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Nowadays, considerable efforts have been extensively devoted to explore a general strategy for improving
the color uniformity and thermal stability of phosphors, which is vital for its applications in health and
comfort lighting. In this study, the SrSiZOZNZ:Eu2+/g—CsN4 composites were successfully prepared via
a facile and effective solid-state method to improve their photoluminescence properties and thermal
stability. The coupling microstructure and chemical composition of the composites were demonstrated
by high-resolution transmission electron microscopy (HRTEM) and EDS line-scanning analyses. Notably,
the dual emissions at ~460 nm (blue) and ~520 nm (green) were observed for the SrSIZOZNz:Euz*/g—
C3N4 composite under near-ultraviolet (NUV) excitation, attributed to the g-CszN,4 and 5d—4f transition of
Eu®* ions, respectively. The coupling structure will be beneficial to the color uniformity of the blue/green
emitting light. Further, SrSiZOZNZ:Eu2+/g-C3N4 composites exhibited a similar photoluminescence
intensity compared with the SrSi>O,N,:Eu?* phosphor even after thermal treatment at 500 °C for 2 h

due to the protection of g-CsNy4. The decreased decay time (1798.3 ns) of green emission for SSON/CN
Received 28th November 2022 d with SSON phosphor (1835.5 ns) indicated that th ling struct d the non-
Accepted Sth February 2023 compared wi phosphor .5 ns) indicate at the coupling structure suppresse e non
radiative transition and improved photoluminescence properties and thermal stability. This work provides

DOI: 10.1039/d2ra07562h a facile strategy to construct SrSi»O.Ny:Eu?*/g-C3N, composites with coupling structure for improved
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1. Introduction

White light emitting diodes (WLEDs), as the next generation of
solid-state lighting sources, have been intensely studied in
recent years due to their distinctive characteristics including
high brightness, low power consumption, and brilliant
stability."” The development of RGB (red, green, and blue)
phosphors excited by near ultraviolet (NUV) LED chips has
received much attention to achieve high-quality white light,
which is highly corresponding to the requirement of health
lighting. As the indispensable green component in wWLEDs,
Eu**-activated nitrides, and oxynitride phosphors, for example
SrSi,0,N,:Eu®" green phosphors, have received close attention
due to their high luminescent efficiency.>* However, the
thermal stability and anti-aging properties of nitrides and oxy-
nitrides phosphors are inhibited due to the tendency of Eu**
oxidation at high temperatures and high humidity.® In addition,
the problems of reabsorption and color nonuniformity in the
mixtures of tricolor phosphors limit their application in indoor
lighting.* Therefore, it is an urgent task to explore a general
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color uniformity and thermal stability.

strategy to improve both the color uniformity and thermal
stability of phosphors.

