Materials Letters 211 (2018) 293-295

journal homepage: www.elsevier.com/locate/mlblue

Contents lists available at ScienceDirect

Materials Letters

materials letters

New route in the synthesis of Tin(Il) oxide micro-sheets and its thermal

transformation

@ CrossMark

Adri Huda?, Chanel T. Handoko?, Muhammad Djoni Bustan”, Bambang Yudono ?, Fakhili Gulo **

2 Program Studi Ilmu Lingkungan, Program Pascasarjana, Universitas Sriwijaya Jl. Padang Selasa, No. 524, Bukit Besar, Palembang 30139, Sumatera Selatan, Indonesia
b program Studi Teknik Kimia, Fakultas Teknik, Universitas Sriwijaya JI. Palembang, Prabumulih KM. 32, Indralaya 30662, Sumatera Selatan, Indonesia

ARTICLE INFO ABSTRACT

Article history:

Received 6 June 2017

Received in revised form 9 October 2017
Accepted 10 October 2017

Available online 12 October 2017

The micro-sheets tin(Il) oxide (SnO) has been synthesized using hydrothermal-alkaline solution at 95 °C
(low temperature) under the ambient atmosphere. The as-prepared material showed a romarchite tetrag-
onal structure without impurities. Furthermore, the study of SnO transformation has been carried out by
thermal treatment ranging from 400 °C to 700 °C. The result shows that the transformation was a direct

oxidation without forming any intermediate phases. The SnO started to oxidize at 400 °C and fully trans-
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formed into tin(IV) oxide (Sn0O;) at 600 °C. The thermal treatment has also changed the morphology and
particle size of SnO from micro-sheets-structure to amorphous-flowerlike nanostructure and shifted the
absorption spectra resulting in shorter UV wavelength and higher calculated-band gap.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Tin oxide is a semiconductor that exists in two forms: tin(II)
oxide (Sn0O) and tin(IV) oxide (SnO,). Based on literature reviews,
tin oxide has an intermediate phase (SnyOx+1) which is heterova-
lent tin(II/IV) oxide [1]. SnO is a p-type semiconductor [2], while
SnO, is an n-type semiconductor [3]. Both forms of tin oxide have
received much attention due to their excellent physicochemical
properties, which are suitable to be applied in many sectors
[4-7]. However, the SnO suffered from very poor stability
because of quick oxidation of Sn?* to Sn** and it is quite difficult
to prepare [8].

Tin oxide has been successfully synthesized by some techniques
[8-11]. Among these techniques, the hydrothermal method is the
simplest ways to prepare tin oxide by simply water heating and
no special equipments needed. A simple SnCl, precursor has been
used to prepare the SnO in some reports [12-14]. However, the dis-
solving process of the precursor in water is potential to release
hydrochloric acid (HCI) that will suppress the SnO, forming [13].
The aim of this work is to synthesize the SnO by avoiding the pres-
ence of HCl using alkaline solution in the hydrothermal process.
Moreover, the study of the transformation of SnO also becomes
an interesting issue to clarify the contradictions of the Sn-O phase
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diagram [12]. This study is also important to understand the
transformation of SnO in order to determine its thermal behavior
for optimization of the material function.

2. Experimental

The SnO micro-sheets were prepared by the hydrothermal-
alkaline solution method. The tin oxide were formed by slowly
dissolving SnCl,-2H,0 (1 g, E-Merck), with stirring, in distilled
water and heated at 75°C for 30 min. After the temperature
reached, the pH of the solution was adjusted to 11 by slowly
dropping 5M Sodium Hydroxide (NaOH). The mixture was
refluxed at 95°C for 3h and cooled to room temperatures.
The obtained blue-black precipitation was filtered and washed
using hot distilled water for several times, followed by final
rinses with ethanol. Finally, the precipitation was dried in the
oven at 80°C for 1h and calcined at 300 °C for 3 h. In order
to observe the transformation reaction, the as-prepared SnO
was annealed under ambient atmosphere varying from 400 to
700 °C for 3 h.

The final samples were investigated using X-ray diffractometer
(XRD) (Rigaku-Miniflex-600, Cu-Ko target, A = 1.54187 A), Fourier
Transform Infra-Red (FTIR), Spectrophotometer (IRPrestige-21 Shi-
madzu), Scanning Electron Microscope (SEM) (JEOL JSM-6510LA),
Energy Dispersive X-ray Spectroscopy (EDXS) (JEOL), and UV-Vis
Spectrophotometry (Shimadzu-2450).
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3. Results and discussions

The containing HCl in sample produced during the dissolving
step of precursor has an important role to determine the oxidation
state of tin oxide (Reaction (1)). SnO could not be produced, if there
is presence HCI in reaction, even in small amount (Reaction (2))
[13]. In the hydrothermal-alkaline solution method, the adding of
NaOH would neutralize the formed HCl (Reaction (3)) and substi-
tute Cl~ ions from Sny(OH),Clg to Sny(OH)sCl, which easily trans-
form to SnO as the final product (Reaction (4)).

