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ABSTRACT: Bandgaps of photoluminescent graphene quantum dots (GQDs) synthesized from anthracite have been
engineered by controlling the size of GQDs in two ways: either chemical oxidative treatment and separation by cross-flow
ultrafiltration, or by a facile one-step chemical synthesis using successively higher temperatures to render smaller GQDs. Using
these methods, GQDs were synthesized with tailored sizes and bandgaps. The GQDs emit light from blue-green (2.9 eV) to
orange-red (2.05 eV), depending on size, functionalities and defects. These findings provide a deeper insight into the nature of
coal-derived GQDs and demonstrate a scalable method for production of GQDs with the desired bandgaps.
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B INTRODUCTION Although the long-studied inorganic quantum dots often
have sharper emissions, luminescent carbon-based quantum
dots sometimes show superior performance in terms of their
high biocompatibility while remaining photostable.'*~"”
Graphene quantum dots (GQDs) have been shown to have
minimal toxicity."*'® Methods for preparing GQDs with
specific bandgaps have been developed, for example, by

Tailoring the bandgap of inorganic nanorods and quantum dots
by confining the electrons in zero-dimensional (0-D) or one-
dimensional (1-D) nanostructures has attracted tremendous
research interest and found broad applications in various fields,
such as photovoltaics,"> biomedical and biological imaging>*
and as light-emitting sources.” Conventional methods of tuning

the band structure of these materials include a variety of chromatography with gradient elution of different mobile
approaches, for example, laser molecular beam epitaxy growth phases, cutting of tattered gra;z)(})l_itze2 using amines and element-
of In,O; nanoislands, supramolecular assembly of gold doping of as-prepared GQDs. However, complex separa-
nanoparticles, epitaxial deposition of a compressive shell onto tion techniques, multistep syntheses or high reagent costs have
CdTe quantum dots, plasma-enhanced chemical vapor limited their scalable production.

deposition of silicon quantum dots, and strain control of Here we report a one-step and cost-effective method for the
MoS, layers.®'* However, apart from the problems associated preparation of GQDs from coal. Formerly, we prepared GQDs
with these techniques that require specific and less accessible with controlled bandgaps using a variety of coals that each
instruments or rigid reaction conditions, these inorganic possessed different-sized graphene domains.”® However, here
quantum dots themselves are usually exceedingly expensive to GQDs were prepared solely from anthracite coal, yet we
prepare and they are sometimes toxic materials. This has

limited their broader applications except in the cases where the Received: February 12, 2015

toxicity has not been an issue or where the quantities required Accepted: March 10, 2015

are minute. "1 Published: March 10, 2015
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Figure 1. (a) Schematic illustration of GQD synthesis. (b) Schematic illustration of the separation of GQDs using cross-flow ultrafiltration. TEM
images of the cross-flow ultrafiltration-separated (c) GQDs-S4.5, (d) GQDs-S16, (e) GQDs-S41 and (f) GQDs-S70. (g) Summary of size
distributions of GQDs-54.5, GQDs-S16, GQDs-S41 and GQDs-S70 determined by TEM.

control the bandgaps in two ways. In one case, the GQDs were
rapidly purified using cross-flow ultrafiltration to separate them
by size via variation of the membrane pore size. Such cross-flow
ultrafiltration is used in very large-scale industrial processes for
industrial and municipal water purification and for food
separations.”*** The emission wavelengths of the purified
GQDs depend on their sizes, in accord with the quantum
confinement effect,”® and on their functionalities and defects. In
a second approach, instead of using ultrafiltration, we engineer
the bandgaps of the GQDs by controlling the reaction
temperature of the oxidation process, resulting in the synthesis
of temperature-defined sizes of GQDs with fluorescence
properties covering the visible spectrum. The higher the
temperature, the smaller the GQDs, underscoring the facility
with which the domain sizes could be controllable through
oxidative cutting.

B RESULT AND DISCUSSION

In the first reaction protocol, using an oxidative chemical
reaction and the cross-flow ultrafiltration process, GQDs with
different sizes were prepared. As shown in Figure la, raw
anthracite is first dispersed in a mixed solvent of sulfuric acid
and nitric acid, and then heated at a defined temperature for 24
h, which results in a clear solution. More details are provided in
the Supporting Information. After purification, the GQD
solution was processed with a cross-flow system (Figure 1b)
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using sequentially 3, 10 and 30 kD pore size membranes at ~1
atm transmembrane pressure (TMP).***° Figure lc—f shows
the transmission electron microscopy (TEM) images of the as-
separated GQDs; their corresponding sizes and hydrodynamic
diameters obtained from TEM and dynamic light scattering
(DLS) analyses are summarized in Figures lg and S1
(Supporting Information), respectively. The size distribution
in Figure 1g is statistically averaged from the TEM images with
a sample size of ~150 particles. The distribution of hydro-
dynamic diameters was calculated from the light scattering in
bulk solution. After the purification process, TEM images reveal
that GQDs with average sizes of 4.5 &+ 1.2, 16 + 3.3, 41 + 6.4
and 70 + 15 nm were obtained, while the corresponding
hydrodynamic diameters were 10 + 2.5, 27 + 7.9, 41 + 11 and
76 + 18 nm, respectively. The enlarged size in the DLS analyses
was attributed to the hydration layers around the GQDs. The
corresponding GQD batches are denoted as GQDs-Sx, where
“S” signifies “separated” and “x” indicates the average diameter
from TEM images.

