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Nano-sized Zn,SnO,4 materials have been synthesized using the coprecipitation method.
The synthetic conditions and the calcination behaviors of nano-sized Zn,Sn0O, materials
have been studied. The nano-sized Zn,SnO, materials have been characterized with X-ray
diffraction (XRD), transmission electron microscopy (TEM), thermogravimetry and
differential thermal analysis (TG-DTA) and specific surface area. As a result, the kinetic
grain growth equation for nano-sized Zn,SnO, can be expressed as D*78 =9.12 x 1023t
exp(—40.6 x 103/ T), with an activation energy for grain growth of Q =337.9 KJ/mol. The
nano-sized Zn,Sn0O, materials have been used as photocatalysts to decompose benzene in
water solution. The results show that Zn,SnQO, can photocatalytically decompose benzene,
and the photocatalytic capacity for Zn,SnQO, relates to the grain size, which is discussed in
terms of the surface effect and the quantum size effect.
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1. Introduction

Zn,Sn0O4 was first prepared by Coffeen with the wet
method, and found to be an oxide semiconductor [1];
and its crystal structure was determined to be inverse
spinel structure with the space group of Fd3m by NBS
[2]. Since then, Zn,SnOy4 has received increasing atten-
tions. Yoshida et al. had studied the preparation method
and the growth conditions for Zn,SnO4 needle crystals,
and observed that the needle crystals of Zn,SnO4 were
grown at a fixed temperature of 1000 to 1300°C for 2 h
from the vapor phase in a crucible using a starting mix-
ture of ZnO powder and tin powder [3]. Chang et al. had
studied the solid-state reaction system for SnO;-ZnO,
and observed that a solid-state reaction between SnO,
and ZnO starts at up to about 1100°C, and Zn;SnOy4
is the only resultant [4]. Scaife found that Zn;SnOy4
has a photoelectrochemical effect, that is, a photoelec-
trochemical reaction can take place over a Zn;SnO4
anode under irradiation with proper wavelength [5].
Guillaumon et al. found that Zn,;SnO4 may be used as
coatings [6]. Zhang et al. observed that Zn,SnOy4 has
gas-sensitivities to reductive gases [7]. Chen et al. had
studied the defect structure for Zn;SnQy, and suggested
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that the defect structure of Zn,SnQOy4 is Zn,SnO4_, with
an n-type conducting property [8]. Gao et al. had stud-
ied that the humidity-sensing property for Zn, SnOy4 [9].
Hashemi ef al. had studied that the calcination behav-
ior for Zn,SnOy4 at higher temperature, and observed
that the solid-state chemical reaction between SnO,
and ZnO starts relatively slowly at about 1000°C to
form Zn,;SnO4, and the mono-phase, polycrystalline
7Zn,Sn0O4 formed when the mixture was fired at 1280°C
for 12 h; and a calcination model had been suggested in
which a diffusion-evaporation mechanism is responsi-
ble for the reaction between the SnO, and ZnO powders
[10]. Wu et al. found that Zn, SnO4 may be used as the
buffer layer for the CdS/CdTe photovoltaic heterojunc-
tion device [11]. Yu et al. had also studied that the elec-
trical and gas-sensing properties for Zn,SnOy4 [12, 13].
Belliard et al. used Zn,SnOy4 prepared by mixing stoi-
chiometric amounts of SnO; and ZnO and ball milling
for 12 h and then calcining at 1000°C for 48 h, as an
anode material for lithium battery [14]. The present
study aims at the synthesis of nano-sized Zn;SnOj,
with the coprecipitation method, and the explanation of
the formation process for nano-sized Zn,SnOy4 by the
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characterizations of XRD, TEM, TG-DTA and specific
surface area, then the evaluation of the photocatalytic
activity for Zn,SnOy to benzene. The results show that
the nano-sized Zn,SnO4 can be synthesized with the
coprecipitation method, and Zn,;SnOy4 exhibits photo-
catalytic activity to benzene. As a result, the kinetic
grain growth equation of nano-sized Zn,;SnOy4 has also
been formulated with the calculation of the activation
energy for grain growth.

