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INTRODUCTION

Graphene-wonder material of carbon is a monolayer,

hexagonal structure having exceptional physical, chemical and

mechanical properties [1-3]. Graphene is synthesized from

variety of precursors like graphite, graphene oxide, carbon

nanotubes, carbon fibres and activated carbon. Physical

approach such as mechanical exfoliation, lithography and other

approaches such as hydrothermal treatment, electrochemical

oxidation, proton ablation and chemical oxidation have been

used for the synthesis of graphene [4,5]. However, most of the

above stated precursors and production methods are too

expensive and are optimized for the production of graphene

with a homogenous sp2 phase [6,7].

For applications, defect is introduced in graphene which

enhances its property and this could be extrinsic, intrinsic or

mixed phase of sp2-sp3 carbon network. The presence of amor-

phous carbon content along with graphene shows the properties

of mixed structure. It is reported that mixing of graphene with

amorphous carbon enhances the hardness and elastic property

significantly. Defect in graphene system is anything that its

symmetry of honeycomb lattice. This can be attributed to edge

effect, grain boundary, vacancy or change in hybridization.

This defect has a major role on the properties of graphene [8,9].

The research on the abundant source of carbon-coal-reveals

that it contains graphite-like clusters and poly-aromatic structures
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similar to sp2 bonding properties of graphene [6,7,10,11]. It

also reveals that carbon in coal has turbostratic structure that

of graphite and amorphous carbon and this could be separated

by simple method like chemical oxidation [7,11]. These nano-

crystallites of coal are confined to a small area and hence very

tedious to extract. Hence, an effective process of deminera-

lization is necessary to understand turbostratic structure of coal.

For this purpose, hydrofluoric acid (HF) was found to be the

best chemical than other reagents since it removes almost all

minerals in coal [12]. Herein, we present the effective synthesis

of mixed phase graphene from the low grade fossil fuel-coal

by the method of chemical oxidation using hydrofluoric acid.

EXPERIMENTAL

A lump of Indian sub-bituminous coal was powdered and

from which 5 g of sample and was pre-treated with chelating

agent (EDTA) for 24 h. The treated coal was filtered and the

residue was dried in vacuum oven. About 2 g of the sample

was mixed with aqueous HF (40 %) in a polypropylene beaker

for 2 h. The mixture was further ultrasonicated for 30 min and

left for gravity separation. The mixture was washed with

deionized water several times to remove acid content. It was

further centrifuged at 5000 rpm to separate the residue and

the supernatant. The residue was dried in the vacuum oven at

110 °C to obtain a dry powder of leached coal to investigate



the graphene nanostructures. The chemicals used were

analytically pure and used as received.

Characterization methods: X-ray powder diffraction

(XRD) profile were obtained from a Bruker AXS D8 Advance

X-ray spectrometer using CuKα radiation. Raman spectra were

measured using Lab RAM HR spectrometer while the Fourier

transform infrared (FTIR) spectra were recorded from a

Thermo Nicolet 370 spectrophotometer. The atomic structure

of GOQDs was investigated by high resolution transmission

electron microscopy (TEM) using JEOL/JEM 2100 system.

SEM micrographs and EDS spectra were recorded with

GEMINI ULTRA 55 high resolution microscope.

RESULTS AND DISCUSSION

The XRD profile of graphitized coal two peaks namely

γ-band and π-band (at 2θ = 18.29° and 24.85° as in Fig. 1).

The π-band originate from aromatic ring while γ-band from

aliphatic chains. The symmetric (002) band around 24° indicated

the existence of π-band and broad band at 18.29°, confirming

the saturated structures at the edge of crystallites. The higher

intensity in the low angle range is attributed to inter-particle

and small angle scattering by fissures, nanopores, heterogen-

eities, etc. present in the carbon lattice [8,11]. The diffraction

centered around 26° is mainly indicating the presence of amor-

phous content along with crystalline carbon.
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Fig. 1. X-ray analysis of graphene layers from sub-bituminous coal-

deconvoluted spectrum

Lateral size (La) and stacking height (Lc) were calculated

and are found to be 4.82 nm and 1.41 nm, respectively. The

average number of aromatic layers (N) and average number

of carbon atoms per aromatic lamella (n) are estimated as 5

and 8, respectively. The d-spacing (d002) is found to be 0.353

nm, which is in concurrence with the previous reported value

for graphene like system [11].

Raman analysis (Fig. 2) shows features at 1148, 1274 and

1307 cm-1 (ta-C) attributed sp3 carbon. Previous studies [3,13]

assigned this band to hexagonal diamond, nanocrystalline

diamond or sp3 rich carbon structures. Bacsa et al. [14] labelled

the origin of this band to mixed structure of sp2-sp3 network.

We assign this band to sp2-sp3 mixed structure which is suppor-

ting the XRD analysis result.
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Fig. 2. Raman spectra of leached sample

The in-plane vibrational mode of sp2 hybridized carbon

atoms of graphene nanostructures are observed at 1582 cm-1.

Empirically, the band position can be correlated to the number

of aromatic layers present in the sample:

ωG = 1581.6 + 11/(1 + n1.6) (1)

where ‘ωG’ is position of band in wavenumber and ‘n’ is number

of layers present in the sample [15-17]. Number of layers is

enumerated with the eqn. 1 and is found to be 5 which is

agreeing with the results of XRD analysis.

