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Photo-and Electroluminescence from Nitrogen-Doped 
and Nitrogen–Sulfur Codoped Graphene Quantum Dots

Md Tanvir Hasan, Roberto Gonzalez-Rodriguez, Conor Ryan, Nicolas Faerber,  
Jeffery L. Coffer, and Anton V. Naumov*

As opposed to inorganic counterparts, organic quantum dots often 
exhibit lower fluorescence efficiencies and are complex to synthesize. 
Here we develop nitrogen-doped (N-GQDs) and nitrogen–sulfur codoped 
(NS-GQDs) graphene quantum dots exhibiting high-yield visible and 
near-IR emission that are synthesized via a single-step microwave-assisted 
hydrothermal technique with a single glucosamine-HCl starting material 
(thiourea precursor used for NS-GQDs). As-synthesized N-GQDs and 
NS-GQDs are well-dispersed (average sizes of 5.50 and 3.90 nm) with high 
crystallinity and pronounced G-band. Formed by the bottom-up assembly 
of glucosamine, they contain amine linkage and a variety of oxygen-
containing functional groups assessed by Fourier-transform infrared 
spectroscopy with ≈2% sulfur for NS-GQDs. The synthetic procedure 
allows varying their size and the bandgap. Unlike other graphene-based 
quantum dots, these GQDs exhibit bright, stable fluorescence both in the 
visible and near-IR with high quantum yields of up to 60%. Excitation-
dependent visible fluorescence is attributed to size-dependent bandgaps, 
with near-IR emission potentially arising from the emissive defect states/
their arrangements. Advantageous properties of these GQDs are utilized 
to develop exciton recombination layer for organic light-emitting devices 
exhibiting both photoluminescence and electroluminescence in the visible. 
Produced by ecofriendly one-step scalable synthesis brightly-emissive 
N-GQDs and NS-GQDs become a promising material for novel organic 
optoelectronics.
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1. Introduction

Graphene is a 2D material that offers a 
wide variety of electronic applications as 
it possesses remarkable electrical/thermal 
conductivity, high transparency, supe-
rior tensile strength, and high thermal/
chemical stability.[1–5] However, it cannot 
be used as an emissive material for opto-
electronics or bioimaging applications due 
to its band structure of a zero-gap semicon-
ductor. Graphene-derived functionalized 
and confined materials such as graphene 
oxide (GO), graphene quantum dots 
(GQDs), and graphene nanoribbons emit 
fluorescence (FL),[6–11] which makes them 
suitable for a wider range of optical appli-
cations. GO has the advantages of a large 
heavily functionalized platform for further 
modification, however, it exhibits a broad 
emission with a lower quantum yield on 
the order of 1%.[12,13] GQDs are known to 
have a more ordered uniform structure 
with size-confined bandgaps[14–17] and gen-
erally exhibit higher quantum yields[18,19] 
required for optical emissive devices and 
biological fluorescence probes. These 0D 
carbon-based species are known to have 
stable FL,[20] not prone to photobleaching, 
low cytotoxicity,[21,22] good biocompat-

ibility,[21,23] high water solubility,[22] some pH sensitivity,[24] and 
low aggregation affinity. Possessing all these advantageous 
properties, GQDs have significant potential to advance critical 
areas of modern technology including light-emitting devices 
(LEDs),[25–27] photovoltaics,[28–30] fluorescent bioimaging,[31,32] 
biosensing,[33,34] pH sensing,[35,36] photoelectrocatalysis,[37,38] 
etc. As of now, several synthesis methods have been established 
to produce GQDs including hydrothermal cutting method 
from graphene oxide,[39] electrochemical exfoliation suitable for 
large-scale production,[40,41] pulsed-laser-induced photochem-
ical stitching,[42] multistep organic synthesis yield well-defined 
structures and various sizes of GQDs,[43] solvothermal method 
involving single-step synthesis procedure,[32] nanolithography 
approach to form a designed pattern,[44] amidative cutting of 
tattered graphite to control the size of GQDs by varying amine 
concentration,[45] etc.

