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Abstract

Various types of tin oxide particle, including square SnO platelets, truncated octahedral SnO crystals, and monodispepersed SnO, nanoparticles,
were synthesized by the dissolution and recrystallization of bulk SnO powder via the thermal decomposition of tin oleate in a coordinating solvent
of tri-n-octylamine at 340 °C. The results reveal that the atmosphere and reaction time are important factors that affect the shape of tin(Il) oxide
and the oxidation state of tin(Il or IV) oxide. As tin oleate decomposed in a N, atmosphere, truncated octahedral SnO crystals formed. When the
thermal decomposition was conducted in air, square SnO platelets formed after a 30-min reaction time. When the reaction time was extended to

180 min, the square SnO platelets decomposed and transformed into nanocrystalline SnO, particles.

© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

Nanostructured metal oxide and semiconductor materials
are highly desirable for advanced electronic, magnetic, opto-
electronic and sensing applications.'> The performance of
nanoparticles strongly depends on their phase, size, shape, and
dimension. Hence, the control of these properties is of great
interest.

Tin oxides, such as tetragonal SnO and rutile-type SnO»,
have received a lot of attention as functional materials. SnO is
used in p-type semiconductors, high-energy-density recharge-
able lithium batteries,>* and solar energy storage.> SnO; is
widely used for various devices, such as transparent conduc-
tive electrodes,® gas sensors,”3 electrochromic devices,? and
anodes for batteries.'®!! A lot of effort has thus been devoted
to the synthesis of SnO and SnO; nanoparticles and nanostruc-
tured materials. Moreover, SnO is a versatile intermediate to
metallic Sn, Sn3Oy4, and Sn02.12 However, the steady growth of
single-crystal SnO is relatively difficult because Sn(II) is not a
thermodynamically stable phase and is easily oxidized to Sn(IV)
in the atmosphere.

* Corresponding authors.
E-mail addresses: scwang @mail.stut.edu.tw (S.-C. Wang),
rkc.chem@msa.hinet.net (R.-K. Chiang).
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Tin oxide nanostructures of various sizes, phases, and shapes
have been prepared through various gas-phase and liquid-phase
routes. Zero-dimensional nanoparticles,'>!7 one-dimensional
nanowires,” nanorods,'® and nanotubes, two-dimensional
nanoplates,19 nanoribbons,! and nanoﬁlms,13 and three-
dimensional mesoporous structures’®2! have been reported.
However, the preparation methods generally involve the use of
tin salts dissolved in aqueous or polar solvents. The present study
reports that SnO can be easily dissolved in hot oleic acid and that
the resulting tin(Il) oleate complex can be used as an efficient
precursor for the synthesis of nanoparticles of SnO and SnO;.
Furthermore, the shape of the obtained SnO single-crystals can
be easily controlled by reaction atmospheres. Alternatively, the
phase of tin oxides can be controlled by the reaction time.

2. Experimental details

Chemical oleic acid (OA, 90%, SHOWA, Japan) and com-
mercial SnO powder (Riedel-de Haen, Germany) were used
to form the tin oleate complex. Tri-n-octylamine (TOA, 90%,
Kanto, Japan) was used as the coordinating solvent along with
a phase transformation controller reagent.

The synthesis procedure was as follows. The precursor was
synthesized using 1 mmol of SnO powder loaded in a 50-ml
three-necked flask together with 2 mmol of OA. The mixture was
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Fig. 1. Thermal gravimetric analysis of as-prepared precursor gel.

stirred to obtain a clear solution, which was cooled to become
the precursor gel.

The particles were synthesized via the re-dissolution of the
precursor gel at 100 °C under a vacuum of ~1 mbar for 20 min.
The reaction vessel was then filled with N or air and the temper-
ature was increased to 250 °C at a heating rate of 20 °C/min; this
temperature was maintained for 20 min to give a clear solution.
4ml of TOA was injected into the reaction vessel and heated
and stirred at a temperature of 340 °C.

The precursor gel was characterized using a thermogravime-
try (TGA, Pyris 1, Perkin Elmer, USA) and a Fourier transform
infrared spectroscope (FTIR, Nicolet 5700, USA). The result-
ing suspensions were centrifuged, and the precipitate powder
was thoroughly washed with acetone and redispersed in hexane.
Crystalline phases of the powders were identified using X-ray
diffractometry (XRD, Shimadzu 6000 Lab, Japan). The surface
morphologies and dimensions of the products were examined
using a scanning electron microscope (SEM, Hitachi S-3000N,
Japan) and a field emission gun transmission electron micro-
scope (FEG-TEM, FEI, TECNAI G2 F-20, Netherlands).

