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Among the three primary colors, achieving the blue emissive organic light-emitting diodes is necessary as

well as challenging. Deep-blue light-emitting diodes (emission wavelength < 450 nm) are crucial for

display and AR/VR applications. However, several factors limit the functionality of blue OLED devices. The

higher photon energy coming from the recombination of holes and electrons degrades the organic emit-

ters in blue OLEDs; to overcome this issue, researchers are moving towards low-dimensional nano-

material-based devices. Among these materials, carbon dots are easy to synthesize, economical, and

non-toxic; making them suitable as cost-effective and environment friendly materials for displays. Herein,

we synthesize an easy-to-prepare nitrogen-doped carbon dot using the solvothermal method. 2-Amino-

5-bromopyrazine is taken as a nitrogen dopant along with terephthalic acid in DMF to obtain deep-blue

emissive carbon dots with a PLQY of 60%. Structural characterizations confirm the spherical shape of the

carbon dots, and the electroluminescence measurements reveal the deep blue emission maxima around

402 nm. Furthermore, the CD-LED device shows a maximum luminance of 824 cd m−2, a maximum

current density of 534 mA cm−2 and an external quantum efficiency of 2.58%, with Commission

Internationale de l’Éclairage (CIE) coordinates of (0.15, 0.08). All these device parameters are better than

most of the previously reported values. Hence, solution-processed pyrazine-based nitrogen-doped CDs

prove to be an ideal candidate for low-cost and efficient blue LEDs.

1. Introduction

Deep-blue emitters with high efficiency are being extensively
applied in a wide range of applications, for instance, high-
quality display purposes, ultrafast information storage, visible-
light communication, solid-state lighting, pharmaceutical
applications, printing, and analytical chemistry.1,2 Being one
of the three primary colours, obtaining blue emissive materials
is highly required,3,4 but in reality, blue emissive materials
face significant limitations due to their high-energy photons.
Organic materials experience degradation or configurational
changes due to the high-energy photons emitted from the blue
emission upon the recombination of holes and electrons.
Moreover, the synthesis of organic materials is tedious, requir-
ing multistep reaction synthesis, expensive catalysts or precur-
sors, and considerable time. In this scenario, zero-dimensional
deep-blue emitting quantum dots and carbon dots prove to be
efficient and a better choice owing to their high photo-
luminescence quantum yield (PLQY), easy synthesis, narrow

PL emission, higher stability, and facile solution-processed
device fabrication.5–9 However, quantum dots generally
contain toxic heavy metals,10–13 raising concerns towards
environmental safety; thus, non-toxic carbon dots are con-
sidered a better choice for a deep-blue OLED device.

Carbon dots are zero-dimensional materials that show a
quantum confinement effect due to their small size of less
than 10 nm.14–17 Carbon dots are made of graphene sheets
with various functional groups such as epoxy, carboxylic,
amide, hydroxy, carbonyl, and others. Depending on the func-
tional groups, the properties of carbon dots can be tuned.
Various research groups have demonstrated that doping CDs
with a heteroatom creates defects at the surface of CDs. By
changing the surface functionalization and conditions, their
size and shape can be tuned, along with their photo-
luminescence spectra, which can range from UV-visible to
NIR.14–17 Surface defects originating from the sp2- and sp3-
hybridized carbon core introduce localized trap states between
bandgap energy levels, which serve as exciton capture centres
through nonradiative recombination. As a result, these defects
can decrease the photoluminescence quantum yield of carbon
dots.18–21 Doping heteroatoms such as nitrogen, phosphorus,
and sulphur creates additional localized trap states and
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increases electron density, which prevents excitons from
undergoing non-radiative recombination, leading to a higher
probability of radiative recombination and enhanced photo-
luminescence quantum yield (PLQY).14–17,20,21 Surface
functionalization by amine derivatives is a strategy used to
modify the electron-withdrawing oxygen-bearing functional
groups on the surface of carbon dots by introducing electron-
donating amino groups.22–25 This modification increases the
extent of radiative recombination by enhancing electron
density, thereby increasing the quantum yield of the carbon
dots.19,20,22–26 When the size of the carbon dot is smaller than
the exciton Bohr radius, the quantum confinement effect of
sp2-hybridized carbon core restricts the delocalization of
π-electrons and produces more localized electrons. This results
in an alteration of the exciton energy level and leads to size-
tunable photoluminescence emission.24–26

