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ABSTRACT

This paper for the first time reports a chemical method to prepare graphene quantum dots (GQDs) from
GO. Water soluble and surface unmodified GQDs, serving as a novel, effective and simple fluorescent
sensing platform for ultrasensitive detection of 2,4,6-trinitrotoluene (TNT) in solution by fluorescence
resonance energy transfer (FRET) quenching. The fluorescent GQDs can specifically bind TNT species by
the m—rn stacking interaction between GQDs and aromatic rings. The resultant TNT bound at the GQDs
surface can strongly suppress the fluorescence emission by the FRET from GQDs donor to the irradiative
TNT acceptor through intermolecular polar-polar interactions at spatial proximity. The unmodified
GQDs can sensitively detect down to ~0.495 ppm (2.2 pM) TNT with the use of only 1 mL of GQDs
solution. The simple FRET-based GQDs reported here exhibit high and stable fluorescence. Eliminating
further treatment or modification, this method simplifies and shortens the experimental process.
It possesses good assembly flexibility and can thus find many applications in the detection of ultratrace

analytes.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Explosives play an important role in military and aerospace
infrastructure,in some industrial fields, and in modern society,
due to their effects on the environment and human health as well
as global security concerns [1,2]. Selective and sensitive detection
quantification of nitroaromatic explosives, such as TNT, have
attracted much attention in recent years [3-5]. In the past
decades, a number of new analytical methods, for example
fluorescence, field effect transition, and surface plasmon reso-
nance, have been developed for detection of TNT [6-8].
In particular, fluorescence is considered as one of the most
promising approaches for explosives sensing because of its
inherent sensitivity and high selectivity [9-11].

Quantum dots (QDs), or colloidal semiconductor nanocrystals,
have been the center of much attention in the past few years
[12-15]. Unlike organic fluorescent dyes, these QDs, which show
a brand new class of fluorescent nanoprobes, are advantageous
dyes because of their tunable emission color, unique optical and
electronic properties, high quantum yield, and long-term
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photostability. Moreover, emission of QDs is narrow, symmetric,
and non-interfering with regard to the excitation and emission
wavelength [16,17]. Due to their unique properties, QDs have
found increased uses in a variety of practical biological applica-
tions [18-22]. As novel luminescent probes, QDs have also
attracted considerable attention in the development of sensitive
and selective fluorescence sensors in recent years [23,24].

Graphene, a single layer of carbon atoms densely packed in a
honeycomb two-dimensional (2D) lattice, has been demonstrated
to have unique electronic, thermal, photonic, and mechanical
properties, which make it very attractive in physics, chemistry,
and material science [25,26].It has been both theoretically pre-
dicted and experimentally proven that the morphology of gra-
phene sheets, including size, shape and thickness can effectively
determine their properties [27-29]. Theoretical and experimental
studies of graphene have indicated that its bandgap and optical
properties can be manipulated by reducing its size to a nanolevel,
where it is also called graphene quantum dots (GQDs) [30,31].
GQDs possess strong quantum confinement and edge effects,
which make them excellent materials for the construction of
nanoscale optical, bioimaging, and electronic devices [32,33].

To fabricate GQDs, some papers concerning fluorescent gra-
phene have been published and applied [27-29,32-36]. Due to
stable photoluminescence, low toxicity, excellent solubility, and
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biocompatibility, their usage has been expanded to application in
optoelectronics and for biological probes [22,36-39]. In addition
to the properties mentioned above, GQDs have some advantages
in detection of TNT compared with other QDs. Firstly, GQDs form
two-dimensional and one atom thick planar sheets of sp>-bonded
carbon atoms. The restored m-network provides a good substrate
for anchoring m-conjugated molecules through m-m stacking
interaction, which is beneficial in detecting TNT and very efficient
for fluorescent quenching. Second, GQDs have an incomparable
advantage over other QDs as they do not need treatment or
modification before they are used for direct detection, which
simplifys and shortens the experimental process.

