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Abstract: This study focused on the structural investigation of few-layer graphene (FLG) synthesis
from bituminous coal through a catalytic process under microwave heat treatment (MW). The
produced FLG has been examined by Raman spectroscopy, XRD, TEM, and AFM. Coal was activated
using the potassium hydroxide activation process. The FLG synthesis processing duration was much
faster requiring only 20 min under the microwave radiation. To analyse few-layer graphene samples,
we considered the three bands, i.e., D, G, and 2D, of Raman spectra. At 1300 °C, the P10% Fe sample
resulted in fewer defects than the other catalyst percentages sample. The catalyst percentages affected
the structural change of the FLG composite materials. In addition, the Raman mapping showed
that the catalyst loaded sample was homogeneously distributed and indicated a few-layer graphene
sheet. In addition, the AFM technique measured the FLG thickness around 4.5 nm. Furthermore, the
HRTEM images of the P10% Fe sample contained a unique morphology with 2-7 graphitic layers of
graphene thin sheets. This research reported the structural revolution with latent feasibility of FLG
synthesis from bituminous coal in a wide range.
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1. Introduction

In recent years, the focus on graphene in the research and commercial sectors has
increased remarkably worldwide due to its novel properties such as thermodynamically
stability, transparency, and higher mechanical strength and for its potential applications in
several fields, such as in sensors [1], batteries [2], ultrafast photodetectors [3], transparent
electrodes [4], and advanced nanocomposites [5]. Graphene is a sp2—bonded monolayer
carbon atom arranged in a 2D honeycomb frame. It displays unique electronic properties
with high mobility and transportation [6,7]. SLG has a zero bandgap structure, which
affects its potential electronics applications and optical performance [8]. In contrast, FLG
has attracted more commercial applications due to the potential to control electronic states
using interlayer connections [9]. Currently, the synthesis of SLG and FLG can be achieved
using several methods such as the liquid exfoliation of graphite [10], epitaxy growth in an
ultrahigh vacuum [11], mechanical cleavage [12], chemical vapour deposition (CVD) [13],
chemical reduction [14], etc. Each of the techniques has some drawbacks that are not
feasible for the mass production of graphene [15]. However, these techniques are expensive,
and the production processes also contain toxic chemicals and long processing times. Thus,
there is a need to establish a cost-effective process that is a fast and simple technique
and has scalable production [16]. Among the various methods, the CVD procedure is the
most promising technique to make a high-quality mono- or few-layer graphene with large
coverage areas using catalytic substrates and hydrocarbon gases [17,18].

In addition, coal is an inexpensive and plentiful material worldwide, leading to
alternative applications [19]. Coals and food waste have also been used as solid carbon
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sources instead of gaseous hydrocarbons to produce graphene [20]. Moreover, the graphite
materials are used as a precursor to synthesize the graphene oxide, a time-consuming
modified Hummers reduction process [21]. These days, MW heating plays a significant role
in processing many materials. It has an interaction capacity with materials at a molecular
level, and its polarization plays an important role in heating materials [22]. Moreover, the
heating equality depends on the microwave extrinsic properties (MW frequency, cavity,
and power amplitude) and sample intrinsic properties (size and shape). The sample shape
also plays a crucial role in MW heating consistency and heating rate [23,24]. The MW-
assisted graphene synthesis provides extra benefits compared to the conventional synthesis
methods. It has also been used to synthesise many graphene-derivative products, such
as reduced graphene oxide (rGO) [25], graphene nanoribbons (GNRs) [26], and graphene
oxide (GO) [27], which are frequently used in supercapacitors and battery applications for
energy storage [28,29].

Carbon and its derivatives such as graphite, carbon nanotubes (CNTs), and graphene
are also synthesized using MW radiation. Carbon materials have an excellent MW absorp-
tion capacity due to the delocalisation of pi (7) electrons from the sp? hybridized carbon
atom [30]. However, the CVD method synthesises the multilayer graphene, which has
a multiplicative effect with a better diffusion barrier than SLG [31]. The properties of
FLGs, such as their electronic band structure, depend on the samples due to numerous
crystallographic stacking orders. Therefore, the FLG is used widely in various sectors
due to its potential capacity to control the electronic states through an interlayer interac-
tion [32]. Raman spectroscopy has been extensively used to analyse graphite materials
at the electronic band arrangements and vibrational ranges using the double-resonance
Raman scattering mechanism [33]. The principal features of the Raman spectra such as
the D, G, and 2D bands alter the location, which is related to the structural and electronic
properties of composite materials [34].

