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diated synthesis of Bi–In–Zn–S
and its efficient visible-light-driven decomposition
of methylene blue†

Aniruddha Molla, Meenakshi Sahu, Yogendra Kumar and Sahid Hussain*

Soft template mediated synthesis of Bi–In–Zn–S (BIZS) nanostructures were successfully achieved in

poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) i.e. PEG-PPG-PEG at

various temperatures with uniform size distributions. The newly synthesized BIZS nanostructures were

characterized by powder XRD, IR, UV-vis, SEM, TEM, EDX, BET and TGA. The photocatalytic activities of

the BIZS nanostructures were measured by the degradation of methylene blue under visible light (200 W

tungsten lamp and sunlight).
1 Introduction

Many interesting physical and chemical properties of nano-
structuredmaterials emerge that are signicantly different from
those of conventional bulk analogs, due to their small size and
large surface area.1 Metal chalcogenides are widely available in
nature and among these, Cu-based multinary chalcogenides
such as ternary CuInX2 and quaternary Cu2ZnInX2 and their
alloys, have been subject of immense interest over last ve
years.2 These materials have shown promising technological
applications in energy conversion, including fuel cells,3 solar
cells,4 sensors, light-emitting diodes, Li-ion batteries,5 photo-
electrochemical water splitting cells,6 supercapacitors,7 ther-
moelectric devices and memory devices.8 For example, CuGaS2
and alloyed (ZnS)x(CuInS2)1�x has shown a great deal of promise
as photocatalysts for the degradation of industrial dye pollut-
ants and excellent water splitting ability.9 Of late, numerous
photocatalysts have been prepared, but only few photocatalyst
under visible-light have been reported.10 Due to these inter-
esting features, researchers have paid attention to synthesize
these ternary/quartnary chalcogenides in a facile, convenient,
eco-friendly and cost-effective manner. There are several liquid-
phase synthetic methods available e.g. liquid exfoliation, hot-
injection, hydrothermal, solvothermal, microwave, sonochem-
ical, template-directed and colloidal methods for the produc-
tion of this type of materials. Recently, Xue et al. reported a
room temperature synthesis of Cu–In–Zn–S (CIZS) using thio-
acetamide and water.11 In no denial of fact, some reported
methods are creditable but most of suffers from drawbacks like
requirement of special set-up for inert condition, use of toxic
Technology Patna, Patna 800 013, India.
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(ESI) available: Spectral data of all
9/c5ra07248d

hemistry 2015
solvent and foreign substrate as capping agent to control the
growth of the nanoparticles. Herein we report a so template
mediated synthesis of Bi–In–Zn–S (BIZS) nanoclusters using
different solvent and at different temperatures. The obtained
nanoclusters have size �2–10 nm. The photocatalytic activity of
prepared nanoclusters was studied with methylene blue under
visible light (200 W tungsten lamp and sunlight).
2 Experimental
2.1 Material

Zinc acetate dihydrate [Zn(OAc)2$2H2O], indium acetate
[In(OAc)3], bismuth nitrate pentahydrate [Bi(NO3)3$5H2O],
poly(ethylene glycol)-400 or PEG-400, glycerol, poly(ethylene
glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol)
or PEG-PPG-PEG, thiourea [CS(NH2)2], ethanol (EtOH) and
methylene blue were all analytical grade and used without
further purications. Double distilled water was employed
throughout the experiments.
2.2 Preparation of BIZS nanoclusters

In a typical experiment, Zn(OAc)2$2H2O (2.5 mmol, 549 mg),
In(OAc)3 (1.0 mmol, 292 mg), and Bi(NO3)3$5H2O (0.3 mmol,
146 mg) were taken in 100 ml round bottom ask with 10 ml of
solvent [PEG-PPG-PEG (sample B, C and D), PEG-400 (sample E)
or glycerol (sample F)]. The reaction mixture was stirred at
different temperatures [150 �C for all the solvents, 100 �C
(sample B) and 200 �C (sample D) for PEG-PPG-PEG only] for 1
h. The solution become white and excess thiourea (400 mg) was
added in it. The solution turned to light yellow and nally black
aer 3 hours of stirring. It was kept at room temperature to cool
down and sample was collected by centrifugation, washed
several times with ethanol and water. Finally the dark mass was
collected and dried under vacuum. Details ow chart for the
RSC Adv., 2015, 5, 41941–41948 | 41941
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Fig. 1 P-XRD of BIZS prepared at various temperature and solvent.