Other two noticeable peak, D and D’, are attributed to the

defect-induced Raman features, which is absent in highly

crystalline graphite. The D band (at 1380 cm-1) is due to the

delocalized π states around the sp2 chains [4,15,18]. The

intensity ratio (ID/IG) is a measure of defect quantity in graphitic

materials is found to be 0.54 indicating low defect. The intensity

ratio (ID/ID’) gives the information about nature and concen-

tration of defects. This was found to be 3.40 and refers to

boundary-like defects as reported by Eckman et al. [16] in

graphene system.

The large number of defects and disorder can lead to defect

activated bands such as D band and an overtone of D-2D band.

These bands may lead to a broad peak due to merging and

result as a bump like shape for the 2D band [19,20]. The 2D

band is fitted with multiple Lorentian profile has 6 peaks, the

3 intense peaks are G*, G’, D+D’ bands at 2431, 2630 and

2859 cm-1 and other peaks are cosidered to be residual peaks

(Fig. 3) [1,4,9,17,21].

The position of G’ band is a function of number of layers

and order of stacking of the graphite sample. For a perfectly

stacked few layer graphene (about 6-8 layers), the 2D peak

(G’ peak) exhibits two peak profile [21]. With increase of

disorder, the G’ shoulder shift upwards and finally erges with

G’ band resulting a single 2D band (G’ band). Thus, the Raman

analysis showed that after chemical oxidation the structure of

carbon in sub-bituminous coal was converted into a mixed phase

graphene nanostructure containing both sp2 and sp3 compo-

nents. The Raman analysis also confirms the presence of multi-

layer graphene nanosheets that contain mixed phase sp2-sp3

components than a pure sp2 graphene layer.
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Fig. 3. Second order Raman spectrum

FTIR spectra of the sample (G1H) are as shown in the

Fig. 4. The band at 3443.41 cm-1 is indicating the O-H stretching

vibrations of hydroxyl groups. The band at 1598.58 cm-1 shows

the presence of C-C stretching in the graphitic domain in the

sample. The absorption at 2916.88 cm-1 originates from the

aliphatic groups in coal samples [8]. Absorptions at 998.26

cm-1 is attributed to the C-O stretching vibrations and those at

1252.34 cm-1 are due to C-O-C stretching. The peak at 1439.95

cm-1 is due to the C-OH bond stretching [8]. The spikes bet-

ween 998.26 and 600.42 cm-1 are attributed to the C-H loop

bending vibration and they also indicate aromatic structure in

the coal [8,22].
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Fig. 4. FTIR analysis of graphene structure from coal

The SEM image of the obtained graphene layers is shown

in Fig. 5. The surface reveals the formation of layer like structure

with average size of about 43.13 nm. There is a formation of

large number of carbon layers with different shape in the

nanometer scale range. This confirms the formation of layered

nanocarbon of less than eight layers in the coal after acidic

oxidation. The elemental analysis by EDS (Fig. 5) confirms

the presence of carbon and oxygen in the layer structure indicating

the formation of graphene oxide layers (C = 83.13 wt %, O =

16.87 wt %).
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Fig. 5. Surface morphology of grapheme structure extracted from coal and

EDS analysis

Transmission electron microscopic analysis: The TEM

image of the nanocarbon obtained from the sub-bituminous

coal is presented in Fig. 6. During the detailed electron micro-

scopic analysis (HRTEM), presence of carbon nanomaterial

in the leached product of coal are noticed. Spherical carbon

dots having diameter in the range about 15 to 5 nm is formed

in the sample.

Fig. 6. TEM micrograph of sub-bituminous coal (G1H)

Formation of graphene dots in the shape of hexagonal,

spherical, graphene layers and corn shaped carbon nano tubes

are noticed. Carbon nanotube in form Y-junction and bamboo

are also observed in the micrograph. At some part, clustering

spheres and formation of multilayer and honey comb structure

are noticed. This is owing to the van der Waals forces leading

to the agglomeration of carbon dots [3,6]. The TEM analysis

confirms the formation of mixed phase structure of carbon

nanomaterial in the leached product of sub-bituminous coal.

It is concluded that bituminous coal is an effective precursor

for carbon dots of size less than 10 nm. From the sub-bitu-

minous coal could easily extract graphene layers and carbon

nanotubes whereas the lignite is a potential precursor for

multilayer graphene.
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Conclusion

In conclusion, we report a facile synthesis of mixed phase

graphene nanostructures from low grade coal by the method

of acidic leaching. XRD results confirm the formation of mixed

phase graphene nanostructures with 5 layers and hence prove

turbostratic structure of coal. D2 peak at 1387 cm-1 in Raman

spectra prove the presence of sp2 and sp3 bond-amorphous

carbon structures. The broad 2D region also support that

obtained sample is a mixed phase graphene nanostructure with

multi layers. Defect to graphitic ratio and (ID/ID’) ratio was

found to be 0.54 and 3.40, respectively confirming the presence

boundary like defects in the mixed phase graphene nano

system. The crystalline carbon within the coal structure is

displaced during oxidation, resulting in the formation of mixed

structure nanometer-sized graphene with amorphous carbon.

The average plane dimension parameters of the random layered

graphene sheets shows that La and Lc of sub-bituminous coal

were 4.82 and 1.41nm, respectively. The SEM morphology of

the sample revealed the formation of graphitic layers in the

sample. The TEM analysis confirms the formation of mixed

phase structure of carbon nanomaterial in the leached product

of sub-bituminous coal. The synthesis of mixed graphene

structure with controllable defect could lead to new advances

in the utility of coal as a novel material.
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