After the discovery of carbon dots in 2006, by Xie and co-
workers,27 widespread attention was given to exploring the pro-
perties and various applications of this new nanomaterial.
High chemical stability and photostability, along with tunable
emission, made it a suitable choice for optoelectronic
devices.28,29 In 2011, Liu, Ma and their group reported30 the
first-ever carbon dot-based white CD-LED.30 Although the
device parameters were not hugely impressive (maximum
external quantum efficiency/EQEmax = 0.083% and current
density = 5 mA cm−2), it laid the foundation for carbon dot-
based LEDs. Further, in 2013, Yu, Rogach, and their group
reported a CD-LED which can switch colour depending on its
input voltage.31 This CD-LED showed blue emission, achieving
a maximum current density of 150 mA cm−2. Similarly, in
2016, Yuan et al. fabricated a colour-tunable CD-LED from
blue to red LED.32 However, fabricating a blue LED with deep-
blue emission is most desired as well as challenging. In 2017,
Ding et al. synthesized CDs consisting of phthalic acid and
ethylenediamine; thereafter fabricated a CD-LED. The CD-LED
emits light in the range of 6–9 V, showing the EL maxima
around 420 nm.33 In 2018, using phloroglucinol-derived
carbon dots, Yang et al. synthesized a blue CD-LED and
obtained EL maxima at 472 nm.34 In 2020, Sargent et al.
reported a deep-blue CD-LED with EL maxima of 433 nm and
achieved an EQE of 4% using citric acid and diaminonaphtha-
lene as precursors.35 In 2021, Kang et al. reported a blue
CD-LED and achieved blue CD LED with EL maxima at 456 nm
with 0.86% EQE using malonylurea, citric acid, ethylenedia-
mine as the precursors.36 In the same year, the same group
reported a blue CD-LED with EL maxima of 452 nm and an
EQE of 2.1% using perylene-3,4,9,10-tetracarboxylic dianhy-
dride, and 2,3-diaminophenazine as precursors.37 In 2023,
Tong et al. reported deep-blue carbon dots (CDs) with EL cen-
tered at 436 nm and an EQE of 1.76% using D,L-malic acid,
and o-phenylenediamine as the precursors.38 In the same year,
Lu et al. reported a blue CD-LED and achieved an EQEmax of
2% with EL maxima at 453 nm using perylene and 1,3-diami-
nopropane as the precursors.39 However, the earlier reports
have some limitations; either they lack in achieving satisfac-
tory CIE values (x, y) of y < 0.1 or their emission maxima lie far

from the blue end (400 nm). For the deep-blue emission, a CIE
(x, y) value of y < 0.10 is desirable. Therefore, designing cost-
effective and eco-friendly emissive materials with CIE coordi-
nates of y < 0.10 and EL maxima close to 400 nm remains a
primary goal in the development of next-generation deep-blue
LEDs.40

Here, in this paper, we present a feasible approach to syn-
thesize non-toxic and eco-friendly nitrogen-doped deep-blue
emissive carbon dots and achieve a CD-LED with deep-blue
emission of 402 nm. The CDs are synthesized by the solvo-
thermal method using terephthalic acid (C8H6O4) and
2-amino-5-bromopyrazine (C4N2H4) as precursors. 2-Amino-5-
bromopyrazine is introduced to achieve heteroatom doping
(nitrogen), which enhances the photoluminescence quantum
yield of CDs. The CDs show a high PLQY of 60%. Thereafter,
we fabricate a blue CD-LED having the device architecture of
ITO/PEDOT:PSS (40 nm)/PVK (30 nm)/CDs:CBP/TPBi (50 nm)/
Liq (2 nm)/Al (100 nm) which shows excellent device para-
meters with a remarkable EQEmax of 2.58%, a maximum lumi-
nance of 824 cd m−2, a maximum current density of 534 mA
cm−2, and EL maxima centered at 402 nm in the deep-blue
region with CIE values of (0.15, 0.08).

