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Formation and transformation of ZnTiO5 prepared by sol—gel process
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Abstract

ZnTiO; powders with pure hexagonal phase were prepared by the sol-gel process with Zn(NOj3), - 6H,0 and Ti(OC4Hy), materials. The
thermal behavior and phase transformation of the gels were investigated by the differential scanning calorimetry—thermogravimetry (DSC—
TG) analysis, X-ray diffraction (XRD) patterns, Fourier-transforming infrared (FT-IR) spectroscopy, and Raman scattering spectroscopy. The
results revealed that pure hexagonal phase of ZnTiO; could be obtained at low temperature of 800 °C. However, in further increased
temperature above 900 °C, hexagonal ZnTiO; would decompose into cubic Zn,TiO,4 and rutile TiO,.
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1. Introduction

With the recent progress of microwave applications,
including mobile telephones and satellite communication
system, the development of high-quality microwave dielec-
trics has been intensified so that they can be used as
dielectric resonators, capacitors, and filters. Zinc titanates
are promising candidates as dielectric materials for micro-
wave devices and more preferably for low-temperature
cofired ceramics (LTCCs) [1-3]. It is reported that three
compounds exist in the ZnO-TiO, system, including
Zn,TiO4 (cubic), ZnTiO; (hexagonal), and Zn,Ti3Og (cubic)
[4-6]. Among these compounds, ilmenite-type hexagonal
ZnTiO3-based ceramic has been reported to have superior
electrical properties: a dielectric constant €, of 19, 0=3000
(at 10GHz), and t4=—55 ppm/°C, which is very similar to
those of other ilmenite-type titanates [3,7,8]. Many efforts
have been made to prepare pure ZnTiO; powders and
ceramics. Although Zn,TiO4 can easily be prepared by
conventional solid state reaction between 2Zn0O and 1TiO,
[9], the preparation of pure ZnTiO3 from a mixture of 1ZnO
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and 1TiO, was not successful. The solid state reaction
method has some drawbacks of high temperature, long
range of diffusion distance, large particle size, and limited
degree of chemical homogeneity, resulting in difficulties to
synthesize pure ZnTiO; powders by this method.

Sol—gel process has been successfully used in the past 2
decades for preparation of ceramics, glasses, fibers, and thin
films and has shown considerable advantages over conven-
tional solid state reaction [10—13]. These advantages include
excellent compositional control, homogeneity on the molec-
ular level due to the mixing of liquid precursors, and lower
crystallization temperature. In this paper, we present
preparation and characterization of sol-gel-derived ZnTiO;
powders. It is found that the amorphous gel can be
transformed into pure ilmenite-type ZnTiO5 through calci-
nation at 800 °C. But the single phase of ZnTiO; can only
exist in a narrow temperature range, and, as the temperature
further increased above 900 °C, the pure ZnTiO; phase
would decompose into Zn,TiO, and rutile TiO,.

2. Experimental

Precursor solutions for ZnTiO; were prepared by the
following method. Firstly, certain amounts of Zn
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(NO3),-6H,0O and Ti(OC4Hy), with stoichiometry (Zn/
Ti=1:1) were dissolved into ethanol, stirred, and refluxed
for 3 h. The acetic acid was dropped into mixed solution to
modulate the pH value to 1-2, and transparent sol with the
pale yellow color was obtained. The sol was then heated to
80 °C slowly and dried, and, finally, a brown puffy porous
gel was obtained.

Differential scanning calorimetry—thermogravimetry
(DSC-TG) analysis was conducted by a Netszch 439C
thermoanalyser in air atmosphere over the temperature
region 25-1100 °C at a heating rate of 15 °C min~'. The
X-ray diffraction (XRD) patterns were recorded by Bruker
8D advance X-ray diffractometer using Cu Ka radiation. A
step scan with a step size of 0.02° was used with a counting
time of 1 s/step. The Fourier-transforming infrared (FT-IR)
spectroscopy was performed on dispersion in potassium
bromide using the pressed-disk method by Xiantek FT-IR
spectrometer in the range from 400 to 2000 cm™'. Raman
spectra were carried out using an established Raman back-

scattering setup with a resolution of 2 cm™".

