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Fig 4. Surface morphologies of PbS produced using 600 W microwave power for 15 

min. (a-f) are AC, AT, CA, NA, NC and NT, respectively.  

 

    Different product morphologies were influenced by lead and sulfur sources which 

have different structure formulas. Nucleation and growth of the particles can play 

roles in the morphology. The crystal growth of some preferred structures or planes 

relates to the surface energy of the planes in the specified condition. It is described 

as the shape selective surface absorption process [13]. The amount of starting 

agents in the solution also has the influence on different orientation of the particles 

which reflects nucleation and growth of the crystals. The particle orientations were 

increased with the increasing in the amount of starting agents [14]. Phase with the 

lowest free energy is thermodynamically stable, and has more chance to exist in the 

process [15]. This reflects the product morphologies. Apart from the above, crystal 

growth is influenced by the solubility of the precursors in the particular solvent and 

synthesized temperature which reflects the morphologies [13]. Microwave powers 

and irradiation times also have the influence on the product shape, size and 

crystallinity.  
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Fig 5. TEM images and SAED patterns of PbS produced using 600 W microwave 

power for 15 min. (a-c) are AA, CC and CT, respectively. 

 

    Their SAED patterns (Fig 5) compose of a number of bright spots arranging into 

concentric rings. They show the character of crystalline products. Electron beam 

diffracts from the crystallographic planes of the unit cells composing the products. 

The interpreted patterns [16,17] correspond to (111), (200), (220), (311), (222), (400) 

and (331). Comparing the diffraction planes to those of the JCPDS software [11], 

they were specified as cubic PbS.  

    The AT and NC products were also analyzed using TEM. Their morphologies (Figs 

6a and 6d) are in accord with those of the SEM images (Figs 4b and 4e). SAED 

patterns (Figs 6b and 6e) appear as symmetric and systematic array of bright spots 

showing that a number of atoms are arranged in their crystal lattices. The patterns 

were interpreted [18], and specified as cubic PbS crystal [11]. Calculated electron 

beams [18] are in the ]013[  and ]001[ directions for AT and NC products, respectively. 

They are the directions that electron beams were sent to the crystal facets. 

Diffraction patterns for AT and NC with ]013[  and ]001[  zone axes were simulated 

(Figs 6c and 6f), respectively [19]. The simulated spots with the specified 

crystallographic planes are in systematic and symmetric arrays. Comparing the 

interpreted and simulated patterns, they are in good accord. The a*, b* and c* lattice 

vectors for both patterns are in the [100], [010] and [001] directions, respectively. For 
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one crystal structure, the corresponding lattice vectors are the same although their 

zone axes are different. Additional concentric rings were also detected for the AT 

product (Fig 6b). They were caused by the C grid.  

 

 
Fig 6. TEM images, and SAED and simulated patterns of PbS produced using 600 W 

microwave power for 15 min. (a-c) and (d-f) are for AT and NC, respectively. 

 

    A definite existence of the products was analyzed using a Raman spectrometer. 

Test specimens are non-destructive and are able to re-used for other purposes. 

Generally, Raman shifts correspond to the longitudinal optical (LO) mode in 

crystalline semiconductors. Transverse optical (TO) and surface phonon (SP) modes 

are not detectable due to symmetry restrictions and low intensities, respectively [20]. 

The detection of SP mode is possible in the nanostructured materials of which the 
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surface to volume ratio is large. This shows that surface roughness and crystallite 

size can play the role in the Raman spectra [20]. For the present research, the 

spectra (Fig 7) contain prominent bands at the same wavenumbers although the 

products have different morphologies (synthesized using different lead and sulfur 

sources). They imply that the vibrations are independent of the morphologies. The 

frequencies are influenced by some parameters, such as the atomic masses of Pb 

and S, and vibration constant of bonding between Pb and S atoms arranged in the 

lattice. Among the different spectra, their peaks are at 138, 273 and 439 cm-1. The 

peak below 150 cm-1 is tentatively attributable to the so-called plasma line of the 

excitation laser [21,22]. The 273 cm-1 peak corresponds to two-phonon process [21]. 

The peak at 439 cm-1 is allowed in the rock-salt structure [23]. It was specified as the 

first overtone mode [22], which involves two phonons with equal but opposite k [23]. 

The fundamental LO of the rock-salt structure at approximately 219.5 cm-1 was 

unable to detect due to the rising in intensity of baseline (disorder in PbS lattice) at 

low wavenumbers. Baseline intensity covered the fundamental LO mode, which was 

forbidden [22,23].  

 

 
Fig 7. Raman spectra of PbS produced from (a-c) Pb(CH3COO)2.H2O, PbCl2.2.5H2O 

and Pb(NO3)2 and different sulfur sources, using 600 W microwave power for 15 min, 

respectively.  
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Conclusions 
    Different shapes and sizes of PbS crystals were successfully produced from 

different lead and sulfur sources in propylene glycol using the cyclic microwave 

radiation at different powers and prolonged times. XRD, SAED and Raman analyses 

revealed the presence of PbS phase with the first overtone mode at 439 cm-1. The 

crystalline degree was increased with the increasing in the microwave powers and 

prolonged times. The nano-sized particles, hexapods, cubes, ferns and magic 

squares were characterized using SEM and TEM. They were influenced by the 

microwave powers, prolonged times and starting agents.  
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Preparation of ear-like, hexapod and dendritic PbS using cyclic microwave-
assisted synthesis 

 

Abstract
Different morphologies of PbS were prepared using microwave-assisted 

synthesis of 1 : 4, 1 : 1 and 4 : 1 molar ratios of Pb(CH3COO)2 to NH2CSNH2 in 

propylene glycol. Cubic PbS was detected using X-ray diffraction (XRD) and 

selected area electron diffraction (SAED). Raman spectrometry revealed the 

presence of vibrations at 134, 275 and 431 cm�1.  The product morphologies for 

different molar ratios of Pb(CH3COO)2 to NH2CSNH2 were also characterized 

using a scanning electron microscope (SEM) and a transmission electron 

microscope (TEM). The obtained morphologies changed with molar ratios used 

for the starting agents. The simulated diffraction pattern was also in accordance 

with the interpretation of the experimental results.   

 

Keywords : Cyclic microwave-assisted synthesis; PbS; Ear-like structure; 

Hexapod; Dendrite 

 

Introduction
PbS is one of luminescent materials which have novel semiconducting and 

optical properties [1]. It has a small band gap of 0.41 eV (for bulk at room 

temperature), large excitonic Bohr radius of 18 nm [2-4], and is very sensitive to 

the quantum-size effect [2,3]. Different morphologies can play the roles in the 

properties. They are nanocrystals [5], nanorods [6,7], nanotubes [6], nanocubes 

[8], star-shapes [9], dendrites [8,10] and flower-like crystals [11], which can be 

prepared by different methods, such as hydrothermal and solvothermal routes 

[4,8], electroless chemical deposition [12], microwave-assisted synthesis [11] and 

sonochemistry method [6]. 

Microwave-assisted synthesis [13] is a very attractive process for 

producing a variety of materials. When microwave radiation is applied to 

chemicals, at least one of the components is capable of coupling with the 



67

radiation. It is able to promote the reaction rates, and consumes shorter reaction 

time, comparing to a conventional method. Temperature and concentration 

gradients are able to be solved by the vibration of microwave radiation. Due to a 

large amount of microwave energy focused onto solutions, the vibrating electric 

field applies a force on the charged particles to vibrate accordingly. The radiation 

can play the role in promoting the reaction kinetics with high efficiency. 

To the best of our knowledge, there are not many reports on the 

preparation of ear-like, hexapod and dendritic PbS, and using only hydrothermal 

process [14,15]. In the present research, these PbS nanostructures were 

prepared from different molar ratios of Pb and S sources, using cyclic microwave-

assisted synthesis. The final products were intensively analyzed for further 

discussion. 

 

Experiment
Difference PbS morphologies were prepared from 1 : 4, 1 : 1 and 4 : 1 

molar ratios of Pb(CH3COO)2 to NH2CSNH2 in propylene glycol, using 600 W 

cyclic microwave radiation for 9 cycles. A cyclic duration of 100 s, the radiation 

was on for 30 s every 70 s interval. At the conclusion of the process, the system 

naturally cooled down to room temperature. The products were washed with 

water and ethanol, and dried at 80 oC for 12 h. Then they were characterized by 

using X-ray diffraction (XRD), Raman spectrometry, scanning electron 

microscopy (SEM), transmission electron microscopy (TEM) as well as selected 

area electron diffraction (SAED) techniques. The electron diffraction patterns 

were simulated by CaRIne Crystallography 3.1 program [16] and compared with 

those of the experimental results. 
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Results and Discussion 

 
Fig 1. (a) XRD patterns and (b) Raman spectra of the products prepared using 

different molar ratios of Pb(CH3COO)2 to NH2CSNH2. 

 

XRD patterns (Fig 1a) were indexed by using ICDD-JCPDS database 

(card no. 05-0592) [17]. The examined products were cubic PbS, with the Fm-3m 

space group. No characteristic peaks of impurities were detected showing that 

each of the products is a pure phase. Their lattice parameters were calculated 

from the equation of plane spacing for cubic crystal system and Bragg’s law for 

diffraction [18]. The averages and standard deviations are 5.9476 ± 0.0111, 

5.9473 ± 0.0096 and 5.9522 ± 0.0119 Å for the products prepared using 1 : 4, 1 : 

1 and 4 : 1 molar ratios of Pb(CH3COO)2 to NH2CSNH2, respectively. They are 

very close to those of the ICDD-JCPDS reference data [17]. 

The chemical process leading to PbS formation is considered to proceed 

according to the following. 

Pb(CH3COO)2             �      Pb2+   + 2(CH3COO)-         (1) 

NH2CSNH2  +  H2O     �      NH2CONH2 + H2S      (2) 

Pb2+  +  S2-     �      PbS     (3) 
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Theoretically, 1 mol Pb(CH3COO)2  and 1 mol NH2CSNH2 were used to 

produce 1 mol PbS. The products were able to be produced even when either of 

the reactants was excessive. 

A definite existence of PbS was analyzed using Raman spectrometry. The 

Raman spectra (Fig 1b) contain prominent bands at the same wavenumbers. 

They are influenced by some parameters, such as atomic masses of Pb and S, 

and vibration constant of bonding between Pb and S atoms residing in the lattice. 

Among the different spectra, their peaks are at 134, 275 and 431 cm�1. The peak 

below 150 cm�1 is tentatively attributable to the so-called plasma line of the 

excitation laser [1,19]. The 275 cm�1 peak corresponds to two-phonon process 

[1]. The peak at 431 cm�1 is allowed in the rock-salt structure [20]. It is specified 

as the first overtone of the longitudinal optical (2LO) mode at the center (�) of 

Brillouin zone [19], which involves two phonons with equal but opposite wave 

vectors ( k
�

) [20]. The fundamental longitudinal optical (1LO) mode of the rock-

salt structure at approximately 215.5 cm�1 was unable to be detected due to the 

rising in intensity of baseline, caused by disordering in PbS lattice, at low 

wavenumbers. The baseline intensity covered the 1LO mode, which was 

forbidden [19,20]. 

 

 
Fig 2. SEM images of the products prepared using (a-c) 1 : 4, 1 : 1, and 4 : 1 

molar ratios of Pb(CH3COO)2 to NH2CSNH2, respectively. 

