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Abstract We report a coprecipitation method for the

preparation of solid solutions in the Zn2TixSn1–xO4

(0 B x B 1) series. The precipitates obtained from the

coprecipitation were calcined using different temperatures

and then characterized with X-ray diffraction (XRD),

Raman scattering (RS), scanning electron microscopy

(SEM), and surface area measurements to gain insights into

the solid-state reaction and phase transformation during the

calcinations. Formation of the Zn2TixSn1–xO4 solid solu-

tions was observed after the calcination up to 1000 �C,

which is much lower than the temperature (1300 �C)

required in the conventional solid-state reaction method.

The optical absorption property of the Zn2TixSn1–xO4 solid

solutions, measured by ultraviolet-visible diffuse reflec-

tance spectroscopy (UV–Vis DRS), was shown to change

according to the composition of the solid solutions.

Introduction

In the past several decades, special attentions have been

paid to the systems of many binary oxides such as TiO2–

SnO2 [1–5], ZnO–TiO2 [6–10], and ZnO–SnO2 [11–14]

due to their expected wide range of applications.

TiO2 and SnO2 in the TiO2–SnO2 system can exist in

TixSn1–xO2 (0 B x B 1) solid solutions with a rutile

structure [1, 4, 15–18]. The TiO2–SnO2 system has found

some applications as photocatalysts [3, 17] and gas-sensing

materials [2, 15, 18]. The ZnO–TiO2 system can be

obtained in three different crystal phases: ZnTiO3 (hexag-

onal), Zn2Ti3O8 (cubic), and Zn2TiO4 (cubic) [6–9, 19, 20],

depending on the composition and preparation conditions

[6–9, 19, 20]. Both ZnTiO3 and Zn2TiO4 phases could find

applications as microwave dielectric and catalytic materials

[21–23]. On the other hand, the ZnO–SnO2 system can be

obtained as stable ZnSnO3 (cubic) or Zn2SnO4 (cubic)

phase, according to composition and method of preparation

including the final calcination temperature [24–27]. The

ZnSnO3 phase could have interesting optical, electrical,

and gas-sensing properties, which may find applications in

optoelectrical [28], gas-sensing [26, 29] and lithium ion

battery materials [30]. The Zn2SnO4 phase could also show

similar properties and potential of applications [31–33].

In our previous works [34, 35], polycrystalline

Zn2TixSn1–xO4 (0 B x B 1) solid solutions were prepared

at 1300 �C with a solid-state reaction method. The

as-prepared Zn2TixSn1–xO4 (0 B x B 1) solid solutions

were found to exhibit ultraviolet-visible optical absorption

property according to the content of titanium. In the present

work, we report a coprecipitation method for the prepara-

tion of polycrystalline Zn2TixSn1–xO4 (0 B x B 1)

materials, which leads to a temperature lowering to about

1000 �C for the formation of the solid solutions. The solid

solution products are characterized with X-ray diffraction

(XRD), Raman scattering (RS), scanning electron micros-

copy (SEM), and specific surface area measure-

ments. Ultraviolet-visible diffuse reflectance spectroscopy

(UV–Vis DRS) study of the as-prepared Zn2TixSn1–xO4

(0 B x B 1) solid solutions is also reported.
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Experimental

Coprecipitation synthesis of materials

All of the chemical reagents used in this work were of

analytic reagent grade (A.R.) and were purchased from the

Beijing Shuanghuan Chemicals Factory, China. ZnCl2,

Ti(SO4)2 and SnCl4 5H2O were used as the starting metal

salts, and NaOH as the precipitant in the coprecipitation

preparation of Zn2TixSn1–xO4 (x = 0, 0.1, 0.3, 0.5, 0.7, 0.9,

1.0) materials. Detailed procedure for the preparation was

as follows: a solution mixture containing stoichiometric

amounts of ZnCl2, Ti(SO4)2 and SnCl4 5H2O was made by

dissolving the starting metal salts with a minimum amount

of deionized water. A 4 mol/L NaOH solution was then

added into the solution mixture under vigorous stirring

until pH = 7.0 ± 0.2, which resulted in the formation of a

white coprecipitate in the solutions. The coprecipitates

were separated by filtration and then washed with deion-

ized water until no SO2�
4 and Cl- ions were detected in the

filtrates by Ba(NO3)2 and/or AgNO3 solutions. The washed

coprecipitate was then dried in static ambient air at about

100 �C to prepare a dry sample of ZnO/TiO2/SnO2 pre-

cursor. Finally, the dried precursor was calcined in static

ambient air at a temperature in the range of 300–1300 �C

for 2 h to induce possible solid-state reactions. The prod-

ucts thus obtained were then ground thoroughly in an agate

mortar to prepare the powder samples.

