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  1.     Introduction 

 Graphene is a two-dimensional monolayer of sp 2  bonded 
carbon atoms. Recently, 3D architectures of graphene have 
been employed as novel 3D electrodes for energy and sensing 
applications taking advantages of its highly conductive network 
and vast specifi c surface area. [ 1 ]  Curving 2D graphene into 1D 
nanoribbon, on the other hand, can transform this zero-band 
semi-metal material into a semiconductor with a wide bandgap 
due to quantum confi nement and edge effects, promising 
applications in nanoelectronics. [ 2 ]  More recently, 0D graphene 
or graphene quantum dot (GQD) has been synthesized. [ 3 ]  
The quantum confi nement infl uenced by the edge and defect 
effects renders GQDs unique and tunable photoluminescence 
properties, therefore, their great potentials for bio-imaging, [ 4 ]  
optical sensing, [ 5 ]  photovoltaics, [ 2,6 ]  and so forth. [ 7 ]  Very recently, 
we have demonstrated the use of GQD as the universal fl uo-
rophore, advantageous over the conventional organic fl uoro-
phores and semiconductor QDs in several aspects, for real-time 
molecular tracking in live cells. [ 8 ]  

 GQDs can be synthesized using 
bottom-up or top-down approaches. The 
former relies on assembly of small natural 
or artifi cial cyclic molecules (e.g., hexa-
peri-hexabenzocoronene, polyphenyls) 
with good control of the size, shape and 
properties of the resulting GQDs size. [ 9 ]  
These approaches, however, often suffer 
from tedious and challenging synthetic 
procedures and poor yield. The top-down 
methods, on the other hand, involve exfoli-
ation and break-down from various carbon 
materials (e.g., carbon fi bers, [ 10 ] graphite 
rods, [ 11 ] carbon black, [ 4a ]  carbon nano-
tubes, [ 12 ]  graphene oxide) [ 13 ]  [ 3,14 ]  using 
solvothermal, hydrothermal, mechanical, 

chemical and electrochemical means. These methods, however, 
usually are of low throughput and produce GQDs with non-
ideal or non-uniformly distributed lateral size and thickness 
(layer number). [ 11b ]  And the harsh synthetic process inevitably 
damages the graphene lattice. Intuitively, direct scissoring from 
defect-free graphene would ensure high-yield and high-quality 
of GQDs. 

 Herein, we report a new electrochemical strategy for facile 
synthesis of high quality GQDs from monolithic 3D graphene 
grown by chemical vapour deposition (CVD) ( Figure    1  ). And 
as a proof of-concept demonstration, the obtained GQDs are 
employed for specifi c detection of iron ions (Fe 3+ ).    

 2.     Results and Discussion 

 3D graphene is grown by chemical vapour deposition (CVD) 
as reported previously. [ 15 ]  It is a monolithic macroporous struc-
ture ( Figure    2  a) of interconnected defect-free graphene network 
consisting of mainly single- or few-layer domains (evidenced by 
the absence of defective Raman D band and the intensity ratio 
of 2D and G bands as shown in Figure  2 c). Electrochemical 
route has been applied to carve out carbon nanoparticles and 
nanoribbons from graphite rod. [ 11b ]  Here, we electrochemically 
incise the free-standing 3D graphene to produce GQDs, using 
room temperature ionic liquid (1-butyl-3-methylimidazolium 
hexafl uorophosphate(BMIMPF 6 ) in acetonitrile) as the electro-
lyte which gives high ionic conductivity and wide electrochem-
ical potential window. We have attempted different protocols 
and found that applying a constant voltage of 5 V for 100 s gives 
high yield of GQDs while achieving uniform etching of gra-
phene foam and preserving its 3D structure (see also Figure S1 
in Supporting Information). The voltage and time required for 
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of BMIM +  albeit with a slight shift (Figure  2 d). In addition, 
X-ray photoelectron spectroscopy (XPS) demonstrates several 
characteristic peaks corresponding to the binding energies of 
C–C/C = C, (C–)C–N, C = C-N and N–C = N bonds, in addi-
tion to the prominent C–C/C = C peak (Figure  2 e). This obser-
vation confi rms the hybridization between GQD and BMIM + . 
We also found that, comparing to other ionic liquids (including 
1-Butyl-3-Methyl Imidazolium chloride (BMIMCl), tetra ethyl 
ammonium chloride (TEAC), BMIMPF 6  gives the highest yield. 
Furthermore, we found that tetrabutylammonium hexafl uoro-
phosphate (TBAPF 6 ) can also effectively exfoliate GQDs from 
3D graphene, suggesting the facilitating role of PF 6  −  ions in 
cleaving graphene substrate. BMIM + , on the other hand, assists 
to disperse GQDs in both, organic solvents and water due to its 
amphiphilic property. The GQD aqueous dispersions are highly 
stable (no obvious aggregation observed for months). We have 
attempted the same protocol for 2D CVD-grown graphene. 

