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Abstract

Zn,Ti,Sn;_,O4 (0<x<1) solid solutions with an inverse spinel structure (Fd3m) were synthesized by solid-state reactions at
1300°C of the stoichiometric mixtures of ZnO, TiO, and SnO,. X-ray diffraction, thermogravimetric and differential thermal
analyses, scanning electron microscopy, transmission electron microscopy and BET specific surface area measurements were used to
gain insights into the solid-state reactions and phase transformation of the system. Optical absorption property of the
Zn,Ti,Sn;_, 04 (0<x<1) solid solutions was studied with the ultraviolet-visible diffuse reflectance spectroscopy (UV—Vis DRS).
The Zn,Ti, Sn;_, 04 (0<x<1) solid solutions showed optical absorptions of the semiconductors in the near ultraviolet region; the
adsorption band shifts with the composition of the solid solution.

© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

In the past several decades, special attentions have
been paid to the systems of many binary oxides such as
TiO,-Sn0O, [1-5], ZnO-TiO, [6-10] and ZnO-SnO, [11-
14] due to their expected wide range of applications. The
TiO»,—SnO, system was prepared as powders and thin
films with various preparations including the sol—gel [4],
coprecipitation [15], solid-state reaction [15] and radio
frequency sputtering techniques [15]. TiO, and SnO, in
the TiO,—SnO, system will react with each other at high
temperatures to form Ti, Sn;_,O, (0<x<1) solid
solutions with a rutile structure [1,4,15-18]. The TiO>—
SnO, system was reported to have applications as
photocatalysts [3,17] and gas-sensing materials [2,15,18].

For the ZnO-TiO,; system, a number of studies have
been devoted to the preparation, compound formation
and crystal structure, stability, and optical and electrical
properties up to now. Calcination of the ZnO-TiO,
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system can lead to three different phases: ZnTiO;
(hexagonal), Zn,Ti30g (cubic) and Zn,TiO4 (cubic) [6—
9,19,20], but the formation temperature for each of the
ZnTiO3, Zn,Ti30g and Zn,TiO4 phases was shown to
vary significantly with the preparation method and the
Zn/Ti molar ratio of the starting materials [6-9,19,20].
Both ZnTiO; and Zn,TiO,4 phases were found to have
important electrical and chemical properties, such as
microwave dielectric and catalytic properties [21-23].

For the ZnO-SnO, system, the ZnO and SnO,
components in the system can react with each other to
form a stable ZnSnO; or Zn,SnO,4 phase, depending on
the preparation method and the final calcination
temperature [24—27]. The ZnSnO; phase has been found
to show optical, electrical and gas-sensing properties
and can be used as optoelectrical [28], gas-sensing
[26,29] and lithium ion battery materials [30]. Similar
optical [31], electrical [32] and gas-sensing properties [33]
were also found for the Zn,SnO,4 phase.

In this work, polycrystalline powders of
Zn,Ti,Sn;_, 04 (0<x<1) solid solutions have been
synthesized with the solid-state reaction method. And,
the powders are characterized with X-ray diffraction
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(XRD), thermogravimetric and differential thermal
analyses (TG-DTA), scanning electron microscopy
(SEM), transmission electron microscopy (TEM) and
specific surface area measurements. We have also
studied the optical absorption property of the as-
prepared Zn,Ti,Sn;_,04 (0<x<1) solid solutions
with ultraviolet—visible diffuse reflectance spectroscopy
(UV—Vis DRS).