Depending on the method of synthesis and size-
tuning of GQDs, the fluorescence can be either strongly 
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excitation-wavelength-dependent over a broad range 
(350–800 nm),[46–48] or exhibit only a slight to negligible depend-
ence for a shorter wavelength (300–470 nm) range.[49,50] This is 
supported by Yeh et al.[51] and Kwon et al.[45] reporting that fine-
tuning of GQDs’ size can lead to excitation wavelength-inde-
pendent emission. Most of those materials exhibit only a single 
transition and moderate quantum yields.[51–53]

Recently, carbon-based quantum dots were synthesized 
from graphene oxide via a top-down approach showing a high 
quantum yield of 74%.[18] These provide an advantageous 
alternative to inorganic quantum dots,[54,55] however, may still 
have rather complex and costly preparation for device mass 
fabrication. Additionally, only a single transition in the visible 
is observed with this material. More simplistic bottom-up syn-
thetic approaches with a few starting materials also provide 
similarly structured carbon quantum dots however with a lower 
quantum yield of only 6.42%.[56] More complex routes not opti-
mized for device fabrication produce higher yield QDs,[57,58] 
however, those result only in a single emission feature in the 
visible. For optoelectronics and bioimaging applications we 
seek a new method to enhance the quantum yields of such 
QDs, and at the same time simplify the synthetic procedure 
to make it scalable and allow for emission at multiple wave-
lengths: in the visible and near-infrared (NIR).

In this work, we for the first time use a bottom-up approach 
with single glucosamine hydrochloride (glucosamine-
HCl) starting material to produce nitrogen-doped graphene 
quantum dots (N-GQDs), via a microwave-assisted single-step 
hydrothermal method. Similar but thiourea-driven synthesis is 
used to produce nitrogen–sulfur codoped graphene quantum 
dots (NS-GQDs). This procedure provides ≈5.5 and ≈3.9  nm 
average sized N-GQDs and NS-GQDs with the high quantum 
yields of 22–60% and two optical transitions: in the visible 
and near-infrared. The synthesis procedure of N-GQDs/NS-
GQDs is straightforward, less time consuming and requires 
fewer resources than for their top-down synthesized counter-
parts allowing for mass production for device applications. 
The source of precursor material is widely available and 
inexpensive.

In addition to cost efficiency and simplicity in fabrication, 
as opposed to existing counterparts,[59–61] these novel quantum 
dots exhibit emission in both visible and near-infrared. PL 
mechanism of such GQDs remains controversial even after 
a number of scientific reports in this field: it is attributed to 
such routes as recombination of electron–hole pair originated 
from localized sp2 graphitic carbon platform surrounded by 
functionalized sp3 carbon,[62] size-dependent quantum con-
finement effects,[63,64] emissive defect states,[49,63,65] or surface 
passivation.[47,49] In this study, we propose that N-GQDs/NS-
GQDs emission originates from the combination of quantum 
confined states (size distribution of GQDs) and potentially, the 
distribution of emissive trap states associated with functional 
groups or surface passivation by amino/thiol groups originated 
in the hydrothermal synthesis. Different dopant structures are 
used in this work to explore the influence of the dopant type 
on the optical and electronic properties of quantum dots. As a 
result, N-GQDs and NS-GQDs synthesis resulted in the mate-
rials emissive both in the visible and NIR and suitable for opto-
electronic applications. We fabricate LED devices considering 

N-GQDs and NS-GQDs as active layers to explore the potential 
optoelectronic device applications of GQDs. N-GQDs and 
NS-GQDs have excellent aqueous solution stability as well as 
tunable electronic structure, which allows for inexpensive fast-
produced LEDs providing potential advantage over inorganic 
GaN-devices.[66] Additionally, the use of highly fluorescent 
nitrogen and sulfur-doped GQDs in organic electrolumines-
cence (EL) devices may avoid the use of rare earth element-
based Iridium complex as a dopant material.[67]

