
Materials Research Express

PAPER • OPEN ACCESS

Effect of hydrothermal and chemical treatment on the optical and
electrical properties of reduced graphene oxide deposited on ITO glass
To cite this article: K O Olumurewa et al 2020 Mater. Res. Express 7 105606

 

View the article online for updates and enhancements.

This content was downloaded from IP address 137.215.26.195 on 18/06/2021 at 05:04

https://doi.org/10.1088/2053-1591/abc126
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjsseSOhcXfB49_AwbcuA_IA8mGEoOGw1-TvuC4gBHkc2ICBNyNjlIlKTmQBE8HO9cGLfm52cv2_yRzam0lt1mEj7vsadR6oFOI3-pwcaR1ZQKXPKtZuv22jKFWALX3Q98uj8q5m61JDdNjiiuNTaf28hLxPR4cuZiH_vT80-uTmFagNbh9IFO3PDX3g2WJ2OMREz0I4fWPMY1dlBTHlUqAsXecq1eMLVRUtgPvSsLILjB8Z7L8ViCP0GL236d3slaJZcPNWYixaKebR7xgYBlg&sig=Cg0ArKJSzE__TRptdDbz&fbs_aeid=[gw_fbsaeid]&adurl=http://iopscience.org/books


Mater. Res. Express 7 (2020) 105606 https://doi.org/10.1088/2053-1591/abc126

PAPER

Effect of hydrothermal and chemical treatment on the optical and
electrical properties of reduced graphene oxide deposited on ITO
glass

KOOlumurewa1,2 , BOlofinjana1, O Fasakin1,3, G EAkhigbe4,5,MAEleruja1 andEOBAjayi1

1 Department of Physics and Engineering Physics, Obafemi AwolowoUniversity, Ile-Ife, Nigeria
2 Department of Physical andComputer Sciences,McPhersonUniversity, Abeokuta, Nigeria
3 Department of Physics, University of Pretoria, SouthAfrica
4 Department of Chemistry, Obafemi AwolowoUniversity, Ile-Ife, Nigeria
5 Department of Chemical Sciences,McPhersonUniversity, Abeokuta, Nigeria

E-mail: kayodeolumurewa@gmail.com

Keywords: reduced graphene oxide, hydrothermal, energy band gap, transmittance, opto-electronics, spray pyrolysis

Abstract
In this work, the effect of hydrothermal and chemical treatment on the optical and electrical properties
of reduced graphene oxide (RGO)was investigated. Reduced graphene oxidewas synthesized by both
hydrothermal route using a locally fabricated Teflon lined autoclave and chemicalmethod using
hydrazinemonohydrate. The thinfilmwas obtained by depositing RGOon IndiumTinOxide (ITO)
glass via spray pyrolysis technique. In RGOhydrothermal, the Raman spectroscopy analysis showed
greater restoration of the conjugated networks in graphene sheet. The optical transmittance of RGO
hydrothermal andRGOhydrazine decreased after the reductionmethods unlike in highly oxidized
graphene oxide (HOGO)where eighty percent transmittancewas observed at 600 nmand above. For
RGOhydrothermal andRGOhydrazine; the optical analysis gave an energy band gap value of 2.1 eV
and 2.4 eV respectively, while the resistivity were calculated to be 0.3Ωmand 0.09Ωmrespectively.
This research showed a correlation between the band gap value of RGOand the electrical conductivity.
Thisfinding can improve the functionality of RGOas sensingmaterials. The improved electrical and
optical properties of RGOhydrothermalmakes it suitable infiber-optic and opto-electronic
applications.

1. Introduction

Graphene, a one-atom thick planar layer of sp2 hybridized carbon atomswith a hexagonal structure has
distinctive and significantmechanical, thermal, optical and electrical properties [1]. The two-dimensional
structure of graphene results in its zero band gap and enables it to act as a semimetal [2–4] thus improving its
applications in energy utilization [5–7]. In addition, graphene and graphene derivatives have been used as
compositesmaterial either with polymers [8, 9] for photochemical actuators [10], photothermal
nanopositioners [11] orwithmetals ormetal oxides [12] for other varying applications.

