#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

Fabrication of white light emitting diodes via high
yield surface passivated carbon quantum dots
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Exploiting the unique characteristics of various materials to create novel hybrid materials opens up
innovative possibilities for cutting-edge applications across numerous fields. Here, we have synthesized
novel surface functionalized photoluminescent carbon quantum dots (CQDs) doped with a rare-earth
element (Tb®*) for white light emitting diodes. High quantum yield CQDs were produced utilizing
Plumeria leaves as a precursor using a one-step hydrothermal approach, and further, its optical
characterization was thoroughly investigated. Herein, the functionalized CQDs demonstrate excitation-
independent electroluminescence performance. The UV-LED chip and functionalized CQD were
combined to create a device that emits cold white light with Commission Internationale de L'Eclairage
coordinates of (0.33, 0.34), a corresponding correlated color temperature of 4995 K and color rendering
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1. Introduction

Traditional light sources are being replaced by light emitting
diodes (LEDs) owing to their long lifetime, high durability,
compact size, good quantum yield, and efficient energy
saving."™ In particular, white LEDs (WLEDSs) are continuously
researched since they have applications in lighting and liquid
crystal display technology."* At present, most commercial
WLEDs are fabricated by phosphor (yellow/red) materials
coated over a blue LEDs chip. The purpose of phosphor mate-
rials is to act as colour conversion layer. For the production of
WLEDs, researchers recently fabricated a variety of phosphors.®
In order to create WLEDs, Jang et al.® coated high fluorescent
yellow phosphors materials like Y;Al;04, : Ce*" (YAG : Ce), Tby-
Al;0;,: Ce** (TAG : Ce), and Sr;3SiO5 : Eu** materials (SS : Eu) on
the blue LED chip of InGaN. In an another study, Chen et al.”
reported that the Eu-activated LaSiO,N yellow phosphor can be
used in the application of WLEDs. However, the key issue is the
high reaction temperature and cost of the raw ingredients
needed to synthesize phosphor compounds. As a yellow phos-
phor for WLED applications, several researchers have used
heavy metal-containing semiconductor quantum dots (S-QDs)
such as CdSe-QDs,* CdSe/ZnS-QDs,’ and CdSe/ZnS/CdSe CdS/
ZnS-QDs." These semiconductor QDs are not only highly toxic
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in nature but also require high energy consumption during the
synthesis process. Therefore, the difficulties in manufacturing
WLEDs remain a significant barrier. Li et al used CdTe
quantum dots and carbon dots (CDs) to create a warm white
LED with such a CIE of (0.38, 0.36) and a CRI of 87." Similarly,
Sun et al. produced a white LED using CD and polymer dots
with a CCT of 5821 K and CIE of (0.33, 0.34)." These results
suggested that increasing the proportion of warm light might be
done either by growing CQDs with longer emission wavelengths
by UV stimulation or by merging some efficient QDs with CQDs.
It is difficult to make white LEDs with CQDs in combination
with polymer dots or hybrid phosphors as colour converters.*

Fluorescence nanoparticles of a novel class of synthetic
fluorescent materials with a particle size range of 1 to 10 nm is
called carbon quantum dots (CQDs). They have excellent, high
chemical stability,"* low toxicity,"® multi-colour tunable fluo-
rescence'® and easy to functionalize. The most notable property
of these nanoparticles is their luminous nature. As a result,
CQDs have been extensively utilised in the domains of photo-
catalysis,"” solar technology,'® ion detection,' bioimaging,*
and light-emitting devices.”® There are many ways to make
CQDs; some of the more well-known routes include electro-
chemical oxidation,* microwave irradiation,* laser ablation,**
hot injection,* hydrothermal,*® and pyrolysis.*” In this study, we
used a one-step hydrothermal technique to synthesis CQDs
from Plumeria acuminate plant leaves in alcoholic solvent (1-
propanol). With excitation wavelength 370 nm Plumeria
acuminate CQDs has prominent emission peak at 676 nm with
a narrow band, and another relatively low intensity broad band
emission from 350 nm to 480 nm.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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WLEDs are essentially mixtures of different colours like RGB
(red, green, blue). In this work, Tb** has been used as dopant in
Plumeria acuminate CQDs to acquire the green emission spectra
to fabricate WLEDs. Under UV excitation, Tb** produces intense
green emission at 540 nm.?* The concentration of Tb** in CQDs
has been optimized using photoluminescence (PL) emission
spectra and the International Commission of Elcairage (CIE).
The process, which involves fusing the acquired CQD + Tb*"
ions film with a UV chip (370 nm) to create white LEDs, is
simple and inexpensive. This study produced functionalized
CQDs with high QY and good RGB spectral composition, which
were subsequently instantly converted into CQD + Tb*" films.
The white LED was then made using a single CQD + Tb** film
and a UV chip.

Rare earth and transition metal ions have been used in
numerous WLED investigations. However, the cost has not been
found to be economical. As a result, attempts to produce
WLEDs from natural resources are also being made, although
various problems such as low quantum yield, brief emission
lifetime, and self-quenching arise. We improved the properties
of the WLEDs by combining carbon quantum dots (CQDs) from
natural sources with rare earth ions to address these problems.

2. Experimental details

2.1. Materials

We use the following starting materials to synthesized samples,
terbium acetate hydrate (99.99%), di-ionised water, 1-propanol,
and fresh Plumeria plant leaves. All materials were used further
without purification. These materials are purchased from Sigma
Aldrich and Plumeria plant leaves taken from IIT(BHU) campus.

2.2. Methodology

Using the hydrothermal approach, we must prepare carbon
quantum dots (CQDs) from leaves of the Plumeria plant. First,
38 grammes of neat, clean Plumeria plant leaves were taken and
cut into small pieces. They were then added to 100 millilitres of
1-propanol and heated at 100 °C for three hours before being
stored and safely kept in a hydrothermal autoclave. This auto-
clave was then placed inside a muffle furnace for 8 hours at
160 °C, cooled naturally at room temperature, and then the
resulting solution was centrifuged and filtered through a 0.22
mm. This solution stored at 4 °C for the further application.

Second, make a 10 millimolar solution of the readily soluble
Terbium acetate in DI water for use in the processing of
samples. At various volume ratios, terbium acetate and CQDs
were combined.

