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Sol-gel based simonkolleite nanopetals with SnO, nanoparticles in graphite-like
amorphous carbon as efficient and reusable photocatalyst

Moumita Pal, Susanta Bera and Sunirmal Jana*

Sol-Gel Division
CSIR—Central Glass and Ceramic Research Institute (CSIR-CGCRI)
196 Raja S.C. Mullick Road, P.O. Jadavpur University, Kolkata 700032, India

Abstract

We report a new sol-gel nanocomposite (STC) having simonkolleite nanopetals (SC) and
quasi-spherical tin oxide (SO) nanoparticles embedded in graphite-like amorphous carbon (C)
as an efficient and reusable photocatalyst towards degradation of Rhodamine 6G (Rh 6G) dye
under UV (A, 254 nm) illumination. The STC was synthesized under vacuum curing (450°C)
of precursor gel derived from the sol (Zn : Sn, 2 : 1) in 2-methoxy ethanol with acetylacetone.
Presence of tetragonal SO well decorated on rhombohedral SC forming nanoheterostructures
in the carbon matrix was identified by X-ray diffraction, micro-Raman, X-ray photoelectron
spectroscopy and electron microscopes (field emission scanning electron and transmission
electron) studies. Carbon content and thermal weight loss behaviour in STC were studied by
carbon determinator and thermogravimetry. The nanocomposite showed high photocatalytic
activity (10°M dye solution degraded completely in 32 min). Reusability test of the

photocatalyst exhibited about 95% of the dye degradation after five successive recycles. In
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addition to accelerate photo-induced charge carrier separation and electron transport in the
nanoheterostructures as revealed from electrochemical impedance spectroscopy response of
the UV exposed nanocomposite, an active role of the carbon in an optimum content (~18%)
was found for generating high BET specific surface area (~143 m?g). This simple synthesis
strategy could open a new avenue to develop sol-gel nanocomposites as efficient and reusable
photocatalysts from simonkolleite based different metal oxide semiconductors embedded in

graphite-like amorphous carbon.
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1. Introduction

Water pollution problem related to contamination of organic dyes is a serious global
concern.” In this regard, the synthetic wastewaters from different dye industries have posed a
great threat to the water environment.? The problem concerning the pollution could be
mitigated cost effectively and economically by the use of nano metal oxide semiconductor
(MOS) as photocatalyst under illumination of light.®> However, the fast recombination of
photogenerated electrons and holes (charge carriers) could diminish the photocatalytic
activity of the MOS.* Thus, it is necessary to reduce the recombination rate of charge carrier
that could enhance the lifetime of electrons and holes, resulting an improvement of the
activity of semiconductors.? Accordingly, several strategies could be adopted. One could be
an intentional creation of surface defects by incorporation of suitable doping element into the
host crystal lattice.” The defects could act as trap states that reside within the band gap of
MOS. This strategy could result in the reduction of recombination rate of charge carrier. In
the same vein, the existence of nano heterostructures from mixed oxide semiconductors could
also be regarded as an effective strategy.®® These heterostructures could be constructed by
different metal oxide semiconductors (such as ZnO, SnO;, TiO,) with wide band-gap
energy.‘”’9 Now-a-days, the nano heterostructures attracts the materials scientists due to their
remarkable properties and several applications' including photocatalysis. With respect to the
activity, the large specific surface areas as well as unique spatial architectures of the
heterostructures could make them highly efficient photocatalysts. It could improve the
efficiency of photocatalytic activity by reducing the recombination rate of photogenerated
charge carrier and accelerates the reduction-oxidation reactions for degradation of organic
pollutants (e.g. organic dyes).

11-13

It is worthy to note that the carbon (e.g. graphene, carbon nano tube, amorphous

carbon) could couple with several basic materials (such as oxides, metals, polymers) to
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advance their functional properties including their optoelectronic property. Therefore, for
enhancement of photocatalytic activity of a semiconductor, major works had already been
reported on carbon (C) coupled single metal oxide semiconductor (such as ZnO/C, SnO,/C,
TiO,/C) nanocomposites.™ Also, very recently, carbon coupled mixed metal oxide
semiconductors (e.g. a-Fe,Os/Mn3;O./graphene), which showed excellent charge transfer
performance towards photocatalytic water oxidation had also been reported.* In the carbon-
coupled nanocomposite, the photogenerated electrons would accumulate on the surface of
carbon to convert O, to O,* and the holes could remain on the semiconductor surface
transforming H,O / "OH to “OH" for fast degradation of organics."> On the other hand, the
carbon could enhance the textural property (particularly surface area and porosity) that could
necessary for effective contact of photodegradable organic dyes.

Simonkolleite  (Zns(OH)sCl,.H,O, SC) synthesized mostly by hydrothermal,
sonochemical and sol-gel processes is known as common corrosion product for zinc bearing
materials.’®*” It can also enhance the performance of photoelectrochemical cells.” The SC
could be transformed into ZnO by thermal heating at relatively lower temperatures.'

Moreover, simonkolleite is now recognized as one of the wide band gap semiconductors

Published on 20 August 2015. Downloaded by University of Prince Edward Island on 21/08/2015 08:09:51.

having electronic band structure similar to ZnO (bulk band gap energy, 3.3 eV)."” As a
semiconductor, the SC could also be able to decompose organic dye (e.g. methyl orange). It
is also known that the electrochemical/photochemical property of SC could improve by
coupling with Ti0.."® This would form heterostructures, SC/TiO2. On the other hand, SnO is
a well-known MOS having widespread applications (e.g. Li-ion batteries, gas sensing,
photovoltaic conversion etc.)."* However, the photocatalytic activity of SnO; is low.”® To the best
of our knowledge, no report is yet available on carbon coupled simonkolleite based heterostructure
semiconductors nanocomposite that would act as carbon coupled mixed semiconductors. With this

aspect, we considered SC/SnO, as a new heterostructure system. In addition, due to ability of
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carbon to couple easily with several materials even with heterostructures, we attempted to
synthesize in-situ a nanocomposite of carbon coupled SC/SnO, heterostructures. In this
system, it could be expected that the photogenerated electrons of SC would transfer to SnO,
as the electronic band structure of SC is similar to ZnO.*" This would result the wide
separation vis-a-vis reduction in recombination rate of charge carrier. Moreover, the carbon
in the nanocomposite could further enhance the photogenerated charge separation in the
photo-responsive materials through accelerating electron transport and improvement of the
textural property that could be a favourable factor for enhancement of photocatalytic activity
of the material towards degradation of organic dye under light illumination.”® In this respect,
we should mention that a-Fe,Os/Mn3;O4/graphene composite has very recently been reported for
photocatal ytic water oxidation.** The reported work is a motivation of this work.

