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Abstract

Graphene Quantum Dots (GQDs) have been prepared by oxidation-
hydrothermal reaction, using ball-milling graphite as the starting materials. The
prepared GQDs are endowed with excellent luminescence properties, with the
optimum emission of 320nm. Blue photoluminescent emitted from the GQDs
under ultraviolet light. The GQDs are ~3nm in width and 0.5~2 nm in thickness,
revealed by high-resolution transmission electron microscopy and atomic force
microscopy. In addition, Fourier transform infrared spectrum evidences the
existence of carbonyl and hydroxyl groups, meaning GQDs can be dispersed
in water easily and used in cellar imaging, and blue area inside L929 cells
were clearly observed under the fluorescence microscope. Both low price of
raw material and simple prepared method contribute to the high quality GQDs

widespread application in future.
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Introduction

In 2010, Geim and Novoselov were awarded the Nobel Prize in
Physics for their work on graphene. Then the graphene was regarded
as one of the most promising 2D carbon materials, and attracted
widely investigation in terms of its formation, characteristics and
applications. It is found that graphene has electron mobility that
exceeds 15000cm* V' s! at room temperature, extremely low
electrical resistance (10°Q-cm), high transparency (absorbing only
2.3% of light), and excellent thermal conductivity (5300Wm'K™")
[1]. Therefore, they are treated as promising building blocks for
high quality nanodevices owing to their superior thermal, electronic,
and mechanical properties as well as their chemical inertness [2-6].
However, graphene prepared by reduction of exfoliated Graphene
Oxide (GO) [2], solvothermal synthesis [7], and micromechanical
cleavage [8], are generally not suitable for their direct application
in nanodevices because of the large size, which are usually several
hundred nanometers. Therefore, it is a highly desirable to design and
develop nanometer-sized graphene pieces to meet the challenges, and
Graphene Quantum Dots (GQDs) begin to be widespread concerned
in research circles.

The unique optical properties of GQDs make them very
promising as fluorescent probes in biomedical application and have
thus attracted substantial research attention. Quantum dots are
composed of a small number of atoms. Smaller size of such material
limits the movement of electrons, resulting in a phenomenon known
as the Quantum Confinement Effect (QCE). Based on band-gap
theory, the more decreasing graphene size, the QCE more apparent
[9-11]. In addition to the QCE, the zigzag and armchair edges of
GQDs also have an important effect on the material properties.
All these factors lead to GQDs’ high biocompatibility, low toxicity,

and photoluminescence, making GQDs available in biomedical
applications, such as bioimaging [12], drug delivery [13], and
biosensors [14]. Two methods have been developed for synthesis of
GQDs including top-down synthesis and bottom-up synthesis, such
as the hydrothermal approach [15] and chemical carbon nanofiber
cutting [16], where a large graphene sheet is cut into small GQDs.
With bottom-up methods, a series of chemical reactions are the key
to synthesize GQDs, (solution chemistry) [17,18]. And, most “top-
down” methods, such as electron beam lithography [19] require
special equipment, complex procedures, low yield, critical synthesis
conditions, thus further searching for new route to synthesize GQDs
is of great interest.

GQDs with blue or green photoluminescence have been prepared
by cutting graphene or other carbon sources (e.g. nanotubes, carbon
fibers, C60 ) [20-23], including carving graphite crystallites using
high-resolution electronbeam lithography [19], cutting GO via
hydrothermal [15,22], reoxidation [24], or electrochemical routes
[20], chemical oxidation treating carbon fibers and carbon black [25],
cage opening the fullerene on ruthenium surfaces [23]. However,
these methods still demonstrate tedious processing procedures and
high-cost that it is urgent to find economic carbon sources with easy
process to achieve the preparation of GQDs effectively.

Here, we use economic ball milling graphite as starting material,
and oxidation-hydrothermal reaction to get high quality GQDs as
shown in Scheme 1. Compared with others, the hydrothermal time
can be reduced to 3h. And the resulting GQDs can be used in cell
imaging. Both low price of raw material and simple prepared method
will more contribute to the GQDs widespread application.

