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Abstract

Nano- and micro-crystallines of BaMoO,, SrMoO,, CaMoQ,, SIWO,, PbWO,, Cus,
CdS and PbS with different morphologies were successfully prepared using a variety of
methods: microwave radiation, sonochemical process, and solvothermal and
hydrothermal reactions. The corresponding phases and phase transformation were
detected using XRD and SAED, corresponding to their simulations and elemental
analysis using EDX. SEM and TEM analyses revealed the presence of nano- and micro-
sized particles with different morphologies, controlled by the prepared conditions and
methods. Raman and FTIR spectra provide the evidence of stretching and bending
modes of atoms, composing the products. Their PL emissions were also detected at
different wavelengths, caused by the electronic transitions of different products, and are

in accordance with those obtained by other researchers.
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Characterization of MMoQ, (M = Ba, Sr and Ca) with different morphologies
prepared using a cyclic microwave radiation

Abstract

Scheelite molybdates (MMoQO4, M = Ba, Sr and Ca) were successfully prepared by
the reactions of M(NO3)2.2H,O and Na;Mo004.2H,0 in propyiene glycol and NaCH
using a microwave radiation. The phases were detected using XRD and SAED. TEM
analysis revealed the presence of microsized bi-pyramids with a square base, nano-
sized particles in clusters, and dispersed nano-sized particles for BaMoO,, SrMoQ,
and CaMoQ,, respectively. Diffraction patterns of the bi-pyramids were simulated,
and are in accordance with the experimental results. Raman ahd FTIR spectra
provide the evidence of scheelite structure with Mo-O stretching vibration in MoO4*
tetrahedrons at 742-901 cm™.

Keywords : Cyclic microwave radiation, Bi-pyramidal BaMoQO,4, Nano-sized SrMoQ,
and CaMoQO,

1. Introduction

The scheelite molybdates (MMoQO,, M = Ba, Sr and Ca} have C4, point group with
two formula units per primitive cell [1-3]. They have attracted particular interest in a
variety of applications such as hosts for lanthanide activated lasers [4], luminescence
materials [5,6], microwave applications [7] and catalysts [6,8]. The materials were
prepared by different methods, such as mechanochemical process [9], sclvothermal
reaction {10] and microwave radiation with further calcination [4]. A conventional
solvothermal process is a method used for growing crystalline materials in a solvent
containing in a tightly closed autoclave (system) at high temperatures. Heat,
generated from an electrical heater, is supplied to the system to raise its
temperature. For a microwave-solvothermal process, the system is heated using a
microwave radiation. It becomes hot by the vibration of charged particles with electric
field intensity. The purpose of the research is to prepare MMoO, with different
morphologies in basic solutions using a cyclic {on and off over a period of time, and
happen in the same order) microwave radiation without the requiremeht of any
further calcination. The reaction proceeded in an open system at atmospheric

pressure. No other additives were used. The process is very simple, attractive and



novel by focusing large amount of microwave radiation into the solutions to produce
pure products.

2. Experiment

Each of 0.005 mol M(NO3),.2H,O (M = Ba, Sr and Ca) and NaxM004.2H,O was
dissolved in 20 m! propylene glycol containing 10 mi 3 M NaOH. The reactions
cyclically proceeded using 600 W microwave for 20 min (10 cycles). One cycle is 2
min long and composes of irradiation and non-irradiation for 1 min each. Current
temperatures of different solutions are shown in Fig 1. They are increased with the
increasing of the prolonged times within about the first 9 min and show very little
oscillation around a constant value afterwards. The final products were washed with
water and 95 % ethanol, dried at 80 °C for 24 h, and intensively characterized.

80 ——— SMoQy
40 m——— CBMOO4

0 2 4 6 8§ 10 12 14 16 18 20
Time (min)

Fig 1. Current temperatures of the system during processing.

3. Results and Discussion
3.1 XRD

XRD spectra (Fig 2) were compared with those of the JCPDS software (reference
codes : 29-0193, 08-0482 and 85-0585) [2], and specified as MMoO,4 (M = Ba, Sr and
Ca). They have scheelite structure with tetragonal crystal system and have 141/a
space-group symmetry [2,3,9,11]. Calculated lattice parameters [12] for BaMoO, (a =
b = 0.5573 and ¢ = 1.2786 nm), SrMoO, (a = b = 0.5406 and ¢ = 1.1988 nm) and
CaMoO, (a = b = 0.5212 and ¢ = 1.1438 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 showing that the products
are pure phase. Their strongest intensity peaks are at 20 = 26.53, 27.66 and 28.75



deg for BaMoOs4, SrMoO4 and CaMoQy, respectively. They diffracted from the same
plane indexed by (112).
To produce MMoO4, M(NOj3);.2H,0 reacted with NazM0O4.2H,0O in propylene
glycol under basic condition using a microwave radiation.
_ propylene glycol
M(NQO3)2.2H20 + Na;M004.2H,0 » MMoQ, + 2NaNO; + 4H,0

microwave radiation

During the synthesis, vibrating electric field of a microwave applied a force on electric
charged particles. They vibrated with the electric field strength. Vibrations of the
reactants have the influence on the reaction to effectively proceed. Subsequently,
pure product was proé!uced.

{112)

Intensity (Arbitrary Unit}

15 20 25 30 35 40 45 50 55 60
28 {deg)

Fig 2. XRD spectra of the products.