Sol-gel is a facile technique especially for preparation of thin films and nanomaterials.
In this technique, the properties of a material (such as microstructural, optical, electronic,
optoelectronic) primarily depend upon several parameters such as precursor composition and
chemistry, doping etc.”> Moreover, the curing treatments (e.g. vacuum curing, controlled-
atmosphere curing) could also influence significantly upon the properties. This is because
various chemisorptions and desorption processes and oxygen diffusion mechanisms are
highly involved during the curing treatments.” However, among different curing treatments,
the vacuum curing could found to be a very important one as carbon based nanocomposite
sol-gel material for advanced applications could be developed from metal-organic precursor
through the curing.”*

Previously, we reported®® the change of crystallinity, morphology and microstructure,
optical and photocatalytic properties of vacuum cured ZnO-SnO thin films on glass from the
sols of varying Zn to Sn atomic ratio (1.86 : 1 to 2.33 : 1; R) / sol pH using zinc acetate

dihydrate and tin chloride pentahydrate in 2-methoxy ethanol with acetylacetone as sol a
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stabilizer. A detailed study® was also performed on sol to gel formation, chemical and
physical properties of sols. However, adopting a particular synthesis process, the properties
(like morphological, optical, photocatalytic etc.) of material in nano powder would differ
from the nanostructured thin film.?? Therefore, in the present work, the zinc-tin containing
gel, derived from the precursor sol (Zn : Sn, 2 : 1) was cured systematically under the
vacuum condition to obtain a nanocomposite powder. For the first time, in the
nanocomposite, we found the formation of petal-like rhombohedral simonkolleite well
decorated with tetragonal SnO, nanoparticles embedded in graphite-like amorphous carbon as
confirmed by X-ray diffraction, micro-Raman, XPS, FESEM, TEM, etc. Moreover, the
nanocomposite was mesoporous in nature, owning high specific surface area as studied by
BET nitrogen adsorption-desorption isotherms. An excellent photocatalytic activity (PA) of
the sample towards degradation of rhodamine 6G dye considered to be a water pollutant was
observed under UV illumination (A, 254 nm) (complete dye degradation in 32 min only). It is
found that the presence of an optimum content (~18%) of carbon in the nanocomposite
enhanced the photocatalytic activity over 6.5 times than simonkolleite/SnO, nano

heterostructures. Reusability study up to five successive recycles showed excellent

Published on 20 August 2015. Downloaded by University of Prince Edward Island on 21/08/2015 08:09:51.

performance of the photocatalyst. In brief, this report discloses for the first time, a very
simple strategy for the development of carbon-coupled simonkolleite/SnO, nanocomposite

for efficient photocatalytic degradation of rhodamine 6G.

2. Experimentals

2.1 Precursor sols

In this work, all the chemicals were used as received without their further purifications. The
precursor sol (ZSS) for simonkolleite-tin oxide-carbon nanocomposite material (ZSV) was

made by using zinc acetate dihydrate (ZA, Sigma Aldrich, purity 98%; as a zinc source) and
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stannic chloride pentahydrate (TCP, Loba Chemie, purity 99.5%; as a tin oxide source) in 2-
methoxy ethanol (SRL, India, 99%) solvent having acetylacetone (acac) as sol stabilizing
agent. In the precursor sol, the Zn to Sn (atomic ratio) was 2 : 1. The details of preparation of
the sol and their properties had already been reported in our previous work.® However, in a
brief preparation of sol, the required quantities of ZA and TCP were dissolved in 2-methoxy
ethanol (SRL, 99%) with acetylacetone. A sol (SS) was also prepared using TCP in 2-
methoxy ethanol in presence of acetylacetone. In addition, another sol (ZS'S) was also made
using ZA and TCP in 2-methoxy ethanol without adding acetylacetone. Moreover, using zinc
chloride (ZC, Sigma Aldrich, purity 98%; as Zn source) in 2-methoxy ethanol with acac, a
different sol (Z'S) was also prepared. It is important to mention that the equivalent oxide
weight percentage (wt.%) and the molar ratio of acac with ZA or TCP (in case of ZA free sol)
were kept fixed at 4.0 wt.% and 1 : 1.4, respectively. Further, fixing oxide content (4%) and
Zn to Sn molar ratio (2 : 1), two different sols were also prepared. These sols were named as
ZSS-LC and ZSS-HC with molar ratio of acac to ZA, 1 :1 and 1 : 2, respectively. Finally, the
as-prepared transparent sols in Borosil glass beakers of 200/500 ml capacity were placed in a
clean room (temperature, ~30°C; relative humidity, 50-55%) to obtain gels from the precursor
sols. It is noted that the TCP containing sols showed shorter gelling time than ZA or ZC

based sols. This could relate to different rate of hydrolysis of the salts.®?

2.2 Nanocomposites

All the gels (ZSG-LC, ZSG, ZSV-HC, Z25'G, zG and SG) were cured under vacuum
condition (-1 mBar pressure) at 450°5°C in an electrical vacuum furnace® with a heating rate
of 2°C/min and a soaking period of 1 h at the maximum temperature. The vacuum curing was
performed to generate carbon matrix?* in the cured samples (discussed later). Under the

vacuum condition, the cooling process was continued up to ~250°C with a cooling rate of
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2°C/min. Then, the furnace was allowed to cool down automatically to room temperature
(30°+5°C) under the vacuum condition. It is important to note that the ZS'G vacuum cured
sample was further heat treated (rate, 2°C/min) at 400°C in pure oxygen gas (flow rate, 2
litre/min) atmosphere for 1 h at the maximum curing temperature to remove the carbon from
the sample. The final samples derived from ZSG-LC, ZSG, ZSV-HC, ZS'G, ZG and SG gels
were termed as ZSV-LC, ZSV, ZSV-HC, ZS'V, ZV and SV, respectively. Moreover, the ZSG
gel was also cured in an air atmosphere at 450°C for 1 h duration without vacuum. This air
cured sample was designated as ZSA. More details about the samples are given in Table S1
(ESI).

We had already reported in our previous study® on the formation of acetylacetonato
complexes of metal ions (Zn”*/Sn**) present in the sols. However, in this work, the FTIR
spectral study (Fig. S1 and Table S2, ESI) of the precursor gels dried at 130+5°C for 2 h in
an air oven suggested that acetylacetone/solvent was present as organics, chemically
interacted with metal ions in the gels. These organics in the gels after curing under vacuum
condition could generate carbon matrix (Table S3). It is important to mention that the

formation of different inorganic crystals (Fig. S2) was also observed under the vacuum

Published on 20 August 2015. Downloaded by University of Prince Edward Island on 21/08/2015 08:09:51.

condition depending upon the curing temperature. We proposed chemical equations (egns. 1
to 7, ESI) based on systematic FTIR and Raman spectral as well as X-ray diffraction,
electron microscopes (field emission scanning electron and transmission electron) and X-ray
photoelectron spectroscopy analyses (discussed in the later sections) for in-situ generated
different products (especially simonkolleite, zinc oxychloride, tin oxide, zinc oxide and
graphite-like amorphous carbon) derived from zinc-tin containing 130°C dried gels, cured at

different conditions (vacuum/oxygen/air) and temperatures.
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2. Characterizations