 

The SEM images from Fig 2 show that the products are ear-like structure, 

hexapod and dendrite for 1:4, 1:1 and 4:1 molar ratios of Pb(CH3COO)2 to 

NH2CSNH2. The hexapods composed four coplanar pods, with the other two 
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pods at right angle with respect to the four-pod structure. One pod is on the top, 

and the other is at the bottom. The length of the trunk and the diameter of the 

branches of PbS dendrites are about 5–8 �m and 700–800 nm, respectively. The 

product morphologies were controlled by the different growth direction and rate 

[14,15]. Each arm of hexapod PbS is along the [100] direction. When NH2CSNH2 

is added excess, the independent arm of hexapod is broken from core to form a 

crystal dendrite. When Pb(CH3COO)2 is in excess, it seems to favor the faster 

growth in [011] relative to [100] directions. The result is the formation of the ear-

like structure [14]. 

 

 
Fig 3. TEM images of the products prepared using (a-c) 1 : 4, 1 : 1, and 4 : 1 

molar ratios of Pb(CH3COO)2 to NH2CSNH2, respectively.  
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Fig 4. SAED patterns of the products prepared using (a) 4 : 1 and (b) 1 : 4 molar 

ratios of Pb(CH3COO)2 to NH2CSNH2, and (c) simulated electron diffraction 

pattern.  

 

TEM images (Fig 3) were used to specify the product morphologies. The 

results obtained using TEM are in accordance with those provided by SEM. For 

the present research, TEM images are 2D. But for SEM images, they are 3D. 

The SAED patterns from Figs 4a and 4b, for the products prepared using 4 : 1 

and 1 : 4 molar ratios of Pb(CH3COO)2 to NH2CSNH2 appear as a symmetric and 

systematic array of bright spots showing that a number of atoms are arranged in 

respective crystalline structures. The patterns were interpreted [21], and specified 

as cubic PbS [17]. The electron beam used for the analysis was in the [001] 

direction. The electron diffraction simulated pattern (Fig 4c) is composed of 

systematic and symmetric array of bright spots as well. It is in good accordance 

with those obtained from the experiment. 

 

Conclusions 
Ear-like, hexapod and dendritic PbS nano-structures were successfully 

prepared from 1 : 4, 1 : 1 and 4 : 1 molar ratios of Pb(CH3COO)2 to NH2CSNH2 in 

propylene glycol, using cyclic microwave-assisted synthesis. XRD and SAED 

analyses revealed the presence of PbS with a cubic structure. The experimental 

and simulated patterns are in good accordance. Both SEM and TEM analyses 

revealed the presence of ear-like, hexapod and dendritic PbS which were 

prepared using different molar ratios of Pb and S sources. The 431 cm�1 first 
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overtone mode was detected using Raman spectrometry, but the fundamental 

one was forbidden. 
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Carboxymethyl cellulose-assisted hydrothermal synthesis of PbS with nano 

and microcrystals 

 

Abstract

    PbS with nano and microcrystals was hydrothermally synthesized from Pb(NO3)2 

and thiosemicarbazide using carboxymethyl cellulose (CMC) as a template at 140, 

180 and 200 oC for 12 h. CMC, NaOH and hydrothermal temperatures have the 

influence on the product morphologies characterized using a scanning electron 

microscope (SEM) and a transmission electron microscope (TEM). PbS (cubic) 

composing of Pb and S was detected using an X-ray diffractometer (XRD), a 

selected area electron diffraction (SAED) technique and an energy dispersive X-ray 

(EDX) analyzer. The interpreted patterns are definitely true, and are in accord with 

those of the simulation. Raman spectrometer revealed the presence of the vibration 

modes at 136, 278, 432, 602 and 967 cm-1. Emission spectra of the products were 

detected at 384-388 nm using a photoluminescence (PL) spectrometer.  

 

Keywords : Hydrothermal synthesis; Carboxymethyl cellulose (CMC); PbS with nano 

and microcrystals  

 

Introduction

    At present, nano and microcrystalline luminescent materials have become 

increasingly important. One of them is PbS which has a small band gap (0.41 eV) 

and a large exciton Bohr radius (18 nm).1-3 It has novel semiconducting and optical 

properties influenced by different shapes and sizes.4 It was synthesized using 

different methods, such as nanocubic and dendritic crystals by a complex 
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solvothermal synthetic route5, star-shaped dendrites, multipods, truncated nanocubes 

and nanocubes by a simple solution route6, nanorods, nanobelts, nanovelvet-flowers 

and dendritic nanostructures using aqueous solution at low temperature assisted by 

CTAB7, nanoclusters using a powder method on ionomers8, thin solid films by 

electroless chemical deposition9, magic-square structure by hydrothermal 

preparation10, and nanobelts by sonochemical synthesis11. The purpose of the 

research is to study the influence of carboxymethyl cellulose (CMC) and NaOH on 

PbS with nano and microcrystals synthesized using the home-made stainless steel 

autoclaves. Carboxymethyl cellulose, a non-toxic and inexpensive biomolecule, is 

used for modeling the morphologies of the products. It is a capping agent in the 

solutions as well.12 The final products were intensively analyzed for further 

discussion.  

 

Experiment

    For the present research, 0.003 mol Pb(NO3)2 in 15 ml water, and 0.05 g 

carboxymethyl cellulose (CMC) in 10 ml water were thoroughly mixed to form the 

CMC-Pb2+ solution12. Subsequently, 0.003 mol thiosemicarbazide (NH2CSNHNH2) in 

15 ml water and different molarities of NaOH were put in the CMC-Pb2+ solution. To 

produce PbS with different morphologies, the reaction proceeded in the home-made 

stainless steel autoclaves at 140, 180 and 200 oC for 12 h. The precipitates were 

washed with water and 95 % ethanol, and dried at 80 oC for 24 h. The final products 

were analyzed using an X-ray diffractometer (XRD) operated at 20 kV, 15 mA and 

using Cu K� radiation in the 2� angular range of 15 - 60 deg, a transmission electron 

microscope (TEM) as well as the use of the selected area electron diffraction (SAED) 

technique operated at 200 kV, a scanning electron microscope (SEM) and an energy 
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dispersive X-ray (EDX) analyzer operated at 15 kV, a Raman spectrometer using 50 

mW Ar laser with � = 514.5 nm, and a luminescence spectrometer using 250 nm 

exciting wavelength.  

 

Results and Discussion 

    XRD spectra (Fig 1) were indexed using Bragg’s law for diffraction and compared 

with those of the JCPDS software (reference code : 05-0592)13. They were specified 

as cubic PbS with Fm-3m space group. The spectra are very sharp showing that 

well-crystallized PbS was successfully synthesized.14 The products compose of a 

number of atoms aligning in a periodic lattice. The strongest intensity is at 2� = 30.08 

deg and diffracts from (200) plane of the crystalline products. No other characteristic 

peaks of impurities such as different oxide-sulfates were detected showing that the 

products are pure phase.  

 

Fig 1. XRD spectra of the products synthesized in the solutions containing 0.05 g 

CMC and different molarities of NaOH by 140 oC hydrothermal reaction for 12 h.  

 



77

    A definite existence of the products was analyzed using a Raman spectrometer. 

The spectra (Fig 2) contain prominent bands at the same wavenumbers although the 

products were synthesized using different conditions. Among the different spectra, 

their peaks are at 136, 278, 432, 602 and 967 cm-1. The peak below 150 cm-1 is 

tentatively attributable to the so-called plasma line of the excitation laser.4,15 The 278 

cm-1 peak was caused by the two-phonon process.4 Those at 432 and 602 cm-1 are 

specified as the first and second overtone modes, respectively.15 The peak above 

960 cm-1 is attributable to oxide-sulfates.4,15 Their constituents were also 

characterized using EDX. The spectra (Fig 3) reveal the presence of Pb and S.  

 

Fig 2. Raman spectra of the products synthesized in the solutions containing 0.05 g 

CMC and different molarities of NaOH by 140 oC hydrothermal reaction for 12 h.  
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Fig 3. EDX spectra of the products synthesized in the solutions containing 0.05 g 

CMC and different molarities of NaOH by 140 oC hydrothermal reaction for 12 h.  

 

    TEM images and SAED patterns (Fig 4) are used to specify the morphologies and 

phases of the products. In NaOH-free solution containing 0.05 g CMC (pH = 4.7), the 

product is flower-like at 140 oC hydrothermal reaction (Fig 4a). At 180 and 200 oC 

(Figs 4b and 4c), the flower becomes larger and more complete. Their SAED 

patterns (Figs 4a-4c) appear as systematic array of bright spots showing that a 

number of atoms are aligned in their normal lattice. The patterns were interpreted16, 

and specified as cubic PbS crystal13. Calculated electron beams (zone axes)16 are in 

the ]013[ ,  ]112[  and ]101[  directions for the products produced at 140, 180 and 200 

oC hydrothermal reactions, respectively. They are the directions that the beams of 

electrons were sent to the corresponding crystalline facets. To show whether the 

diffraction patterns are definitely true, simulated patterns (Figs 4a-4c) were created17 

using the corresponding zone axes. They are systematic and symmetric, and are in 
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good accord with the corresponding interpreted patterns. The a*, b* and c* lattice 

vectors of the simulated patterns are in the [100], [010] and [001] directions, 

respectively. For one crystal structure, the corresponding lattice vectors are the same 

although their zone axes are different. In the solution containing 0.05 g CMC and 

1.00 M NaOH, a tubular cluster of nano-particles at 140 oC hydrothermal reaction 

(Fig 4d) is shown. SAED pattern composes of several concentric rings characterized 

as polycrystals. Interplanar spaces were calculated18,19 using their diffraction ring 

diameters, and compared with those of the JCPDS software13. They correspond to 

)111( , )200( , )220(  and )311(  crystallographic planes of the products and were 

specified as PbS.13 When NaOH concentration was increased to 1.25 M, a tubular 

cluster of nano-particles (Fig 4e) was in evidence. The cluster has the dark and light 

contrast bands showing that it is a tube with 220 nm outside diameter. Its external 

surface is not even showing that it composes of a number of nano-particles. The 

SAED pattern composes of )111( , )200( , )220( , )311(  and )222(  planes and were 

specified as PbS as well.  
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Fig 4. TEM images and SAED patterns of PbS synthesized in (a-c) NaOH-free 

solution containing 0.05 g CMC at 140, 180 and 200 oC, and (d, e) 1.00 M and 1.25 

M NaOH solutions containing 0.05 g CMC at 140 oC, respectively. The corresponding 

simulated patterns are also shown in (a) – (c). The products marked with the circles 

on the corresponding images were used for SAED analysis.  

 

   SEM images or surface morphologies (Fig 5) show that the products were 

successfully synthesized in a variety of shapes and sizes which were influenced by 

CMC, NaOH and hydrothermal temperatures. At 140 oC, and in CMC and NaOH – 

free solution (Fig 5a), Pb(NO3)2 reacted with thiosemicarbazide (NH2CSNHNH2) to 

produce PbS with submicro-sized particles in irregular clusters. When 0.05 g CMC 

was used in the process (NaOH-free solutions), Pb(NO3)2 reacted with CMC to form 
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CMC-Pb2+ solutions12. Following the addition of thiosemicarbazide in the CMC-Pb2+ 

solution, H2S gradually evolved and further combined with lead ions to produce 

PbS.12 CMC is rich in carboxylate groups which can play a key role in the formation 

of nanostructured flowers by coordinating with Pb2+. The process determined the 

nucleation sites and growth of the products12, composing of nanostructured flower 

(Fig 5b). It is more complete and becomes larger at 200 oC hydrothermal reaction 

(Fig 5c). The flower is made up of several petals. A distance between two apices of 

the two petals across the center of the flower is approximately 8.4 μm long. Each of 

the petals is composed of a number of small plates arranged in systematic order. For 

0.05 g CMC, 0.5 M NaOH and 140 oC (Fig 5d), the product composes of nano-sized 

particles in clusters. When 1.00 M NaOH was used (Fig 5e), some clusters (marked 

with arrows) are similar to the tubes. The added NaOH coordinated with carboxylate 

groups which resulted to the decrease in the efficiency of CMC-Pb2+ coordination. 

