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Abstract This work investigated the effect of Potassium Permanganate (KMnO4) on graphene

oxide (GO) properties, especially on electrical properties. The GO thin films were deposited on a

glass substrate using drop casting technique and were analysed by using various type of spec-

troscopy (e.g. Scanning Electron Microscopy (SEM), Ultra- Violet Visible (UV–VIS), Fourier

Transform Infrared (FTIR), X-Ray Diffraction (XRD), optical band gap, Raman Spectroscopy).
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Electrical
 Furthermore, the electrical experiments were carried out by using current–voltage (I-V) character-

istic. The GO thin film with 4.5 g of KMnO4 resulted in higher conductivity which is 3.11 � 10�4 S/

cm while GO with 2.5 g and 3.5 g of KMnO4 achieve 2.47 � 10�9 S/cm and 1.07 � 10�7 S/cm,

respectively. This further affects the morphological (SEM), optical (band gap, UV–Vis, FTIR,

and Raman), and crystalline structural (XRD) properties of the GO thin films. The morphological,

elemental, optical, and structural data confirmed that the properties of GO is affected by different

amount of KMnO4 oxidizing agent, which revealed that GO can potentially be implemented for

electrical and electronic devices.

� 2020 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Nowadays, carbonaceous nanomaterial have undergone an
enormous interest owing to their unique combination of

physicochemical properties (Qu et al., 2018). Among the fam-
ily of carbonaceous, GO consists of a two dimensional net-
work of sp2 and sp3 linked atoms, as opposed to an ideal

graphene sheet consisting of 100% sp2 hybridized carbon
atoms (Soldano et al., 2010). For more than a century, GO
has been known as a graphite exfoliation yield (Brodie, 1859;
Hummers and Offeman, 1958) through the reaction of gra-

phite powders with strong oxidizing agent such as potassium
permanganate (KMnO4) in concentrated sulphuric acid
(Brodie, 1859; Panicker et al., 2020). Several oxygenated func-

tional group was decorated in atomic sheet of graphite on its
basal plane and its edges known as GO, resulting in a hybrid
structure comprising a composite of sp2 and sp3 hybridized car-

bon atoms (Geim and Novoselov, 2007). The sp2/sp3 ratios of
the carbon atoms can be altered by tuning the degree of oxida-
tion and in turn, it will affect the properties of GO (Jeong

et al., 2010). The formation of sp3 domain is generated by
the oxidation reaction which results in the diverse types of ter-
mination groups such as –OH, epoxy, -COR’ and –COOH
groups (Cai et al., 2008; Jung et al., 2009). The presence of

these oxygenated functional groups allow GO to become
hydrophilic and later enable them to function with other mate-
rials with suitable chemistry (Veerapandian et al., 2012). Gra-

phene oxide (GO) has numerous applications in high-speed
semiconductors (Murakami et al., 2019), flexible devices
(Budimir et al., 2019; Yang et al., 2020), optoelectronics

(Marrani et al., 2019; Pargoletti et al., 2020), and energy stor-
age (Thota, Wang et al., 2021; Zhang et al., 2019; Zhou et al.,
2020).

This paper reports on the synthesis of GO by varying the
amount of KMnO4. It is a fact that GO synthesis is highly cor-
related with its properties and the nature of its groups is
strongly reliant upon the oxidation level of GO. In view of this,

this study is to investigate the properties of GO by varying
spectroscopic techniques and, I-V characteristics.

2. Experimental method

2.1. Materials

The raw graphite flakes was purchased from Sigma Aldrich
(USA). The KMnO4 was supplied by R&M Chemicals. The

hydrochloric (HCl) and sulphuric (H2SO4) acids were obtained
from Fisher Scientific. The phosphoric acid (H3PO4) and
hydrogen peroxide (H2O2) were bought from Macron Chemi-
cals and Merck. All these chemicals were analytical reagents
(AR) grades.

