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ARTICLE INFO ABSTRACT

Keywords: Luminescent graphene quantum dots (GQDs) have attracted tremendous attention from the scientists in

BlOlOglcal appllca_tlon chemistry, materials science, physics and biology, because of their superiority of good stability, excellent

gh‘:r?‘cﬁ‘l ,lt“"PemeS optical and electrochemical properties, resistance to photobleaching and low cytotoxicity. We summarize
ytotoxicity

the recent advances in the preparation and the properties of GQDs and their applications in environmen-
tal and biological areas. In addition, we discuss the future development of GQDs.
© 2013 Elsevier Ltd. All rights reserved.
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1. Introduction

Carbon-based nanomaterials, known for their different mor-
phologies and unique properties, have inspired intensive research
efforts over the past few decades. Since zero-dimensional fullerene
[1,2], one-dimensional carbon nanotubes (CNTs) [3-5] and two-
dimensional graphene [6,7] have been discovered in succession,
they have been applied in the biological, chemical, material and
environmental fields. Graphene, a novel single-atom-thick and
two-dimensional nano graphitic carbon sheet, exhibits characteris-
tics including large surface area, high carrier transport mobility,
superior mechanical flexibility and excellent thermal and chemical
stability, which are suitable for various applications in optoelec-
tronic devices, energy-storage media and drug-delivery vehicles
[8-10]. In addition to the superlative electronic properties, recent
theoretical and experimental studies show that the distinctive
properties of graphene can be realized by tuning the band gap of
graphene via altering their size, destroying the integrity of the 1
system and controlling the chemical structures or layers of graph-
ene [11-14]. Consequently, graphene quantum dots (GQDs) were
discovered very recently as a class of zero-dimensional graphitic
nanomaterials with lateral dimensions less than 100 nm in single
layer, double layers and a few layers (3 to <10) [15-17]. They are
superior in terms of chemical inertness, ease of production, resis-
tance to photobleaching, low cytotoxicity and excellent biocom-
patibility in comparison to conventional semiconductor QDs, thus
making them promising in sensors, bioimaging, optoelectronic de-
vices and so on [18,19]. Moreover, similar to graphene, GQDs have
excellent characteristics of large surface area, large diameter, fine
surface grafting using the m-m conjugated network or surface
groups and other special physical properties. Furthermore, the car-
boxyl and hydroxyl groups at their edge enable them to display
excellent water solubility and suitability for successive functional-
ization with various organic, inorganic, polymeric or biological
species [20-23].

In this article, we aim to review the recent development of a
protocol and a methodology for the preparation of GQDs and their
applications based on their excellent properties. We summarize
the currently available approaches to the preparation of GQDs,
and reveal their characteristics associated with their size, shape,
doping, surface modification, and reaction to pH and solvents. Sub-
sequently, we describe the applications of GQDs in environmental
and biological fields. In addition, we speculate on some critical is-
sues for further exploration and possible ongoing developments of
GQDs.

2. Approaches to synthesis

So far, the synthesis of GQDs with excellent photoluminescence
(PL) properties can be divided into two strategies: size tuning and
surface chemistry. Approaches to size tuning can generally be clas-
sified into top-down and bottom-up methods. Top-down methods
include cutting large graphene-based materials into nanosized
GQDs. But, bottom-up approaches involve preparing GQDs with or-
ganic molecules as a carbon source. Surface chemistry-tuned strat-
egies include surface functionalization [20-24] and doping other
elements [25-28].

2.1. Size-tuning approaches

In general, the optical properties of GQDs greatly depend on
their size due to the quantum-confinement effect, and the varia-
tion in density and nature of sp? sites available in GQDs. Thus,
the energy band gap of GQDs can be tuned by changing their size.

2.1.1. Top-down methods

2.1.1.1. Surface-catalyzed decomposition of Cgp. In view of the
flexible structural transition between graphene and fullerenes,
geometrically well-defined GQDs were successfully synthesized
through the ruthenium (Ru)-catalyzed cage-opening of Cgg [29].
The strong Ceo-Ru interaction ensures the embedding of Cgg mole-
cules on the surface and the fragmentation of the embedded
molecules at elevated temperatures, and then the carbon clusters
obtained undergo diffusion and aggregation to form GQDs on the
Ru (0001) substrate. By controlling the annealing temperature
and the density of the carbon clusters, the equilibrium shape of
the graphene can be tailored.

2.1.1.2. Acidic exfoliation and oxidation. Several reports reveal that
acidic exfoliation and oxidation is an effective way to prepare
GQDs. And they have been obtained on a large scale via acid treat-
ment and chemical exfoliation of traditional pm-sized pitch-based
carbon fiber (CF) (Fig. 1) [30]. The size of these GQDs varies with
the reaction temperature (80°C, 100°C and 120°C) in the ranges
1-4nm, 4-7 nm and 7-11 nm, resulting in the emission color
(blue, green and yellow), and the band gap of GQDs can be tailored
accordingly. Similarly, multi-layer graphene is exfoliated from CF
with bath sonication for 1 h at 50-60°C and treatment of the solu-
tion with a mixture of H,SO4 and HNOs to form different colored
photoluminescent GQDs (blue, green, yellow, red and near-IR)
[31]. Recently, single-layer and multi-layer GQDs (1-3 nm in thick-

Fig. 1. Carbon-fiber (CF) oxidation cutting into graphene quantum dots (GQDs) [30].
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ness) were prepared simultaneously from XC-72 carbon black by
refluxing with concentrated HNO;3 [32]. The resultant solution
was further separated by centrifuging in acidic solution. The super-
natant and the sediment exhibit green or yellow under excitation
at 365 nm, respectively. The PL properties of the GQDs obtained
mainly lie on the zig-zag edges of the graphene. All this work
shows that acidic exfoliation and oxidation is superior in ease of
production, low cost, high yield and mass production, although
there are still some disadvantages, such as harsh conditions, elim-
ination of excess acid used in the process and the time needed.

