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Abstract: Tin oxide (SnO,) nanoparticles were cost-effectively synthesized using nontoxic chemicals and green tea (Camellia sinensis) ex-
tract via a green synthesis method. The structural properties of the obtained nanoparticles were studied using X-ray diffraction, which indi-
cated that the crystallite size was less than 20 nm. The particle size and morphology of the nanoparticles were analyzed using scanning elec-
tron microscopy and transmission electron microscopy. The morphological analysis revealed agglomerated spherical nanoparticles with sizes
varying from 5 to 30 nm. The optical properties of the nanoparticles’ band gap were characterized using diffuse reflectance spectroscopy.
The band gap was found to decrease with increasing annealing temperature. The O vacancy defects were analyzed using photoluminescence
spectroscopy. The increase in the crystallite size, decreasing band gap, and the increasing intensities of the UV and visible emission peaks in-

dicated that the green-synthesized SnO, may play future important roles in catalysis and optoelectronic devices.
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1. Introduction

Tin(IV) oxide (SnO,) nanoparticles have a large va-
riety of applications in the fields of catalysis [1], energy
storage [2], sensors [3], dye-sensitized solar cells [4], medi-
cine [5], and optoelectronics [6] because of their unique
physical and chemical properties [7]. Compared with the
bulk material, the transformed nanostructures have received
greater attention in recent research because of their im-
proved properties [8]. SnO, is an n-type semiconductor with
a direct band-gap energy of ~3.6 eV [9]. Because of its large
band-gap, it exhibits remarkable sensitivity in gas sensor
applications [10]. Because of its high specific area, good
stability, and low density, it is used in sensors to improve
their response time and sensitivity [11]. Its large number of
active sites, high surface response, and strong radiation ab-
sorption enhance the photocatalytic removal of dyes [12]. It
is used as an anode material in Li-ion batteries with high
theoretical capacity [13]. In addition, the band-gap of SnO,
nanoparticles responds to UV irradiation, making it useful
in solar cells [14].
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SnO, nanoparticles with various shapes and sizes have
been synthesized using sol-gel [15], precipitation [16], hy-
drothermal [17], solvothermal [18], and green synthesis
methods [19]. Among these methods, the green synthesis of
nanoparticles using leaf extracts is an eco-friendly process
involving nontoxic reagents. Haritha et al. [20] prepared
SnO, nanoparticles with a crystallite size of 47 nm using the
root bark extract of Catunaregam spinosa. Fu et al. [21]
achieved 91% of photodegradation of rhodamine B dye in
the presence of SnO, nanoparticles prepared using Plec-
tranthus amboinicus leaf extract. Bhattacharjee et al. [22]
used urea in the synthesis of SnO, nanoparticles via a green
method involving microwave heating and obtained 4-nm
quantum dots that degrade eosin Y dye more effectively than
commercially obtained SnO,. Zheng et al. [23] used Corym-
bia citriodora leaf extract to synthesize polyhedron-shaped
ZnO nanoparticles and investigated their photocatalytic per-
formance toward the degradation of methylene blue.

Nishant and Mausumi [24] used Gram-negative bacte-
rium Erwinia herbicola to prepare 15-40 nm SnO, nanopar-
ticles to degrade organic dyes. Zheng et al. [25] prepared
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reduced graphene oxide (RGO)-Ag nanocomposites with a
crystallite size of 18.7 nm using Plectranthus amboinicus
leaf extract. Begum et al. [26] also studied dye removal us-
ing 5-nm SnO, nanoparticles prepared using L-lysine mo-
nohydrate as a mediator. Diallo et al. [19] synthesized SnO,
nanoparticles with diameters less than 20 nm using Aspala-
thus linearis and observed that the smallest SnO, nanopar-
ticles exhibited effective photocatalytic properties. Elango
and Roopan [27] prepared 21-nm SnO, nanoparticles using
Cyphomandra betacea extract and characterized their pho-
tocatalytic degradation of methylene blue. Fu and Fu [28]
synthesized photocatalytically active ZnO nanoparticles
with emission in the UV region using Plectranthus amboi-
nicus leaf extract.

Thus, on the basis of the aforementioned studies, the
controlled size and morphology of nanoparticles clearly
plays an important role in various photocatalytic applica-
tions. To the best of our knowledge, the synthesis of SnO,
nanoparticles using green tea extract has not yet been re-
ported. The purpose of this work is to study the structural
and optical properties of SnO, nanoparticles synthesized
using green tea (Camellia sinensis) extract. The polyphe-
nolic compounds present in green tea, which are called ca-
techins, undergo oxidation [29]. These compounds exhibit
antioxidant properties and function as reducing agents of
metal ions during the green synthesis of SnO, nanoparticles.

