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ABSTRACT

Hierarchical tin(III) oxide, SnsOs, nanospheres were synthesized via hydro-
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5n;0, varied with decreasing pH. The prickly Sn;O, nanospheres changed into

© Tsinghua University Press Sn;O, nanospheres covered with single-crystalline nanoplates having a high

and Springer-Verlag Berlin BET surface area of ca. 55.05 m*g™ and a band gap of ca. 2.25 eV. Small amounts

Heidelberg 2015 (0.05g) of the hierarchical Sn;O, nanostructures completely decomposed a 30%

methyl orange (MO) solution in 100 mL deionized water within 15 min under
KEYWORDS one sun condition (UV + visible light). The Sn;O, photocatalyst exhibited a fast
Sn;0,, decomposition rate of 1.73 x 10 min™, which is a 90.86% enhancement relative

hierarchical structure, to that of the commercially available P25 photocatalyst. The high photocatalytic

hydrothermal, activity of the hierarchical Sn;O, nanostructures is attributed to its ability to
morphology engineering,  absorb visible light and its high surface-to-volume ratio.

photocatalyst

1 Introduction

Tin oxide has several advantages, such as controllable
size or shape when synthesized via the simple hydro-
thermal method [1], excellent optical and electrical
properties (transparency at wavelengths of 300-800
nm and a low electronic resistivity of 8.6 x 10° Q-o™),
and its non-toxicity [2]. With these merits, it has been
utilized in various fields such as gas sensors [3, 4],
lithium ion batteries [5], dye-sensitized solar cells [6],
and photocatalysts [7-9]. Regarding its use as a
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photocatalyst, tin oxide has strong resistance against
acidic/alkaline solutions and exhibits good photoca-
talytic activity without generating secondary pollutants
under irradiation with ultraviolet (UV) light [8, 9].
However, because of its wide band gap, there are few
works reporting the use of tin oxides alone under
visible light irradiation. Therefore, co-catalysts with
narrow energy band gaps, such as CdS [10], Ru(bpy)3*
[11], and Pt [12], have been introduced to enhance the
photocatalytic activity of tin oxide under visible light
irradiation. However, the high cost of co-catalysts
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necessitates the development of photo-catalytic
materials that can generate electron-hole pairs under
visible light and thus effectively use sunlight.

Unlike SnO,, Sn;O, has been experimentally shown
to absorb light at visible wavelengths [13-15] and
thus has been used as a visible-light-driven photo-
catalyst. The pollution decomposition efficiency of
Sn;O, photocatalyst under sunlight is higher than
that of SnO, [13]. However, studies on Sn;O, have
begun only recently, including investigations into
its growth mechanism [16-18], crystal structure, and
theoretical properties [19, 20].

Sn;O, is one of the three intermediates (i.e., Sn;O,,
SnyO; and SnsOg) formed during the disproportionation
reaction of Tin(Il) oxide (SnO) [21]. SnzO, is mainly
generated by dry chemical methods including carbo-
thermal evaporation [15], thermal decomposition of
SnO [22], and carbothermal reduction [23]. Vilasi et al.
reported that Sn;O, coexists as a transition form at the
process temperature range of 400-500 °C during the
phase transformation from SnO to SnO, [24]. However,
only a small quantity of Sn;O, was obtained by this
method. Instead, SnO, was obtained as the major pro-
duct during the oxidation of Sn* at high temperatures,
as it is thermodynamically more stable than Sn;O,.

For this reason, hydrothermal methods were used to
produce Sn;O, below 200 °C without the production
of unwanted SnO, [25-29]. Li et al. hydrothermally
synthesized hierarchical Sn;O, structures (diameter:
~1 um) at 180°C and pH 3 in a Teflon autoclave
vessel, which made it difficult to adjust the pH for
controlling the morphology. They showed that the
hierarchical Sn;O, structure had the highest pollution
decomposition rate among photocatalysts such as SnO,
Sn0,, and N-doped TiO, [13]. However, in 20 min, only
10 ppm of methyl orange (MO) in an 80 mL solution
was decomposed by the photocatalytic reaction of
0.04 g Sn;O,.