2.1 Materials characterizations

In ZSV sample, the presence of crystalline phases were identified by X-ray diffraction (XRD)
study employing an X-ray diffractometer (Philips PW 1730 XRD unit) with nickel-filtered
CuK, radiation source (wavelength, 1.5418 A) in the diffraction angle (26), 10° to 70°.
Morphology and microstructure of the samples were analyzed by field emission scanning
electron microscope (FESEM and FESEM-EDS, ZEISS, SUPRA™ 35VP). Transmission
electron microscope (TEM) was employed to determine the particle shape and size, tentative
metal content as well as crystalline phases of the samples using Tecnai G* 30ST (FEI)
electron microscope operating at 300 kV. Initially, the samples were dispersed in low boiling
alcohol (such as ethanol) by ultrasonication for about 2 h and the dispersed samples were
placed carefully onto the carbon coated Cu-grid (300 mesh). Simultaneous thermogravimetry,
thermogravimetric—differential scanning calorimetry (TG-DSC) (NETZSCH STA 449F3
STA449F3A-0584-M) was carried out for ZSV to determine the weight loss behaviour of the
sample in air up to 1050°C using alumina as reference. Carbon content in the samples was
analyzed by carbon determinator (LECO make, USA; Model C600). The rate of heating was
maintained at 5.0 K/min during the TG-DSC run. Raman spectra (frequency range, 2000 —
200 cm™) of the composites were measured at room temperature by employing a micro-
Raman spectrometer (Renishaw inVia Raman microscope) using an argon ion laser with the
incident wavelength of 514 nm as an excitation source. The presence of different elements
and their chemical states in the representative ZSV sample was determined by employing an
X-ray photoelectron spectrometer (XPS) in the energy range, 200 — 1200 eV (PHI
Versaprobe Il Scanning XPS microprobe surface analysis system) using Al-K, X-rays (hv,
1486.6 eV; AE, 0.7 eV at room temperature). The pressure in the XPS analysis chamber was

better than 5x10™° mbar and the energy scale of the spectrometer was calibrated with pure
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Ag. Moreover, the position of C1s peak was taken as standard (binding energy, 284.5 eV).
The specific surface area and pore size of the samples were measured by BET nitrogen
adsorption and desorption isotherms studies at liquid nitrogen temperature by adopting a
Quantachrome (Autosorbl) machine. All the samples were out gassed in the vacuum at
suitable temperature for about 4 h prior to the measurement. Electrochemical impedance
spectra (EIS) (Nyquist plots) of the samples (ZSV, ZS'V, ZSA, ZV and SV) under UV light
(A, 254 nm in a custom built stainless steel UV curing chamber; details given in the next
section) were recorded in the frequency range, 1-1000 kHz with an AC amplitude of 200 mV
utilizing Metrohm make Autolab 3200N instrument. A fixed weight (5 mg) of a sample
(photocatalyst) was added into 2 ml of 2-methoxy ethanol (SRL, India, 99%) and then, the
aliquot was grinded initially for more than 10 min till a viscous paste was formed. Finally, the
paste was deposited (area, 1 cm?) onto a FTO glass (Technistro; sheet resistance, 10 Q/[))
adopting doctor blading technique. The deposited film electrode (area, 1 cm?) was served as
the working electrode. On the other hand, the platinum wire as counter electrode (CE) and the
Ag/AgCI/3(M) KCI as reference electrode were also used in this measurement. Moreover,

aqueous Na,SO, (0.01M) solution prepared by using sodium sulphate salt (Ranbaxy, India,

Published on 20 August 2015. Downloaded by University of Prince Edward Island on 21/08/2015 08:09:51.

99%) and deionized water from Milli-Q (Millipore, 18 MQ) was used as the electrolyte

solution.

2.2 Measurement of photocatalytic activity

Photocatalytic activity (PA) of the samples towards decomposition of rhodamine 6G (Rh6G)
dye with an initial dye concentration of 10° (M) (C,) in double distilled water was examined
under UV (wavelength, 254 nm) in a custom built stainless steel UV curing chamber well
equipped with a lid and an arrangement of three equally spaced UV lamps (power, 8 watt

each). In each sample, a suspension was prepared by adding 50 mg of the catalyst into a 100
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ml aqueous dye solution in the dark. In a specific time interval, ~ 4 ml of the dye solution
was taken out from the photocatalytic reaction vessel (150 ml Borosil glass beaker) exposed
under the UV light and separated the solid catalyst from the solution by centrifugation.®> After
that the visible absorption spectrum of the solution was recorded to find out the remnant dye
concentration (C) with the help of a calibration curve of the dye solutions. The calibration
curve was constructed by plotting dye concentration against absorbance (OD) at 527 nm peak
wavelength of the solutions obeying Lambert-Bayer’s law. The PA of the samples was
analyzed by plotting In (C,/C) (dye concentration; C,, initial and C, remnant) versus
illumination time. The rate constants of decomposition reaction (considering first order
reaction kinetics) were found out from the plots. All the details on the PA had already been
reported elsewhere.>® It is noted that PA activity of the representative ZSV sample was also
carried out using specific chemicals (such as tert-butyl alcohol, potassium iodide, 1, 4-
benzoquinone) in the dye solution for understanding the possible mechanism governing the
PA. Moreover, to ensure the applicability as recycled photocatalyst, the reusability study of
the ZSV photocatalyst up to five successive recycles was performed (Fig. S3 and Tables S4,
S5; ESI). After 1% cycle, the catalyst was extracted by centrifugation and then washed
thoroughly in de-ionized water. Subsequently, the recovered solid mass was washed with
ethanol followed by drying it at 80°C for about 5 h in an air even. The process was mimicked
up to five successive recycles. The reusability study for the catalyst showed that there is a
minor decrease (about 5%) in the dye decomposition (Table S5, ESI) after 5" successive

recycles.

10
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3. Results and discussion

3.1 Phase structure

Figure 1 shows the X-ray diffraction (XRD) patterns of ZSV including ZS'V, ZV and SV
samples. All the samples were found to be nanocrystalline in nature (Table S6, ESI) as
confirmed from the measurement of crystallite sizes from the XRD patterns of the samples
using Scherrer’s equation.” In ZSV, the XRD patterns (in terms of 20 peaks) are fully
matched with two different types of crystals; rhombohedral simonkolleite [r-SC, JCPDS Card
07-0155 and tetragonal SnO; [t-SnO,, JCPDS Card 41-1445]. However, no trace of
hexagonal ZnO (h-ZnO) was detected in the ZSV while in ZV both the presence of r-SC and
h-ZnO was identified (inset, Fig. 1). It is interesting to note that in zinc-tin containing
precursor gels (ZSG or ZS'G), the formation and stability of r-SC greatly depend upon the gel
curing temperate (T) and atmosphere. However, the change of curing condition, did not affect
the formation of t-SnO,. It was also seen that under vacuum curing of ZSG precursor gel at
400°C, the r-SC started to form (Fig. S2, ESI) but at the curing temperature of 450°C, the
sample was enriched with r-SC in addition to t-SnO,. Any how, on further increasing the T to

500°C, the XRD patterns of simonkolleite disappeared and several new peaks were noticed

Published on 20 August 2015. Downloaded by University of Prince Edward Island on 21/08/2015 08:09:51.