Graphene oxides are graphene derivatives inwhich ample fraction of the sp2 hybridized carbon are
transformed to sp3 hybridization [13]. Themost prevalent technique engaged in the synthesis of graphene oxide
is chemical oxidation of graphite which utilizes highly oxidizing chemicals to oxidize graphite and consequent
reductionwith various reductants [14]. The oxidation process introduces oxygen functional groups into the
graphene structure which needs to be reduced so as to improve the optical and electronic characteristics of
graphene. The predominant reductionmethod applied in reducing graphene oxide involves chemical treatment
via hydrazinemonohydrate [15]. Other techniques such as reduction by plant extracts have also been reported
[16]. The reduction of graphene oxide is required to restore the conjugated network and recover electrical
conductivity [17]whichwere destroyed by the oxidative treatment. Chemical reductionmethod has some
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drawbacks such as the inability to easily control the degree of graphene oxide reduction [18]. In addition to
chemical reducing agents such as hydrazine being corrosive, toxic and unstable [17, 19], it renders reducedGO
insoluble [20], difficult to spread on substrates [21] and introduces defects. Previousworks have shown that the
hydrothermal reduction of graphene oxide offers a scalable, simple and controllable synthesismethod [22, 23].
In addition, reduced graphene oxide (RGO) synthesized via hydrothermalmethod typify structural stability and
properties that enhance its application as electrodes [24]. Several researches have investigated the reduction of
graphene oxide via; hydrothermalmethod, use of hydrazine orVitaminC in order to determine either the band
gap of the RGOor estimate the conductivity. For example, Velasco-Soto et al [25] developed a synthesismethod
for controlling the band gap of graphene oxide using various reductants and obtained values that ranged
between 1.15 eV and 2.5 eV. Ferna´ndez-Merino et al [26] prepared different deoxygenated graphene oxide and
determined the electrical conductivities of the free paper standing films. Also, the reduction ofGOvia
L-Ascorbic acid has been reported to give conductivity value of 800 S m−1 [27]. To the best of our knowledge, no
research has investigated the effect of hydrothermal and hydrazine treatment ofHOGOon the optical and
electrical properties of reduced graphene oxide deposited on ITO glass (via spray pyrolysis technique). This
researchwill provide information on how to tune the optical and electrical properties of graphene based thin
film. Chemical spray pyrolysis is an efficient and low costmethod of developing resilient thin film. The ability to
control the optical and electrical conductivity of RGOwill offer advances on its utilization in opto electronics
and solarcells. The recovery of the conjugated network and conductivity in highly oxidized graphene oxide
(HOGO) can bemore difficult owing to increased oxygen content inHOGO, and defects introduced into the
HOGOduring oxidation. The degree of restoration of the conjugated network in graphene oxidemay determine
the energy band gap aswell as the optical and electrical properties.We therefore investigate the effect of graphene
oxide reduction on the optical properties and the relationship between the optical properties of RGOand the
electrical conductivity of RGO.Highly oxidized graphene oxidewas obtained as stated in our previous
publication [28].

In a hydrothermal process, highly heated supercritical water function as the reducing agent and offers a
green chemistry alternative to organic solvents [29]. In this work, highly oxidized graphene oxide is subjected to
hydrothermal route by thermal treatment using a teflon lined stainless steel autoclave and the chemical route by
using hydrazinemonohydrate. The thin film of the reduced graphene oxide is obtained by depositing on Indium
TinOxide (ITO) glass using spray pyrolysis technique. The compositional, optical,morphological, structural
and electrical properties of the prepared RGOswere obtained using Fourier Transform Infrared Spectroscopy
(FTIR), Field Emission Scanning ElectronMicroscopy (FE-SEM), EnergyDispersive X-ray Spectroscopy (EDX),
Raman Spectroscopy, UV-Visible Spectroscopy and Four Point Probe.

2. Experimentalmethod

2.1. Synthesis of reduced graphene oxide
In order to tune the optical and electrical properties of graphene oxide, graphite was highly oxidized to yield
highly oxidized graphene oxide [28], the resultingHOGOwas reduced by hydrothermal [30] and hydrazine
method seperately and then spray deposited. The effect of different reduction approach is utilized in tuning the
optical and electrical properties of the films The optical and electrical properties of the film for eachRGO sample
is determined and comparedwith literature. For the hydrothermal treatment, HOGO solution, (3 mgml−1)was
placed in a 60 ml teflon lined autoclaved. The autoclavewas placed in a beaker containing silicon oil to allow for
good thermal contact

andmaintained at 180 °C for 24 h under constant stirring using an electric hotplate (figure 1). Thereafter, it
was allowed to cool to room temperature and the synthesized RGOwas filtered using afilter paper and air dried.
This is referred to as RGOW.A secondRGO samplewas obtained via the chemicalmethod by reducingHOGO
using hydrazinemonohydrate. HOGO, (300 mg)was dispersed in 100 ml of distilledwater and stirred
continuously at ambient temperature for 30 min. Then, 0.2 ml ofHydrazineMonohydrate was added to the
mixture ofHOGOand distilledwater and placed in oil bathmaintained at 80 °C for one hour. The obtained
RGOwaswashedwith deionizedwater andfilteredwith afilter paper to remove residualN2H4. This is referred
to as RGOH.

The thin film of RGOwas obtained by deposition using spray pyrolysis technique (SPT) arrangement as
shown infigure 2. ITO glass was utilized as the substrate while the carrier gas usedwas compressed air. The ITO
glass did not require any additional cleaning apart fromwiping the surface with a clean and newhandkerchief in
order to retain the conductivity on the glass. RGOpowder, (0.25 g)was dispersed in 15 ml EthyleneGlycol and
deposited on the substrate at a temperature of 300 °C. The distance between the nozzle and substrate was
maintained at 30 cm for uniformdeposition. A dark colour on the substrate after deposition showed that the
precursorwas successfully deposited. Thefilm thickness of the RGO samples were estimated to be 100 nm.
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2.2. Characterization of reduced graphene oxide
Infrared spectrumof RGOwas obtained using Fourier Transform Infrared Spectrophotometer (SHIMADZU
IRTracer-100). The surfacemorphology characterizationwas carried out using Zeiss Ultra Plus 55 Field
Emission Scanning ElectronMicroscope (FE-SEM)while the elemental compositionwas carried outwith the
EnergyDispersive Xray (EDX) setup.Optical absorbance of the RGOmeasured using JenwayUV-Visible
Spectrophotometer (Model 6405). The Raman Spectroscopy analysis was carried out usingmicro-Raman
Spectrometer (Jobin-YvonHoriba T64000) equippedwith a triplemonochromator system to eliminate
contributions fromRayleigh scatteringwhile the electrical property of thefilmwas carried out using a four point
probe set up.