2.2. Designation of prepared GO

Comprehensively, three samples of GO were prepared using
the equal quantity of graphite powder, reaction temperature,

and time parameter. Nevertheless, the amount of KMnO4 with
vary in 2.5 g, 3.5 g and 4.5 g are being prepared for the GO
samples for oxidation level investigation study, which are

labelled as GOA, GOB, and GOC, respectively,

2.3. Synthesis of GO

The synthesis of GO via Improved Hummer’s method has
been reported in our previous work (Low et al., 2017). GO
was formulated by the oxidation of natural graphite powder

using the adaptive approach. In brief, 0.75 g of graphite pow-
der was introduced to KMnO4 with different masses (2.5 g, 3.5
g and 4.5 g). Then, the resultant mixture of H2SO4:H3PO4 in
the ratio of 90 ml:10 ml was introduced slowly. Eqs. (1) and

(2) took place in the reaction between KMnO4 and H2SO4

which produced diamanganese heptoxide (Mn2O7) that is used
to oxidize the graphite (Shamaila et al., 2016).

KMnO4 þ 3H2SO4 ! Kþ þMnOþ
3 þH3O

þ þ 3HSO�
4 ð1Þ

MnOþ
3 þMnO�

4 ! Mn2O7 ð2Þ
The temperature of reaction was kept at 50 �C and under

continuous stirring for 48 h. The mixture color was adjusted
its self from dark purplish green to dark purple and light pur-
ple depending on the mass of KMnO4. Then reaction mixture

was kept cold to room temperature and dumped into an ice
filled beaker around 20 �C. The mixture was quenched with
0.75 ml of H2O2 at room temperature to form dark yellow sus-
pension GO. The cleaning cycle was carried out using simple

decantation of precipitate through centrifugation technique
at 6000 rpm for 10 mins. The suspension was washed repeat-
edly with HCl (three times) and deionized water (two times)

which led to GO formation around pH10. Afterwards, it was
cured at 60 �C for 10 min. Subsequently, 10 mg of GO powder
was dissolved in 5 ml of distilled water and sonicated until no

visible particle detectable. Each of the glass substrates were
ultrasonically washed in acetone, isopropanol, ethanol and
lastly distilled water for 10 min. The substrates were dried with
the blow of hot air. Then GO solution was deposited on glass

by drop casting method and dried for 10 min at 60 �C.

http://creativecommons.org/licenses/by/4.0/


Fig. 1 Photographic images of GO samples with different

amount of KMnO4.

Effect of potassium permanganate on morphological, structural and electro-optical properties 3
2.4. Preparation of GO thin film

For GO thin film deposition, a 30 mg of GO powder was dis-
persed in 5 ml of distilled water and was sonicated until no vis-
ible particle can be seen. The glass substrates were

ultrasonically cleaned in acetone, isopropanol, ethanol and
distilled water for 10 min, respectively. After that, the glass
substrates were dried using an air blow. Drop casting method
was used for deposition of GO solution on a glass substrate.

The deposited solution was dried 60 �C for 10 min under ambi-
ent condition. In order to measure the electrical properties, a
showdown mask was used to deposit gold electrodes on top

of as deposited films by using sputter coater having length
and width of 1 cm and 1.5 cm, respectively. Whereas the dis-
tance between the electrodes were maintained at 1 cm. Keithley

2450 source-meter was used to measure the electrical proper-
ties of as prepared form.

2.5. Characterization

The UV–Visible spectroscopy (1800 Shimadzu) was used to
detect the absorption of GO in the range of 200 nm to
800 nm. The characterization continued with Fourier Trans-

form Infrared (Shimadzu IRAffinity-1). The spectral recorded
ranges from 1400 cm�1 to 1700 cm�1 with a resolution of
2 cm�1 and 4 cm�1 average. The morphological structure of

GO was observed through scanning electron microscopy
(TM3030 Hitachi). X-Ray Diffraction (PANalytical X’PERT
PRO MRD PW 3040/60) was employed to detect the presence

of the phases. Horiba Jobin Yvon HR 800 UV Raman was
engaged to detect the wavelength spectrum with 514 nm. Elec-
trical properties were carried out using Keithley 2450 source-
meter.