2.3. Approaches for characterization

Different spectroscopic methods were used to characterise the
synthesised CQDs either with or without Tb*". Using an FEI
Tecnai G2 High-resolution Transmission Electron Microscope
(HRTEM) equipped with a liquid nitrogen-cooled sample
container, an image was obtained and its dimensions and
shape were examined. The X-ray diffraction (XRD) spectra of
CQDs were obtained using the benchtop X-ray diffractometer

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Rigaku Miniflex 600 Desktop X-ray Diffraction System, made by
RIGAKU Corporation. In order to measure the Fourier-
transform infrared (FTIR) spectra in KBr medium, a Jasco FR/
IR-4600 spectrometer was employed. Thermo-scientific K-
Alpha spectrometer was used to perform X-ray photoelectron
spectroscopy (XPS) and evaluate chemical compositions. X-ray
photoelectron spectroscopy was captured using the Axis Ultra
system and a monochromatic Al K X-ray source (1486.6 eV). The
energy resolution was set at 0.1 eV. The UV-vis absorption
spectra were captured using an Eppendorf kinetic Bio-
Spectrophotometer. An Eppendorf kinetic Bio-
Spectrophotometer was used to record the UV-visible (UV-Vis)
absorption spectra. The excitation and emission spectra of
CQDs were recorded using a Fluorolog FL3C-21 of a Horiba
spectrofluorometer with a Xe lamp as the excitation source.
Time-resolved fluorescence decay curves were produced using
a Horiba Jobin Yvon single-photon counting system with
a 375 nm diode laser at a 1 MHz repetition rate and 1.3 ns pulse
width. Using Origin2019b, we analysed the CIE coordinate and
CCT of the emitting white LED, and we conducted EL experi-
ments with QEpro (Ocean optics). The quantum yield (QY) of
functionalized CQDs was achieved by using a comparative
approach in accordance with a predetermined protocol.>
Relative quantum yield (QY) of the CQDs was also evaluated by
comparing with a reference fluorophore, Rhodamine 6G, to
determine the QY of the functionalized CQD solution (quantum
yield of Rhodamine 6G is 95%). Each absorbance measurement
for the solutions was taken at an excitation wavelength of
370 nm. The region under the photoluminescence curve for the
wavelength range of 390-720 nm is referred to as the integrated
emission intensity. Utilizing integrated emission intensity vs.
absorbance, the plots were made. The QY of functionalized
CQDs was determined using eqn (1).

Q = Qst(K/Kst)(n/nst) (1)

the subscript “st” stands for standard rhodamine 6G, and ‘Q’ is
defined as quantum yield (QY), while ‘K’ is representing the
slope of the integrated emission intensity with respect to
absorbance plot of CQDs, n/ns = 1.

3. Results and discussion

3.1. Optical properties characterization

The early optical characteristics of CQDs, including UV-Vis,
excitation, and photoluminescence measurements, are shown
in Fig. 1a. Two distinct peaks in the UV-Vis absorption may be
seen: a very modest absorption band at 676 nm and a prom-
inent absorption band at 280 and 410 nm. The 7—7* transition
of sp” hybridised C=C bonds appears at 280 nm (ref. 29 and 30)
while the 410 nm absorption is attributed to the C=0 n to ©*
transition, which is caused by the m-plasmon and signals the
beginning of the precursor's carbonization into nanostructures
that resemble graphitic materials.* The magnesium porphyrin
derivative chlorophyll has a large m-electron system, and the
electronic transitions between the m and w* orbitals of the
chlorophyll macrocycle result in broad absorption bands

RSC Adv, 2023, 13,1974-1984 | 1975
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Fig.1 (a) UV-Vis absorption, excitation, and emission spectra of CQDs. (b) UV-vis absorbance of CQDs with various Tb** ion molar ratios (inset:
the modification of CQDs emission colour under UV light). (c) XRD pattern of CQDs and CQDs + Tb3*(25%). (d) TEM image of CQDs inset: bar

graph showing size distribution of CQDs.

between 380 and 430 nm (B band) and 600 to 800 nm (Q band).
This results in the absorption peaks at 410 nm and 677 nm
(Soret or B band).*** The fluorescence excitation spectrum at
the specified emission wavelength describes the electron
distribution of the molecule in its ground state and a broad
range of electron distribution (350-450 nm) that matches the
676 nm emission wavelength was obtained. Here, we are
selecting an appropriate excitation wavelength (370 nm)
because of the CQDs shows the excitation dependent behaviour
of emission spectra. These excitation wavelengths resulted in
strong, intense emission at 676 nm, which was also obtained
broad emission in the area of blue between 400 to 550 nm. The
absorption spectra of CQDs containing Tb** ions at various
molar ratios are presented in Fig. 1b. The inclusion of Tb*" ions
in CQDs at lower molar ratios (5%, 10%, and 15%) did not result
in noticeably larger changes, but at higher molar ratios
(20%,25%, and 35%), it was clearly visible that the Q band and
410 nm peak intensity decreased without affecting the peak
location. This result indicates that complexes can form at
higher Tb*" ion molar ratios. Additionally, UV light application
caused colour changes in CQDs containing different molar ratio
of Tb*" ions; this is shown in inset Fig. 1b. The XRD pattern of
CQDs and CQDs containing Th** ions are shown in Fig. 1c. The
XRD patterns of CQDs feature a broad diffraction peak at 19°
that represents their amorphous nature and a sharp peak at
28.42° that corresponds to the sp” hybridised graphite carbon
(002) plane.** Tb®" ion (25%) is also added to create a complex

1976 | RSC Adv, 2023, 13, 1974-1984

that improves crystallinity with a new crystal structure. (011),
(210) and (022) plans in these freshly formed crystal structures
correspond to 13.38°, 16.48°, and 24.44°, respectively.*®
According to high resolution transmission electron microscopy
(HR-TEM), the CQDs dimensions are as illustrated in Fig. 1d.
The HR-TEM images show the homogeneous distribution of
CQDs particle with quasi-spherical shape within ranging 2.5 to
5.5 nm and the bar graph in (Fig. 1d inset) shows that the
average size of the CQDs is 3.56 nm.

3.2. FTIR and XPS measurements

The X-ray photoelectron (XPS) and Fourier Transform Infrared
Spectroscopy (FTIR) studies were made to better understand of
the chemical composition and surface functionality of CQDs.
The formation of the FTIR spectra of synthesised CQDs at 160 °©
C is depicted in Fig. 2a. We see wide and instance band
absorption in the FTIR spectra between 3200 and 3800 cm
which are a sign of combined O-H and N-H stretching vibra-
tions.* The weak band identified at 2918 cm ™" is related to C-H
stretching, while the broad, weak bands identified at 1642 cm™"
and 1380 cm ' correspond to carbonyl groups C=0 and C-N
stretching, respectively.’” C-O vibrations can also be recognised
by weak absorption at 1049 ecm . This information demon-
strates that the synthesized CQDs are adorned with several
functional groups, many of which are rich in oxygen, carbon,
and nitrogen.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Spectroscopic characterisation of CQDs and CQDs + Tb>*(25%). (a) FTIR spectra with and without Tb** ions. High resolution XPS spectra
of the photoelectron B.E. peaks at (b) Cls, (c) Ols, and (d) Nis. (e) XPS survey of CQDs and CQDs + Tb**(25%). (f) Tb3d spectrum.

