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Multilayered nanocrystalline SnO, hollow microspheres (MHS-SnO,) of a rutile structure with a controllable morphology have been
successfully synthesised via a chemically induced self-assembly method by using tin chloride pentahydrate and sucrose as precursors in
the glycol-water aided solvothermal synthesis. The morphology, composition, structure and luminescent properties of MHS-SnO, are
characterised by field-emission scanning electron microscopy (FESEM), transmission electron microscopy (TEM), high-resolution
transmission electron microscopy (HRTEM) with selected area electron diffraction, X-ray diffraction, Raman spectroscopy and
photoluminescence spectroscopy. The FESEM, TEM and HRTEM images indicate that the as-prepared microspheres show a multilayer
structure and the walls of the hollow microspheres are composed of single crystalline nanoparticles . The effect of calcinating temperature
on the Raman and optical properties of the product is analysed and a self-assembly growth mechanism of the MHS-SnO, is proposed .

1. Introduction: As an n-type semiconductor with a direct optical
bandgap (E,;=3.6¢€V) [1], SnO, is one of the most promising
materials because of its many potential applications. Many
chemical and physical methods have been used to prepare tin
oxide micro and nanostructures such as thermal decomposition,
thermal chemical vapour deposition (CVD), solvothermal, RF
sputtering, the hydrothermal method, the sol-gel method and
surfactant assisted methods [1, 2]. Among the chemical methods,
the solvothermal approach has more advantages compared with
above-mentioned methods in several aspects, such as simple
manipulation, low reaction temperature, short processing time and
less complicated equipment being involved [3].

In the past few years, great efforts have been devoted to fabricat-
ing SnO, hollow microspheres because of their large specific
surface area and variety of applications, such as gas sensors [4],
solar cells [5], photocatalysis [6], the delivery and controlled
release of drugs [7] and anode materials [8]. Wang ef al. [9] synthe-
sised crystalline SnO, hollow spheres and studied their performance
for reversible Li-ion storage. Lu [10] reported template-based and
template-free hydrothermal approaches which are suitable for the
mass production of tin oxide hollow spheres and can be used to
coat SnO, onto other materials to form other hollow nanostructures.
Tin oxide, as the next generation of anodic material for Li-ion bat-
teries, has high theoretical capacity. The SnO, hollow microspheres
can provide sufficient space to buffer the charging—discharging
process and improve the properties of lithium batteries [8].

Yang et al. [1] have successfully synthesised multilayered nano-
crystalline SnO, hollow microspheres under hydrothermal condi-
tions using water as the solvent, sucrose and tin tetrachloride
pentahydrate as reactants and showed good performance in electro-
chemical characteristics. However, the synthesis of nanocrystalline
SnO, hollow microspheres with uniform size and favourable disper-
sity under facile conditions is still a big challenge.

In the present work, we have used the mixture of glycol-water
(Vwater:Vaiycot = 1:1) as the solvent and changed the amount of
reactants, successfully synthesising multilayered nanocrystalline
SnO, hollow microspheres with a smooth surface, uniform size
and good dispersity. The effect of calcinating temperature on the
Raman and luminescent properties of the as-prepared product is dis-
cussed in detail and a self-assembly growth mechanism of the
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2. Experimental details

2.1. Sample preparation: All the chemical reagents used in this
work were of analytical grade and used without further
purification. In a typical experimental procedure, 2.80 g of
SnCly-5H,0 (8 mmol), 6.84 g of sucrose (20 mmol), 20 ml of
distilled water and 20 ml of glycol (Viater:Veiycot=1:1) were
transferred to a beaker and stirred for 10min to form a
homogeneous solution. Subsequently, the solution was transferred
into a 50 ml Teflon-lined stainless steel autoclave and kept at
180°C for 24 h. Then, the black SnO,—C composite was collected
and washed with distilled water and ethanol three times, and
dried in an oven at 80°C. The prepared SnO,—C composite was
calcinated in a muffle furnace at 550, 750 and 950°C for 4 h.