Herein, we report that fluorescence of GQDs could be
quenched by nitroaromatic analytes based on FRET, which might
provide a new pathway for the detection of nitroaromatic
explosives and their related compounds.

2. Experimental details
2.1. Materials

Graphite powders (320 mesh) as spectroscopically pure
reagents were obtained from Shanghai Chemicals, China. 2,4,6-
trinitrotoluene (TNT) was obtained from Sigma-Aldrich. 2,6-
dinitrotoluene (2,6-DNT), and 4-mononitrotoluene (4-NT) were
obtained from Alfa Aesar. Sodium borohydride (NaBH,4, 96%) was
purchased from Beijing Yili Chemicals, China. Unless otherwise
stated, other reagents were of analytical grade and were used as
received. All aqueous solutions were prepared with ultra-pure
water ( > 18 MQ) from a Milli-Q plus system (Millipore).

2.2. Apparatus

Fourier transform infrared spectroscopy (FTIR) was carried out
with a Bruker Tensor 27 Spectrometer (4 cm~!). Transmission
electron microscopy (TEM) images were taken with a TECNAI G2
high-resolution transmission electron microscope. Atomic force
microscope (AFM) images were obtained with a microscope
(Seiko Instruments Industry Co., Tokyo, Japan). Raman analysis
was carried out with a J-Y T64000 Raman spectrometer with
514.5 nm wavelength incident laser light. XPS measurements
were conducted with a VG ESCALAB MKII spectrometer. Zeta
potential was recorded on a Nano-ZS instrument. UV-vis absorp-
tion spectra were recorded using a Hitachi U-3900 spectrophot-
ometer. Fluorescence emission spectra were recorded using a
Hitachi F-4600 fluorescence spectrophotometer with an excita-
tion wavelength of 350 nm. Excitation and emission slit widths
were both 10 nm. Photoluminescence decay was measured on a
Photon Technology International (PTI) Time Master fluorescence
lifetime spectrometer equipped with a GL-302 dye laser pumped
by a PTI GL-3300 nitrogen laser and a GL-303 frequency doubler.

2.3. Preparation of graphene quantum dots

Graphene oxide (GO) was synthesized using the modified
Hummers method [40].Graphene sheets (GS) were obtained by
reduction of GO sheets with NaBH, at 85 °C for 12 h [41]. GS
(150 mg) were oxidized in HNO3 (30 mL) for 20 h at 90 °C. After
cooling to room temperature, the oxide GS (OGS) was reduced
with NaBH4 at 85 °C for 12 h after the pH was tuned to 9 with
NaOH. Then the mixture was further dialyzed in a dialysis bag
(retained molecular weight: 3500 Da).

2.4. Fluorescence detection of TNT

Various concentrations of TNT were added to solution of GQDs
(1 mL). The solution was mixed thoroughly at room temperature
for 30 s. The fluorescence quenching spectra was then recorded
(excitation 350 nm; emission 446 nm). The interfering effects of
other metal ions were investigated individually.

3. Results and discussion
3.1. Morphology characterization of GQDs

The chemical reduction processes lead to the partial removal
of an oxygen-containing group and repair of the aromatic struc-
tures, which promotes the stability of GQDs in aqueous solutions
and recovery of sp? hybridization [42].The GQDs were prepared
from GS by oxidization treatment with HNOs, and then by
reduction treatment with NaBH,. The prepared GQDs possess
strong fluorescence with PL quantum yields of 5.5% (see ESI} for
details and Table S1). Some conventional measurement methods
were used to describe the size, shape, and structure of GQDs.
Typical TEM shows that diameters of 1 pm of GS (Fig. 1a) became
slightly smaller at 50 nm of OGS (Fig. 1b) and 6 nm (average
diameter) of GQDs (Fig. 1c) after chemical oxidization and reduc-
tion. The AFM images in Fig. 1d show the topographic of GQDs,
wherein the heights are mostly between 1 and 3 nm, similar to
those observed in functionalized graphene nanoribbons with 1-3
layers [43].

