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ABSTRACT: Graphene quantum dots (GQDs), which are edge-bound
nanometer-size graphene pieces, have fascinating optical and electronic
properties. These have been synthesized either by nanolithography or from
starting materials such as graphene oxide (GO) by the chemical breakdown
of their extended planar structure, both of which are multistep tedious
processes. Here, we report that during the acid treatment and chemical
exfoliation of traditional pitch-based carbon fibers, that are both cheap and
commercially available, the stacked graphitic submicrometer domains of the
fibers are easily broken down, leading to the creation of GQDs with
different size distribution in scalable amounts. The as-produced GQDs, in the size range of 1−4 nm, show two-dimensional
morphology, most of which present zigzag edge structure, and are 1−3 atomic layers thick. The photoluminescence of the GQDs
can be tailored through varying the size of the GQDs by changing process parameters. Due to the luminescence stability,
nanosecond lifetime, biocompatibility, low toxicity, and high water solubility, these GQDs are demonstrated to be excellent
probes for high contrast bioimaging and biosensing applications.
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Graphene has attracted much attention because of its
unique physical properties and with numerous promising

applications in nanotechnology.1−9 However, graphene is a
zero-bandgap semiconductor, which limits its electronic and
opto-electronic application.10 Due to the lack of a bandgap, no
optical luminescence is observed in pristine graphene. A
bandgap, however, can be engineered into graphene nanorib-
bons (GNRs) and graphene quantum dots (GQDs) due to
quantum confinement11,12 and edge effects.13 Most works on
GQDs have been focused on theoretical prediction;12,14−17

however, the experimental synthesis and characterization of
GQDs is only a recent effort. Apart from graphene materials,
the photoluminescence (PL) in carbon based nanostructures
such as fullerene,18 carbon nanotubes,19−21 nanodiamond,22,23

and carbon nanoparticles24−26 has been studied extensively
with potential applications such as fluorescent probes for

bioimaging due to their biocompatibility under the physio-
logical condition.27−29

GQDs have been fabricated by electro-beam lithography11 or
ruthenium-catalyzed C60 transformation.

30 These methods are
limited by the requirement for special equipment, extremely
expensive raw materials and low yield. Recently, GQDs have
been prepared through hydrothermal31 or electrochemical
strategies,32 showing blue or green luminescence. However,
these methods are based on starting materials such as graphene
oxide (GO) and its reduction product, which is typically
synthesized from oxidation of bulk graphite powders via a series
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of chemical treatments which typically take several days and
involve lots of chemical reagents. In addition, these methods
offered the GQDs with only one emission color (blue or green
luminescence). Since the bandgap depends on size,33 shape,34

and fraction of the sp2 domains,6 PL emission can be tuned by
controlling the nature and size of the extended sp2 sites.35 It
will be easier to get size controlled synthesis of GQDs if the
starting material already has small domain structure of the sp2

carbons and these can be easily extracted. It is reported that

graphene oxide nanocolloids can be made from graphite
nanofibers.36 Here we report a facile one-step wet chemically
derived GQDs from acidic treatment of carbon fibers (CF),
which have a resin-rich surface. Interestingly, the photo-
luminescence from these CF derived GQDs can be tailored by
simply choosing different reaction temperatures which
effectively produces GQDs of varying sizes.
The GQDs are synthesized by chemical oxidation and cutting

of micrometer-sized pitch-based carbon fibers (CF), the

Figure 1. (a) Representation scheme of oxidation cutting of CF into GQDs. (b) TEM images of GQDs (synthesized reaction temperature at 120
°C), inset of (b) is the HRTEM of GQDs. (c) AFM image of GQDs. (d) Size and height distribution of GQDs. (e) HRTEM image of the edge of
GQD, inset is the 2D FFT of the edge in (e). (f) Schematic illustration showing the orientation of the hexagonal graphene network and the relative
zigzag and armchair directions. (g) Schematic representation of the edge termination of the HRTEM image in (e). (h) Proposed mechanism for the
chemical oxidation of CF into GQDs.
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scheme is shown in Figure 1a (see Methods Summary for the
details and Figure S1 in the Supporting Information for the
SEM images of CF). The as-synthesized GQDs are highly
soluble in water and other polar organic solvents, such as
dimethylformamide (DMF) and dimethyl sulfoxide (DMSO).
The pictures of the GQDs dispersed in DMF and DMSO are
shown in Figure S2 in the Supporting Information. Figure 1b
show a TEM image of the fiber derived GQDs (synthesized
reaction temperature at 120 °C), showing relatively a narrow
size distribution between 1 and 4 nm, which are summarized in

