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Simple preparation of graphene quantum dots with
controllable surface states from graphitef
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Graphite is economic and earth-abundant carbon precursor for preparing graphene quantum dots (GQDs).
Here, we report a facile and green approach to produce GQDs from graphite flakes via a pulsed laser
ablation (PLA) method assisted by high-power sonication. A homogeneous dispersion of graphite flakes,
caused by high-power sonication during PLA, leads to the formation of GQDs following a laser
fragmentation in liquid (LFL) rather than laser ablation in liquid (LAL) mechanism. The final product of
GQDs exhibits the distinct structural, chemical, and optical properties of pristine graphene itself.
However, graphene oxide quantum dots (GOQDs) with abundant surface oxygen-rich functional groups
are readily formed from graphite flakes when high-power sonication is not employed during the PLA
process. GQDs and GOQDs show a significantly different luminescence nature. Hence, selective
production of either functional GQDs or GOQDs can be achieved by simply turning the high-power
sonication during the PLA process on and off. We believe that our modified PLA process proposed in this
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Introduction

Graphene quantum dots (GQDs), nanometer scale fragments of
one or a few graphene layers, exhibit many more intriguing
functional properties than graphene itself owing to quantum
confinement or edge effects.® Therefore, GQDs can be used in
a wide range of applications such as opto-electronics,” organic
photovoltaic devices,® catalysis® and bio-compatibility applica-
tions' etc. The synthesis of GQDs can typically be classified into
two main categories, bottom-up and top-down methods.
Generally, bottom-up methods are based on the nucleation of
a carbon precursor under the chemical conditions
employed."** Thus, time consuming and costly washing steps
to remove residuals or impurities are often required for bottom-
up methods. For top-down methods, carbonaceous materials
are cut into nano-sized quantum dots by a physicochemical
process such as electrochemical oxidation,"™* hydrothermal
treatment'>'® and micro wave assisted reactions.” However,
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work will further open up facile and simple routes for designing functional carbon materials.

these methods usually suffer from the use of expensive carbon-
precursors such as graphene oxide (GO), reduced graphene
oxide (rGO) or highly oriented pyrolytic graphite (HOPG),
increasing cost of the final products of GQDs. Hence, it is
urgently necessary to develop facile, green, and economic
synthetic method for the synthesis of GQDs, but remains
a challenge.

Pulsed laser ablation (PLA) method, which is a simple and
clean process, has been recently proven as a versatile and
effective technique to synthesize GQDs.'®*" In addition,
graphite is earth-abundant and inexpensive carbon-precursor
for preparing GQDs.”® Functional GQDs have been prepared
from graphite using typical wet-chemical methods.'® However,
only a few papers have been reported for the preparation of
GQDs using graphite via PLA methods. Recently, V. Thongpool
and co-workers synthesized GQDs from the graphite target by
PLA methods.”® T method requires time consuming experi-
mental steps to prepare graphite target by hot isostatic press
and post-heat treatment, diminishing economical merits of
their method.

Here, we first report ultimately cost-effective and green
approach to produce GQDs via PLA process combined with
high-power sonication using pristine graphite flakes as starting
materials. To our best knowledge, the synthesis of GQDs using
unrefined pristine graphite flakes (i.e., not a solid sintered
target) through the PLA has never been reported. We believe
that our method is the most economic and simple way to
synthesize GQDs among the recently reported methods.
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Briefly, 500 mg of graphite flakes was dispersed in 200 ml of
ethanol by high-power tip-type ultra-sonication during the laser
ablation process ensuring for homogeneous dispersion of the
graphite flakes in solvent. Suspension of the graphite flakes in
a vertical column was ablated by using horizontal pulsed laser
with a wavelength of 355 nm. The pulsed laser beam was
focused on the center of graphite suspension.

