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Abstract: Green chemistry seeks to find alternative synthesis routes that are less harsh
to living organisms and the environment. In this communication, a microwave-assisted
hydrothermal technique and a thermal annealing method were used in the reduction of
graphene oxide (GO) to make reduced GO (rGO). Graphite powder was oxidised using
the Improved Hummers’ method, exfoliated, and freeze-dried. Thereafter, an aqueous
suspension of GO was reduced under microwave (MW) irradiation for 10 min at 600 W with
and without the help of a reducing agent (hydrazine hydrate). Thermal annealing reduction
was also conducted under a nitrogen atmosphere at 300 ◦C for 1 h. Prepared samples were
analysed using Raman laser spectroscopy, X-ray diffraction (XRD), transmission electron
microscopy (TEM), the Brunauer–Emmett–Teller (BET) method, and X-ray photoelectron
spectroscopy (XPS). A successful reduction in the GO functional groups between the sheets
was established using XRD. In the Raman analysis, the ratio of the intensity of the D and G
band (ID/IG) in graphene sheets assisted in assessing the quality of the graphene films. An
estimation of the number of structural defects was calculated using the ID/IG ratio. The
Raman analysis showed an increase in the ID/IG ratio after both oxidation and reduction
processes. The defect densities of both MW-treated samples were comparable while an
increased defect density was evident in the thermally annealed sample. TEM micrographs
confirmed the sheet-like morphology of the samples. The rGO sheets obtained from the
MW-treated method appeared to be smaller when compared to the rGO ones obtained by
thermal treatment. It was also evident from XRD analysis that thermal treatment promoted
the coalition of graphitic layers, such that the estimated number of layers was larger than
that of GO. The elemental analysis showed that the C/O ratio of GO increased from 2 to
7.8 after MW hydrazine reduction.

Keywords: reduced graphene oxide; microwave assisted reduction; modified Hummers’
method; thermal treatment

1. Introduction
The revolution of graphene material began about twenty years ago when Novoselov’s

group published a paper on the properties of a graphene material produced from
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graphite [1–4]. The exceptional properties of this material, referred to in the paper ti-
tle a ‘wonder material’, led to its application in a variety of fields from electronics [5] to
clothing [6] and biomedicine [7]. Graphene consists of a single layer of sp2 hybridised car-
bon atoms arranged in a 2D honeycomb lattice [1–7]. Some of the extraordinary properties
include a high room temperature electron mobility (200,000 cm2·V−1·s−1), a high current
density (2.2 g·cm−1), a high optical transparency (97.7%), a high theoretical surface area
(2600 m2·g−1), and a high thermal conductivity (5000 W·m−1·K−1) [1–7]. Graphene can be
obtained from non-graphitic and graphitic sources [8]. The chemical vapour deposition
growth of graphene on various transition metal catalysts (Ir, Ni, Cu, and Co) [5,8–12] and
the epitaxial growth of graphene on silicon carbide substrates [13] are methods that employ
non-graphitic sources. Graphene obtained using these methods is of high quality and has
a large surface area, but these methods are not suitable for large-scale synthesis. Well-
documented methods of obtaining graphene from graphitic sources include the unzipping
of carbon nanotubes [14], the liquid exfoliation of graphite [15], and chemical oxidation
followed by the reduction of graphite [4,16]. A popular and cost-effective method for
obtaining graphene is the oxidation of graphite powder using the well-known Hummers’
method followed by a reduction step [4,16,17]. Graphite oxide (GrO) is obtained after the
chemical oxidation of graphite. Once the GrO is exfoliated, single- or few-layered graphite
sheets are obtained with oxygen functional groups on the basal planes and edges known as
graphene oxide (GO) [18]. These oxygen functional groups can be removed completely or
to some degree using a reduction technique with or without a reducing agent. Reduction
without a reducing agent includes reflux in appropriate solvents at a high temperature [19],
hydrothermal methods [20], and thermal heating [4,21]. Hydrazine has been reported to be
the best reducing agent for GO, producing reduced graphene oxide (rGO) with the lowest
carbon-to-oxygen (C/O) ratio and high electrical conductivity [22,23]. In the quest to find a
greener alternative, researchers have employed micro-organisms, enzymes, sugars, and
other organic compounds as GO-reducing agents [16,24]. Zhang and co-workers [24] were
the first to report the use of ascorbic acid (vitamin C) as a green competitive alternative.
The rGO produced using vitamin C illustrated electrical conductivities and C/O ratios
closest to the hydrazine-synthesised rGO. Some of the recent works where alternative
and greener reagents have been used in rGO synthesis are summarised in Table 1. Many
green plant-based regents are being explored in the GO-to-rGO reduction process; how-
ever, many of these still require prolonged reaction times at elevated temperatures as
shown in Table 1. Apart from searching for a greener reducing agent, researchers are also
investigating greener reducing strategies for the synthesis of rGO from GO. Microwave
technology is considered an efficient technique with appealing reaction times, lower energy
consumption, and higher production yields [17,25]. Thus, it has been studied as a viable
option for reducing GO [26–28]. The influence of reaction time and power level on the
structural and electrical properties of rGO when employing Zn as a reducing agent was
studied by Agusu et al. [25]. Elazab [26] and Li [27] produced rGO by both employing
an MW-assisted hydrazine reduction method. The obtained C/O ratio was reported as
8.1 and 5.3 for reactions ran at 250 W and 300 W, respectively. This paper reported on
the synthesis of rGO from graphite powder. The graphite powder was initially oxidised
using the Improved Hummers’ method followed by exfoliation and finally reduced using a
microwave-assisted hydrothermal method. Hydrazine was used as the common reducing
agent while MW treatment without a reducing agent and thermal annealing at 300 ◦C were
employed as less invasive treatments [29].
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Table 1. Literature summary of recent works where green reagents were used to reduce GO to rGO.