2. Experimental
2.1. Materials

Purified tin(Il) chloride (SnCl,) was purchased from
Merck. The leaves of green tea were purchased from Su-
priya Tea Co., Kerala, India. Deionized water was used
throughout the experiments.

2.2. Method

2.2.1. Extract preparation

A weighed 5-g sample of green tea leaves was added to
100 mL of double-distilled water; the resulting mixture was
heated at 80°C for 20 min and then filtered. The filtered ex-
tract was stored in a refrigerator until further use.
2.2.2. Synthesis of SnO, nanoparticles

50 mL of 0.05 M SnCl, solution was added to 50 mL of
the aforementioned extract, and the resulting mixture was
heated at 80°C for 30 min. The formed precipitates were
centrifuged to remove the residual particles and then dried in
an oven at 80°C. This as-prepared sample was labeled as TO.
The precipitates were then annealed at 200, 400, 600, and
800°C, and the obtained samples were labeled T2, T4, T6,
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and T8, respectively.
2.2.3. Mechanism

The polyphenols found in green tea act as an antioxidant.
They include four flavanol derivatives: epicatechin (EC),
epigallocatechin (EGC), epicatechin gallate (ECG), and ep-
igallocatechin gallate (EGCG). These polyphenols can func-
tion as both reducing and stabilizing agents [30]. The forma-
tion of SnO, nanoparticles occurs through (i) reduction of
Sn** to Sn’, (ii) the reducing effect of phenolic compounds
(—OH) of green tea extract to form Sn species, and (iii) a
phase transformation of the Sn species into SnO, nanopar-
ticles at higher annealing temperatures. The reduction of
Sn*" occurs via the ~OH groups in EGCG which serve as
both stabilizing and capping agents during the reaction [31].
EGCQG is strongly polar and highly water soluble; it acts as a
stable (electron + proton) donor in interactions, and can be
converted into a radical ion (“semihydro-EGCG”) and then
into dehydro-EGCG through oxidation. The redox reaction
of Sn*" to Sn” occurs through a combination of dehy-
ro-EGCG and EGCG(—OH) groups. The lone pairs of elec-
trons in the polar groups of EGCG occupy 2 sp orbitals of
an Sn*" ion to form an Sn*" complex. The reduction of Sn**
capped with the phenolic compounds forms Sn” nanopar-
ticles inside the nanoscopic templates. In this nanoscale
template, small Sn’ nanoparticles are easily formed. Upon
air annealing, SnO, nanoparticles are formed via oxidation
of Sn” [30,32]. The mechanism for the synthesis of SnO, is
shown in Fig. 1.

2.3. Characterization

The crystal structure and crystallite sizes were deter-
mined from the X-ray diffraction (XRD) patterns recorded
using a PANalytical Xpert-Pro X-ray diffractometer
equipped with a Cu K, radiation source; the samples were
scanned over the 26 range from 10° to 80°. The microstruc-
ture morphology of the nanoparticles was investigated by
high-resolution transmission electron microscopy (HR-TEM)
on a JEOL JEM 2100. The optical reflectance was characte-
rized using UV—Vis diffuse reflectance spectroscopy (DRS;
Shimadzu UV-2700) in the wavelength range from 220 to
800 nm; BaSO, was used as a standard. The surface mor-
phology was analyzed using high-resolution scanning elec-
tron microscopy (HR-SEM) carried out on an FEI Quanta
FEG 200. The nanoparticles’ elemental composition was
obtained by energy-dispersive X-ray (EDX) analysis con-
ducted using a spectrometer attached to the scanning elec-
tron microscope. A Cary Eclipse EL08083851 fluorescence
spectrophotometer was used to collect the photolumines-
cence (PL) spectra with an excitation wavelength of 310 nm.
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Fig. 1.
3. Results and discussion

3.1. X-ray diffraction analysis

The XRD patterns of the green-synthesized SnO, nano-
particles (TO, T2, T4, T6, and T8) are shown in Fig. 2. The
patterns of the TO and T2 samples do not show any XRD
peaks, indicating that these samples are amorphous. In the
case of the sample annealed at 400°C, the crystallinity im-
proved, resulting in the appearance of diffraction peaks at
26.89°, 33.45°, 51.34°, and 65.2°, which are ascribed to the
(110), (101), (211), and (301) planes, respectively. In the
case of sample T6, seven diffraction peaks appear at 26 an-
gles of 26.59°, 34.22°, 38.05°, 51.97°, 62.06°, 65.96°, and
71.38°; these peaks are related to the (110), (101), (200),
(211), (310), (301), and (202) lattice planes, respectively.

Reaction mechanism for the formation of SnO, nanoparticles.