The strategy of coating the particles with inorganic layers
(e.g. SiO,, C, SiC, Al,03) can effectively improve the thermal
stability of phosphors.>™® Yan et al. have prepared thermally
stable SrSi,0,N,:Eu** green phosphors by coating a thin carbon
layer on the phosphor surface particles by the chemical vapor
deposition (CVD) method.” Recently, major innovations in g-
C;3N,-based materials have emerged in large numbers for their
excellent properties such as high photocatalytic activity,
nontoxic nature, intense luminescence emission, and diverse
access.""> Actually, the research of carbon nitride (C;N,) can be
traced back to 1834 when Liebig first obtained CN polymer and
named it “melon”.** Since then, the graphitic carbon nitride (g-
C3N,) was reported by Franklin in 1922 through the thermal
decomposition of mercuric thiocyanate.” In 1989, Liu and
Cohen predicted the presence of ultra-hard material f-C;N, by
C replacing Si in the structure of B-SizN,, theoretically.”” In
1996, Teter and Hemley predicted five different phases of C3Ny,
which included a-C3N,, B-C3N,, c-C3N,, p-C3N,, and g-C3N,."° g-
C3N, has been widely used in several domains, such as
photocatalysis,"””™® solar energy conversion,**** electro-
catalysis,” illumination display*>** and biomedicine.”® g-C3N,
can also be used as an optical material due to its unique energy-
level structure, which is related to the transition between the
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conduction band and valence band formed by the lone pair (LP)
states of nitrogen.”® Furthermore, g-C;N,, which improves the
color uniformity of composite phosphors with an increased
blue component in a coupled manner is widely available and
non-dependent on the doping of rare earth ions. It can reduce
the consumption of rare earth's finite resources on the planet
for applying in white LEDs. Remarkably, tunable wavelength
emission can be achieved by controlling the polymerization
temperature of g-C3N,.***” Further, the modified g-C;N, phos-
phors indicate considerable potential for practical applications
in optical materials due to their environmental friendliness,
high quantum efficiency, and simple synthesis process.?**°
Thus, g-C;N, is expected to improve the optical properties of
the phosphor and keep it from thermal attack. Some
researchers have combined g-C;N, with long-afterglow phos-
phors, such as SrAl,0,4, CaAl,0,4, and Sr,MgSi,05, to achieve the
photocatalytic activity in the dark environment and realize the
purification of pollutants around the clock.**** The combina-
tion of Ag;P0,/g-C3N,/SrAl,0,:Eu”’, Dy*" prepared by Lei et al.
shows high photoactivity both under visible light irradiation
and in complete darkness, which simultaneously enhances the
photocatalytic activity for the phosphor-enriched composite
when compared to pure g-C;N,.** There are two types of strat-
egies to obtain composite phosphors based on g-C;N,. One of
the strategies intends to improve the photoluminescence
performance of the phosphor by compounding the phosphor
with g-C3N,.** The Y;Al;0,,:Ce®*" phosphor with a thin g-C3N,
layer has been reported and exhibits the improved emission
intensity, thermal stability, and quantum efficiency.>® The
purpose of another strategy is achieving white light by combing
g-C3N, with other red emission materials, such as Eu*":Y,0s3,
Cu;CI(SR),, NaLuF,Eu®**, Ba,MgWOgEu**, and Eu**-doped
molybdate phosphor, considering the blue emission at
~460 nm of g-C3;N, under near-UV excitation.*™* Guo et al.
synthesized the new g-C;N, composite red luminescent Cus-
CI(SR), composite phosphor with white light,* demonstrating
that g-C;N, is an excellent candidate material for improving
phosphor performance and applying in NUV excited wLEDs.
In this work, a series of SrSi,0,N,:Eu®"/g-C;N, composite
phosphors have been prepared directly by facile thermal poly-
merization of melamine. The coupling structure and chemical
composition  of SrSiZOZNZ:Eu%/g-CSNz; composite were
confirmed by HRTEM with EDS elemental analysis and FT-IR
spectroscopy. The results from UV-vis diffuse reflectance
spectra (DRS) indicated that the absorption capacity of the
composite is improved and the optical band gap energy is
reduced from 3.2 to 2.76 eV compared to those in SrSi,O,Nj:-
Eu”*. The shift (from 370 to 448 nm) of the maximum excitation
wavelength for SrSi,0,N,:Eu**/g-C3N, composite monitoring at
525 nm was found due to the decrease of the optical band gap.
Under NUV excitation, the SrSi,O,N,:Eu®‘/g-C;N,; composite
exhibited the blue emission peak at ~460 nm and green emis-
sion peak at 525 nm corresponding to g-C3N, and SrSi,O,N,:-
Eu®", respectively. Further, it can be found that the thermal
stability of the composite was improved and reached the
maximum at a 5% molar mass ratio of g-C3N,. The mechanism
of the improved photoluminescence properties and thermal
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stability is attributed to the electron transfer from g-C3;N, to
Eu®" ions through the g-C;N,-SrSi,O,N, interface.

2. Experimental section
2.1 Materials and synthesis

The high-purity commercial chemical reagents used in this
experiment are melamine (99%, A. R., Aladdin, China), SrCO;
(99.9%, A. R., Aladdin, China), SiO, (99%, Sinopharm, China),
o-Si3N, (SN-E10, UBE Industries, Tokyo), and Eu,O3 (99.9%,
Aladdin, China). All chemicals were of analytical grade or the
highest purity available and were used without further
purifications.

