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The development of versatile luminescent materials with afterglow properties is one of the ways to meet the
increasing demands for energy saving. Attempts were being made to develop even self-activated afterglow
phosphors by introducing defects in the host lattice, but the number of such phosphors known is limited.
Herein, a self-activated rare-earth-free blue-emitting boron carbon oxynitride (BCNO) afterglow phosphor
is developed by the sol-gel auto-combustion method at low temperatures (~700 °C). The formation of
BCNO phosphor and its crystal structure are confirmed by XRD and supported by FTIR and XPS analysis.
The developed BCNO phosphor features rod-like morphology with high-intensity luminescence
properties. Optical and luminescence studies provide insight into the visible light-induced afterglow
property of this phosphor. Time-resolved photoluminescence studies showcase that the phosphor has

an afterglow duration of around 30 minutes with optimal intensity. Thermoluminescence studies
Received 16th May 2025

Accepted 1st July 2025 revealed the trap depth of the defects responsible for the afterglow properties and provided an insight

) into the afterglow mechanism of the phosphor. The BCNO phosphor, when applied over the white-
DOI: 10.1039/d5ra03468; based paint on a vitrified tile, can easily be seen in extremely dark conditions. The visible light-induced

rsc.li/rsc-advances afterglow property of the BCNO phosphor has rendered it a prominent material in low-light environments.
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1. Introduction

Energy saving has become one of the major global challenges
affecting humanity in the last two decades."”> Consequently,
a great deal of research is being done all around the world to
develop new functional materials and effective energy sour-
ces.>* Afterglow phosphors or persistent phosphors belong to
one such class of energy-saving materials that consistently
arouse the researchers in the area of material science, physics,
chemistry, and even biology due to their intriguing optical
behaviour and their widespread use.>*® Afterglow phosphors are
of particular interest because of their ability to retain and
release light energy for periods of time ranging from a few
seconds to several hours, even after the source of stimulating
radiation has been switched off.”® From the past few decades of
development, afterglow phosphors have been employed from
the initial civil use, i.e., decoration, emergency signages, safety
displays, alternating current white LEDs, etc., to a broad range
of well-developed scientific application domains, including
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environmental engineering, biomedicine, clinical medicine,
and life sciences.®”***

Even though the phenomenon of afterglow has been known
to mankind for centuries, the bolognian stone was the first
material known to exhibit afterglow in the literature.® By the end
of the nineteenth century, copper-activated zinc sulphide (ZnS:
Cu) was the most promising afterglow phosphor, which was
employed in some practical applications.'” But the preparation
of ZnS: Cu phosphor is so laborious as it involves toxic sulfide
gases such as H,S or CS, because of the ability of ZnS to be
converted into zinc oxide at high temperatures. On the other
hand, the highly sensitive nature of this ZnS : Cu phosphor with
the surrounding moisture made it chemically unstable. The
above facts of ZnS:Cu limit its potential for commercial
growth.®

However, the development of rare earth-activated strontium
aluminate afterglow phosphor (SrAl,O, : Eu>*, Dy**) by Matsu-
zawa et al. in 1996 has outperformed the existing ZnS:Cu
afterglow phosphor and brought significant progress in terms
of lifetime as well as intensity."® The development of SrAl,O,:
Eu®", Dy’" substantially enhanced the scientific interest in
developing afterglow phosphors that could replace ZnS: Cu.
Since 1996, many afterglow phosphors have been developed
with oxide, aluminate, and silicate-based host lattices activated
with one or more rare earth ions.' This scenario created a huge
demand for the existing rare earth ions, which made the
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preparation of afterglow phosphors so expensive. Additional
problems pertaining to rare earth ions include their scarcity in
the world market, expensive production, and safety hazards
from their mining. While research on replacing rare-earth-
activated phosphors is still in its early stages, people all over
the world have begun to look into the possibility. Materials in
this class, known as rare-earth-free phosphors, are gaining a lot
of attention. So, there is a need to develop rare-earth-free
afterglow phosphors that are highly stable and less expensive.
However, researchers across the world started their contribu-
tion towards the development of rare earth free afterglow
phosphors.

Many rare-earth-free afterglow phosphor materials, such as
CdS, CdSe, and ZnS:Mn, etc.,, have been developed and
commercialized, each having a different emission in the visible
region. But these phosphors are composed of substances that are
hazardous to the environment over an extended period of time,
such as selenium (Se), sulfur (S), and cadmium (Cd). Because of
this, the quest for more affordable phosphors devoid of toxic
elements has been a significant problem in the research and
development of efficient afterglow phosphors. Boron carbon
oxynitride (BCNO) is one such rare earth-free material derived
from the addition of carbon and oxygen atoms into the boron
nitride.” It can be self-activated to produce radiative transitions
between the energy levels created by the defects formed during
the synthesis of the material. It is environmentally friendly as it
can be produced at lower temperatures (less than 1000 °C) under
ambient atmospheric conditions. BCNO is a typical wide band
gap semiconductor whose band gap value ranges from 3.22 eV to
5.9 eV, enabling it to produce tunable photoluminescence from
blue to red wavelength regions.'® In addition to photo-
luminescence, BCNO phosphor is known to exhibit afterglow in
the green region, whose wavelength is centred at 520 nm for 2
hours.®> But to date, the reports of BCNO afterglow phosphor
exhibiting colors other than green are limited, and most of them
are excited in the UV region but not by visible light.