3.2 Vibration Spectra

* Vibrations of MMoO, are classified into two types, the internal and external
modes [13]. The first belongs to the vibration inside [MoO4}* molecular units of which
the centers of mass are stationary. The second is called lattice phonon which
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corresponds to the motion of M** cations and the rigid molecular units. In free space,
[MoQO4)* tetrahedrons have Tg-symmetry [1,13]. Their vibrations compose of four
internal modes (vi{A4), v2(E), va(F2) and v4(F2)), one free rotation mode (v¢(F4)), and
one translation mode (F2) [13]). In lattice space, the symmetry is reduced to S;. All
degenerative vibrations are split [1,13] due to the crystal field effect and Davydov
splitting [13]. For tetragonal scheelite primitive cell (wavevector, k = 0) [13,14], there
are 26 different vibrations (I" = 3A5 + 5A, + 5By + 3B, + 5Ey + 5E,) determined by
group-theory calculation [1,13]. Among them, 3Ay, 5By and SEg vibrations are
Raman-active. Only 4A, and 4E, of the 5A, and 5E, vibrations are active in IR
frequencies, and their remains (1A, and 1E,) are acoustic vibrations. The 3B,
vibrations are silent modes [1,13]).

For the present research, six different vibrations were detected on Raman
spectra (Fig 3a). Among them, vi(Ag), va(Bg), va(Eg), v4(Bg), vo{Ag) and vi.(Ag) are at
872, 818, 776, 355, 320 and 188 cm™ for BaMoO,, 871, 829, 780, 362, 325 and 184
cm™ for SrMoO,, and 875, 843, 793, 391, 324 and 205 cm” for CaMoOs,
respectively. Each vibration mode is in accord with Raman vibrations analyzed by
other researchers [1,13]. The spectra provide the evidence of scheelite structure for
the three products [1,13].

(a) (b}
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Fig 3. (a) Raman and (b) FTIR spectra of the products.
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In addition, FTIR spectra (Fig 3b) were analyzed using a transmittance mode. For Tg4-
symmetry, v3(F2) and v4(F2) are IR active and correspond to stretching and bending
modes, respectively [3]. The spectra show a band of Mo-O stretching vibration in
MoO,> tetrahedrons [3] at 742-901 cm™. It is one of the internal modes specified as

va(F;) antisymmetric stretching vibrations [3].

3.3 TEM and SAED

TEM images (Figs 4a, 4d and 5) show different morphologies for different
products although they were prepared using the same conditions. They consist of
microsized bi-pyramids with a square base and their apexés of 651 nm apart for
BaMoQ4, nano-sized particles in clusters for SrMoQO,4, and dispersed nano-sized
particles for CaMoQ,. A diffraction pattern (Fig 4b) of BaMoOQ, at a circle in Fig 4a
was interpreted [12]. It appears as a periodic array of bright spots due to the
diffraction of electron through crystallographic planes of the product. It shows that
each of bi-pyramidal particles is single crystal. Both of the calculated angles between
any pair of the directions belonging to these planes, and interplanar spaces
determined from (hkl) are in accord with those of the diffraction pattern on the film.

The pattern compose of a number of spots corresponding to (112), (112), (004) and

(116)p|anes of the crystalline particles, and was specified as BaMoO, [2]). The
incident beam of electron might not be exactly perpendicular to the planes leading to

the asymmetric diffraction pattern. Calculated zone axis [12] is in the [110] direction

which is paraliel or nearly parallel to the electron beam. By using [110] direction as

zone axis, a diffraction pattern (Fig 4c) for BaMoO, was simulated [15]. The pattern is
symmetric and systematic. It is in good accord with the experimental result. Another
diffraction pattern (Fig 4e) at a square in Fig 4d was also interpreted [12]. it
corresponds to (020), (220)and (200) planes of the product which was specified as
BaMoOy4 [2] with single crystal. Its zone axis is in the [001] direction. It is in good
accord with the simulated pattern (Fig 4f). In case of SrMoO4 and CaMoQ,, the
diffraction patterns (Fig 5) show several concentric rings characterized as
polycrystals. Each of them composes of a number of nano-sized crystals. They are

so tiny that the analysis of a single crystal is not possible. Interplanar spaces were
calculated [16,17] using diameters of the diffraction rings, and compared with those
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of the JCPDS software [2]. Both patterns correspond to (101), (112), (004), (200},
(114), (204), (116)and (312) planes. Additional (224) plane was detected in Fig 5b.

The patterns were specified as SrMoO,4 and CaMoO,.
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4. Conclusions

MMoOs (M = Ba, Sr and Ca) were successfully synthesized using a cyclic
microwave radiation. Each of them is pure phase, and composes of microsized bi-
pyramids with a square base for BaMoOs, nano-sized particles in clusters for
SrMoQ4, and dispersed nano-sized particles for CaMoOs. The products provide the
evidence of scheelite structure with Mo-O stretching vibration in MoO4? tetrahedrons
at 742-901 cm™.
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Preparation and characterization of nanocrystalline SfWO, using cyclic

microwave radiation

Abstract

Nanocrystalline SrWO, was successfully prepared using SrCl, and Na,;WO, in
ethylene glycol at different pH values, microwave powers and prolonged times. The
phase was detected using XRD and SAED. TEM, HRTEM, SEM and particle size
distribution revealed the presence of nano-sized crystals with their crystallographic
planes aligning in systematic order. Raman and FTIR spectra provide the evidence of
scheelite structure with W-O stretching vibration in WO, tetrahedrons at 781-912
cm’'. PL emission of the products is considered to be from the T, — 'A; transition of
electrons within [WO,]* tetrahedrons at 420-428 nm (2.901-2.956 eV).