With the increasing benefits of graphene-based nanotechnologies, there is a high de-
mand to develop the production techniques for high-quality FLG. However, the industrial
sector also requires cost- and time-efficient graphene production methods with a way to
control layer thickness. The present work synthesized FLG from bituminous coal using a
catalytic graphitization process (iron (III) nitrate nonahydrate) with MW heating for 20 min
at 1300 °C. Raman spectra and mapping were applied to determine numerous aspects of
the graphene produced. The fabricated FLG samples were analysed using XRD, Raman
spectroscopy, TEM, and AFM.

2. Materials and Methods
2.1. Materials and Sample Preparation

The Australian bituminous coal was activated using a potassium hydroxide (KOH)
activation process to increase the porosity of FLG composite materials. The raw coal was
heated at a fixed rate of N, flow (200 mL/min) for 30 min by the electric furnace (Carbolite-
VST 12/300, UK) at 600 °C (10 °C/min) to remove the volatile matter and other lightweight
compounds. The sample was then ground and sieved to <63 um and was consequently
activated by the potassium hydroxide (KOH) at a ratio of 1:4 (coal:KOH) followed by
carbonization at a temperature of 900 °C [35]. According to sample weight percentage, the
Fe(NO3)3-9H,0 (>99.95%) (Merck, Germany) catalyst was mixed overnight with a sample
at 2%, 5%, 10%, and 20%, and then 0.1 M ammonia solution (25%) was used individually
and stirred for 10 min. Finally, the slurry was washed with distilled water, filtered, and
dried at 110 °C. The KOH-modified, iron-loaded porous samples were denoted as P2% Fe,
P5% Fe, P10% Fe, and P20% Fe.

2.2. Synthesis of the FLG Materials

A custom modified quartz reactor and B-type (up to 1600 °C) thermocouple was used
inside a MW oven (Tangshan microwave thermal instrument CO. Ltd.; Beijing, China)
to synthesize and measure the sample temperatures, briefly explained in our previous
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study [36]. In addition, a 3 g sample for each experiment was treated continuously with
N, gas flow (200 mL/min) through the quartz reactor for 30 min prior to the start of the
experiment. The catalyst-loaded samples with different catalyst percentages, from 2% to
20%, were graphitized at a temperature of 1300 °C for 20 min with the same N flow rate.

2.3. Structural Analysis of the FLG Materials

The crystallinity of FLG composite materials was investigated with a Horiba XploRA
PLUS Raman microscope (HORIBA France) with a 532 nm wavelength, which indicated
the three different bands such as D ~ 1350 cm~}, G &~ 1580 cm ™!, and 2D ~ 2700 cm ™!,
which are used to quantify the graphitization degree of samples. The thicknesses and
cross-sectional images of the FLG samples were measured using an Asylum Research
Cypher AFM (Oxford Instruments, CA). In addition, the texture of the FLG samples was
scrutinized by the transmission electron microscope (JEOL TEM 2100) at 200 kV. BET was
used to calculate the surface area of the materials. The X-ray diffraction (XRD) (Bruker,
Berlin, Germany) was used for crystallinity in a wide range of 10° to 80°. Furthermore, the
sample crystal sizes (La) and heights (Lc) with an interlayer spacing (dgg,) were measured
by the Scherrer and Bragg equation. In addition, their g factor values were determined
by the Marie and Meiring rules [37]. The Raman mappings were detected by an electron
multiplication CCD camera (EMCCD). The confocal imaging was 0.5 pm. The fine powder
samples were used to focus the laser on. In addition, three samples were used for each ma-
terial. The repeat scans and acquisition times were dependent on the signal-to-noise ratios
of the samples. The Raman spectra were focussed through a 100x objective microscope
and were optimized at the highest spectral counts.

