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ABSTRACT

A femtosecond pulse laser was used to fabricate carbon nanodots (CDs), of which the particle size and photoluminescence (PL) properties
could be effectively controlled by adjusting ambient pressure. By increasing the reaction pressure, the particle size of CDs gradually
decreased and finally reached less than 1 nm at 4 MPa. Simultaneously, the fluorescence intensity of the CDs first increased and then
decreased by further increasing the pressure. By examining the PL dynamics and the chemical structure of the CDs, we found that the PL
change of products was attributed to the quantity change of functional groups attached to the CDs due to the surface area change of the

carbonic core.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5128042

I. INTRODUCTION

Photoluminescent carbon nanodots (CDs) are discrete quasi-
spherical nanoparticles with a size less than 10 nm, the particle
surface sites of which are passivated by surface functionalization.'~
Since they were first discovered in 2004, CDs have attracted increas-
ing attention due to their photostability, stable photoluminescence
(PL),*” high water solubility, excellent biocompatibility, low toxic-
ity, and good chemical stability.””'* To date, different kinds of CDs
have been fabricated by a number of methods due to their special
properties and extensive applications, such as electrochemical
etching, plasma treatment, microwave assisted synthesis, hydrother-
mal method, ultrasonic method, and porous template
method.””'*'* Generally, the size of the CDs can be controlled by
changing the reaction conditions, further strictly affecting their PL
properties.”

The laser ablation in solution (LAS) method is a fast, cheap,
and clean way to synthesize CDs.'*™*" The reaction mechanism of
nanomaterials prepared by the LAS method can be explained by
the Coulomb explosion model.”' When a femtosecond laser pulse
with ultrahigh peak power density is injected into the target, the
ablated area could be highly ionized to form high temperature and
high pressure plasma plumes. In the local area where the laser is

focused, the temperature can exceed 10 000 K, and the pressure can
exceed 20 GPa. The plasma plume undergoes explosive splitting
under strong Coulomb forces to produce nanoparticles.”>”’ In the
preparation of nanomaterials by laser deposition, vacuum pressure
plays an important role in the evolution of the plasma plume,
which has often been used to control the morphology of the prod-
ucts.'*** However, the effect of ambient pressure on the size and
PL of the nanodots fabricated using the LAS method has not been
reported, although the influence of other parameters such as laser
power, spot size, and irradiation time on the size and the PL prop-
erties have previously been studied.'” As the particle size and the
PL properties of the luminescent nanodots are very important fea-
tures of the materials, and severely limit their potential applica-
tions,” it is very important to study how to control the size and PL
of CDs by adjusting the ambient pressure in the LAS process.

In this work, different ambient pressures are applied during
the synthesis of CDs by femtosecond laser ablation, and finally
CDs less than 1nm are obtained at a pressure of 4 MPa.
Meanwhile, the PL intensity of the CDs first increases and then
decreases by further increasing the pressure. The reduction in the
size of CDs results in the change of the surface area of the carbon
core, and the number of functional groups attached to the CDs
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changes causes the PL change of the CDs. The results suggest that
changing the pressure is a versatile and simple method to synthe-
size CDs with adjustable size and PL properties.

Il. EXPERIMENTAL SECTION

In the preparation, 50 mg of carbon particles with an average
size of 40-400 nm was dispersed into 50 ml of N-methyl pyrroli-
done (NMP). After ultrasonic treatment and dilution, about 10 ml
of the suspension was used for laser irradiation in an autoclave.
The sealed autoclave reactor was connected with a gas cylinder
filled with nitrogen, and the pressure in the reactor could be
adjusted from atmosphere to 4 MPa. A quartz optical window was
embedded in the cover of reactor, passing through which the laser
beam could be focused in the solution.

During the ablation process, a Ti: sapphire femtosecond pulse
laser with a center wavelength of 800 nm was used. The repetition
rate is 1 kHz and the pulse duration is 150 fs. The solution was
ablated using laser pulses of 400 uJ power for 0.5 h and the
ambient pressure was adjusted from atmosphere to 4 MPa, respec-
tively. The mixture was centrifuged after laser irradiation process to
remove large particles, and finally supernatant containing the
desired CDs was obtained.