2. Results and Discussion

N-GQDs/NS-GQDs are synthesized by microwave treatment 
(at 450W) of aqueous glucosamine-HCl or glucosamine-HCl 
with thiourea. These precursor materials undergo a hydro-
thermal process in the presence of continuous uniform micro-
wave treatment for 40 min yielding well-distributed GQDs in a 
stable aqueous suspension. The simplicity and low cost of the 
synthetic procedure with just a single-step single-compound 
reaction for N-GQDs suggests a possibility of efficient mass 
production of these quantum dots for commercial applications. 
For this study, glucosamine-HCl is used as the source of carbon 
and nitrogen dopants to produce N-GQDs. Alternatively, in the 
synthesis of NS-GQDs, both the glucosamine and thiourea act 
as a source of carbon. In addition to that, thiourea works as a 
catalyst for the dehydration process and provides nitrogen and 
sulfur for doping. With microwave treatment, the dehydration 
takes place due to the reaction among monomeric glucosamine 
molecules forming a polymeric chain to produce N-GQDs. 
Thiourea further introduces nitrogen/sulfur dopants to the 
glucosamine polymeric chain yielding NS-GQDs. After the 
polymerization, nucleation takes place followed by doping of 
nitrogen/nitrogen–sulfur to form N-GQDs/NS-GQDs. Forma-
tion/growth of carbon nuclei is verified by the crystalline struc-
ture images of GQDs captured by high-resolution transmission 
electron microscope (HRTEM). This growth mechanism 
of GQDs is illustrated in Figure  1 via a schematic diagram. 
The reaction rate to produce GQDs is predicted to be power-
dependent and may be significantly increased with higher 
powers of microwave radiation (>450 W). However, to avoid 
the possibility of rapid water evaporation and spill/overflow of 
a solution containing precursor materials, a power over 450 W 
is not considered.

After the 40  min microwave treatment, both N-GQDs/ 
NS-GQDs exhibit a dramatic color change from the starting 
colorless solution to yellow and pink/orange respectively (Inset 
of Figure  2c,f), suggesting the formation of new materials 
including a change in the structural/optical properties com-
pared to the starting ones. In order to eliminate the excess 
of unreacted precursor materials, GQDs are dialyzed in a 
0.5–1 kDa molecular-weight-cutoff dialysis bag for a week prior 
to further characterization.

HRTEM is used to characterize the morphology, distribu-
tion, and crystallinity of the newly synthesized GQDs. The 
TEM study indicates that the GQDs are not only individual-
ized and well-dispersed (Figure  2a,d) but also well-distributed 
as shown by the size distribution analysis in the histogram 
plot (Figure  2c,f). We consider ≈100 of GQDs to calculate the 
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average size (diameter) of each type. The calculated average 
size is 5.5  nm with a range of 1.61  nm to 9  nm for N-GQDs 
and a 3.9 nm average size within a range of 1.91–6.22 nm for 
NS-GQDs. The HRTEM images of N-GQDs (Figure  2b) and 
NS-GQDs (Figure  2e) reveal discernible lattice fringes with a 
spacing of 0.21 nm between them (Inset of Figure 2b,e) corre-
sponding to (100) plane of graphene.[15]

It also shows high crystalline lattice structure apparent in 
the fast-Fourier-transform (FFT) images of the chosen area 
(Inset of Figure 2b,e). The presence of nitrogen in N-GQDs and 
NS-GQDs and sulfur in NS-GQDs is assessed qualitatively via 
energy-dispersive X-ray spectroscopy (EDX) analysis showing 
approximate percent fractions of 11 and 8% for nitrogen and 
2% for sulfur (Figure S1, Supporting Information). The thick-
ness of GQDs was measured with atomic force microscope 
(AFM) showing up to ≈2.5  nm for N-GQDs (Figure  2g) and 
≈1.75 nm for NS-GQDs (Figure 2h) on average which suggests 
the multilayered and potentially spherical structure of GQDs.

Fourier-transform infrared spectroscopy (FTIR) of N-GQDs/
NS-GQDs performed in attenuated total reflectance (ATR) 
mode with freeze-dried, dehydrated material shows the bands 
at 3275, 3090  cm−1 (Figure  3a,b) that can be attributed to the 
stretching vibrations of OH and NH groups, respectively, 
with a well-pronounced presence of the OH.[68] The peaks 
centered at 2935, 1602, 1530, and 1412 cm−1 correspond to the 
vibrational transitions of CH, CO of COOH, CC, COC. 
Additionally, stretching vibrations of COH, CN/NH/
CH, and CO are detected at 1330, 1240, and 1021 cm−1, 
respectively.[49,68] All these peaks are common for both types of 
GQDs except CS, SH stretching peaks/shoulders at 1159, 
2557  cm−1[69–71] for NS-GQDs. However, the intensity of these 
peaks/shoulders is very low because of the low sulfur content 
detected qualitatively by EDX. The presence of these transitions 
confirms the functional groups assumed in the proposed struc-
tures (Figure  1). Addition of more functionalities via reaction 

with thiourea could contribute to more intense transitions for 
NS-GQDs. Raman spectroscopy is used to characterize the 
graphitic structure within the GQDs showing a sharp G-band 
at ≈1537 cm−1 corresponding to the sp2-hybridized carbons 
and a weak shoulder at ≈1330 cm−1 (D band) indicating a pres-
ence of some disordered structure (Figure  S2a,b, Supporting 
Information).

