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Abstract

The pure phase (Zrjg,Sn,)TiO4 nano crystals have been prepared by hydrothermal-molten salt method. The effects of the
pH of solvent system, the calcinations temperature and the ratio of composite molten salt on the phase composition and
crystalline morphology have been investigated. The results show that the high pure phase (Zryg,Sn(,)TiO4 nano crystals
with regular morphology were prepared at 1000 °C in NaCl-KCl salt system. The synthesized temperature of single phase
(Zry.8,Sng,)TiOy is lower and the crystal growth is more complete compared with the hydrothermal-solid state method. The
rod-like crystalline grain are evenly distributed with a diameter of about 50—-60 nm and can be used as start materials for
preparing ZST textured ceramics. The (Zrg,Sng,)TiO4 nano crystal has a certain photocatalytic effect and good UV
shielding performance.

Graphical Abstract

Keywords (Zr;g,Sng,)TiO,4 - Hydrothermal - Molten salt method * Low temperature sintering

Highlights

(Zry 8,919 ,)TiO4 nano powders were prepared by hydrothermal-molten salt method.

Synthetic nano powder can be used as the starting material for preparing ZST textured ceramics.

The synthesized powder has a certain degree of photocatalysis and good UV shielding performance.

The synthesized powder is rod-like crystal grains, uniformly distributed, with a diameter of about 50-60 nm.

1 Introduction
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high-quality ~microwave ceramic components have
increased [1-4]. Requirements for high performance

microwave dielectric materials must combine with a large
dielectric constant (g,), a high quality factor (Q x f) and a
near zero temperature coefficient of resonant frequency(zy)
[5-8].

(Zr,Sn)TiO,4 ceramics, which are one of the most popular
dielectric matericals for titanate microwave ceramics [9—
11], have an a-PbO, orthorhombic structure, possessing
excellent dielectric properties of moderate dielectric con-
stant (g,), high quality factor (Q X f), and near zero tem-
perature coefficient of resonant frequency (zp) [12-14]. It is
well known that (Zrjg,Sng,)TiO,4 (abbreviated to ZST) is
limited for commerical application owing to their sintering
temperature as high as 1600 °C [15, 16]. Many researches
have been conducted to improve the sinterability and lower
the sintering temperature by using different types of dopants
[17-19]. Studies have shown that the addition of dopants
may give an advise affect to the dielectric properties of ZST
ceramics [20-22]. Thus, it is significant to start research on
reducing the particle size of the pre-synthesized powders
and increasing its surface activity. Extensive researchers
made effort in studying the synthesis of ZST nano powders.
Haigang Yu et al. [23] successfully prepared ZST powders
by adjusting the pH value at 1260 °C by hydrothermal
method. Jiangiang Wu et al. [24] used the co-precipitation
method to prepare nano ZnO coated SnO, powders as the
raw material for the synthesis of ZST powders, and then
mixed with other raw materials to synthesize (Zrjg,Sng>)
TiO,4 ceramics at 1260 °C by the solid phase method. Ho
et al. [25] used different tin sources (SnCly5SH,O and Sn
(OC4Ho),) to prepare ZST nano powders at low temperature
by sol-gel method. It is found that the use of a single
hydrothermal method and co-precipitation method can
reduce the calcination temperature compared with the tra-
ditional solid state method, while the calcination tempera-
ture still remained as high as 1260 °C from the above
research. The sol-gel method can synthesize ZST nano
powders at low temperatures, but this method needs com-
plex instrumentation and expensive raw materials [26].
Therefore, it is very necessary in preparation method to
explore the new route to synthesize ZST nano powders.

In the early stage, we used different solvents to explore
the synthesis of ZST powders by hydrothermal method. The
results indicate that no ZST phase appeared in the samples
synthesized by other solvents. While small amounts of ZST
phase can be detected in the samples synthesized with water
as solvent, but the main crystal phases were TiO, (anatase
phase) and ZrO, phase. Therefore, a new process route
named hydrothermal-solid state method was used to syn-
thesize the ZST phase. According to the hydrothermal-solid
state method, first, the precursor powders are synthesized by
hydrothermal method, then the precursor powders are
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calcined in solid-state ambient atmospheres. The results
show that ZST powders can be synthesized successfully by
hydrothermal-solid state method, but there were impurities
in the samples and the synthesized temperature was as high
as 1100°C. In order to further study the synthesis of pure
phase nanocrystalline, we used hydrothermal method to
refine the precursor materials and combined with molten
salt method to control the nucleation growth in this paper.
The results show that the hydrothermal-molten salt method
can synthesize the pure phase ZST and reduce the tem-
perature to 1000 °C even further. To our knowledge, no
such studies on ZST powders with around nano crystalline
morphology prepared by hydrothermal-molten salt method
have ever been reported. In addition, we preliminarily
explored the properties of ZST nano crystalline powders in
UV catalysis and UV shielding to expand its applications.