2.1.1.3. Electrochemical oxidation. As a green, easy and scalable ap-
proach to synthesis, electrochemical oxidation effectively avoids
the use of excessively strong acid and complicated purification
and separation procedures. GQDs are obtained from a graphite
electrode via ionic liquid-assisted electrochemical exfoliation
based on the reaction between anodic oxidation of water and anio-
nic intercalation from the ionic liquid (Fig. 2) [33]. In this process, a
water-miscible ionic liquid, 1-butyl-3-methylimidazolium tetra-
fluoroborate [BMI,,,][BF4], mixed with water at different fractions,
is used as an electrolyte for the electrochemical exfoliation of
graphite. Higher water content lowers electrolyte resistance and
narrows the electrochemical potential window. Meanwhile, the
chemical composition and the surface passivation of the exfoliated
GQDs varies with the change in the ratio of the ionic liquid to water
in the electrolyte.

Using electrochemical exfoliation of graphite by reduction with
hydrazine without adding any polymeric or surfactant stabilizers
at room temperature, water-soluble, uniform GQDs with strong
yellow emission with a quantum yield of 14% are synthesized.
Study of the structure and emission mechanism of the GQDs dem-
onstrated that the PL results from the abundant phthalhydrazide-
like groups and hydrazide groups at the edge of the graphene.
More importantly, this approach enables large-scale production
of an aqueous solution of GQDs.

An electrochemical preparation of GQDs with smooth edges and
fewer defects in a uniform size of 3 nm, 5 nm and 8.2 (+0.3) nm
from multi-walled CNTs (MWCNTs) was reported (Fig. 3) [34].
The preparation carried out in propylene carbonate using LiClO4
at both 90°C and 30°C had quantum yields of 6.3% and 5.1%,
respectively.

Experimental results also proved that the PL properties of GQDs
can be tailored by size variation via changing the diameter of the
CNTs, the electric field, the concentration of supporting electrolyte
and the temperature. The study on the effect of media, anion and
solvent revealed that cation/propylene carbonate complexes were
primarily responsible for the high-yield exfoliation of oxidized
MW(CNTs to produce GQDs.

2.1.1.4. Hydrothermal and solvothermal cutting. Graphene oxide
(GO) sheets treated using thermal reduction result in microme-
ter-sized rippled graphene sheets (GSs), which can then be used
as starting material to prepare functionalized GQDs with sub-
10 nm size via the hydrothermal approach (Fig. 4) [15]. The bright
blue emission of the as-prepared GQDs directly was induced by the
formation of free zig-zag sites under hydrothermal conditions. In
2011, GQDs were obtained on a large scale with a quantum yield
of 11.4% when treating GO via a one-step solvothermal route
[35]. The GQDs of 5.3 nm size and 1.2 nm height display strongly
green PL derived from the surface effect. These GQDs can be dis-
solved in water and most polar organic solvents without further
chemical modifications.

2.1.1.5. Microwave and ultrasonic shearing. As high-energy technol-
ogy, microwave and ultrasonic shearing is capable of cutting large
graphene-based material into GQDs, which effectively shortens the
synthesis time. GQDs are prepared with a mixture of GO aqueous
solution, HNO3 (65%) and H,SO4 (98%) using the microwave-hydro-
thermal protocol [36]. The resultant product exhibits an unusual
emission transformation in strong acidic media and at high con-
centration, induced by self-assembled J-type aggregation under re-
strained m-7 interactions.

As shown in Fig. 5, two-color GQDs via cleaving GO under acid
conditions are also prepared using microwave irradiation [37]. The
cleaving and reduction processes are accomplished simultaneously
using microwave treatment without an additional reducing agent.
The greenish-yellow GQDs (gGQDs) are further reduced with
NaBH,4 to obtain bright blue luminescent GQDs (bGQDs) with a
quantum yield as high as 22.9%. The PL behavior is ascribed to
the transition from the lowest unoccupied molecular orbital to
the highest occupied molecular orbital with a carbene-like triplet
ground state.

Fig. 2. The exfoliation process showing the attack of the graphite edge planes by hydroxyl and oxygen radicals, which facilitated the intercalation of BF, anions [33].
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Fig. 3. The various processing stages involved in the preparation of photoluminescent graphene quantum dots (GQDs) from multi-walled carbon nanotubes (MWCNTs) using

the electrochemical approach [34].

Water-soluble GQDs with a size around 20 nm and a monolayer
thickness are prepared by exfoliating and disintegrating MWCNTSs
and graphite flakes [38]. In the process, potassium-graphite inter-
calation compounds (K-GIC) are formed by intercalating K atoms
between the covalently-bonded GSs in the MWCNTs via the weak
interlayer van der Waals force (Fig. 6). The hydrogen gas generated
in the reaction between K-GIC and EtOH can simultaneously exfo-
liate the thin graphite sheets. Short exposure of the K-GICs to air
results in many defects on the graphene walls: however, using
ultrasonication, K-GICs kept on reacting violently with EtOH-H,0
to exfoliate and to disintegrate the walls of the MWCNTSs to yield
monolayered GQDs.

2.1.1.6. Other chemical methods. Given the emerging properties and
ongoing applications of GQDs, their preparation is in high demand,
and several strategies have been developed so far. Micrometer-
sized GO sheets react with Fenton reagent (Fe?'/Fe**/H,0,)
efficiently under UV irradiation with the reaction rate strongly
dependent on the extent of oxidization of the GO (Fig. 7) [39].
The photo-Fenton reaction of GO is initiated at the carbon atoms
connected with hydroxyl and epoxide groups, and large amounts
of hydroxyl radical and/or peroxide radical are generated under

hydrothermal
deoxidization

the UV irradiation. Moreover, the newly-formed oxygen-contain-
ing groups further serve as new photo-Fenton reaction sites, and
then the GO sheets with lateral size of micrometers are gradually
cut into small fragments, even small molecules, and CO,. This
method provides a new strategy to prepare GQDs with peripheral
carboxylic groups on a mass scale under a mild condition by simple
control of the photo-Fenton reaction time.

Strong PL can be induced in single-layer graphene by employing
oxygen-plasma treatment [40]. Interestingly, spatially-uniform PL
is induced only in single-layer graphene on substrates and not in
bi-layer or multilayer flakes. Moreover, spatially-resolved PL de-
pends on the treatment times. In a short treatment time, emission
is bright and localized, while strong, spatially homogeneous emis-
sion requires a longer treatment time.

Fig. 8 shows the first prepared uniform GQDs using self-assembled
block copolymer (BCP) as an etch mask on graphene films grown by
chemical-vapor deposition [41]. The results show that the GQDs are
composed of monolayer or bi-layer graphene with a narrow size dis-
tribution of 10-20 nm, corresponding to the size of BCP nanospheres.
Additionally, the oxygen content in the GQDs is rationally controlled
by additional air-plasma treatment, which reveals the effect of the
oxygen content on PL properties.