Results and Discussion

The starting material was ball-milling graphite processed in the
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Scheme 1: Schematic diagram of the stepwise preparation of GQDs.
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Figure 1: A) FTIR of ball milling graphite, GO, GQDs. B) XPS survey
spectrum of ball milling graphite; C, D) XPS spectra of ball milling graphite in
the O 1s and C 1s regions.

ball mill. A typical transmission electron microscopy (TEM) image
of the ball milling graphite was shown in Figure S1, and its size was
around 1pm. Oxygen-containing functional groups, including C=0/
COOH, -OH, and C-O-C were evidenced by FTIR spectrum (Figure
1A). Figure 2B shows the XPS survey spectrum of the ball milling
graphite, indicating the presence of C and O elements. XPS spectrum
in O 1s region (Figure 1C) shows a strong peak at 532eV, which is
typical for a hydroxyl group. Three peaks at 288.75eV, 284.6eV,
285.9¢V are presented in C 1s region, which are assigned to carboxyl
groups (-COOH), the sp” carbon peak, hydroxyl (-OH), respectively
(Figure 1D). After the oxidation of ball milling graphite into GO,
the FTIR results (Figure 1A) show that the containing functional
groups did not change. AFM image in Figure 2A reveals that its depth
is among 0.5-1.2 nm. The lateral size of GO was around 15nm as
depicted in Figure 2B.

A series of more obvious changes take place after the
hydrothermal treatment of the GO at 200°C for 10h. The resulting
GQDs are characterized by FTIR, HRTEM, AFM and Raman. After
the hydrothermal treatment, the strongest vibrational absorption
band of C=O/COOH at 1650cm™ didn’t change and the vibration
band of epoxy groups at 1052cm™ shifted to 1108cm™, which means
the epoxy groups’ disappearing (Figure 1A).
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Figure 2: A) AFM of GO; B) TEM of GO.

Figure 3 shows typical HRTEM of the GQDs. Their diameters
are mainly around 4nm and its high ordered graphite lattice were
clearly observed. In Figure S2, the GQDs> AFM image, associating
topographic heights are mostly between 0.5 and 2 nm. Figure S3
shows the Raman spectrum of GQDs. G band at 1596cm™ and D band
at 1351cm™ were clearly observed with a large intensity ratio ID/IG
of 1.18.

The most intriguing characteristic of GQDs is the phenomenon
of a new PL behavior. The GQDs emit bright blue luminescence
in neutral media as shown in Figure S4. The UV result in Figure
4A indicates that GQDs have the strong absorption at 430nm, at
the optical excitation of 320nm. Like most luminescent carbon
nanoparticles, the GQDs also exhibit an excitation-dependent PL
behavior. When the excitation wavelength is changed from 290 to
360 nm, the PL peak did not show shifts, but its intensity decreases
rapidly, when excitation wavelength was off 320nm.

The hydrothermal time can be reduced to 3h to prepare GQDs.
The PL of GQDs is shown in Figure 4B. When excitation is 320nm,
the strongest PL intensity appeared. And the excitation-dependent PL
behavior is also similar to the GQDs prepared in 10h hydrothermal.
The preparation efficiency of GQDs was greatly enhanced via
shortening the hydrothermal time, which is beneficial for its broader
application.
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Fluorescence GQDs are being paid great and wide attention in the
fields of bio-imaging material of life science, because of their special
fluorescence character. This prompts us to explore their potential
application in cell labeling. From Figure 5B and 5C, we can see blue
area inside 1929 cells, indicating successful penetration of GQDs
through cell membrane. Under continuous excitation over 15min,
the PL brightness of GQDs was stable, indicating high photostability
of GQDs. Besides biological imaging platforms, surface hydrophilic
groups, biological compatibility, stable PL can also make GQDs
be employed in surface modifications for further biomedical

applications.
Conclusions

In conclusion, we have prepared GQDs using economic ball
milling graphite with less hydrothermal time (3h). The prepared
GQDs were endowed with excellent blue luminescence properties
and used in culturing 1929 cells and biological labeling, showing
good photostability and low toxicity. Both low price of raw material
and simple prepared method contribute to the high quality GQDs

300 widespread application.
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