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T
he properties of graphene are closely
governed by its geometry and chemi-
cal compositions. Such size-dependent

properties can be observed in graphene
nanoribbons and graphene nanoplate-
lets.1,2 Graphene quantum dots (graphene
QDs) represent a class of zero-dimensional
carbon nanoparticles with typical dimen-
sions of ca. <20 nm.3,4 The low dimension
of graphene QDs leads to unique quantum
confinement5 and edge effects resulting in
exceptional fluorescence properties.6,7 Due
to the high surface area, potential biocom-
patibility or low toxicity, and the availability
of a π�π conjugated network with function-
alizable surface groups, graphene QDs
have been envisioned to fuel the develop-
ment of research in electrochemical biosen-
sors, drug delivery, bioimaging, and energy
conversion.6,8

Akin to the synthesis of graphene, graph-
ene QDs can be prepared by either a top-
down or bottom-up approach. The top-down

approach involves cutting graphene sheets
into graphene QDs by chemical ablation,9�13

mechanical grinding,14 or electrochemical
synthesis.15 On top of the requirement for
expensive equipment, such treatments
are usually difficult to control and often
provide graphene QDs of various diameters
(3�25 nm). Apart from that, the bottom-up
approach includes chemical synthesis16,17

and ruthenium-catalyzed cage-opening of
fullerene C60.

18 Although the synthesis of
graphene QDs with specific sizes can be
anticipated, the former involves tedious
synthetic procedures, while the latter
requires sophisticated equipment. With
the current challenges and limitations, it is
thus worthwhile to develop more efficient
and affordable alternatives that are able to
produce high-quality graphene QDs of spe-
cific sizes. Besides that, the fabrication of
well-defined tiny graphene QDs (∼2�3 nm)
will be advantageous for numerous appli-
cations. For example, the low toxicity of
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ABSTRACT Graphene quantum dots is a class of graphene nanomaterials with

exceptional luminescence properties. Precise dimension control of graphene quantum

dots produced by chemical synthesis methods is currently difficult to achieve and usually

provides a range of sizes from 3 to 25 nm. In this work, fullerene C60 is used as starting

material, due to its well-defined dimension, to produce very small graphene quantum

dots (∼2�3 nm). Treatment of fullerene C60 with a mixture of strong acid and chemical

oxidant induced the oxidation, cage-opening, and fragmentation processes of fullerene

C60. The synthesized quantum dots were characterized and supported by LDI-TOF MS, TEM,

XRD, XPS, AFM, STM, FTIR, DLS, Raman spectroscopy, and luminescence analyses. The

quantum dots remained fully dispersed in aqueous suspension and exhibited strong luminescence properties, with the highest intensity at 460 nm under a

340 nm excitation wavelength. Further chemical treatments with hydrazine hydrate and hydroxylamine resulted in red- and blue-shift of the luminescence,

respectively.
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graphene QDs as compared to standard fluorescence
probes using AIIBVI semiconductors like CdSe or rare
earth fluorides rendered it valuable.
In fact, this has motivated us to investigate the

possibility of cage-opening fullerene C60, which is a
well-defined carbon nanomaterial with a diameter of
∼1 nm, via a top-down wet chemistry approach. As a
spherical molecule, fullerene C60, or buckminsterful-
lerene, is made up of 60 carbon atoms packed into
fused hexagons and pentagons.19 As the main chem-
ical reactivity principle of fullerene C60 is based on
relieving the strain of the fullerene C60 cage, various
derivatization reactions including cycloaddition, free
radical addition, nucleophilic addition, and halogena-
tion have been achieved.20 In conjunction, the unzip-
ping of carbon nanotubes to produce graphene
nanoribbons under the presence of strong acid and
oxidant has inspired us to investigate the possible
cage-opening of fullerene C60 based on similar chem-
ical treatment. As such, the treatment of fullerene
C60 with concentrated sulfuric acid and potassium
permanganate oxidant based on the modified Hum-
mers method is anticipated to yield graphene quan-
tum dots with well-defined diameters of 2�3 nm. The
obtained graphene QDs were characterized by laser
desorption ionization with time-of-flight mass spec-
trometry (LDI-TOF MS), transmission electron micros-
copy (TEM), X-ray diffraction (XRD), atomic force
microscopy (AFM), scanning tunneling microscopy
(STM), Raman spectroscopy, Fourier transform infra-
red (FT-IR), X-ray photoelectron spectroscopy (XPS),
dynamic light scattering (DLS), and luminescence
analyses.
Further confirmation of the generation of graphene

QDs, which should be highly oxidized due to the usage
of concentrated acid and strong oxidant, was achieved
by subsequent extensive chemical modifications. This
includes esterification with trifluoroacetic anhydride

and 4-nitrobenzoyl chloride, reduction with hydrazine
hydrate, and reactions with hydroxylamine. In fact, the
chemical modifications were accompanied by obvious
changes on the luminescence properties of the mod-
ified graphene QDs.

