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THE INFLUENCE OF CALCINATION TEMPERATURE ON STRUCTURAL AND OPTICAL PROPERTIES
OF Zn0O-Si0, NANOCOMPOSITE BY SIMPLE THERMAL TREATMENT ROUTE

This study offers a new method to synthesize facilely willemite (Zn,SiO,) based phosphor at the temperature of 800 °C. The
Zn0-SiO, nanocomposite was calcined at different temperatures between 500 and 1000 °C. The structural, morphological and optical
properties of the nanocomposite obtained at various calcination temperatures were studied using different techniques. The FT-IR,
XRD and the UV-vis result confirmed the formation of willemite phase. The precursor was confirmed to be amorphous by XRD
at room temperature, but upon calcination temperature at 500 °C, it was transformed into a crystalline structure. The crystallinity
and the particle size of the nanocomposite increase as the calcination temperature were increased as revealed by XRD and TEM
measurement. The sample exhibits a spherical morphology from 500 to 800 °C and dumbbell-like morphology above 800 °C as
shown by the FESEM images. The absorption spectrum suffers intense in lower temperature and tends to shift to lower wavelength
in the UV region as the calcination temperature increases. The band gap values were found to be increasing from 3.228-5.550 eV
obtained between 500 to 1000 °C, and all the results confirm the formation of willemite phase at 800 °C.
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1. Introduction

Phosphor host is usually an inorganic material with a large
band gap that could be an oxide, silicate, nitride, oxynitride,
halide, oxyhalide, selenide or sulfide which is transparent to
the incident radiation. Willemite nanoparticles is an interested
subject of scientific research and have been studied as an excel-
lent host matrix for dopants such as transition metals ions and
rare earth because of high quantum efficiency, super chemical
and thermal stability, less expensive and water resistance [1-5].
Willemite as a suitable phosphor material has a tremendous
potential application as photonic devices [6], laser crystal [7]
and opto-electronics [8].

Various methods and techniques have been employed by
researchers to produce pure and doped willemite. Such as solid
state reaction [5], sol-gel method [1], chemical vapour method
[9], hydrothermal method [10], supercritical water method [11],
spray pyrolysis method [12], solvothermal method [13]. How-
ever, most of these methods involve difficulty in larger scale
production due to the complicated procedure and expensive cost
involved, the high reaction temperature, longer time of reaction,
toxic chemical reagent and by-product released to the environ-

ment which has a potential harm. A simple thermal treatment
route was employed to prepare willemite nanoparticles because
of its simplicity, low-cost of production and environmentally
friendly [14-16]. The novelty of this work reported the fabrication
and syntheses of willemite nanoparticles using simple thermal
treatment route and the influence of calcination temperature
on the structural and optical properties of the nanoparticle for
phosphor materials.

2. Experimental
2.1. Materials

Zinc acetate dihydrate [Zn(CH;COO), 2H,0] (M,, = 219.49
g/mol) and silicon tetraacetate reagent [Si(OCOCH3),] (M,, =
264.26 g/mol) were purchased from sigma Aldrich and used as
precursors, Poly(vinyl pyrrolidone) (PVP M,, = 29000 g/mol)
was also purchased from sigma Aldrich which served as capping
agent, hence reduce agglomeration and stabilize the nanoparti-
cles. Deionized water was used as a solvent. All chemicals used
were about 99% purity and was used without further purification.
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2.2. Methodology

An aqueous solution of PVP was prepared by dissolving 3 g
of PVP in 100 ml of deionized water at 70 °C. 0.2 mmol of Zinc
acetate dihydrate and 0.1 mmol of silicon tetraacetate was added
to the solution and allowed to stir using a magnetic stirrer for
2 hours. The mixed solution was then poured into a clean glass
petri dish and the water was evaporated at 80 °C for 24 hours
in an oven to dry the sample. The resulting solid obtained was
crushed for 20 minutes in a mortar to powder form. The powder
was poured into a crucible boats and placed in an electric furnace
for calcinations process at the temperatures between 500 and
1000 °C for 3 hours respectively at a heating rate of 2 °C per
minutes for the decomposition of the organic compounds and
the crystallization of the nanocomposite.

