution 
was left for filtration and drying. The synthesis 
of rGO using modified hummer method has been 
carried out using same procedure as in case of 
synthesis through hummers method. However, 
the chemicals and reagent used for synthesis of 
GO using Modified Hummer’s Method are 
sulfuric acid (H2SO4), potassium permanganate 
(KMnO4), hydrogen peroxide (H2O2), 
phosphoric acid (H3PO4), graphite powder, 
hydrochloric acid (HCl), and deionized water. 

2.3. Characterization of GO and rGO 
Samples Prepared from Hummer’s and 
Modified Hummer’s Method 
The morphology of rGO samples was analysed 
using scanning electron microscope and atomic 
force microscopy with model JSM-7600F with a 
resolution of 1 nm and Innova SPM AFM 
instrument with a scanner of 100 µm. The 
structural properties of the prepared samples 
have been studied using XRD with model 
Rigaku Miniflex 600 (5th gen.). The X-Ray 
generation was up to 40 kV with a current of 15 
mA. All tests were carried out at room 
temperature with Ni filters. The 2θ values were 
recorded from 0º-80º XRD is done when 
monochromatic X-Rays, which are generated by 
cathode ray tube, are directed to fall on the 
sample. The atomic weight percentage of carbon 
and oxygen were measured through EDS 
technique using EVO MA18 with Oxford 
EDS(X-act) instrument with a maximum 
magnification factor of 10000x. The 
electrochemical corrosion resistance of the 
deposited samples has been evaluated using CH 
instrument Inc. (Electrochemical Analyser 
CHI608E) in presence of Ag/AgCl as a reference 
electrode, platinum wire as counter electrode and 
GO, rGO samples as working electrode. The 
solution used for electro chemical analysis was 
composed of 0.5M H2SO4 solution. 
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3. RESULTS AND DISCUSSIONS 

Figs.1 and 2 shows the SEM and EDS results of 
deposited samples synthesized by Hummers and 
modified Hummers methods. The SEM images 
show the formation of transparent sheet like 
structure for both GO and rGO. The sheets of 
GO have wrinkled shape and are stacked one 
upon other as clearly shown from Fig. 1 [22]. 
While in case of rGO the sheets are highly 
smooth, transparent and wrinkle free. The 
stacking and curling of carbon sheet is caused 
due the presence of excessive number of 
functional groups containing oxygen in GO. 
These functional groups are capable of forming 
H-bonds with the other nearest functional groups 
present within the GO and rGO sheet. This 
interaction between the functional groups 
present in different sheets causes stacking and 

interaction within the same sheet causes the 
twisting and curling of GO sheets [23]. Similar 
results were also obtained for the GO and RGO 
synthesized by modified Hummers method. The 
EDS results confirm the presences of different 
elements in both GO and rGO. In case of GO the 
presence of other elements shown in figs. 1a and 
2 is due to use of various oxidizing agents like 
H2SO4, KMnO4, NaNO3, H3PO4 in order to 
oxidize the graphite powder. Therefore, even 
after following the proper cleaning procedure 
traces of these elements remains in GO. In the 
next step the same GO as prepared earlier was 
reduced to form reduced graphene oxide. The as 
synthesized RGO is cleaned again with hot 
water, dil.HCl and ethanol which further remove 
the impurities left in RGO. The percentage of 
different atoms in the GO and RGO samples are 
given in table 1. 

 
Fig. 1. SEM and EDS analysis of GO and rGO synthesized using Hummer’s Method. 

 
Fig. 2. SEM and EDS analysis of GO and rGO synthesized using Modified Hummer’s Method. 
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Table 1. EDX Results for Graphene Oxide and Reduced Graphene Oxide 
Element C % O % S % Cl % Mn % Si % 

GO (Hummer’s) 52.89 43.99 2.44 0.36 0 0.05 

RGO (Hummer’s) 81.4 18.6 0 0 0 0 

GO (Modified Hummer’s) 51.49 45.94 2.27 0.12 0.18 0 

RGO (Modified Hummer’s) 83.47 16.53 0 0 0 0 
 

3.1. Structural Analysis by XRD 
The Fig. 3 represents the XRD patterns of GO 
and rGO synthesized using Hummer’s Method 
and Modified Hummer’s Method. The 2θ 
diffraction pattern of rGO was observed at 26.3˚ 
and 24.64˚ with the phase of (002), while for GO 
it was found that 2θ values were 9.96˚ and 9.63˚ 
with a phase of (001) and (002) respectively. The 
presence of XRD pattern at 9.96˚ confirms the 
successful formation of GO, while in case of 
RGO a single band at ~24.6˚ is observed 
confirming the reduction of GO to RGO.  
The interlayer spacing between the GO and 
RGO sheets were calculated using the formula 

θSin2

λn
d =                             (1) 