SrSi,0,N,:Eu®" phosphors were first prepared by a two-step
solid-state reaction reported in our previous work.*® A facile
thermal polycondensation method was utilized to synthesize
the SrSi,0,N,:Eu*'/g-C3N, composite phosphors and pure g-
C3;N,. The raw materials of melamine and SrSi,O,N,:Eu**
phosphors were weighed stoichiometrically with various molar
ratios and mixed thoroughly in an agate mortar. Then, the
mixtures were transferred into an alumina crucible and
calcined at 550 °C for 4 h in a tubular furnace under 3% H,/N,
reducing conditions. The yielded samples were denoted as X
composites (X = 7/3, 3/2, 1/1, 2/3, 99/1, 97/3, 19/1, 9/1), where X
refers to the molar ratio of SrSiZOZNZ:Eu2+/g—C3N4. The yellowish
fine powders were obtained after cooling down to room
temperature and milled.

2.2 Characterizations

The crystal structure of the prepared powders was analyzed by
X-ray diffractometer (XRD, Shimadzu, XRD-7000s) with Cu Ka
radiation (A = 1.54 A) operating at 40 kv and 20 mA via
diffraction patterns collected in the range from 10° to 70° at
scanning speed of 5° per min. The particle morphology and
structure of materials, as well as elemental distribution, were
analyzed using a JEOL transmission electron microscope (TEM)
equipped with an energy dispersion X-ray detector (EDX, X-Max
50, Oxford) and energy dispersive spectroscopy (EDS, JEM-
2100F, JEOL). The microstructure of the composite phosphor
was observed using a high-resolution transmission electron
microscope (HRTEM) with a field emission tube in an acceler-
ating voltage of 200 kV. Furthermore, the cross-section of the
composite phosphor particles was performed by EDX line
scanning in TEM. The specimens were dispersed into ethanol
solution under ultrasonication for 20 min and a few drops were
deposited on the copper grid before microscopic investigation.
Fourier transform infrared spectroscopy (FTIR, Thermo Fisher
Nicolet IS50) spectra were acquired to identify chemical groups
in the samples in the range of 500-4000 cm™"'. UV-vis diffuse
reflectance spectra (UV-vis DRS) of the composites were ob-
tained using a UV-3600 spectrophotometer (Cary 100, Shi-
madzu, Japan). The spectra of photoluminescence (PL) and
photoluminescence excitation (PLE) were measured on a fluo-
rescence spectrophotometer (Hitachi, F-7000) at room temper-
ature with an excitation source of a 200 W xeon lamp under
a scanning rate of 240 nm min~'. The emission spectra cover
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the wavelength range of 400-650 nm under the excitation
wavelength of 370 nm with an interval of 0.2 nm, and the slit
width of excitation and emission was set to 1.0 nm. The decay
time of SrSi,O,N,:Eu®', SrSi,0,N,:Eu>" after 500 °C thermal
treatment (SrSi,0,N,:Eu*"-500) for 2 h, SrSi,0,N,:Eu**/g-C3N,
and SrSiZOZNZ:Eu2+/g—C3N4 after 500 °C thermal treatment for
2 h (SrSi,0,N,:Eu**/g-C3N,-500) were measured under room
temperature at the excitation and monitor wavelengths of
375 nm and 525 nm, respectively, on a lifetime spectrofluo-
rometer (FLS980, Edinburgh Instruments) with a picosecond
pulsed laser (EPL) of 375 nm. The thermal quenching was
measured on Edinburgh Instruments (FLS 1000) at an excita-
tion wavelength of 370 nm, with detection temperatures and
ranges of 25-300 °C and 440-630 nm, respectively.