Characterization of materials

The XRD analysis was carried out at room temperature

with a Bruker D8 Advance diffractometer using Cu Ka

radiation (k = 1.5406 Å). The accelerating voltage, emis-

sion current, and scanning speed were 40 kV, 40 mA, and

6�/min, respectively. Raman spectra were obtained at room

temperature with a Renishaw RM2000 microscopic con-

focal Raman spectrometer. A 514.5-nm argon-ion laser

beam with a power of 4.7 mW was used. The Raman

scattering spectra were obtained with 10 scans at a reso-

lution of 1 cm-1 in the range of 100–2000 cm-1. SEM

observations were performed with a KYKY2000 scanning

electron microscope made by the Instrumental Factory of

the Chinese Academy of Sciences. An operating voltage of

25 kV was used. The specific surface areas were deter-

mined based on the nitrogen adsorption data at 77 K on a

Micromeritics ASAP 2010 system with the multipoint

Brunauer-Emmett-Teller (BET) method [34, 35]. In order

to assure the accuracy of the measured surface area data,

more than 5 g sample powders were used for each mea-

surement to ensure that each measured sample had a total

surface area larger than 1.0 m2, which is well above the

detection limit of the instrument.

UV–Vis DRS

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. A pure Al2O3 pellet (provided

by Hitachi) was used as the reference sample in the

measurements.

Results and discussion

XRD and crystal phase

For the sake of simplicity, the ZnO/TiO2/SnO2 mixture

with a Zn/Ti/Sn molar ratio of 4:1:1 was used as a repre-

sentative composition to study the solid-state reaction

processes of the coprecipitated ZnO/TiO2/SnO2 mixtures.

Figure 1 shows the powder X-ray diffraction patterns of the

ZnO/TiO2/SnO2 mixture calcined at 300–1300 �C for 2 h.

The XRD results suggest that both the phase composition

and growth of the crystals were strongly related to the

calcination temperature. The diffractions of the ZnO/TiO2/

SnO2 mixture calcined for 2 h at 300–600 �C showed only
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Fig. 1 XRD patterns of the ZnO/TiO2/SnO2 mixture with the ZnO/

TiO2/SnO2 molar ratio of 4:1:1 prepared at 300 �C (a), 400 �C (b),

500 �C (c), 600 �C (d), 700 �C (e), 800 �C (f), 900 �C (g), 1000 �C

(h), 1100 �C (i), 1200 �C (j), and 1300 �C (k), respectively, for 2 h.

Crystal phases: ?, anatase TiO2; 9, cassiterite SnO2; d, zincite ZnO;

m, Zn2TixSn1–xO4 (0 \ x \ 1); D, Zn2Ti0.5Sn0.5O4
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ZnO crystals (zincite), but no crystal TiO2 and SnO2 pha-

ses. This indicates no formation of any new phases and the

TiO2 and SnO2 components were still in their amorphous

states, being silent to the XRD analysis after the calcination

up to 600 �C. A reaction among ZnO, TiO2, and SnO2 to

form a solid solution Zn2TixSn1–xO4 (0 \ x \ 1) featuring

with a set of diffractions at d = 4.8704, 3.0314, 2.5751,

2.4702, 2.1206, 1.7447, 1.6411, and 1.5112 Å (10� B

2h B 70�), as reported in our two earlier works [34, 35],

occurred after the calcination at 700 �C for 2 h. Formation

of binary ZnTiO3 (hexagonal) (JCPDS No. 85-0547) [7–9],

Zn2TiO4 (cubic) (JCPDS No. 77-0014) [7–9, 34, 35] and

Zn2Ti3O8 (cubic) (JCPDS No. 73-0579) [7–9], and ZnSnO3

(cubic) (JCPDS No. 28-1486) [26, 27] and Zn2SnO4

(cubic) (JCPDS No. 74-2184) [24, 25, 34, 35] was not

detected in the XRD patterns of Fig. 1. However, small

quantities of unreacted ZnO, TiO2, and SnO2 components

still remained, in addition to Zn2TixSn1–xO4 (0 \ x \ 1),

after the calcination at 700 �C. Therefore, compared with

the solid-state reaction method [34, 35], the present

coprecipitation method not only lowered the formation

temperature of Zn2TixSn1–xO4 (0 \ x \ 1) by about

500 �C, but also enabled an one-step reaction to produce

the solid solution Zn2TixSn1–xO4:

2ZnOþ xTiO2 þ ð1� xÞSnO2 ! Zn2TixSn1�xO4

ð0\x\1Þ

Thus the formation mechanism of Zn2TixSn1–xO4 (0 \ x

\ 1) in the present coprecipitation method would be sig-

nificantly different from that in the solid-state reaction

method [34, 35].