Nucleation and growth processes were changed. OH- ions seemed to limit the growth 

of particles in all directions. The nano-particles were assembled in the perfectly 

tubular structure in 0.05 g CMC and 1.25 M NaOH solution (Fig 5f). The diameters of 

the tubes are 162-387 nm.  
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Fig 5. Surface morphologies of PbS synthesized using different conditions (0 or 0.05 

g CMC / 0-1.25 M NaOH / 140 or 200 oC). (a) (0/0/140), (b) (0.05/0/140), (c) 

(0.05/0/200), (d) (0.05/0.5/140), (e) (0.05/1.00/140) and (f) (0.05/1.25/140).  

 

    Photoluminescence (PL) property of the products (Fig 6) was characterized using 

a 250 nm exciting wavelength. The maximum intensities were detected over the 

range 384-388 nm although their intensities are different. Their PL emission is in 

accord with other result.20 Morphologies have the influence on the intensities, which 

were increased with the decreasing in the NaOH molarities (acidity increase). At a 

constant hydrothermal temperature and time, and different NaOH molarities, PL 

intensity of nanostructured flower (NaOH-free solution) is at the highest. In general, 

the intensities are also very sensitive to the number of electronic transfers and 

defects in the products.21 
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Fig 6. PL spectra of the products synthesized in the solutions containing 0.05 g CMC 

and different molarities of NaOH by 140 oC hydrothermal reaction for 12 h.  

 

Conclusions 

    PbS with nano and microcrystals was successfully synthesized using hydrothermal 

reaction at different temperatures. Both CMC and NaOH can play the role in the 

reaction by producing a variety of product morphologies. XRD, SEM, EDX, TEM, 

SAED and Raman analyses revealed the presence of nano and micro-crystalline 

PbS (cubic) composing of Pb and S with the first and second overtone modes at 432 

and 602 cm-1, respectively. The interpreted and simulated patterns are in good 

accordance. PL emission spectra of the products were detected at 384-388 nm, and 

PL intensity of the nanostructured flowers is the highest.  
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Abstract

Nano- and micro-crystalline CdS was synthesized from cadmium [CdCl2 � 2H2O, Cd(NO3)2 � 4H2O, Cd(CH3COO)2 � 2H2O] and sulfur

[CH3CSNH2, CH5N3S, CH6N4S] sources in ethylene glycol assisted by cyclic microwave radiation at different conditions. Phases (hcp

and cubic) and morphologies (rose-shaped particles, spikes in cluster, cauliflowers, and nano-particles in cluster) were detected using

XRD, SAED, TEM, and SEM, and influenced by Cd and S sources. The crystalline products are aligned in a systematic array and

analyzed by HRTEM. A Raman spectrometer revealed the presence of fundamental and overtone modes at 298 and 597 cm�1,

respectively. Exposure times and microwave powers also play a role in the crystallinity and size of the products.

r 2007 Elsevier Ltd. All rights reserved.

Keywords: A. Nanostructures; B. Crystal growth; C. X-ray diffraction; D. Crystal structure

CdS is one of the II–VI compounds having unique
properties [1]. It has promising applications for light-
emitting diodes [2], solar cells [2], optoelectronics [3],
catalysts [3], and others. There are different methods used
to synthesize CdS such as solvothermal synthesis [2],
hydrothermal process [3], and microwave irradiation [4].
Among the products with the same phase, different
morphologies such as nanowires [2], nanorods [3], nano-
particles [4], flower-like particles [5], and hexagonal and
triangular plates [6] were synthesized.

To synthesize CdS with different phases and morphol-
ogies, 0.005mol each of cadmium [CdCl2 � 2H2O,
Cd(NO3)2 � 4H2O, Cd(CH3COO)2 � 2H2O] and sulfur
[CH3CSNH2, CH5N3S, CH6N4S] sources were dissolved
in 30ml ethylene glycol. Each mixture was stirred for
30min and left for the reaction to proceed by cyclic
microwave radiation at different powers and exposure
times. Each cycle was 100 s long, and composed of 30
and 70 s for the on and off periods, respectively.

The precipitates were washed with water and ethanol,
dried at 80 1C for 24 h and further analyzed.
XRD spectra (Figs. 1 and 2) were compared with those

of the JCPDS software (reference codes 06-0314 and
80-0019) [7]. The products synthesized using CdCl2 � 2H2O
and CH3CSNH2 at different exposure times and micro-
wave powers (Fig. 1) were identified as CdS (hcp). The
spectra are very sharp, showing that the products are
composed of crystalline particles. The degree of crystal-
linity was increased on increasing the exposure time and
microwave power. The effects of Cd and S sources on the
phase were studied (Fig. 2). The products synthesized using
CdCl2 � 2H2O and one of the sulfur sources [CH3CSNH2,
CH5N3S, CH6N4S] are CdS (hcp). Those synthesized using
Cd(NO3)2.4H2O or Cd(CH3COO)2.2H2O and CH3CSNH2

are CdS (cubic). These show that Cd sources have an
influence on the crystal structure. Two peaks at
2y ¼ 36.651 and 47.881 are the characteristics of hcp phase
[8]. They are diffracted from the (1 0 2) and (1 0 3) planes of
the products. Other two peaks diffracting from the (0 0 2)
and (1 1 0) planes of the hcp phase are almost at the same
Bragg’s angles as those diffracting from the (1 1 1) and
(2 2 0) planes of the cubic phase, respectively. Their planar
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spaces with the corresponding Bragg’s angles are almost at
the same values as well. XRD peaks of different structures
are able to diffract from the same Bragg’s angle, but the
diffraction planes are different. Generally, CdS (hcp) is
more thermodynamically stable than CdS (cubic) [9]. For
the present research, no other characteristic peaks of
impurity were detected, showing that the products (Figs. 1
and 2) are in pure phase.

The Raman spectra (Fig. 3) are almost identical to each
other although the products have different phases (hcp and
cubic). Two peaks were detected for both crystal structures.

They are the first and second longitudinal optical (LO)
phonon modes. The strong 1LO and weak 2LO correspond
to the fundamental and overtone modes, respectively [10].
The vibrations of both phases, coinciding with each other
[11], are at 298 and 597 cm�1, respectively. Some defects
can play a role in the spectra as well.
SEM images (Fig. 4) show that the product morpholo-

gies are in the shapes of roses, spikes in cluster, and
cauliflowers, respectively, using CH3CSNH2, CH5N3S, and
CH6N4S as S sources, and CdCl2 � 2H2O as a Cd source,
although they have the same hcp structure. The roses are
composed of a number of nano-flakes in clusters, but the
spikes and cauliflowers are fundamentally composed of
round nano-particles. The spikes grew by a rapid
assemblage of nano-particles in some specified directions,
the cauliflowers by the assemblage of nano-particles in all
directions at almost the same rates. These show that S
sources dominated CdCl2 � 2H2O. Different product
morphologies were influenced by S sources which have
different structure formulas. Nucleation and growth of the
particles can play roles in the morphologies. The crystal
growth of some preferred structure or planes relates to the
surface energy of the planes in the specified condition. The
planes with lower surface energy dominate those with
higher surface energy. This is described as a shape selective
surface absorption process [12]. The amount of starting
agents in the solution also has an influence on different
orientations of the particles which reflects nucleation and
growth of the crystals. The orientation was increased by
increasing the amount of starting agents [13]. Apart from
the above, crystal growth is influenced by the solubility of
the precursors in the particular solvent and the synthesis
temperature which have influences on the morphologies
[12]. Polarities and boiling points of solvents [14], pH
values of the solutions, and others can play a role on the
shapes and sizes due to the different rates of nucleation and
growth. The products with different morphologies were
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Fig. 1. XRD spectra of the products prepared using CdCl2 � 2H2O and

CH3CSNH2 at (a) 180W for different cycles (cyc.) and (b) different

microwave powers for nine cycles.

Fig. 2. XRD spectra of the products prepared using different Cd and S

sources at 600W for nine cycles. (a) and (b) are hcp and cubic phases,

respectively.

Fig. 3. Raman spectra of the products prepared at 600W for nine cycles

by using (a) CdCl2 � 2H2O and one of the S sources [CH3CSNH2, CH5N3S,

CH6N4S], and (b) one of the Cd sources [Cd(NO3)2 � 4H2O, Cd(CH3

COO)2 � 2H2O] and CH3CSNH2.
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also produced when different Cd sources reacted with
CH3CSNH2. TEM images (Fig. 5) show that the products
are composed of a number of nano-particles clustered
together at random. At present, nano-flakes and nano-
particles are the fundamental particles of the products. The
nano-flakes were formed by stacking hcp unit cells aside.
There were some hcp unit cells stacked up as well, but its
rate was slower. The nano-particles were formed by the
assemblage of unit cells (hcp for the spikes and cauli-
flowers, cubic for nano-particles in clusters). Growth of the
nano-particles in all directions are at the same rates. The
fundamental particles may contain some defects, due to the
microwave vibration frequency, internal stress, and others.

SAED patterns (Fig. 5) show bright concentric rings
corresponding to the diffraction planes of the crystalline
products. The rings are diffuse and hollow, showing that
the products are composed of very fine particles. The
values of interplanar spaces were calculated [15] using
diameters of the diffraction rings measured from the
patterns on the films, and compared with those of the
JCPDS software [7]. The diffraction patterns correspond to
CdS (cubic). HRTEM images (Fig. 6) show the (1 1 1)
plane of CdS (cubic) which are aligned in a systematic
array. There are several domains in the images. Each of
them, belonging to a cluster of nano-particles, is composed

of a number of planes aligning in the same direction. By
using XRD spectra in Fig. 2(b) and Bragg’s law for
diffraction, calculated interplanar spaces of (1 1 1) plane
[0.3476 nm for Cd(CH3COO)2 � 2H2O+CH3CSNH2, and
0.3469 nm for Cd(NO3)2 � 4H2O+CH3CSNH2] are very
close to the corresponding values (0.3521 and 0.3424 nm)
measured from Fig. 6.
For the present research, Cd and S sources have

an influence on the nucleation and growth of the crystals.
The phase with the lowest Gibbs free energy is thermo-
dynamically stable, and has more chance to exist in the
process [16]. These reflect the product morphologies. Apart
from the above, crystal growth is influenced by the
solubility of the precursors in the particular solvent and
synthesis conditions which reflect the morphologies [12].
Higher microwave powers and exposure times also play a
role in the product morphologies by enlarging the size of
the roses synthesized using CdCl2 � 2H2O and CH3CSNH2.
Microwave radiation is able to reduce time scales of the
reactions, and can rapidly lead to very high temperatures
which have the influence of accelerating the reaction
process.

We would like to thank the Thailand Research Fund,
Bangkok, Thailand, for funding the research.
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Fig. 4. SEM images of the products prepared using (a) CdCl2 � 2H2O+CH3CSNH2, (b) CdCl2 � 2H2O+CH5N3S, and (c) CdCl2 � 2H2O+CH6N4S at

600W for nine cycles.

Fig. 5. TEM images and SAED patterns of the products prepared

using (a) Cd(CH3COO)2 � 2H2O+CH3CSNH2 and (b) Cd(NO3)2 � 4H2O+

CH3CSNH2 at 600W for nine cycles.

Fig. 6. Interplanar space (d111) of the products prepared using

(a) Cd(CH3COO)2 � 2H2O+CH3CSNH2 and (b) Cd(NO3)2 � 4H2O+

CH3CSNH2 at 600W for nine cycles.
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Abstract

CuCl2 � 2H2O and CH3CSNH2 were dissolved in ethylene glycol, and followed by the addition of NaOH to form solutions with dif-
ferent pH values. Reactions proceeded in surfactant-free solutions contained in an acid digestion bomb using a microwave irradiation at
different conditions. Pure CuS (hcp) with flower-like, hollow spherical, and tubular structures were detected, and had the same vibration
wavenumber at 474 cm�1. They displayed two emission peaks at 411, and 432 nm. The formation of CuS with different morphologies was
proposed according to the analytical results.
� 2008 Elsevier B.V. All rights reserved.

