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the application of WLEDs due to their 
high fl uorescent quantum yield, narrow 
emission bandwidth, and resistance to 
the photobleaching. [ 3,7–9 ]  Integration of 
quantum dots into WLEDs can overcome 
the problem of whole-organic-material 
WLEDs. However, the external quantum 
effi ciency (EQE) of WLEDs based on 
semiconductor quantum dots is still not 
ideal. For example, EQE of WLED with 
CdSe nanocrystal as light-emitting layer is 
only 0.0013%. [ 10 ]  Furthermore, semicon-
ductor quantum dots usually contain toxic 
heavy metals, which hamper their further 
development. [ 8,11–13 ]  

 Graphene quantum dots (GQDs), one 
kind of carbon dots derived from graphite, 

are superior to semiconductor quantum dots due to their low 
toxicity, high chemical stability, and excellent carrier transport 
mobility. [ 14,15 ]  Furthermore, the abundant functional groups 
such as carboxyl, hydroxyl, and epoxy groups on GQDs endow 
them with good dispersion in water and some organic solvents, 
and thus make them easy for the further functionalization with 
polymers or organic molecules in the process of constructing 
light-emitting diodes (LEDs) devices. [ 16,17 ]  Although yellow fl uo-
rescent GQDs [ 17 ]  or carbon dots [ 18 ]  have been used as emitting 
layers to fabricate WLEDs, the luminance and current density 
are too low. Moreover, white light emission of previous reports 
results from combination of separate dopants or multiple 
components, which often causes phase separation and color 
variation. [ 19,20 ]  Single-phase white-light-emitting phosphors 
are attracting great interests because of their high color sta-
bility and luminous effi ciency for WLEDs. [ 21–28 ]  Therefore, it is 
highly urgent to develop a novel kind of carbon-based single-
phase white-light-emitting phosphor for WLEDs with enhanced 
performance. 

 In this work, white-light-emitting graphene quantum dots 
(WGQDs) were prepared by a facile two-step microwave-
assisted hydrothermal method ( Scheme     1 ). Yellow-green fl uo-
rescent GQDs were synthesized beforehand through exfoliation 
of oxidized graphite under the ultrasonication and microwave 
irradiation. After that, the prepared GQDs were further treated 
through microwave reaction under alkaline condition (pH 
13.0), giving rise to GQDs with white-light emission (WGQDs). 
WGQDs were subsequently used as a phosphor to fabricate 
WLED device by a solution-processing method. WLED based 
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  1.     Introduction 

 White-light-emitting diodes (WLEDs) are considered the most 
promising light source in the future due to their advantages 
such as low power consumption, high luminous effi ciency, 
and long lifetime. [ 1–3 ]  WLEDs based on whole organic mate-
rials are relatively low-cost and easy for large-scale production, 
but their environmental stability is low and device lifespan is 
limited. [ 4–6 ]  Semiconductor nanocrystals, especially semicon-
ductor quantum dots, have attracted increasing attention in 
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on WGQDs displays evidently better white electroluminescence 
performance than that of the previously reported WLED based 
on graphene quantum dots or carbon dots.   

  2.     Results and Discussion 

 The morphology, structure, and composition of GQDs and 
WGQDs were characterized by transmission electron micro-
scope (TEM), high-resolution transmission electron microscope 
(HRTEM), atomic force microscopy (AFM), Raman and X-ray 
photoelectron spectroscopy (XPS), and FTIR (Fourier transform 
infrared) spectroscopy. The TEM image of GQDs shows their 
average lateral size of 2.5 nm (Figure S1, Supporting Informa-
tion), and the average height of GQDs is calculated to be about 
2 nm from the AFM height image (Figure S2, Supporting Infor-
mation). After further reaction under microwave irradiation in 
alkaline solution, GQDs were converted to 
WGQDs. As shown from the TEM images 
( Figure    1  a), the lateral size of WGQDs still 
keeps about 2–5 nm. AFM height image of 
WGQDs (Figure S3, Supporting Information) 
evaluates that the height of WGQDs is about 
1.25–2.75 nm, indicating that the as-prepared 
WGQDs are consisted of multilayer (two to 
fi ve layer) graphene. [ 29,30 ]  The crystal lattice 
spacing of 0.335 nm can be clearly observed 
in the HRTEM image of WGQDs (Figure  1 b), 
which is assignable to the interspacing of the 
(002) crystal plane of graphite. [ 31,32 ]   