Two solid state NMR experiments employing magic angle
spinning (MAS) were used to study the materials: direct °C
pulse and 'H-“C cross-polarization (CP). The Ilatter is
normally sufficient for characterization of proton-rich materials,
but for the materials studied here, with potentially large proton-
deficient regions, the direct '*C pulse approach was also used.”’
For each type of experiment, a survey spectrum was obtained
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Figure 2. (a) Direct '*C pulse MAS NMR and (b) cross-polarization *C MAS NMR spectra of GQDs-54.5, GQDs-S16, GQDs-S41 and GQDs-S70.

Experimental details are in the Supporting Information.
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Figure 3. (a) XPS survey of GQDs-$4.5, GQDs-S16, GQDs-S41 and GQDs-S70 with Au as the reference. C 1s high resolution XPS spectra of (b)
GQDs-$4.5, (c) GQDs-S16, (d) GQDs-S41 and (e) GQDs-S70. (f) Summary of percentage elemental contents in different functional groups from

(b) to (e).

with a single set of parameters (Figure 2) in order to obtain at
least qualitative information about each GQD sample. Each
experiment reveals a prominent band with a peak maximum at
~130 ppm from aromatic and alkene groups. A signal at ~170
ppm, most likely from carbonyl groups, is also apparent in most
spectra. For each sample, the relative intensities of the
aromatic/alkene and carbonyl signals clearly differ in the direct
Bc pulse and CP spectra. Attempting quantitative interpreta-
tion would require CP spectra obtained at multiple contact
times and direct *C pulse spectra obtained with multiple
relaxation delays. Nevertheless, it is apparent from just these
survey spectra that as the GQD size increases, the direct *C
pulse spectra indicate that a much wider variety of carbonyl
environments is generated, apparently including ketone as well
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as carboxyl functional groups, whereas the CP spectra indicate
that the carbonyl groups in the larger GQDs do not cross
polarize as well as in the smallest GQD. As the GQDs become
larger, the relative content of carbonyl groups becomes smaller.
Likewise, the effect of neighboring protons on peak intensity
becomes small as the GQDs are larger. These results are
consistent with the oxidized graphitic structure of coal-derived
GQDs.>

The chemical structures of GQDs were further confirmed by
X-ray photoelectron spectroscopy (XPS) analyses and Fourier
transform infrared (FTIR) analyses. The XPS survey of GQDs
of different sizes (Figure 3a) indicates that the GQDs primarily
consist of carbon and oxygen. As shown in Figures 3b—e, the
high resolution C 1s XPS spectra of GQDs show the presence
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Figure 4. 2-D excitation—emission contour map of (a) GQDs-54.5, (b) GQDs-S16, (c) GQDs-S41 and (d) GQDs-S70, all at ~80 mg/L in water at
pH 6. (&) Normalized intensity scale bar for panels a—d. (f) Solution of GQDs under 365 nm excitation UV lamp. The left-most vial is the GQDs-
S4.5 solution, then GQDs-S16, GQDs-S41 and the right-most vial is the GQDs-S70 solution. (g) Relationship between the optical bandgap and

GQD size (from TEM) or membrane pore sizes used in the ultrafiltration.

of COOH and C—O peaks at 288.8 and 286.6 eV, respectively.
The relative abundances of these functionalities are summarized
in Figure 3f. The quantitative assessment of relative aromatic/
alkene to carbonyl ratios is not as descriptive as in the NMR
experiments. In the FTIR spectra shown in Figure S2a—d
(Supporting Information), C—H stretching modes appear at
~2980 cm™' in the small GQDs, whereas such functionality
becomes less detectable as the size of the GQDs increases. This
is attributed to the decreasing abundance of edge C—H
stretching as the GQDs became larger. The carbonyl stretches
are clearly seen, but assigning relative intensities between
samples is difficult.