RESULTS AND DISCUSSION

The cage-opening of fullerene C60 was attempted by
subjecting it to a mixture of concentrated sulfuric acid,
sodium nitrate, and potassium permanganate accord-
ing to themodified Hummers method.21 Similar chem-
ical treatment has been performed to yield carbon
nanoribbons from carbon nanotubes.22 The reaction
scheme is shown in Figure 1A. It was observed in the
case of fullerene C60 that the quenched reaction
mixture was clear yellow with negligible precipitation.
In order to remove any soluble reaction byproducts,
the clear yellow solution was dialyzed using a mem-
brane with a cutoff below 1 kDa. The dialyzed material
exhibited strong luminescence, as clearly visible in
Figure 1B, where a blue laser pointer (405 nm) was
used for luminescence excitation.
The successful oxidation/cage-opening of fullerene

C60 was first investigated by LDI-TOF MS. This is a very
sensitive method to detect highly stable fullerene
clusters. The LDI-TOFMS spectra of fullerene C60 before
and after the oxidation/cage-opening procedure are
shown in Figure SI1 (Supporting Information) for com-
parison. Although the disappearance of the fullerene
C60 peak upon oxidation/cage-opening was antici-
pated, it was by no means a definite indicator of the
exact structure of the graphene QDs. Indeed as shown
in Figure SI1A (Supporting Information), the presence
of an intense peak at m/z = 720 confirmed the pres-
ence of fullerene C60. Smaller carbon clusters were
detected as well. The origin of small carbon clusters
such as C6

þ, C7
þ, and C8

þ has been reported not only
for fullerenes23 but also for graphite oxide that has

Figure 1. (A) Illustration of the oxidation and cage-opening of fullerene C60 with treatment of strong acid and chemical
oxidant. (B) Luminescence of graphene QDs excited with a blue laser pointer (405 nm).
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undergone thermal reduction.24 The disappearance of
the peak at m/z = 720 in the LDI-TOF MS spectrum of
graphene QDs in Figure SI1B (Supporting Information)
confirmed the successful oxidation/cage-opening
of fullerene C60 into graphene QDs. Moreover, the
absence of obvious peaks beyond m/z = 720 ruled
out the presence of fullerenols and suggested possible
fragmentation processes of the cage-opened C60. In
fact, only peaks of low m/z corresponding to small
clusters that were composed of carbon, oxygen, and
hydrogen were present.
The morphology of graphene QDs was further

investigated using AFM and STM. The aggregation of
graphene QDs during solvent evaporation was ob-
served by AFM analysis in Figure 2A. Such aggregation
originated from the formation of noncovalent interac-
tions or weak hydrogen bonding between oxygen
functional groups present on the graphene QDs' sur-
face. The height of graphene QDs was about 0.6�1 nm
and corresponded to typical values reported for graph-
ene oxide and graphene nanoribbons.1,25 Subse-
quent analysis with STM performed under constant-
current mode showed graphene QDs with lateral sizes
within the range 7�10 nm and a height of approxi-
mately 0.7 nm, as shown in Figure 2B. This corre-
sponded to the DLS measurement, whereby particles
of sizes up to 15 nm were observed. In fact, the parti-
cle size measured by DLS in Figure SI2 (Supporting
Information) showed a hydrodynamic radius in the
range 1�15 nm with a maximum at 3 nm, which
coincided with the estimated lateral size of graphene

