Journal of Southeast University (English Edition)

Vol. 30, No. 4, pp. 520 - 525

Dec. 2014 ISSN 1003—7985

One-pot facile synthesis of highly photoluminescent graphene
quantum dots with oxygen-rich groups

Dai Yungian Sun Yibai

Long Huan

Chai Yunling Sun Yueming

(School of Chemistry and Chemical Engineering, Southeast University, Nanjing 211189, China)

Abstract: To achieve a new type of carbon-based quantum
dots with unique photoluminescence (PL), a simple approach
for fabrication of graphene quantum dots ( GQDs) with
oxygen-rich groups was developed via the hydrothermal
reaction by using graphene oxides ( GOs) as a precursor.
Transmission electron microscope ( TEM) and atomic force
microscope ( AFM) characterizations confirmed that the sizes
and heights of GQDs were (5.02 £0.92) nm and 0. 6 nm,
respectively. A strong PL emission exhibited unique excitation
wavelength dependent features. Also, the carbene-like free
zigzag edge sites were proposed to be the origin of the strong
PL emission. The GQDs were demonstrated to be a superior
probe for Fe'' detection in aqueous solution with a high
sensitivity and feasibility, due to the special coordinate
interaction between Fe'* and the phenolic hydroxyl group at
GQDs.
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he graphene sheet is a two-dimensional sheet consis-
T ting of sp’-hybridized carbon atoms in a honeycomb
lattice, and it has attracted tremendous research attention.
The intrinsic thickness of the singe-layer graphene sheet is
0.34 nm, and the lateral size of the graphene sheet can
commonly range in the order of several hundred nanome-
ters to tens of millimeters by using conventional chemical
vapor deposition ( CVD) and mechanical exfoliation
etc. '™ In some recent work, “cutting” the lateral size of
graphene down to 10 nm is an effective way of acquiring
the unique optical characteristics, owing to the changes in
electronic structures” ™. Also, the success of precise size
controlling allows a new emergence of novel graphene
derivation—the graphene quantum dots (GQDs)'"'. Their
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quantum confinement and edge effect endow themselves
with novel photoluminescence, which has been rarely ob-
served in graphene'®. To date, it is still of great chal-
lenge to facilely realize the GQDs directly from the pris-
tine graphene sheet by the solution-phase-based approach,
since the graphene sheet is usually insoluble in a solvent.
Through many attempts, the GQDs have been synthesized
via the electron-beam lithography, noble-metal-catalyzed
C60 transformation, electrochemical or microwavable ex-
foliation of graphene derivation or carbon fibers etc””™" .
Despite these recent developments, the above methods are
limited to special equipment with a low yield. Also, the
fabrication of GQDs is still far from a controllable man-
ner, in particular regarding their functional groups at sur-
faces and/or edges sites.

One of the most popular graphene derivations is the
graphene oxides (GOs), synthesized usually by exfoliat-
ion of oxidized natural graphite through a Hummers’
method"""". The GOs contains a high content of oxygen-
rich groups, and thus are dispersible in many commonly
This vital feature ensures their success in
acting as the precursor of GQDs. Also, the acquired
GQDs most likely inherit the oxygen-rich groups from the
pristine GOs, such as carboxyl, epoxide,

used solvents.

hydroxyl
groups.

In this regard, a new facile fabrication of GQDs was
developed for this paper. The GQDs were hydrothermally
cut from GOs into about 5 nm at 200°C without any com-
plex pre-treatment or special equipment. The GQDs had
expectedly oxygen-rich functional groups and good quali-
ties, with fewer defects and strong PL emission. The PL
emission mechanism was also discussed. Moreover, their
good water solubility and superior optical feature in aque-
ous solution allowed themselves to be fluorescent probes
for Fe’* detection due to their strong coordination interac-
tion.