The XPS spectra of the C1s, O1s, and N1s, corresponding the
photo-electron peaks of the CQDs and CQDs + Tb**(25%) are
shown in Fig. 2b-d. Here, we found that for Tb**(25%), the peak
shape and peak position of Cls and O1s remained almost
unchanged, indicating that there may be weak interaction with
carbon and oxygen. With the addition of Tb**(25%), the N1s
XPS spectra show the same peak position. The XPS survey of
CQDs and CQDs + Th**(25%) is presented in Fig. 2e. The survey
spectrum reveals that the C and O species make up the majority
of the CQDs, with the proportion of N species being the least.
While C, O, N and Th3d are present in CQDs + Tb**(25%). The
peaks at 1242.65 and 1277 eV in Fig. 2f are attributed to 3ds,,
and 3ds, of Tb®" respectively, whereas the binding energy at

© 2023 The Author(s). Published by the Royal Society of Chemistry

1224.9, 1264, and 1279.35 eV, which are related to Tb*" (3ds,),
Tb*" (3ds),) and Tb** (3d3/2).%® According to the research, Tb is
present in the CQDs + Tb**(25%) in both Tb*" and Tb*" oxida-
tion states.

To learn more about each of the several species that were
found in the C1s, O1s, and Nis of the CQDs and CQDs +
Th**(25%) fitted into numerous components. The peaks at
284.6, 286.04, 286.9, and 288.8 eV that are visible in the
deconvoluted image of the Cis peak of CQDs and CQDs +
Tbh**(25%) are assigned to the sp” carbon atoms C-N/C-O, C=
0O, C-C/C=C, and O-C=0 each, shown in Fig. 3a and b. We
have referred to the C-O and C-N peaks as C-O/C-N since they
could not be resolved. Two peaks in the N1s spectra are present

RSC Adv, 2023, 13,1974-1984 | 1977
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Fig. 3 Deconvolution of Cls, and Ols photoelectron spectra of CQDs

at 399.6 and 402.2 eV and are associated with C-N and O=C-N,
respectively. After adding Tb**(25%), the surface passivation of
CQDs involves the C-N and O=C-NH groups. Multiple oxygen
species are present when the O1s peak is wider. According to the
peak fitting of O1s Fig. 3c and d, the O1s peak can be divided
into species with binding energies of 533.9, 533.03, 532.5, 531.7,
and 530.5 eV respectively, of C-OH, O-C-O, C-O, and O-0.*>*

According to the FT-IR and XPS characterizations of the
CQDs as they were obtained, Tb*" is involved in the surface
passivation of CQDs. Based on fluorescence, research was done
to better comprehend the molar ratio of CQDs to Th*". We
observed that the Tb**(25%) molar ratio exhibits excellent
fluorescence performance.

3.3. PL, QY and LT measurements

We chose CQDs + Tb**(25%) as the ideal molar ratio for use in
the subsequent application based on PL intensity. Excitation-
dependent analysis of CQDs + Tb**(25%) was displayed in
Fig. 4a, and it showed that the emission occurred in the blue
area (400-550 nm) and red region (650-750 nm). Here, the blue
region depicts the shift in emission caused by excitation,
whereas the red region's peak position is observed to remain
constant while the intensity changes shown in Fig. 4b, poten-
tially as a result of CQDs uniform size and the distribution of
identical or comparable on each passivated carbon dot are
emissive sites.*>*> Unlike in past research when the PL peak
changes to longer wavelengths as the excitation wavelengths are

1978 | RSC Adv, 2023, 13, 1974-1984

in graph (a), and (c) while CQDs + Tb>*(25%) is in (b), and (d).

lifted.**** In consequence, the distribution of different-sized
particles and emissive sites on CQDs*** might be reflected in
their PL spectra. To ascertain which component has a substan-
tial impact on the excitation-independent behaviour of the
uniform morphology or the emissive spots on the CQDs. Addi-
tionally, a PL spectrum test of the CQDs using different molar
ratios of CQDs and Tb** was conducted using the same excita-
tion wavelength (370 nm), as depicted in Fig. 4c.

The emission associated with the electronic transition of
Tb*" ions (°D; to “F; (j = 5, 4, 3)) increases as the molar
concentration of Tb®" ions rise, but at the same time, we see
a decrease in the PL intensity of CQDs. This PL emission's
adaptability to colour ratio adjustments displays the best colour
ratio (red, green, and blue) for WLEDs, which corresponds to
Tbh**(25%) doping. It also reveals that the CIE value is becoming
closer to the standard value.

Quantum yield (QY) was estimated using Rhodamine 6G as
a reference (QY = 95%). Fig. 4d depicts the graph between the
prepared rhodamine6G, CQDs, and CQDs + Tb**(25%) sample
absorption and PL emission was plotted at the fixed excitation
wavelength (370 nm) and the absorption does not exceed more
than 0.1. To determine the slop in the quantum yield
measurements of the CQDs, and CQDs + Tb**(25%) with respect
to rhodamine 6G and hit the QY 26.33% and 39.49%, were
measured by eqn (2). The explanation for the high emission
intensity and QY of the CQDs passivated by Tb** may be due to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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doped CQDs.

the reduction of the carboxylic groups, which serve as non-
radiative recombination centres of electron-holes.*®

To measure the fluorescence lifetime behaviour of CQDs and
further look into how Tb*" affects the photoluminescence of
CQDs, the multidimensional time-correlated single photon
counting (TCSPC) approach was used. As a result, the fluores-
cence lifetime of CQDs made from the leaves of the Plumeria
plant was used as a benchmark. The two decay curves were
modelled by biexponential functions R(t) in eqn (2), as shown in
Fig. 5a and b:

R(t) = 4,77 + 4,e7") (2)
where A;, A, are the time-resolved decay lifespan pre-
exponential factors, 7; and 1, represent the resolve decay life-
time. The average lifetime is then calculated using eqn (3):

_ Al‘L'] + Az‘L’z

(@ = S ®)

The average lifetime was calculated of the entire fluores-
cence decay process of the target CQDs is 1.6 & 0.02 ns (Fig. 5a),
which is less than CQDs + Tb**(25%) (2.01 = 0.05 ns) (Fig. 5b).
These lifetimes were calculated corresponding to 676 nm
emission peak and used 370 nm of the diode LASER as an
excitation source. The fractions of 7, and 7, are 83.8% and
16.19% for the CQDs produced from the leaves of the Plumeria
plant, while they are 91.17% and 8.82% for the target CQDs.

© 2023 The Author(s). Published by the Royal Society of Chemistry

When the Tb*" ions are linked to the CQDs, the fraction with the
longer lifetime (t,) increases. The longer fluorescence lifetime
demonstrates both the fluorescence quantum yield of CQDs as
well as how Tb*"ions contribute to the fluorescent stability. The
outcomes might be explained by a decrease in nonradiative
traps*”*® or an increase in emissive sites* resulting from the
passivation of the surface by Tb*" ions. Additionally, the “rapid”
decay (t,) may be triggered by the exciton transition between the
surface groups, while the “slow” decay (t;) may result from the
exciton transition from the carbogenic core to the surface
groups.*®

By extrapolating from the eqn (4), it is found in Fig. 5c that
the apparent optical band gap of Tb**(25%) that is undoped and
doped is approximately 4.72 and 4.46 eV.

(ahv) = C(hv — E,)" (4)

where C is a constant, E, is the material's average band gap, « is
the molar extinction coefficient, and » is dependent on the kind
of transition. E, in eqn (3) stands for direct allowable band gap
forn = 1/2.