Method of Reduction Green Reagent Application Reference

Refluxed for 3 h at 85 ◦C Tinospora cordifolia
plant extract

Methyl blue dye
degradation
Antibacterial activity

[30]

Refluxed for 24 h at 95 ◦C Aloe vera Methylene blue
dye removal [31]

Oil bath at 80 ◦C for 2 h Lemon Juice and
NaOH Methyl blue absorption [32]

Stirred at room
temperature for 48 h
followed by reflux at
100 ◦C for 24 h

Azadirachta indica
extract

Hydrogen peroxide
electrochemical sensing [33]

Refluxed at 95 ◦C for 5 h Bougainvillea glabra
flower extract

MB, RhB, MO, and SA
degradation
Antibacterial activity

[34]

Heat at 95 ◦C for 12 h Vitamin C
Ammonia solution Composites [35]

Water bath at 90 ◦C Chlorella sp.
UMACC 313 Biophotovoltaics [36]

Heating at 100 ◦C for 12 h Persea americana
mill. extract

Oxygen reduction
reaction
Antibacterial activity

[37]

Stirred at room
temperature for 12 h

Ascorbic acid
Ammonia solution Supercapacitors [38]

Heat at 70 ◦C for 24 h Ellagic acid
Tris

Ultrasound contrast
agent [39]

Autoclave treatment at
180 ◦C for 8 h - RhB degradation

(with TiO2) [40]

Heated at 70 ◦C for 1 h
Vernonia
Amygdalina plant
leaf extract

- [41]

Hot water bath for 8 h Saraca indica leaf
extract

Antioxidant,
antibacterial activity
Cytotoxic activity

[42]

Oil bath heating at
60–100 ◦C and 1–6 h

Clinacanthus nutans
leaf extract

Electrochemical activity
Ecotoxicity [43]

Refluxed for 24 h Pleurotus sajor caju
extract

Antibacterial activity
Cytotoxic activity [44]

Refluxed at 90 ◦C for 24 h Onosma bracteosa
Leaf Extract Electrochemical sensing [45]

Autoclave treatment at
100 ◦C for 12 h

Plectranthus
amboinicus leaf
extract

Supercapacitors [46]