Figure 1d. The high resolution TEM (HRTEM) image (inset
of Figure 1b) indicates high crystallinity of the GQDs, with a
lattice parameter of 0.242 nm, (1120) lattice fringes of
graphene. The AFM image in Figure 1c demonstrates the
topographic morphology of GQDs, the heights of which are
between 0.4 and 2 nm, corresponding to 1−3 graphene layers.
Characterization of the edge structure (e.g., zigzag and armchair
edges37) in graphene is very important for the understanding of
the GQD properties. It has been reported that graphene with
zigzag edges offers specific electronic or magnetic proper-

Figure 2. (a) XPS survey spectrum of CF and GQDs. (b) High-resolution XPS C1s spectra of CF. (c) The XPS C1s spectra of GQDs. (d) Raman
spectra of CF and GQDs. (e) FTIR spectra of CF and GQDs. (f) XRD pattern of CF and GQDs.

Figure 3. Optical properties of the GQDs. (a) UV−vis spectra of GQDs A, B, and C, corresponds to synthesized reaction temperature at 120, 100,
and 80 °C, respectively. Inset of panel a is a photogaph of the corresponding GQDs under UV light with 365 nm excitation. (b) PL spectra of GQDs
with different emission color excited at 318, 331, and 429 nm, respectively. (c) Relationship between the energy gap and the size of GQDs. (d)
TRPL decay profile of blue GQDs recorded at room temperature. The inset shows the lifetime data and the parameter generated by the exponential
fitting.
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ties.37−39 Figure 1e shows the HRTEM image of the edge
structure of a GQD. The corresponding fast Fourier transform
(FFT) pattern is shown in the inset of Figure 1e. From the 2D
FFT image, a schematic model is shown in Figure 1f, to show
the orientation of the hexagonal graphene network and the
relative zigzag and armchair directions. The GQD edges seem
to be predominantly parallel to the zigzag orientation (red
arrows in Figure 1e), although other orientations are also
possible. A schematic suggesting the structure of this GQD is
shown in Figure 1g. From a large number of GQDs we have
analyzed, it seems that the GQDs made here prefer zigzag
edges more than armchair ones. The formation of the GQDs
depends on how the submicrometer domain structure of the
sp2 carbons, present in the carbonized pitch fiber structure, is
broken down. Carbon nanotubes have been unzipped to
produce graphene nanoribbons by chemical oxidation routes
and the unzipping mechanism has been proposed.40 Similarly,
here, the breakup of the fiber structure and the planar graphitic
domains is chemically initiated by the lining up of chemical
functionalities (such as epoxy or carbonyl groups)41 making the
graphitic domains prone to fracture, preferably along the zigzag
direction (Figure 1h).
XPS measurements were carried out to probe the

composition of GQDs. As seen in Figure 2a, the XPS show a
dominant graphitic C1s peak at 284.8 eV and O1s peak at ca. 532
eV for original CF and GQDs. The C:O atomic ratios in CF
and GQDs are 6.52 and 3.22, respectively. The comparison of
the high-resolution spectra of C1s (Figure 2, panels b and c)
demonstrates the obvious change in carbon chemical environ-
ment from CF to GQDs. The presence of CC, C−O, CO,
and COOH bonds in Figure 2c, indicated GQDS were
functionalized with hydroxyl, carbonyl, and carboxylic acid
groups. Raman spectroscopy was also used to characterize the