distinctly. It is noted that the peaks were fully matched with h-ZnO [JCPDS Card 36-1451].
On the other hand, the ZSG gel when cured at 450°C under an air atmosphere, orthorhombic
zinc oxychloride (0-Zn0O.ZnCl,.H,0, 0-Z0OC) [JCPDS Card 45-0819] along with t-SnO, was
identified but no trace of r-SC was found from the XRD patterns of ZSA sample. Moreover,
the ZS'V sample prepared by two steps curing of ZS'G gel derived from ZSS equivalent sol
compostion without adding acetylacetone was also showed the formation of 0-ZOC with the
presence of noticiable amount of r-SC. Here, the two steps curing means, the ZS'G gel
initially cured under vacuum at 450°C and further cured the sample at 300°C in pure oxygen
gas atmosphere for 2 h for removal of carbon (discussed details later under Raman spectral

study, Fig. 2). Hence, the XRD study revealed that during thermal curing of zinc-tin
11
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containing precursor gels (ZSG/ZS'G), the air/oxygen atmosphere is not suitable for the
formation of r-SC and most favourable condition for r-SC formation was the vacuum curing
at the 450°C temperature. On the other hand, the ZV and SV composites showed the presence
of r-SC with small content of hexagonal ZnO and t-SnO, respectively as evident from their

XRD patterns (Fig. 1). As reported by many authors'’*%2>%’

, the formation of r-SC mainly
depends on precursor sol/solution pH and temperature in rather complicated processes
including hydrothermal, co-precipation and electrochemical etc. In this respect, the present
preparation method of r-SC could certainly be a novel process. However, the exact role of
vacuum curing on the formation of r-SC was yet to be investigated. Further, the FTIR
spectral study (Fig. S1, Table S2) evidenced that the organics are present in the precursor
gels even after the thermal baking at 130°C. This could be an obvious observation of sol-gel
process.”® Moreover, under vacuum curing the gels, the formation of amorphous/crystalline

carbon?1:2%:30

could be expected in the sample (discussed deails later under Raman, XPS and
TEM analyses). However, no characteristic XRD patterns for crystalline carbon were
identified in the vacuum cured samples. This would indicate the formation of amorphous
carbon, otherwise if the generated carbon is crystalline, its characteristic peaks would be

disguised with the XRD peaks of t-SnO, / r-SC crystals. Sometimes, due to high dispersion™

of carbon, the sample would not respond XRD also.

3.2 Raman spectra

Raman spectral study is an efficient tool for characterization of carbon materials.®** Two
distinct Raman peaks located at ~1595 cm™ and ~1355 cm™, assigned to ‘G’ (graphene) and
‘D’ (defect) of carbon**!** were observed from the spectra of ZSV, ZV and SV (Fig. 2) as
well as ZSV-LC and ZSV-HC (Fig. S4) samples prepared by curing the precusor gels under

vacuum at 450°C. However, when the gels were cured in air or pure oxygen atmosphere (in

12
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the case of ZS'V and ZSA samples), the Raman vibrations were not found. It is important to
note that the ZS'V sample was prepared by two steps curing process (initially cured under
vacuum at 450°C and finally, cured it again at 300°C in pure oxygen gas atmosphere for 2 h)
from ZS'G gel derived from ZSS equivalent sol compostion without adding acetylacetone.
Also, the Raman spectrum (inset, Fig. 2) of 450°C vacuum cured ZS'V sample showed the
presence of carbon as evident from the observation of Raman peaks at ~1595 cm™ and
~1355 cm™, corresponds to ‘G’ and ‘D’ of carbon. Generally, the G band represents the
vibration of sp°C in graphitic** domain while the D band demonstrates the sp°C or disordered
canbon structure.**** In the present work, the appeared G band position is relatively higher
than graphene.®® It is known that the G band positon would depend upon the sp3C/spC
fraction in carbon material.** With increasing the fraction of sp®C, the in-plane co-relation
length of graphitic layers would reduce which consequences the average G band position to
move towards higher energy region.*® This might be caused due to the shortening of
interplanar  distance, doo2® (discussed under TEM analysis, Fig. 5). Therefore, the Raman
spectral analysis suggested that the present carbon in the vacuum cured samples could be

graphite-like amorphous carbon. This amorphous carbon in simonkolleite-SnO, composite

Published on 20 August 2015. Downloaded by University of Prince Edward Island on 21/08/2015 08:09:51.

could be useful for improving photocatalytic activity towards degradation of organic dye*®
(discussed later). On the other hand, we measured the content of carbon in ZSV-LC, ZSV,
ZSV-HC, ZV and SV samples by carbon determinator and the content of measured carbon
was ~10%, ~18%, ~23.5%, ~6.5% and ~17%, respectively (Table S3, ESI). The lowest
content of carbon in ZV could be a non-formation of zinc-acetylacetonato complex in the
precursor gel drived from the sol using ZnCl, as zinc source. This was verified by FTIR

spectra (Fig. S1 and Table S2, ESI) of 130°C baked ZG gel.
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3.3 XPS analysis

In ZSV sample, the presence of simonkolleite and SnO, semiconductors along with graphite-
like amorphous carbon was evidenced from XRD (Fig. 1) structural and Raman spectral (Fig.
2) analyses. Mainly two different hybridizations, sp’C and sp°C could be expected in
amorphous carbon.* However, the determination of relative content of sp°C and sp°C in the
carbon could not possible from Raman study (Fig. 2). Therefore, XPS analysis (Fig. 3) of the
sample was absolutely necessary to know the relative content of specific carbon. In addition,
the presence of different elements with their chemical states was also essential for the
purpose of Raman study. The existence of non-metallic elements such as carbon, chlorine and
oxygen as well as metallic elements such as zinc and tin were identified from their
corresponding binding energy signals in the XPS survey spectrum (Fig. 3a) of the sample.
The sources of carbon, chlorine and oxygen could be the graphite-like amorphous carbon,
simonkolleite and simonkolleite-SnO,, respectively as evident from Raman (Fig. 2) and XRD
(Fig. 1) studies of the sample. In case of the carbon, a broad asymmetrical signal of C1s core
level could be decomposed into two Gaussian fitted components with the binding energy
peaks, located at 284.1+0.1 eV and 285.9+0.2 eV, assigned to sp?’C and sp>C carbons,
respectively (Fig. 3b). Form the peak area of the signals, the calculated relative contents of
the sp”C and sp>C carbons are ~55.5% and ~44.5%, respectively. Thus, the XPS data strongly
supported the Raman spectral study (Fig. 2) related to the existence of graphite-like
amorphous carbon.® Another broad signal was appeared with the peak energy of ~530 eV for
O1s that could split into Gaussian-fitted two distinct peaks (Fig. 3c) located at 530.1+0.1 eV
(S1) and 531.6 0.2 eV (S2). The values of peaks for O1s matched with the reported data by
Chen et al.®” However, the S1 signal could relate to 0% ions*’of simonkolleite and SnO, as
evident from XRD (Fig. 1) and Raman spectra (Fig. 2) while the S2 signal could assign to