2. Experimental
2.1 Materials

Terephthalic acid (1,4-benzenedicarboxylic acid) and 2-amino-
5-bromopyrazine were purchased from S. D. Fine-Chem
Limited and BLD Pharmaceuticals, respectively. N,N,
Dimethylformamide (DMF) was procured from Hyma
Synthesis Private Limited. UV spectroscopy-grade toluene was
purchased from Spectrochem. Ethyl acetate (EA), dimethyl
chloride (DCM), and methanol (MeOH) were obtained from
PureChem. Poly(N-vinylcarbazole) (PVK, M.W. 110 000) was
purchased from Sigma-Aldrich. 1,3,5-Tris(1-phenyl-1H-benzi-
midazol-2-yl)benzene (TPBi) and lithium quinolate (Liq) were
purchased from BLD Pharmaceuticals. Poly(3,4-ethylenediox-
ythiophene):polystyrene sulfonate (PEDOT:PSS, Al 4083) was
purchased from Ossila. Aluminum pellets were procured from
Kurt J. Leskar. The etched ITO glass substrate was purchased
from Zhuhai Kaivo Optoelectronic Technology Co., Ltd. TPBi
and Liq were sublimed using a vacuum sublimation set-up
before use, and other materials were used without further
purification.

2.2 Synthesis of carbon dots

Blue emissive nitrogen-doped CDs were synthesized by the
solvothermal method using terephthalic acid and 2-amino-5-
bromopyrazine as the precursors. A total of 166 mg (1 mmol)
terephthalic acid and 348 mg (2 mmol) 2-amino-5-bromopyra-
zine were dissolved in a solution containing N,N-dimethyl-
formamide (40 ml) and DI water (40 ml). The mixture solution
was then transferred into a 100 ml stainless-steel autoclave
and heated at 185 °C for 16 hours. The crude product was
washed with ethyl acetate and water using a separating funnel,

Paper Nanoscale

3170 | Nanoscale, 2026, 18, 3169–3180 This journal is © The Royal Society of Chemistry 2026

Pu
bl

is
he

d 
on

 2
9 

D
ec

em
be

r 
20

25
. D

ow
nl

oa
de

d 
on

 4
/3

0/
20

26
 7

:1
2:

03
 A

M
. 

View Article Online

https://doi.org/10.1039/d5nr05028f


followed by filtration using Whatman filter paper. The result-
ing clear solution was obtained and then evaporated to get a
concentrated CD solution. The blue emissive CDs were further
purified using silica gel column chromatography with
DCM :MeOH solvent mixture. The final product was dispersed
in toluene.

2.3 Device fabrication

A patterned ITO glass substrate of a specific dimension was
taken (size = 15 × 20 mm, sheet resistance = 15 Ω cm−2, and
active area = 3.0 × 1.5 mm2 with an individual pixel area of
4.5 mm2). At first, to remove any dust particles and organic
residues, patterned ITO substrates were cleaned by an ultra-
sonic bath using Hellmanex III soap solution, isopropyl
alcohol, and acetone, respectively. For surface activation, the
substrates were kept under UV-ozone treatment for
20 minutes. After ozone cleaning, a 40 nm PEDOT:PSS layer
was spin-coated on cleaned ITO substrates at 4000 rpm for
1 min and annealed at 140 °C for 20 min. Similarly, a 30 nm
PVK (5 mg ml−1 in chlorobenzene) layer was spin-coated on
top of PEDOT:PSS at 4000 rpm for 1 min and annealed at
140 °C for 20 min. The blue emissive carbon dot layer was
doped with CBP host material (20 weight% of CDs in CBP) and
spin-coated at 3000 rpm for 1 min (30 nm). To preserve the
bottom layer while spin-coating the emissive layer, an orthog-
onal solvent strategy was employed, in which the differential
solubility of the materials was exploited to protect the bottom
layer from dissolution.41 Here, the PVK layer is soluble in
chlorobenzene, but exhibits partial solubility in toluene,
whereas toluene effectively dissolves the emissive layer while
maintaining the PVK layer insoluble and intact. Therefore, the
PVK hole transport layer was spin-coated in chlorobenzene
solution, while the CBP:carbon dot emissive layer was spin-
coated using toluene as the solvent. Moreover, the PVK layer
was thermally annealed for 15 minutes at 140 °C. The heat
treatment makes the PVK layer resistant to subsequent solvent
exposure through the cross-linking of the polymer. The sub-
strates were then loaded into a thermal evaporation chamber
to deposit the TPBi (50 nm), Liq (2 nm), and Al (100 nm)
cathode. The layers were deposited at a vacuum of 5 × 10−6