2 Experimental
2.1 Experimental process

Analytical grade ZrOCl,'8H,O0 (99.0%), SnCly'5H,0O
(99.0%), TiO, (99.0%), NaCl (99.5%), KCI (99.5%) and
NaOH (99.0%) were used to synthesize ZST particles. The
experimental parameters for synthesis of ZST powders are
shown in Table 1 (Al and El represents the sample syn-
thesized by solvothermal method. H1 represents the sample
synthesized by hydrothermal method, HS1 refers to the
sample synthesized by hydrothermal-solid state method,
HM series refer to the process parameters of hydrothermal-
molten salt method). The preparation of ZST particles by
hydrothermal-molten salt method has been carried out in
two steps. The experimental flow chart is shown in Figure 1.
The first step displays the hydrothermal method to obtain
the precursor powders. First of all, the ZrOCl, 8H,0,
SnCly'5H,O and TiO, were weighed according to the
stoichiometry ratio of ZST, and were mixed with deionized
water into a certain concentration solution. The pH of the
solution was adjusted with NaOH. Then the mixed solution
was placed in a hydrothermal reactor at 200 °C for 10 h.
Finally, the precursor powders was obtained by repeatedly
washing the precipitate with water bath for 3-5 times. The
second step is to obtain the final product by molten salt
method. The NaCl and KCI were weighted by mass ratio in
1:1, 1:3 and 3:1, respectively, as the compound molten salt.
As shown in Figure 1, firstly the precursor powders and
compound molten salt (by the mass ratio of 1:4) were mixed
by balling milling with zirconia ball in deionized water for
4h. And then, the dried mixture was put into corundum
crucible and calcined at 950 °C and 1000 °C respectively,
and the holding time was 4 h. Finally, the desired particles
were separated from the solidified salt by washing several
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Table 1 The experimental
parameter of preparing ZST
powders

Synthesis method

Sample
numbers

Molten salt
constituent(mol
%) NaCl: KCl1

Calcination
temperature

Reaction solvent PH

Solvothermal method Al
Solvothermal method El
Hydrothermal method Hl

Hydrothermal-solid HS1

state method

HM1
HM2
HM3
HM4
HMS
HM6
HM7
HMS8
HM9

Hydrothermal-molten
salt method

HM10
HM11
HM12
HM13

Acetylacetone Unadjusted No sintering None
Ethylene glycol Unadjusted No sintering None
Deionized water Unadjusted No sintering None
Deionized water 9 1100°C None

5 1000 °C 1: 1

Deionized water 1: 3

3:1

7 1000 °C 1: 1

Deionized water 1: 3

3: 1

9 1000 °C 1: 1

Deionized water 1: 3

3:1

11 1000 °C 1: 1

Deionized water 1: 3

3:1

Deionized water 9 950°C 101

Fig. 1 Process flow chart of ZST
powder prepared by
hydrothermal-molten

salt method

times in deionized water to ensure complete removal of the
excess NaCl and KCI salts.

2.2 Characterization techniques
The phase analysis of samples was investigated by using X-

ray diffractometry (XRD, XRD-6100, Shimadzu, Japan)
with CuKa radiation (4 = 0.15406 nm). The scanning angle

is 10° to 80° and the scanning speed is 5°/min. The
morphologies of samples and selected-area electron dif-
fraction (SAED) were analyzed by micro-electron-beam
diffraction linked to transmission electron microscopy
(TEM, JEM-2100, Jeol, Japan). Ultraviolet visible spec-
trophotometer (UV-759CRT, Shanghai, China) was used to
measure the absorbance of methylene blue solution at the
maximum absorption wavelength.
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2.3 Evaluation of photocatalytic performance

The UV photocatalytic activity of (Zryg,Sng,)TiO4 powders
were tested with methylene blue (MB) as the target degra-
dation substance by using 300 W xenon lamp as light
source with 200-400 nm UVREF. The specific process of
photocatalytic degradation experiment was as follows:
accurately weighed 2 mg of MB dye into an erlenmeyer
flask containing 200 mL of deionized water, shake it up
preparing a dye solution with a concentration of 10 mg/L.
And then 20 mL of MB solution and 20 mg ZST powders
were added to a 50 mL beaker under dark light by magnetic
stirring for 30min to disperse evenly and achieve
adsorption-desorption balance. Subsequently, the suspen-
sion was then poured into a quartz reactor irradiated under
ultraviolet light (the liquid level was about 20 cm from the
light source), and the temperature of the entire photo-
catalytic reaction process was controlled constantly by a
circulating water cooling system. 4 mL. of solution were
taken into the centrifuge tube every 20 min, centrifuged for
3min (speed rate at 2000 r/min), and the supernatant
without catalyst powder was taken as a sample to char-
acterize the photocatalytic degradation efficiency.