GQDs, as shown in Figure 2d. The G peak shows blue shift
compared with the original CF. The 2D peak of GQDs can be
found at 2700 cm−1. The relative intensity of the “disorder” D
band to the crystalline G-band (ID/IG) for the GQDs is 0.91,
which is higher than that of GQDs prepared by electrochemical
routes.32 During the oxidation, oxygen-containing groups,
including carbonyl, carboxyl, hydroxyl, and epoxy groups
were introduced to the edges and onto the basal plane, as
shown in the Fourier transform infrared (FTIR) spectrum
(Figure 2e). The presence of these groups makes the GQDs
soluble in water. Figure 2f shows the typical XRD profiles for
CF and GQDs. The GQDs have a broader (002) peak centered
at around 21.5 degrees. The interlayer spacing is 0.403 nm,
which is broader than that of graphite.42 The XRD peak for
GQDs shifted to a lower degree compared with the CF,
indicating that GQDs had a bigger interlayer spacing than that
of the original CF (0.364 nm). This result could be attributed
to the oxygen-containing groups introduced in the exfoliation
and oxidation of CF, which enhanced the interlayer distance.
However, the interlayer distance of GQDs is smaller than the
graphene oxide,43 which could be explained that GQDs are
only oxidized on the edges due to the very small size.
Figure 3a shows the UV−visible absorption spectra of GQDs

synthesized at temperatures of 80, 100, and 120 °C,
respectively. A clear blue shift from 330 to 270 nm with
increasing the temperature is observed. The result reveals that
the reaction temperature can affect the absorption properties of
as-sythesized GQDs and that lower temperature leads to GQDs
absorption at longer wavelenths. The inset of Figure 3a shows
the optical images of three GQDs under UV light. The GQDs
with synthesized temperatures of 120, 100, and 80 °C show
blue, green, and yellow emission colors, respectively. The color
coordinates of GQDs are shown in Figure S3 (see the
Supporting Information). Figure 3b shows the corresponding
emission spectra of as-prepared GQDs to Figure 3a. The result
reveals that the temperature can change the distribution of
emission wavelength of as-synthesized GQDs. Different
emission color may originate from GQDs of different size,
shape and defects.16 Further characterization (typical TEM
images and size distribution for green and yellow GQDs, see
Figure S4 in the Supporting Information) supports the
conclusion that different-sized GQDs yield different emission
colors. The optical properties of GQDs vary with the GQDs
size which could also result in the variation in density and
nature of sp2 sites available in GQDs. Thus the energy gap of
GQDs can be tuned by changing the size of GQDs. Figure 3c
shows the relationship between the energy gap and the GQDs
size. It is clearly seen that the energy gap decreases from 3.90 to
2.89 eV with increasing the size, which corresponds to the same
kind of trend observed in other quantum dots due to the
quantum confinement effect at lower particle sizes (1−10
nm).44 The photoluminescence excitation (PLE) spectra of the
blue GQDs (λem = 434 nm) as well as PL spectra is shown in
Figure S5 (see the Supporting Information). The PLE spectra
shows two sharp peaks at 284 and 318 nm. The PLE spectra
clearly demonstrates that the observed luminescence from the
GQDs could be correlate with the two new transitions at 284
and 318 nm rather than the commonly observed π−π*
transition. The two electronic transitions of 318 nm (3.89 eV)
and 284 nm (4.36 eV) observed in the PLE spectra (Figure S5)
can be considered as a transition from the σ and π orbital
(HOMO) to the lowest unoccupied molecular orbital
(LUMO), as demonstrated in Figure S6. The PLE spectra of