QDs upon successful oxidation/cage-opening of C60.
The aggregation of graphene QDs in solution cannot
be excluded since noncovalent interactions and hydro-
gen bonding between the oxygen functionalities are
likely to occur. It should also be noted that the platelet
characters of graphene QDs should be taken into
account, and the relatively broad distribution indicated
various orientations of platelet particles toward the
laser and detector used for the measurements.
High-resolution TEM images were also collected to

resolve the structure of the graphene QDs obtained
from the oxidation/cage-opening of fullerene C60
(Figure SI3, Supporting Information). During the sol-
vent evaporation process of the graphene QD suspen-
sion, aggregates were formed as also observed from
AFM and STM analyses. Figure SI3A (Supporting Infor-
mation) shows a low-magnification image of the
graphene QD aggregates, while the electron diffrac-
tion pattern on the yellow-colored rectangular area
in the inset confirmed the amorphous character
of the graphene QD aggregates. A high-resolution
image of the same aggregate shown in Figure SI3B
(Supporting Information) supported the fully packed
fullerene structure (fully packed graphene QDs were
formed during the process of solvent evaporation).
Subsequent high-resolution imaging in Figure SI3C
(Supporting Information), which corresponded to the
peripheral region of the aggregate (within the yellow
oblong) in Figure SI3B (Supporting Information),
showed the network geometry of graphene QDs in
two adjacent blocks.

Figure 2. (A) AFM image of graphene QDs and the corresponding height profile for the indicated particle. (B) STM image of
graphene QDs and the corresponding height profile for the indicated particle.

A
RTIC

LE



CHUA ET AL . VOL. 9 ’ NO. 3 ’ 2548–2555 ’ 2015

www.acsnano.org

2551

Raman spectroscopy was subsequently performed
to investigate the structure of graphene QDs. Two
characteristic bands were observed on the graphene-
based materials, mainly the D-band at 1350 cm�1 and
G-band at 1580 cm�1. The D-band is associated with
sp3-hybridized carbon atoms originating from defects
and oxygen functional groups covalently bonded to
the graphenic structure. The G-band arises from
sp2-hybridized carbon atoms. The computed intensity
of D-band to G-band (D/G ratio) reflects the crystalline
quality of the graphene-based material. It should be
noted that the majority of Raman signals for materials
exhibiting strong luminescence properties are often
masked by the intense luminescence background. The
Raman spectrum of graphene QDs measured with a
532 nm laser is shown in Figure 3A (Raman spectrum of
fullerene C60 is shown in Figure SI4A, Supporting
Information). The strong luminescence background
formed by this excitation wavelength revealed only a
weak G-band signal originating from sp2-hybridized
carbon atoms. To improve the signal-to-background
ratio, a UV laser was subsequently used for the Raman
measurement. The Raman spectrum of graphene QDs
measured with a 325 nm laser is shown in Figure 3B.
The strong G-band relative to the broad and low-
intensity D-band indicated low disorder in the graph-
ene QDs. The D/G ratio of graphene QDs was 0.41.
This was drastically lower than typical values of D/G
ratio observed on graphene oxide prepared from
graphite. To note, contrasting Raman spectra obtained
from lasers in the UV and vis regions have been
reported by several authors on various carbon nano-
materials such as nanodiamonds and carbon nano-
tubes.26�28 UV Raman spectroscopy typically exhibits a

higher sensitivity toward carbon atoms with sp3 hy-
bridization (D-band), whereas excitation in the visible
region leads to enhancement of signals originating
from sp2-hybridized carbon atoms (G-band). Due to
this reason, the actual D/G ratio of graphene QDs can
be even lower.
FT-IR spectroscopy enables the investigation of

oxygen functional groups formed by the oxidation/
cage-opening process of fullerene C60. The FT-IR spec-
trum in Figure 3C clearly shows O�H stretching
located around 3400 cm�1. The peak at 1720 cm�1

due to CdO stretching proved the presence of a
carboxylic acid group. Moreover, a CdO vibrational
band was observed at 1370 cm�1, whereas a weak
shoulder at 1390 cm�1 was attributed to the C�O
vibration of a carboxylic acid group. The CdC vibration
of sp2-hybridized carbon atoms was detected at
1600 cm�1, while a strong band with a maximum at
1050 cm�1 was designated as C�O stretching. It was
surprising to note that C�O stretching of the hydroxyl
group resulted only in a very weak vibrational band at
1230 cm�1. As amatter of fact, the presence of hydrox-
yl, ketone, and carboxylic acid functional groups
indicated the successful cage-opening and a high
degree of oxidation of fullerene C60.
XPS analysis was consequently carried out to deter-

mine the chemical composition of graphene QDs. The
XPS survey spectrum of graphene QDs presented in
Figure 3D clearly shows C 1s and O 1s peaks at∼284.5
and ∼533 eV, respectively. Na 1s and N 1s peaks were
also detected at ∼198 and ∼400.5 eV, respectively.
Further quantitative analysis indicated a distribution of
63.96 at. % of C, 30.87 at. % of O, 3.19 at. % of N, and
1.98 at.% ofNa. A trace amount of nitrogen observed in

