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ABSTRACT

Graphene quantum dots (GQDs), a nano version of graphene whose interesting properties
that distinguish them from bulk graphene, have recently received significant scientific attention.
The quantum confinement effect referring to the size-dependence of physical and chemical
properties opens great possibility in the practical applications of this material. However, tuning
the size of graphene quantum dots is still difficult to achieve. Here, an edge-etching mechanism
which is able to tune the size of GQDs in a quasi-continuous manner is discovered. Different
from the ‘unzipping’ mechanism which has been adopted to cut bulk graphitic materials into
small fragments and normally cut through the basal plane along the ‘zig-zag’ direction where
epoxy groups reside, the mechanism discovered in this research could gradually remove the
peripheral carbon atoms of nano-scaled graphene (i.e. GQDs) due to the higher chemical
reactivity of the edge carbon atoms than that of inner carbon atoms thereby tuning the size of
GQDs in a quasi-continuous fashion. It enables the facile manipulate of the size and properties of
GQDs through controlling merely the reaction duration. It is also believed the as discovered
mechanism could be generalized for synthesizing various sizes of GQDs from other graphitic
precursors (e.g. carbon fibres, carbon nanotubes, etc).

INTRODUCTION

Recently, a nano-scaled carbon material, graphene quantum dots (GQDs) referring to
graphene fragments or discs normally having lateral size less than 100nm [1] has been attracting
increasing attention in a variety of fields including single-electron transistors [2-4], spintronics
[5, 6], energy conversion [7, 8], memory [9, 10], optoelectronics [11], sensing [12-15] and
bioimaging [16-20] etc. The emergence of this material could be attributed to its interesting
properties such as tuneable electronic and magnetic properties, photoluminescence, low
cytotoxityl [21-27], etc. that distinguish themselves from bulk graphene.
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Although GQDs have been investigated theoretically even before the discovery of
graphene [25], experimental synthesis of this material is just a recent effort. So far, a variety of
methods have been developed to synthesize GQDs. These methods could be assigned to one of
the two groups of methods which either take a top-down strategy involving breaking bulk
graphitic materials into GQDs [28-32] or follow a bottom-up mindset trying to construct GQDs
from molecules [8, 33, 34]. Through these methods various types of GQDs have been made
available.

However, all the GQDs preparation methods developed so far share a same shortcoming
that is the lack of easy tuneability of the size of GQDs. Size tuneability is essential to the
fundamental study and application potential of GQDs, because the aforementioned excellent
properties are all size-dependent. For instance, the rise of band gaps for GQDs is due to quantum
confinement which is size dependent [1], Theoretical studies have indicated that the band gap of
GQDs should become wider with the decrease of lateral size, vice versa [24, 35]. The top-down
approaches usually result in broad size distribution, only one to three GQDs with different
average particle sizes could be made available in most of the existing publications [28-32, 36,
37]. Bottom up methods are considered to be more controllable method in terms of tuning
particle size, indeed, through method such as microwave assisted hydrothermal synthesis, certain
degree of tuneability of particle size could be achieved [38]. However, the tuneability is limited
by the abrupt increase of size with small variation of tuning condition. Hence, a method which
could provide better control and near continuous tuneability of size of GQDs is still absent.

Here we report an edge etching mechanism through which quasi-continuous tuneability
of size of GQDs could be realized. Synthesis of GQDs and tuning their size was achieved in a
one-pot set up in this study. A mixed acid approach was adopted for synthesis of graphene
quantum dots by dismantling and exfoliating carbon black (CB) which contains nano-sized
graphitic crystallites (lateral size ~3nm, 7~9 layers carbon atoms). After the dismantling and
exfoliation, the size of resulting GQDs could be near continuously reduced via the edge etching
mechanism which is able to continuously remove the edge carbon atoms over time. Therefore,
the size of GQDs could be tuned simply by changing the reaction duration. To the best of our
knowledge, this is the first method that could achieve near continuous and easy tuneability of
size of GQDs.