Fig. 4. Mechanism for the hydrothermal cutting of oxidized graphene sheets (GSs) into graphene quantum dots (GQDs). A mixed epoxy chain composed of epoxy and
carbonyl pair groups (left) is converted into a complete cut (right) under hydrothermal treatment [15].
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Fig. 6. The formation of graphene quantum dots (GQDs) [38].

2.1.2. Bottom-up approaches

Bottom-up approaches for the synthesis of GQDs have been car-
ried out by many groups. An easy microwave-assisted hydrother-
mal method for the production GQDs derived from different
sugars, including glucose, sucrose and fructose, was reported
(Fig. 9) [42]. The size of the GQDs can be tuned in the range
1.65-21 nm by prolonging the heating time from 1 min to 9 min.
Interestingly, most of the carbohydrates that contain C, H, and O
in the ratio of ~1:2:1 are considered for use as carbon sources to
prepare GQDs, since H and O exist in the forms of hydroxyl, car-
boxyl or carbonyl groups, which may dehydrate under hydrother-
mal conditions.

In 2012, luminescent GQDs and GO were selectively and suc-
cessfully prepared by tuning the degree of carbonization of citric
acid and dispersing the carbonized products into alkaline solu-
tions [43]. The GQDs obtained are about 15 nm in width and
0.5-2.0 nm in thickness, while the GO consists of hundreds of
nm-sized particles. GQDs obtained under moderate carbonization
display strong, excitation-independent PL activity due to the
abundant small sp? clusters contained in them; while the large-
sized GO produced under high carbonization nanomaterials
exhibits much lower luminescence activity, resulting from the
sp? clusters contained in GO being isolated within the sp> C-0
matrix.
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Multicolor photoluminescent GQDs were first prepared using
unsubstituted hexa-peri-hexabenzocoronene (HBC) as a precursor
in a process involving carbonization, oxidization, surface func-
tionalization and reduction (Fig. 10) [44]. The results indicated
that these mono-dispersed disk-like GQDs had a well-defined
morphology and a uniform size of ~60nm diameter and
2-3 nm thickness. Although the processes were complicated and
time-consuming, this method provided a new way to control
shape, size and composition of GQDs using different aromatic
molecules.

Highly-fluorescent GQDs were prepared in 2013 via one-step
pyrolysis of 1-glutamic acid using a simple heating-mantle device

[45]. The selected precursors were non-toxic, common/natural
materials, with nitrogen groups for easy surface modification,
and free of a further capping process. The average diameter of
the developed GQDs was 4.66 nm + 1.24 nm.

Much effort has been put into the preparation of colloidal GQDs
with uniform size (conjugating 168, 132 or 170 carbon atoms,
respectively) and thickness via stepwise solution chemistry based
on oxidative condensation reactions (Fig. 11) [46]. The twist of
the substituted phenyl groups from the core plane leads to alkyl
chains closing the latter in all three dimensions. As a result, stabil-
ization of the resultant GQDs was effectively increased and the
largest stable colloidal GQDs could be obtained.
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[44].

2.2. Surface chemistry-tuned strategies

2.2.1. Surface functionalization
2.2.1.1. Polyethylene glycol-passivated GQDs (GQDs-PEG). GQDs-PEG
were prepared by connecting the hydroxyl groups (-OH) of PEG to
the carboxyl groups (-COOH) of GQDs [23]. The prepared GQDs-
PEG showed strong blue PL under 365 nm with a quantum yield
of about 28.0%. The upconversion PL images could be observed un-
der a fluorescence microscope coupled with an 808 nm laser.
Furthermore, the GQDs-PEG appeared to have higher photon-
to-electron conversion capability compared with GQDs from pho-
toelectrode construction.

Greater fluorescence performance and upconversion properties
of surface-passivated GQDs with oligomeric PEG diamine
(PEG1500N) were also reported [22]. First, GO was further oxidized

by HNOs, and cut into small GO sheets. Then, the precursor was
treated with the surface-passivation agent and finally reduced by
hydrazine hydration to fabricate GQDs (Fig. 12). These GQDs
showed strong blue emission and green fluorescence under the
excitation at 365 nm or using a 980 nm laser. Interestingly, the
fluorescence results of GQDs resembled those of band-gap transi-
tions, while the upconverted PL properties of GQDs were similar
to the anti-Stokes PL, and there was a constant energy difference
between the excitation and emission light.

2.2.1.2. Amine-functionalized GQDs. The amine-functionalized
method is commonly applied to modify graphene-based materials,
which effectively decreases the surface defects for fluorescence
enhancement. A novel graphene nanostructure edge-terminated
by a primary amine starting from oxidized graphene sheets (OGSs)
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Fig. 12. Graphene quantum dots (GQDs) containing an oligomeric polyethylene glycol (PEG) diamino surface passivating agent [22].

has been designed [20]. The OGSs were subjected to mild amino-
hydrothermal treatment at 70-150°C using ammonia solution, fol-
lowed by thermal annealing at 100°C (Fig. 13a). In the treatment of
OGSs, ammonia reacted with epoxy groups to form a primary
amine and alcohols through nucleophilic substitution, which en-
abled self-limited extraction of the sp? domains by ring-opening
of the epoxide and the simultaneous direct bonding of a primary
amine with a graphene edge. Consequently, size-controlled GQDs
edge-terminated with a primary amine were produced.

In another study, the fabricated GQDs were functionalized with
amine groups using the sequential oxidation and reduction of GO.
The GQDs obtained were 1-3 layers in thickness and less than
5 nm in diameter [24]. These functionalized GQDs exhibited a red-
shift of PL emission (~30 nm) compared to the unfunctionalized
GQDs, which was attributed to charge transfers between functional
groups and GQDs. Furthermore, the photoluminescent emissions of
both GQDs and amine-functionalized GQDs were also shifted with
the pH change, due to protonation or deprotonation of the func-
tional groups. This study was the first to tune and to identify the
change of the band gap in GQDs through the charge distribution
between the GQDs and the functional groups.

Size-controlled, amine-functionalized GQDs with diameters of
7.5 nm were prepared from GO sheets, ammonia and hydrogen
peroxide as starting materials [47]. In the procedure, hydrogen
peroxide and ammonia played a synergistic role on GO sheets,
where the hydrogen peroxide cut GO sheets into smaller sizes
and the ammonia passivated the active surface to give amine-mod-
ified GQDs (Fig. 13b). These GQDs exhibited multicolor fluores-
cence at 420 nm.