1 Experimental Section

1.1 Hydrothermal fabrication of graphene quantum
dots

Graphene oxides ( GOs) colloids were prepared by a
modified Hummer’s method and acted as the starting car-
bon materials'®'. 1 g of graphite was ground with 0.05 g

NaCl and then washed with water to remove NaCl. 23
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mL H,SO,(98% ) was added and the solution was stirred
for 22 h at room temperature. 6 g KMnO, was added
slowly and the temperature was carefully kept below 20
C using an ice bath. Afterwards, it was stirred at 40 C
for 30 min, then 90 C for 45 min. The temperature was
increased to 105 C after adding 46 mL distilled water. 25
min later, the reaction was ended by adding 140 mL dis-
tilled water and 10 mL H,0,(30% ) solution. The as-pre-
pared graphite oxide product was washed with 5% HCI
and then dialyzed with distilled water. 20 mg GOs
colloids were first diluted with Millipore water and sodi-
um hydroxide at a pH value of 8. Then the GOs colloids
were carefully transferred into a Teflon-line stainless-steel
autoclave, and a hydrothermal reaction was conducted at
200 C for 10 h. After cooling down to room tempera-
ture, the GQDs were centrifuged at 15 000 r/min for 30
min then dried by a rotating evaporator. The purified
GQDs were finally redispersed in Millipore water for dia-
lyzing in a tubing bag (Molecular weight cut off is 3 500
Dalton) for one day.

1.2 Detection of Fe'* in aqueous solution

The FeCl, was chosen as the Fe’* source. 50 pL GQDs

3+

aqueous solution was first mixed with 50 pwL Fe’" solu-
tion. Then they were diluted by Millipore water, and
their final volume was carefully controlled at a level of
500 pL. The PL spectra were monitored at an excitation
wavelength of 320 nm and the PL peak intensities at 430
nm were recorded to calculate the quenching efficiency.
The quenching efficiency was defined as 1 — I/[,, where
1, is the pristine PL intensity of pure GQDs and [ is the

3+

PL intensity with the varied concentration of Fe " solu-

tion.
1.3 Characterizations

The GQDs solution was dropped on an ultrathin carbon
film supported on a copper grid with holes or silica wafer
for observation under a transmission electron microscope
(TEM) using a Tecnai G2 T20 (FEI); or for the meas-
urement of Raman spectra tested by using a Thermo Fish-
er Scientific DXR Raman Microscope with a 532 nm laser
beam. The Fourier transform infrared ( FTIR) spectra
were monitored by a Thermo Nicolet 5 700 spectrometer.
The UV-vis spectra were recorded on a Shimadzu UV-
2450 spectrophotometer and PL spectra were measured on
a Horiba Jobin Yvon FluoroMax-4 spectrofluorometer.
The height profiles of GQDs were tested by an atomic
force microscope (AFM, Veeco). The quantum yields of
the quantum dots were determined by using RhB as the
standard sample, and were calculated according to the
following equation:

D= (I'/1)(n°/n’)(A/A) (D

where @ is the quantum yield; [’ is the measured inte-

grated emission intensity; »n is the refractive index; and A
is the optical density. The subscript s refers to the stand-
ard sample (0.31 for RhB) """

2 Results and Discussion
2.1 One-pot facile synthesis of the GQDs

The graphene quantum dots ( GQDs) were hydrother-
mally fabricated in a NaOH solution (pH =8) at 200 C
for 10 h, using GOs as the starting materials. As shown
in Fig. 1(a), the GQDs had a tiny size less than 10 nm,
and were evenly dispersed on the carbon grid with holes
without any aggregation. A careful observation clarified
that most GQDs had a circle periphery, although a few ir-
regular shapes were also observed at a low frequency.
The size distribution of GQDs is shown in Fig. 1(b),
which have an average size of (5.02 +0.92) nm, by
counting more than 100 GQDs.
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Fig.1 TEM characterizations of GQDs. (a) TEM image; (b)
Size distribution diagram of GQDs fabricated in NaOH solution (pH =8)
at 200 C for 10 h