Fig. 2 IR spectra of BIZS prepared at various temperature and solvent.
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synthesis of BIZS at various temperatures can be seen in Fig. S1
(ESI†).

2.3 Characterizations methods of catalyst

IR spectra were recorded in KBr on a Shimadzu IR Anity I. SEM
images were obtained from a Hitachi S-4800 microscope at an
operating voltage of 15 kV. The sample was coated with plat-
inum for effectual imaging before being charged. TEM images
were obtained from JEOL instrument using Cu grid. UV-vis and
uorescence data was recorded in UV-vis spectrophotometers of
Shimadzo UV-2550 using standard 1 cm quartz cuvette and
Fluoromax-4 spectrouorometer of Horiba Jobin YVON
respectively. X-ray powder diffraction study was carried out on a
Rigaku X-ray diffractometer at a voltage of 35 kV using Cu Ka
radiations (l¼ 0.15418 nm) at scanning rate of 0.20� perminute
in the 2q range 10–80�. BET measurement was performed using
Smart Instruments; Smart Sorb 92/93 and nally TGA experi-
ment was carried out in SDT Q600.

2.4 Photocatalytic experiments

In order to evaluate the photocatalytic activities of the prepared
BIZS nanoclusters, the photocatalytic decomposition of
methylene blue (MB) under visible light (200 W tungsten lamp
and sunlight) irradiation was investigated. 5 mg of prepared
BIZS was dispersed in 14 ml aqueous solution of 5 � 10�5 (M)
MB. Before irradiations, the suspensions were magnetically
stirred for 20 min in the dark in order to reach the adsorption–
desorption equilibrium between the catalyst and dye molecule.
Then the mixture was exposed to visible-light irradiations from
a 200 W tungsten lamp or sunlight (for the sample prepared at
200 �C i.e. sample D) with continuous stirring. At given time
interval, 2 ml aliquots were taken and were centrifuged to
remove the catalyst. UV-vis spectra were recorded with 1 : 1
dilution of experimental solution taken at certain interval.
Blank experiments were also performed under identical condi-
tions. The effective solar global energy was measured using
pyranometer for comparative study with sunlight and 200 W
lamp.

2.5 X-ray diffraction (XRD)

Powder XRD patterns of the BIZS nanoclusters prepared at
different temperature and in different solvents are shown in
Fig. 1. The diffraction peaks (2q) of BIZS nanoclusters at 28.62�

(111), 47.56� (220) and 55.20� (311) are reliable with the reported
chalcopyrite structure of Cu–In–Zn–S (JCPDS no. 65-0309).

When BIZS are synthesised at 100 �C and 150 �C, additional
diffraction peaks are obtained at near 28.62� which is due to the
formation of individual metal sulphide. We further compared
our results with the corresponding individual metal sulphide. It
is clear from the XRD data that in case of sample prepared at
100 �C using PEG-PPG-PEG as solvent (Fig. 1B), the nanoclusters
are In2S3 rich (ESI, Fig. S2H†) whereas for the sample prepared
at 150 �C (Fig. 1C) it is Bi2S3 (ESI, Fig. S2G†). Impurities of
individual metal sulphides were also observed when the
synthesis is carried out in polyethylene glycol-400 (PEG-400)
(Fig. 1E) and glycerol (Fig. 1F) at 150 �C. The individual metal
41942 | RSC Adv., 2015, 5, 41941–41948
sulphide formation is more favourable at relatively low
temperature,12 than ternary and quaternary chalcogenides.
2.6 Infrared spectroscopy (FT-IR)