EXPERIMENTAL

Synthesis of GQDs from carbon black

50 mg of carbon black (Spuer P, Alfa Aesar ) was put inside a 50 ml round flask. 6 ml of
concentrated HNOj; (70%, Chem-Supply) was then introduced to the round flask followed by
adding 18 ml H,SO4 (98%, Chem-Supply) slowly and carefully under magnetic stirring (350
rpm). Upon the completion of adding the materials, the round flask was placed into a silicon oil
bath with temperature set as 160°C. A condenser was subsequently applied to reflux the
vapourized acids and acids decompositions (majorly HNO; decompositions since gas with brown
colour were generated inside round flask) and the reflux is quite critical, because without it nitric
acid would fully decompose too quickly, resulting in termination of reaction. Upon completion
of reaction for targeted duration, the reacted materials were poured slowly into 200 mL of DI
water under vigorous stirring. NaOH (Chem-Supply) pellettes were added slowly till PH=5.
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Then the PH of the solution was further tuned to 7 via a NaOH solution (100 mg/ml). The final
solution was subsequently concentrated to 100 ml before subject to dialysis with a 500 Da tube
membrane (SpectrumLabs) for 3 days. Upon completion of the dialysis the purified GQDs
solution inside the tube membrane was collected.

Characterization

High resolution transmission electron microscope (HRTEM, Philips Tecnai F20), along
with atomic force microscope (AFM, NT-MDT NTEGRA Spectra) were adopted for the
morphology analysis. Fluorescent spectra were collected through a fluorescence spectrometer
(Thermo Scientific Lumina). Raman spectra were obtained via a Raman spectrometer
(Renishaw) with a 514 nm laser source. Elemental compositions and chemical bonding status
were quantitatively analysed by X-ray photoelectron spectroscopy (XPS, Kratos Axis Ultra).

RESULTS AND DISCUSSION

Synthesis of GODs from carbon black

Previous X-Ray Diffraction (XRD) studies have shown that carbon black is composed of
layered sp2 crystallites (graphitic structure) which are assembled together in random orientations,
forming clusters in the appearance of spheres, and the lateral sizes of those sp” crystallites are a
few nano meters [39, 40]. Therefore, if the clustered sp® crystallites are dismantled and further
exfoliated, the resulting product will be GQDs. Figure 1 a shows the carbon black adopted in this
research. The dimensions of the crystallites in CB could be revealed by XRD through the
Scherrer equation [39, 41, 42] and Raman spectroscopy via the Tuinstra-Koenig relationship [43]
(see supplementary information for details of calculation). Briefly, two typical characteristic
peaks were observed on the XRD spectra, namely, a peak around 25° which is due to the
diffraction of 002 plane and the other peak around 44° which is due to the two dimensional
diffraction of 10. The calculated lattice parameter c of the sp2 crystallites is around 7.1A which
is slightly larger than graphite (6.7A) and in consistent to existing literature [39]. The lateral size
of the sp” crystallites (La) are calculated from both the 10 diffraction peak of XRD spectra and
Raman spectra (Fig.S1). The values are roughly in good agreement (~3nm). The vertical size
(Lc) of the sp? crystallites along ¢ direction (i.e. the stacking direction) is around 2nm which
could be translated into 7~9 layers of carbon atoms. The dismantling and exfoliation of CB was
achieved by treating CB in mixed acids (Vol HNO;/Vol H,SO4= 1:3) at 160°C. Exfoliation of
the sp2 crystallites could be achieved in as short as 20 min. The morphology of GQDs obtained
after reaction for 20min is presented in Figure 1 b and c. The average lateral size of the
corresponding GQD is around 2 nm. AFM height profiles reveals the average thickness of the
GQDs is around 1.2 nm, which could be translated into 1 or 2 layers of carbon atoms for such
type of oxygenated GQDs, confirming the successful exfoliation of the sp” crystallites (originally
7~9 layers of carbon atoms) in CB. Moreover, over 60% of the resulting particles have the
thickness less than or equal to 1.2nm, suggesting the high yield feature of the method. The as
synthesized GQDs could be dispersed into water thoroughly to form solutions which are
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extremely stable. No precipitation could be observed after the solutions were kept under room
temperature for a period of seven month.