3. Characterization

In this study, several techniques were used to examine the
synthesized willemite nanoparticles. The structural behavior of
the crystalline sample was analyzed by X-ray diffraction (XRD
Shimadzu model 6000 using Cu ke (0.154 nm) as a radiation
source to generate diffraction patterns from the sample at an
ambient temperature in 26 within the range of 20-80°. The
bond formation of samples has been studied by infrared spectra
(FT-IR, Perkin EImer model 1650). The morphological behavior
of the sample was examined using FESEM (JEOL JSM-7600F)
equipped with EDX and mean linear intercept method was used
for measuring the grain size. The particle size distribution was
observed by Transmission electron microscopy (JEOL TEM
model 2010F UHR) with an accelerating voltage of 200 kV.
The optical properties were determined by UV-vis spectra meter
(Shimadzu model UV-3600) at room temperature in the range
of 200-800 nm.

4. Results and discussion
4.1. Formation Mechanism of willemite

PVP is a water-soluble and synthetic biodegradable poly-
mer. The zinc acetate dihydrate [Zn(CH;C0O0),.2H,0] was
dissolved in aqueous PVP and deionized water. The metallic
ions are entrapped by ionic-dipole interaction with an amine
group in the polymeric chains. While silicon tetraacetate reagent
[Si(OCOCHj3),4] was added to the solution, precipitations were
observed and thus remain as a solid phase in the solution. The
water in the sample was eliminated simply by drying and the
ions left behind were immobilized in the polymer scaffold. After
the application of heat, polymer content and unwanted anions
were entirely removed and gradually with continued increase in
temperature willemite phase formed.

4.2. TGA-DTG measurements

The right temperature to commence the calcination process
was determined by thermogravimetric measurement and its de-
rivative (TGA-DTA). Fig. 1 indicates the weight-loss percentage
as a function of the temperature of the dried sample before the
calcination. The sample shows two distinct decomposition stages.
The initial was weight loss at 84 °C was attributed to the moisture
already contained in the sample. The second phase of weight
loss was observed at a temperature of 434 °C which indicates
that most PVP has been decomposed. There is no significant
weight loss the moment the temperature reaches 485 °C; this
is due to complete decomposition of PVP thereby turning into
a carbonaceous product, such that only the metal oxide remains
as final residue [14,17].
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Fig. 1. Thermogravimetric (TG) and thermogravimetric derivative
(DTG) curves for PVP at a heating rate of 10 °C/min under N, condition

4.3. FT-IR analysis

FT-IR spectroscopy aid in analyzing multi-component and
gives the related information of the material phase composi-
tion and the nature of interaction existing in various kinds of
polymers. In this study, FT-IR is used to determine the organic
and inorganic behavior of the sample before and after calcina-
tion within the range of 280-400 cm™ as shown by the FT-IR
spectra in Fig. 2. The sample before calcination at room tem-
perature reveals the presence of organic sources due to PVP is
shown in Fig. 2(a). The vibrational band of N-H, C-H, and C
= O stretching vibration were observed at wavenumber 2945,
3414 and 1648 cm™ respectively [14,17]. The peak observed at
1428 cm™* was attributed to C-H bending vibrations originated
from methylene group. The band at 1277 cm™ was due to C-N
stretching [15], and the two different bands observed at 838 cm™
and 639 cm were attributed to C-C ring and C-N = O bending
vibration, respectively [17]. While the sample was calcined from
500 to 1000 °C for 3 hours, the broad bands due to the organic
material (PVP) has been totally decomposed and disappeared,
only vibrational spectra of metal oxide nanoparticles observed.



The vibration band of metal oxide is known to occur at lower
wave number below 1000 cm™. The sample calcined at 500, 600
and 700 °C in Fig. 2(b-d) shows two strong absorption peak in
each spectrum at wavenumber 407, 403, 401 and 917, 915 and
912 cm™ which was attributed to Zn-O symmetric stretching
vibration and Si-O symmetric stretching vibration respectively
[5]. Three strong absorption peaks in each spectrum were also
observed while the calcination temperature was increased from
800 to 1000 °C shown in Fig. 2(e-g). The wave number at 380,
377, and 375 cm™* was due to Zn-O symmetric stretching vibra-
tion of the sample calcined at 800, 900 and 1000 °C, respectively.
Nevertheless, the wave number at 578, 576 and 574 cm™ re-
spectively was due Zn-O asymmetric stretching vibration. The
wave number at 885, 887 and 889 cm™ was attributed to Si-O
stretching vibration. The slight shift in wave number observed
was due to increase in thermal application [18].

4.4. EDX analysis

The elemental composition of the sample calcined at
1000 °C was investigated by the use of electron disperse X-
ray spectroscopy (EDX) as shown in Fig. 3, Zn, Si, and O are
present in the sample indicated by their respective peaks which
confirmed their presence. The carbon peak detected in the sample
was due to the carbon tape used for holding the sample while
preparing for the EDX analysis.