2. Experimental procedure

2.1. Preparation for nano-sized Zn,Sn0O;,
The coprecipitation method was used to prepare the
nano-sized Zn,SnOy4. SnCly - 5SH,O (Analytical reagent
grade, or A.R.) and ZnSOy, - 7H,0 (A.R.) were used as
the starting materials, and NaOH (A.R.) as the coprecip-
itant without any further purification. SnCly - 5H,O and
7ZnSOy - TH>O in a 1 : 2 molar ratio were dissolved in a
minimum amount of deionized water. Then the 4 mol/L
NaOH solution was added to the above solution to ad-
just pH till about 7, and a white amorphous precipitate
formed. The precipitate was filtered and washed with
deionized water till no SO;~ and Cl~ were found af-
ter washing. Then the wet powders was isothermally
dried at about 100°C in air, thus formed the precursor
of Zn,SnOy. Finally the precursor was calcined in air
to produce the nano-sized Zn,;SnO4 materials.

2.2. Material characterization

The thermal decomposition behavior for the precursor
of Zn,SnO4 was investigated using TG-DTA (Model
CLT-2 thermogravimetric & differential thermal ana-
lyzer made by Beijing optical instrument factory) in
air at a heating rate of 10°C/min. The identification of
crystal structure and the calculation of average grain
size were conducted from the XRD patterns taken on
Rigaku D/max-1200 diffractometer operated at 40 kV,
30 mA and at the scanning speed of 4°/min. over
the 260 range from 10 to 60°, with CuK, radiation
(CuK, =0.15418 nm). Particle size and morphology
were observed by TEM (JEOL/JEM-1010) using an
accelerating voltage of 100 kV. The specific surface
area of Zn,SnO4 was measured by the gas sorption an-
alyzer (Model NOVA 1000, Quantachrome Co.) with
Brunauer-Emmett-Teller method (BET).

2.3. Photocatalytic experiment

Photocatalytic experiment was conducted using
Zn;Sn0y to photo catalytically decompose benzene in
water solution. The benzene is A.R. grade and used
as supplied. The photocatalytic reactor consists of two
parts: a 100 ml Pyrex glass bottle (sealed with a silastic
plug) and a 125 W high pressure Hg lamp with a maxi-
mum emission at about 365 nm, which was positioned
parallel to the Pyrex bottle. In all experiments, 0.50 g
Zn,Sn0O4 materials were dispersed in 100 ml deion-
ized water to form the suspensions, then 2 ul benzene
was added to the above suspensions (so the concen-
tration of benzene is 20 ppmv). The pH of suspen-
sion was not adjusted as it was. The suspension was
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magnetically stirred during irradiation, and to ensure
the adsorption/desorption equilibrium, the suspension
was magnetically stirred for 1 h before irradiation. The
water samples were taken out at regular time inter-
vals and benzene was measured by Tekmar 3000 Purge
& Trap Concentrator followed by HP 5890/5970 Gas
chromatography & Mass spectrometer (GC/MS).

3. Results and discussion
3.1. Phase and average size
Fig. 1a shows the X-ray diffraction patterns of the ma-
terials calcined for 10 h at different temperatures (500,
600, 700, 800 and 900°C). Fig. 1b shows the X-ray
diffraction patterns of the materials calcined at 700°C
for different times (2, 6, 10, 14 and 18 h).

The average grain size of Zn,SnO,4 material can be
determined from the broadening of the corresponding
X-ray spectral peaks by Scherrer formula [15]:

_ Ka
"~ Bcosh

(M

where D is the average grain size, A the wavelength
of X-ray radiation, K usually taken as 0.9, and S the
line width at half-maximum height after subtraction of
equipment broadening. The average grain sizes of the
Zn,Sn04 materials calculated from Scherrer formula
are shown in Table I.

From Fig. 1a and b and Table I, it may be noticed
that there is no change in crystal structure in the XRD
pattern except these peaks continuously get sharper
with increasing calcination temperature and calcina-
tion time. The crystal structures for all materials can be
identified to be the inverse spinel phase of Zn;SnOy.
From Table I, it can be seen that every material is nano-
sized material with average grain size within the range
of 1-100 nm [16], except the material calcined at 900°C
for 10 h.

Fig. 2 shows that the TEM micrographs for the ma-
terials calcined for 10 h at different temperatures (500,
600, 700, 800 and 900°C).

The micrographs show that the Zn,SnO4 particles
consist of uniform inverse spinel crystallites, and the
morphology for material is homogeneous, and the dis-
tribution of grain size is narrow. The average grain size
for Zn,SnOy4 can also be approximately determined to
be 3, 10, 25, 60 and 135 nm corresponding respectively
to the material calcined for 10 h at 500, 600, 700, 800
and 900°C, respectively, which are in good agreement
with those obtained from XRD patterns. A stronger
agglomeration, which can be observed in the TEM mi-
crograph for the material calcined at 600°C, especially
500°C for 10 h, can be attributed to the high surface
energy of the nano-sized crystallites [17].