After the calcinations at 800 and 900 �C, the ZnO/TiO2/

SnO2 mixture was still composed of Zn2TixSn1–xO4

(0 \ x \ 1) and some residual oxide components (ZnO,

TiO2, and SnO2). But the content and mean crystal size of

Zn2TixSn1–xO4 (0 \ x \ 1) increased, while the contents of

the residual oxides decreased with increasing the calcina-

tion temperature. When the calcination temperature was

further raised up to 1000 �C, the whole sample became a

pure solid solution phase (Zn2TixSn1–xO4, 0 \ x \ 1) in the

XRD pattern. This indicates that all of the ZnO, TiO2, and

SnO2 components had reacted completely to form the solid

solution Zn2TixSn1–xO4 (0 \ x \ 1). And, therefore, the

product after the calcination at 1000 �C can be viewed as

Zn2Ti0.5Sn0.5O4. This Zn2Ti0.5Sn0.5O4 solid solution

remained as the only product in the XRD pattern when the

calcination temperature was increased up to 1300 �C.

However, the diffraction peaks of Zn2Ti0.5Sn0.5O4 were

intensified gradually with the calcination temperature in the

range of 1000–1300 �C, indicating that the sizes of

Zn2Ti0.5Sn0.5O4 crystallites increased due to thermal sin-

tering. The X-ray diffractions of Zn2Ti0.5Sn0.5O4 prepared

at 1300 �C occurred at d = 4.9174, 3.0168, 2.5741,

2.4643, 2.1353, 1.9626, 1.7454, 1.6465, 1.5128, 1.4464,

and 1.3534 Å (10� B 2h B 70�), featuring a face-centered

cubic inverse spinel structure with a space group Fd3m.

The pattern could be indexed exactly and the indexing

results are also shown in Fig. 1. The cubic lattice constant

of Zn2Ti0.5Sn0.5O4, calculated with the software

(Diffracplus Win-Metric Version 3.0) on the X-ray dif-

fractometer, was 8.546 ± 0.003 Å. This value is larger

than the lattice constant of Zn2TiO4 (8.4450 Å, JCPDS 77-

0014) but smaller than that of Zn2SnO4 (8.6500 Å, JCPDS

74-2184) due to the difference in radius between Ti4?

(0.68 Å) and Sn4? (0.71 Å). It is worth noting that the

present X-ray diffraction data of Zn2Ti0.5Sn0.5O4 are in

good agreement with those in our earlier works [34, 35].

According to the experimental results mentioned earlier,

other samples of ZnO/TiO2/SnO2 mixtures prepared from

the coprecipitation method were also subject to the calci-

nations at 1000–1300 �C for 2 h to prepare the Zn2Tix
Sn1–xO4 (0 B x B 1) solid solutions of varying composi-

tions (Fig. 2). It can be seen that the XRD patterns of these

calcined products are very similar to each other although

the regular shifts of XRD peaks toward somewhat higher

angles with the increase in x in the composition of the solid

solutions. All of the XRD patterns shown in Fig. 2 can be

indexed successfully to the inverse spinel structure, as was

observed in our two earlier works [34, 35]. The cubic lat-

tice constants (a) of Zn2TixSn1–xO4 prepared at 1100 �C,

calculated according to the method as mentioned previ-

ously, are 8.648, 8.634, 8.578, 8.546, 8.518, 8.480, and

8.461 Å, allowing a calculation error within ±0.003 Å, at

the compositions of x = 0, 0.1, 0.3, 0.5, 0.7, 0.9, and 1.0,

respectively. Figure 3 shows the change of lattice constant
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Fig. 2 XRD patterns of Zn2TixSn1–xO4 (x = 0, 0.1, 0.3, 0.5, 0.7, 0.9,

1.0) prepared at 1100 �C for 2 h
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of Zn2TixSn1–xO4 (0 B x B 1) with composition. It can be

seen that the lattice constant decreases linearly with

increasing x (i.e., the Ti content), obeying approximately

the generally known Vegard’s law. This indicates that the

lattice of Zn2TixSn1–xO4 (0 B x B 1) evolves with the

composition from Zn2SnO4 to Zn2TiO4, due to the substi-

tution of lattice Ti4? with a smaller radius (0.68 Å) for the

Sn4? with a larger radius (0.71 Å). It should be noted that

the lattice constants measured in this present work of

Zn2SnO4 (x = 0) and Zn2TiO4 (x = 1) are in good agree-

ment with the standard values of 8.6500 Å for Zn2SnO4

(JCPDS 74-2184) and 8.4450 Å for Zn2TiO4 (JCPDS

77-0014). The calculated cubic unit cell volumes of

Zn2TixSn1–xO4 (0 B x B 1) are 646.8, 643.6, 631.2, 624.1,

618.0, 609.8, and 605.7 Å3 at the compositions of x = 0,

0.1, 0.3, 0.5, 0.7, 0.9, and 1.0, respectively (Fig. 3). These

results agree quite well with those in our earlier works

[34, 35].