PACS: 81.07.�b

Keywords: Surfactant-free solutions; Solvothermal-microwave process; CuS; Flower-like structure; Hollow spheres; Tubular structure

1. Introduction

CuS with flower-like, hollow spherical, and tubular
structures in nanometer and micrometer sizes is a very
attractive material due to its specific structures and novel
properties. It has a wide variety of applications, such as
solar cells, superionic materials, and optical filters [1].
CuS was produced by different methods, such as spray
pyrolysis [2], solvothermal process [3], sonochemistry [4],
and microwave synthesis [5]. Surfactants, templates, and
other additives were used to control the morphologies in
most processes. For solution in a digestion bomb, micro-
wave heating is a very attractive method due to focusing
a large amount of energy into the chemicals under high
pressure. The purpose of this research is to produce CuS
with flower-like, hollow spherical, and tubular structures

in surfactant-free solutions with different pH values using
the solvothermal-microwave process in an acid digestion
bomb.

2. Experiment

The 5 mmol each of CuCl2 � 2H2O and CH3CSNH2 was
dissolved in 40 mL ethylene glycol. The pH was adjusted
using NaOH. The solutions were stirred at ambient tem-
perature. The reactions proceeded in an acid digestion
bomb using 180 W cyclic microwave irradiation for 24
and 72 cycles (1200 and 3600 s). Each cycle was 50 s long.
It was on for x s and off for 50 � x s. The irradiation per-
cents for every cycle were 2x = 20%, 30%, 50%, and 60%.
An increase in the irradiation percent of each cycle had
an influence on the system by raising its temperature. The
number of cycles is the time that the reaction proceeded
in both the on and off states. At the conclusion of the test,
the products were washed with water and ethanol, dried at
80 �C for 12 h, and intensively analyzed.

1567-1739/$ - see front matter � 2008 Elsevier B.V. All rights reserved.
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3. Results and discussion

To determine the phase of the products, their XRD
spectra (Fig. 1) were compared with that of the JCPDS
software (reference code: 78-0876) [6], and specified as
CuS (hcp). No other characteristic peaks of impurities were
detected although they were produced using different con-
ditions. The degrees of crystallinity were increased with
the increase in the irradiation percents of each cycle, and
numbers of the heating cycles (Fig. 1a), identified by the
narrower and higher peaks. When more energy was sup-
plied to the system, atoms violently vibrated and aligned
in a periodic array in the lattice. Different pH values
(Fig. 1b) did not play a significant role in the diffraction
peaks, and degree of crystallinity.

To produce CuS in an acid digestion bomb,
CuCl2 � 2H2O and CH3CSNH2 were mixed in ethylene gly-
col and stirred at ambient temperature. The existence of
precipitates (copper–thioacetamide complex) which were
subsequently decomposed by the microwave irradiation
[7], is shown

CuCl2þ2CH3CSNH2 !Ethylene glycol½CuðCH3CSNH2Þ2�2þþ2Cl�

½CuðCH3CSNH2Þ2�2þ !microwaveirradiation
CuSðblackÞ

To show that copper–thioacetamide complex was defi-
nitely produced, FTIR spectra (Fig. 2) of CH3CSNH2

and the precipitates (copper–thioacetamide complex,
[Cu(CH3CSNH2)2]Cl2) were analyzed. For CH3CSNH2,
C@S stretching vibrations were detected at 735 and
984 cm�1, and N–H stretching vibrations at 3178 and
3443 cm�1. Corresponding vibrations of the complex were
at 710 and 978 cm�1 for C@S stretching, and 3153 and

3305 cm�1 for N–H stretching. The two C@S peaks of
CH3CSNH2 became weakened. The 710 cm�1 C@S vibra-
tion tended to split into two peaks. Both C@S and N–H
peaks shifted to the lower wavenumbers due to the reduc-

Fig. 1. XRD spectra of the products produced using (a) an extremely low pH value at different irradiation percents of each cycle and numbers of heating
cycles, and (b) different pH values at 50% irradiation for 24 cycles.

Fig. 2. FTIR spectra of (a) CH3CSNH2 and (b) [Cu(CH3CSNH2)2]Cl2.
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tion in the vibration constants and bonding energies of
C@S and N–H. These were caused by the reduction in
the electronegativities of N and S atoms which were the
result of the partial donation of lone pair electrons of N
and S atoms to the vacant d orbital of Cu2+ ions [8]. C–
N peaks of CH3CSNH2 and the complex were detected
at the same wavenumbers [8] of 1411 and 1496 cm�1. The
peaks remained stationary but became weakened and
broadened, when they were in the complex. Changes in
the nature of C@S, C–N, and N–H bonds are the evidence
of the complex formation [8,9]. In addition, the complex
was analyzed using CHON/S analyzer and AAS. It is com-
posed of 27.01 wt% Cu, 14.28 wt% C, 3.04 wt% H,
22.29 wt% S, and 8.21 wt% N. For 100 wt% complex, mole
ratios of Cu:C:H:S:N:Cl are 1.42:3.96:10.05:2.32:1.95:2.37,
which are in accordance with its formula.

Alternatively, CH3CSNH2 reacted with H2O (crystal
water in CuCl2 � 2H2O and trace water in ethylene glycol)
to form H2S [10]. Subsequently, H2S combined with CuCl2
to produce CuS. The reactions proceeded by the assistance
of the microwave irradiation

CH3CSNH2 þH2O !Microwave irradiation
H2Sþ CH3ðNH2ÞC@O

H2Sþ CuCl2 !Microwave irradiation
CuSðblackÞ þ 2HCl

After the starting agents were mixed and stirred, the
solution has the characteristic of strong acid that the pH
was extremely low (very close to zero). Once CuS nuclei
formed in the digestion bomb by the assistance of the
microwave irradiation, they were not fully developed (nas-
cent). They grew very rapidly via the diffusion process.
When NaOH was slowly added into the solutions, different
pH values can play a role in the nucleation and growth
processes.

At extremely low pH value, the morphologies (Fig. 3)
were influenced by the irradiation percents and cycles. At
20% irradiation and 24 cycles (Fig. 3a), the product com-
posed of a number of nano-plates in clusters shaped like
flowers, and became larger when the irradiation time was
prolonged to 72 cycles (Fig. 3b). Their particle-sized distri-
butions will be discussed in more detail later in this section.
To form plate-like particles, the stacking rate of hcp

Fig. 3. SEM images of the products produced using an extremely low pH value at (a) 20% irradiation for 24 cycles, (b) 20% irradiation for 72 cycles, (c)
30% irradiation for 24 cycles, (d) 60% irradiation for 24 cycles, and (e) 50% irradiation for 72 cycles.
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structure in the normal direction to the plates was the slow-
est. Plate-like formation and clustering simultaneously pro-
ceeded to produce flower-like products. At 30% and 60%
irradiations for 24 cycles (Fig. 3c and d), and 50% irradia-
tion for 72 cycles (Fig. 3e), the flowers are very similar to
spheres. They were produced in different sizes showing that
their initiation was different. There are more pores on the
spheres at higher irradiation percents and cycles. Some
spheres were broken. During processing, the irradiation
percents of each cycle were long enough to heat up the
products to be at higher temperatures. The spheres became
larger due to the growth process. More gas was produced
inside. There was some gas diffused out of the spheres as
well. The evolution of the gas seems to be from the follow-
ing. (1) Decomposition of ethylene glycol and acetamide
(CH3(NH2)C@O). (2) Dehydration of ethylene glycol with
acid served as a catalyst. Acetaldehyde developed [11], and
further combined with oxygen to form CO2 and water.
When the pressure inside the spheres was high enough,
fracture ultimately occurred and holes appeared. Some
spheres were broken but some were not, depending on

the number of defects in their shells, initiation time, pres-
sure inside the spheres and others. Both the irradiation per-
cents and cycles can play important roles in the gas
formation leading to the explosion process.

When NaOH was slowly added into the solutions
(Fig. 4), the pH values slowly increased. At a pH of 1,
50% irradiation, and 24 cycles (Fig. 4a), the products were
clusters of nano-sized particles. OH� ions seem to have the
influence on their nucleation and growth. No flower-like
product existed, but some plates were left in the solution.
At higher pH values (Fig. 4b and c), more nano-sized
and less plate-like particles existed. Simultaneously, the
nano-sized particles began to assemble into a hollow object
in the shape of a tube. The degree of roughness on the side
walls is higher than that at the ends. At the present stage,
there are a number of sites for OH� ions to adsorb on
the outside walls. It implies that the concentration of
OH� ions adsorbing on outside walls is the highest. OH�

layer shields the tubular wall from the deposition of
nano-sized particles. Therefore, clustering in the radial
direction of the tubes is limited to some range. Growth pro-

Fig. 4. SEM images of the products produced using a pH of (a–d) 1, 5, 9 and 13 at 50% irradiation for 24 cycles, respectively. [(e) is the enlarged image of (d).]
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ceeded only in the axial direction. A number of the tubes
were produced. They were increased with the increase in
the pH values. At a pH of 13 (Fig. 4d), a great number
of the tubes were detected. Its enlarged SEM image
(Fig. 4e) shows the nano-size particles assembling as tubu-
lar structure.

TEM image (Fig. 5) shows different sizes of tubular
structure composing of nano-sized particles. Some particles
existed as clusters. The tubes are 82–574 nm in diameter,
and are as long as 6420 nm (result not shown). Some irreg-
ular shapes and sizes of defects were detected on the tubu-
lar surfaces. SAED pattern (Fig. 5) shows eight concentric
rings. They are diffuse showing that the tubes composed of
nano-sized particles. Interplanar spaces were calculated
[12,13] and compared with those of the JCPDS software

[6]. The rings correspond to (100), (103), (006), (105),
(110), (108), (203), and (116) planes, and reveal the pres-
ence of CuS (hcp).

Particle-sized distributions of the flower-like products
produced using an extremely low pH value at 20% irradia-
tion for 24 and 72 cycles are shown in Fig. 6. The average
sizes are 198 ± 32 nm and 775 ± 167 nm for 24 and 72
cycles, respectively. Size distributions of the flower-like
particles are over the range 142–295 nm for 24 cycles,
and 459– 1281 nm for 72 cycles. Numbers of the cycles
can play a role in the range of size distributions. Cumula-
tive frequency (S curve) shows that the particles were
counted and arranged from the smallest value. It increased
in a smooth monotone, showing that the particle-sized dis-
tribution shapes like a bell.

Raman spectra (Fig. 7) are very sharp, showing that the
lattice atoms are aligned in the periodic array. Their vibra-
tions are in the same wavenumbers at 474 cm�1, corre-
sponding to lattice vibrations. The present results are in
accordance with those of the CuS thin films [14].

Photoluminescent (PL) emission of CuS dispersed in
absolute ethanol (0.2 mg/mL) was determined at ambient

Fig. 5. TEM image and SAED pattern of the product produced using a
pH of 13 at 50% irradiation for 24 cycles.

Fig. 6. Particle-sized distributions of the flower-like products produced using an extremely low pH value at 20% irradiation for (a) 24 cycles, and (b) 72
cycles.

