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Abstract: The production of pristine graphene materials for industrialization, often limited by the
complicated synthesis route, has introduced other graphene derivatives with a workable and facile
synthesis route, especially for mass production. For the chemical exfoliation process, the synthesis
involves oxidants and reducing agents to exfoliate the graphene layer from the 3D graphite and remove
excess oxygen-containing functional groups yielding graphene-like materials known as reduced
graphene oxide (rGO). This work feasibly produces rGO with nanoplatelet morphology through the
green solution-processable method. Upon reduction, the crystallite size for the a-axis (Ls) is more
prominent (22.50 A) than the crystallite size for the c-axis (L.) (11.50 A), suggesting the nanoplatelets
structure of the end product, which is also confirmed by the morphology. The integrated intensity
(In/lc) ratio and average defect density (np) of as-prepared rGO confirmed the sp? restoration in the
graphitic structure. Overall, the Raman and X-ray diffraction (XRD) characterization parameters
validate the production of rGO nanoplatelets, especially with four graphene layers per domain,
suggesting that high-quality rGO are achievable and ready to be implemented for the large-scale
production.

Keywords: reduced graphene oxide; exfoliated graphene; feasible method; green route production;
structural properties




618

1. Introduction

Graphene, a single-layered carbon arranged in a honeycomb structure, has attracted massive
scientific interest due to its fascinating electronic, mechanical, and thermal properties, especially in
photovoltaic applications [1-3]. However, since pristine graphene generally has zero band gaps [4],
the application of graphene is limited in thin-film solar cells such as perovskite solar cells leads to the
introduction of graphene derivatives such as graphene oxide (GO) and reduced graphene
oxide (rGO) [5]. The bandgap of graphene derivatives is tunable depending on the surface
functionalization [6,7], making it favorable materials to be incorporated into the photovoltaic devices
where the matching energy levels of the materials used in each component contribute to the efficiency
of device performance. Besides, rGO is designated as a decent option to that pristine graphene as it
can restore the good mechanical [8,9] and optoelectronic [10,11] properties as reported in the literature.
The defect in the rGO structure due to the removal of a few oxygen-containing functional groups
during its synthesis process distinguishes it from the pristine graphene. Also, the remaining oxygen-
containing functional group in the rGO structure opens up to the surface engineering of the composite
reinforcement for broad applications, including energy storage [12,13], building material [14],
sensor [15], anti-corrosion material [16] and photovoltaic [17].

Generally, the graphene synthesis route starts either from the top-down or bottom-up method
where the starting material differs, which are graphite and carbon gas sources, respectively. Usually,
high conductivity graphene sheet is produced from the bottom-up method. However, the high cost and
complex procedure set up limits the utilization. The top-down method offers a low-cost procedure with
a high-quality end product via mechanical exfoliation [18] and a high-productivity end product via
liquid-phase exfoliation [19]. In terms of solution-processable solar cells application, high-dispersity
graphene derivative is favoured to be integrated into the device architecture. Thus, the liquid phase
exfoliation method attracted attention in this field.

Nonetheless, one of the critical challenges in synthesizing bulk-quantity graphene sheets via the
top-down method in industrial is overcoming the intense, cohesive Van Der Waals’ energy of the
p-stacked layers in graphite. However, large amounts of graphene derivatives are quickly produced via
the oxidation process of graphite [20]. To date, the chemical reduction of GO has become the most
widely used method for preparing graphene derivatives due to its cost-effectiveness and bulk
productivity. However, this method usually involves highly toxic chemicals, such as hydrazine [21],
hydroquinone [22], and sodium borohydride [23], which harm human health and the environment.