torr. The deposition rate of TPBi, Liq, and Al was constantly
monitored and kept at 1.5, 0.1, and 2–5 Å s−1, respectively.

2.4 Characterization

The morphology of the carbon dots was determined using
transmission electron microscopy (TEM; JEOL JEM-2100F) at
an accelerating voltage of 200 kV. X-ray diffraction of the as-
synthesized carbon dots was obtained using the X’Pert PRO
PANanalytical instrument with a Cu Kα source (wavelength =
1.541 Å). The synthesized CDs were drop-cast on a sapphire
substrate and dried to make a thin film. The XRD patterns
were analysed to determine the crystal structure of the syn-
thesized CD sample. UV-visible absorbance spectra were
measured using a JASCO V-730 spectrophotometer, and the
photoluminescence spectra were obtained using a Hitachi
F-7100 fluorescence spectrophotometer. FTIR measurements

were done using a Thermo Scientific Nicolet iS50 FTIR spectro-
meter. The lifetime measurements were obtained using an
Edinburgh FS5 spectrofluorometer in TCSPC mode with an
EPL375 laser as the excitation source. Photoluminescence
quantum yield was measured using a Horiba FluoroMax Plus
spectrofluorometer. The cyclic voltammetry measurement was
carried out in deoxygenated dichloromethane (DCM) with 0.1
M tetrabutylammonium hexafluorophosphate (TBAP) as the
supporting electrolyte in a three-electrode system using a
BioLogic SP-50 potentiostat. Glassy carbon, platinum wire (Pt),
and Ag/AgCl/KCl (saturated) were used as working, counter,
and reference electrodes, respectively. Ferrocene was taken as
the internal standard. The scan rate of 50 mV s−1 was kept for
all the measurements. The XPS analysis of the samples was
done using K-Alpha spectrometer (Thermo Fisher Scientific)
with Al Kα as an X-ray source (1486.6 eV). The synthesized
carbon dots were drop-cast on a silicon substrate for the XPS
measurements.

2.5 LED device characterization

A silicon photodiode was used in conjunction with a Keithley
2450 source meter and a Keithley 2100 multimeter to measure
the current–voltage–luminance (I–V–L) and external quantum
efficiency–luminance (EQE–L) characteristics. The electrolumi-
nescence (EL) spectra were obtained using a Hitachi F-7100
fluorescence spectrophotometer.

3. Results and discussion

The schematic of the synthesis of nitrogen-doped, blue-emis-
sive carbon dots using the solvothermal method is shown in
Fig. 1(a). Terephthalic acid and 2-amino-5-bromopyrazine are
used as the precursors in a 1 : 1 ratio of DMF : DI water
mixture. 2-Amino-5-bromopyrazine acts as a nitrogen dopant,
and terephthalic acid acts as a carbon source. After the reac-
tion, the synthesized carbon dots were purified using silica
column chromatography and dispersed in toluene, which were
used for further characterization. The proposed reaction
scheme for the formation of nitrogen-doped carbon dots is
shown in Fig. 1(b).