Keywords : Cyclic microwave radiation, Nanocrystalline, SAWOQO,
1. Introduction

Scheelite structured tungstates are specified as cubic close-packed array of M**
cations and WO4* anions. They belong to a body-centered tetragonal system and
have Cay, point group with two formula units per primitive cell [1,2]. Typical scheelite
structured tungstates are CaWO,, SrWQ,;, BaWO, and PbWOQ, [2-5]. They have
attracted interest in a wide variety of applications such as laser host materials in
quantum electronics and scintillators in medical devices [6], microwave applications
[7], stimulated Raman scattering technique [8], humidity sensors [7] and catalysts [7].
They have luminescent property due to the electronic transition between oxygen and
tungsten within tetrahedral WO, units [9). SIWO, with different shapes and sizes
was prepared by different methods, such as nanoparticles, nanopeanuts, and
nanorods with rough surface by a solvothermal - mediated microemulsion method
[10], nanofilm on glass substrates by a reverse micelle system combined with dip-
coating [11], hollow spheres by a precipitation reaction [12], and thin film on glass
substrates by spray pyrolysis [2]. Other luminescent materials were BaWO, with
olive-like, flake-like and whisker-like structures by hydrothermal process [3],
nanocrystalline MWQ, (M = Ca, Co, Ni, Cu and Zn) powders by evaporation of a
polymer based metal-complex precursor solution [5], and nanocrystalline MWO, (M =
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Ca and Ni) by microwave-assisted synthesis with further calcination [7]. Sometimes,
templates, surfactants and other additives were used to control the product
morphologies.

Microwave radiation has very attractive attention used for preparing maiterials. It is
able to reduce time scales of the reactions, and can rapidly lead o very high
temperatures which have the influence to accelerate the reaction process. When
microwave radiation is supplied to chemical solutions, one or more of the
components dissolving in the solutions is capable of coupling with the radiation. It
can lead to higher heating rate than that achieved by conventional method.
Microwave radiation can solve the problems of temperature and concentration
gradients. By focusing large amount of microwave radiation into the solutions,
- vibrating electric field applied a force on charged particles which vibrated accordingly.
Vibrations of the reactants have the influence on the reaction to proceed with
efficiency (shorter time and lower power). Subsequently, pure products were
produced [13].

A polar solvent, which has permanent dipole moment, has relaxation process in
microwave region. It is very good candidacy using in the process. Compounds with
large permanent dipole moments aiso have large dielectric constants or relative
permittivities [13], and are rapidly heated up by a microwave radiation [14]. When
water (dielectric constants at 25 °C = 78.4 [15]) was used as a solvent, its
temperature was about 110 °C by a microwave radiation within 1 min [14]. Ethylene
glycol (dielectric constant at 25 °C = 40.3 [15] and Ty, = 197 °C {16]) was heated up to
about 120 °C within 3 min [16]. When relaxatien time is one or two orders of
magnitude different from that corresponding to the microwave frequency, the solvent
is still to be an effective medium due to its large loss tand. The 90 — § is phase
difference between electric field strength and current in the materials in which the
loss energy develops as heat. For water (relaxation time = 9.04 ps) at 2.45 GHz
microwave, tand is only 0.1 [13]. It is good enough for using in the microwave
process [13,17]. High boiling point solvents can prevent chemicals from overflowing.
Therefore, solvents with tand > 0.1, such as ethylene glycol (tand = 1.35, relaxation
time = 112.87 ps and T, = 197 °C) is good choice for using in the microwave process
[13,16].

For the present research, nanocrystalline Sr\WQ, was prepared in ethylene glycol
using different pH values, microwave powers and prolonged times without the
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requirement of any further calcination. No surfactants, complexing agents or other

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

2. Experiment

Each of 0.005 mol SrCl; and Na,WO, was dissolved in 30 mi ethylene glycol. The
solution has a pH of 9.6 which was adjusted to the range of 3 — 13 using HCI or
NaOH. The reactions cyclically proceeded at 180-600 W microwave powers for 20-80
min (10-40 cycles). One cycle is 2 min long and composes of irradiation and non-
irradiation for 1 min each. Current temperatures at different microwave powers and
prolonged times are shown in Fig 1. At constant microwave power, the temperatures
were increased with the increasing of the prolonged times. They tend to be constant
after the first 1¢ min for 600, 450 and 300 W, and 20 min for 180 W.

% BO0 W
- 450 W
= 300 W
-+ 180W

% 3 4 6 & 10 12 14 1 % 20
Time (min)
Fig 1. Current temperatures at different microwave powers and prolonged times used

for the present process.

To produce SrWOQO,, SrCl reacted with Na,WO, dissolving in ethylene glycol by
the use of a microwave radiation.

ethylene glycol
SrCl, + Na WO, » SIWO, + 2NaCl
microwave radiation

The final products (precipitates) were washed with water and 95 % ethanol, dried at
80 °C for 24 h, and characterized using XRD (SIEMENS D500) operated at 20 kV, 15
mA and using the Ko line from a Cu target, TEM (JEOL JEM-2010) and high
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resolution transmission electron microscopy (HRTEM) as well as the use of selected
area electron diffraction (SAED) operated at 200 kV, SEM (JEOL JSM-6335F)
operated at 15 kV, Raman spectrometer (HORIBA JOBIN YVON T64000) using 50
mW Ar laser with A = 514.5 nm, FTIR (BRUKER TENSOR27) with KBr as a diluting
agent and operated in the range 400-4,000 cm™ and photoluminescence (PL)
spectrometer (PERKIN-ELMER LS50B) using a 270 nm exciting wavelength at room
temperature.

3. Resuits and Discussion
3.1 XRD

Comparing XRD spectra (Fig 2) of the powdered products to that of the JCPDS
software (reference code : 85-0587) [18]. They were specified as SIWOQ, with
tetragonal crystal system and 144/a space group. They have scheelite structure [2].
No other characteristic peaks of impurities were detected showing that the products
prepared using a microwave radiation are pure phase. At 180 W for 20 min, no any
product was produced using a solution with a pH of 3. The acidity seems to have the
influence on the precipitation process. For the solutions with the pH of 5 and 7, broad
spectra were detected showing that the products composed of very fine particles.
The degree of crystalline products is low. The XRD peaks become sharper at higher
pH values. At a pH of 9.6 for higher microwave powers and longer times, the spectra
are very sharp showing that the products are very good crystals. Their strongest
intensity peaks are at 20 = 27.6 deg and diffracted from (112) crystallographic

planes.
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Fig 2. XRD spectra of the products prepared using (a) 180 W for 20 min at different
pH values, (b} 180 W at a pH of 9.6 for 20-80 min, and {c) a pH of 9.6 for 20 min at

different microwave powers.