Here we propose a facile hydrothermal method for
fabricating hierarchical Sn;O; nanospheres covered
with single-crystalline nanoplates below 100 °C using
a three-necked round-bottom flask. By adjusting the
pH of the nutrient solution during the process, the
morphology and phase transformation of SnO into
the Sn;O, nanostructures can be controlled. The photo-
catalytic activity of the generated hierarchical Sn;O,
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nanostructures was investigated and compared with
that of the commercially available TiO, (Degussa,
P25) under one sun condition (i.e., Air Mass 1.5,
100 mW-cm™).

2 Experimental section
2.1 Synthesis of hierarchical Sn;O, nanostructures

At room temperature, 1.23 g of tin oxalate (Sn(C,O,),
M = 206.78 g-mol™) was dissolved in 250 mL deio-
nized (DI) water with stirring for 30 min. When the
temperature reached 70 °C, black precipitate of SnO
appeared. Then, the pH of the nutrient solution was
adjusted (pH = 2, 3, 4, and 5) by slowly adding 0.5 M
hydrochloric acid (HCl, M = 40.06 g'mol™, 37%) to the
solution containing the black precipitate, while conti-
nuously stirring for 3h at 95°C. The color of the
precipitate changed from black to yellow. After com-
pletion of the hydrothermal reaction, the precipitate
was collected by centrifugation and then washed
with DI water. Finally, the product was dried inside a
common laboratory oven at 35 °C for 1 day.

2.2 Characterization of properties

The crystallographic information of the hierarchical
5n;0, nanostructures was obtained by X-ray diffrac-
tion (XRD) using Cu K-alpha radiation (40 kV, 100 mA,
Rigaku D/max-2400) and by Raman spectroscopy
with a 514 nm laser (Horiba). The morphology of the
sample was observed by scanning electron microscopy
(SEM, FE-SEM, JEOL 2010 F) and high-resolution
transmission electron microscopy (HRTEM, JEM-2100),
operated at an accelerating voltage of 200 kV. The
specific surface area was measured by the Brunauer-
Emmett-Teller (BET) method using a nanoporosity
surface area analyzer (nanoPOROSITY-XQ, Mirae
Scientific Instruments Inc.). A UV-visible spectrometer
(AvaSpec-ULS2048L-USB2 Spectrometer, Jinyoung
tech Inc.) was used to analyze the absorbance of the
hierarchical Sn;O, nanostructures and the decom-
position of the MO solution. Photocatalytic activity
was characterized under illumination with an AM 1.5
simulated sunlight source (SANEI solar simulator,
one sun condition, Class A) with a power density of
100 +£2.5 mW-cm™
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2.3 Photocatalytic activity

0.05 g of the as-produced SnO and Sn;O, catalysts,
and the commercially available P25 (TiOz, Degusa)
were added to a 30 vol.% MO solution in 100 mL DI
water. Prior to irradiation, the suspension was violently
stirred in the dark for 30 min to saturate the solution
with O,. The suspension was irradiated with light (UV +
visible) from a solar simulator. At specific time
intervals (15, 30, 45, and 60 min), a 3 mL aliquot was
extracted and filtered to remove the photocatalytic
powder. The filtered solution was analyzed by the
UV-visible spectrometer to measure the MO contents
(maximum absorption band A = 485 nm).

3 Results and discussion

3.1 Effect of pH on the formation of the hierarchical
Sn;0, nanostructures

The hierarchical Sn;O, nanostructures were synthe-
sized by hydrothermal reaction at 95 °C. Tin oxalate,
Sn(C,0,), was used as the source of tin ions. Unlike
most commonly used tin salts such as tin dichloride
(5nCl,) and tin tetrachloride (SnCly), Sn(C,O,) easily
dissociates at low temperatures producing a large
number of Sn? ions in the nutrient solution. This is
because of the relatively weak electrostatic attraction
between the pure metal ion (Sn*) and the organic
chelating agent ([C,0,]*) [6]. Thus, first, SnO was easily
synthesized using Sn(C,O,) as a starting material at
low temperature. Then, under acidic conditions, SnO

easily dissolves to form a tin complex ion ([Sn;(OH)4]*).