3. Results and discussion
3.1 Phase identification and microstructure analysis

Fig. 1 presents XRD patterns of pristine g-C5Ny, SrSi,0,N,:Eu*",
SrSi,0,N,/g-C3N, composites (denoted as SSON/CN) and the
standard data on the SrSi,O,N, crystal (JCPDS no. 14-8213). All
the peaks of the as-synthesized SrSi,O,N, could be indexed
using the reference card (JCPDS no. 14-8213), demonstrating
that SrSi,0,N,:Eu”" phosphor prepared by the two-step method
exhibited the pure phase of SrSi,O,N,. In Fig. 1, the intense
peaks at 13.0° and 27.54° can be clearly observed for the
diffraction of pristine g-C3N,, which is attributed to the (100)
and (002) plane of the graphitic structure, respectively.*® The
diffraction peak at 13.0° is assigned to the intraplanar stacking
of tri-s-triazine unit structures, while the major diffraction peak
at 27.54° belongs to the interplanar packing of the conjugated
aromatic systems of g-C;N,.* It can be clearly found from Fig. 1
that the diffraction peaks of SSON/CN composites are well-
indexed to the SrSi,O,N, crystal (JCPDS no. 14-8213), but no
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diffraction peaks of g-C3N, were observed for SSON/CN
composites even in the 26 range of 25°-29° (right side, Fig. 1).

In order to investigate the g-C;N, phase and microstructure,
HRTEM images with elemental mapping of SSON/CN compos-
ites were performed and the data are shown in Fig. 2 and 3,
respectively. Fig. 2a presents a TEM image of the SSON/CN
composite prepared by molar ratio = 2/3, which clearly indi-
cates the covering microstructure of the g-C;N, layer on the
surface of SrSi,0,N,:Eu>" crystals with the average thickness in
the range of 30-40 nm. In Fig. 2b, the lattice fringes of g-C3N,
with d spacings of 0.28 nm are shown for the SSON/CN sample,
corresponding to the (102) crystal plane of g-C;N, in the stan-
dard card data (JCPDS: 87-1526).> The corresponding energy
dispersive X-ray spectroscopy (EDS) elemental mapping was
also employed to further investigate the distribution of C, N, O,
Si, Sr, and Eu elements for SrSiZOZNZ:Eu2+/g-C3N4 composites.
As shown in Fig. 3, all the elements of C, N, O, Si, Sr, and Eu
appeared in the EDS spectrum and they were uniformly
distributed throughout the phosphor particles.

Further, the elemental line scanning analysis was performed
on the cross-section of SSON/CN particles and the arrow in the
inset indicated the scanning direction in Fig. 4. Along the
scanning direction (inset in Fig. 4), the signals of C, N, O, Si, Sr,
and Eu elements can be found and increase to the maximum at
the center of the particles. Therefore, the coupling structure of
SSON/CN composites was demonstrated through HRTEM and
EDS analysis, which will have a significant impact on the pho-
toluminescence properties of the samples.

The combination of C;N, with SrSi,O,N, was also investi-
gated from FT-IR transmission spectra of g-C3N,, SrSi,O,N,:-
Eu2+/g-C3N4, and SrSi,O,N,, as shown in Fig. 5. Fig. 5a presents
the typical FT-IR spectrum of g-C3N, with a broad absorption
band localized at about 3000-3500 cm ' attributed to the
uncondensed terminal amino groups (-NH, or = NH groups).*®
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Fig.1 XRD patterns of as-prepared pure g-C3zNy, SrSi,O,Nz Eu?™, SrSiZOZNZ:Eu2+/g—C3N4 composites (SSON/CN) with different molar ratios of

SSON/CN and the standard data of SrSi>O,N, (JCPDS no. 14-8213).
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Fig. 2
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(a) TEM image of SSON/CN sample prepared by molar ratio = 2/3. (b) HRTEM image of SSON/CN composite. The inset shows the FFT

transform of the yellow region and the enlarged HRTEM image of the red area.

In the wavenumber range from 1200 to 1650 cm ', the
absorption bands at 1564 and 1634 cm ™" are assigned to the
stretching vibrations of C=N, while the bands at 1456, 1402,
1317, and 1244 cm™" correspond to aromatic C-N stretching. In
addition, the absorption peak at 807 cm ' belongs to the
triazine ring mode, attributed to the condensed CN hetero-
cycle.®** In Fig. 5¢, the absorption peaks at 1024, 904 cm™ ', and

Fig. 3

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

502 cm ™' are assigned to two St (Eu)-O (N) and Si-O (N) bonds
in the SrSi,0,N,:Eu”* compound, respectively.”* The peaks
specified as the stretching and bending vibrations of O-H are
located at about 3436 and 1630 cm ™', respectively. Obviously,
the FTIR spectrum of the SSON/CN sample with molar ratio = 2/
3 shown in Fig. 5b exhibits the characteristic absorption peaks
of SrSi,O,N, and C3N,. A broad absorption band at

(] Map Sum Spectrum

(a) EDS mappings images of C, N, O, Si, St, Eu elements, and (b) EDS spectrum for SSON/CN sample prepared by molar ratio = 2/3.