3.2 TEM, HRTEM, SEM and SAED

TEM images (Fig 3) show nano-particles with different morphologies influenced
by the microwave powers, prolonged times and pH values. At 180 W 20 min and pH
9, the product composes of < 10 nm particles in clusters. Moiré fringes (e.g. marked
with a square) were detected. They are the interference patterns between two
crystallographic phases with slightly different lattice parameters [19]. Lattice planes
(e.g. marked with a circle) were detected as well. They are crystallographic planes of
the products. At 180 W 20 min and a pH of 9.6, the product composes of very fine
particles in clusters. They appear as dark and grey contrast areas for the dense and
less dense substances, respectively. When the pH was adjusted to 13, the product
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composes of nano-sized particles with oval shape in clusters. They are 219 - 381 nm
long. Clearer morphology can be seen on SEM image (Fig 4). These show that pH
values play a role in the particle shapes and sizes.

In general, most polymeric anions formed in weekly acidic {20] and neutral
solutions. Nucleation and growth rates of strontium tungstate particles were very low.
Precipitates composing of very fine particles formed in small quantities. H' ions
seemed to prevent the precipitation process. At higher pH values (weakly basic
solutions), more precipitates were produced. The OH concentration was not
sufficient to have the influence on growth directions. The particles became larger but
were still nano-meter in size. In very strong basic solution, growth of the crystalline
product was changed in such a way that different morphology formed. At the present
stage, a number of OH ions selectively adsorbed on different crystallographic
planes. The activities of the planes with sufficient OH ions were reduced, and growth
rates in some certain directions were confined. These led to the anisotropic growth
process. A number of nano-sized particles with oval shape formed. They were in
clusters due to the attractive force among the different nano-sized particles.

For a pH of 9.6 and at 180 W microwave power, the particles became larger
when the time was increased from 20 to 80 min. At pH 9.6 for 600 W and 20 min, the
crystalline product became improved. The facets of the particles were detected. At a
constant pH of 9.6, the particle sizes were measured along ten straight lines drawn in
random directions. Their distributions are shown in Fig 5. Average and standard
deviation were then calculated. They were 3.39 + 0.82, 18.42 + 5.04 and 18.48 +
4.32 nm for the products produced using 180 W 20 min, 180 W 80 min and 600 W 20
min, respectively. Their particle sizes were increased with the increasing of the
prolonged times and microwave powers.

HRTEM images of lattice planes (Fig 6) for the products produced using different
conditions were characterized. The images show that the crystallographic planes are
aligned in systematic order although the products are not perfect crystals. They
contain some defects. The (101), (112) and (004) planes were detected. Their
interplanar spaces {d) were measured and are summarized in Table 1. The spaces
are a little lower than those of the JCPDS software [18]. The differences are
influenced by the temperature, stress, defects and others. SAED patterns (Fig 3)
show several concentric rings characterized as polycrystals. Interplanar spaces (d)

were calculated [21,22] using their diffraction ring diameters, and compared with
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those of the JCPDS software [18]. They correspond to (101}, (112), (004), (200),
(211), (204), (220), (116)and (312) crystallographic planes of the products and were
specified as SIWQ,. At 180 W for all the prolonged times and pH values, the inner
rings are diffuse and continuous showing that the products compose of a number of
nano-sized crystals. The degree of crystalline products is low. At 600 W, a clearer
pattern was detected and composes of a number of bright spots arranged as
discontinuous rings. At the present stage, the electron beam reflects and diffracts
from polycrystals which become the largest at 600 W. Their coverage by the aperture
is lesser in number leading to a greater degree of discontinuity in the diffraction rings.
The present analyses show that the interpretations using XRD, SAED, TEM, HRTEM
and SEM are in good accord.

APOT3
X600K
2000 KV 10 nm
SeWO4-pHS

(a)



. (004) (200
na) (211)

P

APO002
X100K
200.0 KV

50 nm

Srw4-180-20

(b)

24



f.(zzo)
(116}

APOO3S

KBOK
2000 KV 100 nm
StW0O4d-pH13

(c)

25



: ‘~:"‘. 4 (220)

/ :-'(116)

APOOIS
X100K T
200.0 KV 50 nm
StwWO4-180-80

(d)

26



27

APDR20

X200K
2000KV 20 nm
SrW04-600-20

(e)

Fig 3. TEM images and SAED patterns of the products prepared using (a) a pH of 5
at 180 W for 20 min, (b) a pH of 9.6 at 180 W for 20 min, (¢} a pH of 13 at 180 W for
20 min, (d) a pH of 9.6 at 180 W for 80 min, and (e) a pH of 9.6 at 600 W for 20 min.
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Fig 4. SEM image of the product prepared in a solution with a pH of 13 using 180 W

for 20 min.

P 2 3 4 5 6
Particle Size (nm)

(@)



29

0 —
5 10 15 20 25 30 35
Particle Size (hm)

(b)

501
451
401
o 351
£ 30
< 251
S 20
@ 157

107

0 |
5 10 15 20 25 30 35
Particle Size {nm)

©

Fig. 5. Particle size distributions of the products prepared in a solution with a pH of
9.6 using (a) 180 W for 20 min, (b) 180 W for 80 min, and (c) 600 W for 20 min.
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(d)

Fig 6. HRTEM images of lattice planes for the products prepared using {a and b) a
pH of 9 at 180 W for 20 min, (c) a pH of 9.6 at 180 W for 80 min, and (d) a pH of 8.6
at 600 W for 20 min,
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Table 1. Interplanar spaces of the products prepared using different microwave
powers, prolonged times and pH values.

