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Tuning visible emission of core-shell nanostructure by exchange
the inner and outer layer
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Herein, we report that synthesis of ZnS/Bi,S; and Bi,S3/ZnS core-shell nanostructure
prepared by ‘one-pot’ chemical method. We have studied the effect of structural,
morphological, optical and thermal properties by exchanging the inner and outer layer of
core-shell nanoparticles. The samples were studied using various characterization
techniques such as XRD, TEM, FTIR, UV-Vis, Photoluminescence and TG-DTA. The
XRD and TEM results demonstrated that the synthesized core-shell nanoparticles were in
cubic (ZnS)-orthorhombic (Bi,S3) mixed crystal structures with a diameter of 18.6 nm and
16.3 nm with extremely monodispersing. The obtained result provides a new and simple
route for synthesis of sulfide-based core-shell nanoparticles with high crystal quality.
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1. Introduction

The semiconductor nanostructure materials are of great importance in several
technological applications due to their electronic, photoluminescence, optical and thermal
properties. In field of nanotechnology the fabrication and design of metal-oxide nanoparticles with
sulphide is very great importance due to its tuneable properties for advanced applications and
guantum size and surface effects [1-2]. The semiconductor-based nanoparticles such as ZnS, Bi,S;
CdS, CdS/Bi,S; CdSe, CdSe/Bi,S; CdS/Fe;04, CdS/TiO,, ZnO/CdS, ZnO/ZnS, CdIn,S,, Ag,S,
AQ,S/SiO,, AgQ,SITIO,, Bi,Ss, NiS, CoS, CuS, HgS and PbS have been extensively studied
involved in electronics, LED, luminescence, electroluminescence, flat panel displays, infrared
windows, sensors, biosensors, lasers, bio-devices and catalytic applications [3-15]. Among the
metal sulfieds, the ZnS and Bi,S; is considered an important material, because of its structural
stability, tunable band gap resulting to diverse applications [16-19]. It is well known that the bulk
ZnS is an important and favourable direct semiconductor with wide band gap (~3.64 eV), high
refraction index (~1.65), and high visible light transmittance [20]. The metal sulphide composite
materials have tremendous luminescence property with wide band gaps have been investigated for
a long time [21], because, this investigation provides exact information about the electronic
positions of the energy states in the band [22]. Luminescence properties of the semiconductor
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compound that ZnS and Bi,S; were explores like thermo-luminescence, photoluminescence,
optical absorption, electro-luminescence [23-25], and so on. But, not studied optical behaviours
with combination of the compounds like ZnS-Bi,S; composite or in a core-shell structure. Several
methods have been developed to prepare semiconductor nanoparticles using physical and chemical
methods, such as liquid microwave irradiation, reverse micelles, chemical vapour deposition,
solid-liquid chemical reactions under co-precipitation, solvothermal and hydrothermal techniques
[26-30] to synthesize of metal sulfide nanoparticles. Among the methods, ‘one-pot’ chemical
synthesis is a facile and adoptable for synthesise in large-scale.

In recent years, increasing attention on synthesis of quantum dots (QDs) or core-shell
nanoparticles for the development of luminescent probes for sensing applications [31, 32]. From
the reported techniques, fluorescent sensors present many appealing advantages over the other
techniques, including high sensitivity, low cost, easy detection, and remote control [33—39]. So far,
however, the studies on the synthesis of nanosized structures with metal complexes as precursors
have been less reported [40, 41]. The way using precursors may be helpful to manipulate the
structure, purity, morphology, optical and luminescent properties of nanomaterials. In this paper,
ZnS/Bi,S; and Bi,Ss/ZnS were synthesized using a simple ‘one-pot’ chemical synthesis. The
prepared ZnS/Bi,S; and Bi,Sis/ZnS core-shell nanoparticles were characterized by several
physicochemical techniques such as XRD, TEM, FTIR, UV-visible, PL and TG-DTA. The optical
properties of ZnS/Bi,S; and Bi,S3/ZnS core-shell nanoparticles were tuned by modifying the
compound position.