The effectiveness of separating GQDs by cross-flow
ultrafiltration was further assessed by studying the photo-
physical properties of the separated GQDs. Figure S3
(Supporting Information) shows the UV—visible absorption
of the GQDs. Larger GQDs tend to absorb at longer
wavelengths, whereas the absorption of smaller GQDs is
blue-shifted. The broad absorption of larger GQDs is attributed
to the complexity of the electronic states. Figure 4a—e shows
the 2-D excitation—emission contour maps of the GQDs.
Under a 365 nm UV light, these quantum dots solutions emit
light across the majority of the visible spectrum from green
(~2.4 eV) to orange-red (~1.9 eV) regions (Figure 4f). The
correlations between bandgap and size or molecular weight
cutoff are summarized in Figure 4g. As expected, when the
GQDs size increases from 4.5 to 70 nm, the peak emission is
red-shifted from ~520 to ~620 nm, which is in accord with the
quantum confinement effect.”® These GQDs exhibit different
fluorescent quantum yields of 1.1%, 0.89%, 0.65% and 0.38%
using quinine sulfate as a reference standard, as the GQDs size
increases from 4.5 to 70 nm. The decrease of quantum yield as
the size increases suggests that the fluorescence is affected by
the defects in the GQDs because the larger GQDs have fewer
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defect sites per unit area induced by oxidation and
consequently become less emissive. The low quantum Zields
of these GQDs are similar to the published data.’®*® As
reported by Sun and co-workers,” a simple hydrothermal
treatment in base improves the quantum yields. For example,
heating GQDs-54.5 in 0.2 M aqueous NaOH solution raises the
quantum yield to 8.1% or 10%, in air or argon, respectively
(Figure S4, Supporting Information). Similar enhancement was
observed when treating GQDs in 1 M aqueous Na,S at 100 °C
for 1 d. For example, the quantum yield of GQDs-S4.5
increases by ~2X after Na,$ treatment (Figure S4, Supporting
Information).

The separation technique can efficiently produce GQDs with
controlled sizes. For example, the relative yields of GQDs-S4.5,
GQDs-S16, GQDs-S41 and GQDs-S70 were 8%, 30%, 52%
and 10%, respectively. This represents a 1.6%, 6%, 10% and 2%
yield by weight starting from anthracite, therefore an overall
yield of GQDs being 20%.

The second method used to tailor the size of the GQDs
samples was through direct synthesis techniques rather than
separation. This simple method for the production of size-
differentiated GQDs, in one step without cross-flow ultra-
filtration, is based on control of the reaction temperature. The
GQDs synthesized at different temperatures for 24 h are
denoted as GQDs-Tx-y, where “T” signifies “temperature”, “x”
indicates the synthesis temperature and “y” signifies the TEM-
derived size. The higher temperature produces more oxidation
and etches the GQDs into smaller sizes, leading to an enlarged
bandgap. The change in GQD size is shown in the TEM images
(Figure SS, Supporting Information), where the average
diameter of the GQDs are 54 + 7.2, 27 + 3.8, 25 + 5.0 and
7.6 + 1.8 nm as the synthesis temperature rose from 50 to 110,
130, and 150 °C, respectively. The corresponding molecular
weights of the GQDs peaks were 60, 49, 44 and 27 kD, as

DOI: 10.1021/acsami.5b01419
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Figure 5. C 1s high resolution XPS spectra of (a) GQDs-T150-7.6, (b) GQDs-T130-25, (c) GQDs-T110-27 and (d) GQDs-T50-54. (e) Summary
of percentage elemental contents in different functional groups from panels a to d.
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solutions from left to right are GQDs-T150-7.6, GQDs-T130-25, GQDs-T110-27 and GQDs-T50-54, respectively. (g) Summary of the peak
intensities at 300 and 320 nm excitation wavelength from panels a to d.

determined by matrix-assisted laser desorption/ionization mass
spectrometry (MALDI-MS, Figure S6, Supporting Informa-
tion).

As expected, the diameters determined by TEM for the
cross-flow ultrafiltered GQDs that were prepared at 100 °C fit
well into the range of GQDs synthesized at different
temperatures. This becomes more apparent when Figures 1g
and SSe (Supporting Information) are made into a composite
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plot (Figure S7, Supporting Information). The functionality
ratios on the GQDs also change with the synthesis temperature.
Similar to the *C MAS NMR GQDs separated by cross-flow
ultrafiltration, these GQDs synthesized at different temper-
atures show primarily the existence of carbonyl groups and
aromatic/alkene groups at ~170 and 130 ppm, respectively
(Figure S8, Supporting Information). Raising the synthesis
temperature to 150 °C apparently results in a more uniform

