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In this article, graphene quantum dots (GQDs) with tunable

surface chemistry (increasing oxidation degree) were prepared by

an efficient two-step method. The GQDs have tunable fluores-

cence induced by the degree of surface oxidation, fine solubility,

high stability and applicable up-conversion photoluminescence

(PL). The PL mechanism was investigated based on the surface

structure and PL behaviors. More importantly, the GQDs have

acid–base response property and can be applied as pH sensors.

Introduction

In recent years, fluorescent carbon-based materials,1 such as

fullerene,2 carbon nanotubes,3 nanodiamond,4 carbon nanoparti-

cles5–9 and the rising graphene quantum dots (GQDs),10 have

received increasing attention due to their superiority in large optical

absorptivity, chemical stability, fine biocompatibility and low

toxicity.1 These emerging carbon-based nanomaterials have been

exploited in a series of exciting areas, such as bioimaging, medical

diagnosis, catalysis, photovoltaic devices and so on. However, these

materials demand critical solutions in obtaining effective synthetic

and separation routes, controllable fluorescent color with high

quantum efficiency, high solubility for practical applications and a

clear PL mechanism.1

To facilitate the application of graphene as a fluorescent material, a

promising strategy is to convert 2D graphene to 0D GQDs.10–20 Till

now, all existing approaches to prepare GQDs can be classified as two

aspects: ‘‘top-down’’ cutting carbon resources or a ‘‘bottom-up’’

condensation reaction. Several groups have reported the synthesis of

fluorescent GQDs. For example, Pan et al. have prepared GQDs with

blue photoluminescence by cutting reduced graphene oxide through a

hydrothermal route.10 Yan et al. have used solution-based synthetic

routes to prepare GQDs with precise structures.12,13 Dai’s group has

also reported the fabrication of fluorescent nano-graphene oxide by

rate separation method.14 GQDs have been fabricated by other

methods as well.15–20 To present, it is still highly significant to develop

an efficient method to obtain tunable luminescent GQDs in the large

scale by an efficient method. Moreover, the PL mechanism is

extremely desired to be clarified.

In our previous work, we have reported a one-step solvothermal

route to synthesize strongly green-photoluminescent GQDs which

showed good fluorescent properties and have been demonstrated to

be excellent probes for bioimaging.21 However, the wide size

distribution of GQDs and the single PL color are fatal to some

practical applications and the investigation of the PL mechanism. In

this work, combining ‘‘top-down’’ cutting and separation routes, we

demonstrate an efficient two-step method to obtain GQDs with

tunable surface chemistry compared to previously reported GQDs.

The separated GQDs have strong blue to green fluorescence induced

by controllable degree of surface oxidation, fine solubility, high

stability and pH-sensitive property. The PL mechanism was

investigated based on the surface structure and PL behaviors.

Moreover, the GQDs show up-conversion PL which may find

exciting applications in bioimaging or energy collection.

Experimental

Preparation

GO was prepared by reported methods.21 For synthesizing GQDs,

GO was dispersed in DMF with the concentrations of 270 mg

10 mL21 (Note: other ratios of GO/DMF can also be used to

prepare the GQDs, such as 50–500 mg 10 mL21 and the

optimization ratio is not the same for GO with a different degree

of oxidation). The GO/DMF solutions were under ultrasonication

for 30 min (120 W, 100 kHz), and then transferred to a poly

(tetrafluoroethylene) (Teflon)-lined autoclave (30 mL) and heated at

200 uC for 8 h. After the above reaction, the reactors were cooled to

room temperature naturally or by water. The product consisted of a

brown transparent suspension and black precipitates, and the black

precipitates were wasted. The solid samples can be obtained by

evaporating the solvents, and we found out that the GQD yield was

about 1.6%. After several tests, we concluded that GQDs have

excellent solubility in many polar organic solvents or water with

different pH levels.