Raman scattering

It is commonly accepted that inverse spinel oxides with the

general formula AB2O4 crystallize in a cubic structure

(space group Oh
7-Fd3m) [8, 36–42]. Although the full unit

cell of the inverse spinel would contain 56 atoms (Z = 8)

in the cubic structure, the smallest Bravais cell could only

contain 14 atoms (Z = 2). Factor group analysis has pre-

dicted 5 Raman modes (i.e., A1g, Eg and 3F2g) for the cubic

spinel structure [37, 39–42].

The Raman spectra of the Zn2TixSn1–xO4 (x = 0, 0.1,

0.3, 0.5, 0.7, 0.9, 1.0) samples prepared at 1100 �C for 2 h

are shown in Fig. 4a. It can be seen that the Raman spec-

trum of the Zn2SnO4 did not display all the five bands

predicted by the factor group analysis of the Fd3m sym-

metry, and only 4 Raman bands were observable at 227,

377, 528, and 668 cm-1. Such a difference in the number

of Raman active modes between theoretical prediction and

the experimental observation may be due to a poor reso-

lution or peak overlappings [41]. But Zn2TixSn1–xO4 with

x = 0.3 and 0.5 showed 7, and those with x = 0.7, 0.9, and

1.0 displayed 8 Raman modes. A Zn2TiO4 (x = 1.0)

sample in earlier documentations [43, 44] also showed 8

Raman modes. The Raman spectrum of Zn2Ti0.1Sn0.9O4

x in Zn2Tix Sn1−xO4
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1100 �C for 2 h and b 1300 �C

for 2 h
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appeared to show all of the 5 Raman modes predicted by

the factor analysis of Fd3m symmetry but an additional

peak showed up at 701 cm-1 due to the incorporation of

Ti4? into the structure of Zn2SnO4. This new Raman fea-

ture was intensified and shifted toward higher wave-

numbers with increasing x, while at the same time the main

feature associated originally with Zn2SnO4 at 668 cm-1

was weakened and shifted also toward higher some higher

wavenumbers. These changes in the Raman spectra should

apparently be associated with the variation in the relative

contributions of Ti–O and Sn–O bonds in the octahedral

[ZnTixSn1–xO6] structure units. Since the Ti–O bond is

shorter and thus stronger than the Sn–O bond, the Raman

band associated with the Ti–O bond would appear at higher

wavenumber than the one associated with the Sn–O bond.

When the content of Ti became enough high, the intensi-

fication of the ‘‘Ti–O sensitive’’ Raman band would result

in a disappearance of the ‘‘Sn–O sensitive’’ band, which

explains why the ‘‘Sn–O sensitive’’ band became silent in

the Raman spectra of the Zn2TixSn1–xO4 samples at

x [ 0.7. Therefore, the co-existing of the Ti–O and Sn–O

sensitive Raman bands for the Zn2TixSn1–xO4 solid solu-

tions at 0.1 B x B 0.7 would imply that the Ti4? and Sn4?

ions in these samples were not well mixed or unevenly

distributed in the octahedral sites [43, 45, 46]. Moreover,

the changes in ‘‘ordering’’ of the Ti4? and Sn4? ions in the

octahedral sites could also be responsible for the generation

of additional peaks in the range of 300–600 cm-1 on the

Raman spectra of Zn2TixSn1–xO4 samples because any

‘‘ordered’’ structure would have a lower symmetry than the

disordered parent structure [43, 45]. The disappearance of

the ‘‘Sn–O sensitive’’ Raman mode at around 670 cm-1 for

those Zn2TixSn1–xO4 samples with molar Ti/(Ti ? Sn)

ratio higher than 0.7 (i.e., x [ 0.7) would suggest that Ti4?

and Sn4? ions in these Ti-rich samples were well mixed

and evenly distributed in the octahedral sites.

