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Abstract
As frontier materials, graphene oxide (GO) and graphene have penetrated almost all research areas and advanced numerous 
technologies in sensing, electronics, energy storage, catalysis, water treatment, advanced composites, biomedical, and more. 
However, the affordable large-scale synthesis of high-quality GO and graphene remains a significant challenge that negatively 
affects its commercialisation. In this article, firstly, a simple, scalable approach was demonstrated to synthesise high-quality, 
high yield GO by modifying the improved Hummers method. The advantages of the optimised process are reduced oxidation 
time, straightforward washing steps without using coagulation step, reduction in cost as eliminating the use of phosphoric 
acid, use of minimum chemical reagents, and increased production of GO per batch (~ 62 g). Subsequently, the produced 
GO was reduced to reduced graphene oxide (rGO) using three different approaches: green reduction using ascorbic acid, 
hydrothermal and thermal reduction techniques. The GO and rGO samples were characterised using various microscopy 
and spectroscopy techniques such as XRD, Raman, SEM, TEM, XPS and TGA. The rGO prepared using different methods 
were compared thoroughly, and it was noticed that rGO produced by ascorbic acid reduction has high quality and high yield. 
Furthermore, surface (surface wettability, zeta potential and surface area) and electrical properties of GO and different rGO 
were evaluated. The presented synthesis processes might be potentially scaled up for large-scale production of GO and rGO.
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1 Introduction

By virtue of flat structure and extraordinary properties, 
graphene materials have entered almost every arena of 
research from energy production and storage [1, 2], elec-
tronics [3], catalysis [4], composites [5], environmental 
remediation [6–8] to biomedical [9]. For example, gra-
phene has shown widespread uses in better performing 
electrode materials. It enables the fabrication of highly 
efficient energy storage devices (Li-ion/metal-air batteries, 
fuel cells, and supercapacitors) [10, 11], solar fuel produc-
tion devices [12], electro-catalytic devices for water/air 
purification [13, 14] and value-added chemical production 
[15, 16]. Bulk and commercially viable graphene materials 
will be needed to realise the above applications at a large 
scale. Moreover, most of the “commercial graphene” in 
the market for customers is not graphene but rather expen-
sive graphite that has posed serious worries from custom-
ers and the booming million-dollar graphene industry 
[17–19]. Thus, improving existing synthesis methods and 
developing new scalable methods for low-cost, large-scale 
production of best-quality graphene materials are highly 
crucial.

Various bottom-up (chemical vapour deposition or 
epitaxial growth) and top-down (mechanical exfoliation, 
liquid-phase exfoliation, chemical exfoliation using strong 
oxidants) methods have been developed to synthesise gra-
phene [20]. For the commercial applications of graphene, 
the production route should assure good quality, few-layer 
distribution, affordable cost, and reproducible high yield 
eco-friendly process. The chemical vapour deposition or 
epitaxial growth provides a large area (up to 7.5  m2) of 
high-quality graphene that is useful for high-end applica-
tions (viz. advanced electronics) [21–24]. Besides recent 
improvements to reduce the cost, these processes are 
still expensive due to multistep reactions, require metal 
catalysts and complicated instruments and lack of mass 
production protocols [20, 23]. The mechanical exfolia-
tion method offers the best quality of graphene, but the 
process is tedious, cannot be scaled up [25]. Liquid-phase 
exfoliation of graphite primarily produces lower-grade 
(graphene nanoplatelets) with low yield [20]. Contrarily, 
the solution-processed chemical exfoliation approach is 
desirable for mass-scale production with comparatively 
lower costs and tailorable graphene. It produces graphene 
with oxygen-carrying functional groups on the edge sites 
and basal plane, which are helpful to fabricate advanced 
functional materials [23, 26, 27].

In the chemical oxidative-exfoliation, graphite (cheap 
and abundantly available source) is first oxidised to 
graphite oxide before exfoliating to few-layer graphene 
oxide (GO). The GO may then undergo reduction either 

chemically/hydrothermally or thermally to eliminate oxy-
gen-carrying functionalities to yield reduced graphene 
oxide (rGO). Numerous synthetic protocols for GO prepa-
ration have been developed that vary the potent oxidising 
reagent, the co-oxidising agent, the strong acid intercal-
ant, and the relative amounts of each precursor [20, 28]. 
The synthetic routes have improved over time to employ 
more practical protocols, materials, and process safety. 
Among previously developed oxidation protocols (Brodie 
[29], Staudenmaier [30], and Hummers and Offeman [31]), 
Hummers’ method is mainly used for GO synthesis as it 
requires a short reaction time and is comparatively less 
hazardous. However, the release of toxic gases, low yield 
and residual nitrate content are drawbacks of Hummer’s 
process.

Furthermore, several modifications have been proposed in 
Hummer’s method to obtain GO with a high yield and high 
degree of oxidation. Marcano et al. showed improvements 
in the degree of oxidation by replacing  NaNO3 with  H3PO4 
in Hummers’ chemicals  (KMnO4,  H2SO4, and  NaNO3) [27]. 
They claimed that the proposed method did not release toxic 
gases and could produce a higher yield of hydrophilic GO 
with some impurities of cyclic phosphate groups. However, 
the elimination of phosphate impurities is not addressed, 
and separation/purification processes are tedious in this pro-
cess. They have demonstrated the oxidation of few grams 
(3 g) of graphite only. Peng et al. [32] developed a potas-
sium ferrate-based procedure for oxidation of graphite to GO 
by replacing  KMnO4 and  NaNO3 from Hummers’ method. 
However, the used oxidant (potassium ferrate) is expensive, 
and this method also presented oxidation of a low quantity 
of graphite (10 g). Chen et al. [33] demonstrated the pro-
cess that eliminates the uses for  NaNO3 to form graphite 
oxide (less amount) and illustrated the simplified approach 
to purify waste solution after the reaction. Although this 
method eliminates the release of toxic  NOx gases, but it is 
not scalable because it needs a high temperature for opera-
tion (95 °C) and requires exothermic addition of water in an 
acid mixture.