FT-IR of the all BIZS sample is revealed in Fig. 2. All the samples
show peaks at �3313, 1557, 1426 and 1014 cm�1. These peaks
are nearly in the same region and are due to similar nature of
the solvent which was used for the synthesis of BIZS at various
temperatures. A very weakmetal-sulfur bands can be seen in the
spectrum over 550–400 cm�1 together with the surface bonded
solvents' characteristic peak in the region of 1500–1000 and at
3200–3400 cm�1. The solvents used for the synthesis are PEG-
PPG-PEG, PEG-400 and glycerol, which has very similar types
of functional groups and bonds (–OH, –CH2, and C–O) and as a
results IR-spectra shows similar bands.
This journal is © The Royal Society of Chemistry 2015
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2.7 The morphologies of the synthesized BIZS using FESEM

The morphologies of the synthesized BIZS were then charac-
terized using FESEM. Thus, the composition one of the BIZS
(sample D) was preferred as the example to present the
morphology. It shows uniform distributions of nanoclusters
(Fig. 3a). More detailed structural information about the clus-
ters (Fig. 3b) was observed in higher magnications where a
large number of nearly identical nanoclusters of size 30–50 nm
are observed. All BIZS shows similar morphology although it
was synthesised at different temperatures and solvents. SEM
study of the sample B showed the presence of nano-rod along
with the nanoclusters. It is assumed that there are Bi2S3 which
forms nano-rod (ESI, Fig. S3B†).13 Sample E and F also show
uniform particle distribution (ESI, Fig. S5 and S6†). The parti-
cles are agglomerated in all cases because this is a so template
mediated synthesis using a viscous solvent i.e. PEG-PPG-PEG,
glycerol and PEG-400. In addition, the morphology of the as-
synthesized BIZS was further studied by TEM. Fig. 4 show the
TEM images of the nanocluster (sample D). The distributions of
particle in nanoclusters with 1–2 nm in size was observed and
this was further supported by calculated crystallite size using
Scherrer equation. Fig. S7 (ESI†) was the EDX result which
conrmed that the compositions of the nanoclusters were Bi,
In, Zn and S. To further study the spatial homogeny of the
elemental distribution of the obtained nanoclusters, the line
prole of the BIZS was measured and composition was found to
be Bi0.13InZn1.06S2.59 (ESI, Table S1†). The EDX elemental
mapping and line mapping further indicated the homogeneous
Fig. 3 Morphological study of BIZS prepared at 200 �C (sample D). (a). L
400 nm, (c) EDX spectra of BIZS with elemental and line mapping.

This journal is © The Royal Society of Chemistry 2015
distribution of Bi, In, Zn and S elements throughout the whole
sample Fig. 3c.
2.8 Spectral study of BIZS

For UV study, 1 mg of prepared BIZS was dispersed in 10 ml
water under sonication. All ve samples give similar type of
spectra in UV-visible regions with shoulder at�312 nm (Fig. 5F)
for sample F and at�275 nm (Fig. 5C and E) for sample C and E.

Direct band gap was measured, taking 1 mg of dispersed
sample D in 10 ml water with the help of this power equation14

verses photon energy (hn).

(3hv)n ¼ kd(hv � Eg)

where kd is the absorption constant for an direct transition, n is
2 for an direct transition hn is the absorption energy, and Eg is
the band-gap energy.

Fig. 6 represents the UV-vis absorbance spectrum of sample
D, and inset represent (3hn)2 versus hn curve of the same sample,
where 3 is the absorbance coefficient, h the Planck constant and
n the frequency. The direct band gap (Eg) of the BIZS nano-
particle was determined to be at 2.27 eV.

To measure the uorescence spectra, sample was excited at
350, and emission peak was observed at 421 nm (Fig. 7). For the
sample B and F, very low intense uorescence emission peak at
395 nm was observed but rest of the sample shows intense
emission peak at 421 nm along with shoulder at 395 nm.
ow magnification FE-SEM image of BIZS, (b) FE-SEM image of BIZS at

RSC Adv., 2015, 5, 41941–41948 | 41943
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Fig. 4 TEM image of BIZS (sample D) at different magnification.

