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characterization
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Abstract

Nanomaterials have gained a lot of interest due to their application in various fields. Tin oxide (SnO,) is an important
n-type wide band-gap semiconductor in the field of gas sensing devices due to its chemical and mechanical stability.
Here, SnO, nanoparticles were synthesized by a simple chemical co-precipitation method followed by annealing the
obtained nanoparticles at different temperatures. Several characterization techniques like powder X-ray Diffraction, Scan-
ning Electron Microscope, Energy-Dispersive X-Ray spectroscopy, and Ultraviolet-Visible spectroscopy, Fourier Transform
Infrared Spectroscopy were carried out to analyze the structure, size, morphology, elemental composition and optical

properties of the prepared SnO, nanoparticles.
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1 Introduction

Nanomaterials have attracted the interest of scientists all
across the globe after the famous inspiring speech by Fey-
nman stating, ‘there is plenty of room at the bottom’[1].
This ignited a revolution in the research community which
led to exploration of materials and their properties down
to the nano scale in every field of science. Nanoparticles of
wide-bandgap semiconductors such as Tin Oxide (SnO,)
have been in the limelight as they have found applications
in gas sensing, humidity and temperature sensing, lithium
batteries, transistors, transparent conducting electrodes,
liquid crystal displays, photovoltaic devices and as a key
element in opto-electronic devices [2-9]. The performance
of such semiconducting nanoparticles like their response
time, stability, selectivity, sensitivity etc. depends chiefly
upon the size of particles, which in turn can be con-
trolled by varying the pH of the solution, concentration of

precursor and precipitating reagents [3, 4]. SnO, is a versa-
tile n-type semiconductor with a crystalline structure and
depending on the synthesis procedure it can have optical
(direct) transition corresponding to 3.6-3.8 eV or an indi-
rect transition near 2.7-3.1 eV [5, 6].

SnO, can be synthesized by various methods like crystal
spray pyrolysis, hydrothermal methods, thermal evapora-
tion, microwave-assisted combustion method, sol-gel
method and electrochemical synthesis as mentioned in
previous literatures [5-13]. Koshay et al. had prepared the
nanoparticles through sol-gel technique having a tetrago-
nal structure with an average particle size of 12.10 nm [2].
Naje et al. conducted experiments to obtain SnO, nano-
particles through chemical precipitation method. The mor-
phology shows tetragonal structure with particle size in
the range of 8-10 nm [6]. Razeghizadeh et al. performed
the experiments with Sol-Gel technique which results
in tetragonal structure of SnO, having different average
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crystallite size for different solution concentrations (17 nm,
18.8 nm, 74.8 nmfor 0.1, 0.3, 0.5 M respectively) [7]. Thakre
et al. made SnO, thin solid films through physical vapour
deposition technique. Further the thin films were used for
gas sensing purpose [9]. Nehru et al. synthesized the SnO,
nanopowder through microwave assisted combustion
method and tetragonal rutile structure with 8 nm particle
size was found [12]. Chen et al. had synthesized the tin
oxide nanoparticles through electrochemical synthesis
having tetragonal rutile structure and the average size of
the annealed particles was found to be 15.4,12.5,11.8 nm
for different voltages i.e. 20V, 30 V and 40 V respectively
[14].

Amongst the various proposed methods, chemical co-
precipitation method possesses the advantages of being
easily reproducible, utilizes simple laboratory equipment,
low in impurity, less time consuming, and ease of pro-
cessability. Hence in this paper, chemical co-precipitation
method has been chosen for synthesis of SnO, nanopar-
ticles (NPs) [15]. The prepared SnO, NPs were annealed
at three different temperatures. The finally obtained
NPs were analyzed for their structure, size, morphology,
elemental composition and optical properties by several
characterization techniques like powder X-ray Diffrac-
tion (XRD), Scanning Electron Microscope (SEM), Energy-
Dispersive X-Ray spectroscopy (EDX), Fourier Transform
Infrared (FTIR) Spectroscopy, and Ultraviolet-Visible (UV)
spectroscopy. XRD confirmed the tetragonal structure of
the NPs and the average crystallite size increased with the
rise in annealing temperature which led to change in the
bandgap.