To date, the synthesis of GO using Hummers’ and its 
modified versions have been widely explored at a labora-
tory scale, but limited efforts have been made for the dem-
onstration of a scalable approach [34, 35]. The produced 
amount in these synthesis routes is significantly less (few 
grams), which is not sufficient for the processing of GO for 
the composite application; for example, graphene-based 
polymer composite processing requires more than 10 g of 
GO/rGO in a single batch. Using two different batches might 
create chances of errors and inconsistency in results. Thus, 
developing a low-cost scalable route for high-grade GO 
production using minimum chemical reagents and environ-
mental footprints is of utmost importance. The objective of 
this study is to develop affordable routes for GO and rGO 
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production. Herein, a simple, scalable GO production route 
without using  NaNO3 and  H3PO4 has been developed that 
yield ~ 62 g of GO in a single batch. The optimal conditions 
were identified to reduce the quantities of chemical reagents 
and reaction time used during the synthesis. The produced 
GO was further then reduced to rGO using three different 
scalable reduction methods, namely hydrothermal reduction 
(H-rGO), green reduction using ascorbic acid (AA-rGO) and 
thermal reduction (T-rGO). It has been noticed that the use 
of different reduction methods impacts the final product 
properties  (sp2 and  sp3 domains, number of layers, sheets 
size, number of defects, surface area and surface charges). 
Furthermore, the electrical conductivity and surface prop-
erties of these graphene-based materials (GO, H-rGO, AA-
rGO and T-rGO) were also investigated. To the best of our 
knowledge, there is a paucity of information in the literature 
that compares the properties of rGO produced by different 
reduction methods at scale.

2  Experimental

2.1  Materials

Graphite powder (< 20 µm, synthetic, Sigma Aldrich), potas-
sium permanganate  (KMnO4, ≥ 99%, Sigma Aldrich), sul-
phuric acid  (H2SO4, 98%, ACE), hydrogen peroxide solution 
 (H2O2 30% w/w in  H2O, Sigma Aldrich), hydrochloric acid 
(HCl, 30% ACE) and ascorbic acid (99%, ACE) were pur-
chased and used as such.

2.2  Synthesis of GO

To balance safety with cost, the ratios for the reactants by 
weight: 1 graphite: 91.5  H2SO4: 4  KMnO4 were used. In 
a typical experiment, 40 g of graphite powder was added 
to 2.0 L of concentrated  H2SO4 and stirred for 1 h. This 
was followed by the slow addition of 160 g of  KMnO4 in 
few gram quantities (~ 5.0 g) while stirring. The addition 
of  KMnO4 into graphite-acid slurry took over 17 min, and 
the reaction was further allowed to be stirred to dissipate 
exothermic heat from the reactor. After reaching a maxi-
mum temperature of 52 °C, reaction temperature started to 
decrease and then reaction temperature was set to 50 °C. 
At 50 °C, the reaction contents are kept in agitation for 
6 h to allow for the complete oxidation process. After 6 h, 
the reaction mixture colour turned brownish, which shows 
that the reaction is complete. The reactor system was then 
de-energised and allowed to cool naturally. Upon reaching 
30 °C, the mixture was quenched in ice-cooled 4 L of 1% 
 H2O2 solution. The reaction solution was allowed to settle 
naturally to achieve self-precipitation, and then the superna-
tant was decanted. The slurry was further washed twice with 

deionised water using centrifugation to remove salt impuri-
ties and unused acid. Furthermore, the remaining insoluble 
salts were dissolved using an aqueous solution of 5% HCl 
and washed out with water using centrifugation. The brown-
ish colour precipitation was washed with deionised water 
several times until the decanted water pH reached ~ 6. The 
as-produced graphite oxide was exfoliated into graphene 
oxide using ultrasonication for 1.5 h. The received aqueous 
dispersion of GO was again centrifuged at 9500 rpm for 
30 min to get precipitation, which was dried in a vacuum 
oven at 60 °C for 24 h. Finally, 62.2 g of product (GO) was 
recovered after drying.

2.3  Synthesis of ascorbic acid reduced graphene 
oxide (AA‑rGO)

In the ascorbic acid reduction method, a 5 mg/mL aqueous 
suspension of GO was prepared in 5L of deionised water 
using ultrasonication. Next, 100 g of ascorbic acid was 
added to this solution and stirred for 20 min. The pH of the 
solution was adjusted to basic medium using 10 g of NaOH 
to promote colloidal stability via the electrostatic repulsion. 
The final reaction mixture was stirred and heated at 90 °C for 
1 h. After completion, the reduced black product was sepa-
rated using centrifugation and washed with water to remove 
excess unreacted products. The precipitated rGO was dried 
in a vacuum oven at 60 °C; finally, the weight of powdered 
product AA-rGO was found to be 16.3 g.

2.4  Synthesis of hydrothermally reduced graphene 
oxide (H‑rGO)

In hydrothermal reduction, a GO suspension (5 mg/mL) was 
prepared in 5 L of deionised water using ultrasonication. 
This was followed by the addition of 10 g of NaOH to help 
promote colloidal stability via electrostatic repulsion. The 
reaction mixture was stirred for 20 min before being trans-
ferred to the hydrothermal reactor. The solution was then 
stirred, while maintained at 185 °C for 3.5 h to allow for 
the complete reduction process to occur. The black product 
was separated using centrifugation, washed with copious 
deionised water. The precipitated rGO was transferred to a 
vacuum oven at 60 °C for drying; finally, 12.6 g of H-rGO 
was produced in this process.