Reflux at 100 ◦C for 10 h Ocimum sanctum
extract Cytotoxic activity [47]



Processes 2025, 13, 216 4 of 15

2. Materials and Methods
2.1. Starting Materials

Graphite powder (<20 µm, synthetic), potassium permanganate (KMnO4, 99%), sul-
furic acid (H2SO4, 98%), phosphoric acid (H3PO4, 85%), hydrogen peroxide (H2O2, 30%),
hydrazine hydrate (N2H4, 50–60%), L-ascorbic acid (C6H8O6, 99%), and barium chloride
dihydrate (BaCl2·2H2O, 96%) were purchased from Sigma Aldrich, Johannesburg, South
Africa, and used without any further purification. A 10% hydrochloric acid solution was
prepared by diluting a purchased HCl (36%, Sigma Aldrich, South Africa) solution with
distilled water.

2.2. Synthesis of GO

The Improved Hummers’ method [29,48] was employed for the synthesis of GO.
Graphite powder (3 g) and KMnO4 (18 g) were added with stirring to a cold (0 ◦C) acid
mixture containing 360 mL of H2SO4 and 40 mL of H3PO4. This was done slowly to ensure
that the temperature did not exceed 20 ◦C. This reaction mixture was then stirred for
12 h at 50 ◦C. The oxidation reaction was terminated by adding 3 mL of H2O2 followed by
400 mL of ice-cold distilled water to the GO solution. The brown gel was centrifuge-
washed at 15,000 rpm with 10% HCl to remove all sulphate ions (tested using BaCl2·2H2O),
followed by washing with distilled water until a pH of ~7 was achieved. The gel was
ultra-sonicated for an hour and vacuum freeze-dried at ~−80 ◦C for a week.

2.3. Reduction of GO

The GO powder (200 mg) was dispersed in 200 mL of distilled water and sonicated
to create a suspension. Hydrazine hydrate (1 mL) was added to the suspension and
stirred to ensure homogeneity. A second similar GO dispersion was prepared without
the addition of hydrazine hydrate. The GO dispersions were transferred into Teflon-lined
microwave reaction vessels and placed inside the microwave reactor (Multiwave 3000,
Anton Paar, Johannesburg, South Africa) operated at 600 W for 10 min and fan-cooled to
room temperature. The black precipitates that were formed were washed with distilled
water and ethanol before drying overnight at 100 ◦C. Another GO sample of 200 mg was
thermally reduced for 1 h under a N2 atmosphere in a horizontal tube furnace at 300 ◦C
and a 20 mL/min N2 flow rate.

The rGO products were labelled as H-rGO and C-rGO for the samples prepared by
MW using hydrazine hydrate and no reducing agent, respectively, and the thermal-treated
sample was labelled TN-rGO.

2.4. Characterisation

The phase characteristics of the as-synthesised GO and rGO powders were deter-
mined by powder X-ray diffraction (Bruker D2 phaser diffractometer) in the scan range
5◦ ≤ 2θ ≤90◦ with a 0.02◦ measurement step, using a Cu-Kα (λ = 0.154 nm) radiation
source. Raman measurements were conducted on a Horiba LabRAM Raman spectrometer
equipped with an Olympus BX41 microscope attachment. The morphological properties of
the samples were established using a transmission electron microscope with an acceleration
voltage of 120 keV (Tecnai Spirit T12, Johannesburg, South Africa). The thermo-gravimetric
analysis (TGA) of the rGO samples was performed from 35 to 900 ◦C under air (10 mL/min)
at a heating rate of 10 ◦C/min (TGA 4000, Perkin Elmer, Johannesburg, South Africa). N2

adsorption and desorption isotherms were recorded using a Micrometrics Tristar 3000
(Johannesburg, South Africa) instrument at 77 K after degassing the samples at 423–473 K
in N2. The specific surface area and the pore size distribution of the samples were acquired
using the Brunauer–Emmet–Teller (BET) equation and the Barrett–Joyner–Halenda (BJH)
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method, respectively. The chemical composition of the GO and rGO samples was deter-
mined by X-ray photoelectron spectroscopy (XPS) using a monochromatic Al Kα source
operated at 1486.7 eV (Physical Electronics Quantum 2000, Pretoria, South Africa).