2.2. Characterisation: The morphology of the as-prepared product
was studied using a Hitachi S-3500 field emission scanning
electron microscope (FESEM) and a Tecnai G*> F30 S-TWIN
transmission electron microscope (TEM). The crystal structure of
the obtained sample was characterised by X’Pert MPD powder
X-ray diffraction (XRD) with a copper target and K, radiation (1
=0.154056 nm). Raman spectra were recorded with 532 nm
wavelength excitation at room temperature, using a Horiba Jobin
Yvon LabRAM HRS800. The room temperature
photoluminescence (PL) emission spectra were investigated using
the Hitachi F-4500 fluorescence spectrometer with a Xe lamp as
the excitation source.

3. Results and discussion

3.1. Morphology and structure: All of the samples calcinated at
different temperatures present the consistent morphology. Fig. 1
shows the typical SEM and TEM images of the as-prepared
product calcinated at 550°C. As shown in Fig. la, the product
prepared using water and glycol (Vyater:Vglycor=1:1) as the
solvent exhibits-spherical and uniform shape with diameter in the
range of 2-3 pm. The open hole in the surface of the as -
prepared spheres (Fig. 1) may be because of the gasification and
removal of inner carbon. Through the open hole, the inside
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Figure 1 Typical SEM, TEM, and HRTEM image of the as-synthesised
product

a, b SEM image

¢ TEM image

d HRTEM image

smaller sphere and hollow structure can be clearly seen, indicating
the as-prepared SnO, microstructures have a multilayered hollow
structure. Moreover, the outer shell of the SnO, microsphere is
composed of aggregated nanoparticles, with the thickness of
about 200 nm. Compared with the previous study of Yang ef al.
[1], the current synthetic MHS-SnO, is more uniform and has
better dispersiveness with a smooth surface.

To obtain insight into the morphology of the MHS-SnO,, trans-
mission electron microscopy has been used to visualise the detailed
structure of the as-prepared architectures. As shown in Fig. 1c, the
micrograph clearly exhibits that the microspheres prepared by using
water and glycol (Vyater:Vglycor = 1:1) as solvent possess hollow
structure, in which there is a smaller sphere. Through careful exam-
ination, a third layer can be observed from the contrast of light and
shade, indicating the as-prepared product is three layered structure.
The high-resolution TEM (HRTEM) lattice image of a MHS-SnO,
is shown in Fig. 1d. The measured interplanar spacing in the fringe
of the MHS-SnO, is 0.260 nm, which is consistent with the inter-
planar spacing value of 0.264 nm for the {101} lattice planes of
rutile SnO,. The corresponding selected area electron diffraction
pattern as shown in the inset of Fig. 1d indicates that the prepared
material is composed of single crystalline nanoparticles.

FWHM(110) D{(nm)
550C 0.681 11.85
750C 0.514 15.70
950C 0.272 29.68
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Figure 2 X-ray diffraction patterns of MHS-SnO, calcinated at different
temperatures

88
© The Institution of Engineering and Technology 2014

intensity, a.u.

L

300 400 500 600 700 800

Raman shift, cm-1

Figure 3 Raman spectra of MHS-SnO), calcinated at different temperatures

The XRD patterns of the products are shown in Fig. 2. All the
diffraction peaks of the samples can be indexed to rutile SnO,
(JCPDS Card No. 41-1445, p42/mnm, a=b=4.738 A, c=3.187 A
and a=pB=y=90°). No other diffraction peaks for impurities are
detected, indicating that the final synthesised products are of pure
single phase. The strong and sharp diffraction peaks reveal that
the as-prepared SnO, is well crystallised.

As shown from Fig. 3, the intensity of the XRD increases dramat-
ically and the full-width at half-maxima (FWHM) decreases obvi-
ously, respectively, with increasing the annealing temperature,
which indicates that the crystallinity of the samples is improved
by high-temperature calcination. The crystallite size (D) can be cal-
culated according to the Debye-Scherer formula

D = 0.89)/Bcos 0 (1)

where 6 is the Bragg angle and 3 is the FWHM, 1 is the X-ray wave-
length (1.5406 A) in the Cu K, radiation. FWHM and crystalline
size determined from (110) diffraction peak are listed in Fig. 2.
The calculated crystallite size of MHS-SnO, calcinated at 550,
750 and 950°C is about 11.85, 15.70 and 29.68 nm, respectively.