synthesis is lower than the methods reported by Lu et al. (6–8V, 
240 min) [ 11b ]  and Zhang et al. [ 11a ]  (180 min), where exfoliation 
of graphite rods was carried out. During the electrochemical 
etching, the colourless electrolyte solution quickly turns into 
dark brown due to rapid fl aking-off of abundant GQDs. After 
etching (for 100s), pinholes are created uniformly on the gra-
phene skeleton and the defect-activated Raman D and D+D’ 
bands arise as expected Figure  2 c.  

 We propose that the mechanism of electrochemical cut-
ting (Figure  1 ) is attributable to: 1) high electrical stress by the 
applied voltage; 2) the ability of PF 6  −  to intercalate between 
the graphene layers; [ 11b ]  3) intimate interaction (pi-pi or cat-
ion-pi interaction) between BMIM +  group and GQD. [ 11b ]  As 
shown by Fourier transform infrared spectroscopy (FTIR), 
the obtained GQDs exhibit the triplet characteristic peaks of 
C–H asymmetric and symmetric vibration (at 2960, 2921, and 
2852 cm −1 ), [ 16 ]  presumably originated from the alkyl groups 

     Figure 2.    SEM images of 3D graphene a) before and b) after electrochemical treatment. The inset in (a) shows the surface of graphene skeleton at a 
higher magnifi cation. c) Raman spectra of 3D graphene before and after electrochemical treatment. d) FTIR Spectra of GQDs and BMIMPF 6 . e) XPS 
spectrum of GQDs. 

   Figure 1.    Schematic illustration of GQD synthesis from 3D graphene and mechanism of Fe 3+  detection. 
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 GQD dispersion appears light-brown 
under day light and emits blue fl uorescence 
under UV (365 nm) ( Figure    4  a, inset). Sim-
ilar to the GQDs prepared by other methods, 
ours effi ciently absorb UV light (Figure  4 a). 
π–π* transition of aromatic sp 2  domains is 
reported to be responsible for the strong UV 
absorption below 300 nm. [ 17 ]  The UV excita-
tion spectrum exhibits two peaks (at 243 nm 
and 360 nm) corresponding σ−π and π−π *  
transitions originated from the carbene like 
triplet state of the zig-zag edges of GQDs 
(Figure  4 a). [ 2 ]  Excitation dependent emis-
sion is observed as the excitation wavelength 
varies from 300 to 500 nm (Figure  4 b). The 
maximum emission intensity from GQDs is 
achieved at 440 nm when excited at 360 nm. 
A quantum yield of about 10% at pH 7 is 
calculated using quinine sulfate as the refer-
ence, which is higher than that of the previ-
ously reported GQDs electrochemically exfo-
liated from graphite. [ 11 ]  This higher quantum 
yield could be attributed to the high crystal-
linity of GQDs and the presence of BMIM +  

on GQD surface which bears electron-withdrawing nitrogen 
groups. [ 18 ]  The electrochemical band gap of GQDs is estimated 
to be ≈2.17 eV (Figure S2 in Supporting Information).  

 As GQDs are emerging as a new class of fl uorescent sen-
sors owing to its unique optical properties, small size, good 
solubility, photostability, chemical inertness, and biocompat-
ibility, [ 5,7,8,19 ]  we speculated that BMIM +  functionalized GQDs 
may be employed to optically detect Fe 3+  as it is known the imi-
dazole ring of BMIM +  has a high binding affi nity to ferric ions 
(Fe 3+ ). [ 20 ]  Fe 3+  ions play important roles in biological systems by 
complexation with various regulatory proteins. [ 21 ]  On the other 
hand, excess Fe 3+  ions can lead to over-production of free radi-
cals hence cytotoxicity. High Fe 3+  concentration in neurons is 
also a key marker for Parkinson’s disease. [ 21 ]  Therefore, detec-
tion of Fe 3+  ions in biological systems as well as its environ-
mental monitoring is important. 