2.5  Synthesis of thermally reduced graphene oxide 
(T‑rGO)

In thermal reduction, 25 g of GO was subjected to high tem-
perature in a furnace at 600 °C for 3 min. The high tempera-
ture supports the expansion and reduction of GO sheets by 
eliminating most oxygen-carrying functionalities from basal 
and edge surfaces. After completing the thermal process, the 
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sample was naturally cooled down. The sample weight of the 
thermally reduced graphene (T-rGO) was found to be 10.2 g.

2.6  Characterisation

The  N2 adsorption–desorption isotherms were studied on 
a Micromeritics (ASAP 2020, USA) analyser to calculate 
specific surface area and porosities of graphene-based mate-
rials using the multi-point Brunauer–Emmett–Teller (BET) 
technique. Fourier transform infrared (FTIR) analysis was 
done on FTIR spectrometer (PerkinElmer Spectrum100, 
USA) using FTIR grade KBr as a reference material. The 
FTIR data were obtained in transmittance mode in the range 
4000–400  cm−1 with a spectral resolution of 4  cm−1. The 
phase and structural features of the graphene materials were 
determined on a XRD instrument (PAN analytical X‐pert 
PRO, Netherlands). The Cu Kα radiation (λ = 0.154 nm) (as 
X-ray source) and operating conditions (current = 40 mA, 
voltages = 45 kV) with the 2θ range 5°–90° were kept con-
stant for all XRD samples. XPS (Kartos, UK) with a mono-
chromated Al Kα X-ray source was employed to calculate 
the chemical composition and oxidation states of different 
elements present in the samples. The combustion of gra-
phene samples was performed on a TGA instrument (TA 
Model TGA Q500). The samples were heated from 30 
to 900 °C at the rate of 10 °C/min under  N2atmosphere. 
UV–Vis spectroscopy study was performed on LAMBDA 
750 UV–Vis-NIR Spectrophotometer (PerkinElmer, USA). 
To study the D, G and 2D peaks of graphene samples, 
Raman tests were done on an Alpha 300RAS Plus confocal 
micro-Raman spectrometer (WiTec Focus Innovations, Ger-
many) that operated at 5.0 mW with a 50 × magnifying lens 
using 532 nm laser excitation. The surface morphologies/
structures of the graphene samples were investigated using 
a scanning electron microscope (SEM) (JEOL JSM-7500F, 

Japan). The high-resolution transmission electron micros-
copy instrument (HRTEM; JEOL, 2100-JEM Japan) oper-
ated at a voltage of 200 kV was used to investigate the 
nano-structural features of graphene materials. The bulk 
conductivity of samples was measured using an electrical 
conductivity measurement setup considering the powder 
pressing approach. The Malvern Zetasizer Nano ZS (Mal-
vern Instruments, Worcestershire, United Kingdom) at 25 °C 
was used to calculate zeta potential of samples. The instru-
ment displays the net surface charge (mV) of the suspension 
by calculating the electrophoretic mobility using the laser 
Doppler velocity principle. The surface wettability of the 
samples was characterised by water contact angle measure-
ments using the DSA-100 drop shape analyser (KRÜSS, 
Germany) at ambient temperature.

3  Result and discussion

High-quality GO was prepared by a scalable chemical 
process, which employed graphite as a carbon precur-
sor and concentrated  H2SO4 and  KMnO4 as an interca-
lating agent and an oxidant, respectively. The addition 
of  KMnO4 in the reaction was done in a very controlled 
way. Adding a very small portion of  KMnO4 to the reactor 
induces the heat flux to quickly increase, which in turn 
increases the reaction temperature. As soon as  KMnO4 
dissolves in acid, the temperature starts to decrease 
(Fig. 1). The temperature increase during this step can 
be controlled by regulating the addition rate of  KMnO4. 
The slow addition of  KMnO4 is recommended. Though 
it is not yet experimentally confirmed that the interme-
diate in this process is the reactive  Mn2O7, appropriate 
safety considerations regarding this intermediate were 
assumed. Thus, the potassium permanganate was added 

Fig. 1  Recorded temperature 
profile for oxidation of graphite 
to form GO
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slowly in milligram quantities to avoid rapid overheat-
ing, which could lead to a fire or an explosion in extreme 
cases. Literature suggests that the reaction of  KMnO4 
and  H2SO4 results in the formation of greenish peroxide 
manganese heptoxide  (Mn2O7) intermediate that could 
cause an explosive reaction if the solution reaction tem-
perature increases above 55 °C and solution encounters 
with organic impurities [20, 36]. In this process, the exo-
thermic reaction temperature for the oxidation process did 
not increase above 52 °C, thus ensuring the process safety 
and good quality of the product (Fig. 1). On completion 
of the oxidation reaction, the reaction mixture becomes 
viscous due to the hydrophilic attraction between differ-
ent oxygen functional groups (–OH, –C=O, and –COOH) 
and  H2O molecules.

Furthermore, for the quenching process, the produced 
reaction slurry is slowly introduced to water (1%  H2O2 
solution). However, adding the acid mixture to water is 
a highly exothermic reaction, could cause thermal runa-
way and hot spots in the absence of sufficient cooling 
and mixing capacity. Thus, slow addition of the reaction 
mixture is performed in cooled water with constant stir-
ring. The purpose of the  H2O2 is to convert any residual 
 KMnO4/manganese ions into soluble manganese sulphate 
in acidic medium and manganese oxides, and ultimately 
stop the oxidation reaction. Furthermore Fig. 2 shows the 
schematic diagram of the graphite oxidation process and 
the three GO reduction processes, respectively.

