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Abstract—Nitrogen-doped graphene quantum dots (N-GQDs) 

were fabricated by microwave-assisted hydrothermal technique. The 
optical properties of the N-GQDs were studied. The luminescence of 
the N-GQDs can be tuned by varying the excitation wavelength. 
Furthermore, two-photon luminescence of the N-GQDs excited by 
near-infrared laser can be obtained. It is shown that N-doping play a 
key role on two-photon luminescence. The N-GQDs are expected to 
find application in biological applications including bioimaging and 
sensing. 
 

Keywords—Graphene quantum dots, nitrogen doping, 
photoluminescence, two-photon fluorescence.  

I. INTRODUCTION 

RAPHENE has been well-studied in recent years because 
of its many unique and novel properties such as superior 

mechanical flexibility, excellent thermal stability, large surface 
area and environmentally friendly nature. Due to its zero band 
gap, graphene exhibits no optical luminescence. In principle, 
the band gap of graphene can be tuned by varying its size. 
Compared to two dimensional graphene nanosheets and one 
dimensional nanoribbons, zero-dimensional graphene quantum 
dots (GQDs) possess strong quantum confinement and edge 
effects when their sizes are down to 10 nm, which induce new 
physical properties [1]-[5]. Hence, GQDs have potential 
application in many fields, such as photovoltaics, bioimaging, 
light-emitting diodes, and sensors [6]-[9]. Doping carbon 
materials with heteroatoms can effectively tune their intrinsic 
properties including electronic characteristics and chemical 
features. [10], [11] Among those candidates, nitrogen (N) atom 
has been widely used for chemical doping of carbon 
nanomaterials. For instance, N doped carbon nanotubes 
(N-CNTs) showed highly effective electrocatalytic activities 
for the oxygen reduction reaction [12], [13]. Similarly, doping 
of GQDs with N atoms could effectively tune the band gap to 
introduce new properties for device applications. 
Nitrogen-doped graphene quantum dots (N-GQDs) can be 
prepared by various methods such as hydrothermal, 
electrochemical, organic synthesis and self-catalysis [14]-[17]. 
The electrocatalystic activity [14], [15], tunable luminescence 
[16] and biocompatible application [16] have been 
demonstrated. Here, we report a facile “one-pot” 
microwave-assisted technique to fabricate N-GQDs using 
glucose and aqueous ammonia as sources. The N-GQDs show 
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good fluorescent properties. They also have strong tunable 
luminescence from excitation of ultraviolet to visible range. 
Most interestingly, our N-GQDs exhibited two-photon 
luminescence which may find potential application in 
bioimaging or energy collection. 

II. EXPERIMENTAL DETAILS 

The N-GQDs were prepared by mixing 3 wt% of glucose 
dissolved in aqueous ammonia (25%) at room temperature. 
After the solution became homogenous, it was heated in a 
microwave reactor (CEM Discover SP) for 5 minutes at 180°C. 
The microwave power used was 300 W. In the process of 
microwave radiation, the solution color changed from 
transparent to pale yellow as a result of N-GQDs formation. 
The solution was cooled down to room temperature under 
atmosphere condition. Transmission electron microscopy 
(TEM) and high resolution TEM were carried out on JEOL, 
JEM-2100F at the operating voltage of 200 kV. The UV-Vis 
spectra were conducted by a Shimadzu UV-2550 UV-Vis 
spectrophotometer at room temperature. Photoluminescence 
(PL) measurements on the N-GQDs were performed using 
FLS920P Edwinburgh Analytical Instrument apparatus. Xe 
lamp was used as excitation source. The absolute quantum 
yield measurement were carried out using integrating sphere 
(Edwinburgh Instruments, 150 nm in diameter coated with 
barium sulphate). During the quantum yield measurement, the 
sample was placed into the cuvettes inside the integrating 
sphere. The two-photon fluorescence was measured by femto 
second (fs) pulse tunable Ti:sapphire laser (Coherent, 
Chameleon). The wavelength and power of the laser can be 
tuned during the measurement.  