Preparation Condition Crystalio- | Interplanar
Power (W) | Time (min) | pH graphic | Space (nm)
Plane
600 20 9.6 101 0.4009
180 20 9 101 0.4255
20 9 112 0.2837
20 9 004 0.2727
80 9.6 112 0.3030

3.3 Raman and FTIR Spectra ‘

Vibrations of S'WO, are classified into two types, the internal and external modes
[23]. The first belongs to the vibration inside [WO4> molecular units of which the
centers of mass are stationary. The second is called lattice phonons which
correspond to the motion of Sr** cations and the rigid molecular units. In free space,
[WO4J* tetrahedrons have Te-symmetry [23,24]. Their vibrations compose of four
internal modes (vi(As}, v2(E), va(F2) and v4(F2)}, one free rotation mode (v¢.(F¢)), and
one translation mode (F2) [23]. In lattice space, the symmetry is reduced to S,. All
degenerative vibrations are split [23,24] due to the crystal field effect and Davydov
splitting [23]. For tetragonal scheelite primitive cell (wavevector, k = 0) [1,23], there
are 26 different vibrations (I” = 3Aq + 5A, + 5By + 3B, + 5Eg + 5E,) determined by
group-theory calculation [23,24]. Among them, 3A;, 5By and 5E, vibrations are
Raman-active. Only 4A, and 4E, of the 5A, and 5E, vibrations are active in infrared
(IR) frequencies, and their remains (1A, and 1E,) are acoustic vibrations. The 3B,
vibrations are silent modes [1,23].

For the present research, six different vibrations were detected on Raman
spectra (Fig 7) of the products. Among them, v1(Ag), va(Bg), va(Eg), va(Bg), v2(Ag) and
vir(Ag) are at 916.34, 832.48, 793.26, 371.01, 334.20 and 186.84 cm™, respectively.
The vibration modes are very close to those for STWOQ, with hollow spheres [12], Sr;.
xCa WO, film [25] and BaWO, at 300 K [23]. The spectra provide the evidence of
scheelite structure [12,23,25]. In addition, FTIR spectra (Fig 8) of the products were

analyzed using a transmittance mode. For Tgq-symmetry, vi(F2) and v4(F;) are IR
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active and correspond to stretching and bending modes, respectively [26,27]. The
spectra show a band of W-O stretching vibration in WO4* tetrahedrons [27] at 781-
912 cm™. It is one of the internal modes specified as va(F2) antisymmetric stretching
vibration [26]. The result is in accord with thoée of MWO, (M = Ca, Sr and Ba)
[11,28]. Generally, vibration wavenumbers are influenced by atomic masses, force

constant of lattice atoms, atomic bonding and others.
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Fig 7. Raman spectra of the products prepared in a solution with a pH of 9.6 at

different microwave powers for 20 min.
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Fig 8. FTIR spectra of the products prepared in a solution with a pH of 9.6 at different
microwave powers for 20 min.

3.4 PL Luminescence

The crystal-field splitting and hybridization of the molecular orbitals of [WO.*
tetrahedrons [4] are shown in Fig 9. The W 5d(t2) and W 5d(e) orbitals are hybridized
with the O 2p(o) and O 2p() ligand orbitals to form [WOQ4)* tetrahedrons. The four
ligand p(o) orbitals are compatible with the tetrahedral representation for a; and t;
symmetries and the eight ligand p(1r) orbitals are for ts, t; and e symmetries. The top
occupied state has t; symmetry formed from O 2p(m) states. The lowest unoccupied
state has e symmetry formed from a combination of the W 5d(e) and O 2p(m) orbitals
to give antibonding (*). The hybridization between the W 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 'A; state. At the
lowest excited state, there are one hole in t; (primarily O 2p(1)) state and one
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electron in e (primarily W 5d) state which give rise to many-electron 'Ty, 3Ty, 'T2 and
3T, states. Among them, only 'T, — ' A4 transition is electric dipole allow [4,29].

- t’;(B) _—

W 5d (e) L
W 5d (t.) g

— £,(6) — O2p(m

- t2(6} AT
— a1(2) — O 2p (o)
— ¢ (4) —

Fig 9. Schematic diagram of the crystal-field splitting and hybridization of the
molecular orbitals of [WOQ4)* tetrahedrons. [Eq = Energy band gap, * = Antibonding
{(Unoccupied) states, Degeneracy of each cluster state is specified as the figures in
brackets.]

By using a 270 nm exciting wavelength, PL spectra (Fig 10) of the products were
characterized. They show the narrow central peaks with their surrounding shoulders.
The central (intrinsic) peaks are considered to be from the 'T, — 'A; transition of
electrons within [WO,J* anions [4,29,30]. The transition can be treated as an exciton
[30]. The shoulders are from some defects and/or impurities, and interpreted as
extrinsic transitions [30]. PL intensity is controlled by the number of charged
transfers. For the present analysis, the emission peaks are in the blue spectral region
at 420-428 nm (2.901-2.956 eV). Shapes, sizes, degree of crystal and other

conditions can play a role in their emission peaks as well.
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Fig 10. PL spectra of the products prepared using (a) 180 W for 20 min at different
pH values, (b) a pH of 9.6 at 180 W for different prolonged times, and {¢) a pH of 9.6

for 20 min at different microwave powers,

4. Conclusions

The advantages of microwave radiation are rapid, simple and efficient process
used for producing nanocrystalline StWQ;, in ethylene glycol at different microwave
powers, prolonged times and pH values. All of the crystalline products are pure
phase with scheelite structure and l44/a space group. They compose of nano-sized
particles and lattice planes in systematic array. The W-O stretching vibration in WO,
tetrahedrons was detected at 781-912 cm™. Their emission peaks are due to the T
— 1A, transition in WO, tetrahedrons at 420-428 nm (2.901-2.956 eV).
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Sonochemical preparation of PbWO, crystals with different morphologies