The surface chemistry of GQDs was programmably tuned
through modification or reduction and their emission changed
from green to blue [48]. The experimental results demonstrated
that the -COOH and epoxy of GQDs changed into ~-CONHR and -
CNHR in these modified GQDs (m-GQDs) during modification and
the carbonyl, epoxy and amido moieties into ~OH groups in re-
duced GQDs (r-GQDs) during reduction. As a result, the non-radia-
tive recombination of localized electron-hole pairs decreased and
the integrity of surface m electron network was enhanced, which
proved that the intrinsic state emission played a key role in the
preparation of GQDs. The results of time-resolved measurements
were also consistent with the suggested PL mechanism.

2.2.1.3. Aryl-modified GQDs. Diazonium chemistry is an effective
method for functionalizing graphene materials. Chemically-modi-
fied GQDs were reported with different aryl groups, including
phenyl, 4-carboxyphenyl, 4-sulfophenyl and 5-sulfonaphthyl, via
the Gomberg-Bachmann reaction (Fig. 14) [21]. The aryl-modified
GQDs were nanocrystals with lateral dimensions in the range
2-4nm, and average thickness <1 nm. The modification of aryl
groups did not only change the edge structures of the GQDs and
protect their PL active edging sites, but also introduced the interac-
tion of graphene basal planes and aryl grafts. Thus, because of the
resonance effects between aryl groups and graphene basal planes,
the PL bands of GQDs were systematically tuned with their fluores-
cence quantum yield and pH tolerance greatly improved. This
result indicated that diazonium chemistry was a convenient, effec-
tive technique for chemical modification of GQDs, and also shone a
light on the mechanism of their PL emission.
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2.2.2. Doping with other elements

2.2.2.1. N-doped GQDs. Nitrogen doping is a powerful way to mod-
ify the properties of carbon materials ranging from activated
carbon to graphene [49-51]. Accordingly, nitrogen-doped GQDs
(N-GQDs) have also been prepared and the results showed that
N-GQDs with chemically-bonded N atoms can dramatically alter
their electronic characteristics and offer more active sites, thus
presenting new phenomena and unexpected properties. A simple
electrochemical approach to luminescent and electrocatalytically-
active N-GQDs with oxygen-rich functional groups was reported
[25]. Compared with their green-luminescent N-free counterparts
of similar size (2-5 nm), the newly produced N-GQDs with an
N/C atomic ratio of ~4.3% emitted blue luminescence. Highly
blue-luminescent N-GQDs with a quantum yield of 24.6% were ob-
tained using hydrothermal treatment of GO in the presence of
ammonia at 180°C [26] without strong acid treatment or further
surface modification (Fig. 15).

et

Fig. 14. The scheme for modifying graphene quantum dots (GQDs) with aryl groups via the Gomberg-Bachmann reaction [21].

N-doped graphene was first synthesized by annealing reduced
GO in a tube furnace at 300°C for 1 h in an ammonia atmosphere
[27]. Then, the N-GQDs with a diameter of ~1-7 nm and an N/C
atomic ratio of ~5.6% were obtained by cutting N-doped graph-
ene via a simple hydrothermal approach. The N-GQDs exhibited
bright fluorescence performance and excellent upconversion
properties. The solution chemistry approach was applied to the
synthesis of N-GQDs [52]. In addition to two N atoms, the conju-
gated cores of QDs 1 and 2 contained 176 and 128 carbon atoms.
The numbers of N atoms in the QDs were controlled and their
bonding configurations defined so that 1 and 2 could be made
in the aryl-annulated phenazine style. This method produced
N-GQDs with well-defined properties in contrast to the previous
methods explored for N-GQDs. This method is applicable to the
synthesis of GQDs doped with N atoms in other bonding
configurations.
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Fig. 15. (a) Typical pictures of water dispersions and solid samples of graphene oxide (GO), nitrogen-doped GQDs (N-GQDs) and reduced GO (RGO); (b) the preparation of N-

GQDs with hydrothermal treatment of GO in the presence of ammonia [26].

2.2.2.2. F-doped GQDs (F-GQDs). Graphene doped with fluorine can
effectively engineer a tunable gap in the energy spectrum of
graphene and thus produce new phenomena and properties due
to the high electronegativity of the fluorine atom [53,54]. Conse-
quently, F-GQDs were prepared with an F/C atomic ratio of
~23.68% and a diameter of 1-7 nm by cutting fluorinated graph-
ene via the hydrothermal approach [28]. The F-GQDs displayed
bright blue and a clear upconversion PL, which may expand the
applications of fluorinated graphene in environmental and energy
technology. Moreover, compared to GQDs, the maximum PL peak
of F-GQDs showed a red-shift by ~10 nm in the PL emission spec-
tra, which may be due to the relatively high surface-defect con-
centration in the F-GQDs resulting from the high degree of
fluorination.

3. Physical and chemical properties
3.1. Optical properties

3.1.1. Absorbance and PL

The absorption-peak position of GQDs depends on the prepara-
tion method and their size for a quantum-confinement effect.
GQDs exhibited a characteristic absorption around 230 nm, attrib-
uted to -7t* transition of C=C within the graphene structure, with
a tail extending out into the visible range [15,32,36,38,45]. Some of

the GQDs obtained had an absorption peak around a wavelength in
the range 270-360nm due to the n — m* transition of C=0
[23,26,30,35,37,44,55,56]. For example, the large disk-like GQDs
of around 60 nm in size exhibited a weak absorption shoulder at
280 nm [44], which approximated to that of N-doped GQDs (size
2-3nm) obtained via the electrochemical approach with an
absorption band at ~270 nm [25]. In addition, the preparation
method and their size were also associated with the PL character-
istics of GQDs, and, so far, the resultant GQDs emitting PL have
been prepared with different colors ranging from deep ultraviolet
[42] to blue [15,23,24,33,37,43,57], green [35], greenish-yellow
[37], yellow [55] and red [31] under 365 nm UV light.

