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Coal as an abundant source of graphene
quantum dots
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Coal is the most abundant and readily combustible energy resource being used worldwide.

However, its structural characteristic creates a perception that coal is only useful for pro-

ducing energy via burning. Here we report a facile approach to synthesize tunable graphene

quantum dots from various types of coal, and establish that the unique coal structure has an

advantage over pure sp
2-carbon allotropes for producing quantum dots. The crystalline

carbon within the coal structure is easier to oxidatively displace than when pure sp
2-carbon

structures are used, resulting in nanometre-sized graphene quantum dots with amorphous

carbon addends on the edges. The synthesized graphene quantum dots, produced in up to

20% isolated yield from coal, are soluble and fluorescent in aqueous solution, providing

promise for applications in areas such as bioimaging, biomedicine, photovoltaics and

optoelectronics, in addition to being inexpensive additives for structural composites.
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C
oal is the most affordable energy resource currently
being isolated (Supplementary Table S1) and consumed
(Supplementary Table S2) worldwide1. The structure of

coal is complex2–5; the simplified composition contains angstrom
or nanometre-sized crystalline carbon domains with defects that
are linked by aliphatic amorphous carbon6. Although research on
the chemistry of coal has been reported7–9, the angstrom- and
nanoscale crystalline domains of coal are so small and difficult to
access so as to impede their further use in electrical, mechanical
and optical applications. Consequently, coal is still mainly used as
an energy source, in contrast to crystalline carbon allotropes such
as fullerenes, graphene, graphite and diamond that have found
applications in electronics, physics, chemistry and biology10–12.

Graphene quantum dots (GQDs) have been synthesized or
fabricated from various carbon-based materials including full-
erene13, glucose14, graphite or graphene oxides15–23, carbon
nanotubes24 and carbon fibres25. Physical approaches such as
lithography26, which etch the size of graphene to B20 nm in
width, are expensive and are impractical for the production
of bulk quantities of material. Hydrothermal15,16 and
electrochemical24,27 routes provide a facile approach to the
synthesis of GQDs, while the precursor such as fullerene,
graphite, carbon nanotubes and carbon fibres have relatively
higher prices.

In this work, we used an inexpensive facile one-step wet-
chemistry route to fabricate GQDs from the following three types

of coal: anthracite (‘a’), bituminous coal (‘b’) and coke (‘c’). The
morphologies of the three types of GQDs are different originating
from the different structure of coals. These GQDs show stable
size-dependent and pH-dependent photoluminescence (PL) in
aqueous solutions.

Results
Characterizations of coals. Figure 1a illustrates the macroscale
image and simplified nanostructure of coal before any heat
treatment. The crystalline domains are connected by aliphatic
amorphous carbon chains. Scanning electron microscopy (SEM)
shows that ground bituminous coal (Fig. 1b) and anthracite
(Supplementary Fig. S1a) have irregular size and shape distribu-
tions but coke (Supplementary Fig. S1b) has a regular spherical
shape. The chemical compositions of the coals were investigated
by X-ray photoelectron spectroscopy (XPS) and are summarized
in Supplementary Fig. S2a,b and Supplementary Table S3. The
C1s high-resolution XPS reveals that bituminous coal has more
carbon oxidation than does anthracite and coke. The solid-state
Fourier transform infrared (ssFTIR) spectra (Supplementary
Fig. S2c) are consistent with the XPS results, showing the pre-
sence of C–O, C¼O, H–Csp3 and O–H vibration modes for
bituminous coal; a C–O vibration mode was apparent for
anthracite but not for coke, which is obtained from devolatili-
zation and carbonization of tars and pitches28. The Raman
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Figure 1 | b-GQDs synthesis and characterization. (a) Macroscale image and simplified illustrative nanostructure of coal. (b) SEM image of ground

bituminous coal with sizes ranging from 1 to hundreds of microns in diameter. Scale bar, 50mm. (c) Schematic illustration of the synthesis of b-GQDs.

Oxygenated sites are shown in red. (d) TEM image of b-GQDs showing a regular size and shape distribution. Scale bar, 20 nm. (e) HRTEM image of

representative b-GQDs from d; the inset is the 2D FFT image that shows the crystalline hexagonal structure of these quantum dots. Scale bar,

2 nm. (f) AFM image of b-GQDs showing height of 1.5–3 nm. Scale bar, 100 nm.
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spectra (Supplementary Fig. S2d) of anthracite and coke show D,
G, 2D and 2G peaks, while no apparent 2D and 2G peak is
observed for bituminous coal. It is therefore seen that anthracite
and coke contain certain amount of graphite-like stacking
domains, while bituminous coal has a higher proportion of
aliphatic carbon and smaller polyaromatic domains.