Therefore, it is highly desired to develop and introduce less-or non-toxic reducing agents to
replace these harmful chemicals, especially concerning the mass production of high-quality rGO. From
the works of literature, few numbers of non-toxic reducing agents are introduced, including
proteins [24], plant extracts [25], and organic compounds [26]. Since non-toxic reducing agents
promote an inexpensive and green environment for the reduction process, it is desirable to develop
sustainable technologies to produce graphene derivatives to cater the industrial needs. Ascorbic acid
is one of the remarkable non-toxic reducing agents because the rGO quality is comparable to hydrazine.
Furthermore, rGO formed by reduction using ascorbic acid showed better restoration of aromatic
structure than hydrazine [27]. Thus, this work demonstrated the production of rGO by using ascorbic
acid as the non-toxic reducing agent to produce rGO with high quality to facilitate the bulk production
of graphene derivatives.
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Usually, the GO was formed from the top-down method and then reduced by the reducing agents.
This work highlights the expedited route to synthesizing rGO straight from the graphite oxide
suspension without undergoing GO formation. The one-pot stir-sonicate technique can expedite the
rGO synthesis route and efficiently reduce using non-toxic ascorbic acid. The fully solution-
processable synthesis method started with the oxidation phase to cut the sizeable sp? carbon sheets into
nanosheets following the modified Hummer’s method. Then, exfoliation occurs during the stirring-
sonication method, followed by the reduction process where the restoring of sp? graphitic structure
happens through removing a few oxygen-containing functional groups. This work aims to contribute
to the knowledge of a facile way of characterizing the quality of high-productivity rGO nanoplatelets
in terms of structural properties via Raman and X-ray diffraction (XRD) parameters that discuss
defects in the graphene regions. Also, the high-quality rGO with nanoplatelets-shaped validated by
three different spots of the FESEM images.

2. Materials and method
2.1. Synthesis of GO

GO was synthesized from graphite via a modified Hummer’s method [28] in this work. Briefly,
1 g graphite fine powder (> 99.5%, Merck) was stirred in an ice-water bath with the addition of 50 mL
H2S04 (95%, Sigma Aldrich) until the temperature was reduced below 10 °C. 3 g of KMnO4 (99%,
R&M Chemical) was gradually added before alternately stirring the suspension at room temperature
for 25 min, followed by 5 min sonication in an ultrasonic bath. The stirring-sonication step was
repeated alternately for 6 h. Then, 200 mL of distilled water was slowly added to quench the reaction
and continued with sonication for 2 h to produce a graphite oxide solution that was later will divided
into two equal parts (one part was further processed for preparation rGO as described below). One part
is used for GO synthesis for comparison purposes. Next, for the GO exfoliation process, 20 mL of
H>02 (30%, Sigma Aldrich) was added gradually into the graphite oxide solution until gas evolution
ceased. The suspension was washed with 1M HCI (37%, R&M Chemical) acid solution and distilled
water several times until reaching pH 7 and filtered to get the precipitate. The final precipitates were
dried in the oven at 60 °C for 24 h and well ground to get GO powder.

2.2. Reduction of GO

For the reduction, ascorbic acid was used as the reducing agent [29]. The rGO production can be
expedited from the graphite oxide suspension in this work. First, IM NaOH (R&M Chemical) solution
was added to the exfoliated graphite oxide solution until reaching pH 6. Then, the suspension was
sonicated for 1 h before slowly adding 0.1 g/mL of dilute ascorbic acid at room temperature before
increasing the temperature to 95 °C, where the reduction takes place for 1 h. The resultant black
precipitates were filtered and washed with a 1M HCI acid solution and deionized water to neutral pH.
Finally, the filtrate was dried in the oven at 60 °C overnight and further ground to get rGO powder as
the final product. This work yielded 1.4 g of rGO powder by 1 g of starting material, graphite.
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2.3. Instrumentation

For structural characterization, the XRD measurement of rGO powder was gained by X-ray
diffractometer (PANalytical, X’PERT PRO) instrument with the Cu K o (1.5418 A) radiation excitation
source. Raman analysis was performed to confirm further the rGO phase and structure using a
UniRAM-3500 Raman spectrometer equipped with the incident laser light of 532 nm. The morphology
and energy-dispersive X-ray (EDX) spectroscopy elemental mapping of the rGO powder was observed
by Hitachi-SU8000 field emission scanning microscopy (FESEM) with an operating voltage of 5.0 k'V.