Although the exact mechanism of PL is still an enigma, theories
proposed for the PL phenomenon include electron-hole recombina-
tion, quantum-size effect/free zig-zag sites with a carbene-like
triplet ground state, doping, edge structure, and surface defects
in the functional groups of the GQDs. In general, most luminescent
GQDs exhibit excitation-dependent PL characteristics with an
emission-peak shift towards longer wavelength accompanied with
an intensity decrease when the excitation wavelength is a batho-
chromic shift.

However, there were also a few exceptions. As shown in
Fig. 16a, GQDs derived from citric acid showed an excitation-
independent PL feature [43]. When the excitation wavelength
changed from 300 nm to 440 nm, the maximum emission wave-
length still remained at 362 nm while the intensity decreased. This
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Fig. 16. (a) UV-Vis absorption of citric acid (CA) and the graphene quantum dots (GQDs), and the photoluminescence (PL) spectra of the GQDs. Insets: (Upper) Emission
spectra of the GQDs with excitation at different wavelengths; (Lower) Photographs of GQD solution taken under visible light (left) and under 365 nm UV light (right) [43]; (b)

PL spectra of the GQD aqueous solution at different excitation wavelengths [55].

phenomenon was attributed to both the uniform size and the sur-
face state of those sp? clusters contained in GQDs. Another report
noted that the intensity of PL increased to the maximum value
and then decreased, but that the fluorescent emission peak re-
mained unshifted when the excitation wavelength shifted from
340 nm to 410 nm (Fig. 16b) [55].

The PL spectra of GQDs exhibited pH-dependent characteristics.
For example, the central peak wavelengths of the PL spectra of the
GQDs generated by the photo-Fenton reaction were invariant in
the range pH 3-10, but the PL intensity of the GQDs was much stron-
gerin pH 10 thanin pH 3. As electron donors, the negatively-charged
carboxylate groups in the GQDs may have taken a key role in the PL
procedure (Fig. 17a) [39]. Under alkaline conditions, the GQDs emit-
ted strong PL but the PL was obviously quenched under an acidic
conditions. If the solution pH was switched repeatedly between 13
and 1, the PL intensity varied reversibly (Fig. 17b) [15]. This revers-
ible phenomenon can be understood well, based on the proposed
structural models (Fig. 17c). Under the acidic conditions, the free
zig-zag sites of the GQDs were protonated, forming a reversible com-
plex between the zig-zag sites and H*. Thus, the emissive triple car-
bene state was broken and became inactive in PL. However, under
the alkaline conditions, the free zig-zag sites were restored, thereby
leading to the restoration of PL. A similar phenomenon and scheme
were also proposed [58].

Partial GQDs are sensitive to the species of solvent. The emis-
sion wavelength of GQDs obtained using the one-step solvother-
mal method shifted from 475 nm to 515 nm in tetrahydrofuran
(THF), acetone, dimethylformamide (DMF), and water. This could

be induced by solvent attachment or different emissive traps on
the surface of GQDs (Fig. 18a) [35]. However, a blue shift of the
GQDs could be observed in the solvent change from water, DMF,
or acetone to THF, while m-GQDs and r-GQDs exhibited negligible
solvent-dependent behaviors (Fig. 18b), which were associated
with the emissive traps on the surface of the GQDs induced by sol-
vent attachment [48].

3.1.2. Upconverted PL

In addition to the strong PL, the upconverted PL feature of GQDs
was reported. Fig. 19a shows the PL spectra of GQDs excited by
long-wavelength light at ~407 nm for the upconverted emissions.
Remarkably, the upconversion PL also shows an excitation-indepen-
dent behavior with the red shift in the excitation wavelength. The
authors attributed this upconverted PL property to the multi-photon
active process [59], the same mechanism reported elsewhere [56].
However, there are still different views concerning the explanation
for this phenomenon. One view is that an upconverted PL can be ob-
served when the 1t electrons are excited from the ¢ orbital transition
back to the o orbital, while the electrons of the  orbital transition to
the o orbital result only in normal PL (Fig. 19b) [22].

3.2. Cytotoxicity

GQDs are very stable and are free of heavy metal ions, thus
revealing promise for applications in various biological fields. So
far, the inherent toxicities of GQDs have been evaluated by the
cell-viability assay {e.g., Hela cells [47], MC3T3 cells [48], and
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Fig. 17. (a) Photoluminescence (PL) spectra of graphene quantum dots (GQDs) suspended in the water with pH values of 3 (line 1) and 10 (line 2) [39]; (b) Fluorescence
spectra of GQD1 (a) in water solution when the pH is shifted between 1.0 and 13.0; (c) pH-dependent PL spectra when the pH is switched between 13 and 1 [15].
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Fig. 18. (a) Effect of solvents on the fluorescence of graphene quantum dots (GQDs) (at 375 nm excitation). Inset: photograph of the four dispersions taken under UV light
[35]; (b) Solvent-dependent photoluminescence (PL) of GQDs, modified GQDs (m-GQDs) and reduced GQDs (r-GQDs). PL peaks are collected at 380 nm excitation for GQDs

and 360 nm excitation for m-GQDs and r-GQDs [48].

A549 cells [57]}. The results indicated that GQDs possess excellent
biocompatibility and low cytotoxicity. As shown in Fig. 20a, GQDs
show negligible cytotoxicity at concentrations <0.5 mg mL™!, indi-
cating excellent biocompatibility [47]. GQDs and r-GQDs appeared
to have very low toxicity to MC3T3 cells, with relative cell viability
higher than 80% up to the addition of 400 pg, while over 40% cells
were inhibited when 400 pig of m-GQDs were added (Fig. 20b) [48].
It is speculated that this difference was attributable to the
connected methylamine, in which both nitrogen and alkyl chains
affected the circumstances of the cells.

3.3. Electrocatalytic activity

N-CNTs [60] and N-graphene [61,62] can act as metal-free elect-
rocatalysts to replace the commercially-available platinum (Pt)-
based catalysts for the oxygen-reduction reaction (ORR). N-GQD/
graphene film after hydrothermal treatment could exhibit good
conductivity of ~40Scm™' and superior electrocatalytic ability
for the ORR [25]. A well-defined cathodic peak clearly occurred
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in the O,-saturated but not the N,-saturated KOH solution for N-
GQDs/graphene (Fig. 21a), and the ORR onset potential at ~
—0.16 V with a reduction peak at ~ —0.27 V indicated significant
catalytic ability of N-GQD/graphene for the ORR (Fig. 21b). The
control result that N free-GQDs/graphene had no obvious ORR elec-
trocatalytic activity suggested the critical role of N-doping. More-
over, the current density relied on the rotation rate due to the
diffusion of electrolytes (Fig. 21c). More importantly, there was
no obvious decrease in current observed after two days of contin-
uous cycling in O,-saturated 0.1 M KOH, indicating the catalytic
activity of the N-GQD/graphene electrode was stable (Fig. 21d).
Similar electrocatalytic ability was observed in colloidal N-GQDs
[52,63]. Moreover, the electrocatalytic activity for the ORR of
colloidal N-GQDs was size-dependent.