2. Experimental details

In a typical synthesis of ZnS/Bi,S; core-shell nanoparticles, 0.2M of Zn
(CH3C00),.2H,0, in 100 mL of deionized water and an equal molar amount of sodium sulfide
solution in 50 ml was added drop by drop into the above solution. Before that, 1g of PVP was used
as surfactant to control the particles size. The mixture was stirred magnetically at 80 °C until a
homogeneous yellow solution was obtained. Then, 0.2M of 50mL of Bismuth (lIl) nitrate (Bi
(NOs);) solution was added dropped into the above solution. After 5 min, the same molar
concentration of 50 mL of sodium sulfide solution was added drop by drop into the above colloidal
solution with continuous stirring. After 1h string of the above mixed solution, the resultant
precipitate was collected and purified by washing deionized water, acetone and ethanol to remove
impurities. Then, the final product was dried in a hot air oven at 160° for 2h. To synthesis of
Bi,S3/ZnS core-shell nanoparticles, the above experimental procedure was used in reversely.

2.1. Characterization

X-ray diffraction (XRD) patterns of the powdered samples were recorded using Rigaku
miniFlex IIC diffractometer with Cu Ka radiation (Ka = 1.54060 A°). The morphology and size of
the nanoparticles were studied using TEM (Technai 20G2, FEI) microscopy. The functional
groups of samples were identified by FT-IR using an AVATOR 360 spectrometer. UV-Vis
absorption spectra of the samples were recorded using SHIMADZU UV-3101PC UV-Visible
spectrophotometer. Fluorescence measurements were taken using a spectrophotometer (RF-
5301PC). Thermogravimetric and differential thermal analyses (TG-DTA) were performed in air
at a heating rate of 10° C/min using a SDT Q600 20 thermometer.

3. Results and discussion

3.1. X-ray diffraction

The XRD patterns of ZnS/Bi,S; and Bi,Ss/ZnS core-shell nanoparticles are showed in the
Fig. 1. The crystalline nature of the prepared core-shell nanoparticles clearly seen in the XRD
pattern. The ZnS has two structural components, one is cubic Zinc Blend (ZB) and other one is
hexagonal [42]. The characteristic peaks for ZnS confirmed as cubic structure ((JSPDS card no.77-
2100). The strong diffraction peak position of the ZnS were found at 29.34°, 26.82° and 58.92°
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corresponds to (1 1 1), (2 2 0) and (3 1 1) planes. The crystal structure of Bi,S; was confirmed
through the JCPDS (17-0320) data. The diffraction peaks for Bi,S; observed at 22.38°, 23.112°,
25.83°, 26.05°, 29.75°, 33.04°,34.02°, 35.21°, 38.24°, 43.82°, 48.72°, 54.21 and 67.62° with
correspondsto (110),(002),(210),(220),(200),(132),(312),(112),(012),(034),(12
3), (03 2) and (1 7 2) planes, respectively. The all the strong diffraction peaks are confirmed that
orthorhombic crystal structure of Bi,S; [43]. No impurity peaks were detected for both samples
indicating that core-shell nanoparticles are only composed of ZnS and Bi,S; phases. The observed
mixed planes of the both samples are clearly demonstrated that formation of the mixed crystal
structure (Cubic-Orthorhombic). The crystallite size of the ZnS calculated using Debye-Scherrer’s
equation:

D = (KA) / (B cosb)

where, D is the particle size, K = 0.95 (constant), B is full width half maxima (FWHM). The
calculated size of ZnS/Bi,S; and Bi,Ss/ZnS core-shell nanoparticles is 18.6 nm and 16.3 nm,
respectively.
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Fig. 1 X-ray diffraction spectra of zinc sulfide-bismuth sulfide (ZnS/Bi,S3) and bismuth sulfide-zinc
sulfide (Bi,S3/ZnS) core shell nanoparticles. The asterisks (*) represents orthorhombic crystal
structure of the Bi,S; and asterisks (#) represents cubic structure of the ZnS.

The diffraction planes of ZnS/Bi,S; core-shell nanoparticle exhibits more sharp peaks than
the Bi,Ss/ZnS core-shell nanoparticle. The reason behind the peaks of Bi,S; nanoparticle
completely covers by the ZnS particle, so the diffraction takes place over the Bi,S; compound, as a
result, more numbers of peaks obtained related to the Bi,Ss. On the other hand, limited diffraction
peaks found for Bi,S/ZnS, the most prominent peaks appeared only related to the cubic structure
of ZnS because the ZnS was exist in front layer of Bi,S3/ZnS core-shell nanoparticles. The broad
diffraction peaks of ZnS revealed that smaller particle size.