3.1  Structural and morphological characterisation

X-ray diffraction was used to obtain information about the 
degree of graphite oxidation, the interlaminar distance, the 
structure, and the oxidation state of the bulk materials. The 
interlayer spacing (d-spacing, nm) of GO and rGO samples 
were calculated using Bragg’s law as given by Eq. (1):

where λ is the wavelength (nm) of the incident X-rays and 
θ is the angle (degree) of incidence. The XRD patterns of 
GO, AA-rGO, H-rGO and T-rGO are shown in Fig. 3a. The 
XRD pattern of GO exhibits a prominent diffraction peak 
(002) located at 2θ = 10.8°, with a corresponding interlayer 
distance of 0.78 nm. The expanded d-spacing of GO com-
pared to typical pristine graphite (0.34 nm) is due to the 
oxidation-induced formation of oxygen-containing func-
tional groups between graphite layers [37].

However, after GO reduction, diffraction patterns of 
subsequent rGO samples exhibit new, broad, and less 
intense characteristic peaks at 2θ = 24.5°, 25.01° and 
24.4° with the corresponding d-spacing of 0.36, 0.35, and 
0.36 nm for AA-rGO, H-rGO and T-rGO, respectively. In 
rGO samples, the broad peaks obtained at 2θ =  ~  24o–26o 
corresponds to graphene and are well matched with graph-
ite JCPDS card (no. 75–2078) [38]. Meanwhile, a nota-
ble reduction process-induced removal of oxygen func-
tionalities in GO is confirmed by the reduced d-spacing 

(1)d =
�

2sin�
,

Fig. 2  Schematic shows the critical steps of the scalable synthesis of GO and rGO using different (hydrothermal, thermal, and ascorbic acid) 
reduction methods



1036 Carbon Letters (2022) 32:1031–1046

1 3

obtained from the subsequent rGO samples. Furthermore, 
the structural parameters such as the average stacking 
crystallite height (Dc), lateral size (Da) and number (n) of 
parallel graphene layers per domain were determined from 
the XRD diffraction patterns using the Scherrer equation 
(Eq. (2)):

where λ is the wavelength of the incident X-ray, β is the full 
peak width of the diffraction peak at half maximum height 
(FWHM) expressed in radians, and k is the Warren form 
factor constant related to the crystallite shape. The k values 
used to calculate Dc and Da are 0.9 and 1.84, respectively. 
The calculated structural parameters of the correspond-
ing GO, AA-rGO, H-rGO and T-rGO are summarised in 
Table 1. Accordingly, the average Dc and Da of GO was 
found to decrease upon subsequent reduction from 7.3 and 
9.7 nm to 1.2 and 6.6 nm for AA-rGO, 1.5 and 4.7 nm for 
H-rGO, 1.3 and 3.6 nm for T-rGO. The decrease may be 
due to the shrinking graphitic domains and the generation 
of more grain boundaries or lateral defects arising from the 
expulsion of graphene layers upon reduction of GO [39]. 
Moreover, the average number of graphene layers (n) per 
domain were calculated using the both Debye–Scherrer and 
Bragg’s equations expressed in Eq. (3) as:

(2)Dc or Da =
k�

� cos �
,

The average number of layers in GO was found to 
decrease from 9 to 3 nm, 4, and 4 nm for AA-rGO, H-rGO 
and T-rGO, respectively, indicating the elimination of oxy-
gen functionalities between individual graphene layers per 
crystallite upon reduction [39].

Raman spectroscopy was employed to examine the GO 
structural quality and crystallite size changes with the reduc-
tion to subsequent rGO (AA-rGO, H-rGO and T-rGO). The 
typical Raman spectrum of graphene-based materials exhib-
its prominent characteristic bands assigned to the first-order 
effect D (1320–1350  cm−1) and G (1570–1605  cm−1) modes, 
and the second-order effect 2D (2640–2680  cm−1) mode 
[40]. The D band corresponds to defects in the graphitic 
structure, and the G band is the in-plane vibration of the 
 sp2 C atoms. The 2D band emerges from the second-order 
double resonant Raman scattering zone boundary [40, 41]. 
Meanwhile, the shapes, intensities and positions of promi-
nent Raman characteristic bands provide specific informa-
tion about the structural properties of GO and rGO samples.

Particularly, the relative intensity ratio of the D and G 
bands (ID/IG) is generally used to estimate the disorder 
degree of graphitic structural defects and is inversely pro-
portional to the effective crystallite size of the  sp2 graphitic 
domains. Furthermore, the crystallite size (La) of a graphitic 

(3)n =
D

c

d002

.

Fig. 3  XRD patterns (a) and Raman spectra (b) of GO, AA-rGO, H-rGO and T-rGO

Table 1  Structural parameters 
of GO and rGO samples 
obtained from XRD and Raman 
spectroscopy characterisation 
technique

Sample XRD Raman

d-spacing (nm) FWHM β(o) Dc (nm) Da (nm) N ID/IG I2D/IG La (nm)

GO 0.78 1.2 7.3 9.7 9 0.90 0.34 4.9
AA-rGO 0.36 6.8 1.2 6.6 3 1.06 0.37 4.1
H-rGO 0.35 5.6 1.5 4.7 4 0.92 0.55 4.7
T-rGO 0.36 6.4 1.3 3.6 4 0.93 0.48 4.7
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plane can be determined following the relation proposed by 
Tuinstra and Koenig [42] in Eq. (4),

where La (nm) is the average crystallite size in the lateral 
direction of the graphite plate [40]. The Raman spectra of 
GO and its reduced AA-rGO, H-rGO and T-rGO deriva-
tives are shown in Fig. 3b, and the calculated structural 
parameters, ID/IG and La, are summarised in Table 1. As 
expected, the Raman spectrum of GO exhibits two intense 
peaks matching Raman characteristic D and G bands at 1359 
and 1603  cm−1, respectively, as well as a broad 2D band at 
2701  cm−1. The intense D band in GO spectrum indicates 
graphitic structural defects due to the formation of oxygen 
functionalities introduced during oxidation. Meanwhile, the 
relative ID/IG of the GO defects were found to be 0.90, while 
the La of the aromatic lamellae was determined as 4.9 nm.