Results and discussion

Fig. 1 shows high resolution transmission electron microscopy
(HR-TEM) images of GQDs prepared by PLA for 30 min with or
without high-power sonication. The produced GQDs in both
sonication on (on-GQDs, Fig. 1a) and sonication off (off-GOQDs,
Fig. 1b) have average diameters below 10 nm with homoge-
neous size and shape. The size distributions of both GQDs are
shown in Fig. S1.f An average diameters of 3.8 + 0.4 and 4.1 &+
0.3 are obtained for on-GQDs and off-GOQDs, respectively, by
counting more than 55 of GQDs. Also, according to the fast-
Fourier transformation (FFT) patterns (the right insets of
Fig. 1c and d), both of on-GQDs and off-GOQDs are crystallized
in the pristine graphene structure with a lattice parameter of
~0.24 nm as confirmed by the HR-TEM images (the left insets of
Fig. 1c and d). Noted that no crystalline features that corre-
spond to graphite, such as [002] plane, were observed for both of
on-GQDs and off-GOQDs by HR-TEM.?* Atomic force micros-
copy (AFM) was performed to illustrate the topographic
morphology and height distributions of on-GQDs and off-GQDs
(Fig. S2t). The height line profile reveals that the thickness of
on-GQDs and off-GOQDs are less than 2 nm corresponding to 4-
5 graphene layers. Statistical analysis of AFM data indicates that
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more than 80% of the on-GQDs and off-GOQDs has a thickness
between 0.5 and 2.0 nm. Yield of our PLA process was also
calculated by dividing the weight of dried on-GQDs and off-
GQDs products by the weight of the starting MWCNTs. Based
on this method, the yield of on-GQDs and off-GOQDs were
determined as about 8-12%.

X-ray photoelectron spectroscopy (XPS) was employed for
studying chemical bonding nature of on-GQDs and off-GOQDs.
XPS spectra show that both on-GQDs and off-GOQDs present
three main peaks associated with carbon atomss, which are
located at 284.1, 286.0 and 288 eV, corresponding to sp” carbon,
hydroxyl and carboxyl functional groups bonded in sp* carbon
structure, respectively (Fig. 2a and b). Table S1{ depicts the
quantitative analysis of the XPS spectra, where fractions of
carboxyl (%) and hydroxyl (%) groups in on-GQDs and off-
GOQDs are summarized. Interestingly, total fractions of
carboxyl and hydroxyl groups were increased from 12.6% (on-
GQDs) to 46.73% (off-GOQDs). Raman spectroscopy was also
conducted to further investigate the structural defect of on-
GQDs and off-GOQDs as shown in Fig. S6.f The on-GQDs
show a disorder (D) band at 1349 cm " and a sp” bond (G)
band at 1576 cm™" as well as Ip/Ig ratio of 0.72, which smaller
than that of the off-GOQDs (0.9). These results imply that the
synthesized on-GQDs have a pure sp> carbon crystalline struc-
ture with fewer oxygen defects. Also, the broadening of the D
peak (off-GOQDs) is due to an increase in carbon to oxygen
groups such as carboxyl and hydroxyl functional groups.®® This
reveals that during PLA process without tip-type sonication,
oxygen-rich functional groups are introduced on the surface of
GQDs. In other words, chemical compositions and structure of
the GQDs can be precisely tuned by applying high-power

(b)

(d)

Fig. 1 HR-TEM images of on-GQDs and off-GOQDs. (a) TEM images of on-GQDs and (b) off-GOQDs. They both showing the uniform
morphology shape and size. (c) HR-TEM image of on-GQDs and (d) off-GOQDs. Insets are the 2D FFT pattern (right). They both show high quality
crystalline hexagonal patterns of graphene quantum dots. Left side insets show the lattice distance of on-GQDs and off-GOQDs.
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Fig. 2 XPS spectra (a) on-GQDs and (b) off-GOQDs.

sonication for graphite flakes during PLA process. Therefore, it
is necessary to investigate transformation mechanism of
graphite flakes to GQDs under vigorous dispersion condition
during PLA process.

Possible mechanisms can be explained by laser fragmenta-
tion in liquid (LFL) and laser ablation in liquid (LAL) process,
respectively. In top-down processes, the LFL process has been
generally adopted to explain for physicochemical phenomena of
size-reduction and size-distribution of colloidal nanoparticles
by the nano- or pico-second laser.”>** It should be noted here
that facile convection of precursors is essential to obtain
homogenous colloidal nanoparticles by LFL. In contrast, LAL
process is generally used for explaining the formation of
colloidal nanoparticles in bottom-up processes, which is asso-
ciated with the generation of cavitation bubble and plasma
plume near the surface of target due to sequential process of
thermal heating, melting and evaporation by laser irradia-
tion.>?® Notably, the vigorous convection of graphite flakes
driven by the tip-type sonication can remarkably reduce
exposed time of graphite flakes to laser irradiation. This can
also effectively suppress thermal heating of the graphite flakes
during laser irradiation. Consequently LFL process rather than
LAL process dominates the formation mechanism of on-GQDs
when high-power sonication is employed for PLA (Fig. 3a). On
the other hand, graphite flakes may prefer to be aggregated each
other at the bottom of glass vial when the high-power sonication
is off. In this condition, cavitation bubble and plasma plume
are easily generated on the surface of the graphite aggregates
during laser irradiation, where LAL process is likely to be the
dominant formation mechanism of off-GOQDs (Fig. 3b).