Figure 1. Morphology: HRTEM images of CB (a), the left inset is the high magnification image
of a selected carbon black sphere, the right inset is a 3D graphical model of carbon black sphere;
HRTEM (b) and AFM (c) images of G20, Inset in c is the height profile distribution of G20
derived from 300dots, Figure beneath c is the height profile along the line mark in c.

Quasi-continuously tuning the size of GQDs

The as synthesized GQDs possess excitation dependent photoluminescence (Fig. S 2).
With extending the reaction duration (from here on all GQDs in this research are denoted such as
G20, G80, G210 for which the numbers next to G indicate the durations taken for synthesizing
the corresponding GQDs), a continuous blue shift trend was observed when the excitation was
fixed at 340nm (Fig. 2 a). Such a blue shift feature is a prominent indication of quantum
confinement effect or size effect, in which the smaller the particle size, the wider the band gap
and the higher the emission energy (i.e. emission with shorter wavelength) [24,35]. Indeed, as
confirmed by the Raman (Fig. S3 and Table S 1) and dynamic light scattering (DLS, Fig. 2 and
Fig. S 4) measurements, the particle size gradually decreased with extending the reaction
duration from 20min to 210min (Fig. 2 b). Hence, with extending the reaction duration this
method could tune the size of GQDs in a quasi-continuous manner as indicated by the quasi
continuous blue shift feature of PL spectra.

Edge etching mechanism

‘Unzipping’ mechanism [31, 32, 44, 45] has been believed to be responsible for cutting
bulk graphitic materials (e.g. chemically reduced graphene oxide, graphite, carbon tube etc) into
small species. This mechanism normally cut through the basal plane of large sheet structure
along the ‘zig-zag’ direction where epoxy groups or carbonyl groups reside. However, based on
the observation that the as-synthesized GQDs size quasi-continuously change as the reaction
time extends, we deduce that the dominant particle size reduction mechanism in this reaction
with carbon black as the parent material is edge-etching instead of unzipping, because cutting
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through basal plane will result in abrupt change in size of the resultant species rather than
reducing the size in a quasi-continuous manner. Since nano-sized graphene possess properties
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Figure 2. PL spectra of as synthesized GQDs under 340nm excitation (a) and lateral sizes of
crystallites in CB and as synthesized GQDs (b). Insets in (a) are photos showing the
photoluminescence of G20 and G210; Insets in (b) are the particle size distribution from DLS,
data below 0.3nm could not be collected due to the instrument detection limit.

different from the ones either bulk graphene, or bulk graphitic materials have, we believe the size
also play a decisive role in the chemical reactivity of GQDs. Indeed, previous studies have
shown that nano-scaled graphene possess much higher chemical reactivity around edge than on
the inner plane [46, 47]. In particular, through theoretic approach, Sheka et al. have suggested
that, for nano-sized graphene, any chemical added will be firstly attached to the edge irrespective
of edge terminations rather than the inner atoms on the basal plane [46]. Therefore, we postulate
that a mechanism that is able to continuously etch away the edge atoms of GQDs, thereby
reducing the size of particle in a quasi-continuous manner, should be responsible for the size
tuneability of this study. In order to confirm this, we conducted a detailed quantitative analysis
on the chemical composition change of the GQDs with the extension of reaction duration.

Figure 3 presents the fitted spectra of XPS and the corresponding summary from the
peak fitting procedure. Similar to oxygenated GQDs synthesized from mixed acids oxidation
method, the GQDs from this study also contain various types of oxygen functionalities
represented by each of the Gaussion-Lorentzian component (%Guassion=30%) including
hydroxyl, epoxy, carbonyl and carboxyl (Fig. 3 a). A notable feature is that the GQDs of this
research possess similar carbon/oxygen ratio ~3 (3.0 for G20, 2.9 for G80, 3.2 for G210)
indicating similar degree of oxidation (circular in Fig.3 b), which also suggests that the blue shift
of PL spectrum as shown in Figure 2 could not result from change of degree of oxidation,
confirming that the reduction of size is the dominated factor for the PL blue shift.