RSC Adv, 2023, 13, 6442-6452 | 6445
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Fig. 5 FT-IR spectra of (a) pure g-CsN,, (b) SSON/CN sample with molar ratio = 2/3, and (c) SrSi,O,N,:Eu?*.

approximately 3170 cm ™" is attributed to the typical stretching
vibration of O-H groups on the surface of the SrSi,0,N,:Eu*"/g-
C;N, composites.

3.2 Photoluminescence properties

It is necessary to evaluate the optical absorption of the samples
before investigating the photoluminescence properties. Fig. 6a
shows the UV-vis diffuse reflectance spectra (DRS) of g-C3Ny,

6446 | RSC Adv, 2023, 13, 6442-6452

SrSi,0,N,:Eu**, and SSON/CN with strong absorption in the
range of 200-450 nm. The obvious blueshift of the absorption
edge from ~527 nm to ~471 nm can be found for SSON/CN
composite phosphor when compared with SrSi,O,N,:Eu®".
The band gaps of g-C3Ny, SrSi,0,N,:Eu®*, and SSON/CN were
calculated using the Taucplot function:**

(ahv)" = K(hv — E,)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.6 (a) UV-vis diffuse reflectance spectra (DRS) and (b) Plots of («hv)*'? versus hv employed to determine the band gaps of g-CsN4 and SSON/

CN composites phosphor. The molar ratio of SSON/CN was 2/3.

where «, i, v, and K denote the absorption coefficient, Planck's
constant, the frequency, and energy-independent constant,
respectively. In addition, exponent “n” and “E;” represent the
nature of transition (direct or indirect band gap semi-
conductors) and the optical band gap energy, respectively. In
Fig. 6b, the corresponding band gaps of g-C3N,, SrSi,0,N,:Eu*",
and SSON/CN were calculated to be 2.63 eV, 3.2 eV, and 2.76 eV,
respectively. This change may be caused by the intra-band
conversions of nitrogen-deficient porous g-C;N, formed under
H, mixing reduction atmosphere.*”

Fig. 7 portrays the photoluminescence emission (PL) excited
at 370 nm and the corresponding excitation (PLE) spectra of
SrSi,0,N,:Eu®", g-C3N,, and SSON/CN composites with the
molar ratio of 2/3. As shown in Fig. 7a, the SrSi,0,N,:Eu**
phosphor exhibits a single broad green emission band peak at
525 nm with full width at half maxima (FWHM) of 61 nm, which
is consistent with earlier reports of SrSi,0,N,:Eu®" phosphors.*®
The broad emission band in the range of 470-600 nm is asso-
ciated with the transition from the lowest excited state of 4f°5d"
electronic configuration to the ground state 4f(®S,,) of Eu*
ions. Interestingly, g-C3N, shows a broad blue emission band
covering 400-550 nm and peaking at approximately 458 nm and