ARTICLE scitation.org/journalljap

Transmission electron microscopy (TEM) and high-resolution
TEM (HRTEM) were conducted on a JEM-2100Plus microscope to
measure the particle size and lattice structure. X-ray photo-electron
spectroscopy (XPS) spectra were obtained using a Thermo Fisher
ESCALAB Xi+ XPS system. Absorption and PL spectra of the CDs
were measured using a UV-2600 and FLS920 (Edinburgh) spectro-
photometer. Fourier transform infrared (FTIR) spectra were
obtained from a VERTEX 70 instrument. Time-resolved PL
(TRPL) data of CDs were measured by a time-correlated single-
photon counting (TCSPC) system with a 404 nm picosecond LED
as the excitation source. All the PL and TRPL spectra were mea-
sured at atmospheric pressure. X-ray diffraction (XRD) patterns of
the samples were obtained by using an x-ray diffractometer with
Cu Ko radiation (A =0.15406 nm).

1. RESULTS AND DISCUSSION

First, we studied the effect of ambient pressure on the size of
the products. Figure 1(a) shows the TEM image of CDs prepared at
atmosphere, while Figs. 1(b) and 1(c) show those prepared at
2.5 MPa and 4 MPa, respectively. It can be seen that the prepared
CDs are uniformly dispersed in the solution without agglomeration.
The HRTEM images of CDs given in the insets of Figs. 1(a)-1(c)
show the same lattice spacing, which is 0.21nm and almost
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FIG. 1. TEM images of CDs at (a) atmosphere, (b) 2.5 MPa, and (c) 4 MPa. The corresponding size distributions of CDs at (d) 0.1 MPa, (e) 2.5 MPa, and (f) 4.0 MPa.
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identical with the (111) plane of graphite.'7 Figures 1(d)-1(f) cor-
respond to the size distribution of CDs prepared at different pres-
sures, respectively. The average sizes of the CDs are estimated to be
2.0, 1.43, and 0.62 nm, respectively. The results suggest that the
pressure of the solutions will influence the size of CDs, which will
be reduced to even less than 1 nm as the pressure is increased.

In the laser ablation process, when the femtosecond laser is
injected into the solution, the irradiated local area will generate an
extremely high temperature, which will result in high ionization of
the material and the generation of plasma.”*® The expansion of
the plasma further produces bubbles, which contain various mole-
cules and atoms produced by decomposition of the solution and
vaporization of the target.””~>” While the plasma is expanding, the
surrounding liquid continuously compresses the plasma and trans-
fers the energy in the bubble, lowering the temperature of the
plasma.”” In this process, various chemical reactions take place, and
the nucleation and growth of the nanomaterials continue. Finally,
nanoparticles with different sizes may be produced in the
bubbles.”””" When the ambient pressure of the surrounding liquid
is increased, the compression effect on the plasma could be
enhanced, and the cooling rate is accelerated. As a result, the
growth time of the CDs is shortened, and the size of the products
is remarkably reduced.

Furthermore, we measured the influence of the ambient pres-
sure on the PL intensity. According to the typical emission spectra
of CDs at atmospheric pressure and 2.5 MPa [Figs. 2(a) and 2(b)],
CDs show the maximum excitation and emission wavelengths
around 380 and 470 nm, respectively. Although the emission
spectra are independent of the applied pressure, the emission inten-
sity changes significantly with the change of pressure. The emission
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FIG. 2. Emission spectra of CDs at (a) atmosphere and (b) 2.5 MPa excited at
different wavelengths. Emission spectra excited at 380 nm of CDs at (c) 0.1-4.0
MPa.
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spectra excited by 380 nm of CDs prepared at different pressures
[Fig. 2(c)] show that the PL intensity increases with the increase of
pressure first, and then decreases after 2.5 MPa.