 GQDs fl uoresce well over a wide pH range. But GQD fl uo-
rescence decreases with increasing pH because high pH atten-
uates GQD’s interaction with BMIM +  whose pyridinic nitrogen 

can enhance the fl uorescence by imposing 
n-doping like characteristics to GQD 
( Figure    5  a). [ 18 ]  Also as shown (Figure  5 a), 
the presence of Fe 3+  ions (200 µM) causes 
signifi cant quenching of GQD fl uorescence. 
And the quenching is most prominent at 
pH 4, which is thus chosen for the following 
experiments. It is conceivable that Fe 3+  ion 
acts as a coordinating centre to bridge several 
BMIM + -functionalized GQDs together and 
quenching occurs from the induced aggrega-
tion of GQDs (Figure  1 ). [ 22 ]  Furthermore, the 
fl uorescence quenching of GQDs is highly 
selective to Fe 3+  (68% quenching upon addi-
tion of 400 µ M  Fe 3+ ) while other metal ions 
(Mg 2+ , Fe 2+ , Zn 2+ , Co 2+ , Ni 2+ , Cd 2+ , and K + ) 

But unlike 3D graphene which serves as a macroscopic free-
standing electrode, 2D graphene fi lm quickly disintegrates 
leading to electrical discontinuity and poor yield of GQDs. 

 Gel electrophoresis (SDS-PAGE) of GQDs indicates that 
the obtained GQDs are narrowly distributed in size and of low 
molecular weight as evidenced by the narrow electrophoretic 
band below the band of 10 kDa protein marker ( Figure    3  a). 
The atomic force microscopy (AFM) reveals that the average 
thickness of GQDs is ≈1.25 nm, indicating that they are mostly 
single-layered (note that the attached BMIM +  groups contribute 
to the measured thickness) (Figure  3 b,c). And as revealed by 
transmission electron microscopy (TEM), the GQDs have an 
average lateral diameter of 3.0 nm with a narrow size distribu-
tion (Figure  3 d–f). The graphitic lattice of GQD can be clearly 
resolved under high-resolution TEM (Figure  3 e). The observed 
two kinds of lattice spacing (2.10 Å and 2.45 Å) correspond 
to the hexagonal lattice plane spacing of d 1100  [ 13 ]  and d 1120 , [ 4c ]  
respectively. Evidently, the produced GQDs are uniform and of 
high crystallinity.  

     Figure 3.    a) Electrophoresis gel image of GQD samples. b) AFM image of GQDs. The inset 
shows the height profi le along the indicated line. c) Height distribution obtained from AFM 
measurements (203 samples). d,e) TEM images of GQDs. The insets show the lattice spacing 
of GQDs. f) Diameter distribution obtained from TEM images (166 samples). 

     Figure 4.    a) UV-vis absorption (blue) and excitation (red) spectra of GQDs. The inset shows 
the photographs of aqueous dispersions of GQDs under day light (left) and UV (365 nm) illu-
mination (right). b) PL spectra of GQD solution under different excitation wavelength. 
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transfer, its large surface area, and its continuous multiplexed 
conduction network. [ 1b ]  Indeed, as demonstrated in (Figure S4 
in Supporting Information), the electrochemical response of 
the electrochemically treated 3D graphene (to redox species fer-
ricyanide as an example) is greatly higher than that of the bare 
3D graphene or the standard 2D glassy carbon electrode.   

 3.     Conclusions 

 In summary, we have developed a highly effi cient and “green” 
electrochemical strategy to synthesize GQDs from 3D CVD-
graphene with high throughput. The synthesized GQDs are 
of high crystallinity and uniform distribution in lateral diam-
eter (≈3 nm) and thickness (mostly single-layered). Further-
more, the electrochemically etched graphene foam can serve 
as a superior 3D electrochemical electrode than bare 3D gra-
phene. The ionic liquid used in the synthetic process not only 
assists in exfoliation and dispersion of GQDs but also endows 
GQDs with the ability for sensitive and specifi c optical detec-
tion of Fe 3+  ions. In addition, the magnetic property of the 

are not able to exert signifi cant quenching effect (Figure  5 b). 
As shown in Figure  5 c, the fl uorescence quenching by Fe 3+  is 
dose dependent, and the response spans over a wide concentra-
tion range with a theoretical lower detection limit of ≈ 7.22 µ M  
( = 3 σ / m  where  σ  is the standard deviation,  m  is the slope of 
the linear response region at low concentrations  less than 80 
µm) (Figure  5 d).  