TABLE 1 Heat treatment condition and average grain size for
ZnySnOy

700
tc (°C) 500 600 800 900

t (h) 10 10 2 6 10 14 18 10 10
D(mm) 3.0 97 174 228 243 260 28.0 59.3 1347

Note: where fc is calcination temperature; ¢ is calcination time; D is
average grain size.
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Figure 1 (a) XRD patterns of the Zn;SnO4 materials calcined for 10 h at: (1) 500°C; (2) 600°C; (3) 700°C; (4) 800°C and (5) 900°C; (b) XRD
patterns of the Zn,; SnO4 materials calcined at 700°C for: (1) 2 h; (2) 6 h; (3) 10 h; (4) 14 h and (5) 18 h.

3.2. Calcination behavior

of nano-sized Zn,Sn0O,
Fig. 3 shows that the TG and DTA curves for the pre-
cursor of Zn,SnQOy.

In the DTA curve, two endothermic peaks appear at
about 86°C and 244°C, respectively, and an exother-
mic peak appears at about 724°C. In the TG curve,
accordingly, a weight loss of about 5% in the temper-
ature range of 41-129°C and another weight loss of
about 5% in the temperature range of 208-292°C are
observed, but no weight loss at about 724°C is observed.
Combining the thermal analysis results with the results
from XRD patterns, it can be suggested that the first en-
dothermic peak in the DTA curve or the first weight loss
in the TG curve might be attributed to the liberation of
the surface-adsorbed water, and the second endother-
mic peak in the DTA curve or the second weight loss in
the TG curve might be attributed to the liberation of the
crystal water, and the exothermic peak of 724°C in the
DTA curve might be attributed to the recrystallization
of Zn,SnOy [1].

The second weight loss of about 5% in the TG curve
might be attributed to the following process:

Zn,SnOy4 - H,O — Zn,Sn0O4 + H,O 2)

Pfaff obtained similar results while he studied the syn-
thesis for Sr,SnO4 [17], Ba;SnOy4 [18], MgySnOy4 [19]
and CapSnQy [20]. Therefore, the reactions for forma-
tion of Zn,SnO4 can be summarized as follows:

27Zn** + Sn** + 60H~ (pH = 7) — 2Zn(OH),
+ Sn(OH)4| — Zn;Sn0Oy - H,0
— ZnySnO4 + H,O1 3)
The removal of the hydroxyl water occurred during the
isothermal dry at 100°C.
Zn,SnOy4 appears at about 244°C, which is sig-
nificantly low compared with the temperature of

about 1000°C for formation of Zn,SnO, through the
solid-state reaction between SnO, and ZnO powders
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Figure 2 TEM micrographs of the Zn, SnO4 material calcined for 10 h at: (1) 500°C; (2) 600°C; (3) 700°C; (4) 800°C and (5) 900°C.

2992



100

€X0-

90
ATx2

o\o
—>

80
86°C DTA endo-

244°C
70 I
60 1 I 1 i 1 1 1 1 1 i 1
0 100 200 300 400 500 600 700 800 900 1000 1100
tc (°C)

Figure 3 TG-DTA curves for the precursor of ZnySnOy4 (heating rate: 10°C/min. in air; temperature range: ambient tol150°C; sample weight: 40 mg).

[2,10,12,13] or between Sn and ZnO powders [3].
From the TG and DTA curves, it can be seen that
Zn;Sn0y is thermally stable so that no thermal de-
composition take places till 1150°C. Yoshida et al. had
observed that the Zn,;SnO,4 needle crystals can not be
thermally decomposed at 1300°C [3], which is signifi-
cantly different from another composite oxide ZnSnO3
formed by ZnO and SnO;. ZnSnO3 can be thermally
decomposed at about 700°C as follows [21]:

27ZnSn0O3 — Zn,Sn04 + SnO, @)

This reaction also suggests that Zn,SnOy4 is more
thermally stable than ZnSnOs.

Li etal. found that the temperature for Lag 751033
MnOj; formation is about 900°C with the coprecip-
itation method compared with that of about 1350°C
with the solid-state reaction method, and the former is
significantly lower than the latter [22]. Li et al. [23],
Hu et al. [24], and Lu et al. [25] obtained similar re-
sults, which can be explained as that the amorphous
precipitates exhibit a loose bonding structure and do
not require high activation energy for breaking bonds
to generate new compounds [25]. In the present study, it
is found that the minimum calcination temperature for
formation of Zn, SnOy4 with the coprecipitation method
is about 756°C lower than that with the solid-state re-
action between the SnO; and ZnO powders.