III. RESULTS AND DISCUSSION 

The TEM image of the N-GQDs is shown in Fig. 1 (a). The 
prepared N-GQDs show monodispersed distribution. The 
HRTEM image, as shown in Fig. 1 (b) reveals high crystallinity 
of the N-GQDs. The corresponding selected area Fourier 
transform (FFT) image is shown in the inset of Fig. 1 (b), 
revealing the lattice fringes of the [110] and [110] planes of 
graphite. The line profile analyze of the diffraction fringe of the 
N-GQDs is shown in Fig. 1 (c). The distance between the lattice 
fringes is 0.23 nm which is close to that of bulk graphite. It is 
worth noting that the in-plane lattice spacing (0.23 nm) is 
slightly larger than that of bulk graphite (0.21 nm), probably 
due to the introduction of N atoms into the hexagonal carbon 
matrix [18]. The size distribution of the N-GQDs obeys 
Gaussian distribution (Fig. 1 (d)). The most probable size is 5.9 
nm with a full width at half maximum (FWHM) of 1.64 nm. 
Electron energy loss spectroscopy (EELS) is used to 
characterize the chemical composition and structure of the 
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N-GQDs, as shown in Fig. 1 (e). There are four obvious peaks 
located at 285 eV, 296 eV, 401 eV and 408 eV. The first two 
peaks (285 and 296 eV) are attributed to the K-edges of C, 
corresponding to 1s → π* and 1s → σ* respectively. The latter 
peaks (401 and 408 eV) correspond to K-edges of N which 
associate with 1s → π* and 1s → σ* of C=N respectively [19]. 
The N/C atomic ratio of the N-GQDs is found to be 6.28%. 

The UV-Vis absorbance spectrum of the N-GQDs is shown 
in Fig. 2 (a). There are three UV absorption peaks located at 
215 nm, 272 nm and 302 nm. These peaks are associated with 
the electron transitions from π (or n) to π* of C=C, C=N and 
C=O respectively [18]. Comparing with the UV-Vis absorption 
of undoped GQDs (Fig 2 (b)), the GQDs exhibit two absorption 
peaks at 228 nm (π → π* of C=C) and 283 nm (n → π* of C=O).  

 

 

Fig. 1 (a) TEM image of the N-GQDs assembled on Cu grid coated 
with ultrathin amorphous carbon film. (b) HRTEM image of the 

N-GQDs. Inset: The fast Fourier transform (FFT) image of a selected 
area (white square). (c) The line profile analyses of the diffraction 

fringes. The lattice parameter is 0.23 nm. (d) Size distribution of the 
N-GQDs. (e) EELS spectrum of the N-GQDs 

 
The excitation-dependent photoluminescence (PL) for the 

N-GQDs is shown in Fig. 2 (c). Similar to conventional 
carbon-based quantum dots [20], [21], the emission wavelength 
is dependent on the excitation wavelength. An emission peak at 
520 nm is observed when the sample is excited by 350 nm. 
When the excitation wavelength changed from 350 to 520 nm, 
the PL peak shifted from 520 to 593 nm. As shown in Fig. 2 (d), 
the emission wavelength increases with the excitation in a 
linear relationship. The tunable PL can be explained in terms of 
surface states formed by the functional groups [22] at the 
surface of the N-GQDs. Briefly, the functional groups have 
different energy levels which results in a series of emissive 
traps. The surface state emissive trap dominates the emission at 
a certain wavelength. By comparing with the PL spectra of the 
undoped GQDs excited by various wavelengths, the emission 
peak of the N-GQDs shift to longer wavelength [6]. It is 
believed that N doping dominates the shift of the emission. The 
quantum yield (QY) of the N-GQDs was determined to be 
8.4%, which is comparable to undoped GQDs prepared by 
other methods [19]-[21], [23].  
 

 

Fig. 2 UV-Vis absorbance of the (a) N-GQDs and (b) undoped GQDs. 
(c) PL spectra of the N-GQDs excited by various wavelengths. (d). 

