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Hollow SnO,
surface have

microstructures (HSM) with mesoporous
simply fabricated by template
impregnation technique using Ceiba pentandra (L.) Gaertn.
(kapok) as a natural template. The HSM could be used as an
efficient photocatalyst for methylene blue dye
photodegradation.

been

Effective design and control over the morphology and the functional
properties of metal oxide microstructures have been a long-terms
project in the development of chemical fabrication processes.' In
the past few decades, tin oxide (SnO,) has been widely applied in the
fields of gas sensors,?! secondary batteries,®! light-emitting diodes,"*!
photovoltaics,”) water splitting, and photo-catalyst!® due to its
excellent electrical, optical, and photochemical properties. These
properties are usually dependent on SnO, microstructures. Thus, a
great deal of effort has been made by many researchers on synthesis
of various SnO, microstructures such as spherical,m cubic,® wire,™
rod,"Y  fiber,'  hollow spheres,“z] etc. In general, SnO,
microstructures have been controlled by chemical reaction such as
sol-gel, hydrothermal, and sonochemical method.!'! Although the
synthetic technique has been improved steadily, controlling and
modifying the microstructures of SnO, are still challenging. Each
distinctively shaped SnO, particles stated above exhibits unique
properties compared to the bulk state of SnO,."*! Hollow structures
in particular have attracted the attention of researchers because they
have many advantages over other shapes, including a large surface
area, effective light scattering, and low density.['™ Recently, various
methods have been used to fabricate hollow SnO, microstructures
(HSM) through the soft or polymer template approach,'® the
emulsion method, and electro-spun method.!'” Among the various
methods that are utilized in HSM preparation, the template approach
is a scalable synthetic method for the mass production.'®! Recycling
abundant natural material as raw template also produces ecological
benefits. Among the various bio-resources available, the seeds of the
kapok (Ceiba pentandra (L.) Gaertn.) tree are well-known as a
hollow fiber resource that is widely available throughout Southeast
Asia, Africa, and the South America."”’ Currently, various efforts
have been made to develop high-performance photo-catalysts for the
degradation of organic pollutants such as dyestuff and volatile
organic compound (VOC) in water and air purification.”” In the past
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few decades, many photocatalytic materials such as TiO, and ZnO
which absorb a limited range of ultraviolet (UV) rather than a wider
spectrum, have been the focus of research that has been conducted at
great length.?!! Recently, the limitation has been overcome by
hybrid  photocatalysts such as composite  photocatalyst
(ZnO/Ti0,/Sn0,, ZnO/Sn0O,, and SnO,/Ti0,) and metal or organic
element doped photocatalyst (Ag-TiO,, N-TiO,, Fe-TiO,, and Sn-
TiO,). These have been widely examined due to their high
photocatalytic properties, anti-recombination between electron (e)
and hole (") pair, and wider light absorbance spectrum which
include visible light.m] However, the systematic photocatalyic study
of SnO, is not adequately done yet. In this work, we have focused on
hollow SnO, microstructures, which were fabricated by template
impregnation technique using kapok as a bioresource template, to
investigate their properties for a potential photocatalyst in the
photodegradation of methylene blue (MB).
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Fig. 1. (@) Thermal gravity analysis of raw kapok fiber (raw) and precursor as
tin chloride immersed on kapok fiber (HSM); (b) X-ray diffraction pattems of
hollow SnO, microstructure synthesized on kapok fiber template depending on
calcination temperature. HSM-500, 600, and 700 are calcinated at 500 °C,
600 °C, and 700 °C respectively. The SnO, particles synthesised by template
impregnation are compared to the SnO, particle synthesized by a conventional
sol-gel process.
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According to the referenced research,” ! the hydroxyl and
ether groups in natural cellulose can easily combine with SnO,
synthetic precursor such as SnCl,, leading to the intermediate
formation of tin alkoxide groups, which can poly-condense with tin
chloride groups to give thin oxo bridges as below (Eq. 1~3):

Sn-Cl + ROH — Sn-OR + HCl1
Sn-Cl + ROH — Sn-OR + RCl
Sn-Cl + Sn-OR — Sn-O-Sn + RCl