The morphology of synthesized N-GQDs/NS-GQDs and 
their functional group content determine their optical proper-
ties that are assessed in this work by UV–vis and fluorescence 
spectroscopy. The UV–vis spectra (Figure 4e) of N-GQDs show 
absorption peak centered at 275 nm that can be attributed to a 
red-shifted π–π* transition of CC bond with two weak shoul-
ders at 306, 366 nm representing two n–π* transitions at CO 
and CN.[8,72] On the other hand, NS-GQDs show stronger 
absorption band (Figure  4e) at 236  nm consistent with π–π* 
transition of CC bond[71] and weak shoulders at 276, 300, 
and 370  nm as the potential signature of n–π* transitions in 
CO and CN bonds. The shifts in absorption spectra between 
two types of quantum dots are likely related to the presence of 
sulfur dopants in NS-GQDs reflecting the interaction of the 
major absorbing species on the sp2 platform with the dopants. 
Such interaction mechanisms govern the fluorescence emis-
sion in these QDs as the fluorescing species appear not to be 
the major absorbers: fluorescence is excited in the visible far 
from major absorption transitions.

Fluorescence spectroscopy shows substantial emission 
features in two spectral regions: visible and NIR for both the 
N-GQDs and NS-GQDs. In order to account for the emis-
sion induced by π–π* and n–π* absorption transitions,[48] the 
excitation wavelength is varied from 280 to 340  nm showing 
multiple emission peaks (Figure S4, Supporting Information). 
As the excitation wavelength increases, these additional peaks 
get weaker/disappear suggesting lower fluorescence contribu-
tion from π–π* and n–π* transitions finally (at 330/340  nm 
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Figure 1.  Schematic of the growth mechanism of a) N-GQDS and b) NS-GQDs.
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excitation) resulting into one broad fluorescence feature fur-
ther explored in this work. For NS-GQDs this transition occurs 
at longer excitation wavelengths as consistent with more 
redshifted absorption spectral features. This broader feature 
shows direct excitation dependence: scanning excitation from 
350 to 475 nm allows to tune the emission in the visible from 
425 to 531 nm for N-GQDs (Figure 4a) and 448 to 539 nm for 
NS-GQDs (Figure  4c) with similar behavior observed in NIR  
emission (Figure  4b,d). We also measure the photolumi-
nescence with a variation in excitation wavelength from  
500 to 675  nm (Figure  S3, Supporting Information) showing 
redshifted fluorescence peak maxima with the increase of exci-
tation wavelength. At the NIR excitation of 700 to 800 nm, we 
observe emission ranging from ≈800 to 890 nm (Figure 4b,d). 

The emission intensity for both visible and NIR decreases 
with excitation wavelength. This indicates the presence of 
multiple sizes/types of emissive features. Blue/green emission 
occurring with over 340  nm excitation is usually attributed to 
the confinement-induced bandgap dictated by the size of the 
quantum dots[73] and is thus expected to vary with QDs size. 
As excitation is shifted, different sizes are excited in resonance, 
therefore providing shifted emission with the probability of 
exciting more species at higher excitation energies. Since only 
limited size-distributions of both QDs are observed, the excita-
tion-dependent NIR emission could potentially arise from dif-
ferent distribution/arrangements of emissive trap states.[74,75] 
Such defect trap states can be associated with functional groups 
present in both N-GQDs/NS-GQDs.[74,75] In thiourea-driven  

Adv. Funct. Mater. 2018, 28, 1804337

Figure 2.  TEM images showing the distribution of a) N-GQDS, d) NS-GQDs. HRTEM images of b) N-GQDs, e) NS-GQDs. Inset: separation between 
lattice fringes and FFT images of selected area. Size distribution of c) N-GQDs, f) NS-GQDs. Inset: As prepared respective GQD samples. AFM height 
profile for g) N-GQDs and h) NS-GQDs.
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Figure 3.  FTIR spectrum of a) N-GQDs and b) NS-GQDs.