The morphology of the synthesized nitrogen-doped CDs
was analysed using transmission electron microscopy (TEM),
as shown in Fig. 2(a) and (b). The TEM micrograph reveals a
uniform, spherical particle morphology with well-defined
boundaries and minimal surface aggregation. The average size
of the particles is calculated to be 2.4 ± 0.56 nm from 200 dis-
tinguishable particles. The standard deviation was found to be
0.56 nm for the synthesized carbon dots. The reason for the
small deviation error is due to the very small particle size of
the CDs.42 Fig. 2(c) shows the X-ray diffraction (XRD) pattern
of nitrogen-doped CDs, where the peaks at 2θ = 11.00° and
18.02° were observed. The peak at 11.00° corresponds to the
(002) plane of graphene oxide and confirms the formation of
graphene oxide and the presence of oxide functional groups,
such as epoxy, hydroxy (–OH), and carboxylic (–COOH).43,44
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The d-spacing was calculated using Bragg’s law (nλ = 2d sin θ),
where n = 1, λ = 1.541 Å (Cu Kα radiation), and θ = 2θ/2 is the
Bragg angle.45 The calculated d-spacing for 2θ = 11.0° was
found to be d = 8.05 Å. The results indicated that the interlayer
spacing was extended due to the intercalation of the oxygen-
containing functional groups into the layers.43,44 The peak at
18.02°, with a d-spacing of 4.9 Å, corresponds to partially inter-
calated graphitic carbon layers.46 Furthermore, to determine
the functional groups present on the surface of nitrogen-
doped CDs, Fourier transform infrared spectroscopy (FTIR)
analysis was performed (Fig. 2(d)). The FTIR spectrum exhibits
a broad peak centered around 3300–3470 cm−1, attributed to
the symmetric and asymmetric stretching of O–H and N–H
groups (a zoomed view is shown in the inset).42 The broaden-
ing of the peak indicates the existence of hydrogen bonding
between various oxygen- and nitrogen-containing functional
groups. The peak around 2998 cm−1 is due to C–H stretching.

The strong peaks observed at 1743, 1377, 1238, and 1048 cm−1

are attributed to CvO, C–N, C–O, and C–O–C stretching
vibrations, respectively.36,42 These peaks indicate the presence
of the carboxyl and amide groups. Furthermore, the peaks at
1450, 950, 937, and 609 cm−1 are due to C–H bending
vibrations.36,42,47,48 The presence of C–N stretching confirms
the heteroatom doping with nitrogen in the synthesized CDs.
This confirms the presence of –COOH (carboxyl), –OH
(hydroxyl), –CONH2 (amide), and NH2 (amine) groups on the
surface of the synthesized carbon dots.

Fig. 3(a) depicts the UV-visible absorbance and photo-
luminescence spectra of CDs in toluene. CDs exhibit
maximum absorbance at around 286 nm, which is due to the
π → π* transition in the aromatic rings of CDs, and at 368 nm
due to the n → π* transition from the CvO and C–N func-
tional groups on the surface.36,42,49 The fluorescence spectra
exhibit emission at 415 nm, with a Stokes shift energy of 0.38

Fig. 1 (a) Schematic of the synthesis of the nitrogen-doped blue-emissive CDs by the solvothermal method. (b) Proposed reaction scheme for the
formation of nitrogen-doped blue-emissive CDs.
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eV. This relatively large Stokes shift suggests that emission
occurs through surface-state-mediated relaxation pathways
rather than direct band-edge recombination, consistent with
exciton localization at surface functional groups or defect
sites.49–51 The full width at half maximum (FWHM) of the
nitrogen-doped blue CDs was found to be 73 nm. The average
lifetime of fluorescence is determined using time-correlated
single-photon counting (TCSPC) by a 375 nm laser as the exci-
tation source. Fig. 3(b) depicts the fluorescence decay curve of
the N-doped CDs. The counts were fitted using a bi-exponen-
tial function F(y) as represented by eqn (1):

