ROYAL SOCIETY

OF CHEMISTRY

RSC Advances

PAPER

Laser wavelength modulated pulsed laser ablation
for selective and efficient production of graphene
quantum dotst

i ") Check for updates ‘

Cite this: RSC Adv,, 2019, 9, 13658

Sukhyun Kang, iab Jeong Ho Ryu, 1 Byoungsoo Lee,? Kyung Hwan Jung,?
Kwang Bo Shim,® Hyuksu Han 0*2d 3nd Kang Min Kim™*®

Graphene quantum dots (GQDs) and graphene oxide quantum dots (GOQDs) can be used in different
applications such as optoelectronic and biomedical applications, respectively. Hence, the selective
synthesis of GQDs and GOQDs is highly desirable but challenging. Here, we present GQDs and GOQDs
selectively prepared by an easy and simple pulsed laser ablation in liquid (PLAL) method by controlling

the laser wavelength. The obtained GQDs and GOQDs showed a significantly different optoelectronic
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Graphene quantum dots (GQDs) and graphene oxide quantum
dots (GOQDs) are zero-dimensional graphene nanomaterials
composed of one or few-layer graphene sheets."”> Compared to
large size graphene, GQDs or GOQDs exhibit unique optoelec-
trical properties due to quantum confinement or edge effects
related to oxygen-rich functional groups.** Especially, GQDs
exhibit a high quantum yield with excellent photostability
owing to the intrinsic band structure and physicochemical
robustness, which is beneficial for optoelectronic applica-
tions.” ™ In addition, although the optical properties of GOQDs
are less fascinating compared to those of GQDs, GOQDs have
a high potential for biomedical applications, such as drug
delivery systems (DDSs) and bioimaging, thanks to excellent
biocompatibility with acceptable optical efficiency.****

To date, GQDs and GOQDs have been prepared mainly via
wet chemical cutting routes. However, chemical reactions in
strong acid as well as long-term washing procedure are gener-
ally required during a wet chemical process, which limits the
practical applications of GQDs and GOQDs.">™ As an alterna-
tive method, pulsed laser ablation in liquid (PLAL) has recently
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attracted great attention for the synthesis of GQDs and GOQDs.
The PLAL method is facile, simple, and environmentally benign
because it does not require strong acidic chemical and post-
purification steps.?*?*

Coulomb explosion model has been proposed to account for
the ablation mechanism of carbon materials by PLAL.*** Briefly,
when the laser pulses inject into the carbon precursor, ionization
occurs by multiphoton absorption, resulting in the formation of
high temperature and pressure plasma plume. In the plasma
plume, Coulomb explosion can take place and subsequently the
carbon precursors are ablated to the quantum size leading to the
formation of GQDs. Simultaneously, the Coulomb explosion can
decompose the solvent during the formation of GQDs or
GOQDs.”*** The decomposed small molecules in the solvent can
functionalize the GQDs by inducing chemical bonds with the
surface of the GQDs. This can significantly alter the final opto-
electronic properties of GQDs. Importantly, laser wavelength has
a strong relationship with the decomposition of the solvent given
that reaction area and depth between light and liquid matter is
mainly determined by the wavelength of laser. Hence, not only
natures of solvent but also the laser wavelength can significantly
influence the optoelectronic functionalities of GQDs prepared by
PLAL method. In our previous report, the effects of chemical
properties of solvent on the functionalization of GQDs prepared
by PLAL has been studied.”® However, to our best knowledge,
relationships between laser wavelength and the functionalization
of GQDs during PLAL still remain as unexplored scientific area.