Fig. 5d represent the absorption spectra of doped and
emission spectra of undoped Tb**(25%) ions, the donor and
acceptor molecules are separated by a certain distance, which is
normally 1 to 10 nm,**~** but this example shows donor dipole-
acceptor dipole overlapping of the molecules. This overlapping
has been confirmed fluorescence resonance energy transfer
(FRET) mechanism. Tb,O3 has an absorption band between 200
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and 400 nm, with its primary absorption peak near 225 nm
attributed to Tb*' ion 4f8 — 4f” electronic transitions.*
However, compared to undoped CQDs, this absorption at the
excitation energy is substantially weaker. So, while the 554 nm
emission is primarily driven by the photon absorption of the
CQDs host and the energy transfer process from host material
to rare earth ions is thought to exist in the doped CQDs, we
assume that the absorption of terbium acetate hydrate may
slightly contribute to the excitation of Tb*" ions.* In this study,
we provide a mechanism for energy transfer from the host CQD
to the Th*" ions. According to Fig. 6, photon absorption causes
the electrons in CQDs to move from the valence to the
conduction band. This energy is subsequently transmitted non-
radiatively to the °D; level of Tb** ions. The excited electrons in
the °D; level can passage to lower levels in three different ways:
one is the radiative transition from °D; — “F; (j = 5, 4, 3), which
corresponds to three emission lines of 410, 432, and 467 nm
that merge in the CQDs PL emission in the range of 390-
500 nm; the other is the cross relaxation between °D; — °D,
and "Fs — "F; o due to the similar energy gap. The transition of
"Fg — "Fyin a nearby Tb*" ion absorbs the energy generated by
the cross-relaxation mechanism, which converts excited °Dj
states into D, states.*>” The final transition, which is crucial to
the system, is the nonradiative transition of >D; — °D,, which is
multi-phonon assisted. As a result, the chance of the °D; state
emitting radiation is minimal, and the majority of the excited
electrons in the °D; level are depopulated into the °D, level. The
emission lines of 493, 554, 590, and 624 nm, respectively,
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correspond to the radiative transitions from °D, — “F; (j = 6, 5,
4, 3) transition.

3.4. Creation of white LEDs

The UV chip with peak emission centred at 370 nm was
employed as a subtractor, fixed at the bottom of the base, and
connected to an external power source because we are inter-
ested in creating WLEDs. Then, after optimising the inner
surface coating of the optical lens with various volume
concentrations of 25% Tb>" in CQDs, the lens is placed in the
oven at 80 °C for three hours. Finally, our obtained optical
lenses were firmly mounted to the LED chip's underside to
enable the creation of a cold white LED.

3.5. WLEDs demonstration

We created a white LED using the obtained CQD + Tb**(25%)
film used as a single generator for white light, effectively con-
verting UV light into white light, taking into account the excel-
lent qualities the synthesised functionalized CQDs exhibit, such
as strong PL intensity, high QY value, and good film-forming
ability.*® This white LED has a fairly broad emission spectrum
that covers practically the whole visible spectrum (400 to 800
nm) (Fig. 7a), which has a wider emission of CQDs under UV
stimulation. The behaviour differs from earlier results where
a strong UV light from the chip was present.**** After absorbing
greater energies, fluorescence often manifests itself at lower
energies or longer wavelengths. Additionally, fluorophores may
cause additional Stokes shifts as a result of environmental
factors such complex formation, solvent effects, or energy

© 2023 The Author(s). Published by the Royal Society of Chemistry
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transfer.*> When compared to the PL spectra of CQD solution,
the LED using CQDs as the phosphor exhibits two distinct peaks
at 448 and 580 nm. This effect may be explained by the solid-
state CQDs integrated in the LED lens transferring energy
through light reabsorption.®®** Some CQDs are excited by the
UV chip to produce light with a shorter wavelength (448 nm).
The light is then partially reabsorbed by the CQDs in the area,
and longer wavelength light is released from those CQDs. This
offers an adequate justification for the peak centred at 580 nm.

The constructed WLED exhibits the ability to meet the
luminous requirement and be used in both indoor and outdoor
lighting systems by producing brilliant, cool white light at
a current of 20 mA and 3.7 V.** According to Fig. 7b, the CIE
chromaticity coordinates of (0.35,0.26), (0.35,0.30), (0.35,0.35),
(0.33, 0.34), and (0.38, 0.41) correspond to CQDs, 5% Tb*"
doped CQDs, 15% Tb*" doped CQDs, 25% Tb>" doped CQDs,

© 2023 The Author(s). Published by the Royal Society of Chemistry

and 35% Tb>" doped CQDs, respectively. Here, 25% Tb** doped
CQDs have CIE closest to-standard value of (0.33, 0.34). Further,
the colour correlated temperature (CCT) of 25% Tb*" doped
CQDs is 4995 K with CRI 84.2%, which is consistent with cool
white. According to these specifications, CQDs offer a lot of
promise for use in solid-state lighting systems.

The injection volume of CQD solution determines the
thickness of the CQD layer on the LED's optical lens. Fig. 7a
shows how the CQD layer thickness affects the device's emis-
sion spectra when operating at 3.5 V. When the small amount of
CQD solution also drops, the emission intensity does as well.
The drop in LED emission intensity is caused by either an
increase of nonradiative traps or a decrease in LED light
transmittance, both of which cause more thermal radiation to
be produced throughout the energy transfer process via light
reabsorption under specific illumination levels.
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4. Concusions

In conclusion, we have synthesized fluorescent functionalized
carbon quantum dots (CQDs) by a facile one step hydrothermal
method at 160 °C for 8 h using Plumeria plant leaves as
precursor and Th®" ions as a surface passivator. The prepared
doped CQDs exhibit excitation-dependent PL emission and
obtained strong peaks at 493, 554, 590, and 624 nm, respec-
tively, is due to doping of Tb** ions. The CQDs and CQDs + Tb>*
ions have amorphous in nature with narrow size distribution
and show high fluorescence quantum yield (26.33%, and
39.49%). The additive agent Tb®* has engaged in reaction
following the synthesis of the CQDs, as shown by the structural
characterisation of the CQDs studies. We paired the single CQD
phosphor film with the UV chip to create a WLED that emits
cool white light with a CIE coordinate of (0.33, 0.34), a corre-
sponding colour temperature of 4995 K with CRI 84.2, and
favourable electroluminescence behaviour as a white-light
converter for white LED.

Conflicts of interest

Authors have no conflicts to declare.

Acknowledgements

Sincere appreciation is extended to the Physics Department at
IIT (BHU), the Central Instrument Facility at IIT (BHU), and the
Physics Department at Banaras Hindu University in Varanasi,
India. To the Department of Science and Technology (SERB),
India—CRG/2019/000903 (Core Research Grant) & SB/S2/R]JN-
140/2014, Avanish Singh Parmar expresses his gratitude (Ram-
anujan Fellowship Award). The scholarship offered by the
Indian Government's Ministry of Human Resource Develop-
ment (MHRD) is also greatly appreciated.

References

1 S. W. Sanderson and K. L. Simons, Light Emitting Diodes
and the Lighting Revolution: The Emergence of a Solid-
State Lighting Industry, Res. Pol., 2014, 43(10), 1730-1746,
DOI: 10.1016/].RESPOL.2014.07.011.

