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W N e

Abstract: The t-phase Baj 3CagyS5iOy4 alkaline earth silicate powders were synthesized using the
solution combustion technique. For this purpose, metal nitrate—urea mixtures were used as an
oxidant and a fuel. Urea’s main function was to help lower the nominal combustion temperature
(~550 °C) of the mixtures through exothermic reactions, leading to a relatively mild post-annealing
temperature (~750 °C). If the urea concentration increased, the interconnected silicate particle size
decreased with nanoscale crystallite (average, 33 + 3 nm), affecting optical properties. Finally, the
photoluminescence spectra suggested that the light emission was through trap sites, because the
emitted blue and green lights (2.6 and 2.3 eV, respectively) were smaller than the bandgap (~3.2 eV)
of the Baj 3Cag7SiO4 semiconductor.

Keywords: silicate; urea; metal oxide; semiconductor; photoluminescence; solution combustion
synthesis

1. Introduction

Silicate ceramic materials have received significant attention as a host matrix due to
their several advantages, such as simple synthesis, durable crystal structure, thermal and
chemical stability, environmental friendliness, and visible light transparency [1-3]. Silicates
can have both amorphous and crystalline structures, and can be grouped as low, medium,
and high melting point solids [1-4]. Therefore, it has been a topic of interest to study silicate
materials by choosing an appropriate processing condition linked to the structure-property
relationship. For example, Cap,MgSi, Oy, Sro,MgSi;O7, and SrsMgSi,Og were synthesized
through a solid-state reaction at a sintering temperature of 1370 °C [5,6]. However, at
this temperature, the reaction could be incomplete, suggesting the necessity of a higher
temperature (1450 °C) with slow kinetics [7,8]. In addition, Sr3SiOs, Ca3SiOs, and MgsSiOs
silicates were synthesized using a sol-gel method at 950 °C [6,9-12].

In the case of solution combustion synthesis, it was reported that very fine, ho-
mogenous, and crystalline samples could be obtained through the exothermic reactions
between metal nitrate and fuel materials [11-21]. For example, the europium-doped
(CapSr)MgSir O7 (x =0, 0.5, 1.5, and 2), SrsMgSirOg, and SroMgSi, O; were synthesized
by pre-heating at 500 °C and subsequent post-annealing at 900 °C [22,23]. This combustion
process has advantages, such as simplicity, homogeneity, purity, short duration, and ease of
scale-up, which should be suitable for versatile applications, such as luminescent diodes,
fuel cells, energy conversion and storage devices [19,24-26]. Importantly, lower fusion tem-
peratures open up opportunities for possibly more energy-efficient production processes.
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In addition, combustion synthesis allows the ceramic powders to have agglomerated par-
ticles with ~0.5-5 um diameters in their morphologies [27-29]. In this study, to tune the
microstructure of the powder samples, the molar ratios of oxidizers and fuel were chosen
to achieve a certain combustion temperature. This is because the heat generated from
the exothermic reactions should be dependent on the fuel amounts and species [30-38].
The fuel species in combustion synthesis could be urea, glycine, citric acid, hydrazine, or
carbohydrates, and their mixtures, in which a fuel has a partial solubility in an aqueous
medium, for example, urea 1.08 g/mL in water [31-38]. In this paper, starting with the
aforementioned silicate examples, we introduce our specific case, namely, Ba; 3Cag 75iO4.
Note that this complex silicate was first synthesized using the classical solid-state reaction in
1986 [39]. Here, we report the effect of urea (i.e., a type of fuel with high solubility in water
and an appropriate decomposition temperature, ~350 °C) [40,41] concentration on the ther-
mal, structural, morphological, and photoluminescent properties of T-phase Ba; 3Cag 75104
semiconductors for lighting and light-emitting diode (LED) devices [42—-44]. It was found
that the urea concentration affected the microstructural morphologies and properties of
the silicate semiconductor, an optical material. Importantly, the hexagonal Ba; 3Ca 75104
compound is known to exhibit only a single T-phase without a phase transformation,
indicating that it is a very stable material and worthy of a fundamental study [39].