GQDs and GOQDs were fabricated by PLAL methods using
MWCNTs as carbon source in high-purity ethanol. Briefly,
50 mg of MWCNTs was dispersed in 500 mL of ethanol by
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ultrasonication. A Q-switch ND:YAG laser system was employed
for PLAL. The MWCNTs suspension, which forms a vertical
water column, was ablated by using the horizontal pulsed laser
with the wavelength of 355 nm and 532 nm, respectively, at
a repetition rate of 10 Hz and ablation energy of 50 m]. The
pulsed laser beam was focused on the center of MWCNTs
suspension (see the ESI{ for Experimental details) (Fig. 1).
The morphology of starting MWCNTs was characterized by
transmission electron microscopy (TEM) (Fig. S1t). The TEM
images of MWCNTSs shows that the wall of CNT has consisted of
approximately 25-27 layers of graphene sheets (Fig. S1}). An
average diameter of the tube was about 25 nm. Ultrathin
morphology of MWCNTSs can effectively suppress the pyrolytic
phenomenon during PLAL, which is desirable for the formation
of homogeneous GQDs or GOQDs colloidal.” The MWCNTSs was
transformed to GQDs by PLAL using 532 nm laser source. GQDs
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Fig. 1 Representative schematic for the possible mechanism of the
transform MWCNTs to GQDs and GOQDs using PLAL process
(oxygen-rich site are shown as red dots).
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with size less than 5 nm was obtained after 10 min of ablation
(Fig. 2a). The size distribution of GQDs is fitted by Gaussian
curves and shown in Fig. S2a.7 An average diameter of 1-5 nm
was calculated by counting more than 30 numbers of GQDs.
HR-TEM image and corresponding fast Fourier transform (FFT)
pattern of GQDs show a highly crystalline structure with a lattice
parameter of ~0.24 nm (Fig. 2b). No crystalline features that
correspond to graphite, such as [002] plane, were observed by
HR-TEM.>**” The atomic force microscopy (AFM) data in Fig. 2¢c
and d illustrate the topographic morphology and the height
distribution of GQDs. The height line profile in Fig. 2d shows
that the thickness of GQDs is less than 1.5 nm corresponding to
3-4 graphene layers. Statistical analysis reveals that more than
85% of the GQDs has a thickness between 0.5 and 1.5 nm,
indicating that the produced GQDs has a mono or a few layered
structures.

To investigate the effect of laser wavelength on the func-
tionalities of GQDs, we employed the 355 nm laser source (3.4
eV) for PLAL process, which has much higher photon energy
than 532 nm laser source (2.33 eV). MWCNTs was ablated in
ethanol using the laser source with a wavelength of 355 nm. All
the experimental parameters except for laser wavelength were
kept identical during PLAL. X-ray photoelectron spectroscopy
(XPS) was firstly carried out for the compositional analysis of
GQDs ablated by different laser wavelengths, 532 and 355 nm.
For the comparison purpose, starting MWCNTs was also
studied by XPS. XPS spectra of C 1s for MWCNTs only presents
sp> carbon peak at the binding energy of 284.4 eV (Fig. S37).
Similarly, the GQDs ablated by 532 nm shows a major peak at
284.4 eV, which can be attributed to sp® carbon peak. The
deconvoluted peaks at 286.0 eV and 288.8 eV are associated with
hydroxyl or carboxyl functional groups bonded in sp® orbital
structure, respectively (Fig. 3a). According to quantitative
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Fig. 2 Morphology characterization of GQDs and GOQDs. (a, b) TEM and HR-TEM images of GQDs and corresponding FFT image. (c, d) AFM
image and height profile, height distribution of GQDs, respectively. (e, f) TEM and HR-TEM images of GOQDs and corresponding FFT images. (g,
h) AFM image and height profile, height distribution of GOQDs, respectively.
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analysis of the XPS spectra, fractions of sp® and sp® carbon
peaks are estimated as 86.55% and 13.45%, respectively. In
contrast, the GOQDs ablated by 355 nm show a significantly
increased fraction of sp® carbon peaks from oxygen-rich func-
tional groups (Fig. 3b). Quantitative fractions are calculated as
55.91% and 44.09% for sp> and sp® carbon peaks, respectively
(Table S1t), indicating that GOQDs ablated by shorter wave-
length (355 nm) is literally GOQDs rather than GQDs. These
results suggest that the surface functionalization of GQDs by
oxygeneous species can be easily achieved by simply changing
laser wavelength for PLAL process.

TEM images revealed that the GOQDs have a diameter less
than 5 nm (Fig. 2e). The HR-TEM image and the corresponding
FFT pattern showed that the crystal structure of the GOQDs has
a similar lattice structure with that of GQDs (Fig. 2b). The size
distribution of GOQDs was calculated by counting about 45
GOQDs, and the result was fitted by Gaussian curves (Fig. S2b¥).
An average diameter of 1-5 nm was obtained for the GOQDs. In
addition, the height profile for GOQDs was obtained by using
AFM, indicating that more than 90% of the GOQDs have topo-
graphic height of ~1.5 nm. Consequently, most of the exfoliated
GOQDs mainly exist as a single or few-layered graphene sheets.
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Fig. 3 XPS spectra GQDs and GOQDs. (a) GQDs and (b) GOQDs.
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The size and height of GOQDs were comparable with those of
the GQDs produced by low-energy laser source (ie., longer
wavelength). Also, the yield of PLAL process was calculated by
dividing the weight of dried GQDs or GOQDs product by the
weight of the starting MWCNTS. Based on this method, the yield
of GQDs and GOQDs were determined as about 10-12%.