3.3. Activation energy for grain growth

and kinetic grain growth equation

for nano-sized Zn,Sn0O,
The following equation is usually used to express grain
growth [26, 27, 28, 29]:

D" — D} = kot exp(—Q/RT) 5)

where Dy is the initial grain size; D the grain size after
a calcination of time ¢; n the kinetic grain growth ex-

ponent; ko a preexponential constant; Q the activation
energy for grain growth; T absolute temperature; R gas
constant.

Equation 5 has been successfully applied by Senda
et al. to study grain growth of ZnO and ZnO-Bi;03
ceramics [26], by Giilgiin et al. to study grain growth
of calcium aluminate [27], by Park et al. to study grain
growth of BaTiO3 [28], and by Kang et al. to study grain
growth of the doped nano-sized ZnO [29], respectively.
In the present study, the Equation 5 is also applied to
study grain growth for nano-sized Zn,SnOy calcined in
the temperature range between 500 and 900°C.

In Equation 5, the initial grain size Dy, is usually
negligibly small, so the Equation 5 can be given by:

D" = kot exp(—Q/RT) (©)

From the slope of the In D versus In¢ line, which is
1/n, the kinetic grain growth exponent n, is readily
determined. Then the plots of In D"/t versus 1/T can
be constructed and from the slope of the In D"/t versus
1/T line, the activation energy for grain growth Q, can
also be readily determined.

Fig. 4a illustrates that the results of isothermal grain
growth for nano-sized Zn,;SnQy calcined at 700°C.

From Fig. 4a, a kinetic grain growth exponent of 4.78
can be obtained.

Fig. 4b illustrates the temperature dependence of
grain growth for nano-sized Zn,SnOy calcined for 10 h.
From Fig. 4b, an activation energy for grain growth
of 337.9 kJ/mol can be obtained. The intercept of the
line, which is In kg, can be obtained to be 55.17, so
ko=9.12 x 105. According to the above results, the
kinetic grain growth equation for nano-sized Zn,SnOy4
can be given by:

D*™ =9.12 x 103t exp(—40.6 x 10%T) (1)
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Figure 4 (a) In D (grain size) versus In¢ (calcination time) for the

Zn>SnOy4 material calcined at 700°C; (b) In D*78 /t versus 1/ T for the
7Zn,SnO4 material calcined for 10 h.

3.4. Effect of the calcination temperature

on the specific surface area

for nano-sized Zn,Sn0O,
Fig. 5 shows that the BET specific surface areas for the
Zn,;SnO4 materials (Sggr) calcined for 10 h at different
temperatures (500, 600, 700, 800 and 900°C).

200

40

500 600 700 800 900

Figure 5 Correlation between the specific surface area (S) and calcina-
tion temperature (fc) for the ZnySnO4 material calcined for 10 h (SggT
is the BET specific surface area; Sc is the calculated value for specific
surface area).
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Figure 6 (a) Effect of the calcination temperature (for 10 h) on the pho-
tocatalytic activity for Zn, SnOy4 to benzene (Cop = 20 ppmv). Calcination
temperature: (1) 500°C; (2) 600°C; (3) 700°C; (4) 800°C and (5) 900°C.
(b) Effect of the calcination time (at 700°C) on the photocatalytic activ-
ity for ZnySnO4 to benzene(Cp = 20 ppmv).Calcination time: (1) 2 h;
(2)6h; (3) 10 h; (4) 14 h and (5) 18 h.

The Sggr of Zn,SnO4 material decreases signifi-
cantly with increase in calcination temperature, which
is due to increase in average grain size for Zn,SnOq4
material with increase in calcination temperature.

It can be reasonably given that there is no agglom-
eration for the Zn,SnO,4 material calcined at 900°C for
10 h, and thereby the mean size of the material par-
ticles can be thought to be 134.7 nm; and the abso-
lute densities of Zn,SnO4 materials calcined at differ-
ent temperatures a constant, so the specific surface area
of Zn,;SnO,4 material can be calculated according to the
formula [30]:

6
=L

where S is specific surface area, p absolute density, L
mean size of particles.

The calculated results (Sc) are also illustrated in
Fig. 5. It can be observed that the Sggr is in good agree-
ment with the S¢ for the Zn,SnO4 material calcined at
700°C and 800°C, respectively for 10 h, but the Sggr
is about 62.43% and 32.82%, respectively of the Sc for
the material calcined at 600°C and 500°C, respectively
for 10 h, which might be attributed to the stronger ag-
glomeration of the nano-sized crystallites calcined at
600°C, especially 500°C for 10 h.