3. Results and Discussion
3.1. Phase Composition

The X-ray diffractograms of graphite, GO, and the rGO products are shown in Figure 1.
Graphite (Figure 1a, inset) displayed diffraction peaks at 2θ = 26.4◦, 42.4◦, 44.4◦, and
54.4◦ ascribed to the (002), (100), (101), and (004) planes of carbon (JCPSD 00-008-0415),
respectively. The (002) peak corresponded to an interlayer spacing of 0.34 nm as shown
in Table 2. After oxidation, all of the peaks in the graphite disappeared except the (100)
plane, and a new peak emerged at 2θ = 10.9◦ corresponding to the (001) plane of carbon,
consistent with an interlayer spacing of 0.87 nm (Figure 1a and Table 2). The increase in
interlayer spacing can be attributed to an expansion between the graphitic layers due to
the incorporated oxygen functional groups on the graphite sheets [48]. The (001) plane was
also wider than the (002) peak in graphite, suggesting a decrease in the crystallinity of the
carbon framework. Nevertheless, it was distinct and sharp, especially when compared to
the rGO profiles, suggesting that the ordered structure along the c-axis was preserved [49].
The reduction process caused a re-appearance of the (002) plane and disappearance of the
(001) plane, with a decreased interlayer spacing of 0.37 nm for H-rGO and C-rGO and
0.35 nm for TN-rGO (Figure 1b and Table 2). The interlayer spacing in all three rGO samples
suggested that the degree of oxygen functional group removal between the sheets was
similar. Additionally, the (002) plane in all the rGO samples was wider due to poor ordering
along the stacking direction, also suggesting that the rGO consisted mostly of freestanding
graphene sheets [50]. Most importantly, it is clear from these results that the MW heating
method is able to perform GO reduction to rGO without any additional reducing agent,
presenting a green alternative to rGO synthesis. Voiry et al. explained in their study that the
conductive GO absorbs microwaves, causing an accelerated heating of the GO and leading
to the desorption of oxygen functional groups and the re-arrangement of the graphene
basal plane [28].
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Figure 1. X-ray diffractograms for (a) GO (inset: graphite) and (b) rGO samples.

The crystal stack height (Lc) and the number of graphene layers in the crystal (Nc)
were estimated using Equations (1) and (2) [16], and the data are summarised in Table 2.

Lc =
k1λ

FWHMcos θ1
(1)
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Nc =
Lc

d002
(2)

where, λ is the radiation wavelength, θ1 the diffraction peak position for either the (002) or
(001) diffraction plane, k1 is a form factor usually applied as 0.9, and FWHM the width at
half-height for the corresponding plane.

The oxidation and reduction processes produced a decrease in the crystal domain
(Lc), implying an increase in the structural disorder of GO and rGO. The number of layers
(Nc) also decreased significantly after oxidation and exfoliation. The estimated number of
graphene layers in GO was one layer higher than that in H-rGO and A-rGO, while one
layer less than that in TN-rGO. The stacking height (Lc) of GO was significantly higher
than those in the rGO samples, where the Lc for TN-rGO > H-rGO > C-rGO. This may be
attributed to the presence of the oxygen moieties in between the graphene sheets of the GO.
The decreased stacking height could also serve a further confirmation of the removal of
oxygen functional groups between the graphene sheets resulting in the rearrangement of
the carbon structure in the rGO. The increased number of layers for the thermally annealed
sample suggests the possibility of a coming together of the sheets under the employed
treatment conditions. A recent report showed a growth of 2D graphene-like layers from
heat treatment of carbon dots between 200 and 700 ◦C [51].

Table 2. Powder XRD data on graphite, GO, and rGO samples.