In this work, we synthesized a strong fluorescent, self-
activated, blue-emitting BCNO afterglow phosphor by the sol-
gel route, followed by auto combustion at low temperatures
(~700 °C). The raw materials used for the synthesis of this
phosphor are cost-effective, and the developed phosphor can
emit afterglow property for ~30 minutes after the source of
excitation is ceased. The afterglow property of the developed
phosphor can be induced by both UV and visible light, which is
a crucial aspect of this phosphor that is not present in the
existing phosphors, and allows it to be employed in civil areas.
The following sections provide a comprehensive description of
the synthesis process along with the various characterization
techniques employed. Furthermore, the synthesized phos-
phors, in association with white paint, are coated on a tile that
can be used in low-light environments.

2. Experimental section
2.1. Starting materials

Analytical grade boric acid (H3BO3;) (EMPLURA, 99.5%), poly
ethylene glycol (PEG) (SRL), and urea or carbamide
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(NH,CONH,) (FINAR, 99%) are used as the starting materials,
which can act as a source of boron, carbon, and nitrogen,
respectively. The essential oxygen for the formation of the
required compound can be derived from all three sources, as
they are oxygen-rich. The synthetic process involved no further
purification of starting materials.

2.2. General synthesis strategy

The inexpensive nature and instant availability of the starting
materials themselves indicate the cost-effectiveness of the
material; we still made it more facile by adopting the sol-gel
route, followed by the auto-combustion method to synthesize
our phosphor. The schematic procedure followed for the
synthesis of the BCNO specimens is displayed in Fig. 1. A series
of BCNO specimens have been synthesized by mixing the initial
raw materials in an agate mortar pestle for five minutes to get
a homogeneous solid solution of precursors. Thoroughly
ground raw materials are dissolved in water and stirred
continuously at 80 °C until the solution becomes gel. The gel is
then placed on a preheated auto combustion chamber, which
then undergoes exothermic reactions to get phosphor powder.
The obtained powder is then placed in a porcelain crucible and
transferred into a microcontroller-based programmable muffle
furnace. The specimens were synthesized by heating the above
mixture to 700 °C for half an hour in an ambient atmosphere.
Initially, the PEG concentration of the specimens is optimized
by fixing the mole ratio of B/N. This is because the PEG, being
a carbon source, results in the formation of black carbon
products. Excess PEG concentration leads to carbonization of
the specimen, which imparts a black body color that will
diminish the photoluminescence (PL) of the specimen. After
optimizing the PEG concentration, we studied the PL by altering
the mole percentage of nitrogen source (2.5, 5, 7.5, 10, 12.5, 15,
20, 25) and labelled them as U-1 to 8, respectively. The yield of
the synthesized specimens is observed to be much lower than
the whole sum of initial raw materials because of the evolution
of ammonia (NH;) and carbon dioxide (CO,) at elevated
temperatures (~700 °C).

2.3. Characterization techniques

Several material characterization techniques have been adopted
for a comprehensive study of the different properties of the
above-synthesized phosphor specimens. The crystal structure,
composition, and phase purity of the BCNO specimens were
determined with the aid of an X-ray diffractometer (Panalytical,
X-pert powder) using Bragg Brentano geometry. Fourier trans-
form infrared (FTIR) spectroscopy analysis was performed for
the synthesized specimen using an FTIR alpha spectrometer
(Bruker, Alpha II) instrument. The chemical state of the as-
obtained specimen was analyzed with X-ray photoelectron
spectroscopy (XPS) analysis. The as-obtained specimen was
characterized by a field emission scanning electron microscope
(FESEM) to conduct morphological and microstructural anal-
ysis. Optical studies were done by recording UV-visible spectra
with a high-resolution UV-Vis-NIR spectrophotometer (Agilent
Technologies, Carry 5000). The photoluminescence (PL)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic representation of the synthesis procedure of BCNO afterglow phosphor.

properties, encompassing excitation, emission, and lifetime
spectra, were meticulously recorded using a high-sensitivity
fluorescence spectrophotometer (Hitachi, F-4700). The ther-
moluminescence (TL) glow curve was measured with a dedi-
cated TL research reader (Nucleonix Systems, TL1009I). All
these characterizations were conducted at room temperature
(~25 °C). Among the various specimens synthesized in this
study, only the U-8 sample exhibited the desired afterglow
property. Given that the manuscript focuses on the self-
activated afterglow property of BCNO phosphor, we have
specifically investigated the structural, optical, PL, and TL
properties of all samples and highlighted the U-8 sample in
detail.