FðyÞ ¼ Aþ B1e�x=τ1 þ B2e�x=τ2 ð1Þ
where τ1 and τ2 values are calculated as 1.78 and 7.92 ns,
respectively. The relative % of B1, and B2 are 2.51 and 97.49,
respectively. The average fluorescence decay lifetime of CDs is
calculated as 7.29 ns. This shorter lifetime in the nanosecond
range confirms the fluorescent emission mechanism of the

nitrogen-doped CDs. Furthermore, the photoluminescence
quantum yield (PLQY) of the carbon dots was measured in
toluene solvent and found to be 60% (see Fig. S1, SI). The high
PLQY of CDs corroborates that this CD can be used for high-
efficiency blue LEDs. Cyclic voltammetry measurements
(Fig. 3(c)) were performed to determine the HOMO and LUMO
energy levels of nitrogen-doped carbon dots, using ferrocene
as an internal standard. From the onset voltage (Eox) of the
cyclic voltammogram, the HOMO energy level was obtained as
follows:

EHOMO ¼ �½ðEonset
oxidation � EFerrocene

1=2 Þ þ 4:8� eV ð2Þ
The CV curve of nitrogen-doped CDs gives the value of oxi-

dation onset, Eonsetoxidation at +1.199 V vs. Ag/AgCl. After calibration
against the ferrocene/ferrocenium (Fc/Fc+), the value of
EFerrocene1=2 was found to be 0.49 V (Fig. S2, SI). By substituting
these values into eqn (2), the HOMO energy level was calcu-
lated to be −5.51 eV (relative to the vacuum level). The optical

Fig. 2 TEM characterization of carbon dots. (a) TEM image showing dispersed carbon dots with uniform size distribution at a scale bar of 20 nm
(inset: particle size distribution histogram measured from n = 200 distinguishable particles). The average diameter is 2.0 ± 0.38 nm. (b) TEM image at
a scale bar of 10 nm. (c) X-ray diffraction (XRD) pattern. (d) Fourier transform infrared (FTIR) spectra of N-doped CDs.
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band gap of the CDs is determined using the Tauc plot of the
UV-Vis absorption data (Fig. 3(d)), where the light quantum
energy (hν) and (αhν)1/2 are plotted on the x- and y-axes,
respectively (α is the absorbance in the UV-Vis spectra).36 The
value of the bandgap, calculated from the tangent of the Tauc
plot, was found to be 3.05 eV. This yields an estimated LUMO
energy level of −2.46 eV (calculated from ELUMO = EHOMO − Eg).
These HOMO and LUMO values are desirable for the smooth
injection of charge carriers in the device.

The elemental composition of CDs was determined by X-ray
photoelectron spectroscopy (XPS), as shown in Fig. 4(a)–(d).
The XPS survey spectrum (Fig. 4(a)) exhibits three major peaks
at 285.08, 400.08, and 532.1 eV, corresponding to the C 1s, N
1s, and O 1s core levels, respectively. The high-resolution XPS
(HR-XPS) of C 1s in Fig. 4(b) demonstrates three peaks posi-
tioned at 284.36, 285.11, and 288.31 eV, which are attributed
to the functional groups of C–C/CvC, C–O/C–N, and CvO,
respectively. Fig. 4(c) shows the HR-XPS of O 1s, the peaks at
531.71 and 533.23 eV confirm the presence of C–O and CvO

bonds. Furthermore, the doping of N into the CDs is revealed
by the N 1s HR-XPS spectra in Fig. 4(d). The single peak at
399.84 eV reveals the presence of the C–N (pyridine or pyrrolic)
bond in the CDs.42,47,48 Fig. S3 (SI) shows the fitted survey
spectra, and the percentage composition of C, O, and N is
determined as 80.89 : 12.55 : 6.56 (Table S1, SI). Hence, this
confirms the presence of N as a dopant in the synthesized
CDs.