The wavelength of laser can induce multiple effects on PLAL
process. Noted that multiphoton absorption is a predominant
ablation mechanism when high-frequency pulses such as
nanosecond laser is employed for PLAL. The electron density
(1) induced by laser pulse depends on the photon energy E and
the number of photons (N).2"?® Laser pulse with high photon
energy can lead to more significant multiphoton-ionization and
Coulomb explosion, expediting decomposition of mole-
cules.?" Hence, the solvent (i.e., ethanol in this study) can be
photo-thermally decomposed during PLAL which forms cavita-
tion bubbles, consisted of carbon- or oxygen-based small
molecules, on the surface of MWCNTSs. The surface function-
alization of GQDs by oxygen functional groups during PLAL in
ethanol can be described as eqn (1).*

CzHSOH - C2H4 + H20

C,HsOH — CH; + CH,OH
C2H5OH i C2H5 + OH

(1)

The shorter laser wavelength with higher photon energies
can facilitate decomposition of ethanol, correspondingly an
easy formation of OH functional groups or defects on the
surface of the ablated GQDs or MWCNTSs. The OH-enriched
solvent can efficiently functionalize the defect-enriched
surface of GQDs, and thus the transformation from GOQs to
GOQDs likely occurs.

The optical properties of GQDs and GOQDs were investi-
gated using PL (photoluminescence) and PLE (photo-
luminescence excitation) measurements. Fig. 4a show the PL
spectra of the colloidal solutions of GQDs and the GOQDs. The
PL intensity of GQDs was about 1.5 times higher than that of
GOQDs. The digital images of the GQDs show distinct blue
emission (the inset in Fig. 4a, left digital image), while the
GOQDs exhibits a mixed emission of blue and green (the inset
in Fig. 4a, right digital image). Also, the GQDs shows the exci-
tation independent PL properties at excitation wavelength with
300 to 400 nm, in contrast the GOQDs have excitation depen-
dent PL properties (Fig. S4T). The PLE spectra was investigated
at various detection emission wavelengths of PL spectrum
(Fig. 4b). Both GQDs and GOQDs exhibit the PLE peaks at about
260 and 360 nm. However, the GOQDs have much broader PLE
peak than the GQDs with emission dependent PLE properties.
The characteristics of PL and PLE spectra reflect that emissions
from the GQDs and GOQDs may have a different mechanism.

To investigate PL mechanisms of GQDs and GOQDs, we
carried out UV-vis and time-resolved photoluminescence (TRPL)
analysis (Fig. 5). The PLE spectra of GOQDs shows excitation
dependent PL properties (Fig. S4bt), and also the UV-vis
absorbance of GOQDs shows a broad absorption spectrum
with a gradual change up to 700 nm (Fig. 5a). These properties
of GOQDs are similar to previously reported PLE and UV-vis

This journal is © The Royal Society of Chemistry 2019



Paper

Fig. 4

Fig.5

Intensity (a.u.)

RSC Advances

Wavelength (nm)

(b)
—s— GQDs excitation 360 nm ® Aer 400 Nm
—e— GOQDs excitation 360 nm » ® Aem 420 Nnm
P ® Aem 450 nm
— s v \‘

. ~ . ® A 470 nm
> P N Aem 500 nm
© g ®lw
~ A — .::,‘
> S : L\.—’-!sws’é:_s‘a"';' s
:.a-'; ® Aem 400 Nnm
c ® Aem420 nm
-.g ® Aem 450 Nnm
— S rd), ® A.m470 nm

~ o™ W\
- _a ‘\\\r\t;\. Aerm 500 Nm
L B e S B e S B S S ‘ . \‘
350 400 450 500 550 600 650 700 750 250 300 350 400 450 500

Wavelength (nm)
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(a, b) UV-vis spectra of GQDs and GOQDs, respectively. (c, d) TCSPC decay curves of the GQDs and GOQDs with excitation wavelength at
370 nm and emission wavelength at 450 nm, respectively. The green and blue line show the three exponential fits of GQDs and GOQDs,
respectively.
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absorbance results of GOQDs with oxygen-rich functional
groups.®*>** Compared to GOQDs, the absorption spectrum of
GQDs presents broad absorption peaks with high intensity at
about 245 and 310 nm, respectively (Fig. 5b). These absorption
peaks correspond to PLE peaks at about 260 and 360 nm,
respectively (Fig. 4b). The mixed blue and green emission from
GOQDs is originated from intrinsic states and/or extrinsic
defect states in the bandgap. Notably, GQDs exhibits distinct
blue emission with the strong absorption peak, indicating the
intrinsic states in the band structure dominantly affect PL
emissions of GQDs.>” To clarify possible recombination mech-
anisms of GQDs and GOQDs, we carried out TRPL analysis
(Fig. 5c and d). Table 1 depicts the values obtained by time-
correlated single photon counting (TCSPC) characterization.
The fluorescence decay curve is fitted with triexponential
function (eqn (2)), where fluorescence decay occurs through
three different relaxation pathways.