2 S. Bauer, Blue-Light Hazard of Light-Emitting Diodes
Assessed with Gaussian Functions, Int. J. Environ. Res. Publ.
Health, 2021, 18(2), 1-18, DOI: 10.3390/IJERPH18020680.

3 C. Sun, Y. Zhang, C. Ruan, C. Yin, X. Wang, Y. Wang and
W. W. Yu, Efficient and Stable White LEDs with Silica-
Coated Inorganic Perovskite Quantum Dots, Adv. Mater.,
2016, 28(45), 10088-10094, DOI: 10.1002/ADMA.201603081.

4 W. Ye, C. Zhao, X. Shen, C. Ma, Z. Deng, Y. Li, Y. Wang,
C. Zuo, Z. Wen, Y. Li, X. Yuan, C. Wang and Y. Cao, High
Quantum Yield Gd4.67Si3013:Eu3+Red-Emitting Phosphor
for Tunable White Light-Emitting Devices Driven by UV or
Blue LED, ACS Appl. Electron. Mater., 2021, 3(3), 1403-1412,
DOILI: 10.1021/ACSAELM.1C00012/SUPPL_FILE/
EL1C00012_SI_001.

1982 | RSC Adv, 2023, 13, 1974-1984

View Article Online

Paper

5 J. Li, J. Yan, D. Wen, W. U. Khan, J. Shi, M. Wu, Q. Su and
P. A. Tanner, Advanced Red Phosphors for White Light-
Emitting Diodes, J. Mater. Chem. C, 2016, 4(37), 8611-8623,
DOI: 10.1039/C6TC02695H.

6 H. S. Jang, Y. H. Won and D. Y. Jeon, Improvement of
Electroluminescent Property of Blue LED Coated with
Highly Luminescent Yellow-Emitting Phosphors, Appl
Phys. B, 2009, 95(4), 715-720, DOIL: 10.1007/S00340-009-
3484-1.

7 J. Chen, Y. Liu, L. Mei, P. Peng, Q. Cheng and H. Liu, Design
of a Yellow-Emitting Phosphor with Enhanced Red Emission
via Valence State-Control for Warm White LEDs Application,
Sci. Rep., 2016, 6(1), 1-11, DOI: 10.1038/srep31199.

8 M. ]J. Bowers, J. R. McBride and S. J. Rosenthal, White-Light
Emission  from  Magic-Sized  Cadmium  Selenide
Nanocrystals, J. Am. Chem. Soc., 2005, 127(44), 15378-
15379, DOI: 10.1021/JA055470D/SUPPL_FILE/
JA055470DS120051004_020032.

9 A. O. Orlova, Y. A. Gromova, V. G. Maslov, A. V. Prudnikau,
M. V. Artemyev, A. V. Fedorov and A. V. Baranov,
Formation of Structures Based on Semiconductor Quantum
Dots and Organic Molecules in Track Pore Membranes, J.
Appl. Phys., 2013, 113(21), 214305, DOIL: 10.1063/1.4809645.

10 S. Sapra, S. Mayilo, T. A. Klar, A. L. Rogach and J. Feldmann,
Bright White-Light Emission from Semiconductor
Nanocrystals: By Chance and by Design, Adv. Mater., 2007,
19(4), 569-572, DOI: 10.1002/ADMA.200602267.

11 C. X. Li, C. Yu, C. F. Wang and S. Chen, Facile Plasma-
Induced Fabrication of Fluorescent Carbon Dots toward
High-Performance White LEDs, J. Mater. Sci., 2013, 48(18),
6307-6311, DOI: 10.1007/S10853-013-7430-6.

12 C. Sun, Y. Zhang, K. Sun, C. Reckmeier, T. Zhang,
X. Y. Zhang, J. Zhao, C. Wu, W. W. Yu and A. L. Rogach,
Combination of Carbon Dot and Polymer Dot Phosphors
for White Light-Emitting Diodes, Nanoscale, 2015, 7(28),
12045-12050, DOI: 10.1039/C5NR03014E.

13 J. Silver and R. Withnall, Color Conversion Phosphors for
LEDS, Lumin. Mater. Appl., 2008, 75-109, DOIL 10.1002/
9780470985687.CH3.

14 Z. Zhang, X. Ma, M. Jia, B. Li, J. Rong and X. Yang,
Deposition of CdTe Quantum Dots on Microfluidic Paper
Chips for Rapid Fluorescence Detection of Pesticide 2,4-D,
Analyst, 2019, 144(4), 1282-1291, DOI: 10.1039/C8AN02051E.

15 A. M. Alam, B. Y. Park, Z. K. Ghouri, M. Park and H. Y. Kim,
Synthesis of Carbon Quantum Dots from Cabbage with
Down- and up-Conversion Photoluminescence Properties:
Excellent Imaging Agent for Biomedical Applications,
Green Chem., 2015, 17(7), 3791-3797, DOI: 10.1039/
C5GC00686D.

16 X. Xu, R. Ray, Y. Gu, H. J. Ploehn, L. Gearheart, K. Raker and
W. A. Scrivens, Electrophoretic Analysis and Purification of
Fluorescent Single-Walled Carbon Nanotube Fragments, J.
Am. Chem. Soc., 2004, 126(40), 12736-12737, DOI: 10.1021/
JA040082H/SUPPL_FILE/JA040082H_S.

17 J. Chen, H. Che, K. Huang, C. Liu and W. Shi, Fabrication of
a Ternary Plasmonic Photocatalyst CQDs/Ag/Ag20 to
Harness Charge Flow for Photocatalytic Elimination of

© 2023 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.1016/J.RESPOL.2014.07.011
https://doi.org/10.3390/IJERPH18020680
https://doi.org/10.1002/ADMA.201603081
https://doi.org/10.1021/ACSAELM.1C00012/SUPPL_FILE/EL1C00012_SI_001
https://doi.org/10.1021/ACSAELM.1C00012/SUPPL_FILE/EL1C00012_SI_001
https://doi.org/10.1039/C6TC02695H
https://doi.org/10.1007/S00340-009-3484-1
https://doi.org/10.1007/S00340-009-3484-1
https://doi.org/10.1038/srep31199
https://doi.org/10.1021/JA055470D/SUPPL_FILE/JA055470DSI20051004_020032
https://doi.org/10.1021/JA055470D/SUPPL_FILE/JA055470DSI20051004_020032
https://doi.org/10.1063/1.4809645
https://doi.org/10.1002/ADMA.200602267
https://doi.org/10.1007/S10853-013-7430-6
https://doi.org/10.1039/C5NR03014E
https://doi.org/10.1002/9780470985687.CH3
https://doi.org/10.1002/9780470985687.CH3
https://doi.org/10.1039/C8AN02051E
https://doi.org/10.1039/C5GC00686D
https://doi.org/10.1039/C5GC00686D
https://doi.org/10.1021/JA040082H/SUPPL_FILE/JA040082H_S
https://doi.org/10.1021/JA040082H/SUPPL_FILE/JA040082H_S
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra07890b

Open Access Article. Published on 11 2023. Downloaded on 21.10.2025 17:38:03.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Pollutants, Appl. Catal. B Environ., 2016, 192, 134-144, DOI:
10.1016/J.APCATB.2016.03.056.