Figure 3. Raman spectra of graphene QDs measured with a (A) 532 nm laser at 5 W and (B) 325 nm laser at 2 mW. (C) FT-IR
spectrum of graphene QDs obtained from the cage-opening of fullerene C60. (D) Survey, high-resolution (E) C 1s and (F) O 1s
core-level XPS spectra of grapheneQDs. High-resolutionN 1s core-level spectrum is provided in Figure SI4C in the Supporting
Information.
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graphene QDs was introduced during the oxidation/
cage-opening procedure from the usage of NaNO3 in
conjunction with KMnO4 as an oxidation agent.29

Moreover, residues of sodium also originated from
NaNO3 as well as from NaOH, which was added to
neutralize sulfuric acid prior to the dialysis purification
process of graphene QDs. In fact, the relatively high
content of oxygen confirmed the successful oxidation/
cage-opening of fullerene C60. The survey spectrum of
fullerene C60 (Figure SI4B, Supporting Information)
contained only a C 1s peak at ∼285 eV without any
traces of oxygen. Subsequently, a high-resolution C 1s
core-level spectrum of graphene QDs was obtained.
The C 1s peak in Figure 3E was fitted with Guassian�
Lorentzian curves to quantitatively differentiate six
different carbon moieties: CdC (284.4 eV), C�C/C�H
(285.4 eV), C�O (286.3 eV), CdO (288.0 eV), O�CdO
(289.0 eV), and a π�π* interaction (290.5 eV). The
positions of the peaks were fitted according to typical
fittings for graphite oxide.30 The calculated abun-
dances for the carbon functional groups were 0.8%
CdC, 37.4% C�C/C�H, 48.9% C�O, 9.0% CdO, 3.8%
O�CdO, and 0.1% π�π* interactions. In addition, a
high-resolution O 1s core-level spectrum is shown in
Figure 3F. The shape and binding energy peak position
supported the C 1s core-level fitting results, whereby
the majority of oxygen was bonded to carbon in the
form of C�O. This was also in a good agreement
with the data obtained from FT-IR spectroscopy that
showed strong bands originating from the vibrations
of the hydroxyl functional group.
Apart from that, the luminescence properties of

graphene QDs were investigated using a tunable
xenon light source and a microphotoluminescence
system equipped with a He�Cd laser as excitation
source. The almost linear dependence of luminescence
intensity was observed for the excitation energy in the
range from 20 nW to 0.2 mW. The obtained spectra are

shown in Figure 4A. Broad luminescence was observed
in the yellow-red region of the spectra with two
maxima located at 630 and 700 nm. Especially for the
application of quantum dots, it is very important to
determine the luminescence intensity over the excita-
tion wavelength. As such, graphene QDs were ana-
lyzed by a fluorimeter with a tunable excitation source
using a Xe lamp on an aqueous suspension of the
graphene QDs (Figure 4B). The highest intensity of
luminescence was observed for 340 nm excitation
wavelength with a maximum intensity at 460 nm.
Obvious differences observed from the measurements
on dry form and an aqueous suspension of graphene
QDs indicated that the protonation of the carboxylic
acid group as well as the interaction of other oxygen
functional groups with water may critically affect the
luminescence properties. Such drastic influences can
originate from the very small size of the graphene QDs,
which was formed only by several tenths of aromatic
rings with a high concentration of oxygen functional
groups, as determined by previous characterizations
using various spectroscopic techniques. In fact, the
synthesis of graphene QDs, which was performed
several times to ascertain the reproducibility of the
method, consistently gave graphene QDs with lumines-
cence maxima in the range 450�465 nm (Figure SI5,
Supporting Information).
Further chemical treatments on graphene QDs were

performed to ascertain the presence and types of
oxygen-containing groups. As summarized in Figure
5A, graphene QDs were subjected to treatment with
trifluoroacetic anhydride, 4-nitrobenzoyl chloride,
hydrazine hydrate, and hydroxylamine to target spe-
cific oxygen functionalities. The chemical modifica-
tions of graphene QDs were mainly determined by
XPS analyses (Figures SI6�9, Supporting Information).
The presence of hydroxyl groups ongrapheneQDswas
verified by esterification reactions with trifluoroacetic