the FWHM of around 65 nm under the excitation of 370 nm,
corresponding to near band edge emission (NBE) due to the
direct bandgap transition in g-C;N,.** The optical properties of
carbon nitride materials are mainly influenced by band-to-band
transitions and band to tail transitions of lone pair (LP) states of
intra-tri-s-triazine and inter-tri-s-triazine nitrogen, while the
location of the LP band depends on the bond structure around
the nitrogen.”® As for SSON/CN composites, the PL spectra of
SSON/CN shown in Fig. 7a exhibit blue-green dual emission
peaks at 457 nm and 506 nm via Gaussian fitting under a single
excitation wavelength (370 nm). A slight redshift from 458 nm
to 463 nm can be observed for the SSON/CN composites
compared with the emission of pure g-C;N,. The PL excitation
spectrum of g-C;N, in Fig. 7b displays a broad excitation band
in the range of 250 to 430 nm. The strongest excitation bands
are located at ~278 and 370 nm, which are attributed to w-7*
transitions and d-7m* transitions, respectively.”® Typically, the
broad excitation peak of SrSi,O,N,:Eu>" phosphor covers the
UV-visible region of 275-450 nm and the predominant excita-
tion band appears at ~370 nm, relating to the parity allowed
transitions from the 4f7(®S,,) to 4f°5d" of the Eu*>* ions. The PLE
spectrum consists of structural bands associated with the
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Fig. 7 Normalized PL emission (a) and excitation (b) spectra of SrSi,O,NL Eu?™, g-C3N,4 and SSON/CN with molar ratio 2/3. Dashed lines of (a)

are Gaussian fitting of SSON/CN PL peak under 370 nm excitation.
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Fig. 8 (a) PL emission spectra of SSON/CN composites with different molar ratios (SSON/CN molar ratio = 7/3, 3/2, 1/1, and 2/3) prepared by
thermal polymerization at 550 °C under excitation of 370 nm. Inset shows the CIE coordinates of the SSON/CN composite phosphors with
different molar ratios. (b) The relative intensity variation of blue emission, green emission, and the corresponding green/blue ratio (G/B) with

SSON/CN molar ratio.
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Fig. 9 (a) PL emission spectra of the sample prepared by SSON/CN molar ratio at = 2/3 under excitation of 280 nm, 320 nm, 360 nm, 400 nm,

440 nm, and 460 nm. (b) The coordinates of SSON/CN molar ratio at = 2/3 under different excitation wavelengths in CIE.
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parity-allowed transition between the ground state and the
excited states of the configuration of Eu®" ions.** The PLE
spectrum of the SSON/CN composites was recorded by moni-
toring the emission peak at 460 nm and 525 nm. The excitation
band of SSON/CN composites monitored at 460 nm is similar to
that from pure g-C;N,. Notably, it can be seen that the edge of
the excitation band when monitoring the green emission at
525 nm dramatically extends to ~500 nm and shows the
maximum excitation peak at ~450 nm, which is in accordance
with the results of the UV-vis diffuse reflectance spectra shown
in Fig. 6.

A series of SSON/CN composites with different molar ratios
(SSON/CN molar ratio = 7/3, 3/2, 1/1, and 2/3) was prepared by
thermal polymerization at 550 °C to investigate the photo-
luminescence properties under 370 nm excitation. It can be
clearly noted from the PL emission spectra (Fig. 8a) of the
composites under excitation of 370 nm that the samples display
broad emission peaks in the range of 400-600 nm with a blue
emission peak at ~460 nm and green emission peak at 525 nm
corresponding to g-C3N, and SrSi,0,N,:Eu**, respectively.
Along with the increase of g-C3;N, content in SSON/CN
composites, the intensity of blue emission at ~460 nm
increases and the CIE coordinates shift from (0.2339, 0.5416) to
(0.1751, 0.3121) with the adjustable molar ratios, as shown in
the inset in Fig. 8a. Fig. 8b displays the relative intensity

View Article Online
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variation of blue emission, green emission and the corre-
sponding green/blue ratio (G/B) with SSON/CN molar ratios.
Obviously, the different green/blue ratios (G/B) from 0.5 to 4.5
can be facilely achieved by adjusting the SSON/CN molar ratios,
which is helpful for its application in white light LEDs.

As shown in Fig. 9, the tunable proportion of blue and green
emission can be facilely acquired by varying the excitation
wavelengths (280 nm, 320 nm, 360 nm, 400 nm, 440 nm, and
460 nm, respectively). Obviously, the G/B ratios of the emission
for SrSi,O,N,/g-C;N, composite with the molar ratio at = 2/3
can be adjusted to ~1 when employing the excitation wave-
length of ~400 nm. Only the green emission peak for the as-
prepared composite can be observed under excitation of
440 nm and 460 nm, due to the absence of absorption of g-C3;N,
in this wavelength range. As shown in the inset of Fig. 9b, the
coordinates in the CIE diagram shift from the blue region
(0.1538, 0.1892) to the green region (0.2552, 0.6099) as the
excitation wavelength increases. Thus, the dual emission of
blue and green light can be achieved simultaneously in SSON/
CN by manipulating the excitation wavelength.