GQDs from bituminous coal. As depicted in Fig. 1c, the GQDs
derived from bituminous coal were obtained by sonicating the
bituminous coal in concentrated sulphuric acid and nitric acid,
followed by heat treatment at 100 or 120 �C for 24 h (see Meth-
ods). The microstructure of 100 �C-derived bituminous coal
GQDs (b-GQDs) was investigated by transmission electron
microscopy (TEM), and Fig. 1d shows the b-GQDs with uni-
formly distributed sizes and shapes that are 2.96±0.96 nm in
diameter (Supplementary Fig. S3a). The fast Fourier transform
(FFT) pattern of representative b-GQDs is inset in the corre-
sponding high-resolution TEM (HRTEM) image (Fig. 1e). The
observed hexagonal lattice in the FFT images reveals that the
b-GQDs are crystalline hexagonal structures. Interestingly, we
also observed a few larger dots (420 nm) that were not fully cut,
and we can see many crystalline domains within the dots that are
linked by amorphous carbon (Supplementary Fig. S3b); this
supports the proposed microstructure of coal2. An atomic force
microscopic (AFM) image of the b-GQDs reveals that their
heights are 1.5–3 nm (Fig. 1f and Supplementary Fig. S3c),
suggesting that there are two to four layers of graphene oxide-like
structures.

As expected, the integrated intensity ratios of amorphous D
bands to crystalline G bands (ID/IG) for bituminous coal is
1.06±0.12, which increased to 1.55±0.19 after oxidative cutting
into b-GQDs (Supplementary Fig. S4a) owing to the introduction
of defects to the basal planes and the edges. The b-GQDs show
high solubility in water (415mgml� 1), which is attributed to
the introduction of hydrophilic functionalities. This is verified by
the high-resolution C1s XPS (Supplementary Fig. S4b) where a
new shoulder at 288.3 eV is present, corresponding to the
carboxyl groups. The functionalization is also confirmed by the
increased intensity of C–O, C¼O and O–H vibration modes in
the ssFTIR spectrum (Supplementary Fig. S4c).

The size of b-GQDs can be tuned by varying the oxidation-
cutting temperature. GQDs from bituminous coal produced at
120 �C (b-GQDs*) were characterized by TEM (Supplementary
Fig. S5a). The size and shape of b-GQDs* are normally
distributed with an average diameter of 2.30±0.78 nm
(Supplementary Fig. S5b).

To show the advantage of coal over pure sp2-carbon large flake
graphite structures for synthesizing GQDs, we treated graphite
(Sigma-Aldrich, B150mm flakes) under the same oxidative
reaction conditions that we used for bituminous coal. The
solution of bituminous coal after the oxidation reaction was clear
with little sediment at the bottom of the beaker, while the graphite
reaction product contains large amounts of black graphite flakes
(Supplementary Fig. S6a). After filtration and washing of the
graphite-derived mixture with aqueous and organic solvents, the
collected dried graphite flakes represent 95% w/w of starting
material. The SEM images of these treated graphite flakes
(Supplementary Fig. S6b,c) show that they retain their original
size and structure with flakes 4100 mm. This is because the large
graphite structure usually requires stronger oxidative reaction
conditions, such as KMnO4 with H3PO4 and H2SO4 that were
used for synthesizing graphene oxide29. The disordered
configuration and small crystalline domains that are inherent in
coal confer advantages over graphite such as in easy dispersion,
exfoliation, functionalization and chemical cutting. Indeed, the

stronger KMnO4/H3PO4/H2SO4 conditions can afford GQDs
from coal as shown in Supplementary Fig. S6d, but the workup is
more laborious to remove the manganese salts. Preliminarily,
when using fuming sulphuric acid and fuming nitric acid, higher
degrees of exfoliation and oxidation of the final GQDs was
attained.