(Eq. 1)
(Eq. 2)
(Eq. 3)

This reaction pathway is quite efficient route for replication of
tin oxide from nature template because kapok is mainly composed of
cellulose fibers.> Fig. 1(a) shows the plots of the thermo-
gravimetric analysis of the raw kapok fibers and the SnCl, precursor
immersed kapok fibers. In the first plot for raw kapok fibers, the first
weight loss of about 8% is due to moisture reduction. In the second
weight loss step, which shows steep decrease, is related to
decomposition of the organic compound such as cellulose and lignin
of kapok fiber.”®! The kapok fibers completely decomposed at about
500 °C. Meanwhile, in the plot for SnCl, precursor immersed kapok
templates, the first weight loss about 8% is due to the loss of
moisture and volatile compounds. The 78% decrease of weight
shown in the second step is due to the conversion of SnCl — SnO,
by thermal-decomposition of the kapok fiber and crystallization.*”)
Finally, the kapok fibers completely burnt out, and only SnO, was
left. The yield of obtained HSM above 500 °C was about 14%. The
X-ray diffraction analysis was used to study the crystallinity and
crystallite size of the HSM samples. Fig. 1(b) shows the XRD
patterns of the HSM samples synthesized on kapok fiber template,
depending on calcination temperature.
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Fig. 2. Field emission-scanning electron microscopy images of raw
kapok fiber (above pictures) and HSM (below pictures) after
calcination at 600 °C: (a and d) low resolution shape images; (b and e)
cross-sectional images; (¢ and f) high resolution surface images.

The sharp intense peak at the Bragg 20 theta angle of 26.7° is the
representative for the tetragonal phase deflection in all the samples.
The XRD patterns of the samples matched well with the standard
tetragonal SnO, pattern (d\10, d101, @200, @211, @220, doo2, d310, d112, and
ds01; JCPDS Card No.00-041-1445). The widened peaks indicate that
the particles are nano-sized and the samples have defects. The size of
crystallite varies from 14.1 nm to 22.7 nm depending on the
calcination temperatures. The average crystallite size increases as the
calcination temperature increases. Also, all crystallite size of HSM is
smaller than that of SnO, particles which has crystallite size of 31.4
nm. The average crystalline size was calculated using Sherrer’s
equation at corresponding angle (20 =26.7°).[%%]

Fig. 2(a and d) shows the low resolution overall image of raw
kapok fiber as template material and the image of HSM using FE-
SEM after calcination. The cross-sectional fiber images in Fig. 2(b
and e) show that both hollow structures have an average diameter of
15 um and an average thickness of 1 pum. After the calcination
process, the HSM maintains the unique fiber structures of the
original kapok template. In the Fig. 2(c and f), the surface
morphologies of kapok template and HSM materials were
investigated in high-resolution mode. The HSM surface shows that
the SnO, nanostructure formation and crystallinity growth have
taken place after calcination and the SnO, nano particles are
interconnected with nano-sized pores. On the contrary, the raw
kapok template has a smooth surface without micro-pores.
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Fig. 3. (a) N, gas adsorption-desorption isotherms and pore-size
distribution curve, (b) X-ray photoelectron spectra survey data, Sn 3d
core level, and O 1s core level of HSM after calcination at 600 °C.