18 A. Kim, J. K. Dash, P. Kumar and R. Patel, Carbon-Based
Quantum Dots for Photovoltaic Devices: A Review, ACS
Appl. Electron. Mater., 2022, 4(1), 27-58, DOIL: 10.1021/
ACSAELM.1C00783/ASSET/IMAGES/MEDIUM/
EL1C00783_0027.

19 M. Li, T. Chen, J. J. Gooding and J. Liu, Review of Carbon and
Graphene Quantum Dots for Sensing, ACS Sens., 2019, 4(7),
1732-1748, DOI: 10.1021/ACSSENSORS.9B00514/
SUPPL_FILE/SE9B00514_SI_001.

20 K. Naik, S. Chaudhary, L. Ye and A. S. Parmar, A Strategic
Review on Carbon Quantum Dots for Cancer-Diagnostics
and Treatment, Front. Bioeng. Biotechnol., 2022, 10, 882100,
DOI: 10.3389/FBIOE.2022.882100.

21 D. V. Talapin and J. Steckel, Quantum Dot Light-Emitting
Devices, MRS Bull., 2013, 38(9), 685-691, DOI: 10.1557/
MRS.2013.204/FIGURES/5.

22 L. Bao, Z. L. Zhang, Z. Q. Tian, L. Zhang, C. Liu, Y. Lin, B. Qi
and D. W. Pang, Electrochemical Tuning of Luminescent
Carbon Nanodots: From Preparation to Luminescence
Mechanism, Adv. Mater., 2011, 23(48), 5801-5806, DOI:
10.1002/ADMA.201102866.

23 Y. Zhao, S. Zuo and M. Miao, The Effect of Oxygen on the
Microwave-Assisted Synthesis of Carbon Quantum Dots
from Polyethylene Glycol, RSC Adv., 2017, 7(27), 16637~
16643, DOI: 10.1039/C7RA01804E.

24 L. Cui, X. Ren, J. Wang and M. Sun, Synthesis of
Homogeneous Carbon Quantum Dots by Ultrafast Dual-
Beam Pulsed Laser Ablation for Bioimaging, Mater. Today

Nano, 2020, 12, 100091, DOI: 10.1016/
J.MTNANO.2020.100091.
25V. A. Oberg, X. Zhang, M. B. Johansson and

E. M. J. Johansson, Hot-Injection Synthesized Ag2S
Quantum Dots with Broad Light Absorption and High
Stability for Solar Cell Applications, ChemNanoMat, 2018,
4(12), 1223-1230, DOI: 10.1002/CNMA.201800263.

26 M. Bayazeed Alam, N. Hassan, K. Sahoo, M. Kumar,
M. Sharma, J. Lahiri and A. Singh Parmar, Deciphering
Interaction between Chlorophyll Functionalized Carbon
Quantum Dots with Arsenic and Mercury Toxic Metals in
Water as Highly Sensitive Dual-Probe Sensor, J. Photochem.
Photobiol. Chem., 2022, 431, 114059, DOI: 10.1016/
J.JJPHOTOCHEM.2022.114059.

27 L. Lin, M. Rong, F. Luo, D. Chen, Y. Wang and X. Chen,
Review, Trends Anal. Chem., 2014, (54), 83-102, DOIL
10.1016/J.TRAC.2013.11.001.

28 J. Wang, W. Sun, S. Chang, H. Liu, G. Zhang, Y. Wang and
Z. Liu, A Terbium Metal-Organic Framework with Stable
Luminescent Emission in a Wide PH Range That Acts as
a Quantitative Detection Material for Nitroaromatics, RSC
Adv., 2015, 5(60), 48574-48579, DOI: 10.1039/C5RA06308F.

29 S. Qu, X. Wang, Q. Luy, X. Liu, L. Wang, S. Qu, Q. Lu, X. Liu,
L. Wang and X. Wang, A Biocompatible Fluorescent Ink
Based on Water-Soluble Luminescent Carbon Nanodots,
Angew. Chem., Int. Ed., 2012, 51(49), 12215-12218, DOI:
10.1002/ANIE.201206791.

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

30 L. Tang, R. Ji, X. Cao, J. Lin, H. Jiang, X. Li, K. S. Teng,
C. M. Luk, S. Zeng, J. Hao and S. P. Lau, Deep Ultraviolet
Photoluminescence of Water-Soluble Self-Passivated
Graphene Quantum Dots, ACS Nano, 2012, 6(6), 5102-5110,
DOI: 10.1021/NN300760G.

31 D. Qu, M. Zheng, P. Du, Y. Zhou, L. Zhang, D. Li, H. Tan,
Z. Zhao, Z. Xie and Z. Sun, Highly Luminescent S, N Co-
Doped Graphene Quantum Dots with Broad Visible

Absorption Bands for Visible Light Photocatalysts,
Nanoscale, 2013, 5(24), 12272-12277, DOI: 10.1039/
C3NRO04402E.

32 R. Remelli, C. Varotto, D. Sandona, R. Croce and R. Bassi,
Chlorophyll Binding to Monomeric Light-Harvesting
Complex. A Mutation Analysis of Chromophore-Binding
Residues, J. Biol. Chem., 1999, 274(47), 33510-33521, DOL:
10.1074/JBC.274.47.33510.

33 J. M. S. Lopes, S. G. C. Moreira and N. M. Barbosa Neto,
Selective Inner-Filter on the Fluorescence Response of
Chlorophyll and Pheophytin Molecules Extracted from
Caesalpinia Echinata Leaves, J. Braz. Chem. Soc., 2020,
31(1), 162-169, DOI: 10.21577/0103-5053.20190150.

34 L. A. A. Chunduri, A. Kurdekar, S. Patnaik, B. V. Deyv,
T. M. Rattan and V. Kamisetti, Carbon Quantum Dots from
Coconut Husk: Evaluation for Antioxidant and Cytotoxic
Activity, Mater. Focus, 2016, 5(1), 55-61, DOIL 10.1166/
MAT.2016.1289.

35 M. M. ]. Treacy and J. B. Higgins, Collection of Simulated XRD
Powder Patterns for Zeolites, Elsevier, 2001.

36 IR Spectrum Table, https://www.sigmaaldrich.com/IN/en/
technical-documents/technical-article/analytical-chemistry/
photometry-and-reflectometry/ir-spectrum-table, accessed
2022-08-29.

37 A. Dager, T. Uchida, T. Maekawa and M. Tachibana,
Synthesis and Characterization of Mono-Disperse Carbon
Quantum Dots from Fennel Seeds: Photoluminescence
Analysis Using Machine Learning, Sci. Rep., 2019, 9(1), 1-
12, DOI: 10.1038/s41598-019-50397-5.