4.5. X-ray diffraction analysis

Fig. 4 presents the XRD patterns of the sample before
and after the calcination. The observed broad spectrum of the
precursor before calcination was due to the amorphous form
though it seems to be dried crystal from observation [14]. As
the sample was calcined at 500 °C, the spectrum shows sharper
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Fig. 2. FT-IR spectra of (a) PVVP at 30 °C and ZnO-SiO, nanocomposite
calcined at (b) 500, (c) 600, (d) 700, (e) 800, (f) 900 and (g) 1000 °C
in the range of 280-4500 cm™

diffraction peaks which clearly indicates the crystallinity and the
formation of wurtzite structure of ZnO nanoparticles (JCPDS
No 01-079-2205) which was unaffected up to 600 °C [19]. The
values of the diffraction peaks was positioned at 26 = 31.67,
34.37, 36.24, 47.47, 56.42, 62.75, 66.27, 67.87, 68.95, 72.02
and 76.96°. These peaks positions tallies with the (010), (002),
(011), (012), (110), (013), (020) (112), (021), (004) and (022)
diffraction planes of ZnO wurtzite structure. At 700 °C, the XRD
spectrum reveals both ZnO and SiO, (ICSD No. 170533) phases.
The formation of willemite (a-Zn,SiO,) phase occurred as the
calcination temperature was increased to 800 °C, with all the
diffraction peaks indexed to the standard pattern of a-Zn,SiO,
(JCPDS No 37-1485), except a trace of unreacted ZnO, which
was observed at 26 = 36.37°. When the temperature is above
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Fig. 3. EDX spectrum of willemite calcined at 1000 °C
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Fig. 4. XRD patterns of ZnO-SiO, nanocomposite at different calcina-
tion temperature at (a) Room temperature, (b) 500, (c) 600, (d) 700,
(e) 800, (f) 900 and (g) 1000°C

700 °C, ZnO was reported to be the dominantly diffusing spe-
cies in the ZnO/SiO, couple [19]. Hence, ZnO atom being at
the surface will dominantly diffuse toward the silica matrix thus
induces the formation of willemite (Zn,SiO,). However, with an
increase in temperature, this process of diffusion also increases
rapidly. Therefore, the crystallinity of the material progressed

with an increase in temperature. Thus, the crystal quality of wil-
lemite phase improved more at 900 and 1000 °C. Furthermore,
800 °C which appeared to the phase formation temperature was
much lower than the annealing temperature of conventional solid
state method and 400 °C lower than the temperature used in the
sol-gel method [3]. Phosphor industries have been criticized
for its high energy consumption and carbon emission due the
high temperature of annealing involved [20,21]. In this regard,
amethod that involved low preparation temperature like simple
thermal treatment method is considered to be favorable in miti-
gating energy consumption and carbon emission.

Scherer’s formular was used to determine the crystallite
size of the nanoparticles for the most intense as shown below

D =0.941/pcosé 1)

where D is the crystallite size measured in (nm), £ is the full width
of the diffraction at half of the maximum intensity measured in
radians, 4 is the Bragg’s angle and 2 is X-RAY wavelength of
CuKa (0.154 nm) [22]. The mean crystallite size was obtained to
be 21.7-44.1 nm obtained between the calcination temperatures
of 500-1000 °C as shown in Table 1.

4.6. Morphological and particle size examination
The morphology of the material was studied using FESEM.

Fig. 5 shows FESEM image, where the nanocomposite clearly
exhibits a spherical morphology as calcined at 500-700 °C. Sub-

Fig. 5. FESEM images of the ZnO-SiO, nanocomposite calcined at various temperature from 500 °C-1000 °C



TABLE 1

Average particle size of ZnO-SiO, NPs measured by XRD
and comparison of the band gap energy for samples calcined
between 500-1000 °C

Temperature Dxrp Lattice
o 20 FWHM Strain | Eg (eV)

S (nm) %

500 36.245 | 0.389 217 0.320 3.228
600 36.282 | 0.292 29.1 0.389 3.282
700 36.297 | 0.259 32.8 0.346 3.279
750 — — — — 4.269
800 31.530 | 0.240 35.1 0.371 5.460
900 33.981 | 0.227 37.4 0.324 5.527
1000 34.100 | 0.194 44.1 0.277 5.550

sequently, as the temperature was increased from 800-1000 °C,
a dumbbell like structures was formed. These images reveal
that the material tends to fuse together to form larger particles
at higher calcination temperature [19].