3.4. Electrochemiluminescence

The gGQDs and the bGQDs obtained showed electrochemilum-
inescence (ECL) behavior with a maximum wavelength at 512 nm
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o GQDsy, M,
LUMO -
|4
HOMO
L A 4 < 6

» @ @ @

Fig. 19. (a) Upconverted photoluminescence (PL) spectra of the graphene quantum dots (GQDs) at different excitation wavelengths [59]. (b) Various typical electronic
transition processes of GQDs. Normal PL mechanisms in GQDs for small size (1) and large size (2). Upconverted PL mechanisms in GQDs for large size (3) and small size (4)

[22].
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Fig. 20. (a) Cellular viability of Hela cells (normalized to the untreated control) incubated with graphene quantum dots (GQDs) (0~500 mg L") for 24 h. The data in each
column were obtained from three repeats and statistically analyzed using Studen’s t-test [47]; (b) Effect of GQDs, modified GQDs (m-GQDs) and reduced GQDs (r-GQDs) on
MC3T3 cell viability [48].

in 0.05 M, Tris-HCl buffer solution (pH 7.4) with 0.1 M K,S,0g as the background and gGQDs, a small peak appears at —1.36V
coreactant. As seen in Fig. 22a, gGQDs showed an intense ECL emis- assigned to the reduction peak of the gGQDs that appeared. The
sion at —1.45 V, with an onset potential at about —0.9 V. Moreover, relatively positive potential of gGQDs indicated that the high con-
apart from the reduction peak of 5202‘ around —0.8 V in the CVs of tent of sp? carbon domains in the gGQDs inherited from graphene
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Fig. 21. Cyclic voltammograms (CVs) of (a) nitrogen-doped GQDs (N-GQDs)/graphene and (b) commercial Pt/C on a glassy-carbon (GC) electrode in N-saturated 0.1 M KOH,
0,-saturated 0.1 M KOH, and O,-saturated 3 M CH30H solutions; (c) Rotating disk electrode (RDE) curves for N-GQDs/graphene in O,-saturated 0.1 M KOH at different speeds.
The inset shows the Koutecky—Levich plots derived from the RDE measurements; (d) Electrochemical stability of N-GQDs/graphene, as determined using continuous cyclic
voltammetry in O,-saturated 0.1 M KOH [25].
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Fig. 22. (a) Electrochemiluminescence (ECL)-potential curves and CVs of the greenish-yellow GQDs (gGQDs) (1,3) and background (2,4) with a concentration of 20 ppm in
0.05 M Tris-HCI (pH 7.4) buffer solution containing 0.1 M K,S,0s. Scan rate: 100 mV s~'; (b) ECL mechanism of GQDs [37].

could accelerate electron transport during the ECL process. How-
ever, the ECL intensity of bGQDs was weaker than that using
gGQDs due to the higher band gap and the greater reduction resis-
tance than those of gGQDs. The possible ECL mechanism revealed
that the strong oxidization radicals, SO, and GQDs*~, produced
in the electrochemical reduction of szo§* and GQDs, then reacted
with each other to generate an excited state product (GQDs*) via
electron-transfer annihilation, resulting in light emission [37].

4. Applications
4.1. Environmental

Recently, various optical sensors were constructed based on sig-
nal-off or signal-on processes because of the excellent luminescent
properties of GQDs. A fluorescence-sensing platform based on
GQDs was designed for ultrasensitive detection of 2,4,6-trinitrotol-
uene (TNT) using fluorescence resonance-energy transfer (FRET)
quenching via the m-m stacking interaction between GQDs and
the aromatic rings of TNT [64]. TNT bound on surface of the GQDs
strongly suppressed the fluorescence emission from the donor
GQDs to the irradiative TNT acceptor at spatial proximity. The
attenuation of fluorescence intensity could clearly be detected

Strongly >
destroys

of GQDs

.ﬁ Fluorescent GQDs

© Non-fluorescent GQDs

down to 0.495 ppm (2.2 mM) in the linear range 4.95 x 10~%-
1.82 x 1071 gL' of TNT.

Free chlorine could significantly quench the fluorescence signal
of GQDs by destroying their passivated surface (Fig. 23) [65]. Under
optimal experimental conditions, the limit of detection (LOD) of
free chlorine was 0.05 pM in the range 0.05-10 uM. Moreover,
the sensing system was applied to the detection of free residual
chlorine in tap-water samples, and the results agreed well with
those obtained using the N-N-diethyl-p-phenylenediamine colori-
metric method. These results suggested potential application of
this sensing system to monitoring of drinking water quality.

Since the Eu* ion displayed higher affinity for the oxygen-do-
nor atoms in phosphate (Pi) than the carboxylate groups on the
surface of GQDs, a specific PL off-on assay was designed for the
detection of Pi [66]. Initially, GQD aggregation could be induced
by the presence of Eu**, which quenched the PL of GQDs through
energy-transfer or electron-transfer processes. Then, GQD aggrega-
tion was dissociated due to the introduction of Pi. The sensing as-
say showed a rapid response within 5 min with an LOD of 0.1 uM
in the concentration range of 0.5-190 uM Pi.

