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Zinc titanate/silica nanopowders formed via sol gel reaction and their physical

properties

CrossMark

Ali B. Abou Hammad®, A. M. Mansour*, Ahmed M. Bakr?", Amany M. El Nahrawy™*

'Solid State Physics Department, Physics research Institute, National Research Centre, 33 El Bohouth St., Dokki,
Giza 12622, Egypt.

2Spectroscopy Department, Physics research Institute, National Research Centre, 33 El Bohouth St., Dokki, P.O.
12622, Giza, Egypt

Abstract

Zinc titanate/silica precursor nanopowders were formed from the raw materials of zinc nitrate, titanium isopropoxide and
tetraethyorthosilicate using sol gel route at acidic environment. The phase formation, thermal, and terahertz mechanism of the
prepared nanopowders was investigated using X-ray diffraction and Full Prof software), scanning electron microscopy,
Thermogravimetric analysis, and Terahertz Time-Domain Spectroscopy System. The XRD analysis of nanopowders
combined with Rietveld construction refinement allowed determination of crystalline phases to present and their structural
parameters. SEM morphology of the nanopowders is nearly fine spherical with a narrow distribution centered at about 20 nm.
Increased introduction of silica decreases the calcination temperature and decreases the terahertz absorption coefficient.

Keywords: ZnTiOs; Terahertz properties; thermal properties; X-ray diffraction; Oxides.

1. Introduction

Because of its ability in many technologies such
as electronics, sensing, catalysis, and photonics, the
fabrication of nanocomposites has piqued the
curiosity of various researchers [1][2][3]. The
semiconductor nanocomposites, for example, have
been widely employed in the production of
optoelectronic devices that function in the blue and
ultraviolet (UV) bands [4][5]. The ability of zinc
oxide (ZnO) to create a variety of composites has
been established. ZnO is an n-type (II-VI group)
semiconductor [6]. Metal oxides nanocomposites
have attracted significant interest in research because
of their technical and industrial importance due to
their catalytic, magnetic, optical, and electrical
properties along with their enhanced physical and
chemical stability [7][8]. Metal oxides are the most
assorted band of compounds with unique
characteristic properties due to the great variety of

crystalline structures and polymorphism, covering
from solid-state physics to materials science
[91[10][11][12].

Zinc oxide belongs to II1-VI semiconductor
material. It is an important oxide in the
semiconducting metal oxide class owing to its usage
in the field of piezoelectricity and transparent
semiconducting industry, optical transmittance, and
good electrical conductivity [13]. In metal oxides,
hexagonal-shaped phase ZnO owns an important
place attributable to its characteristic properties and a
broad range of applications [13]. ZnO is reported to
have applications in diodes, gas sensors,
optoelectronic devices, and dye-sensitized solar cells
[14][15]. Titanium dioxide (TiO,) is a member of the
most crucial metal oxides for various kinds of
industrial applications related to catalysis like
selective reduction of NOx gases, photocatalysis for
pollution control, organic synthesis, used as a white
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pigment in paints, photovoltaic devices, sensors, as a
food additive, in cosmetics and as a potential tool in
cancer treatment [16]. Due to their low exciton Bohr
radii, ‘“quantum-confinement” or “quantum-size
effect” is limited to very low sizes. It means that
there is significant scope for the development of
novel chemical or physical applications for
nanomaterials with few nanometers size [17, 18].

The phase diagram of the ZnO-TiO, system is
well known to have a temperature above 1000 °C. At
lower temperatures, there is more uncertainty
regarding the stability of the zinc titanates; Zn,TiO,,
ZnTiOs, and Zn,Ti30g. Zinc metatitanate ZnTiO3 has
a perovskite structure [19, 20]. Perovskite is a natural
mineral with the composition of CaTiO3z. From there
emerged a general formula for Perovskites ABX; and
has an idealized cubic structure. The ideal crystal
structure of cubic perovskite ABX3 has corner-
sharing [BXe] octahedra [3, 21]. The A cations
occupy a 12-fold coordination site formed in the
center of the cube of eight [BX6] octahedra. The
ideal cubic perovskite structure is not very common
and also the mineral perovskite itself is slightly
distorted. Reduced symmetry found in distorted
perovskites is an important parameter for their
application as magnetic and electronic materials.
Cubic close-packed lattice (ccp) is formed by the
combination of a large oxide ion with a metal ion
having a small radius. Metal ion occupies the
octahedral interstitial sites similar to that of rock salt
structure. Substituting one-fourth of the oxygen with
a cation of almost the same radius as oxygen like
alkali, alkali earth or rare-earth elements reduces the
number of octahedral voids, occupied by a small
cation to one fourth [22]. The chemical formula of
such materials can be written as ABX; and the crystal
structure is called perovskite [22]. X is often oxygen
but also other large ions such as F- and CI- are
possible. Most of the perovskites do not have the
ideal cubic structure. They have distorted cubic
structures. Jahn-Teller effect, deviations from ideal
stoichiometric composition, and size-related effects
are the three main reasons for distortion in
perovskites [22].