3. Results and discussion

3.1. FTIR Spectroscopy analysis of RGO
Figures 3(a)–(d) shows the FTIR spectra obtained for highly oxidized graphene oxide (HOGO), reduced
graphene oxide obtained by; chemicalmethod using hydrazine (RGOH), hydrothermalmethod (RGOW) and
solvothermalmethod (RGOS). Infigure 3(a), theHOGO spectrum showbands at 3423 cm−1 forO–H
stretching, at 3064 cm−1 and 3236 cm−1 the bands are due to sp2C–Hstretching frequency, at 2881 and

Figure 1.A locally fabricated teflon lined autoclave undergoing hydrothermal synthesis.

Figure 2. Sketch of a chemical spray pyrolysis set up.
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2804 cm−1 the bands typify sp3 C–H.Between 1040 cm−1 and 1170 cm−1 are peaks that are attributed to the
alkoxyC–Ostretching vibration. All these bands are typical of GO and are similar towhatwe obtained in our
earlier work [28].

Infigure 3(b), RGOhydrazine (RGOH) has bands forO–Hat 3429 cm−1; presence of sp3C–Hband at
2854 cm−1 and 2924 cm−1; C–C stretching at 1564 cm−1 and epoxides group at 1224 cm−1. C–Ostretching
vibrations strongly decrease to sharp vibration after reduction ofHOGO toRGO.Also, the peak at 860 cm−1

present in graphite flakes but absent inHOGOhas been restored and this is attributed to aromatic C–Hbands.
The broad peak between 900–1200 cm−1 present inHOGOhas disappeared and resulted in a stretching
vibration in RGOH.

The spectrum for RGOobtained by the hydrothermalmethod (RGOW) is shown infigure 3(c). In this
spectrum, bands at 3392 cm−1 is due toO–Hstretching frequency, sp3 C–Hstretching frequency occurs at
2854 cm−1 and 2920 cm−1. At 1398 cm−1, there is a bending vibration frequency and the intensity of the C–O
band inHOGOhas been reduced to a lower intensity at 1039 cm−1 in RGOW.

The spectrum for RGOS obtained by the solvothermalmethod using ethylene glycol as solvent is shown in
figure 3(d). The intensity of C=Obond increases in the spectrum, however, there are noticeable decrease in the
peaks of other functionalities within the region 900 cm−1

–1400 cm−1. However, because the hydrothermal and
solvothermal reduction involved extensive heat treatment, the intensity of C=Cpeak at 1616 cm−1 inHOGO
showed a decline in RGOWandRGOs unlike in RGOH. The presence of water in the reduction process via the
hydrothermalmethod strengthens theC–OHpeak occurring at 1398 cm−1 unlike in RGOH andRGOswhere
there seems to be a near disappearance of theC–OHpeak. TheC=Cband typical at 1570 cm−1 was observed to
occur in RGOWand between 1550–1565 cm−1 in RGOs andRGOH.

Figure 3. FTIR Spectrumof (a)HOGO, (b)RGOHydrazine, (c)RGOSolvothermal and. (d)RGOHydrothermalmethod.

4

Mater. Res. Express 7 (2020) 105606 KOOlumurewa et al



3.2. Field emission scanning electronmicroscopy analysis of RGO
Themicrostructure and surface analysis of RGOH (hydrazine) andRGOW (hydrothermal)were carried out
using FE-SEMand are shown infigure 4. RGOWwas utilized for FE-SEMand other analysis since our FTIR
result has shown that hydrothermal reduction favoured the reduction process compared to solvothermal
process. Themicrograph of RGOusing hydrazine as shown infigures 4(a) and (b) shows that the sheets
converged and cleaved to formnetworks which gave rise to sharp and interlinked three dimensional graphene
sheets forming a porus arrangement [30]. The RGO sheets infigures 4(a) and (b) appear like folded structure
[31]. Furthermore, RGOhydrazine exhibits typical wrinkled structure that causes sheet folding.

The FE-SEMmicrostructure of RGOobtained via hydrothermalmethod as shown infigures 4(c) and (d)
shows a layered structurewith crumples and sheet which overlay rather than aggregating [32]. Also, RGO
hydrothermal typify prominent overlapping and increase in the number of sheets compared to RGOhydrazine.
Thismay be attributed to thematerial transformation that took place in the autoclave at high temperature and
pressure during synthesis.

Themicrostructure of RGOhydrothermal gave a spongy outlook at lowermagnifications as shown in
figure 4(c). However, at highermagnifications figures 4(b) and (d), the FE-SEMmicrograph of both RGO
samples amplified thewrinkles and folding that were not so obvious at lowermagnifications.