2 Materials

The chemicals were used as received without any addi-
tional purification. Stannous chloride (SnCl,-2H,0) was
purchased from Central drug house (p) Ltd. having molec-
ular weight 225.63 (99.6% pure). Ethanol was purchased
from Changshu Hongsheng fine chemicals. Liquor Ammo-
nia (NH;) and Hydrochloric acid (HCI) were purchased from
Fisher Scientific. Double Distilled (DD) water prepared in
laboratory was used wherever necessary.

3 Synthesis

SnO, NPs were prepared by chemical co-precipitation
method. 0.27 M SnCl,-2H,0 was added to DD water and
ethanol (2.2:1 v/v) in a 1000 mL beaker under continuous
magnetic stirring for 60 min in order to obtain a homo-
geneous solution. 50 mL of HCl was added drop wise in
order to reduce the precursor and the solution was kept on
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stirring for another 30 min to allow proper mixing result-
ing in a clear transparent solution. Later aqueous NH;was
added dropwise till the pH of the solution became 8.5 and
a milky white solution was obtained. The solution was kept
on continuous stirring for another 3 h. After this the stir-
ring was stopped and the beaker was kept undisturbed
overnight in order to facilitate the particles to settle down
completely.

The solution was then washed with DD water and etha-
nol multiple times so as to remove the residual chlorine
content using 125 mm Whatman filter paper (Cat no. 1001
125). The resulting product was covered and left for drying
overnight. The dried powder was then divided into three
parts and annealed at 400 °C, 500 °C, and 600 °C named as
Sn4, Sn5, and Sn6 respectively.

4 Characterization techniques

4.1 Sructure, morphology and elemental
composition

To identify the crystalline structure and crystallite size
of the prepared NPs, XRD studies were carried out using
X'Pert PRO Wide Angle X-Ray Diffraction (WAXD) using
Cu-ka source with voltage 40 kV and current 30 mA in the
20 range 20° to 90° at a scan speed of 2°/min. The obtained
XRD pattern of Sn4, Sn5 and Sné6 is shown in Fig. 1. We
can observe a consistent narrowing of the peaks as the
annealing temperature was increased which reflects upon
the decreasing full width at half maxima (FWHM) as we go
from Sn4 to Sn6. The narrowing of peaks is directly related
to the increase in average crystallite size of the NPs. With
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Fig. 1 XRD pattern of the SnO, NPs
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the increase in the annealing temperature, the SnO, par-
ticles have more energy at their disposal which allows
the particles to coalescence together, thereby leading
to formation of bigger particles [16]. The crystalline size
or average size of SnO, NPs can be estimated by using
Debye-Scherrer Formula as shown in Eq. (1).

(k * )

- p + CosO M

where ‘D’ represents average crystallite size, 'k’is the shape
factor having value 0.9, ‘N is wavelength of Cu-ka radia-
tion (1.54059 A), ‘B’indicates FWHM of the peak and ‘0’ is
Bragg’s angle in degrees. The calculated average crystalline
size of SnO, NPs Sn4, Sn5 and Sn6is 11.8 nm, 16.6 nm, and
35.8 nm respectively. Figure 2 shows the graphical rep-
resentation of average crystallite size with the annealing
temperature. The nonlinear increment in crystallite size
with rise in annealing temperature is consistent with the
available literature [17, 18].

The obtained XRD pattern corresponds to the tetrago-
nal (rutile) phase of the SnO, crystal structure as confirmed
by the JCPDS data 41-1445 and 88-0287 [14, 19]. Table 1
summarizes the major peak position (20), the d-spacing
that represents interplanar distance, miller indices, and
FWHM of the three samples. It can be clearly seen that
the FWHM decreases from Sn4 to Sn6 with an almost con-
sistent d-spacing. Further, it can be observed that some
small peaks are also present in all the three samples which
represent different miller indices of the tetragonal phase
of Sn0O,, however they tend to diminish in intensity with
increase in average crystallite size. The absence of any
overlapping peaks over the standard peaks confirms that
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Fig.2 Variation of average crystallite size with annealing tempera-
ture

Table 1 XRD parameters of the SnO, NPs

Samples Planes 20 FWHM (degrees) d;spacing
(hkl) (degrees) (A)
Sn4 110 26.5900 0.70000 3.34964
101 33.8900 0.81000 2.64296
211 51.7975 0.75500 1.76358
Sn5 110 26.5080 0.62400 3.35982
101 33.7814 0.63710 2.65121
211 51.7062 0.62750 1.76648
Sné 110 26.5556 0.33130 3.35390
101 33.8490 0.28250 2.64607
211 51.7620 0.28040 1.76471

the prepared NPs have single phase and are devoid of any
impurities.

