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Abstract

Nanocrystalline SnO powders of about 3 nm in size have been prepared by a microwave irradiation heating technique2

from an aqueous solution in the presence of SnCl and urea. The nanocrystalline SnO particles were characterized by4 2
Ž . Ž . Ž .transmission electron microscopy TEM , X-ray diffraction XRD , differential scanning calorimetric DSC , thermogravi-

Ž .metric analysis TG , and reflection spectrum. A bandgap is estimated to be 4.5 eV from the optical measurement of the
nanoparticles. q 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Semiconductor nanoparticles have been exten-
sively studied from both experimental and theoretical
viewpoints, owing to their potential applications in
solar energy conversion, photocatalysis, and in opto-

w xelectronic industry 1–6 . SnO is an n-type semi-2

conductor with a large bandgap, and is well known
w xfor its applications in gas sensors 7,8 and dye-based

w xsolar cells 9 . In recent years, attention has been
focused on its possible applications in elec-

w xtrochromic devices 10 . Lithium ions can be electro-
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chemically inserted into a transparent SnO elec-2

trode, resulting in the change of the optical transmit-
w xtance 11 .

A variety of methods, such as sol–gel, chemical
vapor deposition, magnetron sputtering, evaporation
of elemental tin in an oxygen atmosphere, decompo-
sition of the organometallic precursor, hydrothermal
synthesis and sonochemical method have been used

w xto prepare SnO particles and films 12–21 .2

In recent years, microwave heating has made
w xgreat progress in organic reaction 22,23 , molecular

w xsieve preparation 24 and in radiopharmaceuticals
w x25 , while the applications of microwave in plasma

w x w xchemistry 26 , analytical chemistry 27 and cataly-
w xsis 28 have also been reported.
It is generally accepted that there are a number of

characteristics specific to microwave as agents for
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promoting chemistry reaction. First, the quantum
Ž y5 .energy of microwave 10 eV is much lower than

that of the chemical bond, so that microwaves will
not break or weaken bonds within molecules. Sec-
ond, the intensity of electric and magnetic fields
cannot cause the shift of any chemical reaction equi-
librium. However, many experiments with mi-
crowave heating reveal the results different from

w xthose obtained from conventional heating 29–32 .
Thus, many developments are bound to occur and
enhance the advantages associated with microwave
heating. Although many successful examples of the
applications of microwave heating in organic chem-

w xistry have been reported 22,23,33 , its expansion to
inorganic chemistry has been much slower. Only
recently that it has been noticed that metallic pow-
ders can be heated to considerably high temperature

w xin a microwave oven without arcing 34 . Some
metal chalcogenides were prepared by microwave

w xsolid-state reaction 35 , but these solid-state reac-
tions are not yielding nanoparticles. On the other
hand, microwave reactions in solutions can yield
nanoparticles. Some reports presented results such as
the preparation of Ni and NiO composite, binary

w x w xoxides 36,37 , CdS and ZnS 38 , CdSe, PbSe and
w x w xCu Se 39 , as well as colloidal metal cluster 40 .2yx

The effect of the heating is created by the interaction
of the dipole moment of the molecules with the

Ž .high-frequency electromagnetic radiation 2.45 GHz .
Water has a very high dipole moment, which makes
it one of the best solvents for microwave-assisted
reactions.

In this work, our aim is to prepare the nanocrys-
talline SnO powders rapidly by a simple microwave2

heating method. In this method, SnO nanoparticles2

were prepared by microwave irradiation by means of
the hydrate of SnCl P5H O in aqueous solution4 2

containing urea. The nanoparticles were character-
Ž .ized by X-ray diffraction XRD , transmission elec-

Ž .tron microscopy TEM , thermogravimetric analysis
Ž . Ž .TG , differential scanning calorimetric DSC and
reflection spectrum. The sizes of the as-prepared
samples were calculated by the Debye–Scherrer for-
mula according to XRD spectra to be ca. 3 nm.
Similar results can also be obtained in the TEM and
HRTEM images. The bandgap was calculated from
reflection spectroscopy and was found to be 4.5 eV.