Materials synthesis plays a significant role in
tailoring the physical properties of materials.
Synthesis of complex metal oxides with appropriate
composition, crystal structure, and properties for
desired applications is a major challenge in materials
chemistry [23][24][25][26]. The sol-gel method is an
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adaptable process that is used to synthesis various
oxide materials [27]. This synthetic method which is
most commonly used allows the regulation of the
texture of the particles synthesized, also the
morphological properties and the chemical properties
of the solid materials [28]. This process [5, 6] is a
much better replacement for all other methods which
are being used for the synthesis of nanoparticles
because it will allow impregnation or co-
precipitation, which is used for the introduction of
dopants. The most important advantages of the sol-
gel method include a mixture of molecular scale, the
precursor's high purity, and the products obtained
from the sol-gel method are homogeneous with a
high purity of physical and other properties [21,
29][30][27]. In a pure sol-gel technique, a suspension
of colloidal is formed from the hydrolysis and
polymerization by the reactions which take place in
the precursors which are inorganic metal salt [31,
32][33]. These can also be metal-organic compounds
for example metal alkoxides etc. Any of these factors
which can affect any of the reactions generally affect
the properties of the gel and are commonly referred
to as sol-gel parameters which will include types of
precursors, the different types of solvents, the water
content i.e., acid or base content, the concentration of
the precursor, and the last parameter is temperature
[34,35][31]. All these parameters can generally affect
the structure of the initial gel. Also at all subsequent
processing steps the properties of the material. Aging
is known as the time taken in the formation of a gel
and turns the time taken by it in drying [36]. A gel
continues to undergo hydrolysis and condensation but
it is not static during aging [37][38]. Wu et al. and
Amany et al. reported that the crystallization of co-
doped ZnTiO; synthesized by a sol-gel method took
place over 500°C up to 900°C [39][40]. The
dissolution and re-precipitation of particles can occur
due to the syneresis process [21]. The syneresis
process is known as the expulsion of the solvent
because of the shrinkage of the gel and its coarsening.
This phenomenon may influence both the structural
and chemical properties of the product [31]. In this
work, we attempt to form silica/ ZnTiO3z nanopowder
at a lower temperature, and the structural, thermal,
and terahertz properties of the resulting silica doped
ZnTiO5; were examined.
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2. Experimental work

Silica/Zinc titanate nanopowders were prepared
using the sol-gel reaction. These nanopowders are
formed to expend zinc acetate; (O,CCHa),Zn,
titanium isopropoxide; Ti (OCH(CHg),)s, and
tetraethyorthosilicate, HCI, and acetylacetone
(CH;COCH,COCH;,  AcAc). Dissolving  the
weighted amounts of both zinc acetate was hydrated
in distilled water and acetic acid (CH;COOH) while
the stoichiometric amounts (titanium isopropoxide
and silica) were dissolved directly in AcAc [40][41].
Tetraethyl orthosilicate was selected as a SiO,
precursor due to its better incorporation in the
ZnTiO; matrix oxides precursors. The solution of Zn
and Ti was added drop-wise to solution SiO, solution
under vigorous stirring to form a sol. After mixing
the raw materials with their solvents, the solutions
were vigorously magnetic, stirring for 2h. The
synthetic consistent solutions were dehydrated on the
hotplate at 150 C until producing the various xerogel
samples and then calcined at 500°C.

Characterization

The composition of the samples was recorded
by (Philips X Pert) X-ray diffractometer using the Cu
Ka radiation [42]. The microstructures were
examined using scanning electron microscopy (SEM
Quanta, FEG 250) [43]. Thermo gravimetric (TG)
was carried out with a thermal analyzer (TA, SDT-
Q600, US.A) in a N2 flow. All terahertz
measurements were carried out using TPS spectra
3000 system (Teraview Ltd. England) model by
using the ATR unit (35) with silicon crystal and
under Nitrogen gas N2 purging. The measuring range
was between 60 GHz and 3 THz (2 cm™ - 100 cm™)
and the number of scans was 1800 scan/sec with
spectral resolution of 1.2 cm™ [5].