The obtained 26 values for sample T8 are 26.81°, 34.07°,
37.38°, 52.01°, 54.88°, 62.07°, 66.15°, and 71.47°, which
are associated with the (110), (101), (200), (211), (220),
(310), (301), and (202) planes, respectively. The observed
peaks of SnO, match well with the tetragonal structure given
in JCPDS reference pattern No. (71-0652) [33]. Thus, the
formation of tetragonal-structured SnO, nanoparticles is
confirmed.

Diffraction peaks corresponding to Sn’ were not present.
The enhancement in the intensities of the diffraction peaks
and the narrowing peak width with increasing annealing
temperature clearly indicate the increases in crystallinity and
crystallite size of the green-synthesized SnO, nanoparticles.
Increased crystallinity in the order of T2 < T4 < T6 < T8 is
clearly observed in the XRD patterns. Broad diffraction
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peaks in XRD patterns indicate small particles. The crystal-
lite size calculated on the basis of the full-width at
half-maximum of the (110) plane using Scherrer’s formula
is 6.1, 8.1, and 16.1 nm for samples T4, T6, and T8, respec-
tively. Nanoparticles with sizes less than 20 nm have distinct
physical and chemical properties. The results presented here
indicate that size-controlled SnO, can be synthesized by a
green approach coupled with annealing.

3.2. HR-TEM analysis

Fig. 3 shows a microscopic view of SnO, nanoparticles;
the first row clearly shows the morphology and particle size
of the nanoparticles. Sample T2 exhibits no particular par-
ticle shape, possibly because of its amorphous nature. Upon
annealing, the particles increase in size; spherical shapes are
visible in T4. With a further increase in annealing tempera-
ture, spherical particles become distorted. Thus, an increase
in annealing temperature results in larger particles [34] but
with the odd shapes. The particle size varies in the range
from 5 to 10 nm in the SnO, nanoparticle sample annealed
at 600°C, as marked in the HR-TEM image of T6 (Fig. 3).
In the case of the particles annealed at 800°C, the spherical
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shape observed in the case of T4 gives way to a hexagonal
shape, as evident in the HR-TEM image of T8 (Fig. 3),
which shows particles ranging in size from 16 to 31 nm. The
average particle sizes of 8 and 20 nm were measured for sam-
ples T6 and T8, and these sizes agree well with the crystallite
sizes calculated from the corresponding XRD patterns.
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Fig. 2. XRD patterns of SnO, nanoparticles annealed at dif-
ferent temperatures.
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Fig. 3. TEM images of SnO, nanoparticles showing particle sizes (row 1), d-spacings (row 2), and SAED patterns (row 3).
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The HR-TEM images of SnO, nanoparticles recorded at
increased magnification are shown in the second row of Fig.
3. Lattice fringes are clearly observed in the images of T6
and T8 and are marked on the TEM images. The adjacent
lattice spacing was found to be 0.332 nm in T6 and T8,
which corresponds to the (110) plane of SnO,. The vertical
arrangement observed in the image of T6 (Fig. 3, second
row) is related to the (200) plane with a lattice spacing of
0.238 nm, in good agreement with the XRD results.

The third row of Fig. 3 shows the selected area electron
diffraction (SAED) patterns of SnO, nanoparticles. The
weak diffused rings in the pattern of T2 are consistent with
this sample’s amorphous nature. With increasing annealing
temperature, the crystallinity increases. The multiple rings

observed in the TEM images denote the polycrystalline na-
ture of SnO, nanoparticles, and the lattice plane (44l) values
of the rings confirm the tetragonal crystal structure of SnO,.

3.3. HR-SEM analysis

The HR-SEM images reveal the macro morphology of
the particles, as shown in Fig. 4. The particles are agglome-
rated with spherical-like morphology. The 2-nm hexagonal
shapes observed in the TEM images in Fig. 3 are not clearly
visible in the HR-SEM images at 500-nm magnification.
The SEM images show numerous particles combined into a
nearly spherical shape with nanoscale diameters. The par-
ticle size increases with increasing annealing temperature, in
agreement with the XRD results.

Fig. 4. SEM images of SnO, nanoparticles annealed at different temperatures.

The corresponding EDX patterns are shown in Fig. 5. In
the sample annealed at 200°C, carbon is present as an im-
purity in addition to Sn and O. The peak at 2 keV is due to
the Au coating on the samples prepared for SEM. The car-
bon impurities disappear with increasing annealing temper-
ature, and the calculated weight percentages of 66.10% O
and 33.90% Sn confirm the presence of Sn and O, as clearly
evident in the EDX patterns.

3.4. Diffuse reflectance spectroscopy

DRS was used to determine the band-gap of the
green-synthesized nanoparticles. The band-gap was ana-
lyzed using the Kulbelka—Munk equation:
K/S=(0-R,)*/2R,=F(R)=«a (1)
where S is the scattering coefficient, K is the absorption
coefficient, R = Rgmpie/Rstandard; Roo 18 the reflectance of an
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infinitely thick layer of the sample to hide the substrate and
F(Ry) is the Kubelka-Munk function.