The linear relationship between the emission and excitation 
wavelength of the N-GQDs 

 
Apart from the strong downconversion PL features, the 

N-GQDs also exhibit upconversion PL properties. As shown in 
Fig. 3 (a), when the excitation wavelength changes from 700 to 
950 nm, the upconverted emission peak shifts from 472 to 596 
nm. In addition, it is found that the emission peak is generally 
broad and dependent on excitation wavelength. The strongest 
PL emission (FWHM ~ 150 nm) is located at 517 nm when the 
excitation wavelength is 800 nm. The upconversion properties 
of N-GQDs may be beneficial to energy transfer component in 
photocatalyst design [24] and bioimaging [25]. The 
upconversion PL can be generally explained by two 
mechanisms, the multiphoton active process and anti-Stokes 
PL. The former is associated with the relationship between the 
emission intensity and input pump power, while the latter is 
related to the energy difference (∆E) between excitation and 
emission wavelengths. As proposed by Hoffmann [26], the 
value of ∆E should be kept constant and less than 1.5 eV. To 
explore the upconversion mechanism of our N-GQDs, the 
shifting between the energy of upconverted emission (Em) and 
excitation (Ex) is plotted in Fig. 3 (b). The linear relationship 
between Em and Ex appears at the plot with a fitting function. 
The value of ∆E in N-GQDs is ranged from 0.7 to 0.9 eV, 
which does not remain constant. In addition, the 
power-dependent emission of the N-GQDs is studied by tuning 
the laser pump power (Fig. 3 (c)). The N-GQDs was excited by 
the wavelength of 900 nm with the laser power changed from 
835 to 1670 mW. As the power increases, the upconverted 
emission intensity of the N-GQDs increases without any peak 
shift. The inset shows the quadratic relationship obviously 
between the intensity and laser power. These results suggest the 
two-photon excitation is responsible for the upconversion 
luminescence [27].  
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Fig. 3 (a) Upconversion PL spectra of the N-GQDs. (b) The energy of 
the emission light as a function of the excitation light. (c) The 

upconverted emission intensity with various input pump power. The 
excitation wavelength is 900 nm. Inset: The quadratic relationship of 
the obtained PL intensity of the N-GQDs with the excitation power. (d) 
The PL spectra with various N/C atomic ratios at the excitation of 900 

nm 
 

The emission with various N/C atomic ratios of the N-GQDs 
excited by 900 nm is shown in Fig. 3 (d). The N/C ratio of the 
N-GQDs is determined by EELS. At low ratio, the emission is 
almost disappeared. When the N/C ratio increases, the emission 
intensity also increases. The result shows that N doping play an 
important role on two-photon luminescence. 

The luminescence of the N-GQDs may originate from the π 
–π electron transition since the N-GQDs has large π conjugated 
system. Furthermore, the lone pair electrons from the strong 
electron donating group NH3 which is doped to the aromatic 
ring of N-GQD can be excited to the aromatic rings to form the 
p−π conjugation, further enlarging the π-conjugated system. 
[28] .The strong orbital interaction between NH3 bonding and 
π-conjugated system of the N-GQDs elevates the primary 
HOMO to a higher orbit [29]. This results in facilitating the 
charge transfer and enhancing the two-photon excitation. 
Hence, strong two-photon induced luminescence can be 
observed. 

In conclusion, we have demonstrated a “one-pot” 
microwave-assisted hydrothermal synthesis of N-GQDs. The 
N-GQDs exhibited excellent optical properties with tunable 
and two-photon induced luminescence. The N-GQDs may 
provide a new type of fluorescence and upconversion material 
for applications in bioscience and energy technology. They 
may also open an opportunity for application 
of graphene-based materials to other fields. 

ACKNOWLEDGEMENT 

This work was financially supported by the Research Grants 
Council of Hong Kong (Project no. PolyU 5006/12P), PolyU 
grants (Project nos G-YJ70, G-YN10 and 1-ZV8N) and 
National Natural Science Foundation of China (Grant no. 

11374250). 

REFERENCES   
[1] X. Yan, X. Cui, B. S. Li, L. S. Li, “Large, Solution-Processable  Graphene 

Quantum Dots as Light Absorbers for Photovoltaics”, Nano. Letter, 2010, 
10, 1869-1873. 

[2] L. A. Ponomarenko, F.Schedin, M. I. Katsnelson, R.Yang, E. W. Hill, K. 
S. Novoselov, A. K. Geim, “Chaotic Dirac Billiard in Graphene Quantum 
Dots. Science 2008, 320, 356–358. 