TEM analysis was used to study the particle distribution
at different temperatures. Fig. 6 gives the TEM images of the
entire sample calcined between 500 to 1000 °C. However, the
images obtained shows that the sizes are increasing with the
calcination temperature; this has to do with the fact that most
of the neighboring particles were fusing together to form larger
size particles by melting their surface [23].
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4.7. UV-vis analysis

UV-vis absorption spectroscopy was used to study the in-
fluence of the calcination temperature on the optical properties.
Fig. 7 shows the absorption spectra of nanoparticles at different
calcination temperature between 500-1000 °C. The absorption
spectrum of 900 and 1000 °C seems to be similar, thus only the
spectrum of 900 °C was shown in the Figure for clarity. How-
ever, it appears that the intensity of the peak is higher in lower
calcination temperature, and it tends to shift to lower wavelength
as the annealing temperature increases; this can be attributed to
the deterioration of the crystal quality of ZnO [19]. These results
clearly imply that willemite (Zn,SiO,) phase was formed at
800 °C and the shift to lower wavelength was attributed to the
relatively larger band gap (5.460 eV) of willemite.

The influence of the calcination temperature was observed
on the optical band gap of the sample as shown in Fig. 8 which
was determined from the absorption coefficient value. The energy
gap (E,) is considered in the literature [24] assuming a direct
transition between valence and conduction bands given by the
expression below.

(ahv)?> = A (hv - E,) (2)

Where 4 is a constant, the photon energy is denoted by #v and E,
is the optical energy band. As shown in Fig. 8 we have plotted the
characteristics (a/av)? versus iv values, where the optical band gap

Fig.6. TEM images of the ZnO-SiO, nanocomposite at different calcination temperature of (a) 500, (b) 600, (c) 700, (d) 800, (e) 900 and (f) 1000 °C
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Fig. 7. UV-vis absorption spectra of the ZnO-SiO, nanocomposite
calcined at various calcination temperatures

of the nanoparticles was determined by simply extrapolating the
linear region to where (a/v)? tends to zero. The optical band gap
shown in Fig. 8 and 9 was found to be between 3.228-5.550 eV
respectively as the calcination temperature was increase from
500 to 1000 °C. The band gap values obtained were so much
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Fig. 8. Optical band gaps of ZnO-SiO, nanocomposite calcined at vari-
ous calcination temperatures

in agreement with the XRD result where the gradual formation
willemite phase commenced at 800 °C. Higher calcination above
700 °C is making the ZnO wurtzite structure to collapse in the
silica matrix. The nucleation temperature of non-crystalline
phase of SiO, and crystalline ZnO which allows the formation
of willemite was reported to be between 700 °C and 800 °C
[25]. This is also evidenced by our XRD result. The optical band
gap recorded a significant changes from 3.279 eV at 700 °C to
4.279.5eV when the calcination temperature was elevated to
750 °C, this suggest that the crystal quality of ZnO deteriorates,
thus, giving way to the formation of willemite phase at 800 °C
with a larger band gap (5.46 eV) [19].
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Fig. 9. A graph showing the influence of calcination temperature on
the crystallite size and optical band gap of ZnO-SiO, nanocomposite

5. Conclusions

Willemite nanoparticles have been successfully synthe-
sized by simple thermal treatment method using only zinc ac-
etate dihydrate [Zn(CH;COO), 2H,0] and silicon tetraacetate
reagent [Si(OCOCHs;),] as metal precursors, PVP as a capping
agent and deionized water used as a solvent. The heat applied
has facilitated the removal of an organic compound and other
unwanted ions leaving a residue of crystalline ZnO-SiO, nano-
composite. The formation of willemite was obtained at 800 °C,
and the crystallinity improved with an increase in calcination
temperature, at 900 and 1000 °C as reported in the XRD result.
The intensity of the UV-vis absorption peak is higher at a lower
temperature, and there was a shift to lower wavelength as the
temperature increases. This shift has to do with the fact that the
band gap of willemite (Zn,SiO,) is higher than ZnO. The band
values obtained were in agreement with the XRD result which
confirmed the formation of willemite at 800 °C. The simple
thermal treatment method is proven to be one of the simplest
and low-cost methods to synthesize willemite (Zn,SiO,4) nano-
particles because it’s friendly to the environment due to lack of
harmful chemical and toxic by-product effluents.
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