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INTRODUCTION

The synthesis of nanomaterials with controlled sur�
face morphology and a preferred orientation of crystal
growth faces is a key issue in nanotechnology develop�
ment [1, 2]. This has recently led most researchers to
study the effect of synthesis conditions on the surface
structure and morphology of materials, including SnO
[3–5]. This oxide has found wide application in laser
sensors, as an anode material for lithium ion batteries,
and as a photocatalyst [6–9]. Among known SnO
preparation techniques, hydrothermal and micro�
wave�assisted hydrothermal processes allow one to
produce structures with various orientations of crystal
growth faces and various surface morphologies [10–
13]. Hydrothermal processing offers a number of
advantages: high growth rate of large crystals, high
nucleation rate, relatively low synthesis temperature,
structural uniformity of the resulting materials, etc.
[14, 15]. Unfortunately, there is currently very little
data on the effect of pressure in a reaction mixture on SnO
morphology and the amount of active surface centers con�
tributing to changes in functional properties.

In connection with this, the purpose of this work
was to study the effect of pressure in the preparation of
SnO under microwave�assisted hydrothermal synthesis
conditions from an ammoniacal Sn6O4(OH)4 suspension
on its surface morphology and photocatalytic activity.

EXPERIMENTAL

An ammoniacal Sn6O4(OH)4 suspension was pre�
pared by dissolving metallic tin in concentrated
hydrochloric acid, followed by Sn2+ precipitation with
an excess of 25% aqueous ammonia [9]. The resultant
tin(II) oxyhydroxide suspension was placed in a Teflon
autoclave and subjected to microwave�assisted hydro�

thermal processing (MAHP) in an MS�6 Vol’ta system
at a microwave power of 539 W for 5 min. The pressure
in the autoclave was raised at a rate of 3.3 kPa/s. The
precipitate was separated by centrifugation, repeatedly
washed with distilled water, and dried at 90°С.

The SnO formation process was followed using
thermal analysis of the solid phase (Sn6O4(OH)4) in
the suspension under an argon atmosphere with a
Netzsch STA 449 system at a heating rate of 10°C/min
in the temperature range 25–1000°С. The activation
energy for all stages of the decomposition process was eval�
uated using the Erofeev–Kolmogorov equation [16].

The phase composition of the final synthesis prod�
ucts was determined by X�ray diffraction on a Rigaku
Miniflex 600 diffractometer (CuK

α
 radiation, 10°–

90° (2θ), scan step of 0.02°, scan rate of 5°/min). Dif�
fraction peaks were indexed using JCPDS PDF data.
The specific surface area of the SnO samples was
determined by BET analysis of low�temperature nitro�
gen adsorption isotherms obtained using a TriStar II
automatic gas adsorption analyzer. Surface mor�
phologies were examined by scanning electron
microscopy on a Hitachi TM3000 equipped with a
QUANTAX energy dispersive spectrometer system. IR
spectra of the samples were measured in the frequency
range 1000–4000 cm–1 on an Agilent Technologies
Cary 600 Series FTIR spectrophotometer.

The photocatalytic activity of the synthesized SnO
powders was assessed for methyl orange azo dye pho�
todegradation as a model reaction. The SnO powder
was mixed with a methyl orange solution in a quartz
beaker. To reach sorption–desorption equilibrium, the
mixture was stirred in the dark. Next, the reaction
mixture was placed under an I2 excimer ultraviolet
lamp with λ = 342 nm and exposed to UV radiation for
60 min with constant stirring. Every 10 min, we took
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an aliquot, which was centrifuged to separate the pre�
cipitate, and then the absorbance of the mother liquor
was measured. The methyl orange concentration was
determined spectrophotometrically on a PE�5400 UF
spectrophotometer from the height of the absorption
peak at λ = 461 nm. The absolute accuracy limits in
the transmission measurements were ±0.5%.

The composition of the methyl orange photode�
composition products after UV exposure was deter�
mined using a Surveyor high�performance liquid
chromatography (HPLC) system equipped with an
autosampler and an LCQ Advantage MAX mass spec�
trometric detector. Components were separated in a
HyperSil Gold column packed with a reversed phase
sorbent (C18) grafted on silica gel with a particle size of
5 μm. The eluents used were a formic acid solution
(0.1 wt %) and acetonitrile (100 wt %). The eluent
flow rate was 0.5 L/min.

RESULTS AND DISCUSSION

According to thermal analysis data, the solid phase
of the Sn6O4(OH)4 suspension in an argon atmosphere
decomposes in two steps (Fig. 1). The first step, in the
temperature range 25–230°С, is accompanied by an
endothermic peak at t = 146.9°С. The low activation
energy for this process (42.49 kJ/mol) may point to the
removal of the adsorbed water and ammonia mole�
cules remaining after Sn6O4(OH)4 drying. X�ray dif�
fraction data indicate that the composition of the
intermediate product of this step is Sn6O4(OH)4.
According to the Erofeev–Kolmogorov equation and
curve, the second step of the decomposition process,
in the temperature range 250–650°С, involves endot�
hermic (346.8°С) and exothermic (484.0°C) pro�
cesses. The activation energy for this step is consider�
ably higher, 178.12 kJ/mol, pointing to the dissocia�

tion of chemically bound OH groups in the
compound.