The quantitative variation of functional groups was further examined in detail (Fig. 3 b).
On one hand, the atomic percentage of C-O (representing epoxy and hydroxyl) increased from
9% in G20 to 18% in G80 then dropped to 9.1% in G210; on the other hand, -C=0 (representing
carboxyl and carbonyl) decreased from 11.7% in G20 to 9.4% in G80 subsequently increased to
12.6% in G210. From the trends, it could be interpreted that the acids mixture firstly introduces
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hydroxyl (to the edge) and epoxy (on the basal plane) to GQD which accounts for the percentage
rise of C-O from G20 to G80, then converts hydroxyl into carboxyl and carbonyl on the edge,
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Figure 3. XPS results: (a) the fitted XPS spectra for G20, G80 and G210; (b) the quantitative
summary of the chemical changes derived from XPS peak fitting

which accounts for the percentage drop of C-O and the percentage rise of —C=0 from G80 to
G210. However, the percentage increase of -C=0 (~3%) did not compensate fully the
percentage drop of C-O (~9%). This suggests there could be some other conversion coexisting
which is able to consume C-O during the reaction. A highly likely conversion coexisting in the
strongly oxidizing environment could be the complete oxidation converting —C=0 into CO2,
such a conversion would eventually fulfil the continuous removal of carbon atoms at the edge of
GQDs.

Therefore, we deduce that an edge etching mechanism as illustrated in Figure 4 is
responsible for the high tuneability of size of GQDs based on the above analysis; At the early
stage (less than 20min) of this one pot reaction, CB spheres are dismantled and exfoliated into
GQDs of original sizes. The strongly oxidizing environment then introduces considerable
amount of hydroxyl to the edge of GQDs and few epoxy to the basal plane. The hydroxyl groups
are further oxidized into carboxyl and carbonyl groups, breaking the sp* bonds of the peripheral
carbon atoms. Carboxyl and carbonyl groups are eventually fully oxidized into CO, thereby
removing the peripheral carbon atoms, which results in the size reduction of GQD. This dynamic
reaction takes place in cycles, namely, once the outmost carbon atoms are removed, the carbon
atoms next to them are exposed to the oxidizing environment which starts the next cycle of
reaction. Through this dynamic repeating process, the size of GQD is tuned near continuously.

CONCLUSIONS

For the first time, a mechanism which is able to tune the size of graphene quantum dots in
a quasi-continuous manner has been discovered. Different from cutting bulk graphitic materials
into GQDs with similar oxidation approach, an edge etching mechanism for nano-sized graphene
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is responsible for the supreme size tuneability achieved in this study. Fundamentally, the edge

etching mechanism is caused by the fact that the chemical reactivity of the edge carbon atoms of

nano-sized graphene (GQDs) is higher than that of inner carbon atoms on the basal plane as
predicted by theoretical research [46, 47]. Such a difference in chemical reactivity leads to the
preference of oxidation reactions to occur on the edge of GQDs, thereby quasi-continuously
reducing the size of GQDs. It is believed the as discovered edge etching mechanism could also
be applied to synthesize GQDs from other nano graphitic precursors for achieving a precise
control of GQDs size, which is highly important for the fundamental research of nanocarbons
and future applications in advanced optics and nanoelectronics.

Dismantling and
exfoliating

Cco,
GQD with reduced size

4
Non-crystalline sp?

Figure 4. Schematic representation of the mechanism by which the high tuneability of size is
realized: (a) dismantling and exfoliation of CB into GQDs of original size; (b), the oxidative
environment firstly introduces hydroxyl to the edge of GQDs further convert hydroxyl into
carboxyl and eventually removes peripheral carbon atoms via turning carboxyl into carbon
dioxide; (c) With the reaction described in b repeating overtime, the size of GQD is gradually
reduced.
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