Figure 4. (A) Luminescence of graphene QDs in dry form obtained by excitation with a 325 nm laser using various laser
powers of 20 nW, 0.1 mW, and 0.2 mW. Measurement was performed using a microphotoluminescence spectrometer (see
Experimental Section). (B) Dependence of graphene QD luminescence on the wavelength of excitation light. High-intensity
line originated from the scattering of excitation light. Themeasurement was performed on dialyzed graphene QDs on a Cary
Eclipse (see Experimental Section).
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anhydride (TFA) and 4-nitrobenzoyl chloride (NBC). The
reactionswere performed in dry phasewhereby graph-
eneQDswere suspended on a gold surface and treated
with vapors of the reactants. XPS analyses on TFA-
functionalized graphene QDs showed up to 2.9 at. %
of fluorine (F/C ratio of 0.07). On the other hand, the
reactivity of NBC with graphene QDs was lower than
TFA given the moderate content of nitrogen (N/C ratio
of 0.05). Nevertheless, the presence of a peak at 406 eV
corresponding to the presence of a nitrophenyl group
in the N 1s core-level spectrum of NBC-functionalized
graphene QDs suggested the success of the function-
alization. This characteristic peak was however not
present on graphene QDs.
Graphene QDs were subsequently reacted with

hydroxylamine, in which carboxylic acid and ketone
functionalities would form hydroxamic acid and ox-
imes, respectively. The significant broadening of a peak
toward higher energy (up to 403 eV) in the N 1s core-
level spectrum represented N�O bonds of oxime and
hydroxamic acid and suggested the success of the
functionalization.More importantly, the functionalization
was accompanied by changes in its luminescence prop-
erties. The aqueous solution of NH2OH-functionalized
graphene QDs showed a blue-shift phenomenon.
An excitation wavelength of 310 nm resulted in an
emission maximum of 425 nm, as shown in Figure 5B.
Subsequent treatment with hydrazine hydrate was

performed to reduce the highly oxidized graphene
QDs. Hydrazine-reduced graphene oxide has been
previously reported to contain N�N moieties of pyra-
zole structure whereby one of the N atoms is pyridinic-
like, while the other is quaternary-like.31 In fact, the
presence of pyrazole was obvious in the N 1s core-level

spectrum, as the peak at 401.2 eV, which corresponded
to the presence of quaternary-like nitrogen atoms, was
prominent. This particular peak for quaternary nitro-
gen was absent in the N 1s core-level spectrum of
graphene QDs. Moreover, a N/C ratio of 0.28 registered
by the hydrazine-reduced graphene QDs compared to
0.05 of graphene QDs signified the unintentional
covalent functionalization with nitrogen moieties,
mainly pyrazole, upon hydrazine treatment. Interest-
ingly, the hydrazine-reduced graphene on graphene
QDs resulted in a red-shift of the emissionmaximum to
520 nmwhen an excitation wavelength of 420 nmwas
applied, as shown in Figure 5C.

CONCLUSION

In conclusion, the present work has demonstrated
the simultaneous oxidation and cage-opening of ful-
lerene C60 to provide graphene quantum dots. The
graphene QDs were synthesized by treating fullerene
C60 with a mixture of concentrated sulfuric acid, so-
dium nitrate, and potassium permanganate. Detailed
characterization including LDI-TOF MS, TEM, AFM,
STM, XPS, DLS, FT-IR, and Raman spectroscopy analyses
revealed the formation of aggregated small fragments
consisting of carbon, oxygen, and hydrogen elements,
which favored the production of graphene QDs.
More importantly, the graphene QDs exhibited strong
luminescence properties when excited at 340 nm.
The highly oxygenated grapheneQDs showcased their
broad prospects for modifications through successful
functionalization reactions. The luminescence prop-
erties varied according to the types of chemical
treatments, whereby hydroxylamine-functionalized
graphene QDs showed a blue-shift of the emission

Figure 5. (A) Chemical transformation of functional groups on graphene QDs upon reactions with trifluoroacetic anhydride,
4-nitrobenzoyl chloride, hydrazine hydrate, and hydroxylamine. Dependence of graphene QD luminescence on the
wavelength of excitation light for graphene QDs treated with (B) hydroxylamine and (C) hydrazine hydrate. High intensity
of line originated from the scattering of excitation light.
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maximum, while hydrazine-reduced graphene QDs
showed a red-shift of the emission maximum. All
in all, the simplicity of this method in producing

graphene QDs shows potential for further develop-
ment for integration into practical devices or applica-
tions including optoelectronics and biological labeling.