Finally, the Sn;O, nanostructures were formed by
dehydration of [Sn;(OH),]** [30].

When the temperature of the nutrient solution
reached 70 °C, the color of the precipitate changed
from white to black, indicating the formation of SnO,
and remained black until 95 °C. However, on adding
hydrochloric acid solution at 95 °C, the color of the
precipitate changed to yellow, suggesting that some
changes occurred in the SnO.

The morphology and phase transformation of the pro-
ducts were examined at different pH values, which
was controlled by varying the amount of hydrochloric
acid added to the solution. After completion of the
hydrothermal reaction, the precipitate was collected
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by centrifugation and then dried to analyze its structure
and determine its photocatalytic activity.

The crystallographic structures of the hierarchical
Sn;O, nanostructures at various pHs were characterized
by XRD, as shown in Fig. 1. Figure 1(a) indicates the
XRD peaks of a tetragonal SnO, marked with the e
symbol at (001), (101), and (002), which match well
with the standard XRD data file (JCPDS-06-0395). The
phase transformation from SnO to Sn;O, proceeds
with decreasing pH, and the XRD patterns indicate
the coexistence of SnO and Sn;O, at pH 5 (Fig. 1(b)).
Only Sn;O, diffraction peaks were found to exist
below pH 3, as shown in Figs. 1(d) and 1(e), where
the m symbol was assigned to (111), (210), (121), and
(311) of triclinic Sn;O, (JCPDS-20-1293) [21]. Notably,
several unknown crystalline peaks were observed as
the pH approached 1. Thus, keeping the pH value
between 2 and 3 during the reaction was critical for
synthesizing well-defined Sn;O, nanostructures.

Raman spectroscopy measurements also confirmed
the phase transformation from SnO to Sn;O, at pH 5.
The Raman peaks were collected using a 514 nm
excitation laser. Peaks at 113 and 211 cm! indicated
the presence of SnO, as shown in Fig.2(a). Peaks
from the SnO and Sn;O, structures coexisted at pH 5,
as also observed from the XRD data (Fig. 1). As the
pH was decreased, peaks corresponding to Sn;O,, at
143 and 170 cm™, gradually appeared, as shown in
Fig. 2(b). At pH less than 3, only peaks corresponding to
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Figure 1 XRD patterns of the precipitates synthesized at different
pH values; (a) SnO, (b) pH = 5, (c) pH =4, (d) pH = 3, and (e)
pH =2 (e: SnO, m: Sn;0y).
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Figure 2 Raman spectra of the precipitates synthesized at
different pH values; (a) SnO, (b) pH =5, (c) pH =4, (d) pH =3,
and (e) pH =2 (e: SnO, m: Sn;0y).

5n;0, were seen (Figs. 2(d)-2(e)), and these became
more prominent with decreasing pH [17]. No other
impurities were detected. Hence, XRD analyses and
Raman spectra indicated the transition of the tin oxide
crystal structure from tetragonal SnO to triclinic Sn;O,
at pH 5, and the sole existence of Sn;O, between pH 2
and 3.

The morphology of Sn;O, was observed by using
SEM and TEM. Figure 3 shows the variation of hierar-

chical Sn;O, morphology under different pH conditions.