2. Experimental
2.1. Solid state synthesis of the materials

ZnO (zincite, >99.9 wt%, particle size ~0.5um and
BET surface area ~3.3 mz/g), TiO, (anatase,
>99.8 wt%, particle size ~200nm and BET surface
area ~11.4m?/g) and SnO, (cassiterite, >99.9 wt%,
particle size ~250nm and BET surface area ~10.5m?/
g) were used as the starting materials. These materials
were purchased from Beijing chemical factory of China.
Dry mixtures of the ZnO, TiO, and SnO; at ZnO/Ti0,/
SnO, molar ratios of 2:0:1, 2:0.1:0.9, 2:0.3:0.7, 2:0.5:0.5,
2:0.7:0.3, 2:0.9:0.1 and 2:1:0 were ground in an agate
mortar. The mixtures were then calcined in static air at
500°C, 600°C, 700°C, 800°C, 900°C, 1000°C, 1100°C,
1200°C and 1300°C, respectively, for a certain period of
time to induce possible solid-state reactions. The
products thus obtained were ground in an agate mortar
to prepare the powder samples.

2.2. Characterizations of the materials

The XRD analysis was carried out at room tempera-
ture with a Bruker D8 Advance diffractometer using
CuKo radiation (A= 1.5406A). The accelerating vol-
tage, emission current, and scanning speed were 40kV,
40mA and 6°/min, respectively. TG-DTA measure-
ments were made on a Setaram TGA/DTA92 thermal
analyzer in air. SEM observations were performed with
a KYKY2000 microscope (made by the instrumental
factory of the Chinese Academy of Sciences) operated at
25kV. TEM observations were performed with a
Hitachi H-800 transmission electron microscope oper-
ated at 150kV. BET surface area measurements were
performed on a Micromeritics 2010 instrument.

2.3. Optical absorption study

UV-Vis diffuse reflectance spectra were measured to
study the optical absorption property of the samples.
The spectra were recorded in air at room temperature
with a Hitachi U-3010 spectrophotometer. Pure BaSOy4
pellet (Hitachi) was used as the reference sample in all
the measurements.

3. Results and discussion
3.1. XRD and crystal phase

Fig. 1(a) and (b) show the X-ray diffraction patterns
of the ZnO/Ti0O,/Sn0O, powders. The ZnO/Ti0O,/SnO,
mixture with a Zn/Ti/Sn molar ratio of 4:1:1 was used as
a representative to show the solid-state reaction
processes of the ZnO/TiO,/SnO, mixtures. The results
of Fig. 1(a) suggest that both the phase composition and
the growth of crystals were sensitive to the calcination
temperature. At 500°C and 600°C (not shown), no other
phases were found except the phases of the starting ZnO
(zincite), TiO, (anatase) and SnO, (cassiterite) compo-
nents. A reaction between ZnO and TiO, to form
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Fig. 1. (a) XRD patterns of the ZnO/TiO,/SnO, mixture with a Zn/Ti/
Sn molar ratio of 4:1:1 after calcination for 2h at the indicated
temperatures (+: anatase TiO,; x: SnO,; e: ZnO; ¢: Zn,TiOy4 <:
Zn,SnOy;  A: Zn,yTigsSngsO4); (b) XRD  patterns of the
Zn,Ti,Sn;_, 04 (x=0, 0.1, 0.3, 0.5, 0.7, 0.9, 1) solid solutions
obtained by calcination at 1300°C for 42 h.
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Zn,TiO4, (JCPDS 77-0014) took place during the
calcination at 700-900°C, consistent with the results in
Refs. [6-9]. However, the X-ray diffraction patterns
show no evidence for the formation of ZnTiO; and
7Zn,Ti50g, which is at variance with the results in Refs.
[7-9]. The characteristic diffractions of anatase TiO,
were hardly detectable after the calcination at 800°C
for 2h (not shown), and they disappeared completely
after the calcination at 900°C for 2h, suggesting
that all the TiO, reacted or became amorphous or
otherwise undetectable to the X-ray diffraction
technique. The growth of Zn,TiO4 continued with
increasing the calcination temperature up to 1000°C
(not shown), when the calcined mixture were composed
of ZnO, SnO, and Zn,TiO,4 phases. Another new phase
Zn,SnO,4 (JCPDS 74-2184) appeared after the
calcination at 1100°C for 2h, which is consistent with
the result in Ref. [24]. Thus, the phase components at
1100°C were Zn,TiO4, Zn,SnO4 and small amounts of
residual ZnO (zincite) and SnO, (cassiterite). Further
increasing the calcination temperature up to 1200°C
caused both Zn,TiO4 and Zn,SnO4 phases to react to
form a new phase with a set of diffractions at
20=18.00°, 29.66°, 34.91°, 36.47°, 42.40°, 52.64°,
56.08°, 61.57°, which may be a solid solution
Zn,Ti,Sn;_, 04 (0<x<1). The formation and growth
of the Zn,Ti,Sn;_,0O4 (0<x<l1) solid solution
continued when the temperature was further increased
to 1300°C. Residual ZnO (zincite) and SnO,
(cassiterite) almost disappeared at 1300°C, implying
that the product can be approximately viewed as
Zn;,Tig 5Sn0.504.