Abstract

PbWO, was prepared from Na;WO0,.2H-O and Pb(OAc)2.3H.0 in a solution
containing a cationic surfactant (N-cetyl pyridinium chloride) using the sonochemical
process (ultrasonic irradiation). The product morphologies, characterized using
scanning electron microscopy (SEM) and transmission electron microscopy (TEM),
were controlled by the surfactant, pH values and ultrasonic irradiation times. X-ray
diffraction (XRD) and selected area electron diffraction (SAED) studies revealed
diffraction patterns in good agreement with the simulation model, along with Fourier
transform infrared (FTIR) and Raman analyses showed a W-O stretching band
consistent with tetragonal PbWO,. Photoluminescent properties of the pine tree
shaped products were also investigated.

Keywords : Lead tungstate, Sonochemical process, N-cetyl pyridinium chloride, Pine
tree shape

1. Introduction

PbWO, is one of the most interesting tungstates and it has found wide use in
applications such as electromagnetic calorimetry, excitonic luminescence,
thermoluminescence and stimulated Raman scattering behavior [1-3]. A variety of
preparation processes have been used to produce different shapes and sizes which
strongly affect the material's properties. These processes include synthesis with and
without using organic additives, such as microemulsion-based synthesis [4, 5], wet
chemistry methods [3, 6, 7], microwave-assisted synthesis [8, 9], sonochemical
processes [2] and hydrotherrhal reactions [10]. Surfactants have been added in some
of these processes and it is believed that they function as shape directors in product
formations [6]. Other parameters, such as pH, temperature, prolonged reaction time
and solvent system, can play a role in the formation of different shapes and sizes as
well.

Several groups have reported the preparation of PbWQ, using the sonochemical
process that yields a variety of shapes : polyhedra, spindle-like and dot-shaped
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nanostructures [2], hollow spindie [11], and Sb(lll)-doped single crystals [12]. The
purpose of the present research was to sonochemically prepare PbWO, in a solution
containing N-cetyl pyridinium chloride (a cationic surfactant) and classify and
examine the resulting structures. The effects of pH and irradiation times on the
morphologies have been investigated. An unusual pine tree shaped product, not
previously reported from sonochemical studies, is a promising material that contains

a number of defects having influence on the luminescent intensity [5].

2. Experiment

All chemicals were of reagent grade. Three solutions were prepared by separately
dissolving 0.003 mol Na;W04.2H20, 0.005 mol N-cetyl pyridinium chloride (a cationic
surfactant) and 0.003 mo! Pb(OAc);.3H20 in 20 mi de-ionized water each. The
Na,WQ0,4.2H,0 and N-cetyl pyridinium chloride solutions were mixed for 30 min under
ultrasonic irradiation (sonochemical process). Then the Pb(OAc)2.3H,0 solution was
added and the pH was adjusted to be in the range of 3-11. Ulirasonic irradiation was
carried out for 1-5 h, resulting in the gradual formation of white precipitates with
different shapes and sizes. The crystals were washed with water and ethanol, and
dried at 80 °C for 24 h for further analysis. The final products were analyzed using X-
ray diffraction (XRD) operating at 20 kV, 15 mA, using the K, line from a Cu target,
transmission electron microscopy (TEM) as well as selected area electron diffraction
(SAED) operated at 200 kV, scanning electron microscopy (SEM) operated at 15 kV,
Fourier transform infrared (FTIR) with KBr as a diluting agent and operated in the
range 400-4,000 cm™, a Raman spectrometer using 50 mW Ar Laser with A = 514.5
nm, and a luminescence spectrometer using a 300 nm exciting wavelength. In
addition, diffraction patterns were simulated using CaRlIne Crystallography 3.1

software [13] and compared with those interpreted from the experimental results.

3. Results and Discussion

XRD spectra of all the products (Fig 1) correspond to PbWO, with tetragonal
stolzite structure [1, 14]. Its space group is {44/a. The unit cell parameters area=b =
0.5445 nm, ¢ = 1.2050 nm, and a = B = y = 90 deg. The spectra diffracted from
crystallographic planes of the products are (112), (004), (200), (121), (204), (220),
(116), (312) and (224). The strongest intensity diffracted from (112) plane and is at
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29 = 27.5 deg. The spectra are very sharp showing that the product was composed
of a number of crystals. No other characteristic peaks of impurities were detected
showing that each product is a pure phase. By mixing Na;WQ,4.2H,0 and surfactant
(positively charge), (WOQ,* anions were possibly coordinated the surfactant
molecules to form surfactant-tungstate complexes. The addition of Pb(OAc)2.3H.0
into the solution containing the surfactant-tungstate complexes under the assistance
of ultrasonic irradiation led to the substitution of the surfactant by Pb?* cations. Once
PbWO4 nuclei (very fine particles) formed, they came together to form crystalline
solids. The surfactant may have been selectively adsorbed onto the crystals [7} and
possibly desorbed due to the ulfrasonic irradiation, resulting in a particular shape
from the anisotropic process.

(b)
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o (112)
5
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2 3 40 0 40
20 (degree) 20 {degree)
Fig 1. XRD spectra of the products prepared in the solution containing N-cetyl

pyridinium chloride using (a) the pH of 6.54 for different irradiation times, and (b) the
1 hirradiation with different pH values.