Plane (002) or (001)
(2 θ(◦)) Lc (nm) d002 or d001

(nm) Nc

Graphite 26.4 19.4 0.34 57
GO 10.2 3.35 0.87 4

H-rGO 24 1.29 0.37 3
C-rGO 24.3 1.26 0.37 3

TN-rGO 25.3 1.73 0.35 5

3.2. Structural Properties

Raman spectroscopy is a powerful tool for evaluating the degree of graphitisation of
carbon materials [52,53]. Raman spectra obtained from graphite and GO are presented in
Figure 2a. The main characteristic peaks observed in graphite at 1352, 1579, and 2716 cm−1

belonged to the D, G, and 2D bands, respectively. The disorder-induced D band had a very
low intensity in the graphite sample, implying a low concentration of defects in the carbon
structure [54]. However, after oxidation, the intensity and area of this band increased
due to the transformation of some sp2-carbons into sp3-carbons upon the incorporation
of oxygen functionalities. Additionally, the D band shifted upward to 1359 cm−1. The G
band was instigated by the first-order Raman scattering processes attributed to the in-plane
vibrational modes of the sp2-hybridised carbon at the graphene basal planes [50,53]. After
oxidation, the G band shifted to a higher wavenumber (1590 cm−1), and the area under
the band increased notably. The FWHM is usually used to describe the crystallinity of
carbon materials: a smaller FWHM implies better crystallinity [55]. This supports the
XRD data suggesting a decrease in the crystallinity from graphite to GO. The 2D band
is produced by the double resonance process including the intervalley scattering by two
in-plane transverse optical (TO) phonons near the K point of the Brillouin zone [52,53]. The
intensity of this band was very weak in the GO, probably due to the chemically induced
defects [56]. The rGO spectra (Figure 2b) showed prominent D and G bands in all three
rGO samples. The D band shifted to lower wavenumbers in all the reduced samples except
for TN-rGO, which shifted to higher wavenumbers; however, the G band continued to
shift to higher wavenumbers for all the reduced samples. The shift in positions could be
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associated with strain in the carbon structure due to the removal of the oxygen groups
during the reduction process. There was also a decrease in the FWHM of both the D and G
bands in the MW-treated rGO samples, while the G band for TN-rGO remained the same
as that in the GO, and the D band was higher than those in all the samples.
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Figure 2. Raman spectra of (a) graphite and GO and (b) rGO samples.

The ratio of the intensity of the D and G bands (ID/IG) in graphene sheets assists in
assessing the quality of the graphene films [50]. An estimation of the number of structural
defects was calculated using the ID/IG ratio (the area under the peaks was used instead of
the relative intensities) and is presented in Table 3. The estimated concentration of defects
increased after oxidation and reduction, indicating that the graphene sheets were highly
defective. The defects in the sample reduced by thermal treatment were higher than those
in the H-rGO sample, and the defect concentrations in C-rGO were slightly lower than
those in the H-rGO sample. This observation further confirms that the MW treatment
efficiently reduces the GO to rGO without the need for a chemical reducing agent under the
reaction parameters used. It was further demonstrated that thermal treatment at 300 ◦C in
a nitrogen environment also reduced Go to rGO. The higher estimated defect concentration
in TN-rGO may be attributed to the removal of intercalated water molecules from the
GO as well as a removal of residual oxygen functionalities that have a lower binding
energy such as hydroxyl groups in the form of water vapour during thermal treatment [57].
A TGA analysis was performed on the rGO sfamples (Figure S1), and it was observed
that C-rGO had the lowest decomposition temperature at 567 ◦C, followed by TN-rGO at
590 ◦C, and H-rGO had the highest decomposition temperature at 601 ◦C. The higher
thermal stability in H-rGO may be attributed to the introduction of nitrogen groups into the
carbon matrix during the reduction process. The difference between the thermal stabilities
in all the prepared rGO samples was less than 35 ◦C, and it was comparable to the reported
data [58].

Table 3. Raman peak positions for graphite, GO, and rGO samples.