To further illustrate the unique structure of GQDs, the
atomic force microscope (AFM) is performed in a taping
mode, which confirmed the uniform dispersion of GQDs
without any aggregation (see Fig.2(a)). The height pro-
file indicates that the GQDs have a thickness of about 0. 6
nm with a monolayer characteristic ( see Fig. 2(b), la-
beled as 1 to 6)'"'. It is worth noting that the thickness
of GQDs is slightly thicker than that of single-layer gra-
phene with 0.34 nm, due to the presence of oxygen-rich
functional groups. However, this thickness is consistent
with that of the pristine GOs.
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Fig.2 AFM characterizations of GQDs. (a) AFM image of
GQDs measured at a tapping mode; (b) Corresponding height profiles

2.2 Oxygen-riched groups and defects analysis

The presence of oxygen-rich functional groups in GQDs
were evidenced in Fourier transform infrared ( FTIR)
spectra (see Fig.3(a)). The GQDs showed a broad peak
centered at 3 367 cm ™' and a sharp peak at 1 385 cm ™',
which were assigned to the stretching vibration of O—H
groups. The vibration peaks of C—O at 1 095 cm ™' and
C—OH at 1 201 cm ™', further confirmed the adequacy of
oxygen-rich groups. In addition, the sharp peak at 1 618
cm ™' belongs to the vibration of C—C in graphitic do-
mains'“""'. On the basis of the above results, the oxy-
gen-rich groups in GQDs were well restored, most likely
due to a high content of 52% oxygenate groups in the
pristine GOs'"
lieved to be responsible for the good solubility and ob-

. The oxygen-rich groups have been be-

served superior optical features in graphene oxide deriva-

1! " which allowed for their potential applications in

tions
imaging, sensing, drug delivery etc.

The Raman microscope is a powerful tool to analyze
the intrinsic characters of carbon-based materials, such as
defect and disorder. Fig.3(b) shows two predominating
bands in the Raman spectra of GQDs. The two bands are
the D band at 1 350 cm ™' and the G band at 1 590
em "™ The intensity ratio of the two bands I,/1, is
an indicator of disorder, which is essential for their physi-
cochemical properties, especially optical behavior. I,/1
of the GQDs was calculated to be 1. 15, which was
slightly higher than that of pristine GO (0.91)"*'. Tt is

worth noting that, the sp’ cluster sizes L, is proportional

=
<
E
]
£
g
g
& %
©
~
)
— @
28 & “©
—— | 1 1 1 1 |
1000 1500 2000 2500 3000 3500 4 000
Wavenumber/cm ™
(a)
=
3 D
> G
2
(=3
£ 3
- =)
X
vy
1 1 ]
800 1 200 1 600 2 000

Raman shift/em ™!

(b)
Fig.3 Oxygen-riched groups and defects analysis. (a) FTIR;
(b) Raman spectra of GQDs

to (1,/1,) ', while the distance between defects L, is
proportional to (1,/1,) ~"*. Hence, “cutting” the sizes of
GQDs down to about 5 nm led to a small cluster size and
a short defect distance, most likely by generating disor-
dered structures in a conjugated sp’ cluster or at edge
sites, therefore accelerating defect density''
I,/1; was still smaller than that of previously reported

. However,

GQDs''", indicating fewer defects and the good quality
of GQDs by this one-pot facile reaction.

2.3 Optical properties of the GQDs

The UV-vis absorption spectrum of GQDs (see Fig. 4)
shows a broadened absorption shoulder at 320 nm. This
absorption was assigned to the mr-7 " transition in the aro-
matic sp” domains'”'. The GQDs aqueous solution was in
fact transparent and had a light yellow color, as shown in
the inset of Fig.4. Also, it did not exhibit any noticeable
aggregation after storage for several months, indicating
their good stability due to the presence of oxygen-rich
functional groups. Interestingly, the GQDs emitted exten-
sively blue photoluminescence under the irradiation of a
365 nm light, which was depicted in the inset in Fig. 4.
The PL emission was highly stable and did not decay un-
der the UV light illumination. The quantum yield of
GQDs was tested to be 3.5% . The localized finite-sized
sp’ clusters was able to confine the electrons in the nanos-
ized GQDs, and were proposed to be possibly responsible
for their blue PL emissions''”".
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Fig.4 UV-vis spectrum of the GQDs. (The insets are the photo-
graphs of the GQDs under visible (left) and 365 nm UV light (right) ir-
radiation. )

