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Facile synthesis of preformed mixed nano-carbon structure
from low rank coal
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Coal is a natural energy resource which is mainly used for energy production via combustion. Coal has nanocrystals
embedded in it, formed during the coalification process, and is an ideal precursor for nano-carbon dots and diamonds. Herein,
we report a facile top-down method to synthesise nanodots and diamonds of the size of 5 nm to 10 nm from three different
types of coal by simple chemical leaching. TEM analysis revealed the formation of a mixture of carbon dots, graphene layers,
and quantum dots in bituminous coal and sub-bituminous coal. Raman analysis confirmed the existence of synthesized nano-
diamond and nano-carbon mixed phase with defects associated with it. It is concluded that graphene quantum dots, nano-
diamonds, graphene sheets and carbon dots present in coal can be extracted by simple chemical treatment. These structures can
be tuned to photoluminescent material for various optoelectronic applications or energy harvesting devices like super capacitors.
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1. Introduction

Coal is an abundant solid fuel, which provides
most of the energy for living and economic ad-
vancement of any nation. With the industrial rev-
olution, coal has turned out to be a vital energy
source across the globe. Besides as an energy
source, it is utilized as an important and vital re-
serve for the manufacturing of chemicals such as
creosote oil, naphthalene, phenol and benzene [1-
5]. With the discovery of carbon nanomaterials,
scientific research on coal based products have re-
ceived ever increasing attention [6—8]. The carbon
crystallites in coal are easy to displace by oxida-
tion, resulting in nanometre-sized graphene layers
with amorphous carbon addends on the edges. Coal
can be turned into glowing quantum dots or fluores-
cent carbon nanoparticles which have a wide utility
in biomedicine, and the imaging of cells and tis-
sues. Graphene nanostructures have been synthe-
sised from anthracite coal and coke by the meth-
ods of simple wet-chemistry and the advantages of
these structures of coal to form sp? nanostructures
have been stated [8, 9]. Coals of different ages have
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been varying their chemical compositions and pos-
sess various ranks. It has also been reported that the
yield of graphene quantum dots (GQDs) is highly
dependent on the rank of coal [7-12]. In addition to
the effective use as an energy source, coals are po-
tential precursors for nanocrystalline carbon dots,
if bond hybridization is controlled in a suitable
way. The main hindrance in the wide utilization
of coal is its inherent mineral matter. Removal of
these inherent minerals is essential for the value
improvement of any low quality coals.

Herein we report a facile method to synthesize
mixed phase nanometre-sized diamond and carbon
dots from sub-bituminous coal, bituminous coal
and lignite. In this investigation we also report a
comprehensive study of nanostructures in coal by
collecting the information obtained by using ad-
vanced characterization tools.

2. Materials and methods

2.1. Materials and pre-treatment

Tertiary Indian coal from Neyveli, India (Lig-
nite), Gondwana coal from Godavari deposit (sub-
bituminous coal) and coal from Damodar Valley
(Bihar-High volatile bituminous coal) were chosen
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as the main material owing to the different ranks
and wide availability. Available coal in a lump was
treated with EDTA (ethylene-diamine tetra-acetic
acid) (0.1 N solution from Spectrum Reagents and
Chemicals Pvt. Ltd.) for one day to loosen the min-
erals present and was then used for synthesis.

2.2. Synthesis method

A lump of pre-treated sample (2 g) and hy-
drofluoric acid (50 mL) (40 % from RFCL Ltd.)
were refluxed in a polypropylene beaker and left
undisturbed for 2 hours. This mixture was ultra-
sonicated at low power (42 kHz) in water for ex-
foliation and for dispersion of nanoparticles for
30 minutes and left undisturbed to settle down.
The mixture was cleaned several times with dou-
ble distilled water and centrifuged at a speed of
5000 rpm to remove non exfoliated coal and other
agents. The residue was dried in a vacuum oven at
110 °C for 8 hours until a dry powder of the sample
was obtained. The same procedure was adopted to
chemically treat all the samples (lignite-L.1H, sub-
bituminous coal-G1H and bituminous coal-B1H).
The obtained product was subjected to various
characterizations. X-ray powder diffraction (XRD)
patterns were obtained using a Bruker AXS DS
Advance X-ray spectrometer. Raman spectra were
measured using Lab RAM HR spectrometer (exci-
tation wavelength of 532 nm). SEM micrographs
and EDS spectra were recorded with GEMINI UL-
TRA 55 high resolution microscope. The TEM mi-
crographs of the samples were recorded by means
of JEM-2100 (JOEL) system.