After GO reduction, the spectra of subsequent rGO 
samples exhibit similar Raman characteristic D, G and 2D 
peaks but with increased relative ID/IG compared to GO. 
Precisely, the relative ID/IG values of 1.07, 0.92 and 0.93 

(4)L
a
= 4.4

I
G

I
D

,

were calculated for AA-rGO, H-rGO and T-rGO samples, 
respectively. The increasing trend in the relative ID/IG values 
of the rGO indicates the formation of more structural defects 
due to the elimination of oxygen groups and a decrease in 
the average La of  sp2 domains after GO reduction.

The calculated La of 4.1, 4.7 and 4.7 nm for AA-rGO, 
H-rGO and T-rGO, respectively, show an inverse relation-
ship with relative ID/IG values and thus obey Tuinstra-
Koenig relation for nano-crystalline substance [40]. The 
obtained La values are slightly different from the Da values 
obtained from the XRD data. Moreover, the calculated I2D/IG 
values increased from 0.34 for GO to 0.37, 0.55 and 0.48 for 
AA-rGO, H-rGO and T-rGO, respectively. The higher I2D/IG 
values indicate a few graphene layers, suggesting good con-
formity with the calculated number of layers from the XRD 
diffraction patterns.

XPS is a crucial technique to predict the quality of 
graphene-based materials. It was utilised to determine the 
surface chemistry of as-synthesised GO and rGO samples. 
Figure 4 exhibits the high-resolution spectra of C 1 s of 
GO, AA-rGO, H-rGO and T-rGO. The C 1 s spectrum of 
GO revealed an overlying doublet peak with a tail towards 
higher binding energy. It indicates that C is linked to the 

Fig. 4  Deconvoluted core level C 1 s XPS spectra of GO (a), AA-rGO (b), H-rGO (c) and T-rGO (d)
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various oxygen functional groups. The C 1 s spectrum could 
be deconvoluted into five peaks at 284.2, 284.7, 286.8, 287.5 
and 288.7 eV and was attributed to C=C  (sp2), C–C  (sp3), 
C–OH/C–O–C, C=O and –COOH groups of the GO [43]. 
The reduction of GO to rGO (AA-rGO, H-rGO and T-rGO) 
demonstrated a significant decrease in oxygen-carrying 
functionalities. Moreover, the peak maxima of C 1 s in the 
rGO was shifted towards lower binding energy and showed 
maximum contribution from C=C/C–C/C–H groups [44].

The atomic percentage of C=C  (sp2) in different rGO 
samples follows order as AA-rGO > H-rGO > T-rGO. The 
atomic ratio of C/O for GO was 2.04, which supports the 
strong oxidation of graphite (Table 2). The atomic ratio 
of C/O was increased for rGO samples and followed 
order as T-rGO (5.11) > AA-rGO (4.50) > H-rGO (4.24) 
(Fig. 5a). These C/O values were comparable to the previ-
ously reported values of GO and rGO [20, 45]. It indicates 
that oxygen functionalities significantly decreased in the 
reduced graphene samples. Among different rGO, T-rGO 
exhibited the lowest value of oxygen, suggesting the high 
reduction of oxygen-carrying groups. However, the per-
centage of  sp2 was higher for AA-rGO than H-rGO and 
T-rGO (Fig. 5b). The quality of graphene can be defined 
based on two critical factors- the percentage of  sp2 and 
carbon content (C). The results have demonstrated that 
AA-rGO has the highest quality than H-rGO and T-rGO 
owing to its highest  sp2% and C content of 65.9 and 81.8%, 

respectively. These values compare favourably to the pre-
viously reported values in the literature [46]. The low-
est  sp2% and high  sp3% in T-rGO suggest more defects 
occurred due to high temperatures. Moreover, Fig. 5c 
shows the changes in the % of the different oxygen func-
tionalities on the oxidised and reduced graphene materi-
als. These % changes clearly show that the oxidation and 
reduction processes were successful.

Table 2  Summarise the 
characteristics of GO, AA-rGO, 
H-rGO and T-rGO

Samples C/O (XPS) Surface 
area 
 (m2/g)

Pore 
volume 
 (cm3/g)

Pore size (nm) Conduc-
tivity 
(S/m)

Zeta potential (eV) Contact 
angle 
(°)

GO 2.04 141.26 0.12 3.3 208.95 − 23.13 36
AA-rGO 4.50 29.50 0.05 7.4 608.76 − 46.73 114
H-rGO 4.24 383.16 0.21 2.1 194.80 − 32.53 112
T-rGO 5.11 368.58 0.71 7.7 389.61 − 28.27 122

Fig. 5  Change in the atomic percentage of carbon and oxygen (a), comparison of  sp2% and C content (b), change in fraction% of the C–C and 
carbon bonded with oxygen functionalities in GO and reduced GO (AA-rGO, H-rGO and T-rGO) (c)