3. Results and discussion

3.1. Structural investigation

It is essential to have the basic information regarding the
arrangement of atoms in a crystalline material, as it greatly
influences its physical and chemical properties, which deter-
mine the real-time application of the material. As the unique-
ness of the array of atoms in crystalline materials leads to
distinctive X-ray diffraction (XRD) patterns having unique
values of interplanar separation and relative intensities, it
provides a fingerprint to identify the material. So, the prelimi-
nary characteristics of the material, like crystal structure, phase
composition, and average crystallite size of the as-obtained
BCNO specimen, were identified with the aid of the powder X-
ray diffraction (PXRD) technique. Fig. 2 displays the PXRD
plot of the synthesized BCNO specimen recorded within the
scan range 10 to 60° by using Cu Ko source having wavelength
A =1.54 A. It is evident from the PXRD pattern, which indicates
the presence of both B,O; as well as BN phases in the synthe-

sized BCNO specimen, and is similar to the earlier

© 2025 The Author(s). Published by the Royal Society of Chemistry

observations."” The broad peaks at the 26 positions 26.9°, 43.1°
and 54.3° are induced by the formation of turbostratic boron
nitride (t-BN) in the BCNO specimen. The above characteristic
peaks of the t-BN are indexed as (002) plane an unresolved (10)
plane, which comprises of (100) and (101) planes of h-BN and
(442) plane, respectively, according to the Joint Committee on
Powder Diffraction Standards (JCPDS) reference No. 073-2095.*%
Apart from t-BN, the two more sharp and intense diffraction
peaks exist at 26 position 14.56°, 27.93°, 30.59° and 40.01° are
indexed as (111), (310), (222) and (420) crystal planes respec-
tively (JCPDS No. 06-0297) which signifies the existence of boric
oxide (B,O3) in cubic phase in the final product.” The formation
of B,O3; may be a consequence of the thermal decomposition of
unreacted boric acid. The presence of both t-BN and cubic B,03
in the specimen from the above XRD results ensures the
successful formation of the required BCNO specimen via
a solid-state reaction. The exothermic reaction that has

Counts

10 20 30 40 50 60
20(degree)

Fig. 2 XRD pattern of the BCNO afterglow phosphor with corre-
sponding JCPDS cards of BN and B,Os.
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occurred between urea and B,03; might be the source of the
formation of t-BN in the BCNO specimens. It is evident from the
XRD that the B,O; phase dominates the t-BN phase in the BCNO
specimen due to the difference in the melting points of urea
(133 °C) and H3BO; (171 °C). The low melting point of urea
makes it volatile under ambient atmosphere and doesn't
provide enough nitrogen for the formation of the t-BN phase
during the reaction. The average crystallite size of the U-8
phosphor specimen is determined to be 11.03 nm by using
the Debye-Scherrer equation given by

kA
D= ——
B cosd

where D is the average crystallite size of the phosphor, A is the
wavelength of the X-rays used, k is the Scherrer constant, B is the
full width at half maximum of the peaks, and ¢ is the Bragg's
angle.

The existence of different functional groups or the structural
information and the composition of a material can be known by
characterizing it with the FTIR spectroscopy technique, as it
provides a better understanding of the bonding present
between the atoms of the material. In the current study, FTIR
analysis was performed on the synthesized phosphor specimen
in the mid-infrared region (400-4000 cm '), and the corre-
sponding spectra are shown in Fig. 3. It is obvious that different
characteristic absorption bands have been observed in the
spectra and are comprehensively validated to understand the
evolution of the BCN phase from the B,O; phase. The band
assignment of different absorption peaks of the synthesized
BCNO specimen (U-8) is summarized in Table 1. For this
compound, strong bands are observed corresponding to B-N,
B-0O, and B-N-B bonds. The band observed at 1454 cm '
corresponds to the B-N out-of-plane stretching vibration mode
and confirms the existence of a sp”> hybridized B-N bond.!*!
The absorption band positioned at 783 cm™" is assigned to the
B-N-B in-plane bending vibration mode and sp® hybridized
B-N linkage.”*?* The presence of B-N stretching and B-N-B
bending modes in the specimen supports the formation of the
BN phase. The absorption of B-N broadens, indicating that C
has been introduced into BN.>* The absorption peak centered at
1030 cm ' is assigned to the B-O-B bond.** Two absorption
peaks positioned at 547 cm™" and 647 cm ™" correspond to the

(arb.units)

» Transmittance

000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 3 FTIR spectra of the BCNO phosphor.
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Table 1 Band assignment of the FTIR spectrum of U-8 phosphor

Peaks (cm ™) Band assignment

1

1454 cm™ B-N out-of-plane stretching vibration
783 cm ™! B-N-B in plane bending vibration
1030 cm ™! B-0O-B bond

547 cm™ ', 647 cm ! Vibration mode of the B-O bond

882 cm™* Stretching vibrations of the B-O bond
1195 cm™! B-C stretching vibration

3221 cm ™ Stretching vibrations of the O-H group

vibration mode of B-O bonds.?”*® The presence of a sharp peak
at 882 cm ™ is attributed to the stretching vibrations of the B-O
bond, which indicates the existence of residual tetrahedral BO,
units and supports the formation of the B,O; phase as dis-
cussed in the XRD analysis.”” The formation of residual tetra-
hedral BO, units may be a consequence of the decomposition of
boric acid into boric anhydride, which, upon heat treatment,
cleaves some of the B-O-B bonds into B-O™ bonds and finally
coordinates together to form BO,.** One sharper band was also
detected at 1195 cm™' for the B-C stretching vibrational
mode.?>* The peaks at 2258 cm ™' and 2359 cm ™ are induced
by the C=N and C=0 stretching vibrations, respectively." The
absorption peak at 3221 cm™"' indicates that the stretching
vibrations of the O-H group in the phosphor synthesized at
elevated temperatures are due to the adsorption of moisture
from the surroundings of the environment.”® Owing to the
above FTIR analysis, it is observed that both the C and O
elements are bound to the B and N in the structure of the
synthesized phosphor specimen.