Sample
D Band G Band 2D Band

ID/IGCentre
(cm−1)

FWHM
(cm−1)

Centre
(cm−1)

FWHM
(cm−1)

Centre
(cm−1)

Graphite 1352 30 1579 16 2716 0.17

GO 1359 143 1590 82 - 1.63
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Table 3. Cont.

Sample
D Band G Band 2D Band

ID/IGCentre
(cm−1)

FWHM
(cm−1)

Centre
(cm−1)

FWHM
(cm−1)

Centre
(cm−1)

H-rGO 1350 127 1597 62 - 2.23

C-rGO 1352 137 1596 65 - 2.13

TN-rGO 1364 221 1592 82 - 2.51

3.3. Morphology Analysis

TEM micrographs were used to study the morphology of the materials. Graphite dis-
played a crystalline platelet-like morphology with well-defined sheets (Figure 3a). GO and
rGO also displayed a sheet-like morphology with a size of a few micrometres (Figure 3b–e).
The wrinkles present in the GO sheets (Figure 3b) were due to the transformations in
the electronic structure of the carbon atoms where the hybridisation changed from sp2

to sp3 after the incorporation of oxygen moieties [59]. The wrinkling persisted in rGO
(Figure 3c–e) due to the defects associated with pores, holes, and cavities introduced during
the reduction process and the strain in the carbon–carbon bonds [54]. A difference between
the rGO samples was noted where the TN-rGO showed larger sheets when compared with
the samples prepared via MW treatment. The mechanism of reduction during thermal
treatment did not involve the constant stirring of the GO; as a result, less breakage in the
graphene sheets can be observed.
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3.4. Textual Properties

The N2 adsorption–desorption isotherms of graphite, GO, and H-rGO are illustrated in
Figure 4. Graphite exhibited a type III isotherm with an H3 hysteresis loop (Figure 4a), while
GO and H-rGO showed a type IV isotherm also with an H3 hysteresis loop (Figure 4b,c).
The surface area of the graphite increased from 6.9 m2/g to 80.4 m2/g after oxidation as
shown if Table 4. This increase can be attributed to the chemical oxidation followed by
exfoliation via sonication. After reduction, there was a further increase in the surface area
to 815.2 m2/g (Table 4). As the graphitic structure collapsed further, the specific surface
area increased. This surface area was less than the theoretical surface area of graphene
(2600 m2/g) due to some degree of agglomeration in the sheets; however, it was also
much higher than the surface area of the rGO obtained via MW treatment (439 m2/g [60])
and hydrothermal treatment (364 m2/g [61]) by other researchers. The pore diameter
distribution curves for all three samples were included as inserts in their respective BET
isotherms. Narrow peaks were observed centred at ~3.4 nm for both GO and H-rGO,
whereas there was a broad peak centred at 137.5 nm for graphite. These suggest that
GO and H-rGO have mesopores while graphite has micropores. The pore distribution
between 90 and 160 nm in graphite can be attributed to the spacing between the bulk
graphite structure.
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Figure 4. N2 adsorption–desorption isotherms and their respective pore diameter distribution curves
(inset) for graphite (a), GO (b), and H-rGO (c).
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Table 4. Surface area data for graphite, GO, and H-rGO.

Sample BET Surface Area
(m2/g)

Pore Volume
(cm3/g)

Graphite 6.9 0.15
GO 80.4 0.02

H-rGO 815.6 0.61

3.5. Elemental Analysis

The surface composition and carbon hybridisation of GO and H-rGO were studied
with XPS. Figure 5 shows that the survey spectra of GO consisted of C 1s (~284 eV) and O
1s (~531 eV). In addition to the C 1s and O 1s, the survey spectra of H-rGO also exhibited a
weak N 1s peak at approximately 398 eV.
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Figure 5. XPS survey spectra of GO and H-rGO.

The integrated areas under the peaks gave an estimation of the atomic percentages of
each element in the prepared materials (Table 5). A decrease in oxygen content from GO
(33.2 at %) to H-rGO (10.6 at %) was observed, indicating a successful reduction. The carbon
content increased after reduction, making the C/O ratio in H-rGO 7.8. This C/O ratio
was similar to that in the MW-assisted hydrazine reduction by Elazab [27]. Furthermore,
approximately 6.8 at % of nitrogen was present, arising from the hydrazine hydrate used
during reduction [23]. Low atomic percentages of impurities were present in both GO and
H-rGO.