38 H. Li, W. Li, S. Gu, F. Wang, H. Zhou, X. Liu and C. Ren,
Enhancement of Photocatalytic Activity in Tb/Eu Co-Doped
Bi2MoO6: The Synergistic Effect of Tb-Eu Redox Cycles,
RSC Adv., 2016, 6(53), 48089-48098, DOI 10.1039/
C6RA08739F.

39 Y. Zhao, J. G. Li, M. Guo and X. Yang, Structural and
Photoluminescent Investigation of LTbH/LEuH Nanosheets
and Their Color-Tunable Colloidal Hybrids, J. Mater. Chem.
C, 2013, 1(22), 3584-3592, DOIL: 10.1039/C3TC30205A.

40 B. Cui, X. T. Feng, F. Zhang, Y. L. Wang, X. G. Liu, Y. Z. Yang
and H. S. Jia, The Use of Carbon Quantum Dots as
Fluorescent Materials in White LEDs, N. Carbon Mater.,
2017, 32(5), 385-401, DOIL: 10.1016/S1872-5805(17)60130-6.

41 Y. Zhang, Y. H. He, P. P. Cui, X. T. Feng, L. Chen, Y. Z. Yang
and X. G. Liu, Water-Soluble, Nitrogen-Doped Fluorescent
Carbon Dots for Highly Sensitive and Selective Detection of
Hg2+ in Aqueous Solution, RSC Adv., 2015, 5(50), 40393-
40401, DOI: 10.1039/C5RA04653].

42 Y. P. Sun, B. Zhou, Y. Lin, W. Wang, K. A. S. Fernando,
P. Pathak, M. J. Meziani, B. A. Harruff, X. Wang, H. Wang,

RSC Adv, 2023, 13,1974-1984 | 1983


https://doi.org/10.1016/J.APCATB.2016.03.056
https://doi.org/10.1021/ACSAELM.1C00783/ASSET/IMAGES/MEDIUM/EL1C00783_0027
https://doi.org/10.1021/ACSAELM.1C00783/ASSET/IMAGES/MEDIUM/EL1C00783_0027
https://doi.org/10.1021/ACSAELM.1C00783/ASSET/IMAGES/MEDIUM/EL1C00783_0027
https://doi.org/10.1021/ACSSENSORS.9B00514/SUPPL_FILE/SE9B00514_SI_001
https://doi.org/10.1021/ACSSENSORS.9B00514/SUPPL_FILE/SE9B00514_SI_001
https://doi.org/10.3389/FBIOE.2022.882100
https://doi.org/10.1557/MRS.2013.204/FIGURES/5
https://doi.org/10.1557/MRS.2013.204/FIGURES/5
https://doi.org/10.1002/ADMA.201102866
https://doi.org/10.1039/C7RA01804E
https://doi.org/10.1016/J.MTNANO.2020.100091
https://doi.org/10.1016/J.MTNANO.2020.100091
https://doi.org/10.1002/CNMA.201800263
https://doi.org/10.1016/J.JPHOTOCHEM.2022.114059
https://doi.org/10.1016/J.JPHOTOCHEM.2022.114059
https://doi.org/10.1016/J.TRAC.2013.11.001
https://doi.org/10.1039/C5RA06308F
https://doi.org/10.1002/ANIE.201206791
https://doi.org/10.1021/NN300760G
https://doi.org/10.1039/C3NR04402E
https://doi.org/10.1039/C3NR04402E
https://doi.org/10.1074/JBC.274.47.33510
https://doi.org/10.21577/0103-5053.20190150
https://doi.org/10.1166/MAT.2016.1289
https://doi.org/10.1166/MAT.2016.1289
https://www.sigmaaldrich.com/IN/en/technical-documents/technical-article/analytical-chemistry/photometry-and-reflectometry/ir-spectrum-table
https://www.sigmaaldrich.com/IN/en/technical-documents/technical-article/analytical-chemistry/photometry-and-reflectometry/ir-spectrum-table
https://www.sigmaaldrich.com/IN/en/technical-documents/technical-article/analytical-chemistry/photometry-and-reflectometry/ir-spectrum-table
https://doi.org/10.1038/s41598-019-50397-5
https://doi.org/10.1039/C6RA08739F
https://doi.org/10.1039/C6RA08739F
https://doi.org/10.1039/C3TC30205A
https://doi.org/10.1016/S1872-5805(17)60130-6
https://doi.org/10.1039/C5RA04653J
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra07890b

Open Access Article. Published on 11 2023. Downloaded on 21.10.2025 17:38:03.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

P. G. Luo, H. Yang, M. E. Kose, B. Chen, L. M. Veca and
S. Y. Xie, Quantum-Sized Carbon Dots for Bright and
Colorful Photoluminescence, J. Am. Chem. Soc., 2006,
128(24), 7756-7757, DOIL: 10.1021/JA062677D/SUPPL_FILE/
JA062677DSI120060417_112943.

43 Y. Dong, J. Shao, C. Chen, H. Li, R. Wang, Y. Chi, X. Lin and
G. Chen, Blue Luminescent Graphene Quantum Dots and
Graphene Oxide Prepared by Tuning the Carbonization
Degree of Citric Acid, Carbon, 2012, 50(12), 4738-4743,
DOI: 10.1016/].CARBON.2012.06.002.

44 L. H. Mao, W. Q. Tang, Z. Y. Deng, S. S. Liu, C. F. Wang and
S. Chen, Facile Access to White Fluorescent Carbon Dots
toward Light-Emitting Devices, Ind. Eng. Chem. Res., 2014,
53(15), 6417-6425, DOI: 10.1021/IE500602N/SUPPL_FILE/
IE500602N_SI_001.

45 Y. Dong, H. Pang, H. Bin Yang, C. Guo, J. Shao, Y. Chi,
C. Ming Li, T. Yu, H. B. Yang, C. Guo, C. M. Li, Y. Dong,
T. Yu, J. Shao and Y. Chi, Carbon-Based Dots Co-Doped
with Nitrogen and Sulfur for High Quantum Yield and
Excitation-Independent Emission, Angew. Chem., Int. Ed.,
2013, 52(30), 7800-7804, DOI: 10.1002/ANIE.201301114.

46 S. Zhu, Y. Song, X. Zhao, J. Shao, J. Zhang and B. Yang, The
Photoluminescence Mechanism in Carbon Dots (Graphene
Quantum Dots, Carbon Nanodots, and Polymer Dots):
Current State and Future Perspective, Nano Res., 2014, 8(2),
355-381, DOI: 10.1007/512274-014-0644-3.

47 C. Liu, P. Zhang, F. Tian, W. Li, F. Li and W. Liu, One-Step
Synthesis of Surface Passivated Carbon Nanodots by
Microwave Assisted Pyrolysis for Enhanced Multicolor
Photoluminescence and Bioimaging, J. Mater. Chem., 2011,
21(35), 13163-13167, DOI: 10.1039/C1JM12744F.

48 C. W. Lai, Y. H. Hsiao, Y. K. Peng and P. T. Chou, Facile
Synthesis of Highly Emissive Carbon Dots from Pyrolysis
of Glycerol; Gram Scale Production of Carbon Dots/MSiO2
for Cell Imaging and Drug Release, J. Mater. Chem., 2012,
22[29), 14403-14409, DOI: 10.1039/C2JM32206D.