Figure 4.  Excitation-dependent emission in a) visible, b) NIR from N-GQDs, c) visible, and d) NIR from NS-GQDs. e) Absorbance spectra of N-GQDs 
and NS-GQDs. f) Cyan and blue emission from the respective as prepared N-GQDs and NS-GQDs under the illumination of a 365 nm UV lamp.
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NS-GQDs synthesis amino/thiol groups are expected to pas-
sivate the trap states[76] on the surface to reduce/diminish the 
excitation dependence. However, a high-power microwave treat-
ment at 450 W may result in high local temperatures preventing 
surface passivation with amino/thiol groups that are unstable at 
higher temperatures leaving the surface of GQDs.[76] This may 
allow both N-GQDs/NS-GQDs exhibit excitation-dependent 
emission in NIR. The fluorescence is stable over the period of 
several hours with no signs of photobleaching. A cyan-like and 
blue fluorescence are also observed visually (Figure  4f) when 
N-GQDs and NS-GQDs are irradiated by a 365 nm 100W UV 
lamp suggesting a high fluorescence efficiency.

We assess the fluorescence quantum yield (QY) of N-GQDs/
NS-GQDs by using a comparative method[77] choosing Cou-
marin-153 and Fluorescein as two standard materials with 
excitation and emission wavelengths similar to those of QDs. 
Both standards show similar results with estimated QY ranging 
from 50 to 60% for N-GQDs and from 10 to 22% for NS-GQDs 
(Figure S5, Supporting Information). The lower quantum yield 
of NS-GQDs, as opposed to N-GQDs, could be the consequence 
of the additional nonradiative pathways introduced by sulfur 
dopants. Therefore, considering the same concentration of both 
types of GQDs, NS-GQDs show less intense fluorescence along 
with no significant change in absorbance compared to N-GQDs 
resulting in lower quantum yield. Multicolor emission and, 
nevertheless, substantial quantum yield suggest quantum dots 
prepared in this work as promising materials for applications 
in optoelectronics and biomedicine.

The effect of the microwave treatment time on the emission 
and size of GQDs is explored via TEM and fluorescence study: 
GQDs prepared with 20, 40, and 80 min of microwave treat-
ment show increase in average GQDs size (Figures S6 and S7, 
Supporting Information) and visible fluorescence shifts with 
longer microwave treatment. The fluorescence intensity also 
increases with treatment time suggesting an increase in the 
concentration of GQDs confirmed qualitatively with TEM. The 
fluorescence peak maxima show observable redshift ≈30  nm 
for N-GQDs (Figure S8a, Supporting Information) and ≈24 nm 
for NS-GQDs (Figure S8c, Supporting Information) in the vis-
ible, whereas no significant shift is detected in the NIR region 
(Figure  S8b,d, Supporting Information) for both GQDs. Red-
shift in the visible fluorescence points to QD size-derived band 
structure, whereas the lack of change in the NIR response with 
treatment affecting GQD size suggests that NIR emission does 
not originate from GQD size confinement effects rather arising 
from the localized electronic environments induced by the 
defect states at the functional groups.

The potential effect of dopant concentration on the optical 
properties of GQDs was assessed via varying the amount of 
initial dopant-containing precursor. Nitrogen content is not 
expected to be altered in the present synthesis, thus, with the 
increase of precursor amount, the concentration of N-GQDs 
increases leading to a higher emission intensity without any 
significant shift in fluorescence maxima (Figure  S9a,b, Sup-
porting Information). With the increase of sulfur dopants 
in the synthesis of NS-GQDs through varying thiourea con-
centration, the emission intensity in the visible decreases 
(Figure S9c, Supporting Information), whereas NIR emission 
gets enhanced up to glucosamine/thiourea molar ratio of 

1:1  (Figure  S9d, Supporting Information) and further dimin-
ishes. However, no significant shifts in the emission maxima 
(visible and NIR) are observed for any variation of the pre-
cursor/dopant concentration. We expect that the increase of 
sulfur dopant concentration creates more defect sites which 
introduce additional nonradiative pathways leading to a 
decrease in emission intensity in the visible (Figure S9c, Sup-
porting Information). This is likely a reason for having lower 
quantum yield from NS-GQDs as compared to N-GQDs. 
However, a higher number of defect states could lead to an 
increase in NIR emission potentially arising from those states 
(Figure  S9d, Supporting Information) competing with nonra-
diative quenching.