It was observed that pH had a great influence on the
morphology of Sn;O,. Indeed, in the absence of HCl,
only SnO nanoparticles aggregated together [31], as
shown in Fig. 3(a). At pH 5, neighboring nanoparticles
aggregated into prickly spheres with a diameter of
approximately 100 nm (Fig. 3(b)). As the acidity of
solution was increased (pH = 4, Fig. 3(c)), the prickly
surface became more prominent. Below pH 3, the
SnO was completely transformed into hierarchical
S5n;0,, and the prickles dissolved and recrystallized
into nanoplates, as shown in Figs. 3(d) and 3(e) [31].
Figure 3(f) shows a magnified hierarchical Sn;O,
nanosphere, having irregularly oriented thin nano-
plates with a radius of 20 nm.

The TEM images in Figs. 4(a) and 4(b) clearly show
the aggregated Sn;O, nanospheres covered with the
protruded thin nanoplates. Figures 4(c)—4(e) show the
HRTEM images of a nanoplate at different pHs. During
dissolution and recrystallization of the nanoplate, the
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Figure 3 SEM images of the precipitates synthesized at different
pH values; (a) SnO, (b) pH= 15, (c) pH =4, (d) pH =3, (¢) pH =
2, and (f) a magnified SEM image of the hierarchical Sn;O,4
nanospheres covered with nanoplates.

dy14= 0.329 nm

Figure 4 (a) TEM and (b) HRTEM image of the hierarchical
Sn;0,4 nanospheres covered with nanoplates. HRTEM images of
nanoplates synthesized at (c) pH =5, (d) pH =4, and (e) pH = 2,
showing the alignment of lattice fringes with decreasing pH
(scale bar is 2 nm).

lattice was aligned along the direction of the more
thermodynamically stable plane [32]. At pH 5, the
nanoplate had conspicuous grain boundaries with
an average grain size of 5nm, and the lattice was
misaligned between the grains (Fig. 4(c)). At pH 2, the
grain boundaries disappeared and the lattice fringes
became perfectly aligned along the [111] direction with
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a spacing of 0.329 nm. Eventually, a single-crystalline
triclinic phase corresponding to Sn;O, nanoplates

was formed under strongly acidic ambient conditions.

However, the mechanisms of lattice alignment and
nanoplate formation are not clearly understood.

3.2 Characterization of the hierarchical Sn;O, nano-
structure

The porous nature of the hierarchical Sn;O, nano-
structure was investigated by nitrogen (N,) gas adsor-
ption/desorption isotherm analyses, using the Brunauer-
Emmett-Teller (BET) method, as shown in Fig. 5. All
the hierarchical Sn;O, nanostructures followed meso-
porous type (IV) isotherm with a hysteresis loop. In
the case of highly mesoporous materials, a hysteresis
loop is observed due to the phenomenon of capillary
condensation [33]. The BET surface area of SnO was
found to be 8.92 m*g™. The other hierarchical Sn;O,
nanostructures, synthesized at different pH values,
displayed BET surface areas of 11.68, 12.26, 46.48 and
55.05 m*g™ with decreasing pH values from 5 to 2,
respectively. The amount of adsorbed nitrogen increased
dramatically after complete conversion of SnO into
the hierarchical Sn;O,. The Sn;O, structure synthesized
at pH 2 had the highest value of BET surface area,
indicating a highly porous structure, resulting from
intensive etching in such a strongly acidic ambient
condition. The inset in Fig. 5 demonstrates the pore
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Figure 5 N, adsorption-desorption isotherms of all products. Inset
figure is the pore-size distribution of the hierarchical Sn;O, nano-
structure synthesized at pH = 2.
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size distribution of hierarchical Sn;O, synthesized at
pH 2, revealing a maximum at 40 A.

UV-visible absorption spectra of the Sn;O, structures
are shown in Fig. 6. In the case of SnO, no absorption
was seen in the UV wavelengths and the absorption
in the visible wavelengths was found to be negligible.
The respective absorption edges corresponding to the
Sn;O, structures were observed at 397, 445, 480, and
550 nm, with decreasing pH values from 5 to 2,
respectively. By using the equation of E, = 1240/A
(where A is the absorption edge wavelength), the
corresponding band gap of the Sn;O, structures were
calculated to be 3.12, 2.78, 2.58 and 2.25 eV, respectively.
These results indicate that the band gap of hierarchical
Sn;O, nanostructure decreases with decreasing pH.
In contrast to this, the commercially available P25 (TiO,,
Degusa) photocatalyst had an absorption edge of 350 nm,
corresponding to a band gap of 3.54 eV, and a negligible
absorbance at visible wavelengths.