3.2. Raman: The vibration properties of MHS-SnO, are
investigated by Raman scattering techniques at room temperature.
Rutile SnO, belongs to the space group D}tﬁ, of which the normal
lattice vibration at the I' point of the Brillouin zone is given on
the basis of group theory [11]

[ =14y, + 14y, + 14y, + 1B, + 1By, +2B,, + 1E, + 3E,
@

Within these modes, Bg, E,, 41, and B,, are the Raman active and
Ay, and E,, are the IR active, while 45, and By, are the inactive. Eg is
the only mode which vibrates parallel to the C-axis in all of the
Raman active modes while the other Raman active modes vibrate
in the plane perpendicular to the C-axis [11]. In addition, it is
hard to find the peak of B, (123 em™!) mode because of the
existence of a strong Rayleigh scattering peak.

Fig. 3 shows the room-temperature Raman scattering spectra of
MHS-SnO, calcinated at 550, 750 and 950°C. For the products cal-
cinated at 550 and 750°C, a Raman-active mode 4, located at 631
cm™! and three non-Raman active peaks at 353, 430, 542 cm™! are
observed. The three non-Raman active peaks become weak with in-
creasing calcinating temperature and almost disappear when the cal-
cinating temperature reaches 950°C. Raman spectra are very
sensitive to the crystalline size and the imperfections on the particle
surface, such as oxygen vacancies and lattice disorder, are likely to
relax the selection rules, which may result in the transformation
from non-Raman active modes to Raman active modes [12—13].
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Therefore these three non-Raman active peaks can be attributed to
defects such as lattice disorder and oxygen vacancies in the
as-prepared nanostructures.

For the product calcinated at 950°C, five peaks occur at 474, 631,
694, 714 and 774 cm™'. The peaks at 474, 631 and 774 cm™" are
attributed to fundamental Raman-active modes E,, 4,5 and By, re-
spectively, which is in good agreement with those for the rutile bulk
SnO,. The peak at 694 cm™' can be assigned to IR-active A,
which can be attributed to the breakdown of the selection rules or
imperfections on the particle surface [11, 12]. The weak peak at
714 cm™" can be designated to IR-active mode E, (LO) and has
rarely been reported. We deduce that the IR-active mode E,, (LO)
transforms into the Raman active mode when crystal symmetry is
reduced. In addition, it can be also observed that the
Raman-active peaks become stronger and sharper with increasing
calcinating temperature.

3.3. Growth mechanism: Here, a growth mechanism for the
as-prepared MHS-SnO, is proposed as illustrated schematically
in Fig. 4 based on the above careful structural analysis and
the growth mechanism of the multilayered hollow sphere [14].
In the glycol-water (Vyater:Vglycot = 1:1) solvothermal synthesis,
the primary small carbon particles are formed via dehydration
of sucrose (step I) and these particles are hydrophilic owing to
the existence of the OH group on the surface. At the same
time, the hydrolysis reaction of tin tetrachloride pentahydrate
leads to the increase of tin oxide hydrate (step II). Then the
primary carbon spheres will adsorb the tin oxide hydrate via
dehydration of the OH group (al). It is well known that the
viscosity of glycol is 18 times greater than that of water, which
makes it difficult for particles to diffuse and participate in the
dehydration process rapidly [15]. Therefore, in high viscosity
solvent  (Vyater:Velycot = 1:1), the tin oxide hydrate and
oligosaccharides will be restricted in a specific area and need
more time to diffuse elsewhere. So with the growing of the tin
oxide hydrate layer (or carbon layer) the concentration of tin
oxide hydrate (or oligosaccharides) will decrease apparently in
a period of time until the surrounding tin oxide hydrate
disperses homogeneously. Therefore the tin oxide hydrate far
away from the as-prepared SnO,—C composite could not be
adsorbed onto the surface continuously. Under this
circumstance, the as-prepared high concentration of
oligosaccharides particles will react with the SnO,—C
composite, resulting in the second layer of oligosaccharides
(a2). After carbonisation of the oligosaccharides, the second
carbon shell is formed. Then, with the decreasing of
oligosaccharides and increasing of tin oxide hydrate around the
SnO,—C composite, the outer shell starts to react with the high
concentration of tin oxide hydrate again, resulting in the second
layer of tin oxide hydrate (a3). So the well-defined carbon layer
and the tin oxide layer are assembled layer by layer via the
chemically induced dehydration with the decreasing and
increasing of tin oxide hydrate or oligosaccharides, respectively
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Figure 4 Schematic illustration of the growth mechanism of MHS-SnO,
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Figure S Room temperature PL spectra of MHS-SnO, calcinated at differ-
ent temperatures

