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Abstract: SnO, nanoparticles with the average particle size of 5-30 nm were synthesized using SnCl;-5H,O as the precursor and
NH;-H,O as the mineralizing agent by hydrothermal method. In the case of 1 kg/batch production, the effects of synthesis conditions
including solution concentration, reaction temperature, pressure, time and pH value on the grain size, particle morphology and crystal
structure of SnO, were systematically studied. The particles were characterized by X-ray diffraction (XRD) and transmission electron
microscopy (TEM). The results show that, the particle size can be well controlled in the range of 5-30 nm by adjusting the
processing parameters such as reaction temperature and time when the crystal structure and particle morphology remain unchanged.
The previous reports, the unusual dependences of the grain size of SnO, on reaction temperature and time were found. The
mechanism for such abnormal grain growth behavior was tentatively elucidated.
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1 Introduction

Tin dioxide (SnO,) has long been recognized as an
important n-type semiconductor. The large bandgap (3.6
eV at 300 K) and high achievable carrier concentration
(up to 6x10%° cm?) [1] make it an excellent candidate for
a wide range of application such as lithium-ion batteries,
transparent conducting electrodes, and solar cells [2—4].
Recently, it is shown that small particle size and large
specific surface area are essential to high performance of
SnO, for applications as gas sensors and catalysts [5—7].
Therefore, considerable efforts have been focused on the
synthesis of SnO, nanoparticles and the exploration of
their novel properties. Various synthesis methods have
been reported to prepare SnO, nanoparticles including
sol—gel [8—11], chemical precipitation [12,13], hydro-
thermal [14—16] and microemulsion [17—-19]. Among
these methods, hydrothermal synthesis is often used due
to its simple processes and equipment, without high-
temperature sintering, allowing the control of the grain
size, morphology and degree of crystallinity by easy
changes in the experimental procedure. Up to now,

studies on the hydrothermal synthesis of SnO, have
mainly focused on the exploitation of the novel
morphology and crystal structure as well as flexible
refinement approach. Comparatively, little work has
been done on the optimization of the synthesis conditions
and the practical process for large-scale synthesis.

In the present work, large-scale and size-controlled
SnO, nanoparticles were prepared by the hydrolysis of
SnCly 5H,0 with aqueous ammonia followed by drying.
In the case of 1 kg/batch production, the processing
effects
temperature, pressure, time and pH value) on particle
characteristics were

parameter (solution concentration, reaction
systematically investigated. In
reports, the abnormal
dependences of the grain size of SnO, on reaction
temperature and time were obtained. The mechanism

underlying this result was tentatively exploited.

contrast to the previous

2 Experimental

The nano-sized SnO, powders were prepared by the
conventional hydrothermal method with SnCl,5H,0
(AR) as the starting material and NH;-H,O (25%, AR) as
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the mineralizing agent according to the following
reaction:

Sn*"+60H —Sn(OH); —SnO,+2H,0+20H (1)

The concentrations of SnCly were 0.5, 1.0, 1.5 and
2.0 mol/L, respectively. The terminate pH value of
solutions was adjusted to 8—10 by the addition of
NH;'H,O. The powders were then transferred to an
autoclave and heated at different temperatures (160—
240 °C) for different time (4—24 h). After cooling, the
product was filtered, washed, and dried at 80 °C for
24 h.

The microstructure of the powder sample was
characterized by transmission electron microscopy
(TEM) with a JOEL—-2000FX instrument. The crystal
structure and phase of SnO, were characterized by
X-ray diffraction (XRD), which was carried out on all
the samples with a Bruker D8 X-ray diffractometer
using Cu K, (0.15406 nm) radiation and a quartz
monochromator in the 26 range of 10°-80° in steps of
0.02°. The grain size was estimated with Scherrer
formula [20].

In terms of different diffraction peak profiles, there
are two correction methods:

1) Diffraction peak shape is similar to Cauchy
function:

f(x)=

1+k%x? (2)
:Bhkl = :Bhkl by

2) Diffraction peak shape is similar to Gauss curve:
() = exp(=k"x)
B =+ By = by

where fy is the full width at half maximum (FWHM)
caused by the grain refinement in Akl diffraction

3)

direction, B;;;is the FWHM of measurement, and by, is
the FWHM of instrumental broadening. In practice, the
two correction methods produce very similar results. The
second correction method was used in this work.