Where, d is interlayer spacing in nm, λ is the 
wavelength of X-ray and θ refers to the diffractin 
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Fig. 3. XRD analysis of GO and rGO synthesized by 
Hummer’s and Modified Hummer’s method. 

angle. It was found that the interlayer spacing for 
GO synthesized using Hummer’s and Modified 
Hummer’s method are 0.89 nm and 0.918 nm 
respectively, while for rGO synthesized using 
Hummer’s and Modified Hummer’s method are 
0.34 nm and 0.36 nm respectively. The interlayer 
spacing in GO is high due to the presence of 
oxygen molecules between the graphene sheets, 
while in case of rGO the interlayer spacing is 
less because the number of oxygen atoms are 
reduced and at the same time the π-π interaction 
between the two graphene sheet increases [24], 
which is responsible for the reduction in 
interlayer spacing between the RGO sheets. The 
difference in interlayer spacing is also due to 
weaker van der Waals bonding formed due to 
epoxy, hydroxyl, carbonyl and carboxyl group 
[24]. In earlier research report the interlayer 
spacing of GO is reported in the range of 0.6-
1nm [25]. 

3.2. FTIR Analysis of GO and rGO 
Fig. 4 shows the FTIR spectra for GO and rGO. 
The FTIR signatures for GO are obtained at 
3312.2, 1722.2 and 1175.5 cm-1 corresponds to 
the presence of –O-H, -C=O and C-O stretching 
vibrations in GO. The presence of a FTIR signal 
at 1617.3 cm-1 is due to the C=C stretching of the 
sp2 hybridized ring carbon atoms. Moreover the 
peaks obtained at 1414 and 874.69 cm-1 confirms 
the presence of C-H bonds in GO. The FTIR 
spectrum of rGO shows the absence of intense 
peaks for the oxygen functional groups, only a 
small peak at around 1722.2 cm-1 is present for 
the C=O groups. Hence, from the FTIR analysis 
it is clear that GO is reduced to rGO. 

3.3. Corrosion Behaviour of GO and rGO 
Grown by Hummer’s and Modified 
Hummer’s Method 
Fig. 5 shows the polarization curve of GO and 
rGO through Tafel Plot by using GO – coated 
glassy carbon electrode and rGO- coated glassy 
carbon electrode. The polarization curve tells 
about the corrosion potential (Ecorr) and corrosion  

 [
 D

O
I:

 1
0.

22
06

8/
ijm

se
.1

7.
4.

25
 ]

 
 [

 D
ow

nl
oa

de
d 

fr
om

 a
hc

.iu
st

.a
c.

ir
 o

n 
20

26
-0

7-
04

 ]
 

                               4 / 8

http://dx.doi.org/10.22068/ijmse.17.4.25
https://ahc.iust.ac.ir/ijmse/article-1-1830-en.html


Iranian Journal of Materials Science and Engineering, Vol. 17, Number 4, December 2020 

29 

500 1000 1500 2000 2500 3000 3500 4000
1

2

3

4

5

6

7

8

9
 GO
 RGO

T
ra

n
s

m
it

ta
n

c
e

 (
%

)

wavenumber(cm-1)

3313.2

(-O-H)
1617.3

(C=C)

1722.2

(C=O)

1175.5

(C-O)

1042.36

(C-O)

874.69

(C-H)
2346.2

(atm. C-O)1722.2

(C=O)

1414

(C-H)

1375

(C-H)

 
Fig. 4. FTIR spectra for GO and rGO. 
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Fig. 5. Tafel Plot of rGO synthesized via Hummer’s 

and Modified Hummer’s Method. 

current density (Icorr) for various electrodes. Ecorr 
and Icorr for GO synthesized using hummers 
method were found to be -0.459V and -9.11 
A/cm2. Similarly, for GO synthesized using 
Modified Hummer’s Ecorr was -0.58V and Icorr 

was -9.06VA/cm2, for rGO Hummer’s Ecorr was  
-0.459 V and Icorr was -12.39 A/cm2 and for rGO 
synthesized using Modified Hummer’s Ecorr was 
-0.458V and Icorr was -9.135 A/cm2. The 
corrosion resistivity of all sample are almost 
same i.e. -0.459 V except for GO synthesized 
from modified Hemmers method, which is -0.58 
V. This is caused due to the presence of more 
number of impurity atoms like Na, S, Cl, Mn 
which are highly reactive with the acidic 
solution, therefore they tend to corrode at a 
faster rate. From the above corrosion test 
analysis we can conclude that GO and RGO 
samples shows similar corrosion resistivity 
against the acidic solutions Fig. 6 Shows cyclic 

voltammetry curves of GO and RGO samples 
taken in 1M H2SO4 solution. The CV curves are 
almost rectangular shaped for both the GO and 
RGO samples with a very small oxidation peak 
at ~0.9 V in case of GO. The shape of the CV 
curve suggests that the capacitive behaviour of 
GO and RGO is due to the double layer 
capacitance. The presence of a oxidation peak in 
case of GO is due to the hydroquinone to 
quinone transformation in GO. NO such peaks 
for the CV curve of rGO is obtained, which 
implies a very good reduction of oxygen 
functional groups of GO. The specific 
capacitance of GO and rGO was further 
calculated by applying the formula 