The band-gap energy was obtained from the absorption
spectra using the following equation:
F(R,)hv=K(hv-E,)" )

where Av is the incident photon energy, and E, is the
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band-gap energy of the material. The exponent n denotes
the transition type, where n = 1/2, 2, 3/2, and 3 for al-
lowed direct, allowed indirect, forbidden direct, and for-
172,
which indicates an allowed direct transition in SnO, na-

bidden indirect transitions, respectively. Here, n =

noparticles.
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Fig. 5. [EDX patterns of Fig. 4.

In the Tauc plot, where (av)’ is plotted as a function of
hv, the linear portion of the curve is extrapolated to (ahv)* =
0 and the direct band-gap of the SnO, nanoparticles is ex-
tracted, as shown in Fig. 6. The band-gap of the TO sample
is 4.412(6) eV. After the annealing process, the band-gaps of
samples T2, T4, T6 and T8 were red-shifted to 4.29(1),
3.922(5), 3.856(3), and 3.743(8) eV as a consequence of the
agglomeration of the nanoparticles into larger crystallites [35].
With increasing annealing temperature, the band-gap de-
creases, which is ascribed to a decrease in the carrier concentra-
tion and the presence of unoccupied electronic states [36]. In
addition, lower band-gaps of 3.580(3) and 3.476(3) eV were
observed in samples TO and T2 because of the creation of
impurity levels below the conduction band. In this case, the
electrons from the filled valence band are easily excited and
enter into a new energy level, simultaneously increasing the
number of holes in the valence band. When the annealing
temperature exceeds 200°C, the new energy state vanishes,

indicating the removal of impurities [37]. This effect is also
evidenced by the EDX spectra, which show the disappear-
ance of carbon impurities.

3.5. Photoluminescence spectrophotometry

Fig. 7 shows the PL spectra of the SnO, nanoparticles
annealed at different temperatures. The O vacancy defects
were studied using these spectra. In the luminescence
process, O defects act as radiative centers. The O vacancies
occur near the surface of nanoparticles, as confirmed by the
emission band in the blue-green region. The enhancement in
the UV emission intensity is due to a reduction in hydroxyl
content. The PL intensity is determined by the structure and
size of the nanoparticles. The peak at 365 nm is attributed to
the near-band-edge exciton photoluminescence. The in-
crease in intensity of the peak in the UV region with in-
creasing annealing temperature is due to the reduction of
the O, level. The band-edge emission occurred at 360 nm,
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Fig. 7. PL spectra of SnO, nanoparticles.

T2

E,=429(1) eV

(ahv)*/ (eV)?
)

E,=3.476(3) eV

O -
1 2 3 5 6
hv/eV
3
T6
E,=3.856(3) eV
o 27
>
L
2
St
0 [~
1 2 5 6

Fig. 6. Tauc-plot analysis indicating the direct
band-gap transition(s) for SnO, nanoparticles.

which well matches the band-gap calculated from the UV—Vis
spectra. SnO, nanoparticles with a highly crystalline struc-
ture are known to exhibit intense UV emission [38]. Indeed,
the green-synthesized T8 sample exhibits the most intense
UV emission among the investigated samples. This intense
emission is due to the recombination of holes in the valence
band with the electrons in the conduction band, which is the
band gap for SnO, nanoparticles. The peak at 360 nm is as-
signed as the recombination of the band-to-acceptor transi-
tion [39,40]. The peak at 378 nm is attributed to recombina-
tion of donor—acceptor pairs [41].

The relationship between the defect levels within the
band gap of SnO, nanoparticles and interstitial Sn is con-
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firmed by the weak emission peak in the visible region (490
nm) [35]. The increase in the crystalline nature and PL
emission intensity, along with the decrease in band gap, in-
dicate that these green-synthesized SnO, nanoparticles exhi-
bit desirable properties for catalysis applications.

4. Conclusions

SnO, nanoparticles were successfully synthesized using
Camellia sinensis extract via a green method, without the
use of toxic chemicals. The crystallite size of the nanopar-
ticles increased with increasing annealing temperature, and
the particles were in the nanometer range, with sizes smaller
than 20 nm. Observations of their morphology using
HR-SEM revealed that the particles were spherical in shape,
with sizes ranging from 5 to 30 nm; this size was confirmed
by XRD analysis using the Scherrer equation. TEM images
clearly revealed that the particle shape transforms into a
hexagonal shape with increasing annealing temperature. The
optical band gap energy decreased with increasing annealing
temperature, and both UV and visible emission were ob-
served in the PL spectra. Overall, the results presented here-
in demonstrate that our green-synthesized SnO, nanopar-
ticles are promising candidates for future application in ca-
talysis and optoelectronics.
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