3. Results and Discussion
3.1. Morphological Analysis of the FLG Materials

XRD diffraction profiles of the Fe catalyst-loaded samples at a temperature of 1300 °C
are shown in Figure 1a. The two distinctive peak positions were at around 26° and 42.5°,
respectively, which can be assigned to 002 and 100 reflections of graphite, suggesting a
typical graphitic structure [38]. The highest intensity peak was obtained for the P10% Fe
sample. The P20% Fe sample’s intensity was 26°, which was less than the P10% Fe sample,
due to having a more amorphous carbon structure. The metallic Fe present at around
45.2° was formed by the degradation of the iron oxide during the graphitization period.
It is also represented as a nucleus to form metallic iron’s graphitic layers [39]. Table 1
shows the structural parameters measured with the XRD using the Scherrer and Bragg
and Marie and Meiring equations, such as the particle size (La), thickness (Lc), interlayer
distance (dog2), and g factor [37]. The results showed that the crystal sizes for the P2% Fe
of 1.42 nm, P5% Fe of 1.50 nm, P10% Fe of 1.98 nm, and P20% Fe of 1.79 nm, as well as
the thicknesses for the P2% Fe of 3.07 nm, P5% Fe of 3.24 nm, P10% Fe of 4.27 nm, and
P20% Fe of 3.85 nm. The P10% Fe catalyst obtained the largest sizes and thicknesses. The
results for the P20% Fe sample were reduced due to the catalytic agglomeration effect and
having a more disordered structure. The values for the degree of graphitization (g factor)
were 85.9%, 90.7%, 96.8%, and 92.2%, respectively (see Table 1). The highest graphitization
was achieved by the P10% Fe sample, with 96.8%. Furthermore, it was found that the
MW catalytic graphitization also assisted in reducing the interlayer spacing distances of
the samples [40]. The interlayer distance (dggp) values were very close for all samples,
showing that the crystal structures changed from disordered to ordered structures. The
interlayer distance (dggp) values for the P2% to P20% Fe samples were in the range of
0.3357-0.3366 nm, which suggested a turbostratic structure due to larger values than those
of graphite (0.335 nm) [41]. At a heating temperature of 1300 °C, the results showed that
the P10% Fe samples had dg, values of 0.3357, which was close to the structure of graphitic
carbon. Moreover, the highest graphitization value (g factor) found was for the P10% Fe
sample (96.8%), which corresponded with the degradation of numerous aliphatic chains
and functional groups [42].
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Figure 1. (a) XRD and (b) Raman spectra of the Fe-loaded samples.

Table 1. Structural properties at the different percentages of Fe catalyst.

Catalyst Loading (% of

Fe)/Parameters P2 P5 P10 P20
Interlayer spacing (dggz) (nm) 1 0.3366 0.3362 0.3357 0.3361
Crystal size (Lc) (nm) 1 1.42 1.50 1.98 1.79
In-plane crystal thickness (La) (nm) 3.07 3.24 4.27 3.85
Ip/Ig 0.89 0.73 0.35 0.62
Surface area (m?g~!) 221.08 275.74 315.45 282.36
“g” factor (%) 2 85.9 90.7 96.8 92.1

! Matches to the (002) graphitic plane, which is calculated from XRD data. 2 The degree of graphitization value
measured from g = (0.344—dp2)/(0.344-0.3354).

The adsorption—desorption isotherm measured the textural properties of composite
samples. The P10% Fe sample-specific surface area was 315.45 m?g~!, which was higher
than the other percentages (see Table 1). It has been found that KOH-activated samples
have higher surface areas than steam-activated single and dual catalyst loading samples
(109.3 m?g~! and 175.61m?g 1) [36,43].

Raman spectroscopy has broadly been applied to scrutinize carbon nanostructures
because it is a nondestructive tool and is sensitive enough to determine molecular bonding
and geometric structures [44]. The Raman spectra for the graphene and graphite were
screened to 1000-3000 cm~! area and showed three prominent peaks such as D, G, and
2D. At 1350 cm ™!, the D peak was attributed to defects present in the samples, and its
intensity also indicated the amount of disordered structure. The G peak (1580 cm™ 1)
corresponded to the sp?-hybridization, and the peak position and intensity are influential
in determining the f graphene layer numbers [45]. The 2D peak (2700 cm ') arose from
the two double resonance phenomena with equal but opposite wave vector phonons and
is the second most prominent graphite band. Ferrari and his co-workers investigated that
the multilayer graphene electronic band structure has changed for the 2D band position,
intensity, and shape [46].