3 Results and discussion

The XRD patterns of samples synthesized by different
synthesis methods are exhibited in Figure 2. It can be
observed that only TiO, (anatase), ZrO, and SnO, are
detected in Al and E1 samples. Although a small amount of
ZST phase is formed in H1 samples, lots of TiO, (anatase),
ZrO, phase are detected. This means that the single
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Fig. 2 XRD patterns of samples synthesized by different methods
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hydrothermal reaction cannot meet the conditions for the
completely synthesis of ZST phase. The ZST phase is the
primary crystal phase in the HS1 samples, but the diffrac-
tion peaks of ZrO, and Na,TicO;; are observed. The pat-
terns show that the HM7 samples have an a-PbO,
orthorhombic structure (which can be indexed as ZST,
JCPDS 81-2214) without evidence of any additional phase.
Compared with the hydrothermal-solid state method (HS1),
the hydrothermal-molten salt method has excellent advan-
tages to obtain high crystalline and high purity powders,
and the synthesis temperature can be reduced to 1000 °C. Tt
was attributed to that liquid molten salt can enhance the
fluidity of reaction components in the liquid phase, accel-
erating the diffusion rate between ions. This provides a
basis for the development of high-performance low-tem-
perature sintering of ZST ceramics.

In order to explore a better synthesis process of
hydrothermal-molten salt method, the influences of the pH
of solvent system, the calcinations temperature and the ratio
of composite molten salt on the phase composition and
crystalline morphology were further studied.

Figure 3 illustrates the X-ray diffraction patterns of the
samples synthesized by hydrothermal-molten salt method
under different pH values. The major crystal phase of all
samples matches with standard card (JCPDS 81-2214) of
ZST. But there is still a small amount of impurity phase.
With the increase of pH value, the intensity of ZST main
crystal phase increases and the peak shape becomes sharp,
which indicate that the crystal growth tends to be complete
and the crystallinity is improved. The pH continues to rise
to 11, the diffraction peak intensity becomes weaker and the
peak shape widen, and the Na,TigO;3 phase appears. This
demonstrates that excess alkalinity is not conducive to the
synthesis of ZST powders, and causes the crystallinity of
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Fig. 3 XRD patterns of the samples synthesized by hydrothermal-
molten salt method under different pH values



Journal of Sol-Gel Science and Technology (2021) 99:275-283

279

- .
o ¥ (Zrp.gSng,2)TiO/
v &TiO,
* SN0,
HM7

Intensity/a.u.

JCPDS 81-2214
| | L L H Il .‘ HHHLH\HHH

10 20 30 40 50 60 70 80
26/deg.

Fig. 4 XRD patterns of synthesized samples at different calcination
temperatures for 4 h

ZST to decrease. According to the Scherer formula D = KM/
BcosO (K is 0.89, A is 0.15405 nm), the average particle
sizes of samples HM1, HM4, HM7 and HM10 are calcu-
lated to be 24.50nm, 29.34nm, 30.44nm, 23.40 nm,
respectively. It can be seen that pH plays an important role
in regulating the growth of ZST crystals.

Figure 4 reveals XRD patterns of ZST powders calcined
at different temperatures. It can be seen that TiO, (Rutile
phase) and SnO, impure phase are detected in
HM13 samples synthesized at 950 °C. As the temperature
increasing from 950 °C to 1000 °C, the diffraction peaks are
identified to be pure phase ZST (HM7 samples), and no
other obvious impurities can be found. The appearance of
TiO, (rutile phase) and SnO, is due to the insufficient
driving force of low sintering temperature on the synthesis
of pure phase.