3.2. Microstructural analysis

The TEM images of ZnS/Bi,S; and Bi,S3/ZnS core-shell nanoparticles are shown in the
Fig. 2(a-b). As displayed in Fig. 2(a), the TEM image of the ZnS/Bi,S; sample shows that Bi,S3
microspheres was forming coarse outer layer, it further confirms that the growth of small Bi,S;
nanoparticles on the surface of the ZnS. Similarly, the microsphere of Bi,Ss/ZnS core-shell (Fig.
2b) structure showed that ZnS smooth layer was covered on Bi,S; surface. The microscopy images
are clearly showed that a formation of core-shell structure (marked by red color circle) with
average size of 18 nm and 16 nm for ZnS/Bi,S; and Bi,Ss/ZnS, respectively. The magnified
microscopy images are undoubtedly showed uniformed size of particles with homogeneous
distribution. The monodispersing of the core-shell nanoparticles is clearly demonstrated that the
introduced ‘one-pot’ chemical method is more adoptable for preparation of metal sulfide based
core-shell nanoparticles in industrial-scale with controlled size.
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3.3. FTIR Analysis

The Fig. 3 shows the FTIR spectra of ZnS/Bi,S; and Bi,S3/ZnS core-shell nanoparticle.
For the ZnS/Bi,S; (Fig. 3), the peaks appeared at 3445 cm ™', 1645 cm™', 1402 cm ' and 1116 cm™
are assigned to O-H stretching in moisture absorbed by H,O molecules, C-C stretching in
aromatics, C-N stretching and C-O stretching in carboxyl groups, respectively. The peaks appear
at 2955 cm ', 2334 cm ' corresponds to the absorption of C=N, C=C, which proves that organic
compound (PVP) was used during the preparation. The peaks appear at 815 cm ™' and 706 cm™
attributed to the surface phonon modes of ZnS/Bi,S;, indicating effective coating of Bi,S; on ZnS
nanoparticle. This is due to coordination bond between the zinc ions, bismuth and sulphide ions.
The peaks are observed for the Bi,S3/ZnS core-shell are slightly shifted towards lower frequency
compared to the ZnS/Bi,S;. The slight shifting with reduced intensity of the peaks is due to the
formation of ZnS nanoclusters on the Bi,S3, and reduced vibrations of bismuth and zinc ions.

(b)

Fig. 2 (a) TEM image of the ZnS/Bi,S; core shell nanoparticles, (c, d) Bi,S3/ZnS core shell
nanoparticles. The core and shell of the nanoparticles marked by red (ZnS) and yellow (Bi,S3) color.
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Fig. 3. FT-IR spectra of the ZnS/Bi,S; and Bi,S3/ZnS core shell nanoparticles using
KBr pellet technique.
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3.4. UV-Visible absorption

The advantages of optical studies are observing the required characteristics of
nanoparticles without changing significantly its nature either by non-content or non-invasive. The
ultra-sensitive nature of the nanoparticles is ideal like optical sensing, optoelectronic devices to
understand the semiconductor nanocrystal performance the optical absorption study is very
important. Therefore, the as prepared ZnS/Bi,S; and Bi,Si:/ZnS core-shell nanoparticle was
subjected to UV-visible study. The Fig. 4a shows absorption spectra obtained at room temperature
in the wavelength range of 200 nm — 800 nm. The UV-visible absorption peaks those attributed to
photo-induced electrons-holes separations in the core-shell nanoparticles and rapid capture of
those electrons by the defects on the surface of the core-shell structure. A maximum absorption
peak appeared in the spectral range of 300 nm to 500 nm. When comparing to the Bi,S3z/ZnS, the
absorption of ZnS/Bi,S; shifted towards longer wavelength region. These results are clearly
demonstrated that two samples have suitable band gaps, which are able to be activated by visible-
light for the photocatalytic decomposition of organic dyes and optoelectronic applications. So that
the nature and optical band gap values can be calculated from the fundamental absorption values,
which is really means to that the electronic excitation from valence band to the conduction band.
The band gap of the core-shell nanoparticle was calculated from a Tauc plot: that is a plot of
(ahv)¥? vs Band gap (Eg) [44, 45]. It is clearly seen that the band gap of ZnS/Bi,S; is 2.65 eV and
3.40 eV for Bi,Ss/ZnS, the plot obtained, the plot obtained by extrapolating the absorption edges.
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Fig. 4 (a) UV/visible absorption spectra of the ZnS/Bi,S; and Bi,Ss/ZnS core shell nanoparticles were
recorded from 200 to 800 nm and (b) Tauc plot for measuring band gap of ZnS/Bi,S; (3.61 eV) and
Bi,Ss/ZnS (3.75 eV) of the corresponding samples.