3. Results and discussion

3.1. Visual characteristic

Optical observation is a direct way to monitor the differences

that was caused by the effects of different amount of KMnO4

on GO. The difference in the amounts of KMnO4 could
improve the electrical conductivity and properties of GO either

in morphological, optical and structural properties. Indeed,
the effect of oxidation reaction studies were verified through
these three different synthesized GO powder in the variation

of KMnO4 amount that denoted as GOA, GOB and GOC.
Fig. 1 shows the visible examination of all the samples, and
it can be observed that the color changes from blackish to

brownish yellow due to the levels of oxygenated functional
groups (Veerapandian et al., 2012).

3.2. Morphological properties

Fig. 2 displays the SEM images of GO at different amount of
KMnO4 from 2.5 g to 4.5 g. The absence of the crumpled
structure that could be observed in Fig. 2(a) reveals that the

graphite is not fully oxidized due to inadequate oxidizing
agent. In fact, the formation of GO can be produced from
the exfoliation of graphite by introducing strong oxidizing

agent (Compton et al., 2012). Fig. 2(b) exhibits the crumpled
structure which indicates the starting exfoliation process of

graphite. The existing crumpled and rippled structure shown
in Fig. 2(c) indicated that the graphite is fully exfoliated due
to deformation during the exfoliation and restacking process

which is in good agreement with reported literature (Alazmi
et al., 2016). Table 1 briefly summarized for the content of C
and O elements that mainly occupied for these three samples.
The percentage of C is gradually decreased while increased

in the terms of O element. The results were attributed to the
optimum of 4.5 g sufficient react in the GOC sample to form
specific essential oxygenated groups.

3.3. Structural properties

XRD analysis is used to describe the crystalline structure and

phase purity of the synthesized GO at different amount of
KMnO4. For 2.5 g of KMNO4, there was no significant peaks
appeared before 20�, as could be observed in Fig. 3(a), credited
to the incomplete oxidation of graphite. After that, a broad

band attended around 15–35�, which demonstrated an amor-
phous and/or a nano-crystalline structure for the prepared
glass and ITO thin films, corresponds to the well-arranged car-

bon structure layer along (002) orientation (Davood and
Faegh, 2012). In contrast, Fig. 3(b–c) shows that there have
an insignificant diffraction peak appeared at 10.63�. It corre-
sponded with an interlayer spacing of about 0.83 nm which
is close to the reported literature (Emiru and Ayele, 2017).
In addition, it also shows that the exfoliation of graphite had

occurred and consequently proves that the exfoliation of gra-
phite is dependent on the oxidation level of GO.

3.4. Optical properties

3.4.1. Fourier transform infrared (FTIR)

As shown in Fig. 4(a–c), FTIR spectroscopy was used to clas-

sify the identity of oxygenated functional groups in GO. The
spectrum in Fig. 4(a) shows a broad absorption band at
1641 cm�1 due to the presence C‚C bond in graphitic domain

(Veerapandian et al., 2012). Furthermore, the presence of more
oxygen functional groups in Fig. 4(b) where the OAH bond is



Fig. 2 SEM images of (a) GOA (b) GOB (c) GOC.

Table 1 EDX Results of GOA, GOB, and GOC.

Samples Carbon, C (at.%) Oxygen, O (at.%) Total (at.%)

GOA 83.29 16.71 100.00

GOB 71.03 28.97 100.00

GOC 66.47 33.53 100.00
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at 1415 cm�1 due to the increasing oxidation level of graphite.
More functional groups are present with the increasing of oxi-

dation level. This can be observed in Fig. 4(c). A broad and
intense band appeared along 3400 cm�1 was attributed to
hydroxyl group (–OH) for GOA, GOB, and GOC, respec-

tively. Accordingly, minor peak of –OH functional group at
3750 cm�1 was also determined that oxygen molecules



Fig. 3 XRD pattern of a) GOA b) GOB c) GOC.