The Raman spectra of P2% to P20% are recorded in Figure 1b. The disordered and
ordered structures are represented by the D and G bands in the Raman spectra, and the
Ip /I ratio showed the graphitization degree. In addition, the Ip /Ig results showed P2%
Fe was 0.89, P5% Fe was 0.73, P10% Fe was 0.35, and P20% Fe was 0.862, with the P10%
Fe sample containing the lowest value (0.35) (Figure 2a). It showed that the homogenous
and continuous graphene carbon nanostructures were formed in the P10% Fe sample [47].
However, the degree of graphitization value for the P20% was higher than the P10% sample
due to the catalytic aggregation, and a high amount of disordered structures were present
in the sample [48].
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Figure 2. Results for: (a) Ip/Ig; (b) bp/Ig; and (c) FWHM of the 2D band function for the different
percentages of the Fe catalyst.

Another prominent 2D band was detected at 2700 cm™~!, which is frequently used
to confirm the thickness of the graphene. In addition, the 2D peak is highly influential
because the duel- or triple-resonance produces a photoexcited electron-hole pair with
a different energy. The layer numbers changed with the nature of the 2D peak, which
indicated that the electronic band structure changed. Moreover, the 2D band positions
lifted to a higher number as percentages of the catalyst were increased, which corresponded
to the increase in the number of graphene layers [49] (see Table 2). Furthermore, the I,p/Ig
ratio determined the number of graphene layers. The lowest ratio for the I,p/Ig was 0.44,
which was observed for the P10% Fe sample, and it corresponded to the FLG structure
(Figure 2b) [47]. Moreover, the I,p/Ip ratio signified the overall crystalline structures
of all samples analysed, shown in Table 2. The P10% Fe sample obtained the highest
Ip/Ip value of 1.24, which indicated a longer graphitic structure [50]. The full width half
maximum (FWHM) of the 2D band measured the number of graphene layers, which is
shown in Figure 2c [51]. The FWHM values for the different percentages of catalyst were
48 £ 0.15 cm™! for P2% Fe, 64 & 0.17 cm ™! for P5% Fe, 75 & 0.26 cm ™! for P10% Fe, and
74 + 0.24 cm~! for P20% Fe, which suggest the formation of FLG, which is supported by
the findings in other studies [47,52] (Table 2).

Table 2. Raman spectroscopy results of P2% to P20% Fe-loaded sample.

Fe (%) Loading/Parameters P2 P5 P10 P20
Position of 2D (cm™1) 2698 + 0.19 2699 + 0.21 2702 £ 0.24 2703 £ 0.22
Lp/Ig 0.88 0.81 0.44 0.72
Lp/Ip 0.98 111 1.24 1.17
FWHM (2D) 48 £0.15 64 +0.17 75+ 0.26 74 +£0.24

The Raman mapping was applied to determine the thicknesses of graphene [53]. The
results of the Raman intensity mapping for the P10% Fe sample on a quartz substrate
are represented in Figures 3 and 4. The peak area locations for the three (3) bands were
1350 cm 1, 1580 cm ™!, and 2700 cm~—!, which are displayed in red, green, and blue,
respectively. The mapping indicated that the sheets were homogeneously spread on the
quartz substrate (Figures 3 and 4). The brighter zones of the D band showed the sample’s
high intensity (Figure 3). In addition, the defects were larger in the perkier region, ascribed
to edge defects. The degree of graphitization ratios (Ip/Ig) for the points (1), (2), (3), (4),
(5), and (6) were 0.15, 0.19, 0.28, 0.32, 0.34, and 0.37 respectively. The defect ratios for points
(1)—(3) were 0.15-0.28. However, points (4)—(6) were 0.32-0.37, indicating that the lower
height of the D band was correlated with the high quality of the FLG, and the other findings
are supported. Furthermore, the D band arises from the red boundary. The histogram of
Ip /I ratio of 600 data points was obtained using the Raman mapping. It is clear from the
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histogram graph that the Ip /I ratio of all samples remained the same value, and the low
intensity of the D band represents the FLG obtained.
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Figure 4. G and 2D bands Raman mapping with a histogram of the I,p /I ratios of P10% sample.