4SnClys) + 2H,0(y «» Sny(OH),Clg(aq) + 2HCl (g (1)

2SHC12(5) + 02(g) + 2H20(1) — ZSHOZ(S) + 4HCl(aq) (2)
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Fig. 1. XRD pattern of as-prepared sample annealed at 300 °C-700 °C.

a Sample annealed at 300°C with magnification 3.000x
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Sn4(OH)2C15(aq) + ZHCl(aq) + 6NaOH(aq)
— Sn4(OH)6C12(aq) + 6NaCl(uq) + 2H20<,) (3)

SD4(0H)6C12(aq) + ZNEIOH(aq) — 451’10(3) + 2NaCl(aq) + 4H20([) (4)

The XRD patterns of these samples are presented in Fig. 1. All
diffraction peaks are indexed properly to the pure romarchite
tetragonal SnO (JCPDS 06-0395) at 300 °C and show minimum con-
tributions of SnO, and Sn. Based on EDS spectrum, the sample is
only composed by Sn and O without any impurities detected. It
shows that the synthesis technique of hydrothermal alkaline solu-
tion successfully produces pure single crystal of SnO by preventing
the presence of HCI.

Based on observed XRD patterns, the transformation process
begins at 400 °C when thermally activated oxygen stimulates the
nucleation of SnO, [12]. The increasing of temperature above
400 °C enhances the peak intensity of cassiterite tetragonal SnO,
(JCPDS 77-0450) and Sn tetragonal (JCPDS 04-0637), while the
intensity of SnO slowly decreases caused by oxidation (Reaction
(5)) [12,15]. There is no intermediate phase peak appeared during
the thermal treatment indicated the direct oxidation. However, the
tetragonal peaks of Sn disappear as temperature reaching 500-700
°C. It indicates that there is a further oxidation of Sn particles
occured (Reaction (6)).

25n0¢;) < SnOxs) + Sng) ®)

Sng) + Oz < SN0 (6)

Fig. 2 shows the morphology structure of micro-sheets. The
morphology changes also show that the oxidation of SnO occurs
during thermal treatment. SnO has three-dimensional (3D) micro-
spheres which assemble into dense micro-sheet sub unit (Fig. 2a).
The thickness of micro-sheets varies from 0.100 um to 0.700 um
(Fig. 2b) which is 0.3536 +0.158 um in average. The minimum
and maximum thicknesses are 0.144um and 0.629 um

C Sample annealed at 500°C with magnification 3.000x

SEI  16kV

FMIPA ITB 20 Feb 2017

20 Feb 2017

x20,000_ 1pm

Fig. 2. SEM images of the sample (a and b) annealed at 300 °C with magnification 3.000x and 20.000x respectively; the sample (c and d) annealed at 500 °C with

magnification 3.000x and 20.000x respectively.
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Fig. 3. (a). UV-visible absorption spectra and (b) direct band gap of the sample in several temperatures.

respectively. In thermal treatment, SnO that has polygon-type
morphology (Fig. 2a) would obtain the amount of energy to diffuse
oxygen to the surface and start to tilt forming the micro-flower
structure [10,12,15]. By increasing the temperature, the micro-
flower structure would further transform to the amorphous-
flower-like nanostructure corresponded to SnO, structure transfor-
mation (Fig. 2c). Furthermore, this morphology change has an
effect on the thickness of sheets, decreasing from 0.036 um (36
nm) to 0.085 pm (85 nm) (Fig. 2d). It may also be interesting that
the thermal treatment could control the nucleation process and
crystal morphology of tin oxide.

The transformation of SnO is also confirmed using FTIR and UV-
vis spectrophotometer. Through FTIR, the transformation could be
observed by peak shifting from 400 cm~! to 700 cm ™! as the asym-
metric vibration fingerprint of Sn-O-Sn [16]. At ~501 cm™', the
appeared peak could be assumed as the vibration peak of Sn-O as
it has previously been reported by Campo et al. in which the vibra-
tion peak appears at 520 cm~! [12]. The increasing of annealing
temperature also slightly shifts the peaks from 501 cm™!, 609
cm~!, 624 cm~', and 623 cm™! due to the transformation of Sn-O
to be Sn-0, [17,18].

UV-Vis spectrophotometer proves the transformation of the
micro-sheets by analyzing the changes of adsorption spectrum.
At 300 °C and 400 °C, the absorption spectra of the sample have a
flat pattern both in UV and Vis wavelength which confirms as
SnO [19]. Furthermore, the absorption properties of the sample
could be explained further by calculating the band gap using Tauc
plot method [20]:

ohv = A(hv — Eg)"

where o is the optical absorption coefficient, hv is the photon
energy, Eg is the band gap, A is constant, and n is equal to 1/2
and 2 for direct and indirect transition, respectively.

The direct band gap is approximately 2.20-2.10 eV, while the
indirect band gap could not be determined due to its narrow band
gap. The narrow band gap should form a flat pattern both in UV
and Vis wavelength [19]. When the annealing temperatures
increase to 500 °C, 600 °C, and 700 °C, there are changes of the
maximum wavelength becoming shorter wavelength. It is also pro-
ven by calculating the band gap with Eg values of 3.19, 3.50, and
3.80 eV (Fig. 3d). The wide bandgap confirms that SnO, is an n-
type wide band gap (~3.6 eV) semiconductor [21].

Based on the above results, the transformation reaction of as-
prepared SnO is a direct oxidation without forming the intermedi-
ate phases. Tin(Il) oxide directly transforms to tin(IV) oxide after
reaching energy during thermal treatments. It is necessary to
understand the transformation process of tin oxide to control the
phase changes for the future applications.

4. Conclusion

In summary, the pure tin(II) oxide was successfully prepared by
using a new route hydrothermal-alkaline solution technique at pH
11 and a low-temperature of 95 °C. The as-prepared material has a
single crystal of SnO without any impurities. It starts to oxidize at
400 °C and fully transforms to SnO, at 600 °C. The transformation
of SnO is a direct oxidation without forming the intermediate
phase of tin oxide. The transformation affects the morphology, par-
ticle size, and absorption characteristics of SnO.
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