2. Experimental

2.1. Materials

The starting materials for the preparation of
nanocrystalline SnO powders were SnCl P5H O2 4 2

and urea from Shanghai Yuelong nonferrous metal
Ž .company China . Distilled water was used in the

experiments.

2.2. Instrumentation

ŽA 650-W microwave oven Sanle General Elec-
.tric, Nanjing, China was used. A refluxing system

was connected with the microwave oven. The reac-
tion was performed in the ambient air. Powder X-ray

Ž .diffraction XRD patterns were recorded on Shi-
Žmadzu X-ray diffractometer XD-3A CuK radia-a

.tion, ls0.15418 nm . The images of the products
were obtained with a JEOL-4000EX high-resolution

Ž .transmission electron microscope HRTEM by a
400-kV accelerating voltage and a JEOL-JEM 200CX

Ž .electron microscope TEM with a 200-kV accelerat-
ing voltage. The samples used for TEM observations
were prepared by dispersing some products in ethanol
followed by ultrasonic vibration for 30 min, then
placing a drop of the dispersion onto a copper grid
coated with a layer of amorphous carbon. Thermo-

Ž .gravimetric analysis TG was conducted in N at a2

heating rate of 20 8Crmin in the temperature range
of room temperature to 1000 8C, with Thermal Ana-

Ž .lyst 2100 TA Instruments . The differential scan-
Ž .ning calorimetric DSC spectrum was recorded us-

ing a Shimadzu DT-40 at 10 8Crmin. Diffused
reflection spectrum was recorded on a Shimadzu
UV-Visible 240 spectrophotometer.

2.3. Preparation of SnO nanoparticles2

The mixture solution including 0.1 M SnCl P4

5H O and 6 grl urea was made to react in a2

microwave refluxing system for 15 min with a power
w xof 10% 39 . The volume of the solution was about

50 ml. The precipitate was centrifuged, and washed
with distilled water and dried in vacuum. The final
white product was collected for characterizations.
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3. Result and discussion

3.1. XRD studies

Fig. 1 shows the XRD patterns of as-prepared and
heat-treated SnO powders under different tempera-2

tures. The XRD pattern of the as-prepared SnO2

powders showed the presence of very broad peaks
Ž .Fig. 1a , indicating the particles with small crys-

w xtalline size 41 . The peak positions fit well with
Žpreviously reported values of a SnO phase JCPDS2

.41-1445 . The size of the as-prepared SnO nanopar-2

ticles estimated from the Debye–Scherrer formula is
about 3 nm. After as-prepared SnO nanoparticles2

were annealed at 200, 400, 600, and 800 8C for 5 h,
it was found that their XRD peaks become gradually
sharper with increasing temperature, indicating the
increase in crystal size due to the annealing process
that the particles undergo.

3.2. TEM studies

The TEM and HRTEM observations for the as-
prepared and heat-treated SnO nanoparticles are2

shown in Fig. 2.
The microstructure of the sample was examined

by the high-resolution transmission electron mi-
Ž .croscopy HRTEM . Typical TEM and HRTEM im-

ages of the as-prepared sample are given in Fig. 2a

Fig. 1. X-ray diffraction patterns of as-prepared and heat-treated
Ž . Ž .nanocrystalline SnO powders. a As-prepared SnO . b Anneal-2 2

Ž . Ž . Ž .ing at 200 8C, c 400 8C, d 600 8C, and e 800 8C.

and b. It is obvious that as-prepared SnO powders2

are crystalline with ca. 3 nm particle size in HRTEM
image, and the particles are held together by an
irregular network. This is in good agreement with the
XRD result. After heating at different temperatures,
the particle size of SnO increases gradually. A large2

increase in particle size was observed after sintering
at 600 8C, with the particles having the appearance

Ž .of rounded hexagons Fig. 2e, f , exhibiting a high
degree of crystallinity. Average particle sizes of
about 4, 12, 18, and 60 nm were obtained for the
annealing material at 200, 400, 600, and 800 8C,
respectively.