2. Results and Discussion

Figure 1 shows the thermal behavior of as-synthesized samples after burning at 550 °C
for ~5-10 min, according to the literature reports [11-17,19]. Here, Figure 1a—c denote the
metal nitrate:urea (i.e., oxidant:fuel) ratios 1:0.75, 1:1.15, and 1:2.15, respectively, which
correspond to the low, medium, and high concentrations of urea as a model composi-
tion, respectively [45]. As shown in Figure 1, there were two drastic decompositions at
~25-100 °C and ~450-700 °C. The former was related to the desorption of residual small
molecules (e.g., HyO) due to the hygroscopic nature of the samples, whereas the latter
originated in the further decomposition of the precursor and fuel materials (i.e., because
of an incomplete combustion of samples at 550 °C). Here, it was noticeable that with
increasing urea concentration, the differential thermal analysis (DTA) peak decreased from
669 °C (metal nitrate:urea = 1:0.75) to 648 °C (metal nitrate:urea = 1:1.15), and 631 °C (metal
nitrate:urea = 1:2.15). Note that urea has two hetero atoms (O and N) with lone pair elec-
trons acting as a Lewis base. Hence, urea can undergo coordination bonding with the metal
cations (Ca?* and Ba?"). Therefore, the DTA peaks observed in the range of 631-669 °C
might have been related to the decomposition of the nitrate clathrates (adducts). However,
the corresponding decomposition peaks at lower temperatures (<100 °C) were 91 °C, 94 °C,
and 85 °C. On the other hand, when the molar ratio of metal nitrate:urea was 1:2.15, the
corresponding peak was significantly downshifted to 85 °C. Furthermore, it was interesting
to see an additional peak at 203 °C when the molar ratio of metal nitrate:urea was 1:2.15
(i.e., a presence of incomplete decomposition during the fast exothermal reaction). Impor-
tantly, based on the thermogravimetric analysis (TGA) data in Figure 1, it was found that
the post-annealing temperature should be greater than 700 °C for Ba; 3Ca75iO; silicate
powders. Thus, in this study, we chose 750 °C as a post-annealing temperature for complete
decomposition of precursors such as Ba(NOj3),, Ca(NO3), Si(OCyHs)4, and CH4N,O. Note
that the final Ba; 3Ca 75Oy silicate powders were expected to be synthesized according
to the below reaction (1), for which the precursor mixtures should have undergone the
two-stage processing at 550 °C and 750 °C (at post-annealing) in the presence of the initial
urea fuel (nCH4NO,, n = 0.75-2.15) [18-26,46,47]. Here, the byproducts could be 4NO,, O,,
2.8H,0, 2(C,H5)0, etc., which were expected to further decompose into nitrogen, carbon,
and hydrogen (i.e., a production of large amounts of gases, as reported regarding the
solution combustion processes) [11-17,47].

1.3Ba(NO3), — 1.3Ba0 + 2.6NO; + 0.650,

0.7Ca(NO3),-4H,0 — 0.7Ca0 + 1.4NO; + 0.350; + 2.8H,O
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Figure 1. Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) curves for

the Baj 3Cag 7SiO4 samples after burning at 550 °C, at a heating rate of 10 °C/min under a N

flow of 80 cm®/min: (a) metal nitrate:urea = 1:0.75, (b) metal nitrate:urea = 1:1.15, and (c) metal
nitrate:urea = 1:2.15.

Figure 2 shows the Fourier transform infrared (FT-IR) spectra for the samples after
burning at 550 °C; Figure 2a—c correspond to metal nitrate:urea = 1:0.75, 1:1.15, and 1:2.15
samples, respectively. As shown in Figure 2, O-H stretching (from adsorbed water) was
observed at 3648 cm~!, whereas N-H stretching and N-O stretching were displayed at
2207 ecm ! and 1434 em ™, respectively. Furthermore, Si-O stretching, Si-O-5i bending,
Ba-O stretching, and Ca-O stretching were exhibited at 970 ecm 1, 835 em™1, 725 em L,
and 673 cm ™!, respectively. Interestingly, when the urea concentration was relatively high
(see Figure 2c¢), small peaks were additionally observed, displaying the presence of trivial
decomposed molecules due to the rapid and intensive exothermic reactions in this sample.
Recall also the additional DTA peak at 203 °C in Figure 1c.
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Figure 2. FTIR spectra of Baj 3Cag 75i04 samples burned at 550 °C: (a) metal nitrate:urea = 1:0.75,
(b) metal nitrate:urea = 1:1.15, and (c) metal nitrate:urea = 1:2.15.

As shown in Figures 1 and 2, the combustion reaction at 550 °C was insulfficient for a
complete reaction, indicating further annealing was needed, at higher than 700 °C. Hence,
we chose the post-annealing temperature of 750 °C for 2 h. We then characterized the X-ray
diffraction (XRD) patterns of the Baj 3Cag7SiO4 samples as a function of the molar ratio
of metal nitrate:urea (see Figure 3). The first observation was that all the diffraction peaks
were consistent with that of T-phase hexagonal Ba; 3Ca 7SiO4 (JCPDS, No. 36-1449) [39].
Here, the crystallite size (f) of Baj3CagySiO4 samples could be estimated through the
Scherrer equation,
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~ Bcosf