3.5. Photoluminescence

The important property of photoluminescence is mainly depending on the type of
transition, particle size, shape, and surface energy, which influenced by surface passivation. The
photoluminescence emission spectrum is a best tool, to evaluate the defects on particle surface and
optical property of core-shell nanoparticles. Peak broadening in the PL emission is due to both
size, particle distribution in the composition and increase in the surface energy states occurring to
the increase in surface to volume ratio in the prepared core-shell nanoparticle. It can be seen that
pure ZnS/Bi,S; shows (Fig.5) a week broad emission band ranging from 350 to 550 nm, four
primary emissions cantered at 365, 376, 425 and 475 nm. The emission at 365 nm was attributed
to the typical excitonic band-to-band radiative emission of ZnS due to its location near the
absorption edge. The other three peaks (Fig.5) were assigned to the trap-state emissions,
presumably coming from the various point defects present in ZnS. More importantly, a significant
strong PL emission (350-550 nm) was observed for the Bi,Ss/ZnS sample as compared to
ZnS/Bi,S; due to more recombination of electron-hole in the surface layer. Moreover, the broad
emission is due to the surface irregularity of the nanoparticles, which contains sulphur vacancies in
the lattice structure [46]. Besides the emission is incurred to the electron or holes vacancies traps
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in the recombination centres for photo generated charge carriers. The main advantage of these
phenomena is that, the photo oxidation process which can happen on the surface of the
nanoparticles. This is good advantage for fabrication of optoelectronic devices.
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Fig. 5 shows Photoluminescence spectra of the ZnS/Bi,S; and Bi,Ss/ZnS core shell nanoparticles
excited with 346 nm and 331 nm, respectively.

3.6. Thermal analysis

The thermal stability was investigated for ZnS/Bi,Ss core-shell nanoparticles. The sample
was calcinated from room temperature to 1000 °C in a nitrogen atmosphere, with an increment of
5°C/min, as shown in the Fig. 6. The result is clearly showed few distinct weight losses in the
sample due desorption of water molecule below 200 °C. In the region from 200 °C to 440 °C,
drastic change in the TG curve shows which indicates the decomposition of some organic species
which present on the surface of the core-shell nanoparticle. The phase transformation takes place
in the region 450 °C to 700 °C (plateau region), next in the temperature range of 700 °C - 850 °C,
a significant weight loss shows due to release of residual sulphur ion from the core-shell
nanoparticle. A corresponding change (a hump) displayed in the DTA curve at the high
temperature region. Above 850 °C, there is no change observed which indicates, there is no any
residual phase loss in that region. The final percentage of weight loss of the core-shell nanoparticle
is around 56% up to 850 °C. In DTA curve result, it clearly shows both endothermic as well as
exothermic peaks which indicates, the occurrence of thermal decomposition and oxidative
decomposition at different temperature range.
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Fig. 6 TG-DTA analysis of the Bi»Sa2/ZnS core shell nanoparticles from RT to 1000°C in nitrogen
atmosphere.
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4. Conclusions

Herein, well crystalline ZnS/Bi,S; and Bi,S3/ZnS core-shell nanoparticles were
successfully prepared via ‘one-pot’ synthesis method. The formation of the core-shell structure
was confirmed by mixed crystal structure present in the XRD pattern and distinguishes formation
of the outer and inner layer of the ZnS and Bi,S; in the TEM microscopy images. These core-shell
nanostructures show highly efficient visible-light-driven photoluminescence. The enhanced PL
emission of ZnS/Bi,S; core-shell nanostructures may be attributed to the effective separation of
photo induced electron-hole pair carriers in the ZnS/Bi,S; and which leads to the rapid capture of
those electrons by the core-shell structure. This result provides very helpful insight in the design
and synthesis of sulfide based highly efficient photoluminescence activity and visible-light-driven
photocatalysts in future.
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