Further, XPS analysis has been carried out on the phosphor
specimen in order to get a detailed overview of the specimen
structure, its elemental composition, and the bonding between
them. It is an efficient tool to analyse the surface by incident X-
rays on the sample and detect the number of electrons emitted
at a certain binding energy, which confirms the presence and
chemical state of a particular element. Fig. 4(a) displays the
survey scanned XPS spectra of the as-obtained phosphor spec-
imen which indicates the presence of all the elements that
made up the required phosphor specimen and shows strong
peaks centered at 194.08 eV, 285.08 eV, 399.08 eV and 532.42 eV
which are corresponding to the characteristic binding energies
of the B, C, N and O 1s region respectively. The individual XPS
profiles of the B 1s, C 1s, N 1s, and O 1s are deconvoluted with
the aid of Gaussian fitting as shown in Fig. 4(b-e) to get the
information regarding the bonding characteristics of the
constituent elements as well as the structure of the phosphor by
fine-scanned XPS spectra. The deconvoluted fine-scanned B 1s
profile given in Fig. 4(b) shows three peaks centered at 190.71,
193.51, and 194.49 eV, which are assigned to the B-C-N bond,
BO,, and B-O of the B,O; phase, respectively.**** The charac-
teristic peak centered at 284.64 eV in the deconvoluted fine-
scanned C 1s profile given in Fig. 4(c) is attributed to the C-C
bond, which is in good agreement with the observed binding
energy of graphene (284.9 eV).* The other two peaks at 285.97
and 288.80 eV are ascribed to sp> hybridized C-N or C=N bond

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4

and C-O bond of oxygenated carbon, respectively.*® The peaks
associated with the binding energies 398.26, 399.86, and
401.63 eV in the deconvoluted fine-scanned N 1s profile given in
Fig. 4(d) correspond to the pyridinic N, C-B-N, and graphitic N
bonds, respectively.*”** Furthermore, the characteristic binding
energy peak of the O 1s profile is deconvoluted, as shown in
Fig. 4(e), and consists of three typical peaks centered at 531.03,
532.84, and 533.94 eV, which are assigned to the O-C, O-B, and
C=0, respectively.** Perhaps the above analysis validates the
existence of each of the components (B, C, N, O) and different
stable bindings between them that made the phosphor.

3.2. Particle characterization

Generally, the luminescent characteristics of a phosphor are
mostly dependent on its surface morphology as well as the
particle size distribution. Fig. 5(a and b) shows the FESEM
images of the U-8 phosphor specimen. From Fig. 5(a), it is
visible that the particles of the as-synthesized phosphor exhibit
uniform flower-like surface morphology at a higher scale (100
pm) and lower magnification (1kx). When the scale bar is
reduced (40 pm) and magnification is increased (4kx), as
shown in Fig. 5(b), it is observed that each flower is composed of
several rod-like structures having a wide variation in their
length and diameter. The petals (rods) of the flower are con-
nected through their wider bases, and the diameter of each
petal varies from the tips to the bases. The average diameter of
these petals at their tips is estimated to be around 1.66 um. The
anisotropic growth of the prolonged rod-like structures may
provide a large surface-to-volume ratio, which can enhance the
absorption of light and then improve the intensity of the
emitted light of the synthesized phosphors. However, rod-like

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) XPS survey spectrum of BCNO phosphor. High-resolution individual spectra of (b) B 1s, (c) C 1s, (d) N 1s, and (e) O 1s.

morphology exhibits fewer surface defects, which improves
effective radiative transitions and provides necessary traps to
acquire efficient afterglow. Fig. 5(c) displays the energy disper-
sive X-ray (EDS) spectrum of the BCNO phosphor, which results
when characteristic X-rays that carry the information about the
elemental composition of the sample are emitted on interacting
with high-energy electrons. By identifying the wavelength of the
emitted X-rays, the composition of the phosphor will be quan-
tified.** From EDS analysis, the mass percentages of the
elements boron, carbon, nitrogen, and oxygen are found to be
20.52%, 7.91%, 14.86%, and 56.71%, respectively, in the as-
obtained BCNO phosphor. The absence of any additional
elements confirmed that BCNO phosphor had formed. The
percentage of oxygen content is the highest compared to other
elements. The percentage composition of the BCNO phosphor
obtained from EDS measurement is compared with its actual
molar mass percentage composition and is given in Table 2. The
percentage of molar mass composition is given by the ratio of
the molar mass of each element to the total molar mass of all
the elements present in the compound. Fig. 5(d) depicts the
comprehensive elemental mapping of all the elements con-
ducted on a specific area of the BCNO specimen. The mapping
of individual elements displayed in Fig. 5(e-h) indicates the
uniform distribution of every species in the specimen.