3.3. DSC and TGA studies

Ž .The presented DSC curve Fig. 3 shows an en-
dothermic peak at a temperature of ca. 90 8C, which
is the evaporation of physically adsorbed water in
the particles. The other peaks were not observed in
the curve except for the water endothermic peak,
which shows that the sample might be a crystal. Fig.
4 shows the rate of weight loss of the particles as a
function of temperature, as measured by thermo-
gravimetric analysis. The particles show a weight

Ž .loss 16.20% between 50 and 450 8C. The higher
Ž .rate of weight loss 9.60% was observed between 50

and 150 8C, which can come from the evaporation of
physically adsorbed water and NH in the particles.3

Ž .Another weight loss 6.60% from 150 to 450 8C
Ž .may come from the decomposition of Sn OH . A4

Ž .further small weight loss 2.77% takes place steadily
between 450 and 650 8C, and which may be at-
tributed to the continuous removal of chemically
adsorbed water, which may be related to different

w xtypes of surface hydroxyl group condensation 32 .
Above 650 8C, no weight loss is observed in the
TGA curve.

3.4. FT-IR spectroscopy studies

As-prepared SnO powders exhibit an intense,2

very broad IR peak ranging from ca. 3600 to 2400
cmy1, with two maximum at ca. 3380 and 3050
cmy1, which may be due to the adsorbed water and
NH . The N–H band observed around ca. 30503

cmy1 may be due to the use of urea to promote
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SnCl hydrolysis, which leads to the formation of4

ammonia. After calcination, the peak at 3380 cmy1

shifts to higher wave numbers, while the peak at
3050 cmy1 disappears. The band centered at ca.
1626 cmy1 may also be related to water. Increasing
the calcination temperature results in the decrease in
the intensity of the water band, and after heating at
400 8C, the band attributed to NH at around 30503

y1 Ž .cm disappears Fig. 5 . After calcination at 800

8C, the band corresponding to water at ca. 3380
cmy1 shifts to ca. 3410 cmy1, and the intensity of
the peak decreases, which showed the loss of part of
water. The weak peak is probably due to the fact that
the spectra were not recorded in situ and some
readsorption of water from the ambient atmosphere
has occurred. The bands observed in the range 850–
1350 cmy1 in the IR spectra may be assigned to a
hydroxyl-bending mode of different types of surface

Ž . Ž .Fig. 2. Transmission electron micrographs of the SnO nanoparticles. a As-prepared SnO . b The HRTEM image of as-prepared SnO .2 2 2
Ž . Ž . Ž . Ž .c Annealing at 200 8C, d 400 8C, e 600 8C, and f 800 8C.



( )J.-J. Zhu et al.rMaterials Letters 53 2002 12–1916

Ž .Fig. 2 continued .

hydroxyl groups. The IR bands at 980 and 1240
cmy1 are reduced in intensity with increasing tem-
perature. Only traces of these two bands remain after
heating at 200 8C, and are completely absent at 400
8C. Two bands at ca. 670 and 560 cmy1 for as-pre-

pared SnO are also observed. With the annealing2

temperature increasing, the peak at 560 cmy1 de-
creases gradually. After calcination at 600 8C, the
peak almost disappears and a new peak appears at
ca. 610 cmy1. This band is assigned to the antisym-

Fig. 3. DSC curve of as-prepared SnO powders.2
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Fig. 4. TG curve of as-prepared SnO powders.2

metric Sn–O–Sn stretching mode of the surface-
bridging oxide formed by condensation of adjacent

Ž .surface hydroxyl groups which produce water . Af-
ter calcination at 600 8C, a small new peak appears
at 470 cmy1, which is assigned to the symmetric

w xSn–O–Sn stretching mode 42,43 .