 Raman spectra of GQDs (Figure S4a, 
Supporting Information) and WGQDs 
(Figure  1 c) show two peaks at 1340 and 
1573 cm −1 , which can be ascribed to the 
D and G bands of graphene structure respec-
tively. [ 33,34 ]  Compared to the intensity ratio 
of D and G bands of GQDs ( I  D  /I  G  = 0.99), 
 I  D  /I  G  of WGQDs (0.84) is lower, indicating 
the decrease of defects in the WGQDs after 
microwave reaction under 175 °C. [ 33,34 ]  
Deconvolution of high-resolution C1s XPS 
spectrum (Figure  1 d) illustrates the binding 
energy peaks at 284.5 (C C), 286.0 (C O), 
and 288.3 eV (O C O), indicating the sur-
face oxidation of graphene in the process of 
preparation of WGQDs. [ 35,36 ]  Binding energy 
peak at 284.5 and 532 eV (Figure S4b, Sup-
porting Information, and  Figure    2  a), cor-
responding to C1s and O1s, respectively, 

confi rmed that the element compositions of 
GQDs and WGQDs are C and O. [ 35 ]  FTIR 
spectrum of WGQDs (Figure  2 b) displays 
the absorption bands at 1727, 1627, and 
1387 cm −1 , which can be ascribed to 
C O vibration in carboxyl group, aromatic 
stretching vibration of graphitic domains, 
and O–H deformation of C-OH, respec-
tively. [ 37,38 ]  The functional groups in WGQDs 
are of importance for fabrication of LEDs 

device through solution-based process.  
 The optical properties of GQDs and WGQDs were investi-

gated by ultraviolet–visible (UV–vis) and photoluminescence 
(PL) spectra. GQDs prepared in the fi rst step show the absorp-
tion peaks at 228, 262, and 306 nm, as shown in Figure S5 
(Supporting Information). Two strong absorption peaks at 
228 and 262 nm can be assigned to π–π* transition of  sp  2  
domain in GQDs. [ 35,39 ]  A weak shoulder peak at 306 nm can 
be ascribed to  n –π* transition of oxygen-containing functional 
group (C O). [ 39,40 ]  After further reaction at 175 °C under micro-
wave irradiation, UV–vis spectrum of the resultant WGQDs 
( Figure    3  a) is absence of the absorption peak of 228 nm, which 
indicates that GQDs are further hydrothermally reduced under 
high temperature to form WGQDs. [ 41,42 ]  A fl uorescent emission 
peak of 512 nm can be observed for GQDs at the excitation of 
365 nm in Figure S5 (Supporting Information). However, when 
the colloidal solution of WGQDs is excited at 365 nm, the PL 
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 Scheme 1.    Schematic presentation of preparing WGQDs.

 Figure 1.    a) TEM and b) HRTEM images of WGQDs (the inset in panel (a) is the magnifi ed 
TEM image of WGQDs). c) Raman characterization and d) high-resolution C1s XPS spectrum 
of WGQDs.
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spectrum exhibits a broad emission band at 445 nm along with 
a relatively weak peak at 575 nm (Figure  3 b). The white fl uores-
cent emission of the WGQDs aqueous solution at the excita-
tion of 365 nm can be evidently seen in the inset of Figure  3 b. 
The excitation wavelength-dependent emission of WGQDs 
was also recorded through fl uorescent measurement. It can 
be observed from Figure  3 c that the fl uorescent intensity of 
WGQDs decreases with the change of the excitation wavelength 
from 325 to 400 nm. The fl uorescent lifetime of WGQDs was 
detected by the time-resolved fl uorescence decay with single 
photon counting. Time-resolved fl uorescence decay spectrum at 
the emission of 450 nm is shown in Figure  3 d, indicating two 
lifetime components, i.e., 8.0 and 1.8 ns, with the amplitude of 
5.6% and 94.4%, respectively. [ 43 ]   

 Band gap of WGQDs was measured 
by electrochemical method. [ 44–46 ]  From 
Figure S6 (Supporting Information), the 
highest occupied molecular orbital (HOMO) 
and lowest unoccupied molecular orbital 
(LUMO) energy levels of WGQDs are cal-
culated to be −5.4 and −4.3 eV, respec-
tively. While the HOMO and LUMO energy 
levels of GQDs were determined to be −5.3 
and −4.0 eV, respectively. The band gap of 
WGQDs (1.1 eV) is narrower than that of 
GQDs (1.3 eV). Solution-processed WLED 
was fabricated using WGQDs as single-
phase white-light-emitting phosphors, and 

the device performance was evaluated for lighting. A schematic 
structure of WLED device is shown in the inset of  Figure    4  a. 
The device consists of a patterned ITO anode, a 40 nm poly (eth
ylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) hole 
injection layer, a 39 nm WGQDs doped 4,4-bis(carbazol-9-yl)
biphenyl (CBP) emitting layer, a 40 nm 1,3,5-tris(N-phenylb-
enzimidazol-2-yl) benzene (TPBI) electron transport layer, a 
0.8 nm LiF and 100 nm aluminum double layer as the cathode. 
The schematic energy-level diagram of the device is shown in 
Figure  4 b. The energy transfer process from CBP to WGQDs 
is typically signifi cant for bright WLED. [ 17 ]  Figure  4 a shows the 
current density–voltage ( J – V ) curve of the WLED. The turn-on 
voltage is about 5 V. The current density dramatically increases 
with the change of the driven voltage from 5 to 10 V, and then 
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 Figure 2.    a) XPS survey spectrum and b) FTIR spectrum of WGQDs.