3.3. Energy dispersive x-ray spectroscopy analysis of RGO
The EDX spectrumofHOGO,RGO (Hydrazine) andRGO (hydrothermal) are shown infigures 5(a)–(c). The
defined spectrum showed peaks corresponding to carbon and oxygen. In the case ofHOGO, the percentage of
carbonwas 22.0%while oxygenwas 78.0%. In RGO (Hydrazine), carbon increased to 29.8%while oxygen
decreased to 70.2%while in RGO (hydrothermal), carbon accounted for 37.3% and oxygen 62.7%. The
extended period of oxidation brought about by our synthesismethod ofHOGO introducedmore oxygen
functionalities to theHOGO thus indicating a high degree of oxidation [28]. This accounts for higher percentage
of oxygen inHOGOand our RGOswhen compared to literature [13, 33]. The presence of carbon and oxygen is
typified in the spectrum, however, RGO fromboth hydrazine and hydrothermalmethod showed an increase in

Figure 4. FE-SEMMicrograph at variousmagnifications of (a) and (b)RGOHydrazine (c) and (d)RGOHydrothermal.
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the amount of carbon and a decrease in oxygen content thus indicating that both chemical and hydrothermal
methods have successfully reducedHOGO.

3.4. Raman spectroscopy analysis
Figure 6 shows theRaman spectra ofHOGO,RGOhydrazine andRGOhydrothermal. The Raman spectra of the
samples were comparedwith the signatory broadD andGpeaks centered at awavenumber of 1354 and
1598 cm−1 respectively. The characteristics peak of 1354 cm−1 forD-band and 1598 cm−1 forG-bandwere
observed forHOGO. InRGOhydrothermal, these peaks red shifted to 1351 cm−1 and 1595 cm−1 for D-band
andG-band rspectively. A decrease in theD andGband to 1346 cm−1 and 1592 cm−1 respectively was also
obtained for RGOhydrazine. The decrease in thewavenumber of theD peak towards a lowerwavenumber is
consistent with previous studies [34, 35]; indicating a successful reduction of graphene oxide and a restoration of
the sp2 network .

Figure 5.EDXSpectrumof (a)HOGO (b)RGOHydrazine (c)RGOHydrothermal.
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The structural properties of RGO can be observed and interpreted from the relative intensity of theD andG
peak of the Raman Spectra [36]. In the RGOhydrothermal sample, a very disordered graphitic structure is
observed by a pronouncedD-peak. A conspicuousDband inRGOhydrothermal indicate disorder in theRaman
of the RGO springing up fromdefects associatedwith vacancies, grain boundaries and amorphous carbon
species [17]. This is complemented by an increase in the ID/IG ratio (from1.01 to 1.10) of RGOhydrothermal
thus accounting for a decrease in the sp2 domain size which also indicates an increase in the surface defects [18].
This suggests that newormore graphitic domains are formedwith increased restoration of the sp2 cluster
number thus indicating good reduction efficiency of the hydrothermalmethod, [36] and excellent recovery of
the conjugated networks in graphene. The prominentD andGpeak as well as the increase in relative intensity in
RGOhydrothermal typify small crystal sizes were obtained.

The hydrazine treatment ofHOGOoffers inconsequential changes in the ID/IG ratio of RGO. The ID/IG
ratio of highly oxidized graphene oxidewas reduced from1.01 to 0.99 for RGOHydrazine.

3.5.Optical characterization of RGO
Figure 7 gave the spectrumof absorbance against wavelength forHOGO, RGOW, andRGOH. InHOGO, amajor
peak typical of GO is observed at 230 nmwhich is due toπ–π* transition of C=C in amorphous carbon
arrangement [37, 38]A shoulder peak is slightly observed at∼290 nm forHOGOwhich suggests that there exists
a bond excitation value corresponding to n -π* transition of theC=Ochromophores for aldehyde and ketone
molecule [28, 39]. The red shift in the peak position of our RGO to 240 nm is due to reduction ofHOGOand the

Figure 6.Raman spectra ofHOGO,RGOHydrazine andRGOHydrothermal.

Figure 7.UVvisible spectrumofHOGO,RGOHydrazine andRGOHydrothermalmethod.
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partial restoration of sp2 network after removing certain functionalities [31, 38, 40]. The high degree of
oxidation in our graphite brought about by our synthesismethod has impacted on the degree of reduction of
graphene oxide; hence, the lower degree of red shift inwavelength of our RGO compared to literature [34, 41].

Infigure 8, the transmittance ofHOGO, RGOhydrazine andRGOhydrothermal are shown. RGO
hydrothermal absorbs light better thanRGOhydrazine andHOGO in the visible region of the EM radiation.
However,HOGO typified better transmittancewith a transmittance of eighty percent at 600 nmand above. This
is because there are few bonds to absorb the incident light in the sample at that wavelength. However, at
wavelength below 600 nm, RGOhydrothermal andRGOhydrazine proved to allowmore light to pass through
them thanHOGO.