To uncover the unique optical properties of GQDs, the
PL excitation (PLE) and PL spectra were performed, re-
spectively. The PL excitation (PLE) spectra in Fig.5 in-
dicated that the recombination process of electron-hole
pairs responded to the high photoluminescence emission.
Interestingly, two distinct PLE peaks at 249 nm (4. 98
eV) and 320 nm (3. 88 eV) were observed, which indi-
cated that two new types of electronically excited states
contributed to the electron-hole recombination from the
highest occupied molecular orbitals (HOMOs) to the low-
est unoccupied molecular orbitals (LUMOs). An energy
difference between the o and m orbitals was 1. 10 eV,
which was within the required value ( <1.5 eV) for triple

Intensity/a. u.

1 1 1 1 1 1 1 1 ]
200 250 300 350 400 450 500 550 600 650
Wavelength/nm

(a)

Wavelength/nm
—=— 300
——320
—— 340
—— 360

—— 380
—— 400
—— 420

Intensity/a. u.

300 400 500 600 700
Wavelength/nm
(b)
Fig.5 PLE and PL spectra of GQDs. (a) PLE (with the detec-
tion wavelength at 430 nm) and PL (under the excitation of 320 nm)
spectra of GQDs; (b) PL spectra at different excitation wavelengths

carbenes by the Hoffman rule. Also, it conclusively im-
plied that the two new types electron transitions from o
and 7 orbitals were the origin of strong emissions at emis-
sive zigzag-edge sites'”’. As shown in Fig. 5(a), the
GQDs emitted strong photoluminescence at 430 nm (2. 88
eV), when excited at 320 nm (3. 88 eV) with a Stokes
shift of 110 nm (1.00 eV). Interestingly, the PL emis-
sion also exhibited excitation wavelength dependence ( see
Fig.5(b)), that is, the emission wavelength accordingly
red-shifted from 430 to 510 nm when the excitation wave-
length red-shifted from 320 to 420 nm, and the PL inten-
sity also gradually decreased.

To further understand the mechanism of PL emission,
the PL spectra were tested when the pH of GQDs solution
was adjusted to different values, as shown in Fig.6. The
GQDs emitted an approximately quenched PL emission in
an HCI solution with pH = 1, while the enhanced PL
emission in a NaOH solution with pH =13, respectively.
These observations were consistent with the feature of car-
bene-like emissive zigzag edge sites, which became inac-
tive due to their protonation with H" and the breaking of
carbene triple state under acid conditions'”. While the
carbene-like zigzag edge sites were well restored to be
emissive after a reversible protonation process in alkaline
conditions, this, therefore, led to the strong PL intensi-
ty. However, the PL peak position and shape remained
the same. The pH-dependent PL emission inevitably con-
firmed the zigzag edge sites were the origin of the strong
PL emission in the GQDs.
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Fig.6 PL spectra of the GQDs in water at different pH values
when excited at 320 nm

2.4 The detection of Fe'* in aqueous solution

With high water solubility, good optical stability, and
strong PL emission ability, the GQDs were a newly emer-
ging good candidate to be an efficient fluorescent probe in
aqueous solution. However, many important cations in
human body, including Fe’*, Na*, K", Mg’", Ca’",
Zn**, Co’*, Cu’*, cannot efficiently quench their PL e-
mission by the m-m stacking mechanism'™®. The ferric
(Fe’") ions play a vital role in a human body, since they
anticipate many important biological processes, including
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red cells reproduction, oxygen transportation, and DNA
copying. The concentration of Fe’* in a human body is
low and commonly ranges from pmol/L to mmol/L, but

