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Abstract

Microwave (M-H) and conventional hydrothermal (C-H) synthesis of nano-/micro-sized SnO are compared. The
phase composition and morphology of the products were investigated by means of X-ray diffraction (XRD) and scan-
ning electron microscopy (SEM), respectively. The XRD results of microwave-heated samples indicated early crystal-
lization of tetragonal romarchite phase after only 1 hat 120 °C compared to 4 h at 120 °C for the conventional method.
The crystallization path under microwave heating showed the presence of abhurite phase with an intermediate com-
position between tin oxide and the starting precursor. Also, romarchite (SnO) decomposes at 700 °C for 1 h in air and

transforms into nano-sized cassiterite (SnO,).
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I. Introduction

Tin oxides, such as tetragonal SnO and rutile-type SnO,,
have attracted a lot of attention as functional materials.
SnO is used in P-type semiconductors, high-energy-den-
sity rechargeable lithium batteries ! and solar energy stor-
age 2. SnO; is an n-type wide-band gap semiconductor
(3.6 €V) used for various devices, such as coating mate-
rials 3, transparent conductive electrodes for solar cells
and optical electronic devices#, gas sensors>-7, elec-
trochromic devices 8 and photoelectrodes in dye-sensi-
tized solar cells (DSSCs) 9-10. The success of previous
applications relies on the ability to obtain cost-effective
and high-quality nano-sized materials with uniform grain
structure. Sn3Oy is a non-stoichiometric structure that
deserves attention, especially for the preparation of SnO,
from SnO. The decomposition of SnO passes first through
Sn;0, and ends with the formation of SnO, and metallic
tin 11-12,

SnO is a versatile intermediate to metallic Sn, Sn3Oy, and
SnO,, however, the steady growth of SnO single-crystal is
relatively difficult because Sn (II) is a thermodynamically
unstable phase and is easily oxidized to Sn (IV) in air; hence
its preparation is very challenging 1315,

Different routes and methods have been developed to
synthesize SnO and SnO, nanoparticles. These include
high-energy ball milling, homogeneous precipitation,
sonochemical, hydrothermal, solvothermal, microemul-
sion, sol-gel, spray pyrolysis, solid-state reaction-ther-
mal oxidation, carbothermal reduction, rapid oxidation
and microwave heating % 16-25. Microwave heating is a
promisingtechnique with rapidly increasing applications.
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Diverse microwave systems include household 26-32 or
laboratory 33-34 instruments. In particular, when com-
pared to the conventional-hydrothermal processes, mi-
crowave-assisted hydrothermal processes enhance pow-
der crystallinity, increase the rate of formation and de-
crease the by-product; it also enhances material quality
and size distribution. This method is considered to be
green, produces higher temperature homogeneity, and is
considerably faster than conventional heat sources. These
advantages are even more evident when compared to the
“ceramic route”, where extended periods for grinding and
firing solid precursors followed by annealing in controlled
gas atmosphere are necessary.

Additionally, it offers further advantages, such as ener-
gy saving, simplicity and low cost; therefore, it has the
potential of being used in large-scale commercial produc-
tions 35 —41,

SnCly-5H,0 was found to be the common source for
producing SnO, 26-27, 42-47 whereas SnCl,-2H,O is the
main precursor whenever SnO is needed 2832, On the
other hand, alkali solutions of NH,OH, NaOH, KOH,
and urea are the main mineralizers used in obtaining both
IT and IV phases of tin at different durations and tempera-
tures 27,33-34,42 Synthesized SnO powder is readily con-
verted to SnO, when subjected to further calcination at
temperatures ranging from 400 to 800 °C and reaction time
of 1 to 5 h, depending on each specific method and instru-
ment used 30-32 34,

This paper describes the preparation of nano- to micro-
metric SnO with the use of free surfactant conventional
(C-H) and microwave hydrothermal conditions (M-H).
Obviously, the products are compared with those pre-
pared in other microwave conditions. Thermal decompo-
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sition of the prepared romarchite (SnO) at 700°C, con-
ducted in air atmosphere for 1 h was also studied.