The absorption coefficient is related to the photon energy by the Tauc relation [42]. This equation as shown
in equation (1) has been used to evaluate the energy band gap of our RGOfilm.

a b= -hv hv E 1n g
1( ) ( ) ( )

Whereβ is a constant, h is Planck’s constant, v is frequency, Eg is the energy band gap and n is the power

factor of the transitionmode. For direct allowed band gap, =n 1

2
and a graph of absorption square against

photon energy is plotted.
For our thin film samples, the absorption coefficient is given by

a =
d T

1
ln

1
2( )

where d is the thickness of the film, T is the transmittancewhich is equal to 10− A andA is the absorbance.
Figure 9 shows the plot of absorption square (α2) against the energy of the photon forHOGO,RGOH, and

RGOW.A band gap of 3.0 eV, 2.4 eV and 2.1 eV respectively were obtained by extrapolating the linear part of the
graph. The reduction in bandgap of RGOcompared toHOGOmay lead to an increase in conductivity and
improved optical properties. Since RGOWhas a lower band gap compared to RGOH, RGOWmight bemore
conductive thanRGOH.

3.6. Electrical characterization of RGO
The electrical characterization of RGO filmwas carried out using a four point probe. The sheet resistancewas
calculated using equation (3)

=R K
V

I
3s ( )

WhereK is a constant which is equal to

p
= =K

ln 2
4.5324 4( )

The sheet resistance of RGOH andRGOW thin filmwere determined to be ´3 106 Ω sq−1 and ´0.9 106 Ω sq−1

respectively. The resistivity of RGOH andRGOW thin filmswere calculated using the sheet resistance and the
thickness of the films. The thickness of the thin films using the color code chart [43]was estimated to be 100 nm

Figure 8.Transmittance ofHOGO,RGOHydrazine andRGO (HydrothermalMethod).
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while the resistivity of the filmwas calculated using equation (5)

r = R t 5s ( )

where r is the resistivity of the film, and t is the thickness of the thinfilm. The resistivity of RGOH andRGOW

was calculated to be 0.3Ωmand 0.09Ωmrespectively. The conductivity of RGOH andRGOWwas also
calculated to be 3.3 S m−1 and 11.1 S m−1 respectively. The increase in the conductivity of RGOWcompared to
RGOH is as a result of better restoration of the sp2 carbon chainwhichwere recovered during the reduction of
HOGO.This createsmore conductive pathways for carrier transport in the carbon plane of the RGO sheet [29].
However, the disparity in value of electrical conductivity obtained in ourwork compared to literature [26, 27]
can be attributed to factors such as high degree of oxidation in our graphene oxide, type of reductant used and
the difference in substrate used for deposition. This also confirm that the recovery of conductivity in highly
oxidized graphene oxide is difficult owing to increased oxygen content. Our results have shown that the optical
and electrical properties of RGOdeposited on ITOglass will yield better result when the degree of oxidation of
graphene oxide ismoderate. This observation is consistent with literature where it was proven using density
functional calculations that incomplete oxidation ofGO is thermodynamically favorable compared to complete
oxidation [12, 44].

4. Conclusions

The hydrothermal and chemical treatment ofHOGOwas successfully used to probe the electrical and optical
properties of RGO. This research proved that a lower energy band gap led to improved conductivity in graphene
basedmaterials and vice versa. This is an important discovery that can lead to the improvement of RGOas
sensingmaterials. Analyses of the samples showed restoration of Sp2 domain to varying degree with the
hydrothermalmethod typifying formation ofmore Sp2 domains. The optical transmittance of RGO
hydrothermal andRGOhydrazine decreased after the reductionmethods unlike inHOGOwhere eighty percent
transmittancewas observed at 600 nmand above. The optical analysis of RGOhydrothermal andRGO
hydrazine gave an energy band gap value of 2.1 eV and 2.4 eV respectively with better absorbance in RGO
hydrothermal in the visible region of the EMradiation.We also correlate an increase in absorbance of RGOwith
an increase in conductivity.With a lower band gap, enhanced electrical conductivity and absorption edges
within the visible range, RGOhydrothermal showed improved suitability in fiber-optic and opto-electronic
applications.

Conflict of interest

Onbehalf of all authors, the corresponding author states that there is no conflict of interest.

ORCID iDs

KOOlumurewa https://orcid.org/0000-0003-3067-6178

Figure 9. Square of absorption coefficient against energy forHOGO,RGOHydrazine andRGOHydrothermalmethod.

9

Mater. Res. Express 7 (2020) 105606 KOOlumurewa et al

https://orcid.org/0000-0003-3067-6178
https://orcid.org/0000-0003-3067-6178
https://orcid.org/0000-0003-3067-6178
https://orcid.org/0000-0003-3067-6178


References

[1] LoryuenyongV, TotepvimarnK, Eimburanapravat P, BoonchompooWandBuasri A 2013 Preparation and characterization of
reduced graphene oxide sheets via water-based exfoliation and reductionmethodsAdv.Mater. Sci. Eng. 2013 92340

[2] GeimAK andNovoselovK S 2007The rise of grapheneNat.Mater. 6 183–91
[3] DreyerDR et al 2010The chemistry of graphene oxideChemical Society Review 39 228–40
[4] NovoselovK S, GeimAK,Morozov SV, JiangD, Zhang Y,Dubonos SV,Grigorieva I V and Firsov AA 2004 Electricfield effect in

atomically thin carbon films Science 306 666–9
[5] LuYH, ZhouM, ZhangC and Feng YP 2009Metal- embedded graphene: a possible catalyst with high activityThe Journal of Physical