SEM images of PbWOQ, are shown in Fig 2. These are especially well-defined,

complex and highly ordered. They are structurally similar to those prepared by wet
| chemical methods without sonication [15] but the current structures are more highly
ordered. At the pH of 6.54 and for 1 h ultrasonic irradiation (Fig 2a), the product is
composed of six tree trunk like structures at right angle. Two pairs are in the same

plane. One pair is shorter than the other. The third pair is at a right angle to the four-
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trunk structure. One trunk is on the top and the other is at the bottom. Sometimes the
trunks were released by ultrasonic irradiation. The structure is complex, uniform and
systematic. The trunks are in the shape of pine trees and have arrowhead-shaped
tips. When the ultrasonic irradiation was prolonged (Figs 2b-2d), the trunks became
-longer. Some structures were broken and some side grains were released {marked

with a circle in Fig 2d). For the preparation without the use of a surfactant, the

product (Fig 2e) is in the shape of seaweed and resembles those of Liu B. et al. [15].

Fig 2. SEM images of PbWO, prepared in (a-d) the solution containing N-cetyl
pyridinium chloride (pH = 6.54) with 1, 2, 3 and 5 h irradiations, (e) the surfactant-free
solution (pH = 6.26 and 1 h irradiation), and (f-j) the solution containing N-cetyl
pyridinium chloride with the pH of 3, 5, 7, 9 and 11 (1 h irradiation), respectively.
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This demonstrates that N-cetyl pyridinium chloride plays the role in the product
morphologies and functions as the shape director of the process. In addition, PbWQO,
crystals prepared using a variety of the pH values with 1 h irradiation (Figs 2f-2j) have
different morphologies. They have corn-like shape for the pH of 3 and 5, pine tree
structure for the pH 7, granular shape for the pH 9, and irregular shape and size
particles in clusters for the pH 11. At the pH above 11, lead hydroxide complex
instead of PbWOQ, is probably formed due to the high OH™ concentration. These
results show that the pH value plays the role in the shape and size of the products as
well. At 1 h irradiation, the structures for the pH 6.54 (Fig 2a) and 7 (Fig 2h) are in the
shape of a pine tree and are very similar.

Close examination of the TEM image of PbWQ, prepared at pH 6.54 with 1 h of
irradiation (Fig 3a) shows the trunk of the product shaped like a pine tree which
slopes up to a point. It has two halves that are the same in size and shape. SAED
patterns (Figs 3b and 3c) at two positions marked with a square and an ellipse on the
product were interpreted [16-19]. The patterns correspond to PbWO4 with tetragonal
crystal system [14]. For the present research, zone axes [18-20] are in the [001] and

[OIO] directions for the analyses at the square and ellipse, respectively. Each of
them is parallel or nearly parallel to the electron beams. Diffraction patterns for
PbWO, with [001] and [010] zone axes were simulated [13] and are shown in Figs

3d and 3e. They are very symmetric and systematic. The a*, b* and ¢* reciprocal
lattice vectors for both 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. Comparisons between the SAED and
simulated patterns, they are in good accordance.

FTIR and Raman spectra of PbWO4 with tetragonal stolzite structure are shown
in Fig 4. For the pH of 6.54 and different irradiation times (Fig 4a), very strong W-O
stretching bands of WO, tetrahedra were detected over the range 779-787 cm™ [21-
24]. O-H stretching and O-H bending bands of residual water were detected over the
range 3302-3642 and 1654-1656 cm™, respectively. Comparisons to FTIR spectrum
of N-cetyl pyridinium chloride (result not shown) reveal very weak bands of the
surfactant at 2922 and 2852 cm™. At 1 h ultrasonic irradiation and different pH values
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(Fig 4b), O-H stretching, O-H behding and W-O stretching bands were detected in
the same way as the above. At the pH of 3, six vibrating bands of the surfactant were
detected at 2922, 2852, 1631, 1486, 1175 and 478 cm™. The surfactant intensities
decreased with the increase in the pH values. They were no longer detected at pH of
9 and 11. For pH 5, asymmetric and symmetric COO stretching bands of carboxylate
group [25] were also detected at 1513 and 1410 cm™.
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Fig 3. (@) TEM image of PbWQO, prepared in the solution containing N-cetyl
pyridinium chloride (pH = 6.54) with 1 h irradiation. (b-e) SAED and simulated
patterns at the square and ellipse on the product, respectively.
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Raman spectra (Figs 4c and 4d) revealed the presence of six vibrating bands
over the range 100-1000 cm™ although their morphologies are different. The v (Ag),
va(Bg) and vi(Eg) specified as WO, stretching vibrations [2, 22} were detected at
907.5, 768.5 and 752.7 cm™, respectively. The v, (Ag) has the strongest intensity. The
vo(Ag) was detected as a strong band at 326.8 cm™ with a weak band of v2(Bg) at
358.3 cm™' [1, 2]. They are the WO, bending vibrations [22, 26]. The 176.9 cm™
wavenumber is specified as a transiational band of WO, groups [1, 2]. There are
some differences in the vibration frequencies, depending on the preparation
processes and others.

The crystal-field splitting and hybridization of the molecular orbitals of (WO,)*
tetrahedra [27] are shown in Fig 5. The W 5d(t;) and W 5d(e) orbitals are hybridized
with the O 2p(c) and O 2p() ligand orbitals to form (WO,)* tetrahedra. The four
ligand p(o) orbitals are compatible with the tetrahedral representation for a; and t;
symmetries and the eight ligand p(w) orbitals are for ty, t; and e symmetries. The top
occupied state has t; symmetry formed from O 2p(mr) states. The lowest unoccupied
state has e symmetry formed from a combination of the W 5d(e) and C 2p(1) orbitals
to give antibonding (*). The hybridization between the W 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 'A; state. At the
lowest excited state, there are one hole in ty (primarily O 2p(1)) state and one
electron in e (primarily W 5d) state which give rise to many-electron T3, 3Ty, 'T, and
*T, states. Among them, only 'T, — A, transition is electric dipole allow [27,28].