 Figure 3.    a) UV and b) PL spectra of WGQDs (the inset is the fl uorescent image of WGQD aqueous solution at the excitation wavelength of 365 nm). 
c) PL spectra of WGQDs with different excitation wavelength. d) Fluorescent lifetime of WGQDs at the excitation wavelength of 450 nm.



FU
LL

 P
A
P
ER

2742 wileyonlinelibrary.com © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the current density is stable around 650 mA cm −2  in the range 
of 11–14 V. The evident blue light is emitted in this diode at the 
relatively lower voltage (5–8 V) (Figure  4 c). When the voltage 
increases up to 11 V, the color of electroluminescence turns 
to white (Figure  4 c). White light is emitted at 11–14 V in this 
device. White electroluminescence of WLED at 14 V can be 
clearly observed in the photograph (Figure  4 d). The electro-
luminescent spectra of WLED ( Figure    5  a) display two main 
peaks at 450 and 600 nm, respectively. The relative intensity at 
600 nm increases with the increase of applied voltage from 11 to 
14 V (Figure  5 a). The maximum luminance of WLED shown in 
Figure  5 b appears to be about 300 cd m −2  at 8.5 V with blue 
light emitting. The electroluminescence of this device decays 
slightly from 11 to 14 V, but the luminance of white electrolu-
minescence is still over 200 cd m −2 , which is higher than that 
of white light from LED based on yellow fl uorescent GQDs. [ 17 ]  
The Commission Internationale de l'Enclairage (CIE) coordi-
nates of white light from WLED in Figure  5 c are (0.24, 0.25), 
(0.25, 0.27), (0.26, 0.28), and (0.27, 0.29) for applied voltages 
of 11, 12, 13, and 14 V, respectively. The CIE of WLED at the 
applied voltage of 14 V is near to that of pure white light (0.33, 
0.33). EQEs of WLED (Figure  5 d) are 0.24%, 0.21%, 0.20%, and 
0.19% for 11, 12, 13, and 14 V applied voltages, respectively. 
To the best of our knowledge, it is the highest EQE of white 
light among LEDs based on GQDs, [ 17 ]  ZnO-graphene quantum 

dots, [ 47 ]  or carbon dots, [ 18 ]  although it is still lower than that of 
white-light-emitting LED fabricated by organic molecular phos-
phors. [ 5 ]  The improved white electroluminescence of WLED 
based on WGQDs may be originated from an effective energy 
transfer between CBP and WGQDs because the fl uorescent 
emission of CBP (Figure S7, Supporting Information) can 
be effi ciently transfer to WGQDs as excitation energy. [ 48 ]  It is 
convinced for us that enhanced white electroluminescence of 
WLED through WGQDs as light-emitting phosphor will shed 
light on more researches and applications about WLED based 
on nonmetal quantum dots colloidal solution because of their 
nontoxicity and high stability.    

  3.     Conclusions 

 In summary, WGQDs were prepared by a facile microwave-
assisted hydrothermal method. The as-prepared WGQDs 
display diexponential characteristic of fl uorescent decay. The 
WLED device was constructed by solution-processing method 
using WGQDs as the light-emitting phosphor. The WLED 
based on WGQDs feature high current density and luminance 
at the applied voltage of 11–14 V. The CIE of white light from 
WLED is close to pure white light. Due to its photochemical 
stability and nontoxicity of WGQDs, WGQDs using as a 
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 Figure 4.    Characteristics of WLED based on WGQDs. a) Current density–voltage ( J – V ) and b) schematic energy-level diagram of the device (the inset 
in panel (a) is the schematic structure of WLED device). c) Electroluminescent spectra of the WGQDs-based WLED with applied voltages from 5 to 
14 V. d) Photograph of white electroluminescence of the device operated at 14 V.
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single-phase white-light-emitting phosphor are expected to be 
a highly effi cient avenue to improve the performance of WLED 
based on carbon nanomaterials.  