Figure 4b shows the Raman spectra of the Zn2TixSn1–xO4

(x = 0, 0.1, 0.3, 0.5, 0.7, 0.9, 1.0) prepared at 1300 �C. A

comparison of these spectra with their counterparts in Fig. 4a

would reveal that the Raman spectra of the solid solutions

were little affected by increasing the calcination temperature

from 1100 to 1300 �C since the spectra remained virtually

unchanged in view of the errors associated with the Raman

measurements (experimental resolution by wavenumber was

±1 cm-1).

SEM micrograph and BET surface area

Figure 5 shows the SEM micrographs of the Zn2Ti0.5

Sn0.5O4 samples prepared at 1100 and 1300 �C for 2 h. The

particles in the two Zn2Ti0.5Sn0.5O4 samples showed

irregular round-like shapes, though their sizes increased

remarkably when the calcination temperature was

increased from 1100 (Fig. 5a) to 1300 �C (Fig. 5b).

The measured BET surface areas of the Zn2TixSn1–xO4

(0 B x B 1) samples prepared at 1100 �C for 2 h were 0.43,

0.45, 0.42, 0.41, 0.39, 0.44, and 0.43 m2/g for x = 0, 0.1,

0.3, 0.5, 0.7, 0.9, and 1.0, respectively. It is not surprising

that the specific surface areas of these Zn2TixSn1–xO4

samples were quite close to each other if one would con-

sider the high-temperature (1100 �C) sintering they

experienced during the calcinations. By assuming a spher-

ical shape for these sintered samples, such small surface

areas corresponded to a theoretical mean particle size of

about 1.5 lm, which agrees basically with the morphologic

feature by SEM measurement (e.g., Fig. 5a).

The surface areas were reduced to 0.23, 0.25, 0.22, 0.21,

0.24, and 0.23 m2/g after the calcination at 1300 �C for the

samples with x = 0, 0.1, 0.3, 0.5, 0.7, 0.9, and 1.0,

respectively. These numbers correspond to a theoretical

mean particle size of about 10 lm in spherical shapes,

which also agrees with their SEM morphology (e.g.,

Fig. 5b) and a much severe sintering and coarsening due to

the calcinations at 1300 �C.

UV–Vis diffuse reflectance spectrum

Figure 6 shows the UV–Vis diffuse reflectance spectra of

Zn2TixSn1–xO4 (x = 0, 0.1, 0.3, 0.5, 0.7, 0.9, 1.0) prepared at

1100 �C for 2 h. The absorption edges of the Zn2TixSn1–xO4

Fig. 5 SEM micrographs of

ZnTi0.5Sn0.5O4 prepared at a
1100 �C for 2 h and b 1300 �C

for 2 h
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samples, defined as the wavelengths at the intersections of

the extrapolated horizontal and sharply rising portions of the

UV–Vis absorption curves, were found near the ultraviolet

region at 367, 357, 356, 353, 352, 359, and 362 nm for

x = 0, 0.1, 0.3, 0.5, 0.7, 0.9, and 1.0, respectively. Thus, the

adsorption edge decreased with increasing the Ti content up

to x = 0.7 and then changed to increase for the Ti-rich

samples (x [ 0.7). These absorption edges were then used to

obtain the band gap energies (Eg) of the Zn2TixSn1–xO4

(x = 0, 0.1, 0.3, 0.5, 0.7, 0.9, 1.0) samples [47] (Fig. 7),

which indicate that the solid solution samples can

be considered as mixed oxide semiconductors (Eg =

3.38–3.52 eV at 0 B x B 1.0).

The dashed line in Fig. 7 shows the Eg data for the solid

solutions prepared 1300 �C. It can be seen that the band

gap energies (Eg) of the samples formed by calcination at

1300 �C were of little differences from those formed at

1100 �C. We also noted that the numbers of Eg also agree

well with those of the samples produced from the solid-

state reaction at 1300 �C [34]. Detailed discussion on the

change of the optical absorptions with the sample compo-

sition (i.e., x) was given in our earlier paper [34].

Conclusions

A series of single-phase Zn2TixSn1–xO4 (0 B x B 1) solid

solutions can be synthesized by calcination of the copre-

cipitated mixed ZnO/TiO2/SnO2 oxides at 1000 �C. The

solid solutions thus prepared showed optical absorption in

the near ultraviolet region. The composition or Ti content

of Zn2TixSn1–xO4 had a significant effect on the absorption

edge and thus the band gap energy of the solid solutions;

the sample with x = 0.7 showed the biggest band gap

energy (Eg = 3.52 eV). These tertiary oxide solid solutions

are semiconductor materials that could be of potential for

applications in optoelectronic, gas-sensing and microwave

dielectric fields.
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