DOI: 10.1021/acsami.5b01419
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structure, as the aromatic/alkene and carbonyl signals
significantly sharpen. Differences between the direct '*C pulse
spectrum and the cross-polarization spectrum are particularly
noticeable for GQDs-T110-27; in the direct C pulse
experiment, the aliphatic carbons apparently have very long
BC spin—lattice relaxation times and thus give very weak
signals. In the H-3C cross-polarization experiment, a much
shorter 'H spin—lattice relaxation time enables these aliphatic
impurities, from various -O—C(sp®) and -O—C(sp*)—O-
environments, to be much more readily detected. As shown
in Figure Sa—e, the high resolution C 1s XPS spectra show that
the percentage of COOH functionality increases from ~4% to
~22% and C—C bond content decreases from ~93% to ~65%
as the synthesis temperature was increased from 50 to 150 °C.
The corresponding changes in the NMR spectra (stronger
signal near 170 ppm and reduced aromatic/alkene intensity)
are qualitatively consistent with the XPS results. However, the
noncarboxyl C—O content remained constant throughout the
temperature range.

We further examined the UV—visible absorption and 2-D
excitation—emission of GQDs synthesized at the different
temperatures. The absorption spectra of GQDs synthesized at
different temperatures (Figure S9, Supporting Information) are
similar to the spectra of the GQDs prepared by cross-flow
ultrafiltration. At higher synthesis temperatures, the absorption
curve slopes abruptly in the low wavelength region, whereas at
low synthesis temperatures, the absorption tends to be broad
across the visible region. We further studied the control of the
GQD bandgap through reaction temperature by analyzing the
emission properties of GQDs. As shown in Figure 6a—e, the
emission peak shifts from ~580 to ~420 nm as the temperature
elevates from 50 to 150 °C, corresponding to the orange-red
and blue-green emission color, respectively. The maximum
excitation also shifts from ~320 to ~300 nm as the temperature
decreases from 150 to 50 °C. This red-shift in maximum
excitation is attributed to the narrowing of the bandgap at lower
synthesis temperatures. The change in bandgap is visualized in
Figure 6f, where the GQDs solutions under a 365 nm excitation
UV lamp emit from blue-green to orange-red. The temperature
effect in bandgap engineering of GQDs is summarized in Figure
6g. No apparent change occurs in the emission maxima as the
excitation wavelength changes from 300 to 320 nm. An abrupt
increase in bandgap is observed from 130 to 150 °C. As
summarized in Figure Se, the COOH content increases and the
C—C content decreases at higher temperatures. The tunable
bandgap of GQDs is attributed to both the size effect and
functionality effect.’®*' Because of the inherent smaller
graphitic structure in bituminous coal,” direct synthesis of
GQDs from bituminous coal with blue emission will be easier.
As shown in Figure 7, GQDs extracted from bituminous coal at
120 °C emit blue light under a 365 nm UV lamp.

The effect of reaction time on tuning the bandgap of GQDs
was also evaluated by studying the properties of GQDs
synthesized at 130 °C with different reaction times. As shown
in Figure S10 (Supporting Information), the peak emissions of
GQDs reacted for 1 and 6 h show no apparent shift, indicating
that the reaction time does not appreciably affect the emission
maximum. Instead, the temperature is the determinant factor in
tailoring the bandgap of GQDs. Furthermore, the facile control
of the coal-derived GQD bandgaps is attributed to the
intrinsically smaller 2-D crystalline domain sizes within the
coal when compared to the domain sizes in graphite (Figure
S11, Supporting Information) along with the product defects.
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Figure 7. Emission spectrum of GQDs synthesized from bituminous
coal at 120 °C; excited at 345 nm. Inset shows the GQDs solution
under a 365 nm UV lamp.

B CONCLUSION

We have developed two approaches to obtain GQDs with
controlled bandgaps. One is using cross-flow ultrafiltration to
separate GQDs by size, and the other is directly controlling the
reaction temperature, which affects the final GQD size. These
GQDs display photoluminescence, depending on size and
functionalities, from green to orange-red. The tunable emission
and fluorescence quantum vyield indicates that the photo-
luminescence of GQDs derived from coal comes from the
intrinsic state emission and defect state emission.”* >* These
effective and efficient approaches to tailoring the morphology
of GQDs lead to materials that will be beneficial to a broad field
of applications where sizes, edges and fluorescent band
structures play an important role. For example, in bioimaging
techniques, the fluorescence of the fluorophore could be
engineered and enhanced to minimize the influence of the
intrinsic fluorescence of cells;> in catalyst reactions, the activity
of the catalytic could be increased by manipulating the edges of
the GQDs;***” in metal or chemical detection applications, the
fluorescence wavelength could be tuned to avoid the
interference of the metal or chemical emission.***’
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Detailed procedure for synthesis and separation of GQDs,
sample characterization and supplementary figures. This
material is available free of charge via the Internet at http://
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