Fig. 7. Raman spectra of the products produced using (A) an extremely
low pH value at 50% irradiation for 72 cycles, and (B) a pH of 13 at 50%
irradiation for 24 cycles.
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temperature using an excitation wavelength of 202 nm, and
is shown in Fig. 8. The spectra are broad and the two emis-
sion peaks are at 411 and 432 nm. The results are in accor-
dance with the emission peaks of CuS at 414 and 437.5 nm
[3]. Their intensities are influenced by several parameters
such as shapes, sizes, and crystallinities, which were con-
trolled by synthesis conditions. For an extremely low pH
value (A–D), PL intensities were increased with the
increase in the irradiation percents of each cycle and the
numbers of heating cycles. The intensity was the highest
at 50% irradiation, and 72 cycles (D). For the pH of 1, 7
and 13, at 50% irradiation for 24 cycles (E–G), PL intensi-
ties were increased with the increase in the pH values, until
to the highest at the pH of 13 (G). For the present analysis,
the tubular product (at the pH of 13, 50% irradiation, and
24 cycles) displayed the most efficient PL.

4. Conclusions

CuS with flower-like, hollow spherical, and tubular
structures was successfully produced by solvothermal-

microwave process at different conditions in an acid diges-
tion bomb. CuS (hcp) was detected using XRD and SAED.
Its Raman wavenumber is at 474 cm�1. Different morphol-
ogies were characterized using SEM and TEM, ranging
from flower-like in a solution with extremely low pH to
tubular in a pH of 13. PL emission peaks are at 411 and
432 nm. Their intensities are influenced by several parame-
ters such as shapes, sizes, and crystallinities, controlled by
synthesis conditions. The product with tubular structure
exhibits the best PL efficiency. The formation of CuS with
different morphologies was also proposed.
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Abstract

AWO4 (A = Ca, Sr) was prepared from metal salts [Ca(NO3)2�4H2O or Sr(NO3)2], Na2WO4�2H2O and different moles of cetyltrimethy-

lammonium bromide (CTAB) in water by cyclic microwave irradiation. The structure of AWO4 was characterized by X-ray diffraction (XRD) and

selected area electron diffraction (SAED). Transmission electron microscopy (TEM) and scanning electron microscopy (SEM) revealed the

presence of nanoparticles in clusters with different morphologies; spheres, peaches with notches, dumb-bells and bundles, influenced by CTAB.

Six Raman vibrational peaks of scheelite structure were detected at 908, 835, 793, 399, 332 and 210 cm�1 for CaWO4 and 917, 833, 795, 372, 336

and 192 cm�1 for SrWO4, which are assigned as n1(Ag), n3(Bg), n3(Eg), n4(Bg), n2(Ag) and nf.r.(Ag), respectively. Fourier transform infrared (FTIR)

spectra provided the evidence of W–O stretching vibration in [WO4]
2� tetrahedrons at 793 cm�1 for CaWO4 and 807 cm

�1 for SrWO4. The peaks

of photoluminescence (PL) spectra were at 428–434 nm for CaWO4, and 447–451 nm for SrWO4.

# 2008 Elsevier B.V. All rights reserved.

PACS : 81.07.�b

Keywords: Cyclic microwave irradiation; Nanostructured AWO4 (A = Ca, Sr); Spheres; Peaches with notches; Dumb-bells; Bundles

1. Introduction

Metal tungstates are classified into two groups with different

crystal structures; scheelites (CaWO4, SrWO4, BaWO4 and

PbWO4) and wolframites (MgWO4, ZnWO4, CdWO4, etc.) [1].

Among the crystals with scheelite structures, CaWO4 and

SrWO4 have attracted particular interest in a variety of studies

such as stimulated Raman scattering technique [2], electro-

optical property [3] and microwave application [4]. They were

prepared by chemical bath deposition [5], Czochralski

technique [6], solvothermal-mediated microemulsion method

[7], metathetic reaction [8] and the evaporation of a polymer

based metal-complex precursor solution [9]. In this study, the

influence of CTAB on the morphologies of AWO4 (A = Ca, Sr)

prepared by cyclic microwave irradiation was demonstrated.

The reaction proceeded in an open system at atmospheric

pressure without any further requirement of calcination. The

process is very simple, attractive and novel by focusing large

amount of microwave irradiation into the solutions to produce

pure products.

2. Experiment

Differentmoles (M)ofCTABand3 mMNa2WO4�2H2Owere

separately dissolved in 10 ml water and mixed. Subsequently, a

solution of 3 mM Ca(NO3)2�4H2O or Sr(NO3)2 in 10 ml water

was put in the mixture. The reactions cyclically proceeded using

300 W microwave for 10 min to produce AWO4 (A = Ca, Sr).

One cycle of the microwave irradiation consists of 10 s

irradiation and 20 s interval. The products were washed with

water and 95% ethanol, and dried at 70 8C for 12 h.

3. Results and discussion

XRD spectra of CaWO4 and SrWO4 prepared with different

moles of CTAB are shown in Fig. 1. The spectra were compared

with those of the JCPDS software (reference codes: 77-2234 and

85-0587) [10], and specified as AWO4 (A = Ca, Sr). They have

scheelite tetragonal structure and I41/a space-group symmetry
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[10]. Their strongest intensitypeaks are at 2u = 28.888 and27.648
for CaWO4 and SrWO4, respectively, assigned to (1 1 2) plane.

Calculated lattice parameters [11] for CaWO4 (a = b = 0.5218

� 0.0013 nm and c = 1.1316� 0.0022 nm) and SrWO4

(a = b = 0.5417� 0.0007 nm and c = 1.1951� 0.0000 nm)

are very close to those of the corresponding JCPDS software,

and have the influence on their interplanar spaces. No other

characteristic peaks of impurities were detected.

Vibrations of AWO4 are classified into two types, the internal

and external modes [6]. The first belongs to the vibration inside

[WO4]
2� molecular units of which the centers of mass are

stationary. The second is called lattice phonon which corre-

sponds to themotion ofA2+ cations and the rigidmolecular units.

In free space, [WO4]
2� tetrahedrons have Td symmetry [6,12].

Their vibrations compose of four internal modes (n1(A1), n2(E),

n3(F2) and n4(F2)), one free rotation mode (nf.r.(F1)), and one

translation mode (F2) [6]. In lattice space, the symmetry is

reduced to S4. All degenerative vibrations are split [6,12] due to

the crystal field effect and Davydov splitting [6]. For tetragonal

scheelite primitive cell (wavevector k = 0) [6,13], there are 26

different vibrations (G = 3Ag + 5Au + 5Bg + 3Bu + 5Eg + 5Eu)

determined by group theory calculation [6,12]. Among them,

3Ag, 5Bg and5Eg vibrations areRaman-active.Only 4Au and 4Eu

of the 5Au and5Eu vibrations are active in IR frequencies, and the

others (1Au and 1Eu) are acoustic vibrations. The 3Bu vibrations

are silent modes [6,12].

For the present research, six different vibrations were

detected on Raman spectra shown in Fig. 2a and b. Among

them, n1(Ag), n3(Bg), n3(Eg), n4(Bg), n2(Ag) and nf.r.(Ag) are at

908, 835, 793, 399, 332 and 210 cm�1 for CaWO4, and 917,

833, 795, 372, 336 and 192 cm�1 for SrWO4, respectively. Each

vibration mode is in accord with Raman vibrations analyzed by

other researchers [12]. The spectra provide the evidence of

scheelite structure for both products [12].

FTIR spectra shown in Fig. 2c and d were analyzed with a

transmittance mode. For Td symmetry, n3(F2) and n4(F2) are IR

active and correspond to stretching and bending modes,

respectively [14,15]. The spectra show a band of W–O

stretching vibration in [WO4]
2� tetrahedrons [3,14,15] at 793

and 807 cm�1 for CaWO4 and SrWO4, respectively. They are

the internal modes specified as n3(F2) antisymmetric stretching

vibrations [14,15]. Other weak W–O bending bands were

detected at 438 and 410 cm�1 for CaWO4 and SrWO4,

respectively. O–H stretching and bending vibrations of residual

water in CaWO4 were detected at 3435 and 1635 cm�1, and in

SrWO4 were at 3442 and 1637 cm�1, respectively.

Fig. 3 shows SEM images of CaWO4 and SrWO4 composing

of microsized particles with different morphologies. For

CaWO4 in a CTAB-free solution, it composes of nano-scale

particles clustering together in microspheres, shown in Fig. 3a.

In the solution containing 0.5 mMCTAB, the spheres were cleft

into two parts; peach-like particles with the notches, shown in

Fig. 3b. Subsequently, the peach-like particles were trans-

formed into dumb-bells (Fig. 3c) and bundles (Fig. 3d) in the

solutions containing 2 and 5 mM CTAB, respectively. The

CTAB (cationic surfactant) functioned as a template or shaped

director. When Na2WO4�2H2O was mixed with CTAB,

[WO4]
2� and the cations formed complex molecules. Subse-

quently, Ca(NO3)2�4H2O was added in the mixture. The CTAB

cations were replaced by Ca2+ ions to produce CaWO4 by a

microwave irradiation. During the preparation, vibrating

electric field of a microwave applied a force on electric

charged particles. Vibrations of the reactants have the influence

on the proceeded reaction effectively. Once the CaWO4 nuclei

(very fine particles) formed, their growth could relate to the

interaction between oriented CTAB chains and the nuclei. A

uniform and ordered long chain structured CTAB adsorbed on

the nucleus surfaces which led to the nucleus growth along

the longitudinal direction [16]. There was some growth in the

normal direction as well, but its rate was the slowest. The

influence of the shaped director was increased with the increase

of the CTAB moles. The spherical particles in the CTAB-free

solution were transformed step by step into bundles in the

solution containing 5 mM CTAB. Some of the bundles were

broken due to the microwave vibration frequency. For SrWO4

in a CTAB-free solution, the products were the peach-like

particles with the notches, as shown in Fig. 3e. When CTAB

was added in the solution, the produced particles grew along the

Fig. 1. XRD spectra of (a) CaWO4 and (b) SrWO4 prepared with different moles of CTAB.
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longitudinal direction. The products composed of a number of

dumb-bells in the solutions containing 1 and 2 mM CTAB

(Fig. 3f and g), and bundles in the 3 and 5 mM CTAB solutions

(Fig. 3h and i). The cationic surfactant also had the same

function as the above explanation.

The structures of the produced particles were also

investigated with TEM and SAED. In Fig. 4, the TEM images

show CaWO4 and SrWO4 the shape of dumb-bell prepared in

the 3 and 1 mM CTAB solution (Fig. 4a and d), respectively.

The interpretations of the SAED patterns at the markers in the

corresponding TEM images are shown in Fig. 4b and e,

respectively [11,17]. These patterns show that each of product

particles composes of single crystal. The calculated angles

between any pair of the directions and the interplanar spaces

determined from (h k l) are in accord with those of the

diffraction patterns on their films. Calculated zone axes [11,17]

are respectively in [0 4 1] and ½4̄3̄2̄� directions parallel or nearly
parallel to the electron beams. The patterns for CaWO4 and

SrWO4 were simulated [18] using the corresponding directions

as zone axes and are shown in Fig. 4c and f, respectively. The

patterns are symmetric and systematic, and are in good accord

with those of the interpretations.

PL spectra with different excitation wavelengths of 280 nm

for CaWO4 and 245 nm for SrWO4 are shown in Fig. 5. They

Fig. 2. Raman and FTIR spectra of (a, c) CaWO4 and (b, d) SrWO4 prepared with different moles of CTAB, respectively.
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Fig. 4. TEM images of (a) CaWO4 and (d) SrWO4 particles prepared in 3 and 1 mM CTAB solutions, respectively. The interpreted SAED patterns were observed at

the marked areas of ellipse (b) and square (e) in the TEM images. The schematic drawings of the corresponding SAED patterns are shown in (c) and (f).

Fig. 3. SEM images of CaWO4 prepared in (a) the CTAB-free solution, and (b–d) the solutions of 0.5, 2 and 5 mM CTAB, and of SrWO4 prepared in (e) the CTAB-

free solution, and (f–i) the solutions of 1, 2, 3 and 5 mM CTAB, respectively. The superimposed images at the upper lefts of the images (a) and (b) showed the closer

view of the white rectangle areas of the corresponding images.