O% ions of oxygen deficient semiconductors (simonkolleite, SnO,).” On the other hand, the
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binding energy peaks of (Fig. 3d) Zn2p;, and Zn2ps;, core levels were observed at
1044.84+0.2 eV and 1021.7£0.1 eV, respectively. The energy difference between the two core
levels is 23.1+0.1 eV, matched well with the reported value for Zn®**.>*® On the other hand,
the XPS spectrum of the sample showed triplet signals of Sn3d (Fig. 3e). The triplet signals
with decreased peak intensity were appeared at 486.4+0.2, 494.9 +0.1 and 499.3+0.2 eV,
could be originated from the core levels of Sn3ds;, Sn3ds; and Sn3dy;, respectively.®®3
However, the binding energy difference of Sn3ds, and Sn3ds, core levels is 8.4 eV (A). In

this respect, Shi et al*®

also reported a similar value of A. It is known that in Sn3dsp,, the
binding energies of Sn** (486.5 eV) and Sn?* (486.25 eV) are very close*®. Therefore, it is
difficult to separate Sn** from Sn** from the XPS data. However, the presence of tetragonal
SnO, from XRD pattern (Fig. 1) of the sample could emphasize on the existence Sn*".
Further, the XPS signal for Sn° could appear at relatively low energy (484.6 eV)*' compare to

the energy of the signal for Sn**/Sn?*. In fact, it was not detected from the XPS measurement.

Hence, the possibility of Sn° formation could be discarded in the sample.

3.4 Morphology and microstructure

Published on 20 August 2015. Downloaded by University of Prince Edward Island on 21/08/2015 08:09:51.

3.4.1 FESEM study

Figures 4 and S5 (ESI) display the FESEM results of ZSV, ZV and ZSA along with ZS'V
and SV samples. The FESEM images (Fig. 4a,i) of ZSV sample clealry shows the particles
with petal-like hierarchical structures (petal thickness, 28-41 nm; inset, Fig. 4i) together with
quasi-spherical particles (average size, 153 nm) embedded in a featureless matrix (inset,
Fig. 4a). The featureless matrix could believe to be the graphite-like amorphous carbon
(more discussion under TEM analysis, Fig. 5). It is worthy to note that Raman spectral (Fig.
2) and XPS (Fig. 3) analyses already evidenced the presence of carbon in ZSV, ZV and SV

samples. Further, FESEM-EDS study (Fig. 4b1) on compositional (atomic percentage, at%)
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analysis for Zn and CI of the hierarchical microstructures as given in Figure 4b which shows
about 67.3% Zn and 32.7% CI (Zn to Cl atomic ratio, Rzc = 2.06 ). The source of Zn and Cl
could be the simonkolleite nanopetals as evident from XRD patterns (Fig. 1) of the ZSV
sample. It is interesting to note that the ZSA sample (obtained from ZSG gel after curing at
450°C under air atmosphere) shows spherical clusters (size, 20+5 nm) (Fig. 4c and its inset).
These clusters could be the mixtures of tetragonal-SnO; and orthorhombic zinc oxychloride
as confirmed from the XRD patterns (Fig. 1) of the sample. On the other hand, the FESEM
microstructure (d) of ZV displays the presence of nano petal/plate-like particles (thickness,
23-30 nm) that could be for rhomhedral simonkolleite/hexagonal ZnO as evident from the
XRD patterns (inset, Fig. 1) of the sample. The Rzc value calculated from the FESEM-EDS
curve (Fig. 4d1) of the microstructure (Fig. 4d) could be comparable with the Rz value of
ZSV. This result implied that the ZV sample also contains simonkolleite as identified from its
XRD curve (Fig. 1). It is worthy to note that flower-like morphology constructed by
hexagonal plates (Fig. S5a, ESI) was found in ZS'V sample by curing initially at 450°C
under vacuum and finally, at 300°C in pure oxygen of ZS'G gel that was prepared from the
precursor sol without using acetylacetone. Thereofore, it could appear that the formation of
petal-like morphology of simonkolleite is possible in the sample derived from the precursor
sol with acetylacetone. Although, the exact role of acetylacetone towards the formation of
simonkolleite was not known but the graphite-like amorphous carbon in-situ generated in the
nanocomposite, would help to form the morphology.** It should mention that the SV sample
consisting of t-SnO; (Fig. 1) shows only spherical nano clusters (size, 17+2 nm) as revealed
from FESEM study (Fig. S5b, ESI).

Simonkolleite is an important mineral with complex structure of the transition metal
(Zn) layered hydroxide chloride.?” It usually exists as hexagonal sheets.'” Sometimes,

depending upon the synthesis parameters, the formation of hierarchial structures could be
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possible.”®%" However, no distinct mechanism on the formation of hierarchial structures was

available in the literature. Mahmoudian et. al?*’

electrodeposited simonkolleite flower-like
nanostructure on porous surface of zinc, coated with poly-(N-methyl pyrrole). The authors
considered the trapping of CI” and OH™ ions within the pores of coatings, could be the reason
for the morphology. In the present work, the formation of petal-like hierarchial structure of
simonkolleite could be due to the curing of the precursor gels under vacuum. This is because

various chemisorption and desorption processes as well as oxygen diffusion mechanisms are

greatly involved during the curing process.®

3.4.2 TEM study

Figure 5 displays the field emission transmission electron microscope (FE-TEM)
characterization result of ZSV nanocomposite. The TEM image of the sample shows flower-
like hierarchical microstructure (Fig. 5a) decorated well with SnO, nanoparticles (average
size, ~16 nm; histogram, inset of Fig. 5b). The HRTEM image (inset A, Fig. 5b) of the
nanoparticle (A) shows distinct lattice fringes with interplanar distance, d (0.33 nm) matched

with the tetragonal-SnO, nanocrystals [JCPDS Card 41-1445]. This observation fully

Published on 20 August 2015. Downloaded by University of Prince Edward Island on 21/08/2015 08:09:51.

supported the XRD result (Fig. 1) of the sample. The SAED pattern (Fig. 5c) for the
microstructure as displayed in Figure 5a shows several bright spots and the calculated d
values from the spots corresponded to orthorhombic simonkolleite and tetragonal SnO,
nanoctystals. On the other hand, TEM-EDS (Fig. 5d) compositional (atomic percentage, at%)
analysis for Zn, Sn and CI elements for the hierarchical microstructure as displayed in Figure
5a shows the presence of about 56.7% Zn, 27.2% Cl and 16.1 % Sn with Zn to Cl (Rzc),
2.08. It is worthy to mention that similar Rzc value on the petal-like microstructure was
obtained by the FESEM-EDS analysis (Fig. 4b1). Moreover, a typical TEM image (Fig. 5e)

at higher magnification of ZSV sample shows the nanoparticles are embedded intimately in a
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matrix. The HRTEM (Fig. 5f) of square marked portion as displayed in Figure 5e confirms
the presence of distinct lattice fringes with interplanar distance, d (0.33 nm) matched with
tetragonal-SnO, nanocrystals [JCPDS Card 41-1445] embedded in the mesoporous milky
diffraction background. This background could suggest the presence of carbon®™ in the
nanocomposite. It is also noted that in several portion of the matrix, the signature of graphitic
layers® with relatively shorter interplanar distance (0.29 nm) than graphene*® were observed.
The shortening of interplanar distance would be considered as a consequence of the vacuum
curing of precursor gels. Therefore, in the present work, the existing carbon matrix in the
sample could be termed as graphite-like amorphous carbon which is found to be some what
disorder structure.? It is to be mentioned that the presence of carbon in ZSV nanocomposite
is already confirmed by Raman (Fig. 2) and X-ray photoelectron spectroscopy analyses (Fig.