The XRD pattern of the solid solution
Zn;TijpsSny 504 was indexed referencing to the Zn,SnOy
and Zn,TiO, inverse spinels (Fig. 1(a)). It seems that the
calcination for 2 h at 1300°C is not sufficient and should
be extended to induce a complete transformation of the
mixture into the solid solution Zn,Tiy sSng sO4, which
with the diffractions at 20=18.04°, 29.59°, 34.84°,
36.44°, 42.29°, 46.32°, 52.42°, 55.86°, 61.24°, 64.40°,
69.42°. In view of this, the calcination period was
extended to 6, 10, 14, 18, 22, 26, 30, 34, 38 and 42h at
1300°C, respectively, and it was found that a period of
42h is enough for such a purpose (see Fig. 1(b)).
Therefore, all the ZnO/TiO,/SnO, mixtures were
calcined at 1300°C for 42 h to prepare the solid solution
Zn,Ti,Sn;_, 04 materials (white in color). From
Fig. 1(b), it can be seen that the XRD patterns of the
product powders are very similar to each other except
the regular shifts of XRD peaks towards somewhat
higher angles with the increase of x in the composition.
All the XRD patterns could be indexed (Fig. 1(b)) by
assuming a face-centered cubic structure for the solid
solution. Therefore, each of the materials shown in Fig.
1(b) can be taken as a single-phase solid solution with an
inverse spinel-like structure (space group Oj-Fd3m),

expressed as Zn,Ti, Sn;_, 04 (x =0, 0.1, 0.3, 0.5, 0.7,
0.9, 1). The unit cell of the Zn,Ti, Sn;_, 04 materials
should have 8 A;BX, units (4=7Zn, B=Ti and/or Sn,
X=0) (Z = 8) that involve a total of 56 atoms [8,34].
In these inverse spinel structures the cations (Zn>",
Ti** and Sn*") could be arranged as Zneua
[ZnTi,Sn; . JoewOs, ie. one half of the Zn>" ions are
in the tetrahedral sites; the other half of the Zn>" ions
plus the Ti*" and/or Sn** ions occupy the octahedral
sites [8,34,35]. The cubic lattice constants (a) of the
Zn,Ti,Sn;_,O4 solid solutions, calculated with
the software (Diffrac”™ Win-Metric Version 3.0) on
the X-ray diffractometer, are 8.649, 8.631, 8.594, 8.547,
8.506, 8.477, and 8.440 A, corresponding to x =0, 0.1,
0.3, 0.5, 0.7, 0.9 and 1, respectively. The calculation
error in the lattice constants is +0.003 A. Fig. 2 shows
the change of lattice constant of the solid solution
Zn,Ti,Sn;_,0O4 (0<x<1) with composition. It can be
seen that the lattice constant decreases linearly with the
increasing Ti content, obeying approximately the gen-
erally known Vegard’s law. This indicates that the lattice
of the solid solution Zn,Ti,Sn;_, 04 (0<x<1) evolves
with composition from Zn,SnOy4 to Zn,TiOy, due to the
substitution of lattice Ti* " with a smaller radius (0.68 A)
for the Sn*" with a larger radius (0.71 A). It should be
noted that the lattice constants measured in the present
work of the Zn,SnOy4 (x = 0) and Zn,TiO4 (x = 1) are in
good agreement with the standard values of 8.6500 A for
Zn,Sn0Oy4 (JCPDS 74-2184) and 8.4450 A for Zn,TiOy4
(JCPDS 77-0014). The cubic unit cell volumes of the
Zn,Ti,Sn;_, 04 (0<x<1) solid solutions were calcu-
lated to be 647.0, 643.0, 634.7, 624.4, 615.4, 609.2 and
601.2A° corresponding to x =0, 0.1, 0.3, 0.5, 0.7, 0.9
and 1, respectively.
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Fig. 2. Lattice constants of the Zn,Ti,Sn;_,O4 (x =0, 0.1, 0.3, 0.5,
0.7, 0.9, 1) solid solutions obtained by calcination at 1300°C for 42 h.
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3.2. TG-DTA analysis

