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https://doi.org/10.18280/acsm.480102 ABSTRACT

Mn#*-doped perovskite Mg2TiO4 holds significant promise for the advancement of LED-
based white light sources, given its cost-effectiveness, abundance, and stability at
elevated temperatures. In this study, we present a novel approach employing the sol-gel
method for the synthesis of Mg2TiOs:Mn** phosphor. Notably, the gel solution
underwent a controlled cooling process at 2°C for a complete day, resulting in reduced
drying time, lower calcination temperature, shortened duration, and optimized
concentrations of doped ions in the derived phosphors. We explore the influence of
temperature and manganese ions on the crystal structure of the host material, and X-ray
diffraction (XRD) analysis confirms the formation of a pure phase. Additionally, the X-
ray energy dispersion spectroscopy (EDX) technique is employed to ascertain the
compound's constituent proportions, revealing a crystallite size of 32.23nm. The
photoluminescence study demonstrates an emission spectrum at 480 nm in the red region.
Integrating our prepared red phosphor with a commercial yellow phosphor YAG:Ce®*,
the resulting LED, utilizing a 450 nm blue chip InGaN, exhibits a correlated color
temperature (CCT) of 4607 K, presenting a cool white color with chromaticity
coordinates of x = 0.3594 and y = 0.3753. The modified sol-gel method thus offers a
promising avenue for the efficient synthesis of Mn**-doped Mg2TiOs red phosphors,
enhancing LED performance.
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1. INTRODUCTION

The progression of Light Emitting Diode (LED) technology
has experienced significant advancements in recent decades.
The widespread adoption of solid-state lighting, driven by
bright and visible LEDs, attributes its success to their high
efficiency, reliability, robust structure, low power
consumption, and prolonged durability [1-4]. Presently, the
prevalent method for generating white LEDs involves
combining yellow phosphor material with blue LED chip light.
In this approach, phosphor-converted particles absorb short-
wavelength light emitted by the LED chip, transforming a
portion of it into long-wavelength light [5]. Over the last
decade, fluoride and Mn*"-activated oxide materials have
garnered attention for their application in white LEDs, offering
cost-effective alternatives to rare-earth-doped red phosphors
[6, 7]. Combining yttrium garnet yellow phosphor with red
phosphor excited by (Ga, In) N blue LEDs enhances the
temperature and color rendering index of white LEDs. Mn4+-
doped phosphors exhibit narrow red emission and broad
ultraviolet-blue  excitation, aligning with the ideal
characteristics for red-emitting phosphors in blue-chip
stimulated white LEDs. Creating an effective Mn*"-doped red-
emitting phosphor requires careful consideration of Mn4+
precursor components and host materials. Mn*" ions are
sensitive to their environment, readily oxidizing to Mn’* or
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reducing to Mn?*. Furthermore, manganese exists in a stable
MnO; form, challenging its regulation when in the free Mn*"
form. Common hosts include oxide and fluoride complexes
with Ge*, Ti*', and AI** located in the center of octahedral
sites. Oxide ions offer lower polarizability and higher
covalence than fluoride ions, influencing the physicochemical
features of the synthesis process [8-10].

LED lighting has revolutionized the industry due to its
exceptional efficiency and cost-effectiveness [11]. The
activated ions used for doping the solid host lattice
significantly influence the fluorescence characteristics of the
host. Mn**, with three electrons in the empty 3d shell, emerges
as a crucial transition element for fabricating phosphor
compounds for LED applications. The cost-effectiveness of
Mn*" doped phosphor manufacturing techniques and the
widespread availability of manganese ores contribute to their
scientific appeal. The Mn*" ion, with its active positive charge,
is susceptible to substantial crystallographic field effects [12-
14]. Emission spectra play a pivotal role in distinguishing
between strong and weak crystalline field states [15, 16].