Fig. 3(a) show adsorption-desorption isotherms and pore size
distribution curve of N, gas at 77 K for HSM samples after
calcination at 600 °C. It illustrates the shape and behaviour of the N,
adsorption isotherms for nano-porous materials. The isotherm curve
shape is similar to type IV in the IUPAC classification'*”! Herein, the
type 1V isotherm curve is wide, no clear plateau is attained, and a
weakly hysteresis slope can be observed at intermediate and high
relative pressures in HSM, which is indicative of the presence of
nano-pores. The IV isotherm curve also indicates distributions of
particle size between 5 and 40 nm. The adsorption and desorption
isotherms line for HSM overlapped completely in the low relative
pressure range (P/Py=0.0~0.4), while the hysteresis loop was in the
high relative pressure region (P/P, > 0.4), mainly due to the presence
of ink-bottle shaped mesopores which is classified under [UPAC
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pore size classification " These ink-bottle type pore have a larger
pore size in the bottle body, which induces hysteresis in the high
relative pressure region. The specific surface area and average pore-
size of HSM sample was found to be 53.1 m*/g and 18.5 nm, using
Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH),
respectively.’'! For reference, the specific surface area of sol-gel
produced SnO, particles used in this work is 4.3 m?*/g. The chemical
composition of the HSM materials after calcination at 600 °C was
also studied by XPS analysis on the Fig. 3(b). The fully scanned
survey spectra demonstrate that Sn, O, and C elements exist in HSM.
The C element can be ascribed to the adventitious carbon-based
contaminant from the kapok fiber after calcination, and the binding
energy for the C 1s peak at 283.5 eV is used as the reference for
calibration. The high resolution XPS spectra (Sn 3d and O 1s core-
level) scanning over the following areas are analyzed: the binding
energies for the the Sn 3d region around 490 eV, and the O 1s region
around 531.1 eV. As shown in inside figure, there are two main
peaks in the Sn 3d region. The peak located at 494.5 eV corresponds
to the Sn 3d;,, and another one located at 486.0 eV is assigned to Sn
3ds,. The splitting of Sn 3d doublet of Sn between Sn is 8.5 eV,
indicating that the valence state on Sn is +4.13% Moreover, there are
the O 1s photoelectron peaks. The shape of a sharp and symmetric
peak of O 1s spectrum indicates that there can be one chemical state
according to the binding energy. It mainly includes crystal lattice
oxygen (Os,.0) and a small amount of surface hydroxyl groups (Ooy)
and adsorbed water with increasing binding energy. Using the XPS
Peak fitting program, the contents of Sn and O of HSM materials
were calculated 26.3% and 53.79% corresponding closely SnO,
stoichiometry. Generally, similar results are observed in SnO,
porous materials.**!

1.2
1.0
—===~ UV Bhly:

0.8 [ ] SnO2 particles
Qo A HSM-600
b ] ——Eq. 4
S 0.6 q

0.4

Without UV irrhdiation

0.0 . . . .
80 120 160 200

Time (min)
Fig. 4. Methylene blue photo-decomposition curves of HSM calcinated
at 600 °C and sol-gel produced SnO; particles under UV irradiation
after adsorption reaction.
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Fig. 4 shows the MB degradation curves by photo catalytic
reaction of HSM calcinated at 600 °C and the sol-gel produced SnO,
nanoparticles (see ESI' for MB photo-decomposition curves by
HSM-500 and HSM-700). During the first 30 min, without UV
irradiation, the decrease of MB concentration was mainly due to the
adsorption of MB into the HSMs. *¥ In this adsorption equilibrium
stage, the initial concentration of MB was reduced about 3%. The
adsorption kinetics of MB on HSMs and SnO, particles are very
similar. As UV irradiation began at 30 min, the concentration of MB
decrease swiftly due to the photocatalytic reaction of HSMs and
SnO, particles. Consequently, the concentration of MB decreased by
90% and 80% by HSMs and sol-gel produced SnO, particles
respectively. The photo-decomposed rate was faster in the case of
HSM-600 (0.021 min™') than in the case of sol-gel produced SnO,
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particles (0.017 min™). This result is related with the high surface
area of HSMs, which can consequently adsorb a large amount of MB,
water, and oxygen molecules and then eventually decompose much
of it on the surface of HSMs during a photocatalytic reaction. In this
work, the photocatalytic decomposition is a pseudo-first order
reaction, and its kinetics can be express by Langmuir—Hinshelwood
(Eq. 4) as below:
(%) = kKt = — kot (Eq. 4)

where, k,y, is the apparent rate constant, and C, and C are the
initial solution concentration and after degradation of MB solution,
respectively. This apparent rate constant for degradation of dye was
obtained by calculating the correlation between the length of time of
UV light irradiation and the decreasing ratio of dye,” determined
by using above Equation (4).¢