3).

4.5 TG-DSC study

Thermal stability vis-a-vis thermal weight loss behaviour of ZSV sample having graphite-like
amorphous carbon (Figs. 2, 3, 5) was investigated by TG-DSC analysis (Fig. 6). The DSC
curve shows two endothermic peaks appeared below 200°C with the corresponding weight
loss of about 4% as measured from the TG curve. This weight loss could be attributed to the
loss of adsorbed water.*>*® It is also seen from the DSC curve that the pyrolysis (exothermic)
reaction, starts at ~350°C and ends at ~530°C. From the TG curve, up to ~ 530°C, there is a
total weight loss of 23.1% but above 530°C, no further weight loss was measured from the
sample. Hence, considering the loss of water, the further loss of about 19% could be ascribed
to the loss of carbon along with the weight loss that happened for the conversion of
simonkolleite [Zns(OH)sCl,.H20] to ZnO as evidenced from the XRD (Fig. S2) study. It is

worthy to mention that the presence of carbon in the sample was already confirmed from the
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Raman, XPS and HRTEM analyses (Figs. 2, 3, 5). Moreover, about 18% of canbon in the
sample was measured by carbon determinator (Table S3). Therefore, in the sample, the
amount of carbon obtained from the TG-DSC analysis (Fig. 6) is approximately matched

with the data from carbon determinator.

3.6 Textural property

Textural property (surface area, pore size) of ZSV (Fig. 7a) and ZS'V (Fig. 7b)
nanocomposites were measured from BET nitrogen adsorption-desorption method. The
isotherms of both the nanocomposites highlight IUPAC type IV architecture having H3
hysteresis loop, indicating the presence of slit-like mesopores in the samples.*” The pore size
distribution curves were drawn from the desorption branch of the isotherms (insets of Figs.
7a,b). From the distribution curves, the calculated average pore sizes were 3.1 nm and 3.5 nm
for ZSV and ZS'V, respectively. It is worthy to note that very high BET specific surface area
of 142.6+0.2 m2/g was obtained from the isotherms of ZSV sample. The presence of
graphite-like carbon® as evidenced from Raman spectra (Fig. 2), TEM microstructural (Fig.

5) and XPS analysis (Fig. 3) of the sample could be the reason for the generation of the high

Published on 20 August 2015. Downloaded by University of Prince Edward Island on 21/08/2015 08:09:51.

surface area. This is true because in absence of the carbon (Fig. 2) in ZS'V sample, the
measured surface area was more than 4.5 times low (31.6+0.2 m?/g) than ZSV. Due to this
large surface area in ZSV, the surface active sites could increase and this typical textural
property of the nanocomposite could be beneficial for obtaining its high photocatalytic

activity towards degradation of organic dye under light illumination (discussed later).

3.7 Photocatalytic activity
Photodecomposition (Fig. 8a,b, Table S4 of ESI) of Rhodamine 6G dye (10° M agqueous

solution) using ZSV nanocomposite as photocatalyst was performed under UV illumination
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(wavelength, 254 nm) after keeping the dye solution in presence of the sample at an optimum
time of 30 min to attain dye adsorption equilibrium under dark condition (see Fig. S6, ESI
for details). It was seen that the dye in the water solution decomposed completely in 32 min
of the UV exposure. We also determined the dye decomposition rate constant, k by plotting In
(Co/C) versus time, considering first order reaction kinetics. Here, C, is the initial
concentration and C denotes the remnant dye concentration at different times of UV
exposure. All the plots are found to fit approximately linear; implying pseudo first-order
reaction kinetics of the dye degradation. Using ZSV sample having graphite-like amorphous
carbon, we obtained the k value, 0.096 min™ (inset, Fig. 8b). It is worthy to note that the
carbon-free nanocomposite, zs'v owning simonkolleite and SnO, nanoheteroctures in
presence of non-semiconductor zinc oxychloride (Fig. 1) as evident from XRD (Fig. 1) and
Raman spectral results (Fig. 2) which showed nearly seven times lower k value (0.0145 min’
1) (inset, Fig. 8c) compare to the k value of ZSV. Also, other samples (ZSA, ZV and SV)
showed very low rate constant (0.001 — 0.0045 min™) (insets, Fig. 8d and Fig. S7a,b; Table
S4, ESI). Therefore, in this synthesis process, the single metal oxide nano semiconductor
coupled with graphite-like amorphous carbon in ZV and SV samples or the carbon-free
simonkolleite/SnO, nanoheteroctures showed very negligible photocatalytic activity;
although the crystallite (Table S6) / particle sizes (Figs. 4, 5; Fig. S4, ESI) of simonkolleite
and SnO- in all the samples were in the nano domain which could have possibility of forming
photogenerated charges (electrons and holes) with stronger oxidative/reductive capabilities.
In this work, the presence of carbon in the mesoporous (average pore size, 3.1 nm) ZSV
nanocomposite with large specific surface area (142.6+0.2 m%/g, measured by BET nitrogen
adsorption-desorption isotherms, Fig. 7a) could help to create more and more contacts with
the dye molecules on the catalyst surface.*® Moreover, the carbon could possibly improve the

separation efficiency of photogenerated charge carriers via interfacial interactions with the
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nanoheterostructures (see Fig. 9 for more details). This could consequence an improvement
of photocatalytic activity of the ZSV nanocomposite towards degradation of organic pollutant
like Rhodamine 6G under UV illumination. Moreover, the reusability test (Fig. S3, Table S5)
of ZSV photocatalyst shows only 5 percent decrease in the dye decomposition efficiency
after five successive recycles for 32 min UV exposure in each cycle. The slight decrease of
the photocatalytic activity of ZSV could be attributed to an oxidation of the carbon by
energetic valence band holes (h*) generated in the photochemical reaction. However, the
oxidation process was seemed to be very slow and the high concentration of the dye could
greatly compete with the hole scavenging process.”® It is also true that the photocatalytic
activity could reduce due to photo corrosion of nano semiconductors (simonkolleite and
SnO,). However, the presence of graphite-like amorphous carbon would inhibit the photo
corrosion effectively.*® In this respect, the ZSV sample as a new sol-gel nanocomposite
showed better with few exceptions (Table S7, ESI) than other photocatalysts reported in the
literatures.**>® Therefore, the ZSV nanocomposite could be considered as a new, cost
effective and highly efficient photocatalyst towards degradation of organic pollutant like

Rhodamine 6G dye under the UV illumination.

Published on 20 August 2015. Downloaded by University of Prince Edward Island on 21/08/2015 08:09:51.