T. Thongtem et al. / Applied Surface Science 254 (2008) 7765–77697768



show the intrinsic peaks with their surrounding shoulders. The

intrinsic peaks are considered to be from the 1T2 ! 1A1

transition of electrons within [WO4]
2� anions [19–21], which

can be treated as excitons [21]. The shoulders are from some

defects and/or impurities, and interpreted as extrinsic transi-

tions [21]. PL intensity is controlled by the number of charged

transfers. For the present analysis, the emission peaks are in the

spectral region at 428–434 nm for CaWO4, and 447–451 nm for

SrWO4. For most PL studies, their blue emissions were at

440 nm for CaWO4, and 460 nm for SrWO4 [5,22,23].

Comparing to the corresponding materials, the present

emission peaks are blue-shift caused by the quantum-sized

effect [24]. PL intensities are increased with the increase of the

CTAB moles. They are the highest for the bundle-shaped

CaWO4 and SrWO4 (5 mMCTAB solutions). Shape and size of

the crystals can also play a role in their emission peaks.

4. Conclusions

CaWO4 and SrWO4 were successfully synthesized with a

cyclic microwave irradiation. The metal tungstates composed

of nanosized particles in clusters with different shapes and

sizes influenced by CTAB. They provided the evidence of

scheelite structure with W–O stretching vibration in

[WO4]
2� tetrahedrons at 793 and 807 cm�1 for CaWO4

and SrWO4, respectively. The PL emission peaks are in the

spectral region at 428–434 nm for CaWO4, and 447–451 nm

for SrWO4.
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Abstract

Metal tungstates (MeWO4, Me = Ba, Sr and Ca) were successfully prepared using the corresponding Me(NO3)2�2H2O and Na2WO4�2H2O in

ethylene glycol by the 5 h sonochemical process. The tungstate phases with scheelite structure were detected with X-ray diffraction (XRD) and

selected area electron diffraction (SAED). Their calculated lattice parameters are in accord with those of the JCPDS cards. Transmission electron

microscopy (TEM) revealed the presence of nanoparticles composing the products. Their average sizes are 42.0 � 10.4, 18.5 � 5.1 and

13.1 � 3.3 nm for Me = Ba, Sr and Ca, respectively. Interplanar spaces of the crystals were also characterized with high-resolution TEM

(HRTEM). Their crystallographic planes are aligned in systematic array. Six different vibration wavenumbers were detected using Raman

spectrometer and are specified as n1(Ag), n3(Bg), n3(Eg), n4(Bg), n2(Ag) and free rotation. Fourier transform infrared (FTIR) spectra provided the

evidence of scheelite structure with W–O anti-symmetric stretching vibration of [WO4]
2� tetrahedrons at 786–883 cm�1. Photoluminescence

emission of the products was detected over the range of 384–416 nm.

# 2008 Elsevier B.V. All rights reserved.

PACS : 81.16.Be

Keywords: Sonochemical method; BaWO4; SrWO4; CaWO4; Nanocrystallines

1. Introduction

Recently, the research on nanocrystallines has been

increasingly progressive due to their novel properties. Among

them, MeWO4 (Me = Ba, Sr and Ca) with scheelite structure

are such the materials [1,2]. There are W ions in tetrahedrons

composing of O ions. Me ions are surrounded with eight O ions

[3]. The properties of MeWO4 nanocrystallines are influenced

by the chemical composition, structure, phase and morphol-

ogies. The tungstates are very useful in a variety of applications,

such as scintillators [2,3], stimulated Raman scattering [1],

optoelectronic devices [4] and catalysts [5]. They were

prepared by a variety of methods, such as a simple template-

free precipitation technique [1], spray pyrolysis [2], micro-

wave-assisted synthesis [5], chemical solution method [6], a

facile microemulsion-mediated hydrothermal process [7] and

electrochemical method [8].

Currently, nano-structured materials have been found to

exhibit anomalous properties which are totally different from

their bulks [9]. The physical and chemical properties are

influenced by the particle sizes, which were caused by quantum

confinement effects [10]. For such the particles, percents of

surface area per unit volume are very large. Their optical

absorption wavelengths exhibited blue-shift comparing with

the corresponding bulk materials [11]. Due to these favorable

properties, the nanoparticles are being extensively studied for

used in a variety of applications.

Sonochemical process has very attractive attention used for

preparing materials. It can lead to more uniform distribution of

nanoparticles, smaller sizes, slightly higher surface area and

better thermal stability and phase purity than that achieved by

the conventional method [12]. When ultrasonic radiation is

supplied to chemical solutions, their molecules vibrate

accordingly and heat develops. Vibration of molecules can

solve the problems of concentration and temperature gradients.
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The radiation has the influence on the reaction to proceed with

efficiency and shorter time. Subsequently, pure products were

produced.

Ethylene glycol (heat capacity at 25 8C = 150.4 J mol�1 K�1

[13]) is able to assist in forming the complex and stabilizing the

nanoparticles. It promotes the particles to exist as non-cluster

[14]. Temperature rising develops in ethylene glycol is two times

slower than that in water (heat capacity at 25 8C =

75.4 J mol�1 K�1 [13]). Therefore, it is good choice for using

ethylene glycol as the solvent for the synthesis of nanoparticles.

The purpose of the research is to prepare MeWO4 (Me = Ba,

Sr and Ca) nanocrystallines with novel properties in ethylene

glycol by the sonochemical method. The reaction proceeded in

an open system at atmospheric pressure. No other additives

were used. The process is very simple, attractive and novel for

preparing pure products.

2. Experiment

Each of 5 mM Me(NO3)2�2H2O (Me = Ba, Sr and Ca) and

Na2WO4�2H2O was dissolved in 30 ml ethylene glycol. The

reactions proceeded for 5 h by the application of powerful

ultrasonic radiation (35 kHz) on according to the following.

MeðNO3Þ2 � 2H2Oþ Na2WO4 � 2H2O �!ethylene glycol

sonochemical process
MeWO4

þ 2NaNO3 þ 4H2O

The final products were washed with water and ethanol,

dried at 70 8C for 12 h, and intensively characterized.

3. Results and discussion

Crystallographic planes on X-ray diffraction (XRD) spectra

(Fig. 1) were indexed using Bragg’s law for diffraction. The

planes correspond to MeWO4 (Me = Ba, Sr and Ca) (reference

codes: 43–0646, 85–0587 and 41–1431) [15]. Their strongest

intensity peaks diffracted from the same plane specified as

(1 1 2). They have scheelite structure with tetragonal crystal

system [1–3,6,16,17] and have I41/a or C6
4h space-group

symmetry [2,15,16]. Calculated lattice parameters [18] for

BaWO4 (a = b = 0.5618 nm, c = 1.2734 nm), SrWO4 (a = b =

0.5415 nm, c = 1.1962 nm) and CaWO4 (a = b = 0.5248 nm,

c = 1.1394 nm) are very close to those of the corresponding

JCPDS cards [15], and have the influence on the spaces between

crystallographic planes. No other characteristic peaks of

impurities were detected showing that the products are pure

phase.

Raman vibrations of MeWO4 are divided into two groups,

the internal and external modes [19]. The internal mode is the

W–O vibration within [WO4]
2� tetrahedral units with

immobile mass centers. The external one or lattice phonon

corresponds to the vibration of Me2+ cations relative to the rigid

tetrahedral units. In free space, [WO4]
2� tetrahedrons have Td-

symmetry [17,19]. Their vibrations compose of four internal

modes (n1(A1), n2(E), n3(F2) and n4(F2)), one free rotation

(nfr(F1)) and one translation (F2) [19]. In lattice space, they have

S4-symmetry. All degenerative vibrations are split [17,19] due

to the crystal field effect and Davydov splitting [19]. By using

group-theory calculation, there are 26 different modes for

tetragonal scheelite primitive cell (wavevector, k = 0), three for

Ag and Bu, and five for Au, Bg, Eg and Eu each [3,19]. All of Ag,

Bg and Eg modes are Raman-active. Only four of five Au and Eu

modes are active in IR range. Their remains are acoustic

vibrations. Three vibrations of Bu are silent modes [3,19].

Six different modes (n1(Ag), n3(Bg), n3(Eg), n4(Bg), n2(Ag)

and free rotation) were detected on Raman spectra (Fig. 2a) at

921, 826, 791, 345, 332 and 191 cm�1 for BaWO4, 922, 838,

799, 372, 337 and 190 cm�1 for SrWO4 and 913, 838, 798, 401,

337 and 211 cm�1 for CaWO4, respectively. Each of the modes

is in accord with Raman vibrations analyzed by other

researchers [17,19]. The spectra of the three products provide

the evidence of scheelite structure [17,19]. Comparing to Ar

laser (l = 514.5 nm), a great deal of energy was lost during the

inelastic scattering process. In addition, Fourier transform

infrared (FTIR) spectra (Fig. 2b) were analyzed using a

transmittance mode. For Td-symmetry, vibration frequencies of

[WO4]
2� tetrahedrons are n1(A1), n2(E), n3(F2) and n4(F2) [20].

In lattice space, their site symmetries become S4. The

correlation of the two point groups (Td ! S4) is as follows:

A1 ! A, E ! A + B and F2 ! B + E. Only bands correspond-

ing to n2, n3 and n4 were detected [20]. Main transmittance

Fig. 1. XRD spectra of BaWO4, SrWO4 and CaWO4 prepared by sonochemical

method.
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bands (n3) specified as W–O anti-symmetric stretching

vibration of [WO4]
2� tetrahedrons in lattice space [21] were

detected at 786–883 cm�1. Sometimes they split into two

bands, sometimes they do not [20,22,23]. For present result, it

appears as the strong broad band. The n4 splits into two bands at

the wavenumbers of less than 400 cm�1 [20]. Additional weak

peak of W–O bending band was also detected at 447 cm�1 for

CaWO4. It was specified as n2 band [20,24]. The present

analysis is in accord with other results [22,23].

For the resolution of 0.10 nm, transmission electron

microscopy (TEM) images (Fig. 3) show that the three

products compose of a number of dispersed nanosized particles

with round shape. Among them, the sizes ranging from the

biggest to the smallest are BaWO4, SrWO4 and CaWO4,

respectively. Selected area electron diffraction (SAED) patterns

(Fig. 3) are diffuse showing that the products compose of

nanosized particles. Each of them is polycrystal. They were

also caused by a number of single crystals with different

Fig. 2. (a) Raman and (b) FTIR spectra of BaWO4, SrWO4 and CaWO4 prepared by sonochemical method.

Fig. 3. TEM images and SAED patterns of (a) BaWO4, (b) SrWO4 and (c) CaWO4.
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orientations. The patterns appear as concentric rings, due to the

diffraction of electrons through the nanosized particles. The

rings were interpreted [25,26], and specified as (1 1 2), (2 0 0),

(1 1 4), (2 0 4), (2 2 0), (1 1 6) and (2 2 4) planes for BaWO4,

(1 0 1), (1 1 2), (0 0 4), (2 0 0), (2 1 1), (2 0 4), (2 2 0), (1 1 6)

and (312) planes for SrWO4 and (1 0 1), (1 1 2), (0 0 4), (2 0 0),

(2 1 1), (2 0 4), (2 2 0), (1 1 6) and (3 1 2) planes for CaWO4

[15]. The (1 1 2) plane has the strongest intensity composing

the SAED patterns. Their strongest intensities are in accord

with those of the corresponding XRD spectra. Lattice planes

(Fig. 4) show that atoms are uniformly arranged in systematic

array. The detected spaces correspond to (1 1 2), (1 1 2) and

(1 0 1) planes for BaWO4, SrWO4 and CaWO4, respectively.