Hence, we highly assumed that the intermediates of graphite
flakes synthesized by PLA with or without high-power sonica-
tion shows substantially different morphologies. Morphology
changes of graphite flakes were monitored by ex situ TEM
analysis, which are prepared by laser irradiation for 5 min and
30 min. For LFL process, homogeneous transitions from
graphite flake to on-GQDs were clearly observed as shown in
Fig. 3c-e. At the initial state, the laser is injected to homoge-
neously distributed graphite flakes, where a high pressure can

This journal is © The Royal Society of Chemistry 2019
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be applied on the surface of individual graphite flake.”” Large
graphite flakes are readily exfoliated into well-dispersed small
graphene sheets by a high energetic collision (Fig. 3d). In sharp
contrast for off-GOQDs, the laser energy can be slowly, relative
to LFL process, transferred to the surface of graphite flakes,
leading to the formation of carbon clusters in cavitation bubble.
These carbon clusters with high surface energy tend to aggre-
gate each other, resulting in the highly aggregated graphene
nanosheets when the temperature decreases and the internal
pressure of the bubble drops to the value lower than those of the
surrounding solvent (Fig. 3g).>** The morphology changes
from graphite flake to the aggregated graphene nanosheets
during LAL process was clearly demonstrated for off-GOQDs as
shown in Fig. 3f-g. Off-GOQDs with a few nanometer size was
formed after further ablation of LAL up to 30 min (Fig. 3h). HR-
TEM was performed to study structural characterization of the
intermediates (i.e., graphene nanosheets) of on-GQDs and off-
GOQDs after 5 min ablation (Fig. S31). The graphene nano-
sheets derived from LFL process shows highly crystalline
structure with well-defined lattice fringe of 0.24 nm and the
average size of c.a. 400 nm, while smaller average size of 30 nm
with lower crystallinity was found for off-GQDs derived from
LAL process. Much smaller size of the graphene intermediates
for off-GQDs reveals that the formation of GQDs occurs via
bottom-up process when high-power sonication is not used for
PLA. These drastic differences in the morphology of the inter-
mediate compounds clearly demonstrated that the formation of
on-GQDs and off-GOQDs are mainly dominated by LFL and LAL
processes, respectively. Interestingly, both of on- and off-
GOQDs exhibit similar morphology and size distribution after
complete ablation process but clearly different chemical
compositions (e.g. oxygen-rich functional groups for off-
GOQDs). This highlights that the formation of on-GQDs by
LFL mechanism can effectively minimize surface oxidation of
GQDs caused by thermal effects.

The optical properties, such as photoluminescence (PL),
ultraviolet-visible =~ (UV-vis) and time-resolved photo-
luminescence (TRPL) spectra, of on-GQDs and off-GOQDs are
presented in Fig. 4. Fig. 4a shows the PL spectra of on-GQDs and

RSC Adv., 2019, 9, 38447-38453 | 38449
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Fig. 3 Representative schematic for the possible mechanism of the

(@) LFL and (b) LAL process. The time lamps ex situ HR-TEM images of

graphite flake to on-GQDs and off-GOQDs conversions through the (c—e) LFL process and (f—h) LAL process, respectively.

off-GOQDs in ethanol. Compared to off-GOQDs, on-GQDs show
stronger PL emission. The PL peak intensity of on-GQDs was
about 2 times higher than that of off-GQDs at the same
concentrations. The PL peak position of on-GQDs shows
a shorter wavelength (420 nm) than that of off-GOQDs (465 nm)
under the 360 nm excitation. The digital images of on-GQDs
show clear blue emission (the inset in Fig. 4a, left digital
image), while off-GOQDs exhibits a mixed emission of blue and
green (the inset in Fig. 4a, right digital image). The PL of on-
GQDs and off-GOQDs is dependent on excitation wavelength