The Raman intensity mapping at various points for the G and 2D are presented in
Figure 4. The G and second order 2D bands rise from the green and navy-blue boundaries.
Both bands have brighter areas and defect zones. The I,p /I intensity ratio indicated the
layer numbers of the graphene sheets, which are obtained from the Raman mapping. The
I,p/Ig intensity ratios were around 78% for points (1)—(4), 0.45 to 0.51. However, for points
(5) and (6), the I,p /I values were 0.68 and 0.77, respectively, which was remarkably high
and indicated that the FLG formed. The histogram results also correlated with the Iop/Ig
ratios exposed in Figure 4 [54].

3.2. AFM and TEM Examine the FLG Materials

Morphological changes of the P10% Fe sample were examined using AFM, and the
results are displayed in Figure 5. The thickness of the graphene was measured with
the AFM technique by studying the upper view image and the cross-sectional of the
composite materials [55]. Figure 5 shows that the graphene sheets were sound-exfoliated
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and that the average sheet thickness was around 4.5 nm, which indicated the existence of
FLG sheets [56].

T T T T
50 100 150 200 250

nm

(@ (b)
Figure 5. AFM image of the P10% Fe sample with corresponding line profile.

The structure and morphology were further investigated by employing TEM to
confirm the FLG materials. The TEM micrograph for the P10% Fe sample showed FLG-
like nanosheets at numerous magnifications on a lacy carbon grid (Figure 6a,b). The
graphene plate was thin, and the plane with the wrinkles formed the back foldaway and
touched the edge because of the transfer method. A transition metal such as Fe could
reduce the melting temperature of the Fe and carbon due to their d-electron configu-
ration and ionization abilities. The amorphous carbon melted over the catalyst at the
supersaturation point of Fe—C. As a result, the graphitic layer was formed due to the
dissolution and precipitation mechanism, whereas the catalysts worked as nuclei [57,58].
In addition, the Fe—C eutectic point was 1148 °C, which was recorded from the Fe-C phase
diagram [59]. The high-resolution HRTEM images of the P10% Fe sample in the selected
regions highlighted the distorted nanosheets containing around 2-7 layers (Figure 6¢,d).
The KOH-activated sample achieved a fewer number of layers of graphene compared to
the steam-activated sample [43].
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Figure 6. (a) and (b): TEM of the P10% sample with different magnifications. (c,d): the HRTEM
showing the FLG sheets (and the FFT image in the inset of (d)).

The HRTEM images also identified that the interlayer distance was around 0.34 nm
(Figure 6d), which resembled the plane structure of FLG (002). It also agreed with the XRD
data, as mentioned above. Furthermore, the fast Fourier transform (FFT) image (inset of
Figure 6d) showed the hexagonal spot configuration. It confirmed the six-fold symmetry
graphene features with the crystalline nature of the materials [60].

4. Conclusions

The coal-based synthesis of FLG was fabricated through potassium hydroxide mod-
ification with an MW graphitization technique. It was found that the catalyst loading,
microwave temperature, and potassium hydroxide activation played significant roles in
manufacturing the FLG composite materials. The synthesis of the P10% Fe-loaded sample
at a heating temperature of 1300 °C created a unique morphology with 2-7 graphitic layers
and lower defect levels, demonstrating that more regular and continuous thin sheets of
graphene were formed. The catalyst loading percentages determined the structural change.
The results of the TEM analyses revealed the sheets of the synthesized graphene (P10%
Fe). The Raman mapping measurements showed that at 1300 °C, the P10% Fe-loaded
sample was homogeneously distributed. The average detected Ip/Ig ratio was around
0.35, and the highest I,p /1 values were 0.68-0.77, indicating a sheet of FLG. Moreover, the
AFM technique measured that the thickness of the FLG was around 4.5 nm. The few-layer
graphene has several potential applications in many fields such as energy storage (lithium-
ion battery and supercapacitor), biomedical applications to targeted drug delivery, sensors,
membranes, and the electronics arena.
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