Chemistry C 113 20156–60
[6] WeiD andKivioja J 2013Graphene for energy solutions and its industrializationNanoscale 5 10108–26
[7] Paek SM,Yoo E andHonma I 2009 Enhanced cyclic performance and lithium storage capacity of SnO2/grapheneNanoporous

electrodeswith three-dimensionally delaminated flexible structureNano Lett. 9 72–5
[8] XuP, Loomis J and Panchapakesan B 2012 Photo-thermal polymerization of nanotube/polymer composites: effects of load transfer

andmechanical strengthApplied Physics Letter 100 131907
[9] XuP, Loomis J, BradshawRDandPanchapakesan B 2012 Load transfer andmechanical properties of chemically reduced graphene

reinforcements in polymer compositesNanotechnology 23 505713
[10] Loomis J, King B, Burkhead T, XuP, BesslerN, Terentjev E and Panchapakesan B 2012Graphene-nanoplatelet-based

photomechanical actuatorsNanotechnology 23 0455011–10
[11] Loomis J, FanX, Khosravi F, Xu P, FletcherM,CohnRWandPanchapakesan B 2013Graphene/elastomer composite-based photo-

thermal nanopositioners Sci. Rep. 3 1900 1–10
[12] KhanM, TahirMN,Adil S F, KhanHU, SiddiquiMRH, Al-warthanAA andTremelW2015Graphene basedmetal andmetal oxide

nanocomposites: synthesis, properties and their applications Journal ofMaterials Chemistry A 3 18753–808
[13] CaoL, Sushant S, ParambathA, ChangYK andYa-Ping S 2012 Linear andNonlinear optical properties ofmodified graphene-based

materialsMaterials Research Society Bulletin 37 1283–9
[14] HuangNM, LimHN,ChiaCH, YarmoMAandMuhamadMR2011 Simple room-temperature of high yield large area graphene

oxide Int. J. Nanomed. 6 3443–8
[15] LiD,MullerMB,Gilje S, Kaner RB andWallaceGG2008 Processable Aqueous dispersions of grapheneNanosheetsNat. Nanotechnol.

3 101–5
[16] Gurunathan S, JaeWH, Eppakayala V, AhmedAD, KwonD-N andKim J-H 2013 Biocompatibility effects of biologically synthesized

graphene in primarymouse embryonic fibroblast cellsNanoscale Res. Lett. 8 1–13
[17] ZhouY, BaoQ, Tang LAL, Zhong Y and LohKP 2009Hydrothermal dehydration for the ‘Green’Reduction of exfoliated graphene

oxide to graphene and demonstration of tunable optical limiting propertiesChem.Mater. 21 2950–6
[18] HayesW I, Joseph P,MughalMZand Papakonstantinou P 2015 Production of reduced graphene oxide via hydrothermal reduction in

an aqueous sulphuric acid suspension and its electrochemical behaviour J. Solid State Electrochem. 19 361–80
[19] Furst A, Berlo RC andHooton S 1965Hydrazine as a reducing agent for organic compounds (CatalyticHydrazine Reductions)Chem.

Rev. 65 51–68
[20] MuthoosamyK, Bai RG, Abubakar I B, Surya SM, LimHN, LohH -S, Chia CHandManickamS 2015 Exceedingly biocompatible and

thin-layered reduced graphene oxide nanosheets using an eco-friendlymushroom extract strategy International Journal of
Nanomedcine 10 1505–19

[21] Deemer EM, Paul PK,Manciu F S, BotezCE,HodgesDR, Landis Z, Akter T, Castro E andChianelli R R 2017Consequence of
oxidationmethod on graphene oxide producedwith different size graphite precursorsMaterials Science and Engineering 2017 150–7

[22] Lyu J,MayyasM, SalimO, ZhuH,ChuD and Joshi RK 2019 Electrochemical performance of hydrothermally synthesized rgo based
electrodesMaterials Today Energy 13 277–84

[23] GhorbaniM,AbdizadehH andGolobostanfardMR2015Reduction of graphene oxide viamodified hydrothermalmethod Procedia
Materials Science 11 326–30

[24] ZhengX, Peng Y, Yang Y, Chen J, TianH,Cui X andZhengW2016Hydrothermal reduction of graphene oxide; effect on surface-
enhanced raman scattering J. Raman Spectrosc. 48 97–103

[25] Velasco-SotoMA, Pe´rez-Garcı´a S A, Alvarez-Quintana J, CaoY,Nyborg L and Licea-Jime´nez L 2015 Selective band gap
manipulation of graphene oxide by its reductionwithmild reagentsCarbon 93 3 967–73

[26] Ferna´ndez-MerinoM J, Guardia L, Paredes J I, Villar-Rodil S and Solís-Fernández P 2010VitaminC Is an ideal substitute for
hydrazine in the reduction of graphene suspensions J. Phys. Chem. C 114 6426–32