The inset image in Fig. 6 shows that the color of the
Sn;O, structures varies from black to yellow, which
corresponds to the powder of SnO and the hierarchical
Sn;O, structures synthesized with decreasing pH
values. The observed UV-visible absorption spectra
and the calculated band gap indicates that the hierar-
chical Sn;O, nanostructure, synthesized in strongly
acidic ambient conditions, can absorb both UV and
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Figure 6 UV-Visible absorption spectra of the tin-related products;
(a) SnO, (b) pH =15, (c) pH =4, (d) pH =3, (e) pH =2 and (f) P25.
Inset image shows the color change of as-made powder synthesized
at different pH values.
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visible light. Thus, this material can effectively use
the sunlight, from which most radiation comes in
visible wavelengths with a spectrum peak at yellow
wavelength.

3.3 Photocatalytic activity of the hierarchical Sn;O,
nanostructure

The photocatalytic activity of the mesoporous hierar-
chical Sn;O, nanostructure synthesized at pH 2 was
tested by measuring the photo-decomposition of
MO under one sun condition (air mass 1.5). The P25
photocatalyst was also tested to compare its perfor-
mance with the synthesized SnO and Sn;O, structures.
Since the P25 (TiO,) photocatalyst has the merits of
inexhaustible abundance with no photo-corrosion
and non-toxicity [34-36], many research groups
have studied its photocatalytic phenomena under
irradiation with UV light [37—40]. However, due to its
wide band gap, TiO, cannot excite electrons at the
valence band under irradiation with visible light as
shown in Fig. 6.

For direct comparison, the same amount of each
photocatalyst (0.05 g) was added into an excessively
concentrated (30 vol.%) MO solution in 100 mL DI
water, respectively, to measure the photocatalytic
ability in such an extreme condition (Fig. 7, discussed
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Figure 7 (a) A comparison of the photocatalytic activity of three
different photocatalysts by measuring the photo-decomposition
of MO solution under one sun condition. UV-visible absorption
spectra of 0.05 g of (b) Sn;O04 and (c) P25 photocatalyst in MO
solution, with varying irradiation time. The inset images show the
color change of MO solution as a function of irradiation time.
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later). Usually, MO has been used as a pH indicator
as well as in various industrial fields such as textile,
printing, paper, food, etc. However, it has mutagenic
side-effects and often pollutes the environment. Thus,
the elimination of MO in solution is necessary for the
environment and for promoting healthy life. When
the photocatalyst absorbs light from the sun or an
artificial light source, it produces electron-hole pairs.
The generated holes attack the surrounding water
molecules to generate hydroxyl radicals (*OH) at the
surface of photocatalysts, as depicted in the following
photo-oxidation reactions [41]

Metal oxide + hv — ez +h'yg 1)

hys + H,O — *OH + H* @)

It is known that the hydroxyl radical has the second
largest oxidation potential of 2.8 V among several
common oxidants including fluorine (3.03 V), ozone
(2.07 V), hydrogen peroxide (1.77 V) and chloride
(1.36 V). Therefore, the *OH radical can rapidly attack
and cleave the aromatic rings of organic pollutants [42].