Figure 5 demonstrates the XRD diffraction pattern of
samples synthesized with different molten salt ratios. The
diffraction peaks of the all samples correspond to a-PbO,
orthorhombic structure in agreement with the standard card
(JCPDS 81-2214). The sharp diffraction peaks of the ZST
powders with molten salt ratio of 1:3 and 3:1 are wider and
unsmooth, indicating that the powders has poor crystal-
linity. The sharp diffraction peaks show that well crystal-
lized ZST crystal can be obtained when the ratio of molten
salt is 1:1. The eutectic point of the two phases is 657 °C for
the NaCl-KCl composite molten salt with the ratio of 1:1,
the proper liquid phase content forms and accelerates the
mass transfer and diffusion rate between ions, thereby
profiting the nucleation and growth of the ZST crystal
phase. However, whether the excess NaCl or the excess
KCl, insufficient liquid phase content is caused, the ion
reaction and the growth of the ZST crystal are affected.
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Fig. 5 XRD patterns of samples synthesized with different proportion
of molten salt

The TEM micrographs, SADE patterns and HRTEM
photos of the HS1 samples obtained at 1100 °C are depicted
in Figure 6. It can be observed that the specimen shows the
rod-like crystalline morphology with grain diameter about
200 nm. However, the shape is irregular, with small parti-
cles on the edge. Figure 6d shows the selected area electron
diffraction pattern of the red circle part in Figure 6b, indi-
cating that the ZST has a single crystal structure. Therefore,
it is speculated that the long rod-shaped structure of ZST is
formed by the preferred growth of small particles via dis-
solution-precipitation, which illustrates that the preferred
growth of crystal can be achieved by prolonging the holding
time and changing the crystal growth system. Figure 6f
reveals an enlarged view of the selected area of Figure 6e.
The HRTEM of HS1 samples was measured by Digital
Micrograph software, the distance between lattice frings is
0.275 nm, which is consistent with the (020) plane of
orthorhombic ZST. However, the stripes between the crystal
surfaces are not clear, which indicates that the crystallinity
of the crystals is poor. The single crystal electron diffraction
pattern in Figure 6d has been calculated and calibrated. The
crystallization indexes are (111), (100), and (211) respec-
tively, and its crystal belt axis direction is confirmed to be
[011].

Figure 7 illustrates the TEM micrographs, SADE pat-
terns and HRTEM photos of the HM7 sample obtained at
1000°C. The ZST crystalline powders prepared by
hydrothermal-molten salt method are indicative of a short
rod-like structure with a regular morphology and obvious
boundaries. After careful observation of Figure 7, it can be
observed that the surface of the single crystal rod is smooth,
and there is no deposition of small particles as shown in
Figure 6, which indicates that crystal growth is complete.
Compared with hydrothermal-solid state method (HS1), the
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Fig. 6 TEM micrographs ((a),
(b),(c)), SADE images ((d)) and
HRTEM photos ((e),(f)) of ZST
nanocrystal particles prepared
by hydrothermal-solid

state method

grain size of the rod is significantly reduced to 50-60 nm in
diameter and 500-600 nm in length, and the crystal has
uniform morphology and good dispersion. Thus, the
hydrothermal-solid state method is based on the migration
of grain boundaries and then swallows each other to grow
up, showing that the larger particles grow, the smaller the
particles disappear. It can be inferred that the crystal syn-
thesized has a certain preferred orientation and grows in rod
shape in hydrothermal system. The molten salt medium
plays an important role in regulating the morphology
growth process [27], which makes the grain growth finer.
This also greatly increases the surface energy of grain,
which helps to provide sintering powders for the follow-up.
The results suggest that hydrothermal-molten salt method is
easier to synthesize high purity and high activity nano
powders at low temperature, which is consistent with the
XRD analysis results. Figure 7f is an enlarged view of the
selected area of Figure 7e. It can be seen that the crystal
plane stripes are clear, indicating that ZST crystal has well
crystallinity in the HM7 samples. The lattice frings with an
interval of approximately 0.292nm were visible and
accordance with (111) plane. Figure 7d is electron diffrac-
tion pattern from the selected areas in Figure 7b, indicated
by red circle. It can be observed from the figure that the
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diffraction spots are uniformly arranged and distributed,
which is a typical single crystal electron diffraction pattern.
The crystal indexes are (101), (020) and (121) via mea-
surement and calibration, and the axis direction of crystal
belt is [101], which is consistent with the crystal surface
index of ZST structure. It shows that ZST rod-like crystal
has the characteristics of preferentially grown single crystal,
and can be used as start materials for preparing ZST tex-
tured ceramics.

In order to expand the application field of (Zryg,Sng>)
TiO4 nano powders, the photocatalytic performance and UV
shielding property were characterized by UV-visible
spectrophotometer.