where A = 0.154 nm is the wavelength of x-ray, and B is the full-width at half maximum
(FWHM) at the diffraction angle, 6. The results are summarized in Table 1 and Figure 4.
As shown in Figure 4, the crystallite size initially decreased with increasing urea concen-
tration up to nitraterurea = 1:1.15, and then leveled off. However, a similar crystallite
size (~31.2-31.0 nm) does not necessarily mean an indistinguishable property, which de-
manded further characterization of the samples. Furthermore, the experimental XRD data
were shifted to the left compared with the JCPDS #:36-1499 prediction. For example, the
d-spacing at the (102) crystallographic plane was 0.290 nm (experiment at 2 § = 30.8°)
and 0.287 nm (JCPDS at 2 6 = 31.1°), respectively, based on Bragg’s law (A = 2d - sin6).
Hence, this comparison indicated that the interplanar distance should have been partially
expanded due to drastic exothermic reactions when the solution combustion synthesis
was employed.
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Figure 3. XRD spectra of t-phase Baj 3Cag 75i04 powder samples as a function of the molar ratio of
metal nitrate:urea (after post-annealing at 750 °C for 2 h).

Table 1. Crystallite size (t) of T-phase Baj3CagSiOy silicate powders at 6 = 15.42 °, i.e., (101)
crystallographic plane. Here, 3 denotes a full width at half maximum (FWHM).

Metal Nitrate: Urea (Molar Ratios)

1:0.75 1:1 1:1.15 1:2 1:2.15
B (radian) 0.00377 0.00419 0.00461 0.00461 0.00464
t (nm) 38.1 34.3 31.2 31.2 31.0

Figure 5 shows (a) the excitation and (b) emission spectra of the nanocrystalline
Baj 3Ca(7SiO4 samples as a function of the metal nitrate:urea molar ratio (after post-
annealing at 750 °C for 2 h). First, note that the T-phase Baj 3Cag 7SiO4 samples had an
optical bandgap of ca. 3.2 eV, corresponding to ~390 nm [41]. Hence, the excitation peaks
at 316 nm, 340 nm, and 393 nm in Figure 5a were related to the electronic structure of
Baj 3Cag 75i04. However, the emission lights at 487 nm (~2.6 eV) and 537 nm (~2.3 eV) had
smaller energies than the bandgap (~3.2 eV) of the silicate samples did, suggesting that the
emissions did not originate from a band-to-band transition, but from a band-to-trap (or
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trap-to-trap or trap-to-band) transition. Here, hole-/electron-traps indicated a defect site in
the silicate samples.
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Figure 4. Crystallite size of T-phase Ba; 3Ca75i04 powder samples as a function of the molar ratio
of metal nitrate:urea.
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Figure 5. Photoluminescence properties of (a) excitation and (b) emission of T-phase Baj 3Cag7SiO4
powder samples.

Therefore, based on the aforementioned photoluminescence (PL) results, a PL mech-
anism was suggested, as shown in Figure 6. When the wide bandgap Baj 3Cag75iO4
silicate was excited through photon absorption, the electrons in the conduction band (CB)
could recombine with holes in the hole trap site for light emission. Similarly, the elec-
tron trap-to-valence band (VB) and trap-to-trap transition could be possible reasons for
PL emission.
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Figure 6. Photoluminescence (PL) process in t-phase Baj 3Cag ;SiO4 powder samples, suggesting
the recombination should be related with the trap sites. Note that here, only hole traps were drawn
for simplicity.

Figure 7 shows the scanning electron microscopy (SEM) images for t-phase Ba; 3Cag 7SiO4
samples when the molar ratios of metal nitrate:urea were (a) 1:0.75, (b) 1:1.15, and (c) 1:2.15. As
shown in Figure 7, when the urea amount was low, the microstructural morphology appeared
rod-like. However, when the urea amount was medium, the morphology appeared plate-like.
Finally, when the urea amount was high, the morphology changed drastically, exhibiting
inter-connected granular particles with some pores (due to a rapid escape of volatile gas
molecules). Note that the average crystallite sizes of (b) and (c) were similar (i.e., (b) 31.2 nm
and (c) 31.0 nm, respectively, as shown in Figure 3), because the crystallite size was partially
polycrystals. This indicated that although the microscale particle size was different, the small
crystallite domains could be similar, as in (b) and (c) (recall Figure 4 and Table 1). Finally,
Figure 8 displays both the energy-dispersive X-ray spectroscopy (EDX) spectra (a, b, and c)
and elemental mapping (d, e, and f) for the t-phase Ba; 3Cag 7510, samples, confirming that
the silicate samples were composed of Ba, Ca, Si, and O atoms. However, the compound was
synthesized via a small-scale explosive reaction (i.e., solution combustion synthesis). Hence,
the versatile surface defects may have affected some of the EDX results; however, a trace
of aluminum was also observed as an impurity due to the alumina crucible used for the
combustion synthesis process.