Thus, the Sn6O4(OH)4 decomposition process at a
heating rate of 10°C/min, resulting in SnO formation
at a temperature of 600°C in 60 min, can be repre�
sented by the following scheme:

As shown earlier [9], the formation of tin(II) oxide
with high photocatalytic activity from an ammoniacal
tin(II) oxyhydroxide suspension requires microwave
processing for at least 15 min at a microwave power of
539 W. The SnO sample obtained under such condi�
tions, even though having a small specific surface area
of 3 m2/g, showed high catalytic activity for methyl
orange azo dye photodegradation, which can be
understood in terms of pore shape, volume, and size
[9]. As follows from curves 1 in Fig. 2, the SnO sample
has a mesoporous structure nonuniform in pore shape,
with a pore volume of 8 × 10–4 cm3/(g nm) and a broad
pore size (diameter) distribution, from 5 to 20 nm.

The present results demonstrate that the SnO syn�
thesis time can be reduced by performing microwave
synthesis under pressure. According to X�ray diffrac�
tion data, microwave�assisted hydrothermal process�
ing for just 5 min at a pressure rise rate of 3.3 kPa/s in
the autoclave and a microwave power of 539 W yielded
blue black powder, which was identified as tetragonal
SnO with lattice parameters а = b = 3.804 nm and с =
4.837 nm and a crystallite size of 57 nm in the [002]
crystal growth direction and 49 nm in the [101] direc�
tion (Fig. 3).

This oxide is close in pore volume and pore size to
the SnO sample prepared by microwave processing for
15 min and also has a small specific surface area
(2 m2/g). According to the hysteresis loop in its nitro�
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Fig. 1. Thermal analysis results for Sn6O4(OH)4 decomposition in an inert atmosphere.
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gen adsorption–desorption isotherm, the oxide is a
mesoporous adsorbent nonuniform in pore shape
(Fig. 2a, curve 1). It is seen from the differential pore
size distribution curve of this sample (Fig. 2b, curve 1)
that  its  structure contains pores of volume 6 ×
10–4  cm3/(g nm), ranging in diameter from 5 to 20 nm.

According to scanning electron microscopy
results, the SnO sample consists of platelike particles
in the form of irregularly shaped fragments, among
which agglomerates 5–6 μm in size and large particles,
up to 15 μm in size, prevail (Fig. 4).

IR spectroscopy results indicate that, after storage
in air, the surface of the above SnO sample was covered
with water and oxygen molecules adsorbed from the
air. The absorption bands in the range 2350–3450 cm–1

are due to adsorbed water molecules (stretching ν
and bending δ modes of OH groups). The absorption
bands in the range 1620–1650 cm–1 correspond to
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Fig. 2. (a) Nitrogen adsorption–desorption isotherms and (b) differential pore size distribution curves for the SnO samples pre�
pared (1) by microwave processing for 15 min and (2) by MAHP for 5 min.
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Fig. 3. X�ray diffraction pattern of the SnO sample pre�
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Fig. 4. Micrograph of the SnO sample prepared by MAHP
for 5 min.



INORGANIC MATERIALS  Vol. 51  No. 5  2015

MICROWAVE�ASSISTED HYDROTHERMAL PROCESS 439

adsorbed oxygen molecules, with coordinatively
unsaturated Sn atoms on the oxide surface. The spec�
trum of this sample contains an absorption band at
1407.4 cm–1. According to data in the literature [17–
19], this band is attributable to bonds with adsorbed
Н2О and O2 molecules (Fig. 5, spectrum 1). That this
absorption corresponds to physisorbed molecules is
evidenced by the fact that heat treatment of the samples at
t = 100°С changes its intensity in the IR spectra, to the
extent that it disappears (Fig. 5, spectrum 2).

Photocatalytic activity assessment showed that the
sample under consideration had a considerable sorp�

tion capacity for methyl orange. After stirring the sus�
pension in the dark for 1 h, its surface sorbed up to
35 wt % of the methyl orange. Subsequent UV expo�
sure for 60 min led to methyl orange decomposition
(95%). Liquid chromatography/mass spectrometry
data indicated that, after the photocatalytic processing
of methyl orange in the presence of the SnO sample,
the major methyl orange decomposition products were
positively charged species with molecular weights of
224, 196, and 151. Their tentative compositions are
presented in Fig. 6.
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Fig. 5. IR spectra of the SnO powder prepared in 5 min (1) before and (2) after heat treatment.
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Our findings indicate that, all other factors being
the same, the pressure during the microwave�assisted
hydrothermal synthesis of SnO from an ammoniacal
Sn6O4(OH)4 suspension influences the synthesis time.

CONCLUSIONS

The present results demonstrate that raising the
pressure during the microwave synthesis of SnO from
an ammoniacal Sn6O4(OH)4 suspension reduces the
synthesis time. At a pressure rise rate of 3.3 kPa/s in
the autoclave and a microwave power of 539 W, the
SnO synthesis time decreases by a factor of 3. It is
worth noting that the SnO thus prepared compares
well in photocatalytic properties to the oxide prepared
by microwave processing and is similar in surface mor�
phology [9].
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