3. Results and discussion

3.1. Physicochemical characterization of
the samples

Results of proximate and elemental analy-
sis of the demineralized coal samples are pre-
sented in Table 1. The fixed carbon (FC)
content in GI1H sample has changed from
45.66 wt% to 68.89 wt.%, with a reduction
of volatile matter (VM) from 36.90 wt.% to
24.26 wt.%. The ash in bituminous coal (B1H)
was reduced from 12.87 wt.% to 0.1 wt%
accompanied by an increase of 16 wt.% in fixed

carbon content. The elemental analysis results re-
veal that in G1H and B1H sample, carbon and oxy-
gen are the major constituents with hydrogen and
nitrogen as minor elements. Sulphur is also present
in a small amount in all the three samples. In the
L1H sample, the oxygen and volatile matter con-
tent is found to be higher than in the other two sam-
ples. The content of ash is reduced to 0.1 wt.% with
HF leaching of bituminous coal.

3.2. X-ray diffraction analysis

The structural parameters of the samples were
elucidated by the modified Scherer formula as re-
ported in the literature [1, 12, 13]. The X-ray pro-
file analysis of the samples showed two peaks at
20: ~18.29° and 24.85° originated from the -
band and the 7-band (Fig. 1). The 7t-band results
from the aromatic ring while the y-band is due to
the aliphatic content. The diffraction profile shows
broadening of the peak in the 20° to 26° region
mainly due to the existence of carbon nanocrystal-
lites. The narrow peak at 26° in lignite is due to the
minerals present in the coal, mainly in the form of
quartz or silicates. In the G1H and B1H samples,
a peak originating from the hexagonal lattice struc-
ture of the carbon atom is noticed at ~42°. This
peak is not observed in the L1H sample.

The structural parameters of the nanostructured
carbon from all the three coal types are presented
in Table 2. The stacking height is found to be
ranging from 1.40 nm to 3.40 nm due to the pil-
ing of graphene layers in the coal. In case of lig-
nite (L1H), multilayer (about 10 layers) stacking
as that in graphite is observed, while in case of
sub-bituminous coal (G1H), formation of few layer
(5) graphene is noticed. In case of bituminous coal
(B1H), the layer formation takes place between that
of few layers graphene and stacked graphite. The
X-ray analysis confirms the formation of stacked
graphene layers in the coal. The stacking height
increases with a decrease in coal rank, while the
number of aromatic lamellae shows a reverse trend,
with an increase in the rank. Upon chemical synthe-
sis, the high rank coals are converted to few layer
graphene oxide while lignite shows the structure of
graphite with wrinkles.
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Table 1. Elemental analysis of chemically leached coal.

Sample Fixed carbon \r]r(:::::re Ash  Moisture C H N (0] S
p [wt.%] twte VLD WL L%l (wedel [wedel [wede] [wige]
. /0

GlH 68.89 24.26 3.06 3.79 7721 400 1.57 16.64 0.28

B1H 56.96 35.22 0.10 7.72 72.88 468 175 21.37 0.58

LI1H 32.62 43.38 9.53 14.48 3580 2.61 383 56.6 1.10

Table 2. Structural parameters of chemically leached coal.