49 W. Kwon, Y. H. Kim, C. L. Lee, M. Lee, H. C. Choi, T. W. Lee
and S. W. Rhee, Electroluminescence from Graphene
Quantum Dots Prepared by Amidative Cutting of Tattered
Graphite, Nano Lett., 2014, 14(3), 1306-1311, DOI: 10.1021/
NL404281H.

50 V. Nguyen, J. Si, L. Yan and X. Hou, Electron-Hole
Recombination Dynamics in Carbon Nanodots, Carbon,
2015, 95, 659-663, DOL: 10.1016/J.CARBON.2015.08.066.

1984 | RSC Adv, 2023, 13, 1974-1984

View Article Online

Paper

51 P. G. Wu and L. Brand, Resonance Energy Transfer: Methods
and Applications, Anal. Biochem., 1994, 218(1), 1-13, DOL:
10.1006/abio.1994.1134.

52 Instrumentation for Fluorescence Spectroscopy, in Principles
of Fluorescence Spectroscopy, ed. J. R. Lakowicz, Springer,
Boston, MA, 2006, DOIL: 10.1007/978-0-387-46312-4_2.

53 R. M. Clegg, Chapter 1 Forster Resonance Energy Transfer-
FRET What Is It, Why Do It, and How It's Done, Lab. Tech.
Biochem. Mol. Biol., 2009, 33(C), 1-57, DOI: 10.1016/S0075-
7535(08)00001-6.

54 Q. Tang, J. Shen, W. Zhou, W. Zhang, W. Yu and Y. Qian,
Preparation, Characterization and Optical Properties of
Terbium Oxide Nanotubes, J. Mater. Chem., 2003, 13(12),
3103-3106, DOI: 10.1039/B308713A.

55 C. Jia, E. Xie, A. Peng, R. Jiang, F. Ye, H. Lin and T. Xu,
Photoluminescence and Energy Transfer of Terbium
Doped Titania Film, Thin Solid Films, 2006, 2(496), 555-
559, DOI: 10.1016/].TSF.2005.08.378.

56 H. J. Lozykowski, W. M. Jadwisienczak and I. Brown, Visible
Cathodoluminescence of GaN Doped with Dy, Er, and Tm,
Appl. Phys. Lett., 1999, 74(8), 1129, DOI: 10.1063/1.123465.

57 Q. L. Liu, F. X. Zhang, T. Tanaka and T. Aizawa, Green
Emission from B2N2CO Thin Films Doped with Tb, Appl
Phys. Lett., 2002, 81(1), 34, DOI: 10.1063/1.1490143.

58 F. Zhang, X. Feng, Y. Zhang, L. Yan, Y. Yang and X. Liu,
Photoluminescent Carbon Quantum Dots as a Directly
Film-Forming Phosphor towards White LEDs, Nanoscale,
2016, 8(16), 8618-8632, DOI: 10.1039/C5NR08838K.

59 X. Guo, C. F. Wang, Z. Y. Yu, L. Chen and S. Chen, Facile
Access to Versatile Fluorescent Carbon Dots toward Light-
Emitting Diodes, Chem. Commun., 2012, 48(21), 2692-2694,
DOI: 10.1039/C2CC17769B.

60 W. Kwon, G. Lee, S. Do, T. Joo and S. W. Rhee, Size-
Controlled Soft-Template Synthesis of Carbon Nanodots
toward Versatile Photoactive Materials, Small, 2014, 10(3),
506-513, DOI: 10.1002/SMLL.201301770.

61 X. T. Feng, F. Zhang, Y. L. Wang, Y. Zhang, Y. Z. Yang and
X. G. Liu, Luminescent Carbon Quantum Dots with High
Quantum Yield as a Single White Converter for White
Light Emitting Diodes, Appl. Phys. Lett., 2015, 107(21),
213102, DOI: 10.1063/1.4936234.

62 M. C. Gather, A. K6hnen and K. Meerholz, White Organic
Light-Emitting Diodes, Adv. Mater., 2011, 23(2), 233-248,
DOI: 10.1002/ADMA.201002636.

© 2023 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.1021/JA062677D/SUPPL_FILE/JA062677DSI20060417_112943
https://doi.org/10.1021/JA062677D/SUPPL_FILE/JA062677DSI20060417_112943
https://doi.org/10.1016/J.CARBON.2012.06.002
https://doi.org/10.1021/IE500602N/SUPPL_FILE/IE500602N_SI_001
https://doi.org/10.1021/IE500602N/SUPPL_FILE/IE500602N_SI_001
https://doi.org/10.1002/ANIE.201301114
https://doi.org/10.1007/S12274-014-0644-3
https://doi.org/10.1039/C1JM12744F
https://doi.org/10.1039/C2JM32206D
https://doi.org/10.1021/NL404281H
https://doi.org/10.1021/NL404281H
https://doi.org/10.1016/J.CARBON.2015.08.066
https://doi.org/10.1006/abio.1994.1134
https://doi.org/10.1007/978-0-387-46312-4_2
https://doi.org/10.1016/S0075-7535(08)00001-6
https://doi.org/10.1016/S0075-7535(08)00001-6
https://doi.org/10.1039/B308713A
https://doi.org/10.1016/J.TSF.2005.08.378
https://doi.org/10.1063/1.123465
https://doi.org/10.1063/1.1490143
https://doi.org/10.1039/C5NR08838K
https://doi.org/10.1039/C2CC17769B
https://doi.org/10.1002/SMLL.201301770
https://doi.org/10.1063/1.4936234
https://doi.org/10.1002/ADMA.201002636
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra07890b

	Fabrication of white light emitting diodes via high yield surface passivated carbon quantum dots doped with terbium
	Fabrication of white light emitting diodes via high yield surface passivated carbon quantum dots doped with terbium
	Fabrication of white light emitting diodes via high yield surface passivated carbon quantum dots doped with terbium
	Fabrication of white light emitting diodes via high yield surface passivated carbon quantum dots doped with terbium
	Fabrication of white light emitting diodes via high yield surface passivated carbon quantum dots doped with terbium
	Fabrication of white light emitting diodes via high yield surface passivated carbon quantum dots doped with terbium

	Fabrication of white light emitting diodes via high yield surface passivated carbon quantum dots doped with terbium
	Fabrication of white light emitting diodes via high yield surface passivated carbon quantum dots doped with terbium
	Fabrication of white light emitting diodes via high yield surface passivated carbon quantum dots doped with terbium
	Fabrication of white light emitting diodes via high yield surface passivated carbon quantum dots doped with terbium
	Fabrication of white light emitting diodes via high yield surface passivated carbon quantum dots doped with terbium
	Fabrication of white light emitting diodes via high yield surface passivated carbon quantum dots doped with terbium

	Fabrication of white light emitting diodes via high yield surface passivated carbon quantum dots doped with terbium
	Fabrication of white light emitting diodes via high yield surface passivated carbon quantum dots doped with terbium
	Fabrication of white light emitting diodes via high yield surface passivated carbon quantum dots doped with terbium