Then, the GQDs were purified by column chromatography on

silica (the commercial sephadex can also work) utilizing gradient

elution (mobile phase: A was methylene chloride-MeOH (2 : 1, v/v),

B was H2O). Under the A phase elution, Batch 1 and 2 were
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obtained in a sequence. Subsequently, under the B phase elution,

Batch 3 was obtained, the Batch 3 is the primary production with a

yield of ca. 50–70% among the three batches. There were still residues

after the two steps separations, which were supposed to be large GO

or reduced GO (over 10 nm) left from solvothermal process. There

are intangible components in Batch 1, which may be carbon

nanoparticles formed by the carbonization of DMF.

Characterization

TEM was conducted using a Hitachi H-800 electron microscope at

an acceleration voltage of 200 kV with a CCD cinema. AFM images

were recorded in the tapping mode with a Nanoscope IIIa scanning

probe microscope from Digital Instruments under ambient condi-

tions. Fluorescence spectroscopy was performed with a Shimadzu

RF-5301 PC spectrophotometer. UV-vis absorption spectra were

obtained using a Shimadzu 3100 UV-vis spectrophotometer. X-ray

Photoelectron Spectroscopy (XPS) was investigated by using

ESCALAB 250 spectrometer with a mono X-Ray source Al Ka

excitation (1486.6 eV). Binding energy calibration was based on C 1s

at 284.6 eV.

Result and discussion

GQDs were prepared by our previous method, they have wide size

distribution which ranges from several nanometres to over ten

nanometres. (Fig. 1).21 After a two-step column chromatography

separation, we obtained GQDs with a narrow size distribution

compared with our previous results.21 There are three separated

batches (Batch 1–3) utilizing gradient elution. The three batches have

similar sizes and heights from TEM and AFM characterization

(Fig. 2, only the AFM image of Batch 3 was given as Batch 1 and

2 have the same AFM morphologies). Fig. 2a–e show the

Transmission Electron Microscopy (TEM) images of GQDs and

their size distribution. The average diameters of the GQDs are

3–5 nm, and the three batches have a similar size scale. Atomic Force

Microscope (AFM) images of the GQDs (Fig. 2f and g.) show that

their average height is 0.95 nm. Consequently, it can be concluded

that most of the GQDs are single-layered or double-layered (less

than 5 layers).10,21

Though GQDs in three batches possess similar sizes and heights,

they have tuned optical properties, which are speculated to be

controlled by increasing the degree of surface oxidation10,21 (see

mechanism section for detailed analysis). From the UV-vis absorp-

tion of the GQDs (Fig. 3a), a typical absorption peak at ca. 320 nm

was observed, which is similar to the reported GQDs.11,21 Inset of

Fig. 3a is the photograph of the GQD aqueous solution taken under

Fig. 1 TEM images of un-separated GQDs.

Fig. 2 Morphology of GQDs (Batch 1–3). a) TEM image of Batch 1. b)

TEM image of Batch 2. c) TEM image of Batch 3 and d) is the enlarge

image. e) The size distribution of Batch 3. f–g) AFM image of Batch 3 and its

height distribution (the three batches have similar TEM and AFM

characterization so only the AFM of Batch 3 was shown).

Fig. 3 The optical properties of the GQDs aqueous solution. a) UV-vis

absorption (ABS) spectra of the GQDs (inset: photograph taken under

visible light). b) PL spectra of Batch 1–3 at 380 nm excitation (inset:

photograph of three components taken under UV light (365 nm)). c–e) The

excitation-dependent PL behaviors of GQDs (Batch 1–3).
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visible lights, and shows brown color. The three batches have tuned

fluorescence from blue to green at the same excitation (Fig. 3b), and

they each exhibit excitation-dependent PL behaviors (Fig. 3c–e).