3.2. Spectral characterization of GQDs

The functional groups on the OGS surface and the GQDs
surface were confirmed by using FTIR (Fig. 2a). The spectrum of
OGS illustrates the presence of C-OH (vc_oy at 1415cm '), C=0
(ve—o at 1733 cm~! in carboxylic acid and carbonyl moieties)
and C-0-C (vc_o_c at 1255cm~!). Compared with OGS, the
spectrum of GQDs is essentially featureless except for the C=C

4z
as7.7522

Fig. 1. ( a, b, ¢) TEM image of the GO, OGS, and GQDs. (d) AFM image of the dots
deposited on freshly cleaved mica substrates.
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Fig. 2. (a,c) FTIR and XPS C 1 s spectra of the OGS and GQDs. (b) Raman spectrum
of GS, OGS, and GQDs.

peak at 1640 cm~! and a sharper O-H peak at 3400 cm~'. The
adsorption bands of oxygen functionalities disappear (C=0),
which confirm that OGS can be achieved by the chemical reduc-
tion process. Raman spectroscopy is another powerful and widely
used technique to characterize the structure and some properties
of GS, OGS and GQDs display two prominent peaks D band
(~1380cm~!) and G band (~1610 cm~!). The Raman spectrum
of corresponding to the well-documented D and G bands, respec-
tively, was shown in Fig. 2b. The Ip/I; ratio of the GQDs (0.912)
was found to be decreased compared to that of initial graphene
(0.929) and OGS (0.917), revealing a substantial increase in the
content of the sp?>-bonded carbon atoms and the oxidized mole-
cular defect domains from GQDs [44,45]. The results, combined
with FTIR, provide further confirmations for the formation of
GQDs by the defect by cutting GS. In other words, the directions of

epoxy chains formed in GS are cut leading to formation of
graphene quantum dots.

The curve fit of Cls spectra of OGS and GQDs is shown in
Fig. 2c. The XPS spectrum of OGS indicates the presence of three
main types of carbon bonds: C-C (284.6 eV), C-0 (286.5 eV), and
C=0 (288.4eV). After its chemical reduction, the peaks asso-
ciated with C-C (284.6 eV) become predominant, whereas the
peaks related to the oxidized carbon species are greatly wea-
kened. These results further indicate that OGS has been well
deoxygenated to form GQDs.

The UV-vis absorption spectra of GQDs are shown in Fig. 3a.
The spectra of GQDs show a new absorption peak at 300 nm. On
excitation of the absorption band of 350 nm, the PL spectrum
shows a strong peak at 446 nm as well as a shoulder peak at
570 nm with a Stokes shift of 96 nm (0.764 eV). Different GQDs
exhibit multicolored luminescence and strong fluorescence
response relative to OGS and GO (Fig. S1). The GQDs also exhibit
excitation dependent PL behavior. When the excitation wave-
length is from 300 nm to 540 nm, the PL peak shifts to a longer
wavelength (from 446 nm to 575 nm) and its intensity decreases
rapidly with the strongest peak excited at the absorption band
(Fig. 3b). Two electronic transitions of 353 nm (3.52 eV) and
267 nm (4.65 eV) observed in the photoluminescence spectrum
of GQDs can be regarded as transitions from ¢ and « orbitals, viz.,
the highest occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO) (Fig. S2) [32,46]. The PL in
graphene depends on the chemical nature of the graphene edges,
which is explained in detail by Radovic et al. [46]. The GQDs show
very good fluorescence stability at different pH, ionic strength,
hold and irradiation time (Fig. S3). The change of GQDs fluores-
cence intensity with pH variation was only observed when the
titration of the sensing solution was performed with strong acid
or base. The fluorescence intensity changes slightly with different
pH (Fig. S3a). This observation may be due to a stability effect
on the dots surface charge status by the buffer solution. Results
have been reported that the aromatic hydroxyl group of GO
would be deprotonated, which results in a drop of fluorescence
intensity [47]. Because the GQDs surface possesses bits of car-
boxyl group, the pH effect on it is weak. Fig. S3b shows the effect
of CI~ on GQDs fluorescence and a weak quenching of the
fluorescence intensity is observed. Zeta potential of GQDs is
—34 mV by representing sufficient mutual repulsion to ensure
the stability of a dispersive solution. The fluorescence intensity
does not change at milimolar level chloridion, which is electron
drawing group. With chloridion concentration increasing, the
fluorescence decreases due to the exclusion of intermolecular
leading to the change of GQDs surface dielectric properties of the
surrounding medium. Nevertheless, the PL of GQDs is sensitive to
the species of the solvent. This solvent effect could be induced by
a lone electron pair, which changes the electron state of GQDs and
can affect fluorescence (Fig. S4). These data suggest that GQDs
exhibit strong PL stability.