Although variation in sulfur precursor concentration only 
affects the emission intensity, we anticipate that varying dopant 
concentration together with dopant type (e.g., phosphorus, 
boron, etc.) or codoping may allow tuning the NIR emission 
features in both intensity and spectral position. Also, surface 
passivation with additional functional groups (e.g., amino, 
thiol, etc.)[47,76] may adjust the electronic environment of the 
aforementioned defects further affecting the position/intensity 
of NIR feature.

In order to explore the optoelectronic device applications of 
these GQDs we fabricate LED devices consisting of 150  nm 
Indium tin oxide (ITO)-coated glass as anode coated by a hole 
injection layer of poly(3,4-ethylene dioxythiophene):poly(styrene 
sulfonate) (abbreviated as PEDOT:PSS) with a thickness of 
200  nm, and then by the emissive dopant layer of N-GQDs 
or NS-GQDs, topped by the silver-based cathode (Figure  5a, 
and Figure  S10a, Supporting Information). A cross-section of 
the device verifying the layered structure is observed with the 
scanning electron microscope (Figure  S11, Supporting Infor-
mation). The corresponding energy diagram (Figure  5b, and 
Figure  S10b, Supporting Information) shows the feasibility of 
separate electron and hole transport from one electrode to the 
other through the emissive quantum dot layers. For a given 
potential, holes are injected from the PEDOT: PSS and elec-
trons from the silver into the recombination layer consisting in 
N-GQDs or NS-GQDs.

Bright electroluminescence emission is detected from both 
types of devices placed inside the chamber of Horiba Nanolog 
Spectrofluorometer through the transparent ITO electrodes. 
In this system (Figure  5c, and Figure  S10c, Supporting Infor-
mation), we show a representative EL spectrum of ITO/
PEDOT:PSS/N-GQDs and ITO/PEDOT:PSS/NS-GQDs at a 
fixed bias of 12 V at room temperature. EL spectra from these 
devices exhibit same peak positions under liquid nitrogen (LN) 
at a fixed bias of 12 V (Figure 5d, and Figure S10d, Supporting 
Information) as emission was collected from LN-cooled devices 
inside the spectrometer. This confirms the electronic nature of 
the observed transitions. Additionally to that, a number of peak 
maxima in EL spectra resemble those in fluorescence spectra 
acquired from the devices (Figure  5f, and Figure  S10f, Sup-
porting Information) with minor to no spectral shifts between 
the two. With different types of dopants, the device shows vari-
ation in the optoelectronic properties which can be potentially 
attributed to the dopants yielding defect states with different 
electronic environments acting as potential electron traps with 
distinct energy level structure.

Adv. Funct. Mater. 2018, 28, 1804337
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In this EL process, the holes in the HOMO of the quantum 
dots are recombined with electrons in the LUMO. There are 
O, N, and S states in the LUMO that are related to π* orbitals 
of CO, CN, and CS (for NS-GQDs), while the holes in 
HOMO are localized in the n orbitals of CO, CN and CS 
(for NS-GQDs) and π orbitals in CC.[70] Electronic transitions 
between these states result in electroluminescence. Consistent 
with this mechanism EL spectra of ITO/PEDOT: PSS/N-
GQDs show four main peaks (Figure 5c) at 400 nm (3.09 eV), 
441  nm (2.81  eV), 524  nm (2.37  eV), and 600  nm (2.07  eV) 
and EL spectra of ITO/PEDOT:PSS/NS-GQDs exhibit three 
notable peaks (Figure S10c, Supporting Information) at 406 nm 
(3.05 eV), 445 nm (2.79 eV), and 583 nm (2.13 eV). The peaks 
around 3 eV for ITO/PEDOT: PSS/N-GQDs and ITO/PEDOT: 
PSS/NS-GQDs are likely due to the bandgap of PEDOT: PSS, 
while the other three main peaks of ITO/PEDOT: PSS/N-GQDs 