The particle sizes (Fig. 5) were determined [27]. The

distributions are very close to the normal curves. They are in

the ranges of 7.5–75, 1–35 and 2–24 nm with the average of

42.0 � 10.4, 18.5 � 5.1 and 13.1 � 3.3 nm for BaWO4, SrWO4

and CaWO4, respectively. Their shapes and sizes have the

influence on the photoluminescent (PL) properties as well.

The crystal-field splitting and hybridization of the molecular

orbitals of [WO4]
2� tetrahedrons [16] are shown in Fig. 6. The

W 5d(t2) and W 5d(e) orbitals are hybridized with the O 2p(s)
and O 2p(p) ligand orbitals to form [WO4]

2� tetrahedrons. The

four ligand p(s) orbitals are compatible with the tetrahedral

representation for a1 and t2 symmetries and the eight ligand

p(p) orbitals are for t1, t2 and e symmetries. The top occupied

state has t1 symmetry formed from O 2p(p) states. The lowest
unoccupied state has e symmetry formed from a combination of

the W 5d(e) and O 2p(p) orbitals to give anti-bonding (*). The

hybridization between theW 5d and O 2p orbitals is specified as

covalent bonding between the ions. For ground state system, all

one-electron states below band gap are filled to give a many-

electron 1A1 state. At the lowest excited state, there are one hole

in t1 (primarily O 2p(p)) state and one electron in e (primarily

W 5d) state which give rise to many-electron 1T1,
3T1,

1T2 and
3T2 states. Among them, only 1T2 ! 1A1 transition is electric

dipole allow [16,28].

By respective using of 344, 270 and 214 nm exciting

wavelengths for BaWO4, SrWO4 and CaWO4, photolumines-

cent spectra (Fig. 7) have the narrow central peaks with their

surrounding shoulders. The central (intrinsic) peaks are

considered to be from the 1T2 ! 1A1 transition of electrons

within [WO4]
2� anions [16,28,29]. The transition can be

treated as an exciton [29]. The shoulders are from some defects

and impurities, and are specified as extrinsic transition [29]. PL

intensity is controlled by the number of charged transfers. For

the present analysis, the emission peaks are in the spectral

region at 384–416 nm. The results are in the same range as

Fig. 4. HRTEM images of (a) BaWO4, (b) SrWO4 and (c) CaWO4.

Fig. 5. Particle size distributions of (a) BaWO4, (b) SrWO4 and (c) CaWO4.

Fig. 6. Diagram of the crystal-field splitting and hybridization of the molecular

orbitals of [WO4]
2� tetrahedrons. [Eg : Energy band gap; (*) : Anti-bonding

(Unoccupied) states; Degeneracy of each cluster state is specified in parenth-

eses.]
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others [22,29,30]. Comparing to the corresponding bulks, their

emission peaks are blue-shift [22] caused by the quantum-sized

effect [10].

4. Conclusions

BaWO4, SrWO4 and CaWO4 were successfully prepared by

sonochemical method. Each of them is pure phase, and

composes of dispersed nanocrystallines. They are in the ranges

of 7.5–75, 1–35 and 2–24 nm for BaWO4, SrWO4 and CaWO4,

respectively. Their atoms are uniformly arranged in lattice

array. The evidence of scheelite structured products was

provided. Main transmittance bands specified as W–O anti-

symmetric stretching vibration were detected at 786–883 cm�1.

Their emission peaks are due to the 1T2 ! 1A1 electronic

transition of [WO4]
2� tetrahedrons in the spectral region at

384–416 nm. They are blue-shift relative to the corresponding

bulks.
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Abstract

PbS was produced from different lead (Pb(CH3COO)2�H2O, PbCl2�2.5H2O, Pb(NO3)2) and sulfur (CH3CSNH2, CH5N3S, NH2CSNH2) sources

in propylene glycol using a cyclic microwave radiation at different powers and prolonged times. PbS (cubic) was detected using X-ray diffraction

(XRD) and selected area electron diffraction (SAED) techniques. The interpreted and simulated patterns are in good accord. Raman spectrometer

revealed the presence of vibrations at 138, 273 and 439 cm�1. Different morphologies (nano-sized particles, hexapods, cubes, ferns and magic

squares) were characterized using a scanning electron microscope (SEM) and a transmission electron microscope (TEM). The product

morphologies were influenced by the starting agents, microwave powers and prolonged times.

# 2008 Elsevier B.V. All rights reserved.

PACS : 81.07.Bc

Keywords: Cyclic microwave radiation; PbS; Nano-sized particles; Hexapods; Cubes; Ferns; Magic squares

1. Introduction

At present, luminescent materials with different morphol-

ogies have become increasingly important. One of them is PbS,

which has a small band gap (0.41 eV) and a large exciton Bohr

radius (18 nm) [1,2]. The sulfide with nanoparticles possesses

the third-order nonlinear optical property, which has the

potential for being used in optical devices [3]. PbS nanocrystals

(irregular nanoparticles, star-shaped dendrites, truncated

nanocubes and nanocubes) showed an emission spectrum at

the same wavelength of 632 nm although their morphologies

are different. Nanocubes with the best crystals contain very low

defect concentration. The intensity is highest, compared with

other nanocrystals. But for irregular nanoparticles, the intensity

is the lowest. The emission properties are influenced by several

parameters, such as shapes, sizes, size distributions and defects

[4]. In addition, absorption UV spectra of PbS nanocrystals

having the shapes of nanorods, nanobelts, nanodendrites and

nanovelvet-flowers were very large blue-shift relative to its bulk

due to the quantum size effect [3]. The product with different

morphologies was produced using a variety of methods such as

dendritic PbS nanostructures by ultrasonic method [5], hollow

nanospheres by sonochemical method [6], nanoparticles by a

simple polyol route [7], cross-shaped PbS nanostructures by a

surfactant-assisted reflux process [8] and nanocrystals in

ethanol by a microwave heating synthesis [9]. Microwave

radiation is very attractive and used for preparing materials. It

can rapidly lead to very high temperatures which have an

influence on the reaction rates. When microwave is supplied to

solutions, one or more of the components is capable of coupling

with the radiation. Vibrating electric field applied a force on

charged particles which vibrated accordingly. It can lead to

higher heating rate than that achieved by conventional method,

and can solve the problems of temperature and concentration

gradients. Subsequently, pure products were produced [10].

The present research is to investigate the role of lead and sulfur

sources on the morphologies of PbS produced in propylene

glycol using a cyclic microwave radiation without any further

calcination.
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2. Experiment

PbS with different morphologies was produced from

0.005 mol each of lead and sulfur sources (Table 1) in 30 ml

propylene glycol using a cyclic microwave radiation at different

powers and prolonged times. One cycle of 100 s prolonged time

composed of 30 s radiation and 70 s non-radiation. Test

temperatures for the present research are shown in Fig. 1. They

were increased with the increase in the microwave powers and

prolonged times. The temperatures rapidly increased during the

first 15 min. Their rates decreased afterwards. For 180 W, the

temperature tended to be constant at 80 8C after 20-min test. At

the conclusion of the test, the final products were washed with

water and ethanol, and dried at 80 8C for 12 h. Then, they were

characterized using an X-ray diffractometer (XRD) operated at

20 kV, 15 mA and using Cu Ka radiation in the 2u angular

range of 15–608, a transmission electron microscope (TEM) as

well as the use of the selected area electron diffraction (SAED)

technique operated at 200 kV, a scanning electron microscope

(SEM) operated at 15 kV and a Raman spectrometer using

50 mWAr Laser with l = 514.5 nm at room temperature.

3. Results and discussion

Crystallographic planes of XRD spectra (Figs. 2 and 3) were

indexed using Bragg’s law for X-ray diffraction and compared

with those of the JCPDS software (reference code: 05-0592)

[11]. At 180 W for 30 min, the product is so less that it is not

able to collect from the filter paper. For longer times (Fig. 2a),

higher powers (Fig. 2b), and different lead and sulfur sources at

600 W for 15 min (Fig. 3a–c), the products were specified as

cubic PbS with Fm-3m space group. Their intensities increased

with the increase in the prolonged times and microwave

powers. These reflect the degree or extent of the crystals. For

present analysis, well-crystallized PbS was successfully

synthesized [12]. The products composed of a number of

atoms aligning in a periodic lattice. The strongest intensity is at

2u = 30.088 and diffracted from (2 0 0) plane of the crystalline

products. No other impurities were detected although the

products were produced using different conditions. XRD

spectra were characterized over the 2u angular ranges of 15–

608, which cover the main peaks with high intensities. The

peaks with 2u > 608, such as (4 0 0) and (3 3 1), were off-scale

and were not detected.

SEM and TEM images (Figs. 4 and 5) show that the products

were successfully produced in a variety of shapes and sizes

Fig. 1. Test temperatures at different microwave powers and prolonged times.

Table 1

Lead and sulfur sources, product codes and the products morphologies

Lead sources Sulfur sources Product

codes

Product morphologies

Pb(CH3COO)2�H2O CH3CSNH2 AA Nano-sized particles

CH5N3S AC Hexapods

NH2CSNH2 AT Hexapods

PbCl2�2.5H2O CH3CSNH2 CA Cubes

CH5N3S CC Nano-sized particles

NH2CSNH2 CT Nano-sized particles

Pb(NO3)2 CH3CSNH2 NA Cubes

CH5N3S NC Ferns

NH2CSNH2 NT Magic squares

Fig. 2. XRD spectra of CA product produced using PbCl2�2.5H2O and CH3CSNH2 at (a) 180 W microwave power for different prolonged times, and (b) different

microwave powers for 15 min.
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Fig. 3. XRD spectra of PbS produced using (a) Pb(CH3COO)2�H2O, (b) PbCl2�2.5H2O and (c) Pb(NO3)2 with different sulfur sources at 600 Wmicrowave power for

15 min.

Fig. 5. TEM images and SAED patterns of PbS produced using 600 W microwave power for 15 min. (a–c) are AA, CC and CT, respectively.

Fig. 4. Surface morphologies of PbS produced using 600 W microwave power for 15 min. (a–f) are AC, AT, CA, NA, NC and NT, respectively.
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which are summarized in Table 1. The AC and AT products

(Fig. 4a and b) composed of hexapods at right angle. Four pods

are in the same plane. The other two pods are at right angle to

the four-pod structure. One pod is on the top, and the other is at

the bottom. The CA and NA products (Fig. 4c and d) composed

of a number of cubes with different sizes. Their facets are very

smooth like a mirror. The NC product (Fig. 4e) shaped like fern.

Each of its leaves slopes up to a point, and has two halves with

the same size and shape. The NT (Fig. 4f) is similar to a magic

square. It composed of four cubes in cubic cluster. The number

of cubes present along any row, column or diagonal has the

same sum. Those for AA, CC and CT (Fig. 5a–c), they are

rather round particles with nanometer in size. The crystalline

degree can play the role in the morphologies as well.

Different product morphologies were influenced by lead and

sulfur sources which have different structural formulas.

Nucleation and growth of the particles can play roles in the

morphology. The crystal growth of some preferred structures or

planes relates to the surface energy of the planes in the specified

condition. It is described as the shape selective surface

absorption process [13]. The amount of starting agents in the

solution also has the influence on different orientation of the

particles which reflects the nucleation and the growth of the

crystals. The particle orientations were increased with the

increase in the amount of starting agents [14]. Phase with the

lowest free energy is thermodynamically stable, and has more

chance to exist in the process [15]. This reflects the product

morphologies. Apart from the above, crystal growth is

influenced by the solubility of the precursors in the particular

solvent and synthesized temperature which reflects the

morphologies [13]. Microwave powers and irradiation times

also have the influence on the product shape, size and

crystallinity.