ZEISS EVO 50 SEM with an acceleration voltage of 15 kV
and a magnification of 4 k X was used to check the surface
morphology of the SnO,NPs.The powdered sample was
spread uniformly on the conductive double-sided adhe-
sive carbon tape (Micro to Nano, Product No. 15-000505).
The obtained images are shown in Fig. 3. From the images
itis clear that Sn4 (Fig. 3a) has almost circular shaped par-
ticles along with some non-uniform rod like structures
and agglomerations. The non-uniformity in structure and
agglomerations tend to increase in Sn5 and Sné6 (Fig. 3b,
¢). Owing to the increase in annealing temperature, the
agglomerations in NPs occur leading to irregular mor-
phology of the samples. As suggested by XRD, it is clearly
observable through SEM that the average particle size has
also increased from Sn4 to Sné.

For assessing the elemental composition of the sam-
ples, RONTEC's EDX system Model QuanTax 200 attached
to the SEM instrument was used. The obtained figures for
the three samples are shown in Fig. 4. Table 2 shows the
weight % and the atomic % of the corresponding elements
as obtained from Fig. 4. From the analysis it is clear that
Sn and O peaks are present in majority in the appropriate
ratio thereby confirming the formation of SnO, NPs. Fur-
ther trace peaks of C and Al can also be observed which
are present due to the carbon tape that was used for the
spreading of sample.

5 Optical study
5.1 UV-visible spectroscopy

Shimadzu 1800 UV-Vis spectrophotometer in the wave-
length range of 200 nm to 800 nm was used to study the
optical property of SnO, NPs. Small amount of the sam-
ples Sn4, Sn5 and Sn6 were taken in sample vials with DD
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Fig.3 SEMimages of aSn4, b
Sn5,and ¢ Sn6

water and sonicated for 1 h so as to allow proper disper-
sion in the solvent. Few mL of sample was transferred to
the quartz cuvette and dispersed in DD water for carrying
out the analysis. The obtained absorption spectrum of Sn4,
Sn5 and Sn6 NPs is shown in Fig. 5. The first absorption
maxima (A,,,,) of Sn4, Sn5 and Sn6 is observed at 289 nm,
292 nm and 303 nm respectively. A secondary absorption
peak can also be seen at~230 nm which is consistent for
all the three samples. The samples show a consistent rise
right from 800 to ~400 nm after which change in slope is
observed. This kind of behavior is typical with wide band-
gap semiconductors since they show no absorption in the
visible region [20].

The optical bandgap energy (E;) was calculated by
using Tauc’s relation a given in Eq. (2).

(ahv) = A(hv — Eg)"? )