[27] Zhang J, YangH, ShenG,Cheng P andZhang J 2010Reduction of graphene oxide via L-Ascorbic acidChem.Commun. 46 1112–4
[28] OlumurewaKO,Olofinjana B, FasakinO, ElerujaMA andAjayi EOB2017Characterization of high yield graphene oxide synthesized

by simplified hummersmethodGraphene 6 85–98
[29] Pei S andChengHM2011The reduction of graphene oxideCarbon 50 3210–28
[30] LimHN,HuangNM, Lim S S,Harrison I andChiaCH2011 Fabrication and characterization of graphene hydrogel via hydrothermal

approach as a scaffold for preliminary study of cell growth Int. J. Nanomed. 6 1817–23
[31] Bagani K, Bhattacharya A, Kaur J, ChowdhuryAR,GhoshB, SardarMandBanerjee S 2014Anomalous reduction ofmagnetic

coercivity of graphene oxide and reduced graphene oxide J. Appl. Phys. 115 023902
[32] Christelle P PW,ChinWL, KianML and Sharifah BAH2015Advanced chemical reduction of reduced graphene oxide and its

photocatalytic activity in degrading reactive black 5Materials 8 7118–28
[33] Rodney R S, Sungjin P, JinhoA, Jeffrey R P, ArunaV and ShanthiM2011Hydrazine reduction of graphite and graphene oxideCarbon

49 3019–23
[34] HareeshK, Joshi R P,Dahiwale S S, Bhoraskar VNandDhole SD 2016 Synthesis of Ag-reduced graphene oxide nanocomposite by

gamma raysVacuum 124 40–5
[35] Stankovich S, DikinDA, Piner RD,Kohlhaas KA,Kleinhammes A, Jia Y, YueW,Nguyen ST andRuoff R S 2007 Synthesis of

graphene-basedNanosheets via chemical reduction of exfoliated graphite oxideCarbon 45 1558–65
[36] Grzegorz S, Jaroslaw S, Joanna J, Rafal K,Mariusz Z,MarcinH, Piotr P, JakubB, Ludwika L andKrzysztofMA2012Graphene oxide vs.

reduced graphene oxide as saturable absorbers for Er-Doped passivelyMode-Locked fiber laserOpt. Express 20 19463–73
[37] Kumar PV, BardhanNM,Tongay S,Wu J, Belcher AMandGrossman JC 2014 Scalable enhancement of graphene oxide properties by

thermally driven phase transformationNature Chemistry 6 151–8

10

Mater. Res. Express 7 (2020) 105606 KOOlumurewa et al

https://doi.org/10.1155/2013/923403
https://doi.org/10.1038/nmat1849
https://doi.org/10.1038/nmat1849
https://doi.org/10.1038/nmat1849
https://doi.org/10.1039/B917103G
https://doi.org/10.1039/B917103G
https://doi.org/10.1039/B917103G
https://doi.org/10.1126/science.1102896
https://doi.org/10.1126/science.1102896
https://doi.org/10.1126/science.1102896
https://doi.org/10.1021/jp908829m
https://doi.org/10.1021/jp908829m
https://doi.org/10.1021/jp908829m
https://doi.org/10.1039/c3nr03312k
https://doi.org/10.1039/c3nr03312k
https://doi.org/10.1039/c3nr03312k
https://doi.org/10.1021/nl802484w
https://doi.org/10.1021/nl802484w
https://doi.org/10.1021/nl802484w
https://doi.org/10.1063/1.3698343
https://doi.org/10.1088/0957-4484/23/50/505713
https://doi.org/10.1088/0957-4484/23/4/045501
https://doi.org/10.1088/0957-4484/23/4/045501
https://doi.org/10.1088/0957-4484/23/4/045501
https://doi.org/10.1088/0957-4484/23/4/045501
https://doi.org/10.1038/srep01900
https://doi.org/10.1038/srep01900
https://doi.org/10.1038/srep01900
https://doi.org/10.1038/srep01900
https://doi.org/10.1039/C5TA02240A
https://doi.org/10.1039/C5TA02240A
https://doi.org/10.1039/C5TA02240A
https://doi.org/10.1557/mrs.2012.178
https://doi.org/10.1557/mrs.2012.178
https://doi.org/10.1557/mrs.2012.178
https://doi.org/10.2147/IJN.S26812
https://doi.org/10.2147/IJN.S26812
https://doi.org/10.2147/IJN.S26812
https://doi.org/10.1038/nnano.2007.451
https://doi.org/10.1038/nnano.2007.451
https://doi.org/10.1038/nnano.2007.451
https://doi.org/10.1186/1556-276X-8-393
https://doi.org/10.1186/1556-276X-8-393
https://doi.org/10.1186/1556-276X-8-393
https://doi.org/10.1021/cm9006603
https://doi.org/10.1021/cm9006603
https://doi.org/10.1021/cm9006603
https://doi.org/10.1007/s10008-014-2560-6
https://doi.org/10.1007/s10008-014-2560-6
https://doi.org/10.1007/s10008-014-2560-6
https://doi.org/10.1021/cr60233a002
https://doi.org/10.1021/cr60233a002
https://doi.org/10.1021/cr60233a002
https://doi.org/10.2147/IJN.S75213
https://doi.org/10.2147/IJN.S75213
https://doi.org/10.2147/IJN.S75213
https://doi.org/10.1016/j.mseb.2017.07.018
https://doi.org/10.1016/j.mseb.2017.07.018
https://doi.org/10.1016/j.mseb.2017.07.018
https://doi.org/10.1016/j.mtener.2019.06.006
https://doi.org/10.1016/j.mtener.2019.06.006
https://doi.org/10.1016/j.mtener.2019.06.006
https://doi.org/10.1016/j.mspro.2015.11.104
https://doi.org/10.1016/j.mspro.2015.11.104
https://doi.org/10.1016/j.mspro.2015.11.104
https://doi.org/10.1002/jrs.4998
https://doi.org/10.1002/jrs.4998
https://doi.org/10.1002/jrs.4998
https://doi.org/10.1016/j.carbon.2015.06.013
https://doi.org/10.1016/j.carbon.2015.06.013
https://doi.org/10.1016/j.carbon.2015.06.013
https://doi.org/10.1021/jp100603h
https://doi.org/10.1021/jp100603h
https://doi.org/10.1021/jp100603h
https://doi.org/10.1039/B917705A
https://doi.org/10.1039/B917705A
https://doi.org/10.1039/B917705A
https://doi.org/10.4236/graphene.2017.64007
https://doi.org/10.4236/graphene.2017.64007
https://doi.org/10.4236/graphene.2017.64007
https://doi.org/10.1016/j.carbon.2011.11.010
https://doi.org/10.1016/j.carbon.2011.11.010
https://doi.org/10.1016/j.carbon.2011.11.010
https://doi.org/10.2147/IJN.S23392
https://doi.org/10.2147/IJN.S23392
https://doi.org/10.2147/IJN.S23392
https://doi.org/10.1063/1.4861173
https://doi.org/10.3390/ma8105363
https://doi.org/10.3390/ma8105363
https://doi.org/10.3390/ma8105363
https://doi.org/10.1016/j.carbon.2011.02.071
https://doi.org/10.1016/j.carbon.2011.02.071
https://doi.org/10.1016/j.carbon.2011.02.071
https://doi.org/10.1016/j.vacuum.2015.11.011
https://doi.org/10.1016/j.vacuum.2015.11.011
https://doi.org/10.1016/j.vacuum.2015.11.011
https://doi.org/10.1016/j.carbon.2007.02.034
https://doi.org/10.1016/j.carbon.2007.02.034
https://doi.org/10.1016/j.carbon.2007.02.034
https://doi.org/10.1364/OE.20.019463
https://doi.org/10.1364/OE.20.019463
https://doi.org/10.1364/OE.20.019463
https://doi.org/10.1038/nchem.1820
https://doi.org/10.1038/nchem.1820
https://doi.org/10.1038/nchem.1820