Fig. 4 FTIR of (a) GOA (b) GOB (c) GOC.

Fig. 5 Raman Spectra of (a) GOA (b) GOB (c) GOC.
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attended during oxidation process and fully oxidized from

graphite.

3.4.2. Raman spectroscopy

Raman spectroscopy gave an instant structural information

and quality characterization of GO thin films. Fig. 5(a–c) dic-
tates that the intensity of the G-band symmetry was higher
compared to the D-band symmetry. This is due to the vibra-

tion of sp2 bonded of carbon atoms (Krishnamoorthy et al.,
2012) and the wavenumber of the G-band that is closer to
1580 cm�1 (Ferrari et al., 2006). As reported in the previous
work (Wang et al., 2011), the G-band peak (1580 cm�1) refers

to the symmetry of carbon atoms while the D-band peak
(1350 cm�1) corresponds to the disorder induction of carbon
atoms (Venugopal et al., 2011). Fig. 5 (a) shows the shift of

G band towards a higher wave number at 1580 cm�1, which
owing to the graphite oxidation. Meanwhile, the D band has
an intense amplitude, which can be due to the formation of
defects and disorder such as the presence of in plane hetero

atoms, grain boundaries, and aliphatic chain (Pimenta et al.,
2007). The shift of G band peaks (1595 cm�1 and
1600 cm�1) were also observed in Fig. 5(b–c) which indicates
the oxidation level of graphite. Thus, the occurrence of gra-

phite exfoliation depends on the oxidation level that was
caused by the oxidizing agent (KMnO4). In addition, the sp3

domain also increases with the rise of oxidation level due to

the disruption of graphitic stacking order (Muzyka et al.,
2017).

GOA, GOB and GOC records ID/IG ratio of 0.96, 0.91 and

0.90, respectively. It also shows that lower oxidation levels
resulted in an increase in the ID/IG ratio, which in turn
decreases with the increase of oxidation. Moreover, the occur-

rence of sp2 hybridized carbon was relative to the intensities of
the D and G-band (ID/IG) in the degree of symmetry or defects
(Novoselov et al., 2004).

3.4.3. Ultraviolet–visible spectroscopy (UV–Vis)

Fig. 6 shows the optical properties of deposited GO thin films
at different amount of KMnO4. Fig. 6 (a) revealed that the

maximum absorption peak was at 231 nm whereas Fig. 6 (b-
c) shifted to lower wavelength probably due to the decrease
of delocalized electron (He and Fang, 2016; Mei et al.,
2010). In addition, these peak corresponded to p to p* transi-

tion for the C‚C bonding (Mei et al., 2010). A similar shoul-
der was also observed around 300 nm for all three samples
which is attributed to n to p* transition of the carbonyl groups

(C‚O) (Marcano et al., 2010). The enhanced absorbance was
observed in Fig. 6(a–c) and it can be concluded that the inten-
sity of GO peaks increases along with the increased amount of

KMnO4 from 2.5 g to 4.5 g. This suggests that an adequate
amount of oxidizing agent is required for graphite exfoliation
(He and Fang, 2016). Thus the absorption band around
300 nm indicated the degree of oxidation (Emiru and Ayele,

2017).
The optical band gap of GO with various amount of

KMnO4 is exhibited in Fig. 7. It is generated from Fig. 6 by

using typical Planck calculation. The Tauc plot shown the val-
ues of optical band gap energy gradually decrease from 4.46 eV



Fig. 6 UV–Vis Spectroscopy of a) GOA b) GOB c) GOC.
Fig. 8 I-V Characteristic of a) GOA b) GOB c) GOC.
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to 4.35 eV as increase in amount of KMnO4 (Manoj et al.,

2017; Yahia and Mohammed, 2018). The changing of optical
band gap with respect to amount of KMnO4 can be attributed
to the exfoliation of graphite (Wang et al., 2013).