  4.     Experimental Section 
  Preparation of WGQDs : 50 mg nanosized graphite was added into 

40 mL of the mixed acid (HNO 3 :H 2 SO 4  = 1:3), and then the solutions 
were ultrasonicated for 2 h. The dispersion was reacted for 4 h at 100 °C 
under the microwave irradiation. The resultant dispersion was fi ltered 
by the microporous membrane (pore size 220 nm) and neutralized with 
sodium carbonate. 160 mL deionized water was added for diluting the 
neutralized solution, and the GQDs aqueous solution was gained by 
dialysis with dialysis bag (molecular weight cutoff 1000). The pH value 
of GQDs solution was adjusted to be 13.0 and 15 mL of this GQDs 
solution was reacted for 8 h at 200 °C under microwave irradiation. 
After further dialysis (molecular weight cutoff 1000) for 3 d, the WGQDs 
aqueous solution was placed in refrigerator for LED device. 

  Fabrication of WLEDs : First, the patterned ITO substrate was spin-
coated by a layer of PEDOT:PSS with the thickness of 40 nm according 
to our previously reported method in the literature. [ 49 ]  The pretreatment 
of ITO is the same as that of literature. [ 49 ]  Second, 4,4′-bis(carbazol-9-yl)
biphenyl (CBP) in chlorobenzene (15 mg mL −1 ) and WGQDs (4 mg mL −1 ) 
in toluene with the proportion of 9:1(w/w) were mixed together and 
formed the suspension. The suspension containing CBP and WGQDs 
was spin-coated on the layer of PEDOT:PSS, and then annealed at 80 °C 
for 20 min to remove solvent for forming the emissive layer with the 
thickness of 39 nm. [ 49 ]  ITO coated with PEDOT:PSS, CBP, and WGQDs 
was transferred to a thermal evaporator chamber and then successively 
deposited with 1,3,5-tri(phenyl-2-benzimidazolyl)-benzene (TPBI) 
(40 nm), LiF (0.8 nm), and Al (100 nm) under pressure of 5 × 10 −4  Pa 

by thermal evaporation. [ 49 ]  The luminance and  J – V  characteristics of LED 
were detected using a Keithley source-meter (model 2602) combined 
with a calibrated luminance meter. Electroluminescence spectra were 
recorded by a Spectra Scan PR-670 spectroradiometer. The thickness 
was measured with a spectroscopic ellipsometry (α-SE, J.A. Woollam Co. 
Inc.). All the measurements were carried out at room temperature under 
ambient conditions. 

  Measurement of HOMO and LUMO Energy Levels of WGQDs : In 
order to estimate the HOMO and LUMO energy levels of WGQDs, 
cyclic voltammetry (CV) measurement was conducted by establishing a 
standard three electrode system, composed of a glassy carbon electrode 
as the working electrode, a platinum wire as the counter electrode, and 
a saturated calomel electrode (SCE) as the reference electrode. [ 45 ]  CV 
was recorded at a scan rate of 0.1 V s −1  in the DMF containing WGQDs 
and 0.1  M  (Bu) 4 NBF 4  as the supporting electrolyte. The HOMO and 
LUMO energy levels of WGQDs were calculated from the following 
equations  [ 44–46 ] 

 ( )= − +( 4.74) eV(HOMO) oxE e E   (1)  

 ( )= − +( 4.74) eV(LUMO) redE e E   (2) 

  E  ox  and  E  red  are the onset of oxidation and reduction potential, 
respectively. From Figure S6 (Supporting Information),  E  ox  (WGQDs) = 
0.69 V (vs SCE),  E  red  (WGQDs) = −0.48 V (vs SCE),  E  ox  (GQDs) = 0.59 V 
(vs SCE),  E  red  (GQDs) = −0.69 V (vs SCE). 

  Characterizations : The morphology of GQDs and WGQDs was 
observed by TEM and HRTEM (JEOL JEM-2100F). Raman spectra were 
obtained by Renishaw InVia microscope with 532 nm laser beam as the 
excitation source. FTIR spectra were recorded with Shimadzu IRPrestige-
21FTIR spectrophotometer. XPS investigation was conducted using PHI 
5000 VersaProbe system with Al cathode as the X-ray source. UV–vis and 

 Figure 5.    a) Electroluminescent spectra of the device with applied voltages from 11 to 14 V. b) Luminance of WLED. c) CIE1931 coordinates of white 
emission from the same WLED with different applied voltages from 11 to 14 V. d) EQE of WLED.
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fl uorescent spectra were recorded by Shimadzu UV-3600 UV–VIS NIR 
spectrophotometer and Shimadzu RF-5301PC spectrofl uorophotometer, 
respectively. Fluorescent lifetime was obtained by Edinburgh FLSP920 
lifetime spectrometer using picosecond laser diodes as the source of 
excitation.  
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