It is known*®540

that charge carrier (electron and hole) separation and electron
transport behaviours of semiconductors are the critical factors in photocatalytic dye
decomposition reactions. The behaviours could clearly be understood from the study of
powerful electrochemical impedance spectroscopy (EIS). In this respect, the smaller arc
radius in the EIS semicircle of an electrode (photocatalyst) under suitable light irradiation
could indicate an effective separation of photo-generated electron-hole pairs as well as the
fast interfacial charge transfer. Moreover, the presence of one arc/semicircle on the EIS plane

implies an involvement of only surface charge-transfer step in the photocatalytic reaction and

the magnitude of arc radius could have relation with the rate of degradation reaction.
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Therefore, several authors*®°4%°

efficiently utilized the EIS tool to explain the photocatalytic
activity of semiconductors including carbon coupled single / mixed metal oxide
nanocomposites (see text with Table S8 of ESI for more details). In the present work, the
EIS was performed on ZSV nanocomposite as well as on other samples (ZS'V, ZSA, ZV and
SV) to understand the difference in charge separation behaviour which could directly relate to
the photocatalytic activities towards degradation of rhodamine 6G dye as observed under UV
illumination (Table S4 and Fig. S7, ESI). The EIS Nyquist plots of UV illuminated (A, 254
nm) photo-electrodes are displayed in Figure 9. The plot of samples shows only one
arc/semicircle on the EIS plane display, indicating only the surface charge-transfer could
occur in the electrodes.”®*® Moreover, the radius (r) of arc/semicircle in the Nyquist plots for
the ZSV, ZS’V, ZSA, ZV and SV photo-electrodes decreases in the order, rs, > rz > rzea> 1,y >
r. A similar trend was also observed in the change of magnitude of arc/semicircle for the
samples under dark condition (not shown here). This result obviously implies that the
capability of most effective photogenerated charge separation / reduction of the
recombination rate of the charges was happened in ZSV.* It could also indicate that the
fastest interfacial charge transfer to acceptor/donor could happened in the ZSV sample where
the graphite-like amorphous carbon is present as evident from the Raman spectral (Fig. 2),
XPS (Fig. 3), carbon content (Table S3, ESI) and TEM (Fig. 5) analyses of the sample. This
phenomenon could be possible via an interfacial interaction between the carbon and the
nanoheterostructures made by simonkolleite nano petals and SnO, nano particles. This
assumption could be justified from the experimental observation of much higher arc radius
(in the EIS plot) compare to ZSV as obtained from carbon-free ZS'V/ sample (confirmed by
Raman spectral study, Fig. 2). It is worthy to note that both the samples possessed
simonkolleite nano petals/nano SnO, nanoheterostructures. It is also important to mention

that the change in magnitude of arc/semicircle in the Nyquist plots of the samples was
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consistent with the photocatalytic activities in terms of the dye degradation rate constant (k)
under UV illumination. This improved electrochemical property of ZSV nanocomposite
towards the photocatalytic activity would rely on the electron transport properties of graphite-
like amorphous carbon.?° It has already been reported by many authors that relatively higher
photocatalytic efficiency (PE) could be obtained in nanoheterostructures semiconductors (like
simonkolleite/TiO2, ZnO/SnO;, ZnO/TiO; etc).'®®%2 Therefore, in the present work, it
implies the carbon that strongly coupled with the simonkolleite petals and SnO,
nanoheterostructures in ZSV sample, could further improve the PE and made the
nanocomposite as a highly efficient photocatalyst towards degradation the dye. In this
respect, the higher specific surface area of ZSV sample as measured by BET nitrogen
adsorption-desorption isotherms (Fig. 7) due to presence of the carbon, was also a beneficial
factor for the improvement of the photocatalytic activity.™ In the same vein, due to its large
surface area the surface active sites in the photocatalyst could increase and consequently,
more and more dye molecules could come into contact with the surface of the catalyst.*®® As
a result, an effective photocatalytic reaction could be happened for the ZSV sample. In this

respect, many authors had already reported the effect of surface area on the photocatalytic

Published on 20 August 2015. Downloaded by University of Prince Edward Island on 21/08/2015 08:09:51.

activity (rate constant) of different photocatalysts including carbon based composite
semiconductor materials on different organics (see details in Table S9,10 of ESI).

It is worthy to note***

that the carbon (e.g. graphene, carbon nano tube, amorphous
carbon) could couple with several basic materials (such as oxides, metals, polymers) even
with heterostructures to advance the functional properties including optoelectronic property
of the materials. In this regard, major studies had already been done on carbon (C) coupled
single metal oxide semiconductor (such as ZnO/C, SnO,/C, TiO,/C) composites for

enhancing the photocatalytic activity of semiconductors."**® Also, carbon coupling mixed

metal oxide semiconductors (e.g. a-Fe,O3/Mn3;04/graphene), which showed excellent charge
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transfer performance for photocatalytic water oxidation.™ It is also known that in the carbon-
coupled nanocomposite, the photogenerated electrons would accumulate on the carbon
surface to convert O, to O," and the holes could remain on the semiconductor surface
transforming H,O or “OH to ~OH®, useful for fast degradation of organic dye by the
generated free radicals.*>®* On the other hand, the carbon could enhance the textural property
(particularly surface area and porosity) that could necessary for effective contact of
photodegradable organic dyes on the surface of photocatalysts. Therefore, in the present
work, the dual role of the carbon was found; one role for faster rate of interfacial charge
transfer and another for enhancing specific surface area of the ZSV nanocomposite. On the
other hand, simonkolleite is now recognized as one of the wide band gap semiconductors
having electronic band structure similar to ZnO (bulk band gap energy, 3.3 eV).!” Moreover,
it could able to decompose organic dye. It is also known that the
electrochemical/photochemical property of SC could improve by coupling with TiO," as
heterostructures. SnO; is a well-known metal oxide semiconductor having widespread
applications.* However, the photocatalytic activity of SnO, is low.™ In this work, it could be
expected that the photogenerated electrons of SC would transfer to SnO; as the electronic
band structure of SC is similar to ZnO.'" This would result a wide separation vis-a-vis
reduction in recombination rate of charge carriers. Moreover, the carbon in the
nanocomposite could further enhance the photogenerated charge separation in the photo-
responsive materials through accelerating electron transport in addition to improve the
textural property (such as surface area, porosity) that could be the favourable factor for
enhancing active sites of the photocatalyst under UV illumination.?’ In this respect, we
should mention that a-Fe,O3/Mn3O4/graphene composite, reported very recently as a highly

efficient photocatalyst for water oxidation.™
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It is known that an optimum content of carbon could require for obtaining efficient
photocatalytic activity in carbon coupled photocatalyst towards decomposition of water
pollutants (such as organic dyes).®>® Therefore, it is absolutely necessary to verify whether
~18% graphite-like amorphous carbon that present in ZSV could be an optimum content of
carbon for the purpose. In this respect, we changed the carbon content in the nanocomposites
by varying acetylacetone content in the two more precursor sols and obtained ~7% and
23.5% carbon (Table S3, ESI) as analyzed by carbon determinator in ZSV-LC and ZSV-HC,
respectively. It was seen that ZSV-LC showed comparatively low value of first order rate
constant (k = 0.043 min™'; ~ 100% dye decomposition in 64 min) than ZSV for the dye
decomposition (Fig. S8, ESI) under the UV exposure. However, an interesting result was
obtained from ZSV-HC sample. It is noted that by keeping the ZSV-HC sample with
continuous stirring in the dye solution for 64 min under the dark condition, a complete
adsorption of the dye was seen (Fig. S8, ESI). This strong adsorption capability but low
photocatalytic dye decomposition activity (~57% dye decomposed in 60 min under the UV)
of ZSV-HC compare to ZSV-LC and ZSV samples discussed elaborately in the ESI (Fig. S8).