at 2.8, 2.37, and 2.07  eV may correspond to the O and N 
states.[70] In the case of ITO/PEDOT: PSS/NS-GQDs, we 
observe the peaks at 2.79 eV, and 2.13 eV that correspond to O 
and S states, as expected from sulfur doping and in addition a 
small broad peak between 2.79 and 2.13 eV potentially due to 
the N state in the NS-GQDs. The strongest peaks at 3.0 and 
2.79 eV are consistent with the violet-blue (inset of Figure S10c, 
Supporting Information) emission of ITO/PEDOT: PSS/ 
NS-GQDs observed by the naked-eye. A schematic of the corre-
sponding energy band diagram of O, N, and S states has shown 
in Figure S12 (Supporting Information). We consider the Fermi 
level of the GQDs as 4.74 eV based on the Kelvin Probe data by 
Kwon et al.[45] shown to be independent of QDs size for simi-
larly structured graphene quantum dots. Values of HOMO and 
LUMO are assessed with respect to midgap Fermi energy and 
the bandgap size calculated directly from fluorescence peak 

Adv. Funct. Mater. 2018, 28, 1804337

Figure 5.  a) Schematic and b) illustrative energy band diagram for N-GQDs based LED device. Electroluminescence response from N-GQDs based 
device under c) room temperature and d) cryogenic temperature. e) Current density–voltage (J–V) characteristics for the device fabricated with 
N-GQDs. f) Comparison of photoluminescence (PL) and electroluminescence (EL) measurement spectra of LEDs fabricated with N-GQDs.
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maxima of GQDs produced in this work. The devices are tested 
at different voltages with the moderate turn-on voltage of ≈7 V 
(Figure 5e, and Figure S10e, Supporting Information) for both 
devices, and only the intensity changes in the EL spectra are 
observed with no apparent spectral shifts. It also provides evi-
dence that these GQD-based EL devices can be fabricated with 
other luminosity related parameters to be analyzed in future 
studies. This work provides a new one-step synthesis of GQDs 
with high quantum yields for applications in nanoscale imaging 
and also presents a versatile, low-cost alternative for the fabrica-
tion of effective EL devices.

3. Conclusion

In summary, we utilize a simple single-step microwave-facilitated 
hydrothermal method to synthesize N-GQDs (average size 
≈5.5 nm) and nitrogen–sulfur codoped graphene quantum dots 
(NS-GQDs: average size ≈3.9 nm) from glucose-based inexpen-
sive precursor materials. These novel quantum dots form stable 
water suspensions and exhibit bright and stable fluorescence 
in the visible and near-infrared with up to 60% high quantum 
yields. We suggest that the excitation-dependent visible emission 
is dictated by the QDs size-dependent bandgaps, whereas the 
emission in the NIR can be attributed to the trap states and their 
arrangements created by multiple surface functionalities that can 
also be related to the QDs size. We utilize these quantum dots to 
successfully fabricate light-emitting devices showing bright elec-
troluminescence in the visible. GQDs, energy level structures, 
make them suitable as an effective electron–hole recombination 
medium. Considering their high quantum yield, ability to emit 
electroluminescence and low-cost one-step preparation, N-GQDs 
and NS-GQDs can be potentially used for biological imaging 
and, as shown in this work, as a basis for novel optoelectronic 
devices suitable for lower-cost production.

4. Experimental Section
Synthesis/Purification/Characterization of N-GQDs and NS-GQDs: 

A microwave-assisted method was used to synthesize N-GQDs and 
NS-GQDs by using a commercially available microwave. In a standard 
procedure, a 0.14 m aqueous solution of glucosamine-HCl was placed 
in a microwave for 40  min at 450 W. Additionally in the production of 
NS-GQDs, thiourea was used as a source of sulfur, with a ratio 1:1 of 
glucosamine-HCl to thiourea. As prepared graphene quantum dots 
were collected and purified utilizing bag dialysis with 500–1000  Da 
membrane for seven days as the DI water dialyzed against was replaced 
daily. After such purification, a synthesis yield of 15–20% was achieved. 
Following the purification, Benedict’s test[78,79] was performed to 
verify whether the unreacted glucosamine precursor was still present 
in the product. This test was prequantified to detect glucosamine 
at concentrations of over 0.15  mg mL−1 (Figure  S13a, Supporting 
Information). As a result, unpurified graphene quantum dots showed 
a positive indication of glucosamine presence whereas for the purified 
product the test was always negative indicating minimal to a negligible 
concentration of glucosamine precursor in the suspension of purified 
quantum dots (Figure S13b, Supporting Information).