3. Results and discussion
3.1. Synthesis and characterization of tin oleate complex

Fig. 1 shows the TGA curve of a precursor gel prepared via
the dissolution of SnO powder in hot oleic acid with a molar
ratio of SnO to oleic acid of 1/2. According to the curve, the as-
synthesized material starts to decompose at 200 °C and reaches a
steady state at a temperature of 500 °C. The treated powder after
an 800 °C reaction was identified as the SnO; phase from XRD
pattern. The residual weight of the TGA curve for the complete
reaction is about 21%. Compared with the molar fraction of
the product SnO, (150.708 g/mol) and the starting tin oleate
complex Sn(CigH35C0O0), (685.648 g/mol) is 22%, which is
very close to the residual weight from the TGA result.

Bonding analysis was also conducted. The FTIR spectra of
the oleic acid and the precursor gel are shown in Fig. 2. Com-
paring the two spectra, a new peak at 1551 cm™! was formed,
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Fig. 2. FTIR spectra of (a) oleic acid and (b) the precursor gel.

which indicates that the C-O stretching of the as-formed tin
carboxylate bond is more constrained than that of the free acids
(1709 cm™!). Thus, the SnO powder dissoluted in oleic acid and
formed the tin oleate complex Sn(C13H35C0OQ0); at 250 °C. The
reaction can be written as:

2SnO + 2R-COOH — (R-(CO0));-Sn + H,O
where R is CH3(CH,);CH=CH(CH3).

3.2. Synthesis of various types of tin oxide particles

In the thermal decomposition process, when TOA was
injected into the clear tin oleate complex solution and heated
to 340 °C in air, the color of the reaction mixture changed from
clear to brown after 20 min, and then became white after a fur-
ther 180 min. In the presence of a Ny atmosphere, the color
of the reaction mixture changed from clear to brown after a
20-min reaction and remained in the same color after a further
180 min reaction time. The change of color implies occurrence
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Fig. 3. XRD spectra of the (a) as-received powder prepared in N, atmosphere
for 20 min, and (b) as-received powder prepared in air for 30 min and (c) for 3 h.
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Fig. 5. (a) TEM micrographs of monodispersed SnO; nanoparticles, (b) SADP

of nanoparticles in (a), and (c) HRTEM image of SnO; nanoparticles.
Fig. 4. SEM micrographs of (a) as-received powder prepared in N, atmosphere

for 20 min, and (b) as-received powder prepared in air for 30 min and (c) for 3 h.
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Fig. 6. (a) TEM micrograph of square SnO nanoplatelets, (b) HRTEM lattice image of square SnO nanoplatelets, (c) SADP of square SnO nanoplatelets, and (d)

schematic geometrical shape and crystalline planes of square SnO nanoplatelets.

of precipitation or phase changed. Fig. 3 shows the powder
XRD patterns of the products annealed in a Ny atmosphere for
20 min, and in air for a short time (20 min) and a long time (3 h).
When the thermal decomposition reaction was conducted in a
Ny atmosphere, the product exhibited the SnO phase (P4/nmm,
a=3.802 A, c=4.836 A, JCPDS No. 06-0395). The sharp peaks
indicate that the SnO is well crystalline and that the particle size
is large. In addition, the diffraction intensities of the (00 1) and
(002) planes have higher intensity ratios than those of the stan-
dard powder diffraction file, which implies that the powder has
a long length in [0 0 1] direction. Moreover, when the thermal
decomposition time was increased to 3 h, the reaction precipi-
tation phase remained the SnO phase. When TOA was added
into the tin oleate complex solution in air, the complex decom-
posed and formed tetragonal SnO crystals at 20 min. When the
reaction time increased to 3 h, the SnO crystals oxidized further
to the rutile SnO; phase (P4y/mnm, a=4.7382 A, c=3.1871 A,
JCPDS No. 41-1445). The broad peaks in the pattern indicate
that the SnO; particles were in the form of a nanocrystalline
powder. The particle size estimated using Scherrer’s equation is
about 7 nm.