38450 | RSC Adv., 2019, 9, 38447-38453

(Fig. S4a and bf¥). PL peak of on-GQDs shifts to longer wave-
length with the reduced peak intensity as excitation wavelength
increased from 300 to 400 nm, where a maximum peak was
found at 420 nm with excitation wavelength of 340 nm. Simi-
larly, the emission peak of off-GOQDs shows an obvious red
shift as excitation wavelength increases, while the PL intensity
remains almost constant. In addition, PL-excitation (PLE) peaks
were observed at around 260 and 360 nm for on-GQDs and off-
GOQDs, respectively. PLE peak of off-GOQDs is broader than
that of on-GQDs while emission dependent PLE properties are

This journal is © The Royal Society of Chemistry 2019
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excitation 360 nm, respectively.

observed for the both samples (Fig. S4c and df). Moreover,
photo-stabilities of the on-GQDs and off-GOQDs were examined
by continuous irradiation using UV lamp (250 W) with different
time duration. As shown in Fig. S4,f there were negligible
changes in PL intensities both of on-GQDs (left) and off-GOQDs
(right) when irradiation time increases up to 180 min, demon-
strating excellent optoelectronic properties of our GQDs.
UV-vis absorbance of off-GQDs shows a broad absorption
spectrum with a gradual change up to 600 nm (Fig. 4b), which is
similar to previously reported UV-vis absorbance results of
graphene oxide QDs (GOQDs) with abundant oxygen-rich
functional groups.*®** Typically, UV-vis absorbance peak near
at 220 nm is associated with &t — 7* transition of C=C, while
peaks at 240 and 340 nm are caused by n — 7* transition of
C=0 bond. Notably, only a weak shoulder at 240 and 340 nm is
observed for on-GQDs, which is similar to UV-vis absorption
spectra of pristine GQDs.**** These reveals that photoemissions
of on-GQDs and off-GOQDs are largely affected by the oxygeous
functional groups on the surface. In addition, the photo
stabilities both of the on-GQDs and off-GOQDs were performed
by under the UV lamp illumination from 250 W for different
durations. A shown in Fig. S5a and b,} there were negligible

This journal is © The Royal Society of Chemistry 2019

changes in PL intensities both of the on-GQDs and off-GOQDs is
observed.

To investigate the recombination mechanisms of on-GQDs
and off-GOQDs, we carried out TRPL analysis (Fig. 4c and d).
Table 1 depicts the values obtained by time-correlated single
photon counting (TCSPC) characterization. Fluorescence decay
curve is fitted with tri-exponential function (eqn (1)), where
fluorescence decay occurs through three different relaxation
pathways.

fit = A + B + Bye™"™) + By~ (1)
where 7 is the fluorescence lifetime and B represents amplitude

of the corresponding lifetime. Chi-square (X?) value in the range

Table 1 Excitation emission values, X? value, excitation lifetimes, and
their corresponding amplitudes for on-GQDs and off-GOQDs

Ex/Emi 7, (ns)/ 7, (ns)/ 73 (ns)/

(nm) Chisq B, (%) B, (%) B; (%)
On-GQDs 370/450 1.12 1.5/24 4.6/54 14/22
Off-GOQDs 370/450 1.18 1.2/16 4.2/60 15/24

RSC Adv., 2019, 9, 38447-38453 | 38451
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of 1.0-1.2 is generally assumed to be acceptable for fitting
results. Typically, the emission that originates from defect
states shows a longer recombination lifetime than that from
intrinsic states.>* Also, among the three lifetimes, one is asso-
ciated with an intrinsic state, while the other two are due to
oxygen-rich functional groups on the surface of on-GQDs and
off-GOQDs. Fluorescence lifetimes of on-GQDs and off-GOQDs
are recorded at 450 nm with the excitation laser wavelength of
370 nm. The lifetimes of on-GQDs are 7; = 1.5 ns (24%), 7, = 4.6
ns (54%) and t; = 14 ns (22%), whereas those of off-GOQDs are
7, = 1.3 ns (16%), 1, = 4.2 ns (60%) and 15 ns (24%) (Table 1).
On-GQDs has a longer lifetime (t;) for the intrinsic state than
off-GOQDs, and therefore the green emission can be effectively
suppressed (Fig. 4a). Compared to on-GQDs, quantitative frac-
tion of lifetimes for 7, and 7; was much higher for off-GOQDs
probably due to the large amount of oxygen-rich functional
groups on the surface of off-GOQDs, resulting in mixed green
and blue emission. These results indicate that the produced on-
GQDs and off-GOQDs exhibit distinctly different optoelectronic
properties due to the different formation mechanism by
applying high-power sonication during the PLA process.