Figure 4. Fluorescent images of human breast cancer cell T47D after
incubation with green GQDs for 4 h (a) phase contrast picture of
T47D cells. (b) Individual nucleus stained blue with DAPI. (c)
Agglomerated green GQDs surrounding each nucleus. (d) The overlay
high contrast image of nucleolus stained with blue DAPI and GQDs
(green) staining.
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green and yellow GQDs are shown in Figures S7 and S8,
respectively, which also show two sharp peaks. The carbine
ground-state multiplicity is related to energy differences (δE)
between the σ and π orbital. δE should be below 1.5 eV for a
triplet ground state.45,46 In our work here, the δEs for GQDs
with blue, green and yellow emission are 0.47, 0.82, and 1.24
eV, respectively. The data show that the δEs within the required
value for triple carbenes. The luminescence is the irradiation
decay of activated electrons from the LUMO to the HOMO.
All of the obtained GQDs exhibit excitation dependent PL
behaviors. Here, we explored such behavior of blue GQDs.
When blue GQDs are excited at wavelengths from 318 to 420
nm, the PL peak shifts from 434 to 503 nm and the PL
intensity decreased remarkably (Figure S9). To further analyze
the chemical environment dependence PL behavior of blue
GQDs, we performed the pH dependent PL to vary the pH
value from 1 to 13. Figure S10 exhibits the PL spectra of blue
GQDs at different pH. The pH dependent PL emission results
reveal that, under alkaline conditions, the blue GQDs emit
strong PL, whereas under acidic conditions, the PL intensity
decreases. This result would be attributed to the following
explanations. The free zigzag sites of the GQDs are protonated
and a complex between the zigzag sites and H+ is formed in
acidic solution. Thus, the emissive state becomes inactive in PL.
The luminescence decay profiles of the blue GQDs are

shown in Figure 3d. The decay were recorded for the GQDs
transitions at 434 nm for blue and 500 nm for green emission at
371 nm excitation measured at room temperature by a time-
correlated single photon counting technique. The lifetime data
of blue and green GQDs were very well fitted to a triple-
exponential function as shown in Figure 3d and Figure S11 (see
the Supporting Information). The parameters generated from
iterative reconvolution of the decay with the instrument
response function (IRF) are listed in the inset of Figures 3d
and S10 for blue and green GQDs, respectively. The observed
lifetimes of the blue quantum dot are τ1 = 0.24 ns, τ2 = 1.23 ns,
and τ3 = 5.36 ns, whereas for green GQDs lifetime τ1 = 0.26 ns,
τ2 = 1.15 ns, and τ3 = 4.30 ns were observed. The observed
lifetime of GQDs in nanosecond suggests that the synthesized
GQDs are most suitable for optoelectronic and biological
applications.
As hypothesized, GQDs could be used for biological

applications such as bioimaging, protein analysis by FRET,
cell tracking, isolation of biomolecules, and gene technology,
among others if the inherent toxicity of the material allows it.
Therefore the cytotoxicity of GQDs (green or blue) was
evaluated using two different human breast cancer cell lines
MDA-MB-231 and T47D with MTT viability assay. As
observed in Figure S12 (see the Supporting Information),
low doses of GQDs (up to 50 μg/mL) do not impose a
considerable toxicity to these cells compared to the control
(untreated). 1 μM of doxorubicin was used as a positive
control, toxicity at 24 and 48 h is 50% and 35%, respectively
(see Figure S13 in the Supporting Information). Cell
proliferation at low dosage as the exposure time increases is
not affected in accordance to Figure S12. The experimental
method of MTT assay is described in the Supporting
Information.
To determine whether GQDs can be used for cellular

imaging, we chose the green GQDs because the nucleus was
stained with mounting medium with DAPI (blue color) cell’s
nucleus showing blue color under imaging. We have performed
in vitro cellular studies using human breast cancer cell lines

T47D. The cells were cultured and maintained in DMEM
medium as described in the Supporting Information. Figure 4
shows the images of T47D cells treated with green GQDs for 4
h incubation time. The obtained images clearly visualize the
phase contrast image of T47D cells, nucleus stained blue with
DAPI, agglomerated high contrast fluorescent image of green
GQDs around each nucleus and overlay image of cell with
phase contrast, DAPI and green GQDs. These obtained images
indicate that GQDs can be used in high contrast bioimaging
and other biomedical applications.
In conclusion, we have demonstrated a facile synthesis of

GQDs in large scale with acidic exfoliation and etching of pitch
carbon fibers, which are rich in distributed graphitic domains in
their original frameworks. The size of the as-prepared GQDs
varies with the reaction temperature, and the emission color
and the bandgap of GQDs can be controlled accordingly. We
have also shown the low cytotoxicity and excellent biocompat-
ibility of these GQDs, thus they can be used as an eco-friendly
material in biolabeling and bioimaging. Furthermore, our
GQDs with tunable photoluminescence could also find
promising applications in opto-electronics.
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