N-GQDs and NS-GQDs were morphologically characterized by using 
TEM (TEM JEOL JEM-2100). Samples for TEM were prepared on the 
carbon-coated 200-mesh copper grid under ambient conditions. Optical 
characterization was done via absorption, fluorescence, and infrared 

spectroscopy (FTIR). Fluorescence spectra were measured using SPEX 
NanoLog, Horiba Scientific spectrofluorometer in the regions of 300  
to 1000 nm with the excitation varied from 280 to 800 nm. Absorbance 
was recorded in the range of 200 to 800 nm with Agilent Technologies 
(Cary 60 UV-Vis) absorption spectrometer. In order to assess the 
functionalities of N-GQDs and NS-GQDs, the samples were freeze-dried 
in Labconco, FreeZone 4.5 freeze-dryer and analyzed in the ATR mode of 
the Thermo Nicolet Nexus 670 FTIR which allowed to reduce the water 
background. Raman spectrometer (DeltaNu) was used to characterize 
the GQDs with 785  nm excitation at 100  mW peak power. We spin-
coated the solution-based GQDs on a silicon wafer at 1000 rpm for 30 s 
to prepare the sample for the Raman spectroscopic measurements. We 
utilized the tapping mode AFM (NT-MDT nanosolver) to measure the 
thickness of both GQDs. Aqueous GQDs were spin-coated three times 
at 3000 rpm for 30 s (each time) on a silicon chip substrate to prepare 
the samples for AFM measurements.

Calculation of QY: A comparative approach was followed to calculate 
the quantum yield of N-GQDs/NS-GQDs choosing Coumarin-153 in 
ethanol (47% QY at 400 nm excitation) and fluorescein in 0.1 m NaOH 
(92% QY at 360  nm excitation) as reference materials. We use the 
following formula to find the QY of both GQDs

η
ηΦ = Φ × 




× 




× 





FLI
FLI

Abs
AbsGQDs ref

GQDs

ref

ref

GQDs

GQDs

ref

2

� (1)

In the above expression, Φref denotes the quantum yield of respective 
materials, FLI represents the experimentally measured integrated 
fluorescence intensity, Abs indicates the absorbance of materials at the 
excitation wavelength, and η is denoted as the refractive index of the 
solvents. The refractive indexes of water, Coumarin-153, and Fluorescein 
are considered as 1.33, 1.36, and 1.33, respectively.

Device Fabrication: ITO-coated glass electrode was used as a 
substrate for the device fabrication. ITO glass was cleaned by using 10% 
HCl for 1 h and ultrasonic treatment cleaning in acetone for 1 h, after 
which it was blow dried using N2 gas. Prior to deposition on the ITO 
glass PEDOT: PSS at a concentration 1.1  wt% in water with a ratio of 
1:1 PEDOT to PSS was filtered using a 0.45 µm pore size syringe filter, 
and ultrasonically dispersed in an ultrasonic bath for 30  min. Further 
200 µL of PEDOT: PSS solution was spun on ITO glass at 3000 rpm for 
20 s, then the sample was baked in an oven at 120 °C for 1 h. N-GQDs 
and NS-GQDs were deposited on the ITO-PEDOT:PSS by spin-coating 
300 µL of 5 mg mL−1 aqueous suspension of N-GQDs or NS-GQDs at 
3000  rpm for 20 s, followed by annealing 120 °C for 1 h. Finally, silver 
paste was deposited on the top of the device to make the electrical 
contacts. Prior to electrical testing, the morphology of the devices was 
characterized via scanning electron microscopy (JEOL-JSM-7100F). For 
the electroluminescence experiments, the source and drain of the devices 
were connected to Harrison 6205B DC power supply and voltages up 
to 15  V was applied to provide electron and hole current. The device 
was placed inside the Horiba Spex Nanolog fluorescence spectrometer 
to assess the electroluminescence emission as the bias was applied. 
The photoluminescence of the devices was measured using the Ocean 
Optics (S2000) spectrometer at 365  nm excitation wavelength. The 
Keithley 2420 Source Meter Unit instrument was utilized to measure the 
turn-on voltage of both devices.
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from the author.
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