3.3 Thermal stability of SrSi,0,N,:Eu**/g-C;N, composites

The thermal stability of phosphors plays a key role in the
application of LED devices. Fig. 10a displays PL relative
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Fig. 10 (a) PL intensities of SrSi,O,N,:Eu?*, SSON/CN composites with different molar ratios (SSON/CN molar ratio = 99/1, 97/3, 19/1, and 9/1,
respectively) and the corresponding samples after calcination at 500 °C for 2 h under excitation of 370 nm (All the measurements were con-
ducted at room temperature). (b) Normalized PL intensities of SrSi,O,N,:Eu?* and SSON/CN molar ratio = 19/1 as a function of temperature. The
inset of (b) presents the Arrhenius plot to calculate the activation energy for thermal quenching of SrSi,O,N,:Eu?* and SSON/CN molar ratio =
19/1. Temperature dependence of emission spectra of (c) SrSi,O,N,:Eu®* and (d) SSON/CN molar ratio = 19/1.
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emission intensities of SrSi,O,N,:Eu®**, SSON/CN composites
with different molar ratios (SSON/CN molar ratio = 99/1, 97/3,
19/1, and 9/1, respectively) and the corresponding samples
after calcination at 500 °C for 2 h under the excitation of
370 nm. Interestingly, SSON/CN composites with a molar ratio
of 19/1 show abnormal fluorescence enhancement by 15.9%
after calcination at 500 °C for 2 h, which is totally different from
the decreased tendency of pure SSON phosphor after thermal
treatment. In addition, the thermal quenching in Fig. 10b
further demonstrates that the thermal stability of the SSON/CN
composite is improved (molar ratio = 19/1). The activation
energy is calculated using the Arrhenius formula.*
="

1+ Ae KT

where I, and I, represent the emission intensity at room
temperature and at a given temperature, respectively. 4, K, and
AE represent the constant coefficient, Boltzmann's constant,
and activation energy for thermal quenching, respectively. The
graph of In[(Iy/Ir) — 1] versus 1/KT was plotted and is shown in
the inset of Fig. 10b. The AFE was calculated as 0.203 and
0.219 eV for SrSi,0,N,:Eu”" and SSON/CN, respectively. Fig. 10c
and d show the temperature dependence of the emission
spectra of SrSi,0,N,:Eu”" and SSON/CN composite, respectively.
The property parameters of SrSi,O,N,:Eu®*" and SSON/CN
composites, upon thermal quenching, activation energy, and
heating to 500 °C for 2 h and then dropping to room tempera-
ture, are shown in Table 1. The above observations indicated
that the thermal stability can be effectively improved through
coupling with g-C;N,. Thus, the coupling structure keeps the
phosphor from thermal attack and subsequently improves the
efficient electron transfer from g-C;N, to Eu>" ions.

The room-temperature decay curves were monitored at
525 nm under excitation of 375 nm for SrSi,O,N,:Eu*", SSON/
CN composite (molar ratio = 19/1), and the corresponding
samples after 500 °C thermal treatment for 2 h, as shown in
Fig. 11. All decay curves can be well fitted with double-
exponential to equation [I = I, + A; exp(—t/t4) + A, exp(—t/15)],
where I, is the initial luminescence intensity and I is the one at
time ¢, A;, and A, are the two constants of the function, 7, and 1,
are the fast and slow components of the luminescent lifetimes,
respectively.*® Consequently, the average lifetime was calculated
using the formula of t* = (4;7,% + 4,7,%)/(A17; + A,1,).%%*° The
average decay lifetimes were calculated as 1835.5, 1801.2,
1798.3, and 1820.5 ns for SrSi,0,N,:Eu*", SrSi,0,N,:Eu**-500,
SSON/CN, and SSON/CN-500, respectively. Obviously, SSON/CN
exhibits a decreased decay time (1798.3 ns) compared with

Table 1 The recently reported properties of SrSi,O,N,:Eu?* phosphors
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Fig. 11 Decay curves of SrSi,O,N,:Eu®*, SSON/CN composite (molar
ratio = 19/1) and the corresponding samples after thermal treatment at
500 °C for 2 h. The samples were excited at 375 nm and monitored at
525 nm at room temperature.