Sample StaCkm[i Illlﬁlght Le Number of layers Coal rank dggz [nm] In/Ig Ip/Iy
GlH 1.40 5.00 2.48 0.35 0.54 3.40
B1H 2.27 7.00 1.51 0.35 0.58 3.16
L1H 3.40 10.0 0.77 0.35 0.63 6.80

3.3. Raman analysis

Raman spectra of the nanocarbon from the
coal are presented in Fig. 2. Raman spectrum of
graphite comprises strong peaks at 1580 cm~! and
2700 cm~! named as G band and 2D band (a sec-
ond order of D band), respectively. The G band
arises due to tin plane optical phonon modes. G
mode has Ey; symmetry which does not require the
presence of six-fold rings, hence, it occurs at all
sp? sites [13—15]. The 2D band originates from the
double resonance process and hence, appears to be
dispersing in nature. In addition to these bands, a
D band is noticed at 1350 cm™~! which arises due
to the proximity of defect or diamond like struc-
ture [2-4]. The sp3 carbon network shows charac-
teristic Raman features, prominently at 1148 cm™!
and secondary peaks at 1274 cm~! and 1307 cm™!
(owing to tetrahedral amorphous carbon-ta-C) for
sub-bituminous coal [13]. Earlier studies assigned
this band to hexagonal diamond, nanocrystalline
diamond or sp? rich carbon structures. There are
also studies which have designated the origin of
this band to the sp?-sp®> mixed structure [13, 14].
The 2 D region is broad and bumpy with numer-
ous high intensity absorption peaks for the G1H
and B1H samples. This indicates the formation of
wrinkled graphene layers of about 4 to 5 layers.
However, the L1H sample shows no such char-
acteristic peak in the 2D region and behaves like
bulk graphite.

The G band in the Raman spectrum shows the
presence of sp? carbon network. As the layer thick-
ness increases, the position of this band shifts to
lower energy resulting in softening of the bonds
with addition of graphene layers.

Other than the G and 2D peaks, D and D' peaks
are also observed in the spectrum and are attributed
to defect-induced Raman features which are inac-
tive in highly crystalline carbon. The intensity ra-
tio (Ip/Ig) of the D and G band is widely used for
characterizing the defect quantity in graphitic ma-
terials and is found to be 0.54 for sub-bituminous
coal, 0.58 for bituminous coal and 0.63 for lignite.
This reveals the presence of graphitic nano-carbon
with fewer defects. The intensity ratio (ID/Ii)) gives
the information about the nature and concentra-
tion of defects. D peak has generally low intensity
compared to D peak (which usually appears as a
small shoulder of G peak). This ratio was found to
be 3.40 for sub-bituminous coal due to boundary-
like defects, 3.16 for bituminous coal indicating
boundary-like defects and 6.8 for lignite, attributed
to vacancy-like defects [15-18].

3.4. Scanning electron microscopic and
energy dispersive X-ray spectroscopic
analysis

The SEM micrograph of BI1H (Fig. 3a)
shows agglomeration of nanospheres and carbon
dots. The SEM confirms the presence of mixed
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Fig. 1. XRD spectra of nanostructures of (a) sub-

bituminous coal (G1H), (b) lignite (L1H), (c) bi-
tuminous coal (B1H).
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Fig. 2. Raman spectra of nanostructures obtained from

(a) sub-bituminous coal (G1H), (b) lignite
(L1H), (c) bituminous coal (B1H).
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phase nanostructure including nanospheres, carbon
dots, few-layer graphene sheets and multi-layer
graphene [19]. The diameter of the spheres ranges
from 116 nm to 182 nm. Elemental composition
of B1H, computed by EDS revealed the presence
of carbon (78.29 %) and oxygen (20.73 %). The
SEM micrographs of nano-carbon layers in sub-
bituminous coal (G1H) are presented in Fig. 3b.
Formation of nano-spheroids and layers with a
thickness about 43 nm to 47 nm are noticed. The
surface morphology contains the mixed structure
of graphene and nanospheres with irregular di-
mensions. Elemental composition of G1H, com-
puted by EDS reveals carbon (86.78 %) and oxygen
(13.22 %) as the major constituents.