3. Results and discussion
3.1. Phase structure (XRD)

The formation of single-phase ZnTiOs is usually
difficult because of the decomposition of ZnTiOj3 into
TiO, and Zn,TiO, phases above 900°C [44]. Figure
(1) XRD patterns performed on the nanopowder
calcined at 500°C shows that the TiO, and Zn,TiO,
don't present.

The FullProf software was employed to obtain
the Rietveld refinement of ZTS using the pseudo-
Voigt fitting model [45]. The refinement with a linear
interpolation  background [46], the symmetry
parameters, the symmetry parameters, and halfwidth
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and unit cell parameters mixing coefficient met to y°=
8.66%. The expected structure was then refined by
fixing the instrumental and profile parameters.
Rietveld refinement of pure ZTS sample (as shown in
Fig.1 a) gives a refined as a cubic Zn,TiO, phase
with parameters of a=8.46479 A, b=8.46479 A,
c=8.46479 A, V=606.5249 A% and a=p=y=90¢. This
result is in good agreement with the works published
before such as [47-52]. The plans indices are
mentioned on the peaks as obtained from the Rietveld
refinement.

By the same way, the SiO, doped ZTS Rietveld
refinement (as shown in Fig.1 b) gives a refined as a
triclinic ZnTi(Si;Os), phase with parameters of
a=7.49180 A, Db=7.55428 A, ¢=15.83810 A,
Vv=882.6673 A% and 1=93.3497°, P=95.2441°,
v=97.5252°. The plans indices are mentioned on the
peaks as obtained from the Rietveld refinement. The
3d molecular structures of pure and SiO2 doped zinc
titanate were generated by VESTA-win64 and
represented in Fig. 1 (c and d), respectively.

vo s
1, @ s

Yobs' ycmc
Bragg position

|, a.u.

» (400)
= (3)
(422)
= (333)

N W MV‘“ L W"w"‘(' Hn‘ Ww'qw“*"“\"’ ST WP Y PIRWERRPReRE

T T T T T T T
10 20 30 40 50 60 70 80

20°
. ] Yove
F k) v
J ‘ £8 PP
\\ I P’“;} Bragg position
B e | ‘
™ ) \ I = =2
s ] J‘JV Yire s 2;\53 2
4 - Az 2 A
= Mo AN M A

UL e

| 1l
| ‘JW,‘ ‘MW'M'\-‘.W’\\ i .’W'J-v« A AN AN P AR VN bt it
\ /

T T T T T T T T
10 20 30 40 50 60 70 80

20°




166 Abou Hammad A. B. et.al.

Fig. 1. Rietveld refinement of (a) pure ZTS sample and (b) the
SiO, doped zinc titanate Rietveld refinement. The 3D
representation of (c) Pure and (d) SiO, doped zinc titanate.

3.2. SEM

Fig. 2 shows the detailed SEM images of the
ZnTiO; doped SiO, materials. In the SEM
micrographs, it is obvious that different SiO, content
does effect too far on the surface morphology and
pore size. It can be perceived that the morphology of
the nanopowders is nearly fine spherical with a
narrow distribution centered at about 20 nm for the
spamles formed at 500 °C. The grain shape and size
for SiO, doped samples are slightly smaller than that
of the ZnTiO; materials. The grains of SiO,-doped
ZnTiO3 are nearly less than 50 nm.
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Fig. 2. SEM pictures of ZnTiO; doped with various SiO; particles
prepared by sol-gel method at 500°C.

33.TGA

Thermal analysis techniques are group of
techniques in which a physical property of a
substance and its reaction products is measured as a
function of temperature where the substance (some
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analysis need an inert thermal reference) is subjected
to a controlled heating process [53]. In the present
study, the thermal analyses of the samples are carried
out by thermogravimetric analysis (TGA) and
differential scanning calorimetric (DSC) analysis,
which are usually applied for the evaluation and
comparison of the thermal stabilities of different
materials [54]. Thermogravimetric analysis (TGA) is
an inherently quantitative and extremely powerful
thermal technique, in which changes in the mass of a
sample are studied while the sample and reference are
subjected to a controlled temperature program [53,
54]. Up to 1000°C, TGA can be used to guess the
thermal stability of materials and also it may be used
to determine the materials composition. Weight gain
or loss due to different thermal process, i.e.
dehydration, oxidation, or decomposition, can be
analyzed by TGA approach [55, 56].
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Fig. 3. TGA of ZnTiO; doped with various (1, 3 mol.%) SiO,
particles prepared by sol-gel method at 500°C.