[38] RabchinskiiMK et al 2016Nanoscale perforation of graphene oxide during photoreduction process in the argon atmosphereThe
Journal of Physical Chemistry C 120 28261–9

[39] Kashyap S,Mishra S andBehera S K 2014Aqueous colloidal stability of graphene oxide and chemically convertedGraphene. Journal of
Nanoparticles 2014 640281

[40] Zhang Y,MaH-L, ZhangQ, Peng, Li J, ZhaiM andYuZZ 2012 Facile synthesis of well-dispersed graphene by gamma-ray induced
reduction of graphene oxide J.Mater. Chem. 22 13064–9

[41] HareeshK, Joshia R P, SunithabDV, BhoraskaraVNandDholea SD 2016Anchoring of Ag–Au alloy nanoparticles on reduced
graphene oxide sheets for the reduction of 4-nitrophenolAppl. Surf. Sci. 389 1050–5

[42] Tauc J andMenthA 1972 States in theGap J. Non-Cryst. Solids 8 569–85
[43] SchroderDK2006 SemiconductorMaterial andDevice Characterization (NewYork:Wiley)
[44] Li J L, KudinKN,McAllisterM J, Prud’hommeRK, Aksay I A andCar R 2006Oxygen-driven unzipping of graphiticmaterials Phys.

Rev. Lett. 96 176101–4

11

Mater. Res. Express 7 (2020) 105606 KOOlumurewa et al

https://doi.org/10.1021/acs.jpcc.6b08758
https://doi.org/10.1021/acs.jpcc.6b08758
https://doi.org/10.1021/acs.jpcc.6b08758
https://doi.org/10.1155/2014/640281
https://doi.org/10.1039/c2jm32231e
https://doi.org/10.1039/c2jm32231e
https://doi.org/10.1039/c2jm32231e
https://doi.org/10.1016/j.apsusc.2016.08.034
https://doi.org/10.1016/j.apsusc.2016.08.034
https://doi.org/10.1016/j.apsusc.2016.08.034
https://doi.org/10.1016/0022-3093(72)90194-9
https://doi.org/10.1016/0022-3093(72)90194-9
https://doi.org/10.1016/0022-3093(72)90194-9
https://doi.org/10.1103/PhysRevLett.96.176101
https://doi.org/10.1103/PhysRevLett.96.176101
https://doi.org/10.1103/PhysRevLett.96.176101

	1. Introduction
	2. Experimental method
	2.1. Synthesis of reduced graphene oxide
	2.2. Characterization of reduced graphene oxide

	3. Results and discussion
	3.1. FTIR Spectroscopy analysis of RGO
	3.2. Field emission scanning electron microscopy analysis of RGO
	3.3. Energy dispersive x-ray spectroscopy analysis of RGO
	3.4. Raman spectroscopy analysis
	3.5. Optical characterization of RGO
	3.6. Electrical characterization of RGO

	4. Conclusions
	Conflict of interest
	References