3.3. FRET-based GQDs sensors for TNT detection mechanism

Because the GQDs show good stability, water solubility, and
multicolor, they can be directly used for detection of TNT. Fig. 4a
shows a schematic drawing of a GQDs sensor for TNT detection.
The GQD surface is not treated or passivated. The primary
n-network at the surface of the GQDs plays the role of a
recognition receptor of TNT molecules by the strong specific 7-
7 stacking interaction and electrostatic adhesion. A TNT analyte is
thus attached to the surface of GQDs in the form of a TNT-GQDs
complex. Analyte binding will lead to the quenching of GQDs
fluorescence through two possible pathways: the FRET and the
common charge transfer from GQDs to TNT. Part 1 of Fig. 4b
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Fig. 3. (a) UV-vis absorption (Abs, blue) and PLE (black), PL (at 350 nm excitation) spectra of the GQDs dispersed in water. (b) PL spectra of the GQDs at different excitation
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Fig. 4. (a) Schematic of the FRET-based GQDs sensor for detection of TNT. (b) Quenching mechanism through (1) resonance energy transfer from the GQDs donor to TNT

acceptor and (2) charge transfer from the excited GQDs to TNT.

illustrates the quenching mechanism of GQDs fluorescence
through FRET from the GQDs donor to the TNT acceptor. When
the excited-state electron of the GQDs donor returns to the
ground state, the ground state electrons of the TNT transit to
the excited state. Due to the polar-polar resonance of the donor
and acceptor, the coupling transitions result in highly efficient
quenching of GQDs fluorescence. FRET is a predominant quench-
ing process in the case of the TNT and greatly amplifies the
fluorescence quenching response to the TNT analyte. On the other
hand, it should be noted that the fluorescence of GQDs and
TNT molecules may also be quenched by the charge transfer
mechanism, as illustrated in part 2 of Fig. 4b. The excited-state
electrons transfer to the LUMO of TNT when GQDs meet TNT.
Then, the electrons return to the ground state with a radiationless
transition caused by the quenching of fluorescence. The mechan-
ism is expounded by the UV-vis. Fig. S5 shows that the UV-vis
absorption peak has a blue shift when TNT is added. The lone pair
electrons and big n—m conjugated system of GQDs-TNT composite
charge transfer interaction and partly inhibitory action lead to the
absorption peak moving to a shorter wave (blue shift).
This indicates common charge transfer fluorescence quenching
with TNT at the surface of GQDs. Furthermore, the excited state
lifetime of the GQDs before and after addition of TNT was also
compared (0.70 ns, 74.4% for free GQDs and 2.11 ns, 50% for the

GQDs-TNT complex. See Fig. S6 and Table S2). We conjecture that
the significant ultrafast process to charge transfer from the
excited GQDs to the GQDs-TNT complexes results in fluorescence
quenching of GQDs [48,49].