Conclusions

In conclusion, the proposed technique enables selectively
producing GQDs and GOQDs by depending on the applying
sonication during the PLA process, and they have a different
formation mechanism. We found that homogeneous dispersion of
graphite flakes due to high-power sonication resulted in uniform
fragmentation of graphite by pulsed laser. On the other hands,
when high-power sonication was not applied for PLA, graphite
flakes were easily aggregated each other leading to the formation
of plasma plumes at the surface of the graphite flake. According to
compositional and structural analysis, chemical bonding of on-
GQDs is mainly composed of pure sp” carbons with weak oxygen
groups, while numerous oxygen-rich functional groups were pre-
sented on off-GOQDs. In addition, on-GQDs and off-GQDs showed
clearly different optical properties. Off-GQDs exhibited blue to
green mixed emission, while the emission of GQDs was distinct
blue emission. We also proposed possible formation of on-GQDs
and off-GQDs as laser fragmentation and laser ablation in liquid
methods, respectively. We expect that the modified PLA method in
this work will significantly reduce cost and time for the selective
production of GQDs and GOQDs, which has a huge impact on
designing various optoelectronic nanomaterials.

Experimental
Materials

Un retained nature graphite flakes were purchased by HQ gra-
phene (Netherlands), and high purity ethanol (>99.9%) was
purchased from Sigma Aldrich.

Preparation of GQDs and GOQDs

On-GQDs and off-GOQDs were prepared by the simple and
green PLA method using graphite in high-purity ethanol

38452 | RSC Adv., 2019, 9, 38447-38453
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applying the tip-type sonication. In a typical process, 500 mg of
nature graphite flake (HQ graphene, Netherlands) was
dispersed in 200 ml of ethanol (>99%, Sigma Aldrich) solutions.
Tip-type sonication was subsequently performed during laser
ablation for vigorous dispersion of graphite. The laser ablation
was performed on the graphite suspension for 30 min by Q-
switch ND:YAG laser system was employed at room tempera-
ture and in the air. The graphite suspension was ablated by
a horizontal pulsed laser beam (355 nm, third harmonic) at
a repetition rate of 10 Hz. The pulsed width was 10 nm, and the
ablation energy of 1.5 W. After the PLA treatment, the on-GQDs
and off-GOQDs suspension was centrifuged at 15 000 rpm at 1
hours and were later filtered using syringe filters (Millipore,
0.22 um pore size). After that, the purified solutions were dried
over night at 80 °C.

Characterization of GQDs

HR-TEM images were taken using a 2100F field emission gun
TEM (JEM 2100F, JEOL, USA, 200 kV) for on-GQDs and off-
GOQDs samples. XPS spectra were recorded for both samples
using VG ESCALAB 220i (Thermo scientific, USA). XPS survey
and high-resolution scans were performed with the pass ener-
gies of 100 eV and 20 eV, respectively. X-ray beam size was
approximately 100 um. On-GQDs and off-GOQDs samples for
XPS measurement were prepared via a spin coating technique.
Silicon (Si) substrate was used for spin coating. The rotation
speed was adjusted to 3000 rpm. The samples were dried at
room temperature for 2 h before the measurement. Room
temperature PL spectra of on-GQDs and off-GOQDs were
collected using a photoluminescence spectrophotometer
(Horiba, Fluoromax-plus with 150 W xonon arc lamp) in the
wavelength range from 300 nm to 700 nm. Raman spectra were
obtained for both samples using Raman spectrometer (LabRam
Aramis, Horiba jobin Yvon, 514 nm Ar-ion laser used with
a power of 1 mW). A time-correlated single photon counting
(TCSPC) spectrometer (Horiba Jobin Yvon, FluoroCube) was
used to measure nanosecond lifetime.
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