Fig. 5 UV-vis spectra of BIZS prepared at various temperature. Fig. 6 (3hn)2 versus hn curve of BIZS was prepared at 200 �C using
PEG-PPG-PEG as solvent.
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2.9 BET measurement: surface area analysis

The nitrogen adsorption–desorption was measured using
Smart Instrument, Model No-Smart Prob 92/93 to determine
the surface area of the obtained BIZS nanoclusters. For this
measurement sample was regenerated at 250 �C for two hours.
Experiment was performed using N2 (30%) and He (70%)
mixture. The obtained result are summarised in Table 1. It
is clear that, the sample B have maximum surface area
99.86 Sq. m g�1 whereas sample E shows minimum surface
area 20.03 Sq. m g�1. Moderate surface areas were observed
for the sample C, D and F. The obtained graph for the analysis
is in Fig. S8 (ESI†).
41944 | RSC Adv., 2015, 5, 41941–41948
2.10 Thermogravimetric analysis (TGA)

The thermal stability of the BIZS nanoclusters was measured
using TGA. All samples were heated up to 750 �C with heating
rate 10 �C min�1. The initial weight loss below 200 �C is due to
evaporation of physisorbed moisture. A sharp decrease in mass
of the samples between 350–415 �C indicates the weight loss due
to organics (surface bonded solvents) and sublimation of metal
sudes (Fig. 8a). From the derivative plot of TGA graph (Fig. 8b),
it is clear that the maximum decay occurs at 370–420 �C.
The degradation temperature and weight loss are calculated and
is depicted in Table S2 (ESI†). It is clear from the graph and table
that sample B, C and F follow a decay pattern that has mass loss
This journal is © The Royal Society of Chemistry 2015
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Fig. 7 Fluorescence spectra of BIZS prepared at various temperature
and solvent.
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at two different temperatures while sample D and E has one
decay pattern. This two step decay pattern of sample B, C and F
may be due to the impurities (individual metal sulphides) which
were also supported by powder XRD data.
Fig. 8 Thermogravimetric analysis of prepared BIZS, (a) normal plot,
(b) derivative plot.
2.11 Photocatalytic activities

MB, a stable dye has a characteristic absorption band at 663 nm,
which is employed to assess the photocatalytic reactivity of
these prepared BIZS nanoclusters. As shown in Fig. S9 (ESI†),
the concentrations of MB under 200 W lamp remain almost
constant (97%) throughout the experimental time in absence of
catalyst whereas under sunlight 15% MB degradation occurs
(ESI, Fig. S10†). Initially we started photocatalytic study under
200 W lamp in presence of sample B and F, it shows very weak
photocatalytic activities under 200 W lamp (ESI, Fig. S11 and
S12†). When the same reaction was performed with sample C
and E, moderate photocatalytic activities were observed (ESI,
Fig. S13 and S14†). While studying the same reaction with
sample D under 200 W lamp and sunlight, the reactions were
faster. Nearly 94% (under sunlight) and 92% (200 W lamp) of
MB was degraded within 95 min (Fig. 9). In both the cases we
observed parallel photodegradation of MB dye and the inset
show the visible change in colour of MB from blue to colourless
under 200 W lamp.
Table 1 Degradation of methylene blue in presence of prepared BIZS a

Sl. no. Catalyst Ct¼50 mi

1 (B) PEG-PPG-PEG 100 �C 1.438
2 (C) PEG-PPG-PEG 150 �C 0.654
3 (E) PEG-400 150 �C 0.619
4 (F) Glycerol 150 �C 1.360
5 (D) PEG-PPG-PEG 200 �C (sunlight) 0.641
6 (D) PEG-PPG-PEG 200 �C (200 W tungsten lamp) 0.706

This journal is © The Royal Society of Chemistry 2015
Various control experiments were performed to check the
role of Bi. Pure Bi2S3 and Zn–In–S semiconductor were prepared
under same reaction conditions. The photocatalytic activity of
pure Bi2S3 and Zn–In–S were performed with same concentra-
tion of MB in presence of 200 W lamp. There was no signicant
decrease in MB intensity for Bi2S3 (Fig. S15, ESI†) whereas with
nd there surface area

n Ct¼80 min C0

Rate constant (s�1) �10�4

Surface area
(Sq. m g�1)t ¼ 50 min t ¼ 80 min

1.395 1.617 0.391 0.307 99.86
0.385 3.017 2.989 24.18
0.373 3.195 3.051 57.13
1.318 0.576 0.425 20.03
0.165 3.084 4.754 50.32
0.146 2.762 5.009