Hence, it is clear that the ZSV-HC sample was an efficient dye adsorbent not as an efficient

Published on 20 August 2015. Downloaded by University of Prince Edward Island on 21/08/2015 08:09:51.

photocatalyst. This adsorption capability of the ZSV-HC could be ascribed to the presence of
excess content of the carbon. Possibly, the excess carbon could create shielding effect of
incident UV light®®® and covered the active sites of nanoheterostructures (simonkolleite
nanopetals/quasi-spherical tin oxide nanoparticles) in the nanocomposite. In case of ZSV-LC,
the lowest carbon content would not be sufficient for the separation vis-a-vis reduction in
recombination rate of photogenerated charge carriers (electron and hole).**®" Therefore, an
optimum carbon content of ~18% (Table S3) in ZSV sample could be required for
maximizing the photocatalytic activity towards decomposition of rhodamine 6G dye under

UV exposure.
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It is known that several reactive species (RES) could produce during the photocatalytic
dye decomposition reactions.®* Their generation could be understood by the use of specific
RES scavenger (such as tert-butyl alcohol, TBA; potassium iodide, Kl; 1,4-benzoquinone,
BQ). Therefore, many authors used TBA, Kl and BQ in the dye solution to examine the
formation of “OH (hydroxyl radical), h* (hole) and ‘O®" (superoxide radical), respectively. In
our present work, we also used these scavengers for the purpose of understanding the
existence of specific RES that took part in the dye decomposition reaction. As can be seen
from Figure S9 (ESI), 1 mM BQ solution could completely terminate the dye degradation
reaction by consuming/arresting “0% radicals that play a significant role in the photocatalytic
reaction. Moreover, on addition of 10 mM TBA / 2 mM KI solution, the dye degradation was
also found to decrease significantly. Therefore, the RES scavenger experiment clearly
indicated that the *O% and "OH radicals as well as h* ions could generate for the degradation
of Rh6G dye under UV illumination. The photochemical reactions could be proposed

(equations 1 to 8) depending on the free radical scavenger experiment.°

Sn0O,-SC/Carbon + hv—— SnOy(ecs”) + SC(hvs’) + Carbon - - - (1)
SnO,(ecg’) + Carbon ——» SnO, + Carbon(ecs”) ---(2)
Carbon(ecg) + O, ——» Carbon+ Oy ---(3)
SC(hw") + OH™ — SC + OH ---(4)
0, +H,O0O — HO, + OH" ---(5)
HO;, + HLO —»OH + H,0, ---(6)
H,0, — 20H’ ---(7
Rh 6G + OH' —— Degradation product ---(8)
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4. Conclusion

This report discloses a new sol-gel nanocomposite having rhombohedral simonkolleite nano
petals and quasi-spherical tetragonal SnO, nanoparticles forming nanoheterostructures
embedded in graphite-like amorphous carbon as efficient and reusable photocatalyst,
synthesized under vacuum curing (450°C) of precursor gel derived from the sol (Zn:Sn=2:
1) in 2-methoxy ethanol with acetylacetone. The sample showed high photocatalytic activity
(10°M dye solution degraded completely in 32 min) under UV illumination. Reusability test
of the photocatalyst exhibited about 95% of dye degradation after five successive recycles. In
the nanocomposite, an active role of the carbon in an optimum content (~18%) was found to
generate high BET specific surface area (~143 m?/g) and also to accelerate photo-induced
charge carrier separation and electron transport in the nanoheterostructures. This simple
synthesis strategy could open a new avenue to develop sol-gel nanocomposites as efficient
and reusable photocatalysts from simonkolleite based other nanoheterostructures, embedded

in graphite-like amorphous carbon.
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Figure captions

Fig. 1: XRD patterns of ZSV, ZS'V, ZSA, ZV (inset) and SV samples.

Fig. 2: Raman spectra of ZSV nanocomposite along with ZS'V, ZSA, ZV and SV samples.
Inset indicates the Raman spectrum of ZS'V sample cured at 450°C under vacuum.

Fig. 3: XPS results of ZSV nanocomposite. (a) Survey spectrum shows the presence of
different elements; (b) typical XPS data for the binding energy of C1s;(c) binding energy
signal for O1s; (d) and (e) represent the binding energy signals for core levels of Zn2p and
Sn3d, respectively.

Fig. 4: FESEM images of (a,b) ZSV, (c) ZSA and (d) ZV samples along with FESEM-EDS
curves of (b1) and (d1) that are obtained from the microstructures (b) and (d), respectively.
Zone (i) of (a) is magnified to (b) shows petal-like particles while zone (ii) of the enlarged
part of image (a) displays quasi-spherical nanoparticles embedded in a freatureless matrix.
Fig. 5: TEM results of ZSV sample. (a) TEM image shows a petal shaped large particle
decorated with nanoparticles embedded in freatureless matrix. A magnified marked portion of
(@) is shown as (b) (inset shows the histogram for particle size distribution with average
particle size, 10.5 nm). Inside the image (b), the HR-TEM of a particle (marked as A) is also
given. The HR-TEM image shows distinct lattice fringes with d spacing matched with t-SnO,
along (110) plane. The SAED of the microstructure (a) is displayed as (c), confirms the
presence of both t-SnO; and o-simonkolleite nanocrystals. TEM-EDS of the microstructure
(@) is shown in (d). The presence of different elements such as Zn, Sn, Cl, O, C etc are
detected from the EDS curve with the contents of Zn (~66.2%), Cl (~26.4%) and Sn (~7.4%).
The sample also shows a different microstructure as shown in (e). (f) is the magnified part
(square marked) of (e), confirms the presence of both t-SnO, (from the lattice frignes) and
graphite-like amorphous carbon matrix.

Fig. 6: TG-DSC curves of ZSV sample.

Fig. 7: BET nitrogen adsorption and desorption isotherms of ZSV and ZzS'V
nanocomposites (insets show the pore size distribution curves constructed from desorption
branch of the isotherms).

Fig. 8: Photocatalytic activity of ZSV, ZS'V and ZSA samples towards degradation of
rhodamine 6G dye under UV illumination. (a) Remnant dye concentration versus UV
exposure time: (b), (c) and (d) visible spectra of dye solution at different illumination times
for the photocatalysts; ZSV, ZS'V and ZSA, respectively (insets show respective dye
decomposition rate constant, considering first order reaction kinetics).

Published on 20 August 2015. Downloaded by University of Prince Edward Island on 21/08/2015 08:09:51.

Fig. 9: Electrochemical impedence (EIS) Nyquist plots of electrodes of different samples
obtained under UV (A, 254 nm) illumination.
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