fit=A + Ble(fl/‘zl) + Bze(71/12) + Bge(fl/‘d) (2)

“n

where “t” is the fluorescence lifetime and “B” represents
amplitude of the corresponding lifetime. The obtained chi-
square (x>) ranges between 1.05 and 1.1. The x> value in the
range of 1.0 < x* < 1.2 is generally assumed to be acceptable for
fitting. Generally, the emission that originates from defect
states shows a longer recombination lifetime than that from
intrinsic states.>*® Also, among the three lifetimes, one is
associated with an intrinsic state, while the other two are due to
the existence of oxygen-rich functional groups on the surface of
GQDs and GOQDs. Fluorescence lifetimes of GQDs and GOQDs
are recorded at 450 nm, where the excitation wavelength of
a diode laser was 370 nm. The lifetimes of GQDs are 11 = 1.3 ns
(78%), 12 = 3.1 ns (17%) and 3 = 11 ns (5%), whereas those of
GOQDs are 11 = 0.7 ns (53%), 12 = 3 ns (35%) and 9 ns (11%)
(Table 1). Both of GQDs and GOQDs have a short-lifetime for 71
(1.3 ns and 0.7 ns), indicating that t1 can be related to the
emission from the intrinsic state. Hoffmann et. al. demon-
strated that for a triplet ground state, the energy difference (3E)
between the ¢ and 7 orbitals should be below 1.5 V. Two
different electronic transitions were observed at 360 nm (3.4 eV)
and 260 nm (4.76 eV) in the PLE spectra (Fig. 4b). Thus, 8E can
be calculated as 1.36 eV for GQDs and GOQDs, which is below
the critical value of 1.5 eV. Hence, the assignment of two
respective transition states is reasonable for GQDs and GOQDs.
The blue emissions of GQDs can be attributed to the intrinsic
state. The GQDs has a longer lifetime (t1) for intrinsic states
than GOQDs, and therefore the green emission can be effec-
tively suppressed (Fig. 4a). Compared to GQDs, the quantitative

Table 1 Excitation emission values, Xz value, excitation lifetimes, and
their corresponding amplitudes for GQDs and GOQDs

T1 T2 T3

Ex/Emi (nm) Chi sq. (x*) (ns)/81 (%) (ns)/B, (%) (ns)/Bs (%)

1.3/78
0.7/53

3.1/17
3/35

11/5
9/11

GQDs  370/450 1.05
GOQDs 370/450 1.1
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fraction of lifetimes for 72 and 3 was much higher for GOQDs
(46%) probably due to a large amount of oxygen-rich functional
groups on the surface of GOQDs (Fig. 3b), resulting in mixed
green and blue emission. The produced GQDs and GOQDs
exhibit distinctly different optoelectronic properties, which can
be used for different applications.

Conclusions

In conclusion, we successfully demonstrated that the GQDs and
GOQDs with controllable oxygen functional groups can be easily
prepared by simply changing the laser wavelength for PLAL. The
oxygen-rich functional groups can be more easily derived from
the solvent (i.e., ethanol) when the shorter wavelength of the
laser pulses is employed to trigger photothermal decomposition
of the ethanol. According to compositional and structural
analysis, selective productions of GQDs and GOQDs can be
achieved by modulating the laser wavelength for PLAL process.
Chemical bonding of GQDs is mainly composed of pure sp>
carbons with weak oxygen groups, while the various oxygen-rich
functional groups were presented on the surface of GOQDs.
Furthermore, GQDs and GOQDs showed clearly different
optical properties. GOQDs exhibited the blue to green emission,
while the emission of GQDs is distinct blue emission. These
result demonstrate that by changing the laser wavelength, the
amount of oxygen-rich functional groups on the surface of
GQDs or GOQDs can be controlled during PLAL process,
resulting in modulated optoelectronic properties. Thus, our
strategy is remarkably simple and facile way for selectively
producing GQDs and GOQDs by PLAL process, which has
a hudge potential to be applied in real optoelectonic applica-
tions such as optical devices or bioimaging.
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