3.3. Optical analysis

UV-Vis-NIR spectroscopy, usually referred to as absorption
spectroscopy, has been performed on the BCNO specimen
under diffuse reflectance (DRS) mode to characterize its optical
properties and to determine its band gap. Fig. 6(a) shows the
absorption spectrum of the BCNO specimen in the wavelength

RSC Adv, 2025, 15, 24367-24380 | 24371
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Fig. 5 (a and b) FESEM images taken at different magnifications, (c) EDAX spectrum, and (d—h) elemental mapping images of the BCNO

phosphor.

range of 220-800 nm. The phosphor shows a pronounced broad absorption band in the UV region (220-350 nm) centered
absorption band in the UV region, with an extended tail that at 288 nm corresponds to the formation of intrinsic defects, i.e.,
suggests notable absorption into the visible range as well. The paramagnetic centers like nitrogen vacancies in the BCNO
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Table2 Comparison of elemental composition percentage measured
from EDS and actual molar mass

EDS measured elemental Actual molar mass

Element composition (wt%) composition (wt%)
B 20.52 20.5
C 7.91 22.7
N 14.86 26.5
(@) 56.71 30.3

phosphor. The extended tail in the visible region (~400 nm) is
attributed to the electron transition between the defect states
arising from the incorporation of carbon and oxygen in the
BCNO specimen.'?***** The absorption curve becomes flat
beyond 500 nm wavelength, indicating high reflectivity of the
specimen. The body color of the phosphor specimen takes on
a faint green hue in the daylight due to its ability to absorb
wavelengths up to 450 nm in the visible region. The optical
band gap energy of the BCNO phosphor specimen is estimated
using Tauc plots and the Kubelka-Munk formula as follows:

(ahv)* = k(hv — Ey)

where «, h, v, and k indicate the molar extinction coefficient,
Planck's constant, frequency, and constant independent of
energy, respectively. Fig. 6(b) depicts the plot of the transformed
Kubelka-Munk function (ahv)® versus light energy (Av). The
extrapolation of the straight-line portion in the Tauc plot to the
light energy axis using linear fitting yields an inflection point on
this curve whose abscissa is directly associated with the optical
band gap (Eg) value, ie., 3.66 eV for the as-obtained BCNO
phosphor. According to the previous reports, the calculated
optical band gap value for pure boron nitride (BN) in its bulk
form is between 5-6 eV.'****¢ The deviation of the band gap
value of BCNO phosphor from BN is due to the incorporation of
impurities such as C and O, which will create defect energy
levels below the bottom of the conduction band, which shifts
the absorption to the longer wavelength side and thereby
decreases the band gap. The band gap of the as-obtained
phosphor is dependent on the concentration of carbon and
oxygen impurities and the position of their energy levels below
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the conduction band. The existence of these impurities enables
the phosphor to have a broad range of absorption, extending it
into the visible region. The detailed study of optical properties
could be done in conjunction with PL spectra.

3.4. Photoluminescent characteristics

The origin of different electronic excitations and the corre-
sponding radiative emissions from a specimen can be under-
stood by conducting PL spectroscopy. The excitation and
emission studies of the BCNO phosphors are systematically
investigated by varying the molar percentage of nitrogen source
in the initial raw materials while maintaining the carbon/boron
(C/B) molar ratio at 7.5 x 10 *. The photoluminescence exci-
tation (PLE) spectra of the as-obtained BCNO phosphors are
recorded at an emission wavelength of 392 nm. As seen from
Fig. 7(a), the PLE spectra of all the phosphors are very broad,
spanning multiple wavelengths from UV (~225 nm) to the
visible region (~400 nm). It is obvious from plot Fig. 7(a) that
the shape of the PLE spectra is similar for all the specimens,
which implies that the origin of excitation centers is identical
for all, irrespective of their ratio of initial raw materials. There
exist two excitation peaks, one broad peak centered around
285 nm, and a shoulder peak was observed around 366 nm. The
high-intensity broad peak at 285 nm is attributed to the tran-
sition of charge carriers to intrinsic defects, i.e., nitrogen
vacancies formed during the synthesis of phosphors. Whereas,
the shoulder at 366 nm corresponds to the excitation of elec-
trons from carbon and oxygen-related impurity levels to the
higher energy levels.”** The PLE intensity of the specimens
increased as we went from U, to U, and then decreased for Usg.
The intensity drop in the Ug specimen may be due to the
decrease in the concentration of nitrogen vacancies.*® The
above PLE data are in good agreement with the information
deduced from the optical analysis. The ability of the as-obtained
BCNO phosphor to have absorption and excitation wavelengths
in the visible region, as demonstrated from optical and excita-
tion spectra, made it a potential candidate for low-light
environments.