 IdV

V

V

)VV(m

1
C

a

b

ab
m               (2) 

Where Cm the specific capacitance in Fg-1 is, m 
is the mass of electroactive surface, ν is the scan 
rate in Vs-1, (Vb-Va) denotes potential window 
and I is the integrated area under the CV curve. 
The maximum value of specific capacitance was 
116.67 Fg-1 achieved by RGO (MH) which is 
due to the quality improvement of rGO sheet. 
The specific capacitance of RGO (H) is ~23.25 
Fg-1 which shows similarity with the previously 
reported work by [22]. For GO (H) and GO 
(MH) the Cm values were very poor as given in 
table 2. The improvement in capacitance for 
RGO is due to the reduction of oxygen 
containing functional groups of GO sheet and 
also due to the improvement of the C=C bond in 
ring carbon atoms. On comparing the values of 
specific capacitance, RGO(H) showed higher 
capacitance value of 116.67 F/g while the 
capacitance obtained from RGO (MH) i.e. 23.25 
F/g at a scan rate of 0.01 V/s. 

3.4. Electrochemical Impedance Spectroscopy 
Study of GO and RGO 
Fig. 7 shows the Nyquist plot of GO and RGO 
samples. The schematic of circuit diagram 
shown in Fig.8 represents Re as the electrolytic 
resistance, RCT as charge transfer resistance, W 

represents Warburg impedance and Cdl 
corresponds to the double layer capacitance. The 
Nyquist plot of GO and rGO shows a semicircle 
which corresponds to the charge transfer 
resistance. The value of charge transfer 
resistance for GO 345Ω for modified Hummer’s 
and 223.8Ω for Hummer’s. The value of charge  
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Fig. 6. Supercapacitive properties of GO and RGO synthesized by Hummer’s and Modified Hummer’s method. 

Table 2. Specific Capacitance of GO and rGO synthesized by Hummer’s and Modified Hummer’s method at 
different scan rates. 

Capacitance in F/g 
Sample 

0.1V/s 0.2V/s 0.3V/s 0.4V/s 0.5V/s 

GO (H) 1.01 0.67 0.62 0.48 0.60 
GO (MH) 0.43 0.35 0.32 0.30 0.28 
RGO (H) 116.67 79.16 66.67 58.33 55.00 

RGO (MH) 23.25 19.33 17.08 15.83 14.91 
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Fig. 7. Nyquist plot of GO and RGO samples. 

 
Fig. 8. Circuit Diagram. 

transfer of rGO synthesized by reducing GO MH 
is 185Ω and 64.7Ω respectively. The small RCT 
of rGO corresponds to the decrease in charge 
transfer resistance and hence increase in 
conductivity. These values are in favour of the 
CV results shown above in Figs. 5. Fig 8 shows 
the circuit diagram. The value of charge transfer 
resistance RGO (MH) is 185Ω and for RGO(H) 
it is 64.7Ω respectively. Because of the greater 
charge transfer resistance of RGO (MH), it has 
lesser value of capacitance. 

4. CONCLUSION 

In the present work, structural and 
electrochemical properties of GO and rGO 
synthesized by Hummer’s and Modified 
Hummer’s methods have been compared. SEM 
results revealed transparent sheet like structure for 
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both GO and rGO synthesized by both methods. 
The EDS result showed successful reduction of 
oxygen atoms for rGO sheets. Results also 
revealed higher amount of oxygen reduction of 
rGO (MH) than rGO (H). The GO and rGO 
diffraction pattern were observed within 9.63˚ to 
9.96˚ and 26.3˚ to 24.64˚ respectively. The single 
band of rGO observed 24.64˚ confirmed 
successful reduction of GO to rGO. The interlayer 
spacing of GO (MH) and rGO (MH) found to be 
increased in comparison to GO (H) and rGO (H). 
FTIR spectra revealed –O-H, -C=O and C-O 
stretching vibrations in GO at 3312.2 cm-1, 
1722.2 cm-1 and 1175.5 cm-1, whereas no peaks of 
oxygen functional group was observed in the 
FTIR spectra of rGO. The corrosion resistance of 
GO(H), rGO (H) and rGO (MH) found to be 
similar whereas GO (MH) showed reduced 
corrosion resistance. The specific capacitance of 
rGO (MH) showed better results than GO (MH) 
due to improvement in rGO sheet. 
Electrochemical impedence spectroscopy results 
revealed higher conductivity of rGO samples 
compared to GO samples.  
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