3.4. Determination of TNT and other system nitro-compound
concentration

The FRET quenching of GQDs is applicable in detection of TNT
analytes. The response to quenching of various concentration
was analyzed using the Stern-Volmer equation [50]: Io/[=1+
kqtolQ]l=1+Ks/[Q] where Ip and I are the fluorescence intensities
at 350 nm in the absence and presence of TNT, respectively, k, is
the bimolecular quenching constant, 7o is the lifetime of the
fluorophore in the absence of quencher, Ksy is the Stern-Volmer
fluorescence quenching constant, which is a measurement of the
efficiency of quenching by quencher and [Q] is the quencher
concentration. Linear Stern-Volmer relationships are observed for
TNT in the ppm range (Fig. 5a). Fig. 5b shows the Stern-Volmer
plots, Io/I versus [TNT]. The resulted plots exhibited a good linear
relationship in the range of 0.495-181.58 ppm (R=0.997). Ksy,
calculated by linear regression of the plots, was 8 x 103 M~".
From the equation we know Ksy=Kkqto. For GQDs-TNT, 1, is
known to be 2.11ns, thus k;=3.79 x 10> M~'s~'. Since the
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Fig. 5. (a) Emission spectra of GQDs in the presence of TNT (from 4.95 x 10~* to 233.38 x 103 g/L). (b) Fluorescence intensity response of GQDs to different TNT
concentration. Inset of visible fluorescence response of the GQDs in the different concentration of TNT.

maximum value of k, for a diffusion controlled quenching process
is about 10'°M~1s~!, the higher value (over 380-fold) obtained
here suggested that the quenching of GQDs fluorescence occurred
by a specific interaction between GQDs and TNT. This also implied
that the dominating quenching mechanism was static of FRET
(formation of a complex). We further tested the quenching
response to DNT and NT, which are structural analogues of TNT.
As showed in Fig. S7, the quenching constants of GQDs with TNT
are much larger than those with DNT and NT, respectively. These
are again consistent with our expectation that the highest
fluorescence quenching of GQDs with TNT is closely related to
the formation of GQDs-TNT complexes at the surface of GQDs. It
is well-known that DNT and NT are much weaker electronic
acceptors than TNT molecules. All above results further confirm
the highest fluorescence sensitivity and chemical selectivity for
TNT analyte, due to the formation of the GQDs-TNT complexes
and the highly efficient FRET-based quenching.

The GQDs detection of TNT reveals a high Ksy, (8 x 103 M™1),
wide detection range (4.95x 10 4-1.82x10 'g/L) and low
detection limit (4.95 x 10~% g/L) to dinitrotoluene and mononi-
trotoluene. Furthermore, the GQDs show better anti-interference
for organic species (Table S3 and Fig. S8) and stable emission in
the presence of O, [30].

4. Conclusions

In this work, we have developed a chemical method to prepare
GQDs from GO, and the water soluble and multicolored fluores-
cent GQDs are adopted for the ultratrace TNT detection based on
FRET for the first time. A Stern-Volmer fluorescence quenching
constant with 8000 M~! in the linear range from 4.95 x 10~* to
1.82 x 10~ ! g/L of TNT and the attenuation of fluorescence inten-
sity can clearly be detected down to 0.495ppm (2.2 uM) in
solution was obtained. Moreover, a large difference in quenching
efficiency was observed for different types of nitroaromatic
analytes, which is dependent on their electron-accepting ability.
Compared to other QDs, GQDs displayed high stability and broad
excitation in solution, and unmodified GQDs simplify and shorten
the experimental process to detect TNT. Meanwhile, unique
spectral properties of GQDs should eventually allow for the
simultaneous FRET-based monitoring of multiple environmental
contaminants using a single well of a microtiter plate or a flow
cell. The requirements for future sensors will consider the multi-
plex format for multicolored GQDs-based sensors.
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