 Fe 3+  induced aggregation of GQDs is confi rmed by AFM 
measurements (Figure S3 in Supporting Information) and 
particle size measurement based on dynamic light scattering. 
GQD aggregates are few-layered and 10.425 ± 4.275 nm in 
diameter. We speculated that such small Fe 3+ -containing par-
ticles may serve as contrast agents for magnetic resonance 
imaging (MRI). As shown in Table S1 in Supporting Informa-
tion, these particles indeed exhibit good magnetic response as 
evidenced by much lowered spin-spin relaxation time (T2) as 
compared to the pure GQD samples at the same concentration. 
We further speculated that the electrochemically-etched (yet still 
monolithic) 3D graphene skeleton may serve as a good electro-
chemical electrode because of the numerous defects and edges 
created by the exfoliation that are able to facilitate electron 

     Figure 5.    a) PL of GQDs (50 µg mL –1 ) in the absence (red) and presence (purple) of 200 µ M  Fe 3+  at different pH. b) Remaining percentage of GQD 
PL after addition of different metal ions (400 µ M ) in acetate buffer solution (pH 4.0). c) PL emission spectra of GQDs in the presence of Fe 3+  ions 
at different concentrations (µ M ). The arrow indicates the change of concentration. d) Average concentration-dependent fl uorescence response in the 
acetate buffer solution. The error bars indicate the standard deviations ( n  = 3). Linear fi tting is performed in the low concentration range (black line). 
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Fe 3+ -induced GQD aggregates may promise other applications 
(e.g., for MRI imaging). We also envision that the versatility of 
this synthesis approach permits synthesis of GQDs with tai-
lored functionalities by varying the used solvent or electrolyte 
and tuning the etching protocol. This development would pave 
the way for the widespread applications of such emerging zero-
dimensional materials in various fi elds.   

 4.     Experimental Section 
  Materials : All chemicals were purchased from Sigma Aldrich 

(Singapore). Nickel foam was purchased from Alantum Advanced 
Technology Materials. Dialysis membranes were purchased from 
Spectra/Pro Biotec. 

  3D Graphene Synthesis : As previously reported, [ 15 ]  3D graphene 
was synthesized by chemical vapour deposition (CVD) using nickel 
foam (2 mm thick, Alantum Advanced Technology Materials) as the 
growth substrate and ethanol as the carbon source. Nickel foam was 
subsequently removed with 3  M  HCl at 60 °C, leaving graphene foam 
free-standing. After thorough rinsing with DI water and drying in oven 
at 50 °C, 3D graphene (cut into 0.6 cm × 1 cm) was mounted onto a 
glass slide. Finally, an electrode is fabricated by making an electrical lead 
from one end of graphene substrate using silver paint and a copper wire 
(insulated by silicon rubber). 

  Synthesis of GQDs : Using 1-Butyl-3-methylimidazolium 
hexafl uorophosphate (BMIMPF 6 ) in acetonitrile (10%, v/v) as the 
electrolyte, a constant voltage or a cyclic voltage waveform was applied to 
3D graphene using a CHI 660D electrochemical workstation (Chenhua) 
with a platinum wire as the counter electrode and an Ag/AgCl electrode 
as the reference. After the electrochemical exfoliation, the resultant 
GQD solution was centrifuged at 6000 rpm for 20 min to remove large 
particles, and then diluted with DI water (1/20, v/v). Acetonitrile was 
removed by rotary evaporator at 55 °C. GQD solution was then dialyzed 
with cellulose ester dialysis membrane (MWCO 500–1000D) for 3 days 
to completely remove the electrolyte. Finally, GQD solution was ultra-
fi ltrated using a centrifugal fi lter device with a molecular-weight-cut-off 
at 3000 Da. 

  Characterization : The 3D graphene was examined by fi eld-
emission scanning electron microscopy (JSM6700-FESEM, JEOL). 
GQDs were inspected by atomic force microscopy (MFP-3D AFM 
microscope, Asylum research) and high-resolution transmission-
electron microscope (HRTEM, JEOL 2010) at an accelerating voltage 
of 200 kV. Raman spectra were recorded using WITeck CRM200 Raman 
System, with laser excitation wavelength of 514 nm. Fourier transform 
infrared spectroscopy (FTIR) and X-ray photoelectron spectroscopy 
(XPS) measurement were conducted with PerkinElmer Spectrum GX 
FTIR system and ESCALAB MK II X-ray photoelectron spectrometer, 
respectively. SDS-PAGE (12%) was conducted using Mino-Protean 
Tetra Cell (Bio-Rad) to investigate the molecular weight distribution of 
prepared GQD sample. Spectra Multicolor Broad Range Protein Ladder 
(ThermoScientifi c) was employed as the molecular weight marker. The 
UV-vis absorption and photoluminescence spectrum of GQDs was 
characterized by UV-2450 spectrophotometer (Shimadzu) and LS-55 
fl uorescence spectrometer (PerkinElmer), respectively. Particle size 
of Fe 3+ -induced GQD aggregations was measured using Zetasizer 
(Malvern Instruments). For magnetic characterization, samples were 
scanned in a 3.0 Tesla whole body scanner (Magnetom Verio, Siemens) 
using a dedicated knee coil.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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