Similarly, a fluorescence “off-to-on” mechanism of GQDs@GSH
was proposed for the assay of ATP, since the fluorescence of
GQDs@GSH was eventually switched off with increasing concen-
tration of Fe>* caused by the effective electron transfer from the
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Fig. 23. Free chlorine destroying the passivated surface of graphene quantum dots (GQDs) [65].
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GSH on the surface of the GQDs@GSH to Fe3* [67]. The quenched
fluorescence of the GQDs@GSH basically recovered in the presence
of phosphate-containing molecules because of the high affinity for
e>" through the Fe-O-P bonds. This sensitive assay has been ap-
plied to estimate the concentration of ATP in cell lysates and hu-
man-blood serum, and the results agreed with the normal level
of ATP of 2-10 mM in cells. Furthermore, taking into account the
special coordinate interaction between Fe>* and phenolic hydroxyl,
a sensitive, selective probe for Fe>* detection with an LOD of 1 ppm
based on the fluorescence quenching of GO nanosheets was de-
signed. The fluorescence quenching resulted from the reaction be-
tween the alpha-hydroxy quinoid six-membered ring and Fe**
[68]. In addition, six ions (Ni?*, Pb?*, Cu?*, Co?*, Fe?* and Cd**)
could quench the ECL of gGQDs in the Tris-HCl buffer solution
(0.05M, pH 7.4) containing 0.1 M K;S,0g and 20 ppm gGQDs
[37]. In particular, 20 pM Cd?* could cause a 92% ECL intensity de-
crease in gGQDs as a result of the coordination reaction between
Cd?* and the coordination groups on the surface of the gGQDs.
Furthermore, GQDs showed high peroxidase-like activity. GQDs
were assembled on an Au electrode using cysteamine as a cross-
linker [69]. The resultant covalently-assembled GQD/Au electrode
with good stability and reusability performed well in H,0, detec-
tion. The GQD/Au electrode displayed a rapid amperometric re-
sponse to H,0, in 10 s with a low LOD down to 0.7 uM in the
range 0.002-8 mM. On account of its good electrocatalytic activity
and high stability, the GQD/Au electrode was applied to detect
H,0, in physiology and pathology.

4.2. Bioanalytical

4.2.1. Detection of biological molecules

The low toxicity, excellent solubility, and biocompatibility of
GQDs have facilitated their promising application in biological sen-
sors. A novel glucose-sensing system was designed based on
combining affinity sensing and electrostatic attraction between an-
ionic fluorescent GQDs and a cationic boronic acid-substituted
bipyridinium salt (BBV) [70]. Fig. 24 shows that the electrostatic
attraction between GQDs and BBV resulted in the excited-state
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electron transfer from the GQDs to bipyridinium and quenched
the fluorescence intensity of the GQDs. The tetrahedral anionic
glucoboronate esters formed in the presence of glucose effectively
neutralized the net charge of the cationic bipyridinium, and recov-
ered the fluorescence intensity of the GQDs. The sensor needed no
further chemical modification of the GQDs and offered a conve-
nient “mix-and-detect” protocol for homogeneous, rapid detection
of glucose within 5 min.

A glucose biosensor using GQDs as enzyme-immobilization
substrate-modified carbon ceramic electrode (CCE) was also devel-
oped [71]. When the glucose oxidase was immobilized, the biosen-
sor responded efficiently to glucose in the range 5-1270 mM with
an LOD of 1.73 mM, and a sensitivity of 0.085 mA mM~! cm~2. The
high performance of the biosensor was attributable to the large
surface-to-volume ratio, excellent biocompatibility of the GQDs,
porosity of the GQD/CCE, and the abundance of the hydrophilic
edges and the hydrophobic plane in the GQDs. These studies con-
firmed the outstanding performance of GQDs in electrochemical
biosensors.

A luminescence resonance-energy transfer (LRET) immunosen-
sor used graphene as acceptor and mouse anti-human immuno-
globulin G (mlgG, antibody) conjugated-GQDs as donor for
detecting human immunoglobulin G (IgG, antigen) (Fig. 25) [72].
With the addition of graphene to the mIgG-GQDs solution, both
the m-m stacking interaction between graphene and GQDs, and
the non-specific binding interaction between mIgG and the graph-
ene surface brought graphene and GQDs into LRET proximity to
facilitate luminescence quenching of the GQDs. The luminescence
was restored because the specific antibody-antigen interaction
occurring between human IgG and mIgG increased the distance be-
tween the mIgG-GQDs and the graphene surface and thus hindered
the LRET process. Under optimal conditions, this signal-on immu-
nosensor presented good sensitivity and selectivity with an LOD
of 10 ng mL™" in the range 0.2-12 pg mL™".

Also, taking advantage of the fluorescence quenching of GQDs, a
turn-off sensor for Ag* and biothiol detection was developed [73].
This sensor was designed based on the formation of the AgNP/
GQD hybrids following the attachment of Ag* onto the surface of
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Fig. 24. Proposed glucose-sensing mechanism based on boronic acid-substituted bipyridinium salt (BBV) receptor and fluorescent graphene quantum dots (GQDs) [70].
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Fig. 25. A universal immunosensing strategy based on regulation of the interaction between graphene and graphene quantum dots (GQDs) [72].
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Fig. 26. The fluorescent biosensor for trypsin based on self-assembled graphene quantum dots (GQDs) [76].

the GQDs via electrostatic interaction. In the process, the addition of was developed with an LOD of 3.5 nM for Ag*, 6.2 nM for Cys, 4.5 nM
biothiols caused a further turn-off phenomenon through the forma- for Hcy and 4.1 nM for GSH in the range 0-100 nM.

tion of an Ag-S bond, unlike the turn-on sensor reported for carbon Also, due to the excellent conductivity of GQDs, an electrochem-
dots [74]. This label-free assay for the detection of Ag" and biothiols ical biosensor using a GQD-modified pyrolytic graphite electrode
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Fig. 27. (a) Scanning electron microscopy (SEM) image of trigger-released capsules; (b) transmission electron microscopy (TEM) image (the insert is a magnification of a
single capsule); (c) SEM image of the capsules after ultrasound treatment for 5 min and (d) SEM image after ultrasound treatment for 15 min; and, (e) the procedures involved
in shell cracking until drug release from the capsules with increasing ultrasound time [77].
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coupled with specific sequence single-stranded DNA (ssDNA) as a
probe was based on the strong interaction between ssDNA and
graphene material [75]. Because of the inhibition of the electron
transfer between the electrode and the electrochemically-active
species [Fe(CN)g]>~/*~ via electrostatic repulsion by ssDNA, the
peak current of [Fe(CN)g]> /4~ evidently decreased. When the tar-
get molecules were present in the test solution, the peak current
of [Fe(CN)s]>~/*~ increased. The electrochemical sensor was flexi-
ble enough to be used to detect target molecules, such as ssDNA
and protein.