For the present research, iuminescence of the pine tree product is the strongest.
Photoluminescent (PL) spectra of PbWO,, the shape of a pine tree (Fig 6), are very
similar due to the similarity in the morphologies [5, 8}. The PL emission is 415.5 nm
wavelength due to the 'T, — A, transition [27,28] of (WO,)? anions [8, 9] in the blue
range. The PL property is suitable for photoelectronic applications. Different
morphologies can play the role in the difference of band gap and wavenumber. For
instance, the emission wavenumbers of polyhedra, spindle-like and dot-shaped
PbWO, nanostructures were detected at 493, 491 and 483 nm, respectively [2]. Dot-
shaped PbWQ, has the lowesi wavenumber due to the smallest dimension.
Crystallinity promotes PL intensity as well [2]. The polyhedral crystal is likely to
contain the largest number of defects which lead to the highest PL intensity [2].
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Comparing the macro- and nano-particles of PbWOQ,, the first showed stronger blue
emission than the second. The opposite is also true for the green emission [6]. The
quantum sizes of particles influence their band gaps as well. For CaWO,, band gap
of bulk (2.95 eV, 421 nm) is smaller than that of nanofiim (3.03 eV, 409 nm) [21].
Photon energy emitted from the nanofilm is higher than that emitted from the bulk. It
occurs a 12 nm blue-shift due to the quantum size effect [21].
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Fig 4. (a, b) FTIR and (c, d) Raman spectra of PbWO, prepared in the solution
containing N-cetyl pyridinium chloride using (a, c¢) the pH of 6.54 with 1-5 h
irradiations, and (b, d) the 1 h irradiation with the pH of 3-11.
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4. Conclusions

PbWOQ,; with different morphologies was successfully prepared from
Pb(OACc)2.3H,0, Na,W0,4.2H,O and N-cetyl pyridinium chloride by a sonochemical
process. The final products, analyzed using XRD and SAED, were specified as pure
PbWOQO, with tetragonal stolzite structure. SAED and simulated patterns are also in
good agreement. The W-O stretching bands of WO, tetrahedra were detected by
using FTIR at 779-787 cm™ and Raman analysis at 907.5, 768.5 and 752.7 cm™.
Their morphologies, characterized by SEM and TEM, were controlled by pH value,
surfactant and irradiation times. They are corn-like, pine tree, granular and irregular
" in shape, depending on the reaction conditions. PL emission of the pine tree shaped
products was detected at 415.5 nm due to the T — 'A; transition of (WOQ4)*
tetrahedra.
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Synti'lesis and analysis of CuS with different morphologies using cyclic

microwave irradiation

Abstract

Nano- and micro-sized CuS crystals were successfully synthesized from copper
and sulfur sources (CuCl;.2H,O, CuBr, Cu(CH:COO);.H;O, CH3;CSNH,,
NH,CSNHNH; and NH2CSNH,) in ethylene glycol assisted by the cyclic irradiation of
different microwave powers and prolonged times. By using XRD and SAED, CuS
(hcp) was detected. The products characterized using SEM and TEM compose of
assemblies of nano-flakes, clusters of nano-particles, nano-fibers, nano-rods and
sponge-like structures influenced by the synthesized conditions. Their lattice
vibrations are in the same Raman wavenumber at 474 cm™. Among the different
products, the emission peaks are over the range 414-435 nm (2.85 - 2.99 ev).
Reaction evidences of the sources were provided using FTIR. Phase and

morphology formations are also proposed on according to the analytical resuits.
Keywords : CuS, Cyclic microwave irradiation, Phase and morphology formations

1. Introduction

Copper sulfides are one of the IB-VIA compounds. They have a wide varieties of
compositions, ranging from S-rich (CuS,) to Cu-rich (CuzS). CuS is an intermediate
compound. It is very interesting due to its wide range of applications in optical and
electrical devices, such as catalysts, solar cells and cathode materials in lithium
rechargeable batteries [1]. It has metallic conduction property, and transforms into a
superconductor below the 1.6 K [2]. Recently, copper sulfides with different
morphologies have been synthesized. Among them are hollow spheres [1,3],
nanoparticles [4,5], nanorods [6-8], nanoflakes [9], nanoplates [10], and nanocones
and nanobelts [11]. There are different methods used for the synthesis, such as
solid-state reaction [7], hydrothermal fabrication [2,11], sonochemical synthesis [12],
photochemical deposition [13] and microwave irradiation [4]. For the present
research, nano- and micro-sized CuS crystals with different morphologies such as
assemblies of nano-flakes, clusters of nano-sized particles, nano-fibers, nano-rods

and sponge-like structures were successfully synthesized from different copper and
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sulfur sources in ethylene glycol by the cyclic exposure to microwave irradiation. No

surfactants were used in the process which is very simple and novelty.

2, Experiment

Each of 0.005 mole copper and sulfur sources was dissolved in 30 mi ethylene
glycol and stirred for 30 min. The reactions cyclically proceeded using different
microwave powers and prolonged times to produce products with different
morphologies (Table 1). One cycle of 2 min prolonged time composes of irradiation
and non-irradiation for 1 min each. Current temperatures at different microwave
powers and prolonged times are shown in Fig 1. At constant microwave power, the
temperatures were increased with the increasing of the prolonged times within about
the first 10 min. They tend to be constant afterwards. At the conclusion of the
process, the final products were washed with water and ethanol, and dried at 80 °C
for 12 h, Then, they were characterized using XRD operated at 20 kV, 15 mA and
using the Ko line from a Cu target, SEM operated at 15 kV, TEM as well as the use
of selected area electron diffraction (SAED) operated at 200 kV, FTIR with KBr as a
diluting agent and operated in the range 400-4,000 cm™, Raman spectrometry using
50 mW Ar Laser with A = 514.5 nm, and photoluminescence (PL) spectrometry using
a 202 nm exciting wavelength.
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Fig 1. Current temperatures at different microwave powers and prolonged times used