3. Results and discussion

In this work, differential scanning calorimeter (DSC)
analysis was used to analyse the crystallization process of
as-prepared gels. Combined with thermogravimeter (TG)
analysis, the heat process of a material with increasing
temperature can be determined. Fig. 1 shows the DSC-TG
curve of ZnTiO; gel. As seen in Fig. 1, the TG curve can be
divided into three main weight loss stages. The first weight
loss below 300 °C can be attributed to the evaporation of
solvents, such as water and alcohol, and the combustion of
organic residues, corresponding to an endothermic peak at
80-120 °C and exothermic peak at 150-260 °C in DSC
curve, respectively. The second step that occurs in the
temperature range 300—700 °C results from the dehydrox-
ylation of Ti—~OH into TiO, and decomposition of the NO;
group, as corroborated by significant exothermic peaks
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Fig. 1. The DSC and TG curves of ZnTiO3 gel.
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Fig. 2. XRD patterns of powders calcined at different temperatures.

appeared at 350-450 and 500-650 °C in DSC curve,
respectively [11]. In the finial step over 700 °C, little of
weight loss can be observed, but an endothermal peak
appears at about 900-1000 °C in DSC curve, which
indicates that the phase transformation of ZnTiO5 occurred,
as revealed by the later XRD patterns.

On the basis of DSC-TG analysis, the gel powders were
heat-treated between 500 and 1000 °C for 3 h in air. Fig. 2
shows the XRD patterns of the gel and those calcined at
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Fig. 3. Infrared spectra of powders calcined at different temperatures.
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Fig. 4. Raman spectra of powders calcined at different temperatures.

500, 600, 700, 800, 900, and 1000 °C, respectively. It can be
seen that the starting powders were amorphous, and no
significant change in structure up to the temperature of 500
°C was observed, which means that no crystallization
happened in the gel. At 600 °C, some peaks appeared,
and the intensity increased rapidly up to 700 °C. The
crystalline phase was identified to be cubic Zn,TizOg, which
is a low-temperature form of ZnO-TiO, system, as reported
by Yamaguchi et al. [14]. It should be given more attention
that, when the temperature further rises up to 800 °C, except
for the hexagonal form of ilmenite ZnTiO;, no other
compounds and free species were observed. This result
indicated that the transformation of cubic Zn,Ti;Og to
hexagonal ZnTiO; was complete, although no significant
DSC peak was detected. Wang et al. reported the prepara-
tion and characterization of sol—gel-derived ZnTiOj; crystals,
but they only acquired cubic ZnTiOj;, and no pure
hexagonal ZnTiO5; has been obtained [15]. The difference
from our results may come from the different sol-gel
process. However, when the temperature increased above
900 °C, the peaks of rutile TiO, and cubic Zn,TiO, were
observed, which resulted from the decomposition of
hexagonal ZnTiOs3, corresponding to the endothermic peak
at about 900-1000 °C in the DSC curve, as seen in Fig. 1.

Fig. 3 shows the FT-IR spectra of samples calcined at
different temperatures. For the as-prepared gel, the broad
band at 1630 cm™' is attributed to absorbed water. The
peaks at about 1560 and 1395 cm ™' are due to the N-O
bond vibration of NO5™ and carboxyl vibration, respectively.
Generally, the bands in the low-wave number region (400—
650 cm™) are assigned to Ti—O bond vibrations [16]. As the
temperature rise above 700 °C, the absorption bands of Ti—
O octahedra appeared at 590 and 560 cm™'. Due to TiOg
group existing in all forms of ZnTiO;, Zn,Ti;Og, and
Zn,TiOy, the IR spectra of specimens calcined between 700
and 1000 °C shows alike pattern. To further investigate the
phase transformation, Raman spectra were conducted. Fig. 4
shows Raman spectra of as-prepared gels calcined at 800

and 1000 °C. It can be clearly seen that both specimens
show different patterns. For the specimen heat-treated at 800
°C, the peaks located at around 703, 530, 341, and 263
cm~ ! are attributed to the vibration modes of v1(LO),
v1(TO), v2(LO, TO), and v4(LO), respectively [17], which
are the characteristic peaks of hexagonal ZnTiO;. However,
for the specimen treated at 1000 °C, the strong Raman peaks
appeared at around 445, 608, and 728 cm™~'. The former two
peaks are characterized as £, and 4,, modes of rutile TiO,
[18], and the latter is characterized as 4,, mode of cubic
Zn,TiO4 [19]. The above results are in good agreement with
the thermal behavior and XRD analysis mentioned above.

4. Conclusions

The ilmenite ZnTiO3 has been obtained using sol-gel
method. At low temperature of 600 °C, cubic phase
Zn,Tiz0g appeared, and, with the increasing heat-treated
temperature, a cubic to hexagonal transformation occurs in
the process. Complete crystallization of hexagonal ZnTiO;
is obtained at about 800 °C. However, the pure hexagonal
phase can only exist in a narrow temperature region; as
temperature exceed over 900 °C, the ilmenite ZnTiO3 would
decompose into cubic Zn,TiO4 and rutile TiO,.
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