Interestingly, the PL spectrum shows a strong peak at 427 nm as well

as a shoulder peak at 516 nm when excited under the 320 nm

wavelength, especially in Batch 3 (Fig. 3 e), where, with red shift of

the excitation wavelength, the peak at 427 nm vanishes while the

shoulder at 516 nm increases significantly. The full width at half

maximum (FWHM) is 90 nm, which is narrower than most reported

GQDs.10–21 Using 9,10-bis (phenylethynyl) anthracene as a reference,

the PL quantum yields were measured to be 4.1, 9.9 and 12.2%

respectively, which are a little higher than that of un-separated

GQDs and higher than most reported luminescent carbon

nanomaterials.2–21

The GQDs keep some important properties existing in unsepa-

rated GQDs. They possess excellent solubility in water and most

polar organic solvents because of the chemical groups, such as –OH,

epoxy/ether, CLO and –CO–NR2 (Fig. 4);21 they have solvent-

dependent PL behaviors; and they have outstanding stability under

UV light and in a wide range of ionic strengths.21 Moreover, the

GQDs are much more stable than un-separated GQDs. The

fluorescence of the separated GQDs stays constant after many

drying/re-dissolving processes, while the un-separated GQDs show

poor stability in drying/re-dissolving processes. This might be

because the large pieces in un-separated GQDs induce aggregation.

From XPS analysis of the GQDs, we can also observe the changes

on the degree of oxidation in un-separated and separated GQDs

(Table 1). The un-separated GQDs possess a high degree of

oxidation, while the separated GQDs possess a decreasing degree

of oxidation with the PL peak blue shifting (Fig. 3b) and the degree

of oxidation decreasing from Batch 3–1. In addition, the FWHM

became narrower compared with un-separated GQDs.

The fluorescence mechanism of GQDs is not fully understood, but

we can give a possible explanation. Both the surface energy traps and

the zig-zag sites contribute to the fluorescence.10,21,22–24 All the

GQDs have a similar size and chemical groups, but the oxidation

degree increases from Batch 1–3 (Fig. 5 and Table 1). The higher

degree of surface oxidation would result in more surface defects,

which make the emission red-shift.24 As a result, three components

have tunable fluorescent emission from blue to green. In detail, take

Batch 3 as an example, they have two emission peaks, one is focused

on 427 nm (blue emission) and the other is 516 nm (green emission).

The blue emission is attributed to the zig-zag effect,10,22 while the

green emission is attributed to surface defects (also called energy

traps, because both sp2 and sp3 domains exist in the plane of

GQDs).17,21,23 Batch 3 has the highest degree of oxidation (lowest

degree of reduction) in the three batches, so the surface defect

emission plays the leading roles (green emission).

The GQDs have some important properties for practical

applications. For example, the prepared GQDs possess up-conver-

sion PL property. As shown in Fig. 6a, when excited from 600 nm–

900 nm, the emissions exhibit similar behaviors compared to that

shown for short wavelength excitation (down-conversion).25 The up-

conversion PL property was indicated to be possibly attributed to the

multiphoton active process and will provide exciting applications in

bioimaging or energy collection.9,18 Moreover, they have interesting

pH-dependent PL behaviors (Fig. 6b): PL intensities decrease in a

solution of high or low pH. Moreover, in an alkaline solution, the PL

peak of the GQDs blue-shifts (shown blue color by naked eyes) and

the FWHM becomes narrow, so the acid–base may be identified by

naked eyes, and the pH can be measured by fluorescent intensity

using such GQDs as probes. From the UV-vis absorption of the

GQDs in different pH aqueous, the typical absorption peak at ca.

320 nm changed little (Fig. S1, ESI{), which corresponds to the

minor shift in the PL peaks and proves the observed PL behaviors.

Conclusions

In conclusion, we have demonstrated a new efficient two-step

separated method to obtain GQDs with controllable surface

oxidation which induced tunable fluorescence. The reported method

promotes the synthesis and application of GQDs as well as

comprehension of the PL mechanism. The prepared GQDs have

strongly blue and green fluorescence, fine solubility and highFig. 4 IR spectra of GQDs (Batch 1–3).

Fig. 5 XPS of GQDs. a, b) are Batch 1. c, d) are Batch 2. e, f) are Batch 3.
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stability. In addition, the GQDs have an acid–base response property

which can be applied in pH probes. Moreover, by combining free

dispersion in water and up-conversion PL properties, GQDs may be

applied as an energy collector or bioimaging probe under a near IR

range.
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