The UV-Vis absorption, FTIR, and TRPL spectra of CDs were
measured to explain the PL change of the CDs. The spectra
show a strong absorption peak at about 260-285nm [as shown by
Fig. 3(a)], which is derived from the n-n* transition of aromatic sp2
domains.” There is a broad absorption band around 340 nm attrib-
uted to the n-m* transition of the C=0 band.”” By increasing the
ambient pressures, the absorption increases significantly. However,
after the pressure reaches 2.5 MPa, the absorption decreases, as given
in the inset of Fig. 3(a), agreeing well with the PL intensity change
of the samples. From the FTIR spectrum of the CDs [Fig. 3(b)], it
can be seen that all CDs prepared at different ambient pressures
exhibit the same characteristic bonds including the vibration of
C=0 at 1630cm™',”* C—H vibrations at around 2920 and
1470 cm™',” and stretching vibration of O—H bond at 3420 cm™".**

To explore the origin of the PL, we measured the PL dynamics
of the CDs prepared at atmosphere. Figure 3(c) indicates the TRPL
curves at different emission wavelengths (excited by 404 nm light)
of the CDs prepared at atmosphere. All the decay curves can be
well fitted using a double-exponential function, and a fast decay
process of 1.8 ns and a slow decay process of 12.0 ns are observed.
For the emission at wavelengths of 460, 480, and 500 nm, the
average lifetimes of the PL increase from 6.2 ns to 6.5 ns and 7.1 ns.
The average lifetimes of the PL increase with increasing emission
wavelength because of the increments of the ratio of the slow decay
process. These results are in accordance with the previous reports,
in which the fast decay process is due to the direct excitation-com-
bination of the carriers on the surface state, while the slow decay
may be due to the relaxation of the carriers from the excited
carbon nuclei to the surface groups:**~** the different surface func-
tional groups (C=0, C—H, and O—H) will form different surface
state energy levels; the carbonic core and the surface state could be
excited simultaneously at 404 nm excitation; and the relaxation
from the carbonic core onto the surface state and the direct radia-
tive recombination on surface states correspond to the slow and
fast decays, respectively. With increasing the emission wavelength,
the corresponding surface state energy level is lower, and the pro-
portion of the slow decay from the carbonic core to the emission
surface states is larger, causing the prolonging of the decay time of
the PL. Figure 3(d) shows the PL dynamics at 480 nm (excited by
404 nm light) of the CDs prepared at different pressures. We can
see that the emission of CDs at different pressures shows almost
the same temporal behavior and the decay process does not change
with changes in pressure. These results indicate that the PL of all
the CDs prepared at different pressures is originated from the
surface functional groups. The PL intensity change of the samples
is due to the quantity of the surface functional groups rather than
the type.

To confirm our suspicions above, XPS analysis was used to
demonstrate the differences in surface functional groups of
CDs prepared at different pressures. The Cls spectrum of CDs
[Fig. 4(a)] indicates three peaks corresponding to C—=C bond at
284.5eV, C—O bond at 286.0 eV, and C=O0 bond corresponding
to the peak at 287.9 ¢V.”* The content of the three bonds is calcu-
lated to be about 89.0%, 5.76%, and 5.24%, respectively. As given in
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FIG. 5. XRD patterns of the CDs prepared at different pressures.

is enhanced. When the pressure is further increased, the size of the
CDs sharply decreases. As the ultrasmall carbonic core could be
well crystallized, the surface site for the attachment of functional
groups could be decreased, causing the reduction of the PL inten-
sity. Figure 5 shows the XRD patterns of the CDs prepared at dif-
ferent pressures. The spectrum of the CDs has an obvious peak
around 26° corresponding to the (002) planes of graphite. The peak
intensity of the CDs prepared at low external pressure of 1 MPa
changes slightly compared with those fabricated at atmosphere.
However, sharp XRD peaks appear when the pressure is higher
than 2.0 MPa, and the intensity increases with an increase in pres-
sure, indicating a better crystalline structure of the carbonic core.
The higher crystallization of core might hinder the attachment of
surface groups, causing the decrease of the PL intensity of the CDs.

IV. CONCLUSIONS

The effect of ambient pressure on the size and PL property of
CDs is investigated in this paper. The size of the CDs can be effec-
tively reduced to even less than 1 nm as the pressure is increased.
The PL intensity increases with an increase in pressure first and
then decreases with a further increase in pressure. When the size of
the CDs is decreased, the ratio of the surface area to the volume of
the CDs could increase. As a result, the proportion of the surface
functional groups increases and the luminescence intensity is
enhanced. As the ultrasmall carbonic core could be well crystal-
lized, the surface site for the attachment of functional groups could
decrease, causing the reduction of the PL intensity. Our results

ARTICLE scitation.org/journalljap

indicate that the number of surface functional groups of CDs is
related to its size, which in turn affects the PL of the CDs.
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