Figure 8 shows the degradation curve of methylene blue
using ZST powders synthesized by hydrothermal-molten
salt method as photocatalyst. It can be observed from the
figure that all synthesized ZST powders have certain
degradation effect on methylene blue solution. Within a
certain range, the absorbance decreases with the increase of
pH values, and the maximum degradation rate is 64% at pH
=9. But when the pH continues to increase to 11, the
degradation rate is greatly reduced to only 25.7%.
According to the analysis of XRD pattern in Figure 3, the
half-height width of diffraction peak gradually decreases



Journal of Sol-Gel Science and Technology (2021) 99:275-283

281

Fig. 7 TEM micrographs ((a),
(b),(c)), SADE images ((d)) and
HRTEM photos ((e),(f)) of ZST
nanocrystal particles prepared
by hydrothermal-molten

salt method
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Fig. 8 The degradation curve of methylene blue using ZST powders
synthesized by hydrothermal-molten salt method as photocatalyst

with increasing the pH, which indicates that the crystal-
lization is more complete and the defects are reduced.
However, as the pH value is increased to 11 continually, the
half-height width of diffraction peak suddenly increases,
indicating that the crystal growth is incomplete and the
defects are increased. The more defects in the crystal, the
easier it is for electrons and holes to recombine, which will

lead to the degradation of photodegradation performance. In
addition, the change of pH has an effect on the agglom-
eration degree and specific surface area of the powders. with
the increase of pH, the dispersion and specific surface area
of the powders increase, and the catalytic degradation
activity of methylene blue is enhanced. However, the con-
tinued increase of the pH value leads to agglomeration of
powders, which reduces the degradation rate and catalytic
performance.

The first-order reaction kinetics fitting of methylene blue
solution is shown in Figure 9. It can be seen that the fitted
curve is linear. According to the equation (In C/C0O = —kz), it
can be concluded that the interface reaction rates K1, K2, K3,
and K4 correspond to different pH (5, 7, 9, 11) respectively. It
can be seen that the reaction rate of HM7 samples is the
highest, which indicates that it has high degradation rate and
strong catalytic activity. It can prove the conclusion of the
aforementioned photocatalytic degradation.

As shown in Figure 10a, the absorption edges of all
samples are almost the same in the ultraviolet region.
Correspondingly, Figure 10b reveals that the optical band
gaps of ZST are determined from the Kubelka Munk and
Tauc plot by the plots of (AAv)* versus (hv). It can be seen
that the band gaps of all samples are between 3.4 eV and
3.5eV, which indicates that the optical absorption and the
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separation efficiency of photogenerated electron hole pairs
are similar [28]. Combined with the analysis of Figure 8 and
Figure 9, it can be found that the optical band gap has
almost no effect on the photocatalytic degradation
performance.

Ultraviolet is a kind of electromagnetic wave with short
wavelength. The wavelength range is between 200 and
400nm. It can be divided into three bands: UVA
(320-400 nm), UVB  (280-320nm) and UVC
(200-280 nm) [29, 30]. The wavelength of sunlight reach-
ing the ground is 290-3000 nm. Therefore, short wave
ultraviolet (UVC) cannot reach the ground due to the
obstruction of ozone layer, only UVA and UVB can reach
the ground [31, 32]. Figure 11 shows the change of

1.1
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0.3 H— T T T T r r
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time/min

Fig. 9 t-In (C/Cy) relation curve of methylene blue degraded by ZST
powders

absorbance with wavelength. It can be seen that the ZST
nano powders synthesized by hydrothermal-molten salt
method has good absorption properties of ultraviolet light.
The absorption curve of UVA (320-400 nm) exhibits a step
shape, which broadens the UV absorption region. In the
UVB section, the absorption shows the strongest peak,
corresponding to the wavelength of about 330 nm, which is
basically the boundary between UVA and UVB. It can be
observed from the figure that HM7 samples exhibits the best
absorption properties of ultraviolet light. The pH increases
to 11, the UV shielding effect of HM10 samples is sig-
nificantly reduced, which indicates that the ZST powders
with a large specific surface area is more conductive to UV
absorption.

2. 41 —v— HM10 pH=11

HML pH=5
2.21 —e— HM4 pH=7
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Fig. 11 Absorbance of ZST powder with different pH value to
UV light
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Fig. 10 UV-vis diffuse reflectance spectra (DRS) (a) and the Kubelka Munk and Tauc plot (b) of ZST powders with different pH prepared by
hydrothermal-molten salt method. Absorbance of ZST powder with different pH value to UV light
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4 Conclusions

The pure phase ZST nano crystals were prepared by
hydrothermal-molten salt method at 1000 °C. The synthe-
sized temperature of single phase ZST is lower and the
crystal growth is more complete compared with the solid
state reaction. The rod-like crystalline grain are evenly
distributed with a diameter of about 50-60 nm and can be
used as start materials for preparing ZST textured ceramics.
The ZST nano crystal has a certain photocatalytic effect and
good UV shielding performance.
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