GQDs from coke and anthracite. GQDs were also synthesized
from coke and anthracite using the same method that was used
for bituminous coal. GQDs from coke (c-GQDs) and anthracite
(a-GQDs) were characterized using the same analytical techni-
ques as used with b-GQDs. The TEM image of c-GQDs (Fig. 2a)
shows a uniform size of 5.8±1.7 nm (Supplementary Fig. S7a).
More interestingly, the a-GQDs were in a stacked structure with a
small round layer atop a larger thinner layer (Fig. 2b). The
stacked structure was further confirmed by AFM (Supplementary
Fig. S7b,c). The height profile shows several areas with two
adjacent peaks in which the higher peak is one to two layers
higher than the base layer. The average diameter of the larger
stacks of a-GQDs is 29±11 nm (Supplementary Fig. S7d).
HRTEM images of c-GQD and a-GQD with the corresponding
FFT pattern inset both show crystalline hexagonal structures
(Fig. 2c,d). Both c-GQDs and a-GQDs show high solubility in
water and their Raman, XPS and ssFTIR spectra (Supplementary
Fig. S8a–c) are similar to those of b-GQD. The ID/IG ratios of the
coal and corresponding GQDs are summarized in Supplementary
Table S4. Oxidative (in air) and non-oxidative (in argon)
thermal gravimetric analysis were performed on the GQDs
(Supplementary Fig. S9). GQDs tested in air tended to have
higher weight loss and were less stable than those tested in argon
using the same temperature programme. The difference in weight
loss of the GQDs is attributed to their different oxidation levels.
The water content of GQDs is summarized in Supplementary
Table S5. In terms of size and shape, b-GQDs are smaller and
more uniform than c-GQDs and a-GQDs, which probably ori-
ginates from the different intrinsic morphologies of the starting
coals. The yields of isolated GQDs from these three coals are 10–
20 wt% (noting that oxidation has increased the weight of the
final structures).

Discussion
The photophysical properties of the GQDs were investigated by
ultraviolet–visible spectroscopy, PL spectroscopy and time-
correlated single-photon-counting spectroscopy. Figure 3a shows
the PL emission spectra of a-GQDs, b-GQDs* and c-GQDs
excited at 345 nm; the corresponding ultraviolet absorption is
depicted in Supplementary Fig. S10a. The emission maxima of
a-GQDs, c-GQDs and b-GQDs* solutions are at 530, 480 and
460 nm, corresponding to the orange-yellow, green and blue
fluorescence, respectively, shown in the inset photograph of
Fig. 3a. The PL mechanism of GQDs is affected by their size,
zigzag edge sites and the defects effect23. We note that the PL
intensities follows the trend of a-GQDs4c-GQDs4b-GQDs*,
the same trend as their sizes and Raman ID/IG values. The
quantum confinement effect is a major property of quantum dots
that has a size-dependent effect on their PL properties; smaller
quantum dots usually lead to a blue-shifted emission23.
To confirm the quantum confinement effect, we plotted the
PL emission wavelength versus the size of the dots, as shown
in Fig. 3b. When the size of the dots changed from 2.96 nm
(b-GQDs) to 2.30 nm (b-GQDs*), the emission wavelength blue
shifted from 500 to 460 nm; this suggests that these carbon dots
are quantum dots. Although the data strongly support that these
carbon nanoparticles are indeed quantum dots, there remains a
possibility that they do not have completely localized electronic
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states and the florescent properties could be coming from the
remaining conjugated domains or from edge oxygen
functionalities30. Hence, further work on carbon nanoparticle
optical properties is warranted.

PL emission was found to be pH dependent. A gradient PL
intensity change of b-GQDs with pH is shown in Fig. 3c. The

intensity maximizes at pH 6 and 7. A red shift from 500 to
540 nm with decreasing intensity was observed as the pH changed
from 6 to 3. When the pH increased from 7 to 10, the PL intensity
decreased and blue shifted to 460 nm. Figure 3d–f reveals the
excitation-emission contour maps of b-GQDs in buffered
solutions of sodium acetate/acetic acid (pH 3), NaH2PO4/NaOH
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Figure 3 | Photophysical characterizations of GQDs. (a) PL emission of GQDs excited at 345 nm. Inset is the photograph showing fluorescence of

yellow (a-GQDs), green (c-GQDs) and blue (b-GQDs*). The concentration of the GQD solutions was 80mg l� 1 and the pH wasB6. (b) PL emission

wavelength versus the size of the GQDs, smaller GQDs lead to blue shift. (c) PL emission spectrum of b-GQDs excited at 345 nm from pH 3 to 10. The red

arrow shows the red shift of emission with change of pH from 6 to 3 and the blue arrow shows the blue shift of emission from pH 7 to 10. Excitation

and emission contour map of b-GQDs at (d) pH 3, (e) pH 7 and (f) pH 11.