Further, a biosensor for trypsin detection was designed on the
basis that cytochrome c (Cyt c, rich in Fe**) induced remarkable
fluorescence in self-assembled GQDs (Fig. 26) [76]. However, the
special coordinate interaction between Fe>* and the phenolic hy-
droxyl group of the GQDs (proved previously) could bind to the
GQDs using electrostatic interactions and completely quenched
the fluorescence of GQDs through electron transfer. When trypsin
was present, Cyt c cleaved into smaller fragments on the c-termi-
nal side of arginine and lysine residues, and the Fe*" in Cyt c was
possibly reduced to Fe?* using a digestive enzyme. However, the
trypsin-cleaved peptide bonds of Cyt c to the lysine and arginine
residues could reduce the GQDs into reducing-GQDs and, as a re-
sult, the fluorescence of the GQDs was restored. This label-free,
fluorescence-enhanced sensor is sensitive and selective to trypsin
with an LOD of 33 ng mL™..
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4.2.2. Drug release

A multifunctional core-shell capsule platform for simultaneous
fluorescence imaging, magnetically-guided delivery, and ultra-
sound-triggered releasing has been produced [77]. As illustrated
in Fig. 27, the platform comprised olive oil as the reservoir of the
oil-soluble drug. GQDs were taken as an optical information indica-
tor for in-situ monitoring of the drug release; Fe304 was used as a
magnetic targeting drug carrier and a dual-layer porous titania
shell was applied as a sensitive vehicle. The drug paclitaxel was re-
leased when the dual layer of the titania shell cracked under ultra-
sound stimulation, and the profile could be controlled by the
frequency of the ultrasound. The Fes04 and GQDs functioned suc-
cessfully for magnetic targeting and fluorescence imaging, respec-
tively. Furthermore, we expect the results to play a significant role
in the development of controlled-release drugs and delivery of
water-insoluble drugs.

4.2.3. DNA cleavage

To explore the applicability of GQDs, a novel DNA-cleavage sys-
tem using GQDs and copper ions was inspired by the fact that GO
can be intercalated into DNA, and experimental results that proved
that GQD/Cu?* could cleave the DNA molecules more efficiently
than GO/Cu?* at the same concentration [39]. The exploration of
the detailed cleavage mechanism, optimization of cleavage condi-
tions, and identification of the cleavage products confirmed that

60 um

Fig. 28. Cellular toxicity and cellular imaging of graphene quantum dots (GQDs). (a) Effect of GQDs on viability of MG-63 cells; (b), (c) and (d) are washed cells imaged under

bright field, 405 nm and 488 nm excitations, respectively.
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GQD interaction with DNA is much stronger than that of the pm-
sized GO sheets.

These interesting results open the way to further potential
applications of GQDs in biological and medical research.

4.2.4. Bioimaging

The biological imaging of semiconductor QDs has been greatly
limited by the intrinsic toxicity of the semiconductor QDs. Since
GQDs provide physiological stability, low cytotoxicity and an
eco-friendly nature, they are promising candidates for semicon-
ductor QDs for bioimaging applications. In-vitro cellular studies
were performed with green GQDs in human breast cancer cell
lines T47D [30]. Fluorescent images clearly show the phase con-
trast image of T47D cells, the nucleus stained blue with 4,6-dia-
mino-2-phenyl indole (DAPI), and with an agglomerated high
contrast fluorescent image of green GQDs around each nucleus,
and overlaying the image of the cell with phase contrast, DAPI
and gGQDs. Stem cells, neurosphere cells (NSCs), pancreas pro-
genitor cells (PPCs) and cardiac progenitor cells (CPCs) were incu-
bated with GQDs at a concentration of 25 mg mL™! for 24 h at
37°C [55]. After being washed three times with phosphate buffer
solution and fixed with 4% paraformaldehyde for 20 min at room
temperature, confocal fluorescent images of the three types of
stem cell (with an excitation wavelength of 405 nm) clearly
revealed the morphology of the cells with their internalized GQDs
due to the clear observation of PL spots in the cytoplasmic area of
these stem cells and relatively weak PL at the central region of
the nucleus. This result also confirmed that GQDs easily penetrate
into the stem cells but do not enter the nuclei. Furthermore, after
several runs of repeated excitation, no intensity change of the
fluorescence could be detected in the microscopy images,
indicating high photostability of the GQDs in the cells. Even
adding 400 mg of GQDs to 150 mL of culture medium (104 cells)
did not decrease the cell activity significantly in 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay
(Fig. 28a) [35]. Confocal fluorescence microscope images
showed a bright green area inside the cells, indicating transloca-
tion of GQDs through the cell membrane (405 nm excitation)
(Fig. 28b and c). When the excitation wavelength changed to
488 nm, a green-yellow color could be observed (Fig. 28d). These
results indicated that GQDs could be used in bioimaging and
other biomedical applications, even when involving high cell
concentrations.

5. Summary and outlook

As presented above, GQDs, as a new graphene-based nanomate-
rial, have inspired intensive research in environmental, biological
and other fields because of their low cytotoxicity, excellent
stability and resilience of PL in vivo. There are many available
methods for preparing GQDs, which have special properties, such
as absorption, PL and electroluminescence, which can be obtained
by monitoring the band gap with unique size-tuning and func-
tional-modification methods.

However, some issues remain for further studies:

(1) understanding the PL properties of GQDs is still poor,
although, to date, some possible mechanisms have been pro-
posed, such as size effect, surface modification, and doping
with other elements;

(2) the mechanisms deduced from the optical properties of the
GQDs generated vary, so a study of the detailed mechanism
for PL in GQDs would be highly significant;

(3) exploration of the preparation of high-quality GQDs with
uniform size and morphology is still ongoing;

(4) since the GQDs derived from large graphene-based materials
are heterogeneous in size and morphology, we expected that
GQDs will be obtained from small molecules via appropriate
methods of synthesis;

(5) in spite of the achievement of GQDs with different colored
PL properties, including PL in the near-infrared region, the
quantum yields of most GQDs are still lower than 20%, so
the improvement of GQDs is imperative because of their
restricted application in many fields arising from their lower
quantum yields.

(6) metal-enhanced fluorescence may be considered for
quantum-yield enhancement and a study has proved its
feasibility [78]; and, last but not least,

(7) compared with the environmental applications of GQDs,
more studies concerning the application of GQDs in bioanal-
ysis and the energy-related field are needed.

There is no doubt that new strategies for surface modification
need to be developed for application in analysis. With their uni-
form size, excellent PL and high quantum yields, GQDs will no
doubt be used in more creative applications.
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