RSC Adv., 2015, 5, 41941–41948 | 41945
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Fig. 9 Time dependent UV-vis spectra of MB in presence of BIZS
prepared at 200 �C using PEG-PPG-PEG as solvent under sunlight and
200 W lamp.
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freshly prepared Zn–In–S under the similar reaction condition;
it did not show any photocatalytic activity. This concludes that
Bi2S3 and Zn–In–S are not the active component for the
decomposition of MB in the present case. This degradation was
observed only for BIZS. Comparative studies with different
bismuth content are carried out (Fig. S16–S19, ESI†) and it is
found to be more effective when it is less than 10%.

The variation of MB concentrations (C/C0) with irradiation
time over different BIZS is shown in Fig. 10, where C0 is the
initial MB concentration before irradiation and C is the MB
concentration at time t. In absence of light the decrease in
concentration is due to adsorption and desorption process
between catalysts and dye. It is evident from Table 1 and the
Fig. S20 (ESI†) that degradation of MB in presence of catalysts is
a pseudo rst order reaction and it follows the activity sequence
as D(sun) � D(lamp) > E(lamp) > C(lamp) > F (lamp) > B(lamp).
Fig. 10 Photodegradations of MB, (C/C0) versus irradiation time under
visible light.

41946 | RSC Adv., 2015, 5, 41941–41948
Finally, reusability of catalyst was performed under sunlight
and 200 W lamp for the sample D. Aer complete of one cycle,
catalyst was collected by centrifugation, washed several times
with ethanol and water and nally dried under vacuum and was
in reused for next run. There is no noteworthy decrease in
photocatalytic activity aer successfully ve run in same reac-
tions conditions (Fig. 11).

The possible photocatalytic mechanism is shown in Fig. 12.
On radiation of light to the sample, it absorbs light and elec-
trons of valence band are excited to conduction band and
generate pairs of electrons and holes on the surface of the
catalyst. The positive-hole splits the water molecule into
hydroxyl radical. The negative-electron reacts with oxygen
molecule to form super oxide anion. The super oxide formation
was also conrmed using a non-uorescent dihydrorhodamine
123 (DHR123) as a Reactive Oxygen Species (ROS) tracking
agent.15 BIZS is non-uorescent at the wavelength 521 nm. DHR
123 with sample D shows uorescence intensity aer irradia-
tion of light while no change in the uorescence intensity of
DHR 123 without catalyst was observed on irradiation. It is
Fig. 11 Photodegradation cycle of BIZS (D) in presence of visible light.

Fig. 12 Photodegradation mechanism of BIZS in presence of light.

This journal is © The Royal Society of Chemistry 2015
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Fig. 13 ROS formation in presence of sample D under light (200 W).
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assumed that aer irradiation with light, upon reaction with
ROS, DHR 123 converted to uorescent Rhodamine 123.
Increase in the intensity of irradiation induced uorescence due
to slow oxidation of DHR 123 in presence of ROS (Fig. 13). It is
now clear that the ROS (hydroxyl anion and super oxide anion)
forms in presence of catalyst which is responsible for the
degradation the methylene blue.

4 Conclusions

In conclusion, we develop a simple and reproducible one-pot
so template medicated protocol for the synthesis of Bi–In–
Zn–S nanoclusters using PEG-PPG-PEG as solvent at 200 �C. The
obtained nanoclusters of BIZS are characterized by powder
XRD, IR, UV-vis, SEM, TEM, EDX, BET and TGA. We explore the
photocatalytic activities of BIZS by the degradation of methy-
lene blue under visible light (200 W tungsten lamp and
sunlight). The photodegradations are repetitive and effective up
to ve cycles.
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