In recent years, perovskite has emerged as a promising
optoelectronic material, particularly metal perovskite halides,
owing to their photoluminescence yield, tunable bandgap, and
enhanced color purity [17, 18]. Perovskite lamps (PeLEDs) are
anticipated to rival organic LEDs (OLEDs) and inorganic
LEDs (ILEDs) in the future, given their extended lifespan,
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material availability, cost-effectiveness, manufacturing
efficiency, and improved performance [19-23].

This study focuses on the production of red Mg, TiOs:Mn**
phosphor using the sol-gel technique with gel cooling at 2°C.
The cooling process enhances polymerization conditions,
leading to the formation of nanophosphors. The sol-solution
cooling technique is employed to improve phosphor
preparation  conditions, reducing calcination and
polymerization temperatures, and shortening calcination
duration. Titanium (IV) isopropoxide is investigated as the
titanium source. Additionally, the study explores the impact of
varying calcination temperatures and Mn4+ ion concentrations
on the photoluminescence properties of phosphors. The
conditions for optimal performance and electronic transitions
of the compound are determined. Finally, an LED
incorporating Mg>TiO4:Mn*" phosphor is fabricated, and its
electroluminescence and white light efficiency are thoroughly
investigated.

2. EXPERIMENTAL

temperatures using the sol-gel method. By adding 2.34 mL of
titanium (IV) isopropoxide drop by drop to 8.92 mL of
ethylene glycol with continuous stirring for 30 min. Added
7.6848 g of citric acid with continuous stirring for one hour
until completely dissolved. Added 0.004 g of manganese
nitrate, stirring continuously for 30 min, and finally added
4.1026 g of magnesium chloride hexahydrate with continuous
stirring for 30 min. The sol-solution was left in refrigeration at
2°C for one day. The gel was dried using a drying oven at a
temperature of 130°C for 2 h, and placed in the oven at 350°C
for 30 min. Left the charred polymer to cool, grind it with a
mortar of garnet to turn it into black powder.. Finally, this
powder is heated in the muffle furnace for two hours at 600 °C.
Left inside the furnace to cool gradually. We repeated the
above steps for different solutions separately and heating at
various temperatures (650, 700, 750, 800, 850)°C, respectively.
For the purpose of studying the effect of manganese
concentration Mn*" on the host Mg, TiO4, we repeat the above
steps for separate solutions with different weights of
manganese nitrate (0.002, 0.004, 0.006, 0.008, 0.01) g,
respectively. Calcination temperature of 700 °C for two hours
to obtain a pure phase similar to the standard card PDF#00-

2.1 Preparation method 025-1157. The Figure 1 shows the procedure of
Mg, TiO4:Mn*" phosphor preparation.
Magnesium  titanium  oxide  phosphors  powders
Mg,TiO4s:Mn*"  were prepared separately at different
Mn(NO), titani:rtr;‘ (I|\Q iso;laroploxide
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Figure 1. Schematic illustration of synthesis procedure of the Mg>TiO4:Mn*" compound

2.2 Characterizations

The synthesised compounds were detected using the XRD
(Model X' Pert Pro Panalytical Company) at the 26 (10°-80°)
range, where CuKa was used as the radiation source, at the 40
Kv voltage and 40 mA current. A fluorescence
spectrophotometer was used to measure FT-IR. On the other
hand, the particles were investigated using photoluminescence
(PL) spectra with the CARY ECLIPSE-Varian Co. that was

equipped with the 450-watt xenon lamp as an excitation source.

Furthermore, energy dispersive X-ray spectroscopy (EDS)
analysis was also conducted. The morphology of all
synthesised particles was investigated with the Scanning
Electron Microscope (SEM) and FESEM (Zeiss Model
SIGMA VP), which were equipped with EDS. The researchers
also determined the quantum efficiency using an Edinburg
FLS10003 at the excitation wavelength of 467 nm.