3 Results and discussion

3.1 Effect of reaction temperature

Figure 1 shows XRD patterns for the SnO, samples
prepared at different hydrothermal temperatures ranging
from 160 to 240 °C for 4 h, herein the SnCl,; solutions
were all prepared at a fixed concentration of 1.5 mol/L.
In each XRD pattern, the SnO, powders are crystalline
with the tetragonal rutile structure. The diffraction peaks

around 26.6°, 33.9°, 37.9°, 51.9°, 54.8°, 61.7° and 64.9°
are assigned to SnO, (110), (101), (200), (211), (220),
(310) and (112) (PDF No.411445), respectively. No
diffraction peaks due to metallic Sn or other tin oxides
are discerned. The diffraction peaks in the XRD pattern
broadened due to the too small particles in the sample.

Figure 2 presents the dependence of the mean grain
size of SnO, and the maximum internal pressure on the
hydrothermal temperature. The mean particle size,
estimated from XRD results (Fig. 1) using Scherrer
formula, increases from 10 to 18.5 nm with the increase
of hydrothermal temperature. Meanwhile, the maximum
internal pressure varies from 3.1 to 4.6 MPa within this
temperature range. It is believed that the elevated
temperature and pressure applied in the autoclave not
only provide the driving force and energy for the grain
growth, but also facilitate the dissolution of small
particles, which can be explained by the Ostwald
ripening mechanism [21].
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Fig. 1 XRD patterns of SnO, nanoparticles prepared at different
hydrothermal temperatures ranging from 160 °C to 240 °C for
4h
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Fig. 2 Dependence of mean grain size of SnO, and maximum
internal pressure on hydrothermal temperature
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3.2 Effect of reaction temperature at constant
pressure

In the previous study, the dependence of the crystal
structure and grain size on the reaction temperature was
investigated. It should be noticed that the internal
pressure therein changes with the increase of the
temperature since the total solution volume remains
constant. Furthermore, it is also under the same
conditions in the following experiments when the
influence of other synthesis parameters on the particle
properties is investigated.

In order to better clarify the effect of reaction
temperature, the reaction was also carried out at constant
pressure with varied total solution volume in this section.
For comparison, reaction conditions were the same as
those in section 3.1. The XRD patterns of SnO,
nanoparticles at different hydrothermal temperatures and
constant pressure were investigated (Figures are not
shown). It can be seen that all the samples exhibit similar
XRD profiles to those in Fig. 1, indicating the same
crystal structure of SnO,. Figure 3 illustrates the
dependence of the mean grain size of SnO, on
hydrothermal temperature at a constant pressure of 4.0
MPa. Different from the results in Fig. 2, the grain size
firstly increases with increasing the temperature
(200—220 °C) and then decreases with further increase of
temperature. The grain growth of SnO, is influenced by
the nucleation rate and driving force together. The
formation of tiny crystalline nuclei in a supersaturated
medium occurs at first. The larger particles grow at the
cost of the small particles; the reduction in surface
energy is the primary driving force for the crystal growth
and morphology evolution [21]. As the reaction
continues, the grain sizes of SnO, decrease rapidly and
the nucleation rate is significantly improved. The
mechanism for the unusual decrease of the grain size
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Fig. 3 Dependence of mean grain size of SnO, on hydrothermal
temperature at constant pressure of 4.0 MPa

with increasing temperature needs to be further
elucidated. The abnormal grain growth is tentatively
attributed to the significantly improved nucleation rate at
higher temperature.

3.3 Effect of reaction time

For the sake of studying the effect of reaction time,
various periods of the hydrothermal time were employed
during the synthesis of SnO, particles. Similar to the
aforementioned results, the XRD patterns (Figures are
not shown) reveal that the as-grown products prepared
under this condition are crystalline and possess
tetragonal rutile structure. The dependence of the mean
grain size of SnO, on the hydrothermal reaction periods
is illustrated in Fig. 4. The grain size initially increases
with rising reaction time, reaches its maximum at 12 h,
and then begins to decline after prolonging reaction time.
The strange behavior characteristic of a decrease in the
grain size with increasing reaction time has been scarcely
reported. A tentative explanation is proposed in this work
as follows: at sufficiently high temperature and pressure,
SnO, particles begin to nucleate and grow up with the
rising reaction time. The reaction (1) is positive at this
moment. When the sizes reach 15.5 nm, larger particles
begin to dissolve; the reaction process becomes negative,
leading to the decrease of grain sizes.
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Fig. 4 Dependence of mean grain size of SnO, on hydrothermal
reaction period