Fig. 7(b) displays the PL emission spectra of all the BCNO
specimens derived from various concentrations of nitrogen
source under an excitation wavelength of 285 nm. There exists
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200 500 600
Wavelength (nm)

300 700 800

Fig. 6
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a broad peak in the wavelength range 300-550 nm for all the
specimens. The values of peak emission wavelength and
external quantum yield (EQY) of all the phosphor specimens are
given in Table 3. The red shift observed in U-2 and U-3 samples
with the increase in urea concentration may be due to the
broadening of nitrogen and carbon defect levels between the
valence and conduction bands, which reduces the band gap.
Conversely, the subsequent blue shift with higher urea
concentration may stem from the nitridation of the samples,
which induces structural distortion and increases the band
gap.” The PL intensity of the specimens increases as the
nitrogen concentration in the initial raw materials increases
and reaches a maximum for U;. A sudden drop in PL intensity is
observed for the Ug specimen if a further increment in nitrogen
concentration beyond U, has been made. This scenario may be
attributed to the reduced number of radiative relaxations of the
charge carriers due to a decrease in the concentration of
nitrogen vacancies. In addition to a decrease in the PL intensity,
the wavelength of the Ug specimen shifted from 392 to 412 nm

Table 3 Peak emission wavelength and EQY values of the BCNO
phosphor specimens

Peak emission wavelength External quantum

Sample name (nm) yield (%)
U-1 415 0.71
U-2 448 0.55
U-3 442 0.22
U-4 392 6.61
U-5 392 6.66
U-6 392 1.92
U-7 392 20.32
U-8 412 10.28
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(a) PLE spectra, (b) PL spectra, (c) CIE chromaticity diagram, and (d) TRPL spectra of the BCNO phosphor.

when compared to the remaining specimens. The slight red
shift of emission spectra in the Ug specimen may be a result of
varied concentrations of carbon and oxygen-related impuri-
ties.*® Despite the low heat conductivity of BCNO phosphor, the
heat flow in these phosphors is limited to the surface of the
specimen, which leads to uneven heating.*” Due to this, the
bonds formed in the specimen are weak, and the probability of
having impurities and the formation of defects in the BCNO is
higher. The presence of these carbon and oxygen-related
impurities creates some energy levels below the conduction
band, and the position of these levels is dependent on the
concentration of the impurities.”®*® So, the increase in the
amount of these carbon and oxygen impurities or defects shifts
the emission spectra to a longer wavelength.>* This interpreta-
tion is consistent with studies done by Watanabe et al. and Ogi
et al. that show the carbon and/or nitrogen concentration of the
particles in the BCN atomic structure affects the shift in lumi-
nescence color of BCN materials.***> The EQY of the U-8 after-
glow sample has been compared to the existing blue-emitting
phosphors and is given in Table 4.

The color coordinates of the as-obtained Ug specimen are
derived by plotting the PL data of the phosphor excited at
285 nm by using the CIE 1931 (Commission Internationale de
L’Eclairage) chromaticity diagram, as shown in Fig. 7(c). By its
peak emission at 412 nm, the phosphor's CIE color coordinates
(x = 0.154, y = 0.068) fall in the blue region of the visible
spectrum. Chromaticity makes it possible to quantify the
quality of color irrespective of the intensity of the material.
Substituting the color coordinates (x, y) in the following formula
can determine the color quality of the BCNO specimen.

Vx4 -3

(xa — x>+ (va =)

x 100

Color purity (%) =

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Quantum yield comparison of BCNO phosphor (current
work) with existing literature

Aem Quantum yield

S.no  Phosphor (nm) (%) Reference
01 BCNO 469 79 52

02 BCNO 460 9.3 53

03 BCNO 440 23 54

04 BCNO 450 60 55

05 BCNO 460 52.2 56

06 BCNO 452 99 24

07 BaMgAl;,0,,: Eu** 450 95 52

08 ZnS: Ag 450 75 6

09 BCNO 412 10.28 This work

where (x, y.) = (0.33, 0.33) are coordinates of the ideal white
light, (x5, ys) = (0.154, 0.068) are the as-obtained phosphor color
coordinates, and (xg, ya) = (0.134, 0.041) are the dominant
wavelength coordinates. The color purity of the phosphor is
found to be 90.43%.

Alight source's color appearance at a particular temperature,
measured in degrees Kelvin (K), is described by Correlated Color
Temperature (CCT). The CCT value of the as-obtained phosphor
can be calculated according to the following analytical equation
given by McCamy, and it is found to be 1703.07 K.*>"**