EXPERIMENTAL SECTION
Materials. The fullerene C60 (99.9%) was obtained from SES

Research, TX, USA. Sulfuric acid (98%), potassium permanga-
nate (99.5%), sodium nitrate (99.5%), hydrogen peroxide (30%),
sodium hydroxide, hydrazine hydrate, and N,N-dimethylform-
amide (DMF) were obtained fromPenta, Czech Republic. Hydrox-
ylamine, 4-nitrobenzoyl chloride, and trifluoroacetic anhydride
were obtained from Sigma-Aldrich, Czech Republic.

Procedures. Synthesis of Graphene QDs. The fullerene C60
was oxidized using Hummers method.21 Fullerene C60 (2.5 g)
and sodium nitrate (1.3 g) were stirred with sulfuric acid (98%,
57 mL). The mixture was then cooled to 0 �C. Potassium
permanganate (7.5 g) was then added over a period of 2 h.
During the next 4 h, the reaction mixture was allowed to reach
room temperature before being heated to 35 �C for 30 min. The
reaction mixture was then poured into a flask containing
deionized water (125 mL) and heated to 70 �C for 15 min.
The mixture was then poured into deionized water (0.3 L). The
unreacted potassium permanganate and manganese dioxide
were removed by the addition of 3% hydrogen peroxide.
The reaction mixture was then neutralized using 1 M NaOH at
pH = 8. The obtained graphene QD solution was purified by
dialysis.

Reaction with Hydrazine Hydrate. Dialyzed graphene QDs
(5 mL) were diluted with water (10 mL), and hydrazine hydrate
(1 mL) was added. The reaction mixture was slightly alkalized
with potassium hydroxide and heated under reflux for 24 h.
Subsequently, the reaction mixture was concentrated under
vacuum in order to remove unreacted hydrazine and to increase
the concentration of graphene QDs. For the XPS analysis, 0.1mL
of the modified graphene QD solution was drop-casted onto a
gold-coated silicon wafer and dried under vacuum for 5 h.

Reaction with Hydroxylamine. Dialyzed graphene QDs
(5 mL) were diluted with water (10 mL), and hydroxylamine
(1mL) was added. The reactionmixturewas heated under reflux
for 24 h. Subsequently, the reaction mixture was concentrated
under vacuum to remove unreacted hydroxylamine and to
increase the concentration of graphene QDs. For the XPS
analysis, 0.1 mL of modified graphene QD solution was drop-
casted onto a gold-coated silicon wafer and dried under
vacuum for 5 h.

Reaction with 4-Nitrobenzoyl Chloride. A dialyzed graphene
QD solution (0.2mL) was drop-casted onto a gold-coated silicon
wafer and dried under vacuum. The wafer with graphene QDs
was placed in 10 wt % of 4-nitrobenzoyl chloride in tetrahy-
drofuran (5 mL) for 24 h. Subsequently the wafer was removed
from the solution, and unreacted 4-nitrobenzoyl chloride was
washed off with dry THF andmethanol and dried under vacuum
at 50 �C for 24 h. Themodified graphene QDs on the Au/Si wafer
were directly used for XPS measurement.

Reaction with Trifluoroacetic Anhydride. A dialyzed graph-
ene QD solution (0.2 mL) was drop-casted onto a gold-coated
siliconwafer and dried under vacuum. Thewafer with graphene
QDs was placed on a holder over trifluoroacetic anhydride, and
the flask was evacuated to 1 mbar. After 24 h, the wafer was
removed from the trifluoroacetic anhydride atmosphere and
dried under vacuum at 50 �C for 48 h. The modified graphene
QDs on the Au/Si wafer were directly used for XPS mea-
surement.