Fig. 3 shows the TG and DTA (heat flow) curves of
the ZnO/Ti0,/SnO, mixture with a Zn/Ti/Sn molar
ratio 4:1:1. The TG curve reveals no weight change
of the sample in the temperature range 400-1400°C,
while the endothermic effects at above 700°C is clearly
seen on the DTA curve, and are further characterized by
a strong endothermic peak at about 1190°C. The TG
curve suggests no formation of volatile products. And,
thus, the endothermic feature on the DTA curve must be
associated with solid-state reactions and phase transfor-
mations in the mixed oxides at above 700°C. This
explanation is consistent with the XRD results (Fig. 1(a))
that Zn,TiO4 and Zn,SnO, were formed at about 700°C
and 1100°C, respectively. In fact, the formations of
Zn,SnO4 and Zn,TiO4 from ZnO and SnO,, and ZnO
and TiO,, respectively, were found to be endothermic
[12,36]. Therefore, the endothermic effects on the DTA
curve in between 700°C and 1100°C should arise from
the reactions leading to the formation of Zn,TiO4 and
Zn,SnOy4. Since all the materials reacted to form
Zn,Tig 5Sng 504 solid solution at above 1200°C and the
solid solution was found to be the only detectable
product after the calcination at 1300°C, the strong
endothermic peak at about 1190°C should be related
with the formation of the Zn,Tiy sSng sO4 solid solution.

3.3. SEMITEM Morphology and BET surface area

Fig. 4 shows the SEM and TEM micrograms of the
7Zn,Tiy sSng 504 solid solution calcined at 1300°C for
42h. The TEM microgram show that the solid solution
appears as irregular crystals of different sizes. The
particles shown in the SEM microgram also have
irregular shapes. The average particle (SEM) and the

0.5 5
0.4 4 - 4
03 1 Exo. T - 3
02 [, S
> 01 ] b :l \E/
E oo 2 2
(O] 3 - =
E 0.1 1 =
] — [, S
0.2 1 [T
03 A [ 2
0.4 1 1190 °C [ 3
-0.5 T T T T T T T T T -4

400 600 800 1000 1200 1400
Temperature (°C)
Fig. 3. TG-DTA curves of the ZnO/TiO,/SnO, mixture with a

molar ratio of 4:1:1 (starting sample weight: 44.33 mg; heating rate:
10°C/min).

(b)

Fig. 4. (a) SEM and (b) TEM micrograms of the Zn,Tij sSng 504 solid
solution calcined at 1300°C for 42 h.

crystal (TEM) sizes are estimated to be near 20 um and
400 nm, respectively.

The measured BET surface areas of the
Zn,Ti,Sn;_,Oy4 solid solutions shown in Fig. 1(b) are
0.22, 0.20, 0.19, 0.23, 0.21, 0.21 and 0.25m?/g for x = 0,
0.1,0.3,0.5,0.7, 0.9 and 1, respectively. The small values
in surface area seem to be in agreement with the big sizes
of the samples, which are resulted from the high
calcination temperature, as evidenced by Fig. 4(a).