Figure 7. The SEM images for T-phase Baj 3Cag75iO4 samples when the molar ratios of metal
nitrate:urea were (a) 1:0.75, (b) 1:1.15, and (c) 1:2.15.
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Figure 8. The EDX spectra for T-phase Baj 3Cag7SiO; powder samples when the molar ratios of
metal nitrate:urea were (a) 1:0.75, (b) 1:1.15, and (c) 1:2.15. The EDX elemental mapping of t-phase
Baj 3Ca7SiOy: (d) a layered sample, (e) barium, (f) calcium, (g) silicon, and (h) oxygen.

3. Materials and Methods

The t-phase Ba; 3Ca(75iO; silicate powders were synthesized as a function of urea concen-
tration using a solution/gel combustion method. The precursor materials were Ba(NOs3), (99.9%;
molar mass = 261.35 g/mol), Ca(NO3),-4H,0O (99.9%; molar mass = 236.15 g/mol), Si(OC,Hs)4
(99.99%; molar mass = 208.33 g/mol), and CH4N,O (99.9%; molar mass = 60.06 g/mol), which
were obtained from Sigma-Aldrich and used as received without further purification. All
precursors with the molar ratios of metal nitrate:urea in the range of 1:0.75-1:2.15 were mixed
in 10 mL deionized water. Specifically, the stoichiometric amounts of 1.000 g of Ba(NOs)y,
0.487 g of Ca(NO3)p-4H,0, 0.614 g of Si(OC,Hs)4, and 0.265 g (to 0.766 g) of CH4IN,O were
dissolved into water and continuously stirred for 30 min. Next, the solution was heated at
80 °C until a transparent solution formed. Finally, the precursor mixture was transferred to an
alumina crucible and quickly inserted into a pre-heated 8 L muffle furnace heated at 550 °C for
~5-10 min. The mixture then self-ignited with a white flame, leading to a highly porous foamy
solid product. Finally, the powder samples were post-annealed at 750 °C for 2 h, resulting in
T-phase Ba; 3Ca 75104 alkaline earth silicate powders.

Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) were
carried out using a TGA /DTA thermal analyzer (NETZSCH STA 449 C, Selb, Germany) with
N, flow at the heating rate of 10 °C/min. The functional groups of materials were analyzed
using a Fourier transform infrared (FI-IR) spectrophotometer (IRAffinity-1S, Shimadzu).
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X-ray diffraction (XRD) patterns for the samples were identified using a D8 advanced
Bruker diffractometer with a detector (12 mm x 16 mm) suitable for CuKox (A = 1.54060 A)
irradiation, operating at an applied voltage of 45 kV with a current intensity of 40 mA,
during which XRD data were collected in the range of 2 § = 20-70°. Note that the accuracy
and reproducibility of XRD are 0.005° and 0.0002°, respectively. The microstructural
morphologies of the powder samples were analyzed using a PHI700 nanoprobe and
Shimadzu model ZU SSX-550 super scanning electron microscopy (SEM) coupled with
energy-dispersive X-ray spectroscopy (EDX) (Oxford x-Max N). EDX was used to determine
the elemental analysis and chemical composition of the samples. The photoluminescence
(PL) spectra of synthesized samples were recorded on a Hitachi F-7000 phosphorescence
spectrometer. Note that all the characterizations were carried out at ~23 °C.

4. Conclusions

The Baj 3Ca 75104 semiconductors were prepared through combustion synthesis, for
which urea was employed as a fuel with the molar ratios of metal nitrate:urea = 1:0.75, 1:1.15,
and 1:2.15. First, the TGA results indicated that when the urea ratio increased from 1:0.75 to
1:1.15 and 1:2.15, the main decomposition temperature decreased from 669 °C to 648 °C and
631 °C, respectively, indicating urea’s role as a fuel during the exothermic reactions. Second,
the FT-IR spectra demonstrated the presence of the main functional groups, such as Si-O,
N-H, Ba-O, and Ca-O. Third, the XRD patterns indicated that the silicate Ba; 3Cag7SiO4
had a T-phase hexagonal structure with an average crystallite size of ~33 = 3 nm. When the
molar ratio of metal nitrate:urea was greater than 1:1.15, the crystallite size levelled off at
~31 nm. Fourth, the PL spectra showed that the blue/green light emission was processed
through trap sites because the recombination energy (~2.3-2.6 eV) was smaller than the
bandgap (~3.2 eV) of silicate samples. Fifth, according to SEM results, the aggregated
particle size decreased with increasing urea concentration. Sixth, EDX spectra confirmed
the elemental components (Ba, Ca, Si, and O) of the Ba; 3Ca 75iO; silicate powders. Finally,
it was proven that Ba; 3Ca 7510y silicate powders could be synthesized at a post-annealing
temperature of 750 °C after burning the samples at 550 °C.
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