3.4 Effect of pH value of solution

Besides reaction temperature and time, the pH value
of solution is also found to be a critical parameter for the
hydrothermal synthesis In the following
experiment, SnO, particles were prepared at different pH
values ranging from 8.0 to 9.5 at 200 °C for 4 h. The
XRD results indicate that the tetragonal rutile structure
of SnO, remains unchanged with varying pH values. The

process.
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pH value dependence of the particle size and maximum
internal pressure is shown in Fig. 5. It can be seen that
the particle size decreases with increasing pH value,
while the maximum internal pressure varies in the
contrary trend. Thus, the particle size can be controlled
from about 14.5 to 10 nm by modifying the pH value of
the precursor solution from 8.0 to 9.5. Combining with
the results of section 3.1, increasing NH," depresses the
Ostwald ripening during the process of small particle
dissolution. Therefore, with the increase of pH value of
reaction system, the trend of grain size maintain
refined.
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Fig. 5 Dependence of mean grain size of SnO, and maximum
internal pressure on pH value

3.5 Effect of solution concentration

It is found from XRD patterns that all samples
exhibit the tetragonal rutile structure (Figures are not
shown). At a fixed reaction temperature, reaction time,
and pH value, the mean grain size is found to depend on
the solution concentration. Figure 6 shows the mean
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Fig. 6 Dependence of mean grain size of SnO, on initial
solution concentration

grain sizes of SnO, particles from different concentration
solutions ranging from 0.5 to 2.0 mol/L. It can be seen
from Fig. 6 that with increasing the concentration
solution, the particles grow up from 6 to 16 nm. The
experimental results indicate that the particle size is
sensitive to the solution concentration. The control of the
SnO, particle size can be realized simply by varying the
concentration of solution in the reaction system. The
mass per unit volume has a 4-fold increase from 0.5 to
2.0 mol, while the single-particle mass has a 15-fold
increase as the relationship between the single-particle
mass m and particle size d is mo=d’, which indicates that
increasing the solution concentration promotes the short
range migration of substances and grain growth.

3.6 Morphologies of SnO, nanoparticles under

different synthesis conditions

It is now well established that different particle
morphologies of nano-SnO,, e.g., nanotube, nanobelt,
and nanorod [22—25], can be obtained under different
synthesis conditions. Whether the morphologies of SnO,
nanoparticles change with the synthesis conditions in this
experiment needs to be essentially clarified. The results
in Fig. 7 show the morphologies of SnO, nanoparticles
prepared under different synthesis conditions: initial
solution concentration 0.5—2 mol/L, reaction temperature
160—240 °C, time 4—24 h, pressure 2.5-5.0 MPa and pH
value 8-9.5. It can be secen that the particles are
monodisperse and of quite narrow size distribution. All
the samples prepared under different synthesis conditions
possess similar particle size, size distribution, and
morphology. In combination with the characterization
results of crystal structure and grain size as described
above, it might be safe to claim that size-controllable
SnO, nanoparticles in the range of 5-30 nm preserving
the same crystal structure and morphology were
produced by adjusting the synthesis conditions by
hydrothermal method.

4 Conclusions

1) Large-scale and size-controlled SnO, nano-
particles are obtained by the conventional hydrothermal
method.

2) All samples exhibit the pure tetragonal rutile
structure, and the particles possess similar particle size,
size distribution, and morphology. By varying the
experimental conditions, the particle size can be readily
controlled from 5 to 30 nm.

3) Possible mechanism is proposed for the unusual
dependences of the grain size on reaction temperature
and time observed in the experiment.
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Fig. 7 TEM micrographs of SnO, nanoparticles prepared under different synthesis conditions: (a) 1 mol/L, 200 °C, 8 h, pH9.5; (b)
1.5 mol/L, 200 °C, 8 h, pH9.5; (¢) 1.5 mol/L, 200 °C, 4 h, pH9.5; (d)1.5 mol/L, 200 °C, 4 h, pH10; (e) 1.5 mol/L, 200 °C, 4 h, pH9.0;
(f) 1.5 mol/L, 220 °C, 4 h, pH9.0
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