Fig. 6  FTIR spectra of GO and AA-rGO, H-rGO and T-rGO
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The FT-IR spectrum of GO demonstrates an intense 
and broad peak at 3388  cm−1, ascribed to the stretching of 
O–H bonds, indicating the presence of numerous hydroxyl 
groups on the GO surface (Fig. 6). The lower wavenum-
ber peaks at 1721, 1621, 1377, 1235–1150 and 1059  cm−1 
were assigned to the stretching of carboxy/carbonyl (C=O) 
groups, the remaining  sp2-hybridized C after oxidation and 
trapped water molecules, O–H deformations of the C–OH 
groups, C–O–C stretching of epoxides and ethers, and 
C–O (alkoxy) stretching vibrations, respectively. After 
GO reduction, peaks at 3388   cm−1 were decreased in 
intensity and peak at 1721  cm−1 were almost diminished, 
revealing the decomposition of carboxyl groups. The –CH2 
absorption peaks was noticed at ~ 2973  cm−1 (asymmet-
ric) and ~ 2899  cm−1 (symmetric), ascribed to stretching 
modes of alkyl groups that formed on reduction of –COOH 
groups to –CH3 segment. The residual intensity of –OH 
peak in AA-rGO and T-rGO is related to thermally stable 
phenolic groups. The shift of 1621  cm−1 peaks towards the 
low wavenumber indicating the removal of trapped  H2O 
molecules and a slightly increase in peak intensity sug-
gests repairing of  sp2 C in rGO samples. Thus, the appear-
ance of a new peak at 1583  cm−1 shows the restoration of 
 sp2-carbon networks (C=C) in rGO samples. It is noticed 
that epoxy groups are thermally stable and removed during 
hydrothermal reduction, but ether groups are stacked to 
graphene networks as they are found to be hydrothermally 
stable [47]. The peak at ~ 1225  cm−1 confirmed the pres-
ence of ether groups in rGO samples, which hindered their 
complete reduction. Moreover, FTIR results showed that 
phenolic, ether and carboxylic groups were the residual 
oxygen-carrying functionalities after the reduction of GO 
using different methods. It was noticed that the ascorbic 
acid reduction method produced highly reduced graphene 
as residual oxygen-carrying functionalities having low 
intensities.

In Fig. 7a, the UV–Vis absorption spectrum of GO reveals 
a strong peak at 248 nm, which was ascribed to π–π* transi-
tion of remaining aromatic C=C  (sp2) bonds. A shoulder 
at 301 nm was attributed to n–π* transition of C=O bonds 
[37]. The disappearance of this peak in the rGO samples and 
the appearance of a new peak at ~ 271 nm, which is a typi-
cal peak of strongly reduced rGO, noticeably indicate that 
GO is successfully reduced into rGO [48]. The π–π* transi-
tion band of C=C bonds was shifted to a higher wavelength 
(~ 271) after conversion of GO to rGO. During the reduc-
tion process, π-conjugation or restoration of π-conjugation 
increased in rGO, which is required less energy for π–π* 
transition, resulting in the red shift of the absorption band.

Figure 7b illustrates the TGA curves of GO and different 
reduced graphene oxides (AA-rGO, H-rGO and T-rGO). The 
graphene-based materials exhibited distinct three stages of 
mass loss at < 100 °C (I region), 100–360 °C (II region) and 
360–900 °C (III region), which related to the water evapora-
tion, thermal decomposition of oxygen functionalities, and 
carbon combustion, respectively. In GO, the first weight loss 
(16%) at 100 °C was attributed to the evaporation of  H2O 
molecules that are entrapped in the GO. The second weight 
loss at 100–360 °C was noticed due to the thermal decom-
position of thermal liable oxygen functional groups such as 
hydroxyl, epoxides, carboxylic acids, and β-hydroxyl carbox-
ylic acids. Finally, the high temperature loss was ascribed 
to carbon combustion and elimination of aromatic carbons 
(–C=C–) and complicated functionalities (dioxolane, di-
keto, lactol and cyclic structures) [49]. In reduced graphene 
oxide samples, mass loss at ~ 195 °C was found to follow the 
order, T-rGO < AA-rGO < H-rGO, indicating the presence of 
comparatively more thermal liable functionalities in H-rGO. 
The extra weight loss in AA-rGO at 225–325 °C was attrib-
uted to removing ascorbic acid residues. A high tempera-
ture, weight loss behaviour was noticed to be symmetrical 
in T-rGO, like bimodal in AA-rGO, and heterogeneous in 

Fig. 7  UV–Vis spectra (a) and TGA graphs (b) of GO, and rGO (AA-rGO, H-rGO and T-rGO)



1040 Carbon Letters (2022) 32:1031–1046

1 3

H-rGO, highlighting the occurrences of different types of 
oxygen functionalities in rGO. The char yield at 750 °C was 
observed to follow the order: AA-rGO < T-rGO < H-rGO. 
It demonstrated that H-rGO carried the highly stable car-
bon framework among other rGO samples, possibly due 
to wrinkled-sheet structures. The obtained Tmax values 
(GO = 512.1 °C, AA-rGO = 482.5 °C, H-rGO = 484.2 °C, 
and T-rGO = 518.4 °C) suggests that formed materials are 
either GO or rGO; as for GO/rGO, value of Tmax must be in 
range of 475–620 °C (Supplementary information Fig. S1).

The morphological characteristics of GO and rGO sam-
ples are investigated by analysing SEM and TEM images. 
Figure 8 shows SEM images of GO, AA-rGO, H-rGO and 
T-rGO to explain the surface morphological changes. The 
crimped edges carrying re-stacked exfoliated sheets are seen 
in GO. The stacking pattern of GO has appeared on drying 
the sample. These sheets consist of multilayers GO platelet, 
which is also supported by XRD results. After reduction, it 
was noticed that sheets had shredded and overlapped, lead-
ing to curtain-like sheets with zig-zig edges. However, exfo-
liated sheets and porous structures have been observed in all 
reduced samples, but T-rGO has shown the highest porous 
structures with a uniform sheet expansion in the c-axis direc-
tion. As noticed in SEM images, the disordered stacking of 
the rGO sheets is responsible for a broad peak in the XRD 
pattern.