CCT = —4491° + 3525n* — 6823n + 5520.33

To study the afterglow properties of a phosphor, it is essen-
tial to understand the recombination kinetics of the photo-
generated charge carriers. This can be done by conducting time-
resolved photoluminescence (TRPL) spectroscopy measure-
ments on the synthesized phosphor. The lifetimes of different
photon-assisted relaxations of the charge carriers can be known
from the TRPL measurements, which are beneficial in deter-
mining the efficiency of afterglow phosphors. In the current
work, the Uy phosphor specimen is observed to emit afterglow
property, and the rest of the phosphors don't have detectable
afterglow emission. So, the afterglow decay curve of the Ug
phosphor is recorded at the peak wavelength of 412 nm after
continuous excitation of the specimen with a monochromatic
light at 365 nm for 5 minutes. As shown in Fig. 7(d), with the
immediate removal of the excitation source, the afterglow
intensity of the phosphor drops rapidly due to the continuous
release of electrons from the energy levels created by traps due
to thermal activation from the surrounding environment. Fol-
lowed by rapid decay, the phosphor undergoes a steady decay
process with an optimal intensity whose afterglow remains
discernible with minimal intensity (0.32 med m™2) around 30
minutes to the dark-adapted human eye. The lifetime data of
the afterglow decay process of Ug phosphor can be obtained by
fitting the decay curves with the available exponential decay
functions. The decay curve of the Ug phosphor is well fitted to
the bi-exponential function, whose analytical equation is given
as follows:

© 2025 The Author(s). Published by the Royal Society of Chemistry
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I(ty=1+ A1e7ﬁ + Azefé

where I is the afterglow intensity of the phosphor given as
a function of time ¢, and I, is at time ¢ = 0. The constants A; and
A, are the weighing parameters measured at time ¢ = 0; the
exponential components 7; and 1, represent lifetimes of the
different decay processes, which can be extracted from the
above curve fitting equation. The lifetime of phosphor is
generally described as the amount of time it takes to drop its
peak PL intensity value to 1/e of its initial value following the
cessation of the excitation source. The lifetime values (7; =
0.27 s and 1, = 12.66 s) obtained from the decay equation
suggest that the afterglow behaviour of the phosphor consists of
an initial rapid decay process followed by a slow decay process.
The slow and fast decay processes correlated to the lifetime
values 7, = 0.27 s and 7, = 12.66 s can be due to the shallow and
deep traps, respectively, created by the defects formed during
the formation of BCNO phosphor. Intrinsic defects such as
nitrogen vacancies, substitutional defects such as carbon-
substituted boron or nitrogen, and B/O related defects acting
as trapping and detrapping sites would create energy levels in
the band gap of the BCNO phosphor, which in turn affect the
afterglow lifetimes of the phosphor. The presence of the B,0;
phase can also alter the band structure of the BCNO phosphor,
which can create potential traps controlling the charge carrier
dynamics and affect the afterglow performance of the phos-
phor. Despite the discussed defects, the intrinsic and extrinsic
characteristics, quality, and composition of the material greatly
alter the value of the decay components. The time-resolved
photoluminescence spectra for all synthesized samples, and
the corresponding lifetime data, have been included as Fig. S1-
S8 in the ESL.f

3.5. Thermoluminescence studies

Usually, the charge traps created in the host lattice during the
synthesis of phosphor are responsible for the occurrence of its
afterglow phenomenon. These charge traps may be the defects
formed in the phosphor during synthesis or the dopants that
are intentionally added to the host lattice. Different properties,
such as nature, depth, and concentration of charge traps, will
affect the lifetime characteristics of a phosphor®-* The traps in
the phosphor are filled with the charge carriers while exposing it
to the external radiation at room temperature. The filled traps
release the charge carriers on the subsequent rise of tempera-
ture of the system above room temperature with consequent
photon emission, which leads to the afterglow of phosphor. A
shallow trap releases the charge carriers immediately after
irradiation, leading to a rapid decay in afterglow. Whereas the
deep traps accompany the slow release of charge carriers at
room temperature and require more energy to escape from the
traps, leading to a slow decay in afterglow.

However, for efficient afterglow emission at room tempera-
ture, the charge trap should be neither too shallow nor too
deep.®* To study the nature of the charge traps (either shallow
traps or deep traps), TL characterization has been performed on
the as-obtained Ug phosphor. TL provides a better insight into
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studying the underlying mechanism of afterglow phosphors by
investigating the spatial distribution of energy levels created by
the charge traps.

The TL glow curve of Ug phosphor is plotted as shown in
Fig. 8. Before the TL measurement, the phosphor was exposed
to UV light (365 nm) for 10 minutes at room temperature, and
then the temperature was raised to 300 °C at a constant rate of
3 °C s~ '. The information regarding the nature of the charge
traps is given by the TL glow curve, in which the plot of emitted
light intensity as a function of temperature (7) is drawn. A broad
and high-intensity TL glow curve was observed in the temper-
ature range of 320 to 500 K. As the temperature increases,
a steady rise in the TL intensity is observed, which indicates the
de-trapping of charge carriers from different traps. The proba-
bility of the de-trapping process becomes maximum at 374.15 K
and decreases further beyond this temperature. The observed
afterglow of the phosphor is caused by the release of the charge
carriers from the traps, and the following formula may be used
to approximate the depth of the traps.®

p— Tm
~ 500

where E is the depth of the charge trap and Ty, is the temper-
ature corresponding to the maximum intensity of the TL glow
curve. According to the above expression, charge traps of depth
around 0.75 eV were found in the Ug phosphor. As discussed
above, the charge trap should not be too shallow or too deep for
efficient afterglow performance, and the accepted optimal value
of trap depths at room temperature typically ranges between
0.65 and 0.8 eV.* The above determined trap depth value of Ug
phosphor is in the proximity of the optimal range. This ensures
an efficient trapping and de-trapping process in Ug phosphor
and therefore, exhibits considerable afterglow.