Equipment. An inVia Ramanmicroscope (Renishaw, England)
with a CCD detector was used for Raman and luminescence
spectroscopy in backscattering geometry. A Nd:YAG laser
(532 nm, 50 mW) with 50�magnification objective and He�Cd
laser (325 nm, 22 mW) with 20� NUV objective were used for
measurements. Instrument calibration was performed with a
silicon reference which gave a peak centered at 520 cm�1 and a
resolution of less than 1 cm�1. In order to avoid radiation

damage, the laser power output used for this measurement
was kept in a range of 20 nW to 5 mW. Prior to measurements,
the dialyzed sample was ultrasonicated for 5 min, and then the
suspension was deposited on a small piece of silicon wafer and
dried.

Fluorescence measurement was performed on a Cary
Eclipse fluorescence spectrometer (Varian, USA). The measure-
ment was performed in quartz glass cuvettes using 1 mL of the
graphene QD suspension.

For the measurement of atomic force microscopy images,
the dialyzed sample was ultrasonicated for 5 min and the
suspension of graphene QDs was drop-casted onto a freshly
cleaved mica substrate. These measurements were carried out
on an Ntegra Spectra from NT-MDT. The surface scans were
performed in tapping (semicontact) mode. Cantilevers with a
strain constant of 1.5 kN 3m

�1 equipped with a standard silicon
tip with curvature radius less than 10 nm were used for all
measurements. The measurement was performed under ambi-
ent conditions with a scan rate of 1 Hz and scan line of 512.

For the measurement of scanning tunneling microscopy
images, the dialyzed sample was ultrasonicated for 5 min and
the suspension of graphene QDs was drop-casted onto freshly
cleaved highly oriented pyrolytic graphite. These measure-
ments were carried out on an Ntegra Spectra from NT-MDT.
The surface scans were performed in a constant current mode
using a Pt�Ir tip.

High-resolution X-ray photoelectron spectroscopy was per-
formed on an ESCAProbeP (Omicron Nanotechnology Ltd.,
Germany) spectrometer equipped with a monochromatic alu-
minum X-ray radiation source (1486.7 eV). Wide-scan surveys
with subsequent high-resolution scans of C 1s and O 1s core
levels were performed. The relative sensitivity factors were used
in the evaluation of the carbon-to-oxygen (C/O) ratios from the
survey spectra. The dialyzed sample was ultrasonicated for
5 min, and the suspension of graphene QDs was drop-casted
(0.1 mL) onto a layer of gold (200 nm) freshly evaporated on a
silicon wafer.

The morphology and structure of the cage-opened ful-
lerenes were studied by using HR-TEM JEOL JEM-3010 operated
at 300 kV (LaB6 cathode and point-to-point resolution 0.19 nm).
For investigation of graphene, the suspension with water
(1 mg/mL) was ultrasonicated for 15 min (75 W) before use.
As specimen support for TEM investigation, a microscopic
copper grid covered by a thin transparent carbon film was
used. The sampleswere studied in both bright field and electron
diffraction (SEAD) modes.

Samples for laser desorption/ionization with time-of-flight
detector mass spectrometry were prepared similarly to the
method described by Kuckova et al.32 Dialyzed graphene QDs
were ultrasonicated for 5min, and 1 μL was directly dropped on
the steel sample plate and air-dried. The mass spectra were ac-
quired in positive reflector (for masses in the range 0�2000 Da)
with a mass accuracy of 0.4 Da on the Bruker-Daltonics Biflex IV
mass spectrometer fitted with a standard nitrogen laser
(337 nm, 120 μJ). The spectra were analyzed using the XMASS
(Bruker) and mMass software.33 Each mass spectrum was the
result of at least 100 laser pulses. The spectra were calibrated by
Pepmix (Bruker Daltonics, Germany).

Fourier transform infrared spectroscopy measurements
were performed on a Nicolet 6700 FTIR spectrometer (Thermo
Scientific, USA). A Diamond ATR crystal and DTGS detector were
used for all measurements, which were carried out in the range
4000�400 cm�1 at a resolution of 2 cm�1. A 0.1 mL amount of a
dialyzed graphene QD suspension was drop-casted onto a
silicon wafer and dried at room temperature. The measurement
was performed directly on the material placed on the silicon
wafer.

A
RTIC

LE



CHUA ET AL . VOL. 9 ’ NO. 3 ’ 2548–2555 ’ 2015

www.acsnano.org

2555

The dynamic light scattering was performed using a Zeta-
sizer Nano ZS (Malvern, England). The measurement was per-
formed at room temperature using disposable plastic cuvettes.
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