3.5. Reflectance

We have carried out reflection spectrum measure-
ments of SnO powders in order to resolve the2

Ž .excitonic or interband valence conduction band
transitions of SnO , which allow us to calculate the2

Ž .bandgap Fig. 6 . The value of the bandgap energy

Ž . Ž .Fig. 5. FT-IR spectra of SnO . a As-prepared SnO . b Anneal-2 2
Ž . Ž . Ž .ing at 200 8C, c 400 8C, d 600 8C, and e 800 8C.

Ž .obtained from reflectance 4.5 eV is larger than that
Ž . w xof the reported value for bulk SnO 3.7 eV 44,45 ,2

which was also attributed to the formation of
nanocrystalline SnO particles. Similarly, we have2

also calculated the bandgap of SnO heat-treated at2

600 8C, to be 3.80 eV. This value is smaller than that
of the as-prepared SnO , but close to that of bulk2

w xSnO . As already reported 46 , very small particles2

have a large bandgap due to quantum size effects.
ŽThis explains the fact that the prepared SnO of2

.nanometer size , by microwave heating, has a larger
bandgap than the commercially available bulk SnO .2

3.6. The effects of other factors and probable mecha-
nism

We also carried out the experiments by using
different concentrations of SnCl P5H O as the start-4 2

Fig. 6. Reflection spectrum of as-prepared SnO nanoparticles.2
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ing materials in the preparation of nanosized SnO2

powders. It was found that when the concentration is
lower than 0.01 M, SnO nanoparticles cannot be2

obtained. The effects of reaction time on the forma-
tion of the SnO nanoparticles were also investi-2

gated. The SnO nanoparticles were formed after2

exposure in the microwave irradiation for about 10
min, and after 15 min, the reaction was completed. If
the reaction time was prolonged to 30 min, the size
and morphology of the products will not change.

Microwaves are electromagnetic waves, which
contain electric and magnetic field components. The
force derived from these change direction rapidly,
which causes heat because the assembly of molecules
cannot respond to it instantaneously, creating friction
and manifesting itself as heat. When incident mi-
crowaves are perpendicular to the surface of a mate-
rial, their intensity decreases progressively inside the
sample in the direction of incidence as the mi-
crowave energy gets progressively dissipated, but for

Žmost materials, D the distance in the direction of
penetration at which the incident power is reduced to

.half its initial value is quite large, and therefore, the
power dissipation is fairly uniform throughout the
materials. The formation of nanoparticles demands a
uniform growth environment, and homogeneous mi-
crowave heating affords this. With microwave irradi-
ation of the liquid sample, temperature and concen-
tration gradients can be avoided, providing a uniform

w xenvironment for nucleation 40 . The probable mech-
w xanism can be described below 47 . First, hydrated

Sn4q can form complexes with H O molecules or2

OHy ions. Further polymers of this hydroxide,
Ž . Ž y.Ž4yy.qSn H O OH , can serve as precursors for2 x y

Ž .the oxide. The starting precipitate from the Sn IV
salt may be formed by accompanying numbers of

Ž . Ž y.Ž4yy.qnucleation of the hydrated Sn H O OH2 x y

salt, and that consists of very fine precursors for the
final oxide. In aqueous solution, H O, as a polar2

molecule, tends to take protons away from hydrox-
ide. The reaction can be expressed as follows:

Ž .4yy qySn H O OH qH OŽ . Ž . y2 2x

™SnO Pn H O qHqOŽ .2 2 3

The thermal effect of microwave facilitates the
movement of polar molecules, which speeds up the

above reaction. In addition, urea, as a dispersion
stabilizer, can inhibit nonhomogeneous precipitation
to obtain homogeneous precipitation.

4. Conclusion

Microwave heating provides an effective and rapid
method for the preparation of nanocrystalline SnO2

powders because of its homogeneous and fast-heat-
ing characteristics. We can foresee that the process
can be applied to produce large quantities of nano-
sized SnO powders.2
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