3. RESULTS AND DISCUSSION

The influence of temperature on Mg, Ti(1.O4:xMn*" phase
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formation that was synthesised by the sol-gel method was
assessed for 2 h at various temperatures (600, 650, 700, 750,
800, 850 °C) for all models. Figure 2 shows the XRD spectra
of the generated compound. The XRD patterns for the
phosphor mixtures show intense peaks induced by the
reflections of cubic Mg,TiOs4, which were crystallised
properly with the sol-gel method [24, 25]. The results
indicated that a temperature value of 700°C was optimal for
manufacturing the compound and generating the pure phase
wherein the XRD peaks match the standard card (PDF #00-
025-1157) [26], which reflects the purity of the compound.
Wide spectral bands were noted at 600°C, implying that the
compound was amorphous. However, at 650°C, wide XRD
peaks were noted that did not agree with the standard card PDF
#00-025-1157, indicating an impure phase. On the other hand,
the peaks were observed at 20 (24.07, 21.23) at other
temperature values (750, 800, 850°C). The synthesis of the
MgTiOs phase, which corresponds to the standard card PDF
#00-006-494, is attributed to Mg, TiO4 disintegration at higher
temperatures. The XRD spectrum of the red phosphor is
shown in Figure 3, and the displayed peaks suggest that the



sol-gel process could effectively crystallise the powders.
These peaks validate the crystalline nature of compound along
with its pure state, and all the peaks comply with the standard
cards (PDF #00-025-1157), with the following Unit Cell
Parameters: Cell Volume=601.40 A, a=8.4409 A, b = 8.4409
A, ¢ = 8.4409 A, and the space group of Fd-3m [23-27],
indicating that the synthesised compound was properly
synthesised in a pure phase [28-31]. The results also revealed
that none of the established samples exhibited any impure
phase [32-34]. Furthermore, no change was detected in the
host's XRD spectrum after the addition of Mn*" ions,
indicating that the doped ions were linked to the crystal
Mg,TiO4 lattice [35-37]. The peak diffraction of the
Mg,TiOs:Mn*" samples was seen to turns slightly to a high
angle, as Mn* showed a smaller radius than Ti*".
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Figure 2. XRD of Mg, TiOs:Mn*" at different temperatures
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Figure 3. The XRD patterns of Mg,TiO4:Mn*" compound at
different Mn*" concentrations

Figure 4 shows SEM images of the Mg TiOsMn*
compound that was synthesised using the sol-gel method at
various temperatures (600, 650, 700, 750, 800, and 850°C) for
2 h. The SEM images were compared to the XRD values at
700°C and verified the fabrication of the pure phase. The
images demonstrate the formation of a nano-compound with
spherical particles having a smooth surface. Any modification
in the shape of the phosphors can significantly affect the
photoluminescence intensity of the synthesised materials. The
crystallite size was computed with Scherrer's equation and was
found to be 32.23 nm at an Mg,TiO4:Mn*" concentration of

0.002 mol, with a six-faceted crystal structure. Figure 5 show
the compound's crystal structure. The infiltration of any
impurity into the crystal structure does not alter its structure,
particularly when the doped ion displays a radius similar to
that of the replaced ion. Also, when the Mn*" ion enters the
host Mg, TiO4 composition, it replaces a minor quantity of Ti*"
ions.

Figure 4. The SEM images of the Mg, TiO4:Mn*" compound
at (a) 600°C, (b) 650°C, (c) 700°C, (d) 750°C, (e) 800°C, and
(f) 850°C

Figure 5. The crystal structure of the Mg, TiO4:Mn**
compound

The concentration quenching phenomenon causes a
decrease in fluorescence and PL intensity as the Mn*" ion
concentration is increased. The Ti-O bond present in the
Mg, TiOs:Mn** phosphor was stronger compared to the Mn-O
bond because of the large Ti*" ionic radius, wherein every Ti*"
ion was surrounded by six O* ions and Mg?" ion was
surrounded by four O ions to yield a uniform polyhedron.
The doped Mn*" ions penetrate the host Mg, TiOs compound
structure, and a partial replacement of Ti*" ions generate
MnO? with a cubic shape [38, 39]. Figure 6 shows FTIR of
Mg, TiOs:Mn**, the absorption bands at (462.92, 478.35) cm!