The SEM micrograph of L1H (Fig. 3c) shows
the formation of graphite layers with a thickness
ranging between 540 nm and 879 nm. This indi-
cates the stacking of graphene layers due to the
formation of the bulk structure [18-20]. This re-
sult is consistent with the findings of Raman and
X-ray analysis. Elemental composition of L1H,
computed by EDS reveals the presence of car-
bon (88.09 %) and oxygen (11.91 %) without any
mineral impurity.

The SEM analysis confirms the formation of
layered structure in the coal. The bituminous and
sub-bituminous coals have few-layer graphene and
dots embedded in the structure while the lignite
is prone to stack, like bulk graphite. Bituminous
and sub-bituminous coal are the ideal precursors
for the synthesis of graphene quantum dots and
graphene layers.

3.5. Transmission electron microscopic
analysis

The TEM images of the carbon nanodots
formed in the bituminous coal (B1H) are presented
in Fig. 4. Spherical carbon nanodots of the size of
14 nm to 4.8 nm are observed in the micrographs.
The SAED pattern (Fig. 4c) shows the formation
of highly crystalline carbon dots or nanocrystalline
diamond.

The TEM images of the nanocarbon obtained
from the sub-bituminous coal are presented in
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Fig. 3. SEM micrographs of nanostructures obtained
from (a) bituminous coal (B1H), (b) sub-
bituminous coal (G1H), (c) ignite (L1H).

Fig. 5a to Fig. 5c. Formation of graphene struc-
ture with hexagonal, spherical and corn-shaped car-
bon nanotubes is noticed. Carbon nanotubes in the
form of Y-junction and bamboo junction are also
observed in the micrograph. At some parts,
graphene layers and carbon dots are embedded
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(b)

Fig. 4. TEM micrographs of nanostructure obtained from bituminous coal (B1H): (a) at lower magnification, (b)
at higher magnification, (c) SAED pattern of nanostructure obtained from bituminous coal (B1H).

(b)

©

Fig. 5. (a) and (b) TEM micrographs of nanostructure obtained from sub-bituminous coal (G1H), (c¢) SAED pattern
of nanostructure obtained from sub-bituminous coal (G1H).

in carbon multilayers due to agglomeration. The
SAED pattern shows that there is better crystalline
ordering in the sample. The TEM analysis con-
firms the formation of mixed phase structure of
carbon nanomaterial in the leached product of sub-
bituminous coal [2, 4].

Fig. 6 shows the TEM images of the carbon
nano-materials formed in the lignite sample. Ag-
glomerated carbon spheres and dots have been
formed in the sample. These carbon dots have been
formed by stacking of multilayers of carbon as is
evident from the SAED pattern and Raman analy-
sis [14, 15]. The TEM analysis confirms the pres-
ence of nanostructures in the coal whose size, shape
and stacking depends on the rank of coal.

4. Conclusions

In summary, three types of coal are chosen
as precursors and are investigated for the effec-
tive production of mixed phase graphene-like nano-
structures by simple oxidation followed by sonica-
tion. They have a unique structure and are ideal pre-
cursors for the synthesis of graphene quantum dots,
nano-diamonds, graphene layers, carbon dots and
mixed-phase graphene structure. The properties of
the carbon structure, its shape and size is highly
dependent on the rank of the coal used. It could
be concluded that sub-bituminous, bituminous and
lignite coal can serve as efficient precursors for the
production of carbon nanostructures at low cost
by exploiting a simple acidic oxidation method.
The fabricated nanostructures are mixed phase
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(b)

Fig. 6. TEM micrographs of nanostructure obtained from lignite (L1H) (a) at lower magnification, (b) at higher
magnification, ¢) SAED pattern of nanostructure obtained from ignite (L1H).

in nature. These materials are potential precursors
for the formation of carbon dots and graphene
quantum dots. Their size dependent properties are
worth investigating for advanced applications.
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