The partially crumpled and folded features with lateral 
dimensions in a few hundred nanometres are seen in the 
GO nanosheets (Fig. 9a, b). The localised intrinsic strain in 

sheets is accredited to the presence of  sp3 carbon centres of 
oxygen functionalities and numerous structural defects in 
the basal plane of GO sheets, which disturbed smooth 2D 
structure and produced roughed surfaces. The folded and 
corrugated morphology is remained in all rGO samples, as 
it is explicitly seen in TEM images (Fig. 9c–h). As seen in 
Fig. 9e, f, H-rGO shows highly wrinkled and corrugated 
morphology because of reduction reaction performed in 
the hydrothermal autoclave at high-pressure conditions 
that introduced high localised strain in 2D structure. This 
could be further supported by the occurrence of ether bonds 
between sheets and the presence of residual oxygen func-
tional groups along with defects, which is in good agreement 
with FTIR results. Moreover, T-rGO shows fewer wrinkled 
features and mostly folds a few layers of graphene sheets. 
The rGO samples consist of a few layers of graphene sheets 
in each flake, explaining the integrity of the graphene planes 
after the chemical/thermal treatments.

The BET surface area is obtained from the nitrogen 
adsorption–desorption isotherms shown in Fig. 10. The iso-
therms for GO, AA-rGO, and T-rGO exhibit typical type-
IV curves with type H3 hysteresis loops. While the H-rGO 
exhibits the type-I at low relative pressure and a distinct 
hysteresis loop at relative pressure from 0.4, indicating the 
presence of complex pore structures (a combination of micr-
oporosity, mesoporosity and some microporosity) [50]. GO 
display a BET surface area of 141.26  m2/g, which increased 
to 383.16  m2/g and 368.58  m2/g upon reduction to H-rGO 
and T-rGO, respectively, as shown in Table 2. The surface 

Fig. 8  SEM images of GO (a), 
AA-rGO (b), H-rGO (c), and 
T-rGO (d)
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area of T-rGO and H-rGO is noticed to be much higher 
than the reported values of rGO (254  m2/g) [51] (134.31 
 m2/g) [52]. However, a decrease in the BET surface area of 
AA-rGO compared to GO is observed, possibly due to the 
high aggregation of nanosheets with the presence of van 
der Waals interaction between oxygen functionalities of GO 
nanosheets and hidden residues of ascorbic acid. Moreo-
ver, the surface area of GO and rGO samples was higher 
than graphite (7.84 m  m2/g) (Supplementary information 
Fig. S2). Among all samples, T-rGO shows the highest pore 
volume (0.71  cm3/g), and average pore diameter (7.7 nm) 
(Table 1), which is attributed to highly exfoliated defected 
graphene sheets with residual oxygen functionalities.

Based on spectroscopic results analysis, the plausi-
ble mechanism for the chemical changes in the GO dur-
ing reduction processes is proposed in Fig. 11. The oxida-
tion of graphite introduced various oxygen functionalities 
such as hydroxyl, carbonyl, epoxide and carboxylic groups 
onto edges and the basal plane of GO. The hydrothermal 
reduction of GO can be explained in the following steps: 
(a) decarboxylation (–CO2) via eliminating carbon from the 
GO network, (b) dehydration  (H±H2O) to form π bond by 
eliminating –OH and adjacent hydrogen, (c) intermolecular 
dehydration  (H±H2O) to form ether bond between two dif-
ferent GO nanosheets, (d) dehydration (–H2O) to form cyclic 
ether, (e) decarboxylation (–CO2) by consuming the carboxyl 
group, (f) dehydration  (H±H2O) to form epoxide via using 
two adjacent –OH group, (g) epoxide to –OH formation 
by utilising neighbouring hydrogen [53], and (h) reductive 
conversion of carbonyl (–CO) group into –OH group with 
formation of the π bond. The residual oxygen in H-rGO is 
mainly related to epoxide, hydroxyl, and carbonyl groups, 

Fig. 9  TEM images of GO (a, b), AA-rGO (c, d), H-rGO (e, f), and T-rGO (g, h)

Fig. 10  N2 gas adsorption–desorption isotherms of GO, AA-rGO, 
H-rGO and T-rGO samples
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supported by FTIR and XPS. Similar chemical changes were 
noticed in AA-rGO with the further reduction of epoxide, 
hydroxyl, and carboxyl groups, which enhances the uninter-
rupted π network.

Moreover, trapped AA residues could also be seen on 
green reduction, AA and GO can be linked together by 
developing intermolecular hydrogen bonds, which TGA 
well supports. In thermal reduction, low temperature 
(140–150 °C) results in trapped water molecules evapora-
tion and decomposition of unstable –COOH, C–O–C and 
–OH groups. At the same time, high temperature heating 

(200–600 °C) produces defects and oxygen doping on 
T-rGO by forming functional groups such as epoxide 
and carboxyl at the edges and hole defects sites. Also, 
high temperature leads to the ring-opening in the carbon 
network, resulting in an increased number of  sp3 carbons 
and defects, confirmed by XPS. Moreover, the fluffiness 
and increased exfoliation of T-rGO are attributed to quick 
removal of oxygen functionalities and intercalated  H2O, 
allowing gas access to the pores and the formation of 
structural defects during elimination of  CO2/CO and  H2O/

Fig. 11  Schematic diagram of the plausible mechanism for the chemical changes in the GO during thermal, green and hydrothermal reduction

Fig. 12  Electrical conductivity (a) and zeta potentials (b) of GO and reduced GO (AA-rGO, H-rGO and T-rGO)
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CO2 gases. The presence of residual hydroxyl, epoxide, 
and carboxyl groups was confirmed by FTIR and XPS.