where ‘d’ is optical absorption coefficient, ‘h’ is planck’s
constant, 'v'is frequency of incident photon,‘hv'is energy
of incident photon, ‘E;"is energy of optical bandgap. The
plot (ahv)? versus (hv) is obtained from it. Since the thick-
ness of the sample is negligible in case of liquid medium,
the value of ‘a’ is considered to be the same as that of
Absorbance (A) which is obtained from the UV-Vis absorp-
tion. The value of optical band gap can be measured by
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extrapolating a straight line from the plot to intersect the
horizontal photon energy axis (absorption equal to 0). As
mentioned previously that SnO, can possess both direct or
indirect bandgap, however in our case it is direct bandgap
as the indirect transition did not result in any ‘straight line’
which could be justified and extrapolated for evaluating
the value of bandgap. From Fig. 6 it is observed that the
optical bandgap energy of the nanoparticles does not
follow the usual pattern of decrease in band gap with
increase in the annealing temperature. The Eg of Sn4, Sn5
and Sné is found to be 3.5 eV, 3.7 eV, and 3.0 eV respec-
tively. Compared to the direct bulk bandgap of SnO,
(~3.68 V), as the annealing temperature increases the
bandgap of NPs is found to decrease as well as increase.
This happens due to the fact that SnO, NPs do not fol-
low quantum confinement effect strictly owing to the
presence of defect sites in the crystal lattice and oxygen
vacancies [21, 22]. The electronic structure of SnO, has a
complex architecture thus its bandgap never follows any
defined pattern [23]. Owing to this, we can see that the
bandgap of Sn5 has increased to 3.7 eV before decreas-
ing to 3.0 eV in Sné. This irregular change in bandgap can
easily be correlated with the elemental stoichiometry
obtained from the EDX analysis (Table 2). The O:Sn ratio
in Sn5 is least compared to Sn4 and Sn6, hence we have
obtained a deviation in bandgap of SnO, NPs.
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Table 2 .E.Iemental Element Sn4 Sn5 Sné
composition of Sn4, Sn5 and
Sn6 Weight (%)  Atomic (%)  Weight (%)  Atomic (%)  Weight (%)  Atomic (%)
Carbon 3914 11.456 5.761 18.259 12.770 30.839
Oxygen 30.971 68.053 24.586 58.499 27.348 49.581
Aluminum 1.196 1.558 0.827 1.167 5.955 6.401
Tin 63.919 18.933 68.826 22.075 53.927 13.179

6 FTIR

400-4000 cm™' to identify the functional groups and
confirm the formation of SnO,. Small amount of the NPs

The FTIR analysis of the SnO, NPs was carried out ~ were sonicated in ethanol for an hour and 50 uL was
using Agilent CARY 630 in the wavelength range  dropped on the FTIR tip for analysis. The obtained spec-

trum is shown in Fig. 7. The broad peaks between 500
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Fig. 5 UV-Vis Absorption spectra of Sn4, Sn5 and Sné
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Fig. 6 Bandgap plot of Sn4, Sn5 and Sné

and 700 cm~" indicates the formation of Sn0O, [24, 25].
The rest of the peaks pertaining to C-H and O-H are due
to the presence of ethanol thereby further confirming
the purity of the prepared NPs. The obtained peaks are
listed in Table 3.
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Fig. 7 FTIR spectra of Sn4, Sn5, Sn6

7 Conclusion

In this paper we have successfully synthesized crystalline
SnO, NPs via chemical co-precipitation method. Since
chemical co-precipitation method does not require any
high-end instruments for synthesis and the method
itself is free from any complications, hence the synthe-
sized SnO, NPs are low-cost and simple to reproduce.
The XRD pattern revealed the tetragonal structure of the
NPs with rutile phase. The average crystallite size of the
NPs increased with increase in the annealing tempera-
ture while the optical bandgap energy showed devia-
tion from the quantum confinement principle. SnO,
being a compound with complex electronic structure,
the bandgap did not show any patterned change with
annealing temperature. SEM revealed the agglomeration
and non-uniform nature of the particles with increase
in the annealing temperature which is consistent with
our previous observations. The EDX analysis confirmed
the preparation of SnO, devoid of any impurities which
was further affirmed with FTIR spectrum also. The cho-
sen synthesis method is easily replicable for mass pro-
duction of SnO, NPs. Further, the small crystallite size
of the SnO, particles and the absence of any inherent
impurities make it an excellent candidate for gas sensing
purposes [26-28]. The prepared NPs are currently being
tested for gas sensing applications and the results will
be communicated shortly.
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Table 3 Functional group

identifications from FTIR sn4 ons 5n6
spectrum Wavenum-  Functional group Wavenum-  Functional group Wavenum-  Functional group
ber (cm™) ber (cm™) ber (cm™)
3414.48 O-H 3426.47 O-H 3414.48 O-H
2934.69 C-H stretch 2996.66 C-H stretch 2996.66 C-H stretch
2873.72 C-H stretch 2934.69 C-H stretch 2934.69 C-H stretch
1374.38 C-H rock 1374.38 C-H rock 1374.38 C-H rock
686.69 Sn-0-Sn 625.72 Sn-0-Sn 625.38 Sn-0-Sn
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