The synthesized blue-emissive carbon dots were then uti-
lized as an emissive layer in the multi-layered CD-LED device
using a solution-processing fabrication technique.52 The
device architecture was as follows: ITO (indium tin oxide)/
PEDOT:PSS (poly(3,4-ethylenedioxythiophene)polystyrene sul-
fonate) (40 nm)/PVK (poly(N-vinylcarbazole)) (30 nm)/blue CDs
doped with CBP (4,4′-bis(N-carbazolyl)-1,1′-biphenyl)/TPBi
(1,3,5-tris(1-phenyl-1H-benzimidazol-2-yl)benzene) (50 nm)/Liq
(lithium 8-quinolinolate) (2 nm)/Al (100 nm). The ITO acts as
the anode, above which different layers are deposited for the
fabrication of the device. The PEDOT:PSS and PVK act as hole-

Fig. 3 (a) Absorption and fluorescence spectra of the N-doped blue CDs. (b) Transient PL decay curve. (c) Cyclic voltammetric (CV) analysis of the
nitrogen-doped CD in tetrabutylammonium hexafluorophosphate (TBAP), 0.1 mol L−1 in CH2Cl2 using glassy carbon, platinum wire (Pt), and Ag/
AgCl/KCl (saturated) as working, counter, and reference electrodes, respectively. (d) Tauc plot of the nitrogen-doped CDs.
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injection layers (HILs) and hole-transport layers (HTLs),
respectively. TPBi and Liq act as electron transport layer (ETL)
and electron injection layer (EIL), respectively. The aluminium
metal is used for the device contact and works as the cathode.
The CBP host material is used for the carbon dot emissive
layer to suppress aggregation-caused quenching (ACQ) through
physical isolation of individual carbon dots. The reason for
selecting CBP as a host is its bipolar charge transport charac-
teristics, which help balance electron and hole injection,
thereby reducing exciton quenching and improving device
efficiency.53,54 The PL spectra of the CD film doped with the
CBP host matrix are shown in Fig. S4 (SI). The electrolumines-
cence properties of the fabricated CD-LED are shown in Fig. 5.
The energy level diagram (along with the HOMO–LUMO
values) of each layer is shown in Fig. 5(a), where the HOMO
and LUMO levels of all layers are aligned with a minimum

energy barrier, indicating the smooth injection of holes and
electrons into the emissive layer. The molecular structures of
all the layers used for device fabrication are shown in Fig. 5(b).
Fig. 5(c) shows the external quantum efficiency (EQE) vs. lumi-
nance (L) curve (the inset shows the image of the fabricated
blue CD-LED), revealing an EQE of 2.58% for the fabricated
blue CD-LED. The current density–voltage–luminance ( J–V–L)
characteristics of the device for CDs are shown in Fig. 5(d). A
current density of 534 mA cm−2 was obtained, and the turn-on
voltage, at which the device exhibits brightness greater than 1
cd m−2, is found to be 8 V. The fabricated CD-LED achieved a
maximum luminance of 824 cd m−2. Fig. 5(e) shows the elec-
troluminescence (EL) spectra of the device at 10 V, and the
emission maxima were located at 402 nm. The FWHM of the
nitrogen-doped CD-LED was found to be 68 nm in the EL
spectra. The EL spectra were also recorded at various voltages,

Fig. 4 X-ray photoelectron spectra (XPS) of the nitrogen-doped CDs. (a) Survey scan. (b) High-resolution XPS of C 1s. (c) High-resolution XPS of O
1s. (d) High-resolution XPS of N 1s core energy level.
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ranging from 8 V to 12 V (Fig. S5, SI), and no shift was
observed in the EL peak of the CD-LED, indicating that the
device remains stable across different operating voltages. The
Commission Internationale de l’Éclairage (CIE) coordinates of
the fabricated CD-LED are determined by a chromaticity plot,
as shown in Fig. 5(f ), and are found to be (0.15, 0.08), lying in
the deep-blue region.

The device parameters of the earlier reported blue CD-LED
are listed below in Table 1. Synthesis methods, taken precur-
sors, along with the emission maxima, turn-on voltage,
maximum current density, maximum luminance, and
maximum external quantum efficiency of the CD-LEDs are
mentioned in the table. The overall comparison shows that
our blue CD-LED has promising device parameters and shows

Fig. 5 (a) Energy-level diagram for the device architecture of the CD-LED. (b) Molecular structures of the layers. LED characterizations for the
CD-LED. (c) EQE versus luminance curve (inset showing fabricated blue LED device). (d) Variation of luminance and current density with applied
voltage. (e) Electroluminescence spectra of the device. (f ) Commission Internationale de l’Éclairage (CIE) diagram of the fabricated CD-LED.