3.6. Afterglow mechanism

Since the development of afterglow phosphors, researchers
have proposed many mechanisms to explain this phenomenon
by adapting different hypotheses, like electron trapping, hole
trapping, etc. But the afterglow mechanism of BCNO afterglow
phosphor is still debatable due to its complex electronic struc-
ture and defect-activated luminescence. Most of the studies
showcased that there exists a strong correlation between the
presence of nitrogen vacancies (paramagnetic centres) and

TL Intensity (arb.units)

400 450 500 550
Temperature (K)

3;0
Fig. 8 TL glow curve of BCNO phosphor.
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carbon impurities, which creates luminescence centres with an
energy level around 4.1 eV.*>**% On the other hand, a pair of
carbon atoms is isoelectronic with the boron nitride (BN)
molecule, thereby facilitating its incorporation into the BN
lattice more easily than oxygen atoms. However, from XRD
results, it is known that the majority of oxygen atoms are found
with boron as boron trioxide, which acts as an interfacial zone
connecting boric acid and turbostratic BN.*” Based on these
things, BCNO can be assumed as a carbon-doped boron oxy
nitride compound, and the following afterglow mechanism is
proposed.

Depending on the optical and photoluminescent character-
istics of the BCNO phosphor specimen, an energy level diagram
shown in Fig. 9 was proposed to provide an insight into the
afterglow mechanism of BCNO phosphor. Following the exci-
tation by UV light (365 nm), electron and hole pairs are gener-
ated in the BCNO phosphor. The photogenerated electrons get
excited to the conduction band, resulting in the formation of
holes in the valence band. Some of the excited electrons get
trapped by the nitrogen vacancies, which are assumed to be
shallow traps. After the cessation of the excitation source, the
trapped electrons in the nitrogen vacancies are thermally acti-
vated by the surroundings and slowly released to feed the energy
level created by carbon impurity, from which radiative transi-
tion takes place and consequently leads to the afterglow
phenomenon of BCNO phosphor.

3.7. Potential application

Even though several studies address different aspects like
synthesis, color tunability, PL performance, afterglow behavior,
etc., of BCNO afterglow phosphor, very few studies report their
real-time potential applications, and it has not yet materialized
to a greater extent. Generally, afterglow phosphors are
employed in dark vision, emergency signage, safety markings,
glow-in-the-dark toys, etc. Since afterglow phosphors are known
to be used in several areas, in this work, we developed an
afterglow tile that can find significant application in low-light
environments. Firstly, a 4 cm x 4 cm tile is taken and thor-
oughly cleaned with water. Later, a fine layer of white paint is
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Fig. 9 Afterglow mechanism of BCNO phosphor.
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Fig. 10 Sequence of steps followed to coat afterglow phosphor paint on a tile.

applied to the tile and allowed it dry. The above step is repeated
three times, and the excess paint is removed by using a glass
slide in order to ensure a uniform layer of white background. In
the last step, the synthesized phosphor specimen mixed with
the white paint is coated on the tile to acquire the afterglow
property. The images of the afterglow phosphor-coated tile
under daylight and in dark conditions are shown in Fig. 10. The
afterglow tile, after absorbing sunlight during the day, can emit
afterglow property for around half an hour in low-light envi-
ronments. This afterglow tile can be used in buildings and can
find potential application in low-light environments.

4. Conclusions

Self-activated, rare-earth-free, blue-emitting afterglow phos-
phors were prepared by the sol-gel auto combustion method at
low temperatures (~700 °C) by keeping the C/B molar ratio fixed
and varying the nitrogen concentration. XRD, FTIR, and XPS
studies confirmed the formation as well as the crystal structure
of the phosphor. FESEM images of the phosphor reveal the rod-
like structures connected to form flower-like morphology, and
can be correlated with the strong fluorescent nature of the
phosphor. The band gap of the phosphor was found to be
3.66 eV by conducting UV-visible studies. Optical and PLE
spectra show almost similar maximum absorption (288 nm)
and excitation (285 nm) wavelengths, and extend their spectra
into the visible region. This made the phosphor available with
a visible light-induced afterglow property, which is an aspect to
use it in low-light environments in civil areas. PL spectra show
a broad emission centered at 412 nm, corresponding to the blue
colour. TRPL studies revealed that the decay curve of the
phosphor is well-fitted with the bi-exponential decay function
and shows an optimal intensity around 30 minutes. TL studies
indicate that the trap depth of the defects formed during the
synthesis of phosphor is 0.75 eV, which lies in the optimum trap
depth range (0.65-0.8 eV). A mechanism was proposed by
considering electron trapping at the defect sites created by the
nitrogen vacancies in order to explain the afterglow

© 2025 The Author(s). Published by the Royal Society of Chemistry

phenomenon of the BCNO phosphor. Synthesized phosphor
finds potential application as an afterglow tile in low-light
environments.
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