Their SAED patterns (Fig. 5) composed of a number of

bright spots arranging into concentric rings. They show the

character of crystalline products. Electron beam diffracts from

Fig. 6. TEM images, and SAED and simulated patterns of PbS produced using 600 Wmicrowave power for 15 min. (a–c) and (d–f) are for ATand NC, respectively.
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the crystallographic planes of the unit cells composing the

products. The interpreted patterns [16,17] correspond to (1 1 1),

(2 0 0), (2 2 0), (3 1 1), (2 2 2), (4 0 0) and (3 3 1). Comparing

the diffraction planes to those of the JCPDS software [11], they

were specified as cubic PbS.

The AT and NC products were also analyzed using TEM.

Their morphologies (Fig. 6a and d) are in accord with those of

the SEM images (Fig. 4b and e). SAED patterns (Fig. 6b and e)

appear as symmetric and systematic array of bright spots

showing that a number of atoms are arranged in their crystal

lattices. The patterns were interpreted [18], and specified as

cubic PbS crystal [11]. Calculated electron beams [18] are in

the ½3 1̄ 0� and [0 0 1] directions for AT and NC products,

respectively. They are the directions that electron beams were

sent to the crystal facets. Diffraction patterns for AT and NC

with ½3 1̄ 0� and [0 0 1] zone axes were simulated (Fig. 6c and f),

respectively [19]. The simulated spots with the specified

crystallographic planes are in systematic and symmetric arrays.

Comparing the interpreted and simulated patterns, they are in

good accord. The a*, b* and c* lattice vectors for both patterns

are in the [1 0 0], [0 1 0] and [0 0 1] directions, respectively.

For one crystal structure, the corresponding lattice vectors are

the same although their zone axes are different. Additional

concentric rings were also detected for the AT product (Fig. 6b).

They were caused by the C grid.

A definite existence of the products was analyzed using a

Raman spectrometer. Test specimens are non-destructive and are

able to re-use for other purposes. Generally, Raman shifts

correspond to the longitudinal optical (LO) mode in crystalline

semiconductors. Transverse optical (TO) and surface phonon

(SP) modes are not detectable due to symmetry restrictions and

low intensities, respectively [20]. The detection of SP mode is

possible in the nanostructured materials of which the surface to

volume ratio is large. This shows that surface roughness and

crystallite size canplay the role in theRaman spectra [20]. For the

present research, the spectra (Fig. 7) contain prominent bands at

the same wavenumbers although the products have different

morphologies (synthesized using different lead and sulfur

sources). They imply that the vibrations are independent of

the morphologies. The frequencies are influenced by some

parameters, such as the atomic masses of Pb and S, and vibration

constant of bonding between Pb and S atoms arranged in the

lattice. Among the different spectra, their peaks are at 138, 273

and 439 cm�1. The peak below 150 cm�1 is tentatively

attributable to the so-called plasma line of the excitation laser

[21,22]. The 273 cm�1 peak corresponds to two-phonon process

[21]. The peak at 439 cm�1 is allowed in the rock-salt structure

[23]. It was specified as the first overtone mode [22], which

involves two phonons with equal but opposite k [23]. The

fundamental LO of the rock-salt structure at approximately

219.5 cm�1 was unable to detect due to the rising in intensity of

baseline (disorder in PbS lattice) at low wavenumbers. Baseline

intensity covered the fundamental LO mode, which was

forbidden [22,23].

4. Conclusions

Different shapes and sizes of PbS crystals were success-

fully produced from different lead and sulfur sources in

propylene glycol using the cyclic microwave radiation at

different powers and prolonged times. XRD, SAED and

Raman analyses revealed the presence of PbS phase with the

first overtone mode at 439 cm�1. The crystalline degree was

increased with the increase in the microwave powers and

prolonged times. The nano-sized particles, hexapods, cubes,

ferns and magic squares were characterized using SEM and

TEM. They were influenced by the microwave powers,

prolonged times and starting agents.
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Fig. 7. Raman spectra of PbS produced from (a–c) Pb(CH3COO)2�H2O, PbCl2�2.5H2O and Pb(NO3)2 and different sulfur sources, using 600 Wmicrowave power for

15 min, respectively.
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Different morphologies of PbS were prepared using microwave-assisted synthesis of 1:4, 1:1 and 4:1 molar
ratios of Pb(CH3COO)2 to NH2CSNH2 in propylene glycol. Cubic PbS was detected using X-ray diffraction
(XRD) and selected area electron diffraction (SAED). Raman spectrometry revealed the presence of vibrations
at 134, 274 and 430 cm−1. The product morphologies for different molar ratios of Pb(CH3COO)2 to NH2CSNH2
were also characterized using a scanning electron microscope (SEM) and a transmission electron microscope
(TEM). The obtained morphologies changed with molar ratios used for the starting agents. The simulated
diffraction pattern was also in accordance with the interpretation of the experimental results.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

PbS is one of luminescent materials which have novel semicon-
ducting and optical properties [1]. It has a small band gap of 0.41 eV
(for bulk at room temperature), large excitonic Bohr radius of 18 nm
[2–4], and is very sensitive to the quantum-size effect [2,3]. Different
morphologies can play the roles in the properties. They are
nanocrystals [5], nanorods [6,7], nanotubes [6], nanocubes [8], star-
shapes [9], dendrites [8,10] and flower-like crystals [11], which can be
prepared by different methods, such as hydrothermal and solvother-
mal routes [4,8], electroless chemical deposition [12], microwave-
assisted synthesis [11] and sonochemistry method [6].
Microwave-assisted synthesis [13] is a very attractive process for

producing a variety of materials. Whenmicrowave radiation is applied
to chemicals, at least one of the components is capable of coupling
with the radiation. It is able to promote the reaction rates, and
consumes shorter reaction time, comparing to a conventional method.
Temperature and concentration gradients are able to be solved by the
vibration of microwave radiation. Due to a large amount of microwave
energy focused onto solutions, the vibrating electric field applies a
force on the charged particles to vibrate accordingly. The radiation can
play the role in promoting the reaction kinetics with high efficiency.
To the best of our knowledge, there are not many reports on the

preparation of ear-like, hexapod and dendritic PbS, and using only

hydrothermal process [14,15]. In the present research, these PbS
nanostructures were prepared from different molar ratios of Pb and S
sources, using cyclic microwave-assisted synthesis. The final products
were intensively analyzed for further discussion.

2. Experiment

Difference PbS morphologies were prepared from 1:4, 1:1 and 4:1
molar ratios of Pb(CH3COO)2 to NH2CSNH2 in propylene glycol, using
600 W cyclic microwave radiation for 9 cycles. A cyclic duration of
100 s, the radiation was on for 30 s every 70 s interval. At the
conclusion of the process, the system naturally cooled down to room
temperature. The products were washed with water and ethanol, and
dried at 80 °C for 12 h. Then they were characterized by using X-ray
diffraction (XRD), Raman spectrometry, scanning electron microscopy
(SEM), transmission electron microscopy (TEM) as well as selected
area electron diffraction (SAED) techniques. The electron diffraction
patterns were simulated by CaRIne Crystallography 3.1 program [16]
and compared with those of the experimental results.

3. Results and discussion

XRD patterns (Fig. 1a) were indexed by using ICDD-JCPDS database (card no. 05-
0592) [17]. The examined products were cubic PbS, with the Fm-3 m space group. No
characteristic peaks of impurities were detected showing that each of the products is a
pure phase. Their lattice parameters were calculated from the equation of plane spacing
for cubic crystal system and Bragg's law for diffraction [18]. The averages and standard
deviations are 5.9494±0.0105, 5.9482±0.0095 and 5.9516±0.0121 Å for the products
prepared using 1:4, 1:1 and 4:1 molar ratios of Pb(CH3COO)2 to NH2CSNH2, respectively.
They are very close to those of the ICDD-JCPDS reference data [17].
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The chemical process leading to PbS formation is considered to proceed according
to the following.

PbðCH3COOÞ2→Pb2þ þ 2ðCH3COOÞ− ð1Þ

NH2CSNH2 þ H2O→NH2CONH2 þ H2S ð2Þ

Pb2þ þ S2−→PbS ð3Þ

Theoretically, 1mol Pb(CH3COO)2 and 1mol NH2CSNH2were used to produce 1mol
PbS. The products were able to be produced even when either of the reactants was
excessive.

A definite existence of PbS was analyzed using Raman spectrometry. The Raman
spectra (Fig. 1b) contain prominent bands at the same wavenumbers. They are
influenced by some parameters, such as atomic masses of Pb and S, and vibration
constant of bonding between Pb and S atoms residing in the lattice. Among the different
spectra, their peaks are at 134, 274 and 430 cm−1. The peak below 150 cm−1 is
tentatively attributable to the so-called plasma line of the excitation laser [1,19]. The
274 cm−1 peak corresponds to two-phonon process [1]. The peak at 430 cm−1 is allowed
in the rock-salt structure [20]. It is specified as the first overtone of the longitudinal
optical (2LO) mode at the center (Γ) of Brillouin zone [19], which involves two phonons
with equal but opposite wave vectors (k) [20]. The fundamental longitudinal optical
(1LO) mode of the rock-salt structure at approximately 215.5 cm−1 was unable to be
detected due to the rising in intensity of baseline, caused by disordering in PbS lattice, at
low wavenumbers. The baseline intensity covered the 1LO mode, which was forbidden
[19,20].

The SEM images from Fig. 2 show that the products are ear-like structure, hexapod
and dendrite for 1:4, 1:1 and 4:1 molar ratios of Pb(CH3COO)2 to NH2CSNH2. The
hexapods composed four coplanar pods, with the other two pods at right angle with

respect to the four-pod structure. One pod is on the top, and the other is at the bottom.
The length of the trunk and the diameter of the branches of PbS dendrites are about 5–
8 μm and 700–800 nm, respectively. The product morphologies were controlled by the
different growth direction and rate [14,15]. Each arm of hexapod PbS is along the [100]
direction. When NH2CSNH2 is added excess, the independent arm of hexapod is broken
from core to form a crystal dendrite. When Pb(CH3COO)2 is in excess, it seems to favor
the faster growth in [011] relative to [100] directions. The result is the formation of the
ear-like structure [14].

TEM images (Fig. 3) were used to specify the product morphologies. The results
obtained using TEM are in accordance with those provided by SEM. For the present
research, TEM images are 2D. But for SEM images, they are 3D. The SAED patterns from
Fig. 4a and b, for the products prepared using 4:1 and 1:4 molar ratios of Pb(CH3COO)2
to NH2CSNH2 appear as a symmetric and systematic array of bright spots showing that a
number of atoms are arranged in respective crystalline structures. The patterns were
interpreted [21], and specified as cubic PbS [17]. The electron beam used for the analysis
was in the [001] direction. The electron diffraction simulated pattern (Fig. 4c) is
composed of systematic and symmetric array of bright spots as well. It is in good
accordance with those obtained from the experiment.

4. Conclusions

Ear-like, hexapod and dendritic PbS nano-structures were success-
fully prepared from 1:4, 1:1 and 4:1 molar ratios of Pb(CH3COO)2 to
NH2CSNH2 in propylene glycol, using cyclic microwave-assisted
synthesis. XRD and SAED analyses revealed the presence of PbS with
a cubic structure. The experimental and simulated patterns are in good
accordance. Both SEM and TEM analyses revealed the presence of ear-
like, hexapod and dendritic PbS which were prepared using different

Fig. 1. (a) XRD patterns and (b) Raman spectra of the products prepared using different molar ratios of Pb(CH3COO)2 to NH2CSNH2.

Fig. 2. SEM images of the products prepared using (a–c) 1:4, 1:1, and 4:1 molar ratios of Pb(CH3COO)2 to NH2CSNH2, respectively.
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molar ratios of Pb and S sources. The 430 cm−1
first overtonemodewas

detected using Raman spectrometry, but the fundamental one was
forbidden.
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