3. Results and discussion
3.1. Structural and morphology characterization

Raman measurement carries essential information about the crystal structure of graphene
derivatives and the possible presence of disorder or defects in graphitic structure mainly caused by the
synthesis route of the material. The Raman spectrum in Figure 1 shows two dominant bands for
graphene derivatives in which their position and shape provide information on their properties. The G
band is the primary mode representing the planar configuration of sp?> bonded carbons in graphene-
based materials. Pristine graphite shows a sharp G peak, centred at 1558 cm™' because of the
first-order scattering of Eog mode [30], while for GO and rGO, these peaks are centred at 1572 and
1571 em™!, respectively. On the other hand, the D band represents the ‘disorder band’ or the ‘defect
band’ that shows defects caused by breaking in the infinite’s symmetry carbon honeycomb-shaped
lattice. The peak is centred at 1340, 1352, and 1347 cm! for graphite, GO, and rGO. After the
conversion of graphite to GO, the D and G peaks broaden and rise in their intensity because of the
introduction of oxygen-containing functional groups into the graphitic planes. Besides, the G band also
widens and shifts to a higher wavenumber, which is from 1558 to 1572 cm™!. The change in position
of the G band to a higher wavenumber upon the oxidation of graphite indicates amorphization of the
graphite with a substantial fraction of sp> carbon. However, the G peak in rGO shifted to the lower
wavenumber, which identifies the removal of a few oxygen-containing functional groups [31].

Normalized Intensity

graphite

T
1500 2000
Raman Shift (cm™)

Figure 1. Raman spectra of the graphite, GO, and rGO (insert is the chemical structure of
graphite, GO, and rGO).
AIMS Materials Science Volume 9, Issue 4, 617-627
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The integrated intensity (/p//G) ratio characterizes the disorder of the graphitic structure. The Ip/I
value of graphite, GO, and rGO were found to be 0.19, 0.64, and 1.33, respectively, in this work. GO
obtained a higher /p/I¢ ratio than pristine graphite, which confirms the oxidation of pristine graphite
occurred, making the D band appear caused by the hybridization of graphitic order. The presence of
an oxygen functional group in the GO structure would lead to a defect in the graphitic structure. Thus,
there would be more sp> carbon atoms corresponding to the defects in the GO structure. After the
chemical reduction of GO to rGO, the Ip/I; ratio obtained also increased compared to GO.

In contrast, the increment of the Ip/I ratio is not because of the defect in the structure. Since GO
does not comprise a purely sp? structure but a highly disordered structure with a significant sp® content,
the decrease of defects in GO structure after reduction would increase the Ip/lc ratio. After the
reduction process, more sp> carbon atoms surround the defect structure to show a considerable
recovery of the conjugated graphitic framework upon vanishing oxygen-containing functional groups
during the exfoliation process. The restoring of sp? carbon domains happened in the rGO structure,
which can be proven by the high weight percentage, wt% of the carbon element in the rGO structure
obtained from EDX analysis. The average defect density, (np) presence in the graphitic ordering of the
graphene-based materials can be calculated based on Eq 1 [32,33]:

(1.85+£0.5)x10% (1_[)}

nD ) /,Lliser ] G (1)

Where Auser 1s the wavelength of the Raman laser source (532 nm for this work). The calculated
value of np can be summarized according to the order of rGO > GO > graphite (Table 1). Both GO,
and rGO obtained a higher calculated value of np than pristine graphite because of the excessive
hybridization of its graphitic lattice throughout the synthesis route. The Raman peak positions, Ip/lc

ratios, and defect density of graphite, GO, and rGO are summarized in Table 1.

Table 1. Peak position of the D and G bands, /p//¢ ratio, and defect density of the graphite,
graphene oxide (GO), and reduced graphene oxide (rGO).

Materials _Peak position (cm™") Calculated Integrated intensity  Ip/Ig ratio Defect density, np
D band G band D band G band (cm™?) (x 10

Graphite 1340 1558 6311.50 33926.24 0.19 0.32-0.56

GO 1352 1572 294879.05 461638.57 0.64 1.08-1.88

rGO 1347 1568 61386.20 46237.41 1.33 2.24-3.90

The XRD pattern shown in Figure 2 depicted a prominent diffraction peak of (002) plane centred
at a 20 value of 24.42°, indicating average inter-planar spacing, dyo> of 3.64 A for the as-prepared rGO
nanoplatelets. This value has been calculated using the Bragg’s equation (Eq 2):

_nl
" 2sing

2)

Where doo2 is the inter-planar spacing, 4 is the wavelength of the x-ray source (in this work, the
value is 1.5418 A referring to the Cu laser), and 6 is half of the correlated diffraction angle of the (002)
plane. The value obtained is higher when compared to the reported pristine graphite in literature, which
is d~3.4 A [34].
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Figure 3. FESEM image (spot 1) and EDX pattern of as-prepared rGO.