In the present study, TA-60WS Thermal
Analyzer Shimadzu was used to perform the thermal
studies of ZnTiOs;-SmFeO; in the temperature range
30-700°C at a heating rate of 10°C/min in an inert
atmosphere using alumina crucibles. The TGA curves
of ZnTiO3; sample and doped (1,3 mol.%) SiO, are
depicted in Fig. 3. Both samples show a small mass
change with temperature increase where the total
mass loss of both samples did not exceed ~3% of the
initial mass through a heating range of 30-700°C.
For the ZnTiO3; sample, the mass loss occurs in five
stages: 30-106, 106-220, 274-328, 328-453, and 527-
571. The first and second stages occurs between 30
and 220°C corresponding to dehydration process
(evaporation of water) [57-60]. The dehydration of
ZnTiO3 was reported before by Labus et. Al. [61] and
also by Sirajudheen et. Al. [62]. The third small loss
stage, between 274 and 328°C, may corresponds to
the loss of some organic residual that was existed
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during the preparation process. The stage occurs
between 328 and 453°C corresponding to the
crystallization process of zinc titanites [57, 63]. The
final stage between 527-571°C is assigned as the
melting of the compound [64].

3.4.THz spectroscopy

The spectra of time-dependent electric field E(t)
of the THz wave are presented in Fig.4 (a) and were
declared with and without the samples by employing
attenuated total reflection unit (ATR) with silicon
crystal, while the electric field EO(t) via the silicon
substrate crystal was employed as a reference. The
companion amplitude |Eq(®)|, |E/(w)| and the phase
spectra ¢s(w), ¢(w) were then acquired by using
Fourier transformation as illustrated in Fig.4. (b,
c). Clearly, it can be observed directly a notable
increase of THz waves reflected from the surface of
the sample as the silicon content increase. The phase
shift of the transmitted to incident wave ¢(w) can be
instantly extracted for the measured THz signal since
the electric field is registered as a function of time.
The THz pulse is delayed in time after propagating
through the sample and this is matching to a phase
shift of every THz wave included in THz pulse. The
absorption  coefficient o, and  the  refractive
index ncan be obtained by using the following
equations:

1 |Es(w)|
a(w) = E ln|ET—(0))| (1)
n=14 25 ;jr(w)] : 2

Where the sample thickness d = 200 um. The
absorption coefficient spectra in the THz frequency
range for the samples are given in Fig. 1
(e). obviously, there is a decrease in the absorption
coefficient value as the silica content increase in the
samples. The terahertz absorption peaks for zinc
titanate sample were observed at around 1.1, 1.45,
1.6, 1.9, and 2.2. The terahertz absorption peaks
gradually attenuated as the silicon concentration
increase in the silicon zinc titanate samples. These
THz absorption peaks may be associated to the
collective oscillations of the free electrons (plasmons)
through the zinc titanate structure. The same behavior
was observed in the absorption spectra.

The THz refractive indices (n) for the zinc
titanate and silicon zinc titanate samples changes
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from 1.97-1.94 in 0.2-2.9 THz range and slightly
increase in the higher THz as it shown in fig.1. (f).
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Fig.4. (a) The time-dependent electric field Es(t), Eo(t) for the
silicon substrate and for Silica Zinc Titanate samples, (b) The
samples spectra: Fourier transforms of the corresponding time-
domain signals, (c) Sample Phase, (d) Absorbance, (e) Absorption
coefficient, and (f) Refractive Indices for Silica /Zinc Titanate
samples.

4. Conclusion

Doped ZnTiO3 with different contents of silica
has been formed successfully using sol gel reactions.
The formation of triclinic ZnTi(Si,Os), phase takes
place at 500 °C with high phase stability. The effects
of SiO; (glass phase) on the sintering behavior, TGA,
and the THz properties of ZnTiO3 nanopowder were
investigated. The ZnTi(Si,Os), crystalline powders
are indicative of more uniform grain size distribution
and smaller grain size less than 60 nm. The effects of
the silica content on the structural, thermal and THz
properties can be accredited to the modification in the
bulk porosity. The uniform nano-sized, oriented
crystal grain produced lower grain defects and grain
boundary distortion, which further contributed to the
high-quality factor for excellent structural and
terahertz properties.
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