3.4. Optical absorption property

Fig. 5 shows the UV-Vis diffuse reflectance spectra of
the Zn,Ti,Sn;_.O4 (x =0, 0.1, 0.3, 0.5, 0.7, 0.9, 1) solid
solutions calcined at 1300°C for 42 h. All these samples
show optical absorption, similar to the Zn,SnO4 and
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Fig. 5. UV-Vis diffuse reflectance spectra of the Zn,Ti,Sn;_,O4
(x=20,0.1, 0.3, 0.5, 0.7, 0.9, 1) solid solutions calcined at 1300°C for
42h.

Zn,TiO,4 reported by Enoki et al. [37] and Matsumoto
et al. [38], respectively. The absorption edges were
defined as the wavelengths at intersections that were
obtained by extrapolating the horizontal and sharply
rising portions of the UV—-Vis absorption curves. The
absorption edges of the Zn,Ti,Sn;_,O4 solid solutions
thus estimated are 368, 358, 353, 352, 351, 354 and
355nm for the samples with x = 0, 0.1, 0.3, 0.5, 0.7, 0.9
and 1, respectively. Shown in Fig. 6 are the band gap
energies (E) of the Zn,Ti, Sn;_,O4 (x =0, 0.1, 0.3, 0.5,
0.7, 0.9, 1) solid solutions, which were calculated from
the corresponding data of the absorption edges [39]. The
band gap energies of all the Zn,Ti,Sn;_, 04 (0<x<1)
solid solutions are larger than ZnO (3.2¢V) and TiO,
(3.2e¢V), but smaller than SnO, (3.6eV) [39]. A
maximum band gap energy (£, = 3.53¢V) was found
for the sample with x = 0.7. The band gap energies of
these Zn,Ti,Sn;_, 04 (0<x<1) solid solutions suggests
that the materials belong to semiconductors and
potential applications as electronic and gas-sensing
materials could be expected. Generally, the band
structure of metal oxides is defined by the d levels of
the metal cations and the 2p level of the oxygen anions
[40-44]. For the Zn,Ti,Sn;_, 04 (0<x<1) solid solu-
tions, the valence bands may be mainly composed of
the O 2p orbits, which may be hybridized slightly with
the Zn 3d, Sn 4d and/or Ti 3d orbits. On the other hand,
the conduction bands may be mainly composed of the
Zn 3d, Sn 4d and/or Ti 3d orbits in the tetrahedral ZnOy,
and octahedral [ZnTi,Sn;_,]O¢ units [41-44]. In com-
parison with the Zn 3d and Sn 44 orbits, the Ti 3d orbits
could contribute more significantly to the conduction
band because they are not fully occupied and little
localized, but the Zn 3d and Sn 4d orbits are fully
occupied. Therefore, the band gap energies of the
Zn,Ti,Sn;_, 04 (0<x<1) solid solutions will change
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Fig. 6. Band gap energies of the Zn,Ti,Sn;_,O4 (x =0, 0.1, 0.3, 0.5,
0.7, 0.9, 1) solid solutions calcined at 1300°C for 42 h.

with the increasing Ti content, which is consistent with
the experimental results.

4. Conclusions

Single-phase Zn,Ti,Sn;_, 04 (0<x< 1) solid solutions
with an inverse spinel structure (Fd3m) can be synthe-
sized by calcining the stoichiometric solid-mixtures of
ZnO, TiO, and SnO, at 1300°C for 42h. The
Zn,Ti,Sn;_, 04 (0<x<1) solid solutions show optical
absorptions in the near ultraviolet region. The Ti
content has a significant effect on the absorption edge
and thus the band gap energy of the solid solution; the
sample with x = 0.7 shows the maximum band gap
energy (E, =3.53eV). The Zn,Ti,Sn;_,04 (0<x<1)
solid solutions are semiconductors and may find
applications in the optoelectronic, gas-sensing and
microwave dielectric fields.
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