The increment of the inter-planar spacing of rGO compared to graphite suggested the presence of
few remaining oxygen-containing groups on the as-prepared rGO nanoplatelets. The first spot of the
FESEM image in Figure 3 depicted inter-planar spacing in the rGO structure and suggested well-
exfoliated rGO nanoplatelets as the final product. The insertion of oxygen happens through the
oxidation process of graphite to assist in the formation of the exfoliated graphite oxide layer. This
process has happened before the reduction process takes place to produce rGO. Also, a small diffraction
peak appears at 20 of 43.68°, corresponding to the (102) plane conforming to the rGO structure [35].
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Figure 4. FESEM image of as-prepared rGO nanoplatelets (spot 2).

Besides, the XRD spectrum also shows a broader and less intense peak than graphite reported from
literature [36,37], which validates the stacking of randomly packed rGO nanoplatelets, which can be
seen from the FESEM image in Figure 4. Besides, the peaks’ width of the XRD spectrum gives insight
into the graphitic domains’ presence in the macroscopic graphene sheets and is responsible for
evaluating the average size of the sp? cluster in graphene-based materials [38]. The average crystallite
size along the c-axis (L.) and a-axis (L) can be calculated from the well-known Debye-Scherrer
equation as follows Eq 3:

kA
B pcosd 3)

Where £ is the shape factor (L.~0.94; L.~1.84) [39], 4 is the wavelength of the x-ray source, £ is
the full width at half-maximum (FWHM) of the diffraction peak, and € is half of the correlated
diffraction angle (20~24.42° for L.; 20~43.68° for L,). The obtained calculated L, is larger (22.50 A)
than L. (11.50 A) for the as-prepared rGO showing the domain size is more prominent in the in-plan
graphitic ordering manner and observable in the second spot of the FESEM image in Figure 4. Aside
from the well exfoliated as-prepared rGO nanoplatelets, the common feature of crumpled and
aggregated rGO nanoplatelets is pictured in the FESEM image, which is dependent on the chemical
exfoliation methods in the synthesis route [40].

HTI LABIOkV 2.9mm x100k SE(U)

Figure 5. FESEM image of as-prepared rGO nanoplatelets (spot 3).

Meanwhile, the average number of graphene layers (n) per domain can be calculated from the
AIMS Materials Science Volume 9, Issue 4, 617-627
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XRD pattern using the combination of Bragg’s equation (Eq 1) and Debye-Scherer Eq 2, which gives
expression as follows Eq 4 [38]:

LL'
n= (le )

From the calculation, as-prepared rGO is reported to have an average of 4 graphene layers per
domain, which is also pictured under a third spot of the FESEM image in Figure 5. The presence of
fewer graphene layers is essential for rGO production to ensure the efficient reduction process as
eliminating a few oxygen-containing functional groups dissipating the inter-layer attraction and
surface contact, hence expected to improve the electrical conductivity [41] and reduce the
hydrophilicity [42] of the rGO as compared to GO. Overall, the defect present in the rGO structure
because of the synthesis procedure would be beneficial for further hybridization with a photoactive
molecule, polymer, and nanoparticle to create a composite system which is remarkably beneficial for
various applications, including photovoltaic and optoelectronic devices. Table 2 summarizes the
physical parameters calculated from the XRD analysis, confirming the high quality of rGO
nanoplatelets prepared in this work.

Table 2. Physical parameters obtained from XRD analysis of reduced graphene oxide (rGO).

Materials 26° of (002) plane  Inter-planar Crystallite size along Crystallite size Number of layers
spacing, dop> c-axis, L. (A) along a-axis, per domain, n
A L. (A)

rGO 24.42 3.64 11.50 87.45 4

4. Conclusion

In summary, the facile and green synthesis route demonstrated in this work successfully yielded
the high productivity of rGO nanoplatelets. Raman and XRD analysis confirm the hybridization of
graphitic ordering from the starting material, graphite, to the final products, rGO nanoplatelets. The
I/l ratio value from GO to rGO shows victorious restoring of the sp?> domain upon the reduction
process using ascorbic acid as the environmental-friendly reducing agent. The nanoplatelet structure
of rGO was also validated by the physical parameters calculated from the XRD analysis and the three
different spots of the FESEM images. An average of four graphene layers per domain successfully
achieved in this work suggested that this green production approach can expedite the mass production
in industrialization and yield high productivity and quality of rGO nanoplatelets for further use in
broad as optoelectronic, photovoltaic, and environmental applications.
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