are ascribed to bending vibrations and asymmetric stretching
vibrations of the Mg-O bond [40], whereas the band at 570.93
cm’' corresponds to Ti-O bond stretching vibrations [41].
Furthermore, the band at 1743.66 cm™' could be attributed to
the Mg-O-Ti bond stretching vibrations. Figure 7 shows the
photoluminescence emission spectra (PL) of Mg,Ti-
©»O04:xMn*"Where x = 0.002, 0.004, 0.006, 0.008, 0.01 mole,
at the excitation wavelength of 480 nm, varying Mn*"
concentrations, and a 700 °C temperature. The results in the
figure demonstrate the presence of a wide emission beam
between (580-780 nm) because of the forbidden transition of
d—d of 2Eg—*A,g. This could be attributed to the
concentration of the Mn*' ions at 657 nm.
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Figure 6. The infrared spectrum (FTIR) of Mg,TiO4:Mn**
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Figure 7. The photoluminescence emission spectra (PL) of
Mg Ti(1:0O04:xMn**

Figure 8a shows SEM images of the Mg, TiO4 compound
that was doped with Mn** ions at a 0.002 mol concentration
and a calcination temperature of 700°C for 2 h. These results
indicate that these nano-sized crystals show a hexagonal
geometrical shape with a smooth polished surface. Figure 8b
shows the EDS spectra of Mg,TiOs:Mn*". The presence of
elemental components like Mg, Ti, O, and Mn in the sample
was confirmed by EDS, with atomic percentages of these
elements being 29.38%, 20.25%, 50.08%, and 0.29%,
respectively. The percentages of all elements were confirmed
by their appearance in EDS spectra. Figure 8c shows the
mapping of the Mg, TiOs:Mn*" compound and every
component based on their distinct colour. Figure 9a shows the
luminescence of MgTiOs:Mn*" phosphors at a 0.02 ¢
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concentration of Mn*' ions before and after UV lamp
irradiation at a wavelength of 365 nm. Figure 9b shows the
electroluminescence spectra of LED lamps, which showed two
emission peaks. The first can be attributed to the
electroluminescence of blue chips at 449 nm, the second could
be attributed to yellow YAG phosphor at 566 nm, while the
remaining red hue was ascribed to the Mg, TiOsMn*
compound at 585 nm. The synthesised compound is effective
and shows a higher colour rendering quality when utilised in
LED applications with a CRI of 69.7. Figure 9c shows the
correlated colour temperature (CCT) coordinates of the
synthesised compound at 4607 K and chromaticity coordinates
of Commission Internationale de L'éclairage (CIE), i.e., X =
0.3594 and Y = 0.3753.

Mg Ti0 Ma'

Figure 8. a. SEM; b. EDS spectrum c. EDS mapping; of the
Mg,TiO4:Mn** particles
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Figure 9. a. The luminescence of Mg, TiO4:Mn** pre- and
post-exposure to 365 nm-wavelength UV irradiation; b. the
electroluminescence spectra of the LED lamps; c. their CIE

color diagram



4. CONCLUSION

The cooling agent affected the production of the Mg,Ti-
»04:xMn*" phosphor using the sol-gel method since the heat
was not used to fabricate the gel solution, and the activator
concentration was comparatively low in comparison to the
other methods. We also employed an experimental approach
for acquiring the best optical properties of a cool white LED.
The phosphor compound displays the CCT coordinates of the
manufactured compound at 4607 K and CIE chromaticity
coordinates of X =0.3594 and Y = 0.3753. The results further
showed that a concentration of 0.002 moles displayed a
specific optical effect since this compound showed high
morphology and high fluorescence at the excitation
wavelength of 480 nm. It was discovered that with an increase
in the Mn*' ion concentration, the fluorescence of the
produced phosphors was reduced owing to the luminescence
quenching phenomenon. As a result, this method could be used
in many applications like manufacturing display screens, low-
cost lights, and semiconductor materials.
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