II. Materials and Experimental Procedure

(1) Preparation

For the synthesis of tin oxide (SnO) under convention-
al and microwave hydrothermal conditions, a calculated
amount of SnCl,-2H,O was dissolved in an appropriate
amount of 1.0 M HCl solution, which was then transferred
to a250-ml volumetric flask to be homogenized (stock so-
lution). For the synthesis of SnO under conventional-hy-
drothermal (C-H) conditions, 50 ml of the stock solution
was loaded into a Teflon container of a handmade auto-
clave (100 ml capacity), with the addition of an appropriate
amount of urea. After it had been sealed, the autoclave was
treated for 4 hat 100— 160 °C whereas, for the synthesis of
SnO under microwave-hydrothermal (M-H) conditions,
20 ml of the stock solution and appropriate amount of urea
were charged into the vessels of an accelerated reaction mi-
crowave system, CEM MARS 5 microwave extraction and
digestion system, which work at different levels of energy
ranging from 0 to 100 % of 1800 Watt power energy. All
samples were treated at 100 to 120°C for 0.5 to 4 h. After
cooling, the powders were collected, washed several times
in distilled water and then dried in an oven at 100 °C.

Calcination of the prepared SnO at 700 °C was conduct-
ed for 1h in air and performed only on the sample pre-
pared with conventional hydrothermal treatment for 4 h
at160°C.

(2) Characterization

XRD analysis of the as-prepared powders was per-
formed using BRUKUR Dg ADVANCE with sec-
ondary monochromatic beam CuKu radiation at 40 Kv
and 40 mA, whereas the microstructure of the as-pre-
pared powders was examined using scanning electron mi-
croscopy (SEM), model Philips XL 30, with accelerating
voltage 30 kV, magnification up to 400 000x and resolu-
tion for W. 3.5 nm. Samples were coated with a thin film
of gold prior to analysis.

III. Results and Discussion

(1) Phase composition of the as-prepared samples and
calcined sample

Fig. 1 shows XRD patterns of the samples prepared with
conventional heating (C-H) for 4h at 100-160°C. The
data shows that samples prepared at 100 °C, which are
beige in color, witnessed the first appearance of poorly
indexed crystalline mixture of tin oxides which may be
assigned mainly to orthorhombic SnO (PDF#77 —2296)
with minor peaks of other tin oxide phase; namely romar-
chite SnO (Fig. 1a). At 120 °C, the precipitate is very pale
gray in color, a slight improvement occurs in the peak but
still weak intensities, which refer to the peaks of romar-
chite SnO (PDF#78 - 1913) (Fig. 1b). The XRD pattern of
the sample heated at 140 °C, which was pale gray in col-
or, showed a romarchite SnO structure (PDF #78-1913)
with sharp intensities. However, the intensities of the (001)
and (002) peaks of SnO powder show higher intensity ra-
tios than those of the standard diffraction pattern (Fig. 1c).
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This agrees well with certain findings 34 48. According to
Pires et al. 34, the natural tendency of the SnO nanoplates
to align themselves parallel to the sample holder was re-
sponsible for the increase in the intensity of the (002) peaks
in the X-ray diffractograms. As the temperature proceeds
to 160 °C (Fig. 1d), the diffraction pattern implies strong
and narrow peaks matching well with the tetragonal black
romarchite (SnO) structure (PDF#78 —1913).
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Fig. 1: XRD patterns of the C-H samples treated for 4 h at different
temperatures: a) 100, b) 120, ¢) 140 and d) 160 °C.

Fig. 2 shows the XRD spectra of the as-prepared SnO un-
der microwave irradiation at 100 to 120°C for different
durations (30 min to 4 h). According to Fig. 2a, the main
peaks of the XRD data for samples heated for4 hat 100 °C,
their color being grayish beige, indicate the co-presence of
abhurite (Sn,{Cl;¢ (OH) 4 O) with hexagonal symme-
try (PDF #72 —0252) as the main developing phase, along
with some peaks of lower intensities belonging to tetrago-
nal romarchite SnO. Samples heated for 30 min at 120 °C,
which are beige in color, indicated the domination of ab-
hurite peaks with no signs of any other phases (Fig. 2b).

On heating for 1h at 120°C, strong narrow peaks of
tetragonal black romarchite prevail as the sole phase
present in the synthetic powder (Fig.2c). Under such
microwave conditions, a further increase in the treatment
time to 4 h positively affects the intensities and sharpness
of the romarchite peaks (Fig. 2d), it has no effect on the
oxidation state of the SnO at this temperature.

After heat treatment in air for 1h at 700°C, samples
obtained at 160 °C/4 h with the conventional hydrother-
mal process were completely oxidized to SnO, as a sin-
gle phase and their XRD lines match perfectly the typ-
ical tetragonal cassiterite (PDF#41—1445) 49,as shown in
Fig. 3.