SSON phosphor (1835.5 ns), indicating that the coupling
structure suppressed the non-radiative transition and improved
the photoluminescence properties.

3.4 Formation mechanism of SSON/CN composites

Fig. 12 illustrates the schematic diagram for the process for
SSON/CN composites with dual fluorescence properties and
enhanced thermal stability. Firstly, the SSON/CN composites
were formed by the coupling of SrSi,0,N,:Eu®" particles with
stratified g-C;N, through melamine thermal polycondensation.
Under the excitation of 370 nm, SSON/CN composites exhibit
dual photoluminescence emission peaks at 460 nm and
525 nm, assigned to g-C;N, and 5d-4f transition of Eu>’,
respectively. The PL intensity and decay time of the as-prepared
SSON/CN composite with SSON/CN molar ratio of 19/1
composite decrease slightly compared to that of SrSi,O,N,:-
Eu®" phosphor because the g-C;N, layer can absorb the excita-
tion light and facilitate the electron-hole recombination inside
the layer. Notably, the PL intensity of the SSON/CN composite
with SSON/CN molar ratio of 19/1 was increased by 15.9% after
calcination at 500 °C for 2 h because of the coupling between
SrSi,O,N, and g-C;N,. Simultaneously, the photo-generated
carriers (electron-hole) during the thermal treatment process
can be transferred to the luminescent center of Eu** ions in the

Excitation wavelength

Thermal quenching

Activation energy Heated to 500 °C

Phosphors (nm) (remain) (eV) for 2 h Ref.
SrSi,0,Ny:Eu®* 370 74% (200 °C) 0.20 Decrease This work
SSON/CN 370 78% (200 °C) 0.22 Increase This work
S18i,0,N,:Eu** 380 85% (150 °C) — — 52
ST0.95Si,0,N,:0.02Eu>* 450 — — Decrease 53
SrSi,0,N,:Eu?" 440 71% (180 °C) 0.13 — 54
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Fig. 12 Schematic diagram of the process for SSON/CN composites with dual fluorescence properties and enhanced thermal stability.

SrSi,O,N, lattice through the interface of g-C3;N,-SrSi,O,N,,
demonstrated by the transient spectroscopy techniques
(Fig. 11). Thus, the formation of the coupling structure of g-
C;N, coated on the surface of SrSi,0,N,:Eu”" finally facilitated
the color uniformity and improved thermal stability.

4. Conclusions

In summary, a series of SSON/CN composites were successfully
synthesized by a facile thermal polymerization of melamine.
The coupling structure of g-C;N, coated on the surface of
SrSi,0,N,:Eu”” in the SSON/CN composite was confirmed by
HRTEM with EDS analysis, which could have an essential
impact on the color uniformity of the emitting light. The
absorption spectra showed that the absorption ability of the
composite was increased and the optical band gap energy was
dropped from 3.2 eV to 2.76 eV when compared to that in
S1Si,0,N,:Eu®", which results in the redshift of the optimal
excitation wavelength from 370 nm to 448 nm. The relative
intensity of the blue-green emission can be controlled to
improve the color uniformity of the SSON/CN composite by
tuning different SSON/CN molar ratios and the excitation
wavelength. The various green/blue emission ratios (G/B) from
0.5 to 4.5 can be obtained by the adjustment of SSON/CN molar
ratios. Meanwhile, the SSON/CN composite exhibited higher
thermal stability compared with the original SrSi,0,N,:Eu®"
phosphor from the thermal quenching results. The above
results indicated that the preparation of composite phosphors
is simple and effective, and has the potential to be extended to
other phosphors for improving thermal stability. This work
provides a simple and effective strategy to improve the color
uniformity and thermal stability of nitride phosphor by con-
structing the coupling structure in SrSi,O,N,:Eu*'/g-C;N,
composites.
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