3.5. Electrical properties

Fig. 8 exhibits electrical properties of the deposited GO thin

films with different amount of KMnO4. There is an increment
in current values as shownin Fig. 8(a–c) which is from
1.08 � 10�8 to 1.36 � 10�6 A. Beside the resistivity is signifi-

cantly decreases from 9.33 � 106 O.cm (GOB) to 3.21 � 103

O.cm (GOC). The rationale behind this was due to the exfoli-
ation of graphite caused by the presence of more oxygen func-
tional groups (Veerapandian et al., 2012). A smaller current

value was observed in Fig. 8(a) which was due to deficient oxi-
dation level of GO. Therefore, it is evident that the electrical
properties of GO are highly dependent on the oxygen contents
Fig. 7 Optical Band Gap of a) GOA b) GOB c) GOC.
which is supported by Guerrero-Contreras and Caballero-
Briones (2015). Hoffman reported that good GO is obtained
from the oxidation of graphite with strong oxidizing agents
(Bonaccorso et al., 2012). Table 2 is generated from Fig. 8

by using typical I-V calculation. The overall conductivity
increases with the increasing of oxidation level due to exfolia-
tion of graphite (Low et al., 2020a). Besides, the resistivity also

dramatically increased while the content of KMnO4 increases
due to the oxygenated functional groups is more active with
well-formed of bonding at the edge of exfoliated graphene

oxide layer (Epoxy group, hydroxyl group, carboxyl group,
and etc.) (Eda et al., 2013; Low et al., 2020b; Skákalová
et al., 2018). This phenomenon is made a strong agreement

with Fig. 4. Indeed, the decreased of ID/IG ratio might indi-
cated that multilayer of GO is formed and also contributed
by the distortion (lattice) defects (Low, Lai, and Abd
Hamid, 2015). Henceforth, this work shows a significant

improvement in the electrical properties of GO which is better
than that of reported prior to this study (Guerrero-Contreras
and Caballero-Briones, 2015; Venugopal et al., 2012).

4. Conclusion

The improved technique was successfully employed in the

preparation of GO with various amount of oxidizing agent,
KMnO4. The effect of oxidation level on properties of GO
were intensively investigated in aspect of morphology, func-

tional groups, optical, crystallinity, and GO structure/bonding
within molecules. There were produced almost similar in terms
of functional groups although synthesized in the variety of dif-

ferent mass KMnO4. Furthermore, 4.5 g performed in the low-
est energy band gap due to the fully exfoliated and established
a stable GO layer with highly crystalline and could enhance the
electrical properties greatly. On the other hands, the atten-

dance of peak in XRD could further determined that well-
aligned of carbon structure in the arrangement of D-spacing
along (002) orientation. At last but not least, the obtained

ID/IG ratio gradually decreased clearly determined that the
4.5 g KMnO4 is the optimum oxidizing agent amount due to
the well-formed of sp2-hybridized carbon with good bonding

of exfoliated GO sample. For future prospects, the oxidation



Table 2 Effects of electrical and optical properties of GO at different masses of KMnO4.

SampleLabel Resistance,O Resistivity, [O.cm] Conductivity, [S/cm] ID/IG Ratio Eg (eV)

GOA 270 � 106 405 � 106 2.47 � 10�9 0.96 4.46

GOB 6.22 � 106 933 � 106 1.07 � 10�7 0.91 4.43

GOC 2.14 � 106 3.21 � 103 3.11 � 10�4 0.90 4.35
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level of GO can potentially be applied for electrical and elec-
tronic applications as well as photovoltaic cell to enhance its

overall efficiency and performance.
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