N 8)



TABLE II Relationship between calcination condition and rate constant value

700
tc (°C) 500 600 800 900
t (h) 10 10 2 6 10 14 18 10 10
kY 0.7776 0.7383 0.6957 0.6627 0.6456 0.6136 0.5819 0.6021 0.5060
Note: where 1c is calcination temperature; ¢ is calcination time; k is rate constant.
3.5. Photocatalytic property of Zn,Sn0O, 1.4
Asthe above mentioned, Zn, SnO; is non-stoichiometry - ZneSn0, only

with the defect structure of Zn,SnO4_,. So when
Zn,;Sn0y is in equilibrium with O,, the defect reaction
take places as follows [8]:

20, = 2V, +4e+ 0,1 9)

Therefore the electrons are produced, and thereby
Zn,Sn0y is an n-type semiconductor. Chen et al. [8]
had determined the band gap for the semiconductor E,
to be 3.4 eV. So the optical adsorption threshold for
Zn,;SnOy4 can be calculated as follows [31]:

he = 1240/E, = 1240/3.4 = 364.7 (nm) ~ (10)

which is within the UV range. So it is likely that
Zn,Sn04 produces electron/hole pairs under irradia-
tion by UV light with proper wavelength, and thereby
shows photocatalytic property.

Fujihira et al. [32] and Turchi et al. [33] had studied
that the photocatalytic decomposition behavior of ben-
zene in water solution using TiO; as photocatalyst. In
the present study, Zn,SnQOy4 has been used as photocat-
alyst to decompose benzene in water solution, and the
results are illustrated in Fig. 6a and b.

It is observed from Fig. 6a and b that Zn,SnOy4 can
photocatalytically decompose benzene and the decom-
position reaction is reasonably good consistent with the
first order kinetics, which is expressed by the following
expression:

InCo/C = kt (11)

where Cj is the initial concentration of benzene, C the
concentration of benzene after the reaction of time ¢,
k the rate constant for photocatalytic reaction. The ef-
fect of calcination temperature or calcination time for
7Zn,SnO4 material on k value is showed in Table II.

Photocatalytic activity for a material has obvious
relation to its specific surface area. Higher calcination
temperature or longer calcination time will result in
decrease in specific surface area that leads to decrease
in photocatalytic activity of material [34]. From Fig. 6a,
it can be seen that the photocatalytic activity of the
Zn;SnO4 material calcined at 600°C, especially 500°C
for 10 h is significantly higher than that of the rest
materials, which might be attributed to the quantum
size effect. When the size of nano-sized particles
within the range of 1-10 nm, a quantum size effect
might appear [31, 35, 36]. The quantum size effect
results in broadening of band gap of semiconductor
that leads to the electron/hole pairs having stronger
reductive/oxidative ability, which thereby lead to
increasing in photocatalytic activity [37].

/

UV irradiation only
0.6 |

c/C,

0.2 r

O 1 1 1 L 1 1
0 0.5 1 1.5 2 2.5 3 3.5

Irradiation time (h)

Figure 7 The results of blank experiment for photocatalytic activity of
Zn,Sn0Oy to benzene (Cp =20 ppmv).

For comparison purposes, a blank experiment
[38—40] has been conducted to determine that the vari-
ation of the benzene concentration under the reaction
condition of Zn,SnOy4 only or UV irradiation only. The
results are illustrated in Fig. 7.

It can be observed that no variation of the benzene
concentration occurs because the fluctuation in con-
centration (<15%) may be attributed to the instrumen-
tal error of measurement. A conclusion therefore can
safely be made: Zn,SnO4 has photocatalytic activity to
benzene. The reaction mechanism about photocatalytic
decomposition of benzene needs to be further studied.

4, Conclusions

1. The nano-sized Zn,SnOy4 can be synthesized using
the coprecipitation method with proper reaction condi-
tions. The synthetic process can be expressed by:

27Zn** + Sn*t + 60H~ (pH="7) — 2Zn(OH),
4+ Sn(OH)4| — Zn,Sn0Oy4 - H,0
— ZnySn0O4 + H,O1
2. In the temperature range of 500 to 900°C, the acti-
vation energy for grain growth of nano-sized Zn;SnQOy4

is 337.9 kJ/mol, the kinetic grain growth equation for
nano-sized Zn,SnOy4 can be expressed by:

D*7® = 9.12 x 10%°r exp(—40.6 x 10°/T)

3. ZnSnO4 has photocatalytic activity to benzene
under UV irradiation, and the photocatalytic activity
relates to the grain size and the specific surface area for
ZnQSnO4.
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