In conclusion, hollow SnO, micro-structured materials were
synthesized by a template impregnation technique using natural
kapok fiber as sacrificial templates. This synthesis method is simple,
scalable and highly coast effective compare to other fabrication
method such as electrospinning, hydrothermal and sol-gel. The
specific surface area of the SnO, synthesized using sacrificial Kapok
fiber was three times larger than the nano-sized SnO, particles that
are produced by conventional sol-gel method. The result shows the
HSM particles that were calcinated at 500 °C also have a tetragonal
phase. The structure of the nature templates was well replicated on
the HSMs, and the high surface area improved the efficiency of the
photocatalytic reaction. Under the irradiation of ultra violet light,
methylene blue was degraded from dye percent of 100% to 10% in
200 min. In summary, the hollow SnO, microstructure could be
offered a new photocatalyst for removal organic dyes in wastewater.

Experimental section

Kapok [Ceiba pentandra (L.) Gaertn.] fibers were obtained from
Java Island, Indonesia. The kapok fibers were air-dried and
subsequently oven-dried at 120 °C for 24 h to remove the moisture
content. Anhydrous ethanol (Sigma-Aldrich, USA), distilled water,
tin (IT) chloride dehydrate (for SnO,), all purchased from Sigma-
Aldrich (USA), were analytical grade (assay > 99%) and used
without further purification. In a typical synthesis, 0.1 M of the tin
oxide (SnO,) precursor was added into a beaker and dissolved in a
solvent of anhydrous ethanol or distilled water. The impregnation
reaction was then performed at 25 °C for 6 h. After the reaction, the
SnO,/kapok template was washed with anhydrous ethanol and dried
in vacuum at 80 °C for 4 h. The samples were then calcinated at 500
to 700 °C for 4 h to remove the kapok templates and obtain hollow
SnO, microstructures (HSM). Thermo gravimetric analysis (TGA;
STARSW, Mettler-Toledo, USA) was conducted up to 1,000 °C
with a heating rate of 2 °C/min under air atmosphere to evaluate the
thermal behaviour of the HSM. The surface and shape of the HSM
was investigated by field emission scanning electron microscopy
(FE-SEM; S-4700, Hitachi, Japan). The surface area and pore
volume of the prepared HSMs were measured by using a nitrogen
adsorption and desorption analyzer (BET; ASAP 2020,
Micromeritics, USA) after preheating the samples to 200 °C for 2 h
to eliminate surface contaminants, including adsorbed water. The
pore size distributions were obtained by applying the Barrett-Joyner-
Halenda (BJH) equation to the nitrogen adsorption isotherms at -
169.15 °C. The X-ray diffraction (XRD) patterns were obtained on
a D/MAX-2500 (Rigaku, Japan) using Cu-Ka radiation (A = 1.540
A). The X-ray photoelectron spectra (XPS) were collected on a
Surface Science SSX100 (Seal Laboratories, USA) using Mg-Ka X-
rays as the excitation source. The absorption spectra of the samples
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in 190-900 nm wavelength range was measured using a double-beam
UV-visible  spectrophotometer  (UV-210,  Shimadzu). The
photocatalytic degradation of a methylene blue solution was
performed by placing a 500 mL quartz tube in the middle of four 4
W UV lamps (30 cm length x 2.0 cm diameter; Philips, USA). The
lamps were positioned inside a cylindrical Pyrex vessel, and cooled
by a circulating water column to remove heat. The UV irradiation
power flux of the reactor was 1.84 mW/cm?. 0.3 g of photocatalyst
(HSM; 0.3 g) and 500 mL of methylene blue (MB) solution (10.0 mg
L") were put into the quartz tube. During the first 30 minutes the
solution was stirred without UV irradiation to establish an adsorption
equilibrium condition. UV irradiation began after the 30 min. The
initial concentration of MB (Cy) and the change of concentration
during photodecomposition (C) were determined using a UV-Vis
spectrometer at 660 nm. 5 ml of the solution was pumped into a
cuvette in the UV-Vis spectrometer every 10 minute for the
measurement, and pumped back to the photodegradation apparatus
using computer controlled syringe pump. The apparatus was kept in
darkness all the time (see ESI' for the schematics of the
photodegradation apparatus).
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