Figure 2 | TEM images of c-GQDs and a-GQDs. (a) TEM image of c-GQDs showing the consistent round shape and size distribution of 5.8±1.7 nm.

Scale bar, 100 nm. (b) TEM image of a-GQDs showing stacking layer structures. Scale bar, 100 nm. (c) HRTEM image of c-GQD. Insets are FFT

patterns of the highlighted areas. Scale bar, 10 nm. (d) HRTEM image of a-GQD. Insets are the FFT patterns of high- and low-layered structure. They both

show crystalline hexagonal patterns. Scale bar, 10 nm.

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms3943

4 NATURE COMMUNICATIONS | 4:2943 | DOI: 10.1038/ncomms3943 | www.nature.com/naturecommunications

& 2013 Macmillan Publishers Limited. All rights reserved.

http://www.nature.com/naturecommunications


(pH 7) and NaHCO3/NaOH (pH 11). In acid and neutral pH
environments, the excitation wavelength maximizes at 380–
400 nm, while in alkaline solution, a new peak of PL excitation
appears at 310–345 nm. It is suspected that the excitation band
from 380 to 400 nm corresponds to the excitation of an
aggregated state and the band at 310–345 nm corresponds to
the non-aggregated state. The deprotonation of carboxyl groups
of GQDs in alkaline solution increases the electrostatic repulsions
between them, overcoming the trend of aggregation through
layer–layer stacking31. The aggregation in acid/neutral solution,
however, reduces the band gap and consequently a red-shift
excitation is observed. The corresponding Jablonski diagram
based on the contour map is depicted in Supplementary Fig. S10b.
A 0.66 eV difference in absorption is observed between the non-
aggregated and aggregated states, which leads to different
emission energy gaps. A photon-screening effect is also seen in
the contour maps showing that the emission wavelength of
b-GQDs is excitation independent. At the same pH environment,
no apparent PL emission peak shift is observed when b-GQDs are
excited from 300 to 400 nm, which is different from other
reported GQDs17,26,32. This is thought to be due to the more
uniform size of the synthesized b-GQDs.

The PL intensity of GQDs decreased while the quantum yield
(QY) increased as the solution was gradually diluted with
deionized water from a concentration of 3mgml� 1 while
keeping the pH constant at 6 (Supplementary Fig. S10c). A slight
blue shift of the PL intensity maximum was observed when the
solutions were diluted; this is attributed to the lower aggregation
of GQDs within the diluted solutions, thus affording higher band
gaps. The relative QYs of different concentrations are summar-
ized in Supplementary Fig. S10d. The lower QY at higher GQDs
concentration may be attributed to the aggregation quenching
effect33 from stacking of polyaromatic structures.

The time-resolved PL decay profiles of b-GQD at pH 3, 7 and
11 are shown in Supplementary Fig. S11a–c, and the correspond-
ing lifetimes, calculated by fitting to exponential functions using
iterative reconvolution, are summarized in Supplementary
Table S6. The observed t1 (o0.5 ns) at pH 3 and 7 is thought
to be due to the PL decay of an aggregated state, which is
minimized in alkaline solution. For pH 7, the lifetime of t3

(43 ns) is longer, which accounts for the higher PL emission at
neutral pH as shown in Fig. 3c. The photostability of the GQDs
was tested and is shown in Supplementary Fig. S11d. No rapid
photobleaching was observed from any of the three GQDs within
2 h; this is far more stable than in the comparison experiment
using fluorescein. This stability will render these GQDs good for
many applications in which organic and small molecule
fluorophores cannot serve because of the latter’s rapid
photobleaching.

In conclusion, we have developed a facile approach to prepare
different nanometer-sized GQDs from various coals and
established that the unique structure of coal is advantageous for
making GQDs. The reduction products of GQDs remain to be
studied as well as their insertions into optical, electronic and
structural composite materials. This discovery could lead to new
developments in coal chemistries.

Methods
Materials. Anthracite (Fisher Scientific, catalogue number S98806), bituminous
coal (Fisher Scientific, catalogue number S98809), coke (M-I SWACO, product
name: C-SEAL), graphite (Sigma-Aldrich, catalogue number 332461, B150 mm
flakes), H2SO4 (95–98%, Sigma-Aldrich), HNO3 (70%, Sigma-Aldrich), H3PO4

(Z85%, Sigma-Aldrich), KMnO4 (Sigma-Aldrich) were used as received unless
otherwise noted. Polytetrafluoroethylene membranes (Sartorius, lot number 11806-
47-N) and dialysis bags (Membrane Filtration Products, Inc. Product number
1-0150-45) were used to purify the GQDs. Mica discs (product number 50) were
purchased from Ted Pella, Inc.