[3] C. O. Girit, J. C. Meyer, R. Erni, M. D. Rossell, C. Kisielowski, L.Yang, 
C. H. Park,; M. F. Crommie,; M. L. Cohen, S. G. Louie,et al. “Graphene 
at the Edge: Stability and Dynamics”, Science 2009, 323, 1705–1708. 

[4] X. Yan, X. Cui, L. S. Li, “Stable Colloidal Graphene Quantum Dots with 
Tunable Size” J. Am. Chem. Soc. 2010, 132, 5944–5945. 

[5] C. X. Guo, H. B. Yang, Z. M. Sheng, Z. S. Lu, Q. L. Song, C. M. Li, 
“Layered Graphene/Quantum Dots for Photovoltaic Devices”, Angew. 
Chem., Int. Ed. 2010, 49, 3014–3017. 

[6] C. M. Luk, L. B. Tang, W. F. Zhang, S. F. Yu, K. S. Teng and S. P. Lau, 
“An Efficient and Stable Fluorescent Graphene Quantum Dot–Agar 
Composite as a Converting Material in White Light Emitting Diodes”, J. 
Mater. Chem., 2012, 22, 22378. 

[7] V. Gupta, N. Chaudhary, R. Srivastava, G. Datt Sharma, R. Bhardwaj, S. 
Chand, “Luminscent Graphene Quantum Dots for Organic Photovoltaic 
Devices”, J. Am. Chem. Soc. 2011, 133, 9960–9963. 

[8] X. M. Geng, L. Niu, Z. Y. Xing, R. S. Song, G. T. Liu, M. T. Sun, G. S. 
Cheng, H. J. Zhong, Z. H. Liu, Z. J. Zhang, et al. “Aqueous-Processable 
Noncovalent Chemically Converted GrapheneQuantum Dot Composites 
for Flexible and Transparent Optoelectronic Films”, Adv. Mater. 2010, 
22,638–642. 

[9] S. J. Zhu,  J. H. Zhang, C. Y. Qiao,  S. J. Tang, Y. F. Li, W. J. Yuan,  B. 
Li, L. Tian, F. Liu, R. Hu, et al. “Strongly Green-Photoluminescent 
Graphene Quantum Dots for Bioimaging Applications”, Chem. 
Commun. 2011, 47, 6858– 6860. 

[10] L. Ma,  H. Hu,  L. Y. Zhu,  J. H. Wang,  “Boron and Nitrogen Doping 
Induced Half-Metallicity in Zigzag Triwing Graphene Nanoribbons”, J. 
Phys. Chem. C, 2011, 115, 6195. 

[11] K. P. Gong, F. Du, Z. H. Xia, M. Durstock, L. M. Dai, “Nitrogen-Doped 
Carbon Nanotube Arrays with High Electrocatalytic Activity for Oxygen 
Reduction”, Science 2009, 323, 760. 

[12] D. S. Yu, Q. Zhang, L. M. Dai,  “Highly Efficient Metal-Free Growth of 
Nitrogen-Doped Single-Walled Carbon Nanotubes on Plasma-Etched 
Substrates for Oxygen Reduction”, J. Am. Chem. Soc. 2010, 132, 15127. 

[13] M. Deifallah, P. F. McMillan, F. J. Cora, “Electronic and Structural 
Properties of Two-Dimensional Carbon Nitride Graphenes”, Phys. Chem. 
C 2008, 112, 5447. 

[14] Y. Li, Y. Zhao, H. Cheng, Y. Hu, G. Shi,; L. Dai, L. Qu, “Nitrogen-Doped 
Graphene Quantum Dots with Oxygen-Rich Functional Groups”, J. Am. 
Chem. Soc. 2012, 134, 15–18. 

[15] Q. Li, S. Zhang, L. Dai, L.-S. Li, “Nitrogen-Doped Colloidal Graphene 
Quantum Dots and Their Size-Dependent Electrocatalytic Activity for the 
Oxygen Reduction Reaction”, J. Am. Chem. Soc. 2012, 134, 
18932–18935. 

[16] C. Hu, Y. Liu, Y. Yang, J. Cui, Z. Huang, Y. Wang, L. Yang, H. Wang, Y. 
Xiao, J. Rong, “One-Step Preparation of Nitrogen- Doped Graphene 
Quantum Dots from Oxidized Debris of Graphene Oxide”, J. Mater. 
Chem. B 2013, 1, 39–42. 