Figure 7(a) represents the variation of MO concentra-
tion (C/C,) as a function of exposure time under one
sun condition. The decomposition efficiency of the
photocatalyst is defined as follows

Photo-decomposition (%) = (1 — C/C,) x 100 %  (3)

where, C, is the initial concentration of MO solution
before irradiation and C is its concentration after
irradiation. After 1 h exposure, no decomposition of
MO was observed in the case of SnO, as it displayed
a small BET surface area and a negligible light
absorbance in the entire UV-Visible wavelength range.
In the case of P25, the photo-decomposition proceeded
slowly: 80% of the MO remained after 15 min exposure
and it required 1 h to decompose all the MO contents,
because this photocatalyst is active only at UV
wavelengths. Unlike P25, the mesoporous hierarchical
5n;0, nanostructure synthesized at pH 2 demonstrated
a rapid photo-decomposition owing to its narrow band
gap, enabling it to absorb the intense visible and UV
light concurrently. Hence, the MO was completely
decomposed within 15 min with only 0.05 g of Sn;O,
photocatalyst. Comparison of photocatalytic activity
of P25 vs. Sn;O; under UV light or visible light

'EN%IEI}SS%I'}EE?S @ Springer | www.editorialmanager.com/nare/default.asp



Nano Res. 2015, 8(11): 3553-3561

illumination is illustrated in Fig. S1 of the Electronic
Supplementary Material (ESM). The Sn;O, showed a
much higher photocatalytic activity in both cases.

Figures 7(b) and 7(c) present the variation of the
absorption spectra of MO solution with different expo-
sure times when using the Sn;O, and P25, respectively.
In the case of Sn;O, photocatalyst, the intensity of the
MO absorption peak (A = 485 nm) was dramatically
attenuated (Fig. 7(a)). After 15 min exposure, the color
of the MO solution was bleached (as shown in the
inset of Fig. 7(b)), suggesting that MO was completely
decomposed within 15 min. In contrast, the MO absor-
ption peak gradually decreased with exposure time,
when using P25. The inset in Fig. 7(c) confirms the
gradual color change of the solution with exposure
time.

The photo-decomposition rate of MO can be calcu-
lated by the following equation [14]

~In(C/C,) = xt (4)

where x (min™) is the photo-decomposition rate cons-
tant. The x value of each photocatalyst after 15 min
irradiation is summarized in Table 1. The Sn;O, exhi-
bited much faster photo-decomposition activity com-
pared with the other two photocatalysts. The « value
of Sn;O, was calculated to be 1.73 x 10! min™! under
one sun condition, which is a 90.86% enhancement
compared to that of P25 (1.58 x 10 min™). Considering
the complete removal of the extremely concentrated
MO solution (30 vol.%), the hierarchical Sn;O, nano-
structure shows excellent photocatalytic ability. This
enhanced performance may be ascribed to its large
surface area, permitting widespread contact with the
MO solution, and its narrow band gap, which effec-
tively utilizes the visible light of the Sun.

The used Sn;O, photocatalysts were collected by
centrifugation and recycled in the subsequent
photocatalytic activity test to check the durability for

Table 1 Photo-decomposition rate of MO solution

Photocatalyst Decompositon rate (x, min™')
(a) SnO 1.09 x 1073
(b) P25 1.58 x 1072
(c) Sn;0,4 1.73 x 107!
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repeatable use. No significant change in photocatalytic
activity was observable in 5 successive tests (Fig. S2
in the ESM).

4 Conclusion

Hierarchical Sn;O, nanospheres covered with nanoplates
were synthesized via a simple hydrothermal method
in strongly acidic ambient conditions. X-ray diffraction
and Raman spectroscopy evidenced that only triclinic
Sn;0, was produced from SnO at pH 3 by dissolution
and recrystallization. During recrystallization, the lattice
of the nanoplate was aligned along the thermody-
namically stable [111] plane. The hierarchical Sn;O,
nanostructure (0.05g) possessed an ability to fully
decompose 30 vol.% MO in 100 mL DI solution in
15 min, under one sun condition, with a decomposi-
tion rate of 1.73 x 10" min™. This indicates a 90.86%
enhancement, in the photocatalytic ability, compared
with that of the commercially available P25. The high
photo-decomposition activity of the hierarchical Sn;O,
nanostructure was suggested to be resulting from a
high BET surface area of 55.05 m*g™ and a narrow
band gap of 2.25 eV, which is capable of absorbing the
visible light.
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