Table 1 Comparison of blue CD-LED device parameters in the literature

Synthesis method Precursor
λmax
(nm) Von (V)

CDmax
(mA cm−2)

Lmax
(cd m−2)

EQE
(%)

CIE
coordinates Ref.

Refluxing at high
temperature

Anhydrous citric acid, 1-hexadecylamine,
octadecene

426 5.0 150 24 — (0.19, 0.15) 31

Microwave-assisted
pyrolysis

Formaldehyde, potassium hydrogen
phthalate, sodium azide, boric acid

432 3.6 — 3922 1.6 (0.17, 0.14) 55

Hydrothermal Phthalic acid, ethylenediamine 410 5.5 630 4.97 — (0.15, 0.05) 33
Hydrothermal Malonylurea, citric acid, ethylene diamine 456 5.3 40 223 0.86 (0.21, 0.23) 36
Hydrothermal Perylene-3,4,9,10-tetracarboxylic dianhydride,

2,3-diamino phenazine
452 6.7 40 648 2.11 (0.14, 0.10) 37

Solvothermal Citric acid, 2,3-diaminonaphthalene 455 4.7 — 136 — (0.19, 0.20) 32
Solvothermal Citric acid, diaminonaphthalene 433 4.8 100 5 240 4.04 (0.15, 0.05) 35
Solvothermal Phloroglucinol 472 4.3 — 1882 — — 34
Solvothermal Citric acid, urea 440 — — — — — 56
Solvothermal Ammonium citrate, EDTA 472, 469 — — — — — 57
Solvothermal D,L-Malic acid, o-phenylenediamine 436 3 1000 1155 1.74 (0.16, 0.08) 38
Solvothermal Perylene, 1,3-diaminopropane, sulfuric acid 453 — 80 500 2.04 (0.15, 0.13) 39
Solvothermal 3,4,9,10-Perylenetetracarboxylic diimide, 4,4′,

4″,4′′′-(pyrene-1,3,6,8-tetrayl)tetrabenzoic acid
450 5.2 140 100 10.8 (0.15, 0.07) 58

Solvothermal Terephthalic acid, 2-amino-5-bromopyrazine 402 8 534 824 2.58 (0.15, 0.08) This work

Paper Nanoscale

3176 | Nanoscale, 2026, 18, 3169–3180 This journal is © The Royal Society of Chemistry 2026

Pu
bl

is
he

d 
on

 2
9 

D
ec

em
be

r 
20

25
. D

ow
nl

oa
de

d 
on

 4
/3

0/
20

26
 7

:1
2:

03
 A

M
. 

View Article Online

https://doi.org/10.1039/d5nr05028f


the most blue-shifted emission so far in any carbon dot-based
LED device.

4. Conclusion

In summary, the blue-emissive carbon dots were synthesized by
the solvothermal method, in which 2-amino-5-bromopyrazine
acts as the nitrogen dopant, while terephthalic acid acts as the
carbon source. The nitrogen-doped carbon dots exhibited a
high PLQY of 60% in a toluene solution, which was further uti-
lized as an emissive layer to fabricate a CD-LED with deep-blue
emission. The fabricated device exhibited a high EQE value of
2.58%, which is higher than most of the earlier reported blue
CD-LEDs, and an EL maximum of 402 nm, with a CIE value of
(0.15, 0.08) in the deep-blue region, representing the most blue-
shifted emission obtained from any CD-LED yet. This shows
that the synthesized CDs can function effectively in the electro-
luminescent LEDs. This research work opens up new pathways
towards deep-blue emissive carbon dots for cost-efficient and
eco-friendly CD-based blue LEDs through nitrogen doping.
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