3.2  Surface and electrical conductivity properties

Figure 12a exhibits the bulk electrical conductivity of GO 
and rGO samples. The as-synthesized GO sheets demon-
strated conductivity of 208.50  Sm−1 due to the presence of 
many graphite domains and a smaller number of defects, 
which allows easy flow of electrons. The AA-rGO (608.76 
 Sm−1) showed the highest conductivity among GO and 
other rGO due to a high percentage of  sp2 content and fewer 
defects, allowing easy electron transport throughout the 
carbon network. The constriction in current flow (low con-
ductivity 194.80  Sm−1) in H-rGO was ascribed to wrinkled 
and corrugated morphologies of sheets and high content of 
oxygen functionalities. The obtained values of bulk electri-
cal conductivity of GO and rGO are in good agreement with 
the reported literature [54, 55].

Zeta potential analysis was used to evaluate the changes in 
the effective surface charge and stability of GO upon reduc-
tion to its reduced AA-rGO, H-rGO and T-rGO derivatives 
in aqueous solution at pH 6.8. According to the results in 
Fig. 12b, an average zeta potential of -33.7 mV obtained for 
GO indicates the presence of a sufficient amount of negative 
charge density resulting from the oxidation induced –OH and 
–COOH groups on basal and edge sites of GO. In contrast, to 
GO, lower average zeta potentials of − 30.6 and 18.2 mV can 
be observed for H-rGO and T-rGO, respectively, whereas 
a higher zeta potential of − 35.8 mV is observed for AA-
rGO. The lower zeta potential of H-rGO and T-rGO is due 
to the decrease in surface charge density by the reduction-
induced removal of oxygen functionalities in GO. On the 
contrary, the higher zeta potential of AA-rGO compared to 
GO may be due to the increased surface negative change by 
the presence of the ascorbic acid functional groups (–OH 
and –C=O) absorbed on the rGO surface during GO reduc-
tion, as they act as a stabilising moiety and thus leading to 

more stable dispersion and higher zeta potential values [56]. 
Moreover, the samples with measured zeta potential values 
higher than -30 mV indicate excellent stability of the GO, 
AA-rGO and H-rGO particles dispersion in water, compared 
to that of T-rGO (− 18.2 mV) [57].

The surface wetting properties were determined from the 
static water contact angle (WCA) measurements of water 
droplets on the surface of the GO, AA-rGO, H-rGO and 
T-rGO samples, as shown in Fig. 13. The GO sample in Fig 
(a) display complete wettability with the measured average 
WCA of 36°, suggesting excellent hydrophilic properties 
of GO. Such excellent hydrophilic properties result from 
oxidation-induced oxygen functionalities in the GO struc-
ture. After reduction, the WCA of GO increased to 114°, 
112° and 122° for the reduced AA-rGO, H-rGO and T-rGO, 
respectively. Moreover, the observed hydrophobicity in the 
subsequent rGO samples is owing to the reduction-induced 
elimination of main hydrophilic functional carboxyl and 
hydroxy groups in GO.

Comparison of different reducing agents for the con-
version of GO to rGO has demonstrated in Table 3. It was 
noticed that as-optimized reduction methods produced good 
quality rGO compared to other methods.

4  Conclusion

The processes of producing GO and rGO were demon-
strated in batch systems. The oxidation/reduction processes 
described here produced GO and rGO with characteris-
tics that compare favourably with the reported literature 
and are scalable. Following the oxidation step, the rGO 
materials produced, based on hydrothermal, thermal, and 
ascorbic acid reduction (green) processes, have different 
properties that make them suited for various applications. 
These reduction methods were further optimised to pro-
duce a large quantity of rGO per batch (> 10 g). Raman 
spectroscopy and XRD patterns of the rGO materials shows 

Fig. 13  Contact angle measure-
ments of GO (a), AA-rGO (b), 
H-rGO (c) and T-rGO (d)
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all the typical characteristics of few-layer graphene (FLG). 
The results have demonstrated that AA-rGO has the high-
est quality than H-rGO and T-rGO owing to its highest  sp2 
and C content of 65.9 and 81.8%, respectively. Furthermore, 
AA-rGO revealed the highest electrical conductivity due to 
an uninterrupted  sp2 carbon network and a more uniform 
flat surface with fewer defects. The relatively low electri-
cal conductivities of the rGO samples (H-rGO and T-rGO) 
confirm that removing oxygen functionalities from GO left 
a high number of gaps/defects within the lattice and the cor-
rugated structures. The increased surface area of rGO fur-
ther supports the fluffy and highly exfoliated characteristics. 
Additionally, WCA shows GO drops its hydrophilicity after 
the reduction, producing rGO samples with good hydro-
phobicity, which further reaffirms the removal of oxygen 
moieties during reduction. Moreover, zeta potential stud-
ies of GO (− 33.7 mV), AA-rGO (− 35.8 mV), and H-rGO 
(− 30.6  mV) particles dispersed in water demonstrated 
excellent stability, compared to that of T-rGO (− 18.2 mV). 
Among reduction methods, the ascorbic acid reduction is 
the best approach to obtain high-quality graphene. As such, 
rGO materials might not be helpful in high-end electronics 
but are suitable for catalysis, energy storage, environmental 
remediation, biomedical applications, and low-value, high-
volume applications such as composites.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s42823- 022- 00335-9.
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