the imbalance of Fe'*

ses'"”!. Therefore, the detection of Fe'* by a quick and
facile approach is of great urgency. The photolumines-

cence strategy is one of the most promising methods for

ions usually leads to many disea-

quantitatively detecting Fe'* ions in aqueous solution,
due to its high sensitivity and feasibility. Interestingly,
the PL intensity of GQDs gradually decreases with the in-
crease in Fe’* concentration (see Fig. 7(a)). Also, the
PL emission is quenched quickly in only 1 min, and no
further decrease of PL intensity can be detected in a lon-
ger reaction time, indicating that the quenching reaction
reaches equilibrium in a rapid fashion. Around 9% of the
PL emission is quenched at 0. 1 wmol/L Fe'*
is mostly completely quenched in 8. 0 umol/L Fe
Therefore, the GQDs have a wide detection range from 0
to 8.0 umol/L. The quenching efficiency of GQDs
shows a linear relationship with the Fe’* concentration,
ranging from 0 to 0.8 pmol/L (R =0.998) (see Fig.7
(b)) . Furthermore, no observable PL peak shift occurs,
and the PL shape is well retained after the occurrence of
PL quenching.
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Fig.7 The detection of Fe'* in aqueous solution. (a) The PL

spectra of GQDs in the presence of Fe®* with the concentration varying
from O to 8.0 pmol/L; (b) The linear relationship between Cg.3. and

the quenching efficiency
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Fig.8 The PL spectra of GQDs in the presence of NaCl with
varied concentrations

Next, to investigate the quenching mechanism, we
conduct some control experiments in the presence of
NaCl, as shown in Fig. 8. In contrast, the presence of
NaCl salt does not cause the undesirable quenching of PL
emission or PL peak shift, even when its concentration
reaches 2. 0 mol/L. The result evidently indicates the
negligible role of Cl ™ anions and Na " cations in quenching
PL emission, and the desirable selectivity of GQDs to-

3+

wards to Fe It is known that the GQDs are negative

1 Therefore, the cations easily absorb

charged in water
on their surface and/or edges by electrostatic interaction.
However, this weak interaction is not able to induce PL
quenching, since the presence of Na® does not decrease
the PL emission. In fact, Fe’* has a half-filled 3d’ orbit-
als on the outer electronic structure, and easily accepts
electrons from donors, such as those on the conductive
band and/or defect-related band of GQDsm] , by the co-
ordinate interaction between Fe’* and phenolic hydroxyl
group at GQDs. As a result, the efficient electron transfer
led to depressed radiative recombination of electron-hole
pairs, and, thus, the observed PL quenching. This spe-
cial coordinate interaction between Fe’® and the GQDs
surfaces also ensures their good selectivity in aqueous so-
Iution. That is, many important cations, such as Ni**,
Ag®, Cd**, Hg’", cannot efficiently quench the PL
emission of GQDs, in addition to above mentioned cat-
ions"”’. Taken together, the GQDs exhibited a rapid re-
sponse and high sensitivity to Fe’* ions, and can act as a
new type of fluorescent probe for the Fe’* detection in a-
queous solution.

3 Conclusion

In this paper, the highly photoluminescent GQDs were
prepared by a one-pot facile hydrothermal reaction in a
NaOH solution. This method is simple, low-cost, time-
saving, and reliable without using any complex equip-
ment. The GQDs have an average size of about 5 nm and
a uniform thickness of 0. 6 nm. The FTIR and Raman
spectra reveal the presence of large amounts of oxygen-
rich functional groups, fewer defects and good qualities.
They exhibit strong PL emission arising from the emissive
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zigzag-edge sites. The GQDs are further confirmed as the
efficient fluorescent probe for Fe'®
and exhibit a rapid response, are highly sensitive and
have good selectivity as the result of strong electron trans-
fer from the GQDs to the half-filled 3d’ orbitals at Fe’* .
This paper inspires an efficient approach for engineering
the superiorly intrinsic features of graphene derivation,
particularly photoluminescence.

detection in water,
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