Synthesis of GQDs from coal. In a typical procedure, 300mg of coal was sus-
pended in concentrated sulphuric acid (60ml) and nitric acid (20ml), and followed
by cup sonication (Cole Parmer, model 08849� 00) for 2 h. The reaction was then
stirred and heated in an oil bath at 100 or 120 �C for 24 h. The solution was cooled
to room temperature and poured into a beaker containing 100ml ice, followed by
adding NaOH (3M) until the pH was 7. The neutral mixture was then filtered
through a 0.45-mm polytetrafluoroethylene membrane and the filtrate was dialyzed
in 1,000Da dialysis bag for 5 days. For the larger a-GQDs, the time can be shor-
tened to 1 to 2 h using cross-flow ultrafiltration (Spectrum Labs, KrosFlo Research
IIi TFF system with 3 kD cutoff membrane). After purification, the solution was
concentrated using rotary evaporation to obtain solid GQDs.

Sample characterizations. SEM was performed on a FEI Quanta 400 high-
resolution field emission, 5 nm Au was sputtered (Denton Desk V Sputter system)
on the coal surface before imaging. The TEM and HRTEM images were taken
using a 2,100 F field emission gun TEM with GQDs directly transferred onto a
C-flat TEM grid. The AFM images were obtained on a Digital Instrument
Nanoscope IIIA. The GQDs aqueous solutions were spin coated (3,000 r.p.m.) onto
a freshly cleaved mica substrate and dried at room temperature before imaging.
XPS spectra were measured on a PHI Quantera SXM scanning X-ray microprobe
with a 45� take-off angle and 100 mm beam size; the pass energy for surveys was
140 and 26 eV for high-resolution scans. Raman microscopy was performed with a
Renishaw Raman microscope using 514 nm laser excitation at room temperature.
Thermal gravimetric analysis (Q50, TA Instruments) was carried out from 100 to
800 �C at 5 �Cmin� 1 under argon; the water content was calculated from the
weight loss from room temperature to 100 �C. Ultraviolet–visible spectra were
recorded on a Shimadzu UV-2450 ultraviolet–visible spectrophotometer. Steady-
state PL spectra were obtained in a HORIBA JovinYvon Fluorolog 3. Time-resolved
studies were performed using an Edinburgh Instruments OD470 single-photon-
counting spectrometer with a high-speed red detector, and using a 370-nm pico-
second pulse diode laser. For the photostability test, the quantum dots were illu-
minated with a Mightex 365 nm light-emitting diode with 400mW maximum
power and 11mm aperture.

Relative QY calculation. ^i¼^r {Ii (1� 10�Ar) ni
2}/{Ir (1� 10�Ai) nr

2}, where
Fi is the relative QY with respect to the reference34. Fr ¼ 1, which is the
normalized QY of reference; in this work 0.125mgml� 1 b-GQDs aqueous solution
was used as the reference. The integrated intensities (area) of sample and reference
are Ii and Ir, respectively; Ai and Ar are the absorbance, ni and nr are the refractive
indices of the samples and reference solution, respectively.

Energy gap calculation. E¼ hc/l, where h is the Planck constant; c is the speed of
light; l is the wavelength of absorption or emission.
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Corrigendum: Coal as an abundant source of

graphene quantum dots

Ruquan Ye, Changsheng Xiang, Jian Lin, Zhiwei Peng, Kewei Huang, Zheng Yan, Nathan P. Cook,

Errol L.G. Samuel, Chih-Chau Hwang, Gedeng Ruan, Gabriel Ceriotti, Abdul-Rahman O. Raji,

Angel A. Martı́ & James M. Tour

Nature Communications 4:2943 doi: 10.1038/ncomms3943 (2013); published 6 Dec 2013; Updated 23 Apr 2015

In this Article, the bituminous coal graphene quantum dots (b-GQD) are described throughout this paper as having a crystalline
hexagonal structure. Following further careful study of the high-resolution transmission electron microscopy data, this claim is too
rigorous, and the b-GQDs instead should be referred to as crystalline. This error does not affect the main findings presented in the
paper. In addition, the insets in Fig. 2c showing the fast Fourier transform images of the areas highlighted in the figure panel were
inadvertently switched. The correct version of Fig. 2 appears below.

Figure 2
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