(a4). The prepared SnO,—C composite was calcinated, leaving
the HS-SnO, microspheres (a5).

In addition, in high viscosity solvent, the nucleation and growth
process in our experiment will be more homogeneous which will
increase the smoothness and the uniformity of the as-prepared
MHS-SnO,.

3.4. Photoluminescence properties: The PL spectra of the obtained
MHS-SnO, calcinated at different temperatures were investigated
and the results are shown in Fig. 5. PL spectra are recorded under
exactly the same conditions for all samples.

A strong broad emission band located about 350-600 nm which
almost covers the whole visible region is observed. Four strong
emmition peaks at 372, 398, 452 and 467 nm can be seen for all
samples in Fig. 5. In addition, with the increase of calcinating tem-
perature, the intensity of the peak at 372 nm increases while the in-
tensity of the peaks at 452 and 467 nm decreases. Therefore it is
reasonable to deduce that the luminescence mechanism of the
peak at 372 nm is different from that of the peaks at 452 and
467 nm. The peak intensity of 452 nm decreases with the increase
of grain size, which indicates that the peak is associated with nano-
crystal grains or tin interstitials [16] resulting from the size effect of
the MHS-SnO,. The peak at 467 nm is attributed to electron transi-
tion mediated by defect levels such as oxygen vacancies in the
bandgap that arise from the hydrothermal growth process [17].
The peak at 372 nm is attributed to bandgap emission, which is
closely related with the concentration of impurity and defects
[18]. It can be observed that the intensity of the peak at 398 nm
remains almost same with increasing of the annealing temperature.
Therefore it can be deduced that the peak at 398 nm is because of
structural defects or luminescence centres that are independent of
oxygen vacancies, which is consistent with the related investigation
[19]. Hu et al. [20] and Tan et al. [19] have reported two weak
peaks at 483 and 493 nm and ascribed them to other defects
which are still not clear.

water—glycol {Viaer: Vilyeot =1:1) as solvent

f
on o F sl | w0,

q o b
b P ] R
oH

= 5
1 @O0

calcination

89
© The Institution of Engineering and Technology 2014



4. Conclusions: In summary, we have demonstrated a simple route
to synthesise MHS-SnO, by using the mixture of glycol and water
as the solvent. This approach provides a new controllable route to
synthesise SnO, products with different morphologies. The
FESEM results show that the as-prepared product exhibits a
multilayered hollow spherical structure with uniform shape. The
TEM and HRTEM results illustrate that the multilayered hollow
microspheres have a three layered structure and the shell of the
hollow microspheres is composed of single crystalline
nanoparticles. XRD patterns manifest that the as-prepared product
has a perfect rutile crystalline lattice. Based on careful
observation and analysis, a self-assembly mechanism relating to
the high viscosity of glycol for the formation of the MHS-SnO,
is proposed. Raman investigation of MHS-SnO, shows that the
Raman-active peaks become stronger and sharper with increasing
calcinating temperature. The lower lattice space symmetry and
lattice defects lead to the occurrence of additional non-Raman
active peaks. A strong broad emission band located at about 350—
600 nm which almost covers the whole visible region has been
observed for all three samples and attributed to tin interstitials,
oxygen vacancies and structural defects. The intensity of the PL
peak at 398 nm remains almost unchanged at different calcinating
temperatures and manifests that the peak is independent of
oxygen vacancies. Such material with controlled morphologies
and large specific surface area may exhibit a special performance
in green energy storage, solar cells, optical devices and
gas-sensing applications.
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