(2) Microstructure analysis

Figs.4 (A and B) describe the different morphologies
of the as-prepared products prepared for different dura-
tions at 100 to 160 °C under both conventional and mi-
crowave heating, respectively. Fig. 4A | shows the micro-
graph of the sample obtained at 100 °C/4 h under conven-
tional heating presenting the first stage of SnO crystalliza-
tion process in which particles of indistinct shape and wide
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size range could be observed. Meanwhile, the microwave
samples heated for only 30 min at 100 °C show uniform-
ly sized nano-particles of spherical morphology in a ho-
mogenous texture with a narrow range of particle size dis-
tribution from 10 to 15 nm (Fig. 5a). When the treatment
time is increased to 4 h (Fig. 4B ), the powder shows vari-
ous crystalline aggregates (thread balls-like) of non-sepa-
rated platelets (identified by means of XRD as abhurite in
Fig. 2a along with some minor SnO structures) consisting
of stacked platelets of hexagonal morphology (identified
as SnO in Fig. 2a). Elevating the microwave temperature
to 120 °C (for 30 min) caused a notable change in the ab-
hurite aggregates towards thinner and more developed six-
sided platy to tabular abhurite crystals with a particle size
in the range of 500 nm — 0.2 pm in thickness and less than
20 pmin width (Fig. 4B,). In Fig. 4B3, aclear improvement
in the crystallization process could be seen when the time
was increased to 1 h at 120 °C where well developed SnO
crystals of decahedral romarchite symmetry are dominant
all over the scanned area, matching the results of the XRD
data shown in Fig. 2c.
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Fig.2: XRD patterns of the M-H heated samples at different
temperatures and durations: a)100°C/4h, b)120°C/30 min,

¢)120°C/1h and d) 120°C/4 h.

Theincrease in the treatment time to 4 hat 120 °C strong-
ly affects the powder crystallinity as shown in Fig. 4B, in
which bigger crystals of romarchite of less than 10— 50 pm
in size are seen. On the other hand, the micrographs of C-
H samples, obtained after long duration of 4 h at tempera-
tures of 120 and 140 °C still show spherical nano-particles
in the size range from 85 to <200 nm (Fig. 4A, and A3). At
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160 °C, different sizes of square-like (faceted) grain crys-
talline structure of tetragonal romarchite are obtained as
indicated in Fig. 4A 4.
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Fig. 3: XRD pattern of SnO, obtained after product calcination at
700°C for 1 h.
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Fig. 4: SEM images of tin oxide powders obtained at different tem-
peratures and durations under both conventional and microwave
heating. Ab: refers to Abhurite in B;.

After calcination for 1 h at 700 °C of the sample treated
in the conventional hydrothermal process at 160 °C/4 h,
romarchite (SnO) decomposes and transforms into nano-
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cassiterite SnO); in the form of spherical-shaped particles
with sizes in the range of 20 to 70 nm as shown in Fig. 5b.

Fig.5: Uniform nano-particles developed under microwave heat-
ing a)at 100°C/30min and b) nano-particles of cassiterite, SnO,,
obtained after calcination of romarchite at 700 °C/1 h.

XRD results of microwave-heated samples clearly in-
dicate early crystallization of the tetragonal romarchite
phase after only 1h at 120°C as compared with 4h at
120 °C for the C-H method. Pires et al. 34, who used the
same version of our microwave instrument and precursor
but different mineralizers (NaOH, KOH and NH,OH),
reported the formation of SnO at 120 °C or 180 °Cfor 2 or
6 hand they treated SnO for 2 hat 800 °C to prepare SnO,.

However, for the major applications of romarchite SnO
in lithium battery anodes, coating materials and catalysts
in maleamic acid cyclization, and lactic acid polymeriza-
tion, synthesis of romarchite SnO has not been as wide-
ly studied as the synthesis of cassiterite owing to its insta-
bility. In this work, based on application the microwave-
hydrothermal technique, we have succeeded in preparing
SnO at a lower temperature and shorter time in compari-
son with other findings 34.