[17] M. Li, W. Wu, W. Ren, H.-M. Cheng, N.Tang, W. Zhong, Y. Du, 
“Synthesis and Upconversion Luminescence of N-Doped Graphene 
Quantum Dots”, Appl. Phys. Lett. 2012, 101, 103107. 

[18] L. B. Tang, R. B. Ji, X. M. Li, K. S. Teng, S. P. Lau, “ Energy-level 
Structure of Nitrogen-doped Graphene Quantum Dots”, J. Mater. Chem. 
C, 2013, 1, 4908. 

[19] L. B. Tang, R. B. Ji, X. M. Li, G. X. Bai, C. P. Liu, J. H. Hao, J. Y. Lin, H. 
X. Jiang, K. S. Teng, Z. B. Yang, S. P. Lau, “Deep Ultraviolet to 
Near-infrared Emission and Photoresponse in Layered N-Doped 
Graphene Quantum Dots” ACS Nano, 2014, 8(6), 6312-6320. 

[20] L. B. Tang, R. B. Ji, X. K. Cao, J. Y. Lin, H. X. Jiang, K. S. Teng, C. M. 
Luk, S. Zeng, J. H. Hao, S. P. Lau, Deep Ultraviolet Photoluminescence 
of Water-Soluble Self-Passivated Graphene Quantum Dots”, ACS Nano, 
2012, 6, 5102-5110. 

[21] L. B. Tang, R. B. Ji, X. M. Li, K. S. Teng, S. P. Lau, “Size-dependent 
Structural and Optical Characteristics of Glucose-Derived Graphene 
Quantum Dots”, Part. Part. Syst. Charact., 2013, 30, 523-531. 



International Journal of Chemical, Materials and Biomolecular Sciences

ISSN: 2415-6620

Vol:8, No:12, 2014

1390

 

 

[22] C. M. Luk, B. L. Chen, K. S. Teng, L. B. Tang, S. P. Lau, “Optically and 
Electrically tunable Graphene Quantum Dots-Polyaniline Composite 
Films”, J. Mater. Chem. C, 2014, 2, 4526. 

[23] D. Pan, J. Zhang, Z. Li, M. Wu, “Hydrothermal Route for Cutting 
Graphene Sheets into Blue-Luminescent Graphene Quantum Dots”, Adv. 
Mater., 2010, 22, 734-738. 

[24] S. Zhuo, M. Shao, S. T. Lee, “Upconversion and Downconversion 
Fluorescent Graphene Quantum Dots: Ultrasonic Preparation and 
Photocatalysis”, ACS Nano, 2012, 6 (2), 1059-1064 

[25] S. Zhu, J. Zhang, S. Tang, C. Qiao, L. Wang, H. Wang, X. Liu, B. Li, Y. 
Li, W. Yu, X. Wang, H. Sun, B. Yang, “Surface Chemistry Routes to 
Modulate the Photoluminescence of Graphene Quantum Dots: From 
Fluorescence Mechanism to Up-Conversion Bioimaging Applications”, 
Adv. Funt. Mater. 2012, 22, 4732-4740. 

[26] R. Hoffmann, “Trimethylene and the Addition of Methylene to Ethylene”, 
J. Am. Chem. Soc., 90, 1968, 1475. 

[27] L. Cao, X. Wang, M. J. Meziani, F. Lu, H. F. Wang, P. G. Luo, Y. Lin, B. 
A. Harruff, L. M. Veca, D. Murray, S. Y. Xie, Y. P. Sun, “Carbon Dots 
for Multiphoton Bioimaging”, J. Am. Chem. Soc., 2007, 129, 
11318-11319. 

[28] C. Xu, W. W. Webb, “Measurement of Two-Photon Excitation Cross 
Sections of Molecular Fluorophores with Data from 690 to 1050 nm”, J. 
Opt. Soc. Am. B 1996, 13, 481−491. 

[29] S. H. Jin, D. H. Kim, G. H. Jun, S. H. Hong, S. K. Jeon, “Tuning the 
Photoluminescence of Graphene Quantum Dots Through the Charge 
Transfer Effect of Functional Groups”, ACS Nano, 2013, 7(2), 1239. 