Table 5. Atomic compositions of GO and H-rGO.

C
(at %)

O
(at %)

N
(at %)

S
(at %)

Cl
(at %)

F
(at %)

Mg
(at %)

GO 66.1 33.2 - 0.4 0.2 - -

H-rGO 82.2 10.6 6.8 - - 0.3 0.2

The high-resolution C 1s XPS spectra of both GO and H-rGO (Figure 6a,b) were
used to determine the chemical environments of the C atoms. In both samples, the C 1s
spectra were deconvoluted into four peaks. The deconvoluted C 1s spectra displayed peaks
at ~284 eV, ~287.2 eV, ~287.4 eV, and ~289.2 eV, corresponding to the sp2 and defective
sp3 C-C bonds; epoxy and hydroxyl; carbonyl; and carboxyl groups, respectively [62].
After reduction, the peak positions for most of the oxygenated carbon atoms shifted to
lower bonding energies due to the bonding of the carbon atoms to the electronegative
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nitrogen atoms [63]. Additionally, the carbonyl group was replaced with a C-N bond at
285.2 eV. The O 1s spectra for GO (Figure 6c) were deconvoluted into a peak at ~531 eV and
~533 eV, which corresponded to C=O and C-O oxygen functional groups. The intensity of
the O 1s peak decreased tremendously after the reduction, as most oxygen single-bonded
carbon groups were removed. The deconvoluted N 1s spectra in Figure S2 showed that the
nitrogen environment consisted of three configurations, i.e., pyridinic (~399.2 eV), pyrrolic
(~400.6 eV), and graphitic (~401.5 eV).
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Figure 6. High-resolution XPS spectra of deconvoluted C 1s and O 1s for GO (a,c) and H-rGO (b,d).

4. Conclusions
Herein, the effective reduction of GO using a microwave-assisted hydrothermal re-

duction method as an environmentally benign reduction strategy was demonstrated. Both
the MW and thermal reduction procedures produced an rGO that was comparable to
hydrazine-hydrate-reduced rGO. The thermal treatment produced less wrinkled sheets that
appeared to increase in size and the number of layers, suggesting a coming together of the
sheets at 300 ◦C. All rGO samples demonstrated a clear change in interlayer spacing and
stacking when compared to graphite and GO ones. The Raman data illustrated that MW
reduction with no reducing agent induced a similar concentration of defects in the carbon
structure as that in the H-rGO. The prepared rGO samples also showed a good thermal
stability that was comparable to that in the literature data. Further analysis showed that
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H-rGO had a C/O ratio of 7.8 and a surface area of 816 m2·g−1. This study presents a quick,
cost-effective, and environmentally friendly alternative to rGO synthesis. The produced
rGO showed comparable properties to rGO produced from a commonly used reagent and
thermal treatment.

5. Limitations of the Study
This study focused on the MW application in the reduction process of GO to rGO

using the commonly used and environmentally unfriendly hydrazine hydrate, comparing
it to rGO produced without the use of a reducing agent. The study employed some com-
mon techniques to characterise the produced rGO, however, a further application of the
produced materials in electronics, biomedicine, and composites would better qualify the
prepared rGO. The study did not reveal the impact of microwave heating during a large-
scale synthesis of rGO. This limits the scope with regards to possible industrial applications
of this process. Future studies should evaluate the effect of reducing reagent concentra-
tions on the rGO. An in situ microwave analysis of the reagents can help determine the
active components during the reduction process. The mechanism of GO reduction under
MW heating needs to be studied in order to optimise the process for high-quality rGO
production, good yield, and upscaling approaches.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pr13010216/s1, Figure S1: Thermal decomposition curve of the
prepared rGO samples; Figure S2: XPS spectra of N 1s of H-rGO.
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