One of the methods to improve the densification behav-
ior of SnO,, is based on the preparation of homogeneous
nano-sized powders, which are a key driving force for
densification. So the obtained nano-SnO, powder may be
sintered with additions of other additives such as In,O35
in order to fabricate ITO ceramics for use as targets for
the sputtering technique to prepare ITO thin films when
highly conductive, transparent thin films are required for
flat panel displays, defrosting windows, electromagnetic
shielding and solar cells, etc. This work may be continued
in further research.

IV. Interpretation of the Results

The obtained results could be explained based on the
microwave heating process, which fundamentally differs
from the conventional process in that heat is initiated as
a result of interaction between the dielectric properties of
the materials and the oscillating electromagnetic field gen-
erated by the microwaves. This leads to the rotation of
molecular dipoles and causes subsequent energy dissipa-
tion as heat from the internal resistance to that rotation 0.
Therefore, the heating in this process is volumetric and
penetrating and distributed in a fastand homogenous way;,
causing the reactants to be set in action at the same time
and favoring earlier and simultaneous nucleation 31 -52. In
contrast, the presence of different generations of crystals
is a characteristic property of conventional heating tech-
nique, where the co-presence of differently sized crystals
in the same product is attributed to the slow temperature

Vol. 5, No. 3

rise allowing the nucleation to continue for nearly the en-
tire duration of the process 3.

J. Jouhannaud et al. 47 used tin tetrachloride as precur-
sor for SnO, synthesis with microwave heating. They re-
ported that the generation of tin (IV) oxide nanoparticu-
late is based on microwave thermohydrolysis of metal salt
solutions 5456, This could be viewed in the light of know-
ing that most polyvalent cations are readily hydrolyzed
and that deprotonation of coordinated water molecules is
greatly accelerated with increasing temperature. The pro-
duced hydrolyzed species are intermediates to precipita-
tion of metal oxides. Based on the above, Pires et al. 34 ex-
plains the formation of nanoparticles as starting with the
hydrolysis of the SnCl,-2H,O precursor in aqueous solu-
tion to produce Sn(OH),, leading to the formation of SnO
nanoplates according to the following possible chemical
reaction:

Sn(OH), 4 —>Sn2++20H"~ (1)
Sn(OH), < SnO + H,O T 2)

In the present work, the previous reaction path seems to
be applicable only for the conventionally heated samples.
However, XRD and SEM results of microwave samples
indicated the presence of abhurite (Sn,Clj4 (OH) 4 Og)
structure as the major phase obtained after heating at
100°C/4 hand, at 120 °C/30 min. Abhurite converts read-
ily to tetragonal romarchite on a slight increase in the
treatment time from 30 min to 1h at the 120°C. Thus,
the later finding probably suggests the introduction of
abhurite as an additional step in the hydrolysis process en-
countered in the crystallization passage of SnO synthesis
under microwave conditions. The following path may be
suggested:

Sl’121C116(OH) 1406 + 6H20—)

21Sn2+ + 16CI 4 260H ®)
21 SnO + 15H20 + Cl_16—> (4)
Sn21C116(OH)1406 +160H

Natural abhurite has a tin hydroxychloride composition
of Sn,{Cli((OH) 404 stoichiometric compositionand a
thin, six-sided, platy to tabular crystal structure with trig-
onal symmetry. Its formation is confined to the reaction of
pure tin with sea water and has been exclusively associated
with tin ingots from shipwrecks 5738,

V. Conclusions

In this work, we report for the first time on the prepa-
ration of abhurite phase with the microwave-hydrother-
mal technique, which may be adapted to specific appli-
cations. Microwave and conventional hydrothermal syn-
thesis of micro-/nano-sized SnO is compared. Products of
both methods yielded different morphologies, i.e. mainly
square-like and decahedral. The powders produced with
microwave heating showed earlier crystallization of the
tetragonal romarchite phase after only 1 h at 120 °C com-
pared with 4h at 120°C for the conventional method.
The crystallization path of microwave-heated samples
witnessed the formation of abhurite as an intermediate
composition in the reaction passage usually encountered
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in SnO preparation. This confirms the formation of abhu-
rite with the microwave technique, which may contribute
to understanding the reaction mechanism that usually
occurs between tin (II) chloride and urea to obtain tin
oxide. The abhurite structure withstood conditions up to
120 °C/30 minafter whichaslightincrease in the treatment
time resulted in fast conversion to tetragonal romarchite
with good crystallinity. The calcination of romarchite
(SnO) powder for 1 h at 700 °C in air readily converts it to
nano-sized SnO, with a cassiterite tetragonal structure.
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