The morphology and dimension of the products characterized
by SEM are shown in Fig. 4. The two SnO crystals prepared
under different atmospheres have distinctly different shapes and
sizes. For SnO formation in Ny, the powder is in the form of
decahedral crystals with perfect facets with a size of 4-5 um,
as shown in Fig. 4(a). However, the as-synthesized SnO platelet
powder produced in air for 30 min is in the form of square disk-
like crystals. The typical dimensions of the SnO platelets are
6 um x 6 um in square edge length and 100nm in thickness
(see Fig. 4(b)). When the synthesis time was longer than 3 h, the
SnO platelet powder decomposed and transformed into SnO»
nanosized powder, as shown in Fig. 4(c).

The SEM results show that the transformed SnO; parti-
cles are small, spherical, and monodispersed. Fig. 5(a) shows
a TEM micrograph of the SnO; nanoparticles, which con-
firms that the size is uniform. The diffraction pattern of the
powder (Fig. 5(b)) shows obvious ring patterns which are
assigned to the (110), (101), (200), and (211) planes of
the SnO; rutile structure. Fig. 5(c) shows high-resolution
TEM micrographs of the SnO» nanoparticles, which exhibit
a clear lattice fringe with a size of 6-7nm and an interval of
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0.34 nm, corresponding to the (1 10) lattice spacing of SnO,
crystals.

Fig. 6(a) shows TEM micrographs of the square SnO
nanoplatelets and corresponding high-resolution TEM image,
which indicates that the SnO nanoplatelets were single-crystal.
The SnO nanoplatelets are thin enough to be transparent for
an electron beam. Some bending contours present obviously on
the whole single crystal. Two or three smaller SnO platelets
are well-stacked on the center of a large SnO nanoplatelet. The
high-resolution image of the SnO edge indicates that the inter-
layer spacing is about 1.90 A, attributed to the (200) plane of
a romarchite SnO structure. The diffraction pattern in Fig. 6(c)
shows a [0 0 1] zone pattern of tetragonal SnO crystals. From the
TEM image and the diffraction pattern, it was determined that
the square edge is {1 10} facets, and that the normal direction
of the SnO plateletis [0 0 1]. A schematic geometrical shape and
the crystalline planes of SnO platelets are shown in Fig. 6(d).

3.3. Growth mechanism

Base on experimental results, we propose a formation mech-
anism for tin oxide. The less stable SnO powder dissolved in the
OA solvent and formed a tin oleate complex. When TOA was
added into the tin oleate complex solution and heated to 340 °C,
the tin oleate molecules decomposed into SnO monomers. The
SnO monomers are very difficult to isolate in high tempera-
ture and recrystallization occur to growth as stable particle. The
coordinating solvent TOA works as an activator that triggers the
decomposition reaction as well as a surfactant that controls the
shape of the SnO particles. The SnO monomers are like build-
ing blocks which assemble into SnO particles on a large scale
to minimize the surface energy. According to Wang’s>? report,
the shape of a tetragonal SnO single crystal is determined by
the growth rates along the (00 1), (1 00), and (1 10) directions.
When the thermal decomposition process was conducted in a N»
atmosphere, the TOA surfactant was stable and adsorbed onto
the surface of the SnO nuclei isotropically. The growth rates of
the tetragonal SnO single crystal along the (00 1), (100), and
(110) directions are equal, leading to a decahedral structure.
However, the TOA molecules in air during the decomposition
process is unstable and oxide to form cation radical, which
selectively adsorbs onto the (00 1) plane of the SnO crystal
and suppresses the growth rate of the (00 1) plane. Finally, the
anisotropic assembled into a large square SnO sheet crystal.

4. Conclusions

Single-crystalline SnO in the forms of square nanoplatelets
and a truncated octahedral shape was synthesized from the

thermal decomposition of tin oleate precursor, prepared using
commercial SnO powder dissolved in oleic acid. The morphol-
ogy and oxidation state of tin oxide varied with atmosphere
and reaction time of the decomposition process. Truncated
octahedral and square nanoplatelets of SnO were selectively
synthesized under air and nitrogen atmospheres, respectively.
Nanocrystalline SnO; particles with a size of 67 nm formed
after a prolonged decomposition time. The shape of SnO crys-
tals is controlled by the TOA anisotropic adsorption behavior in
Ny or air. The air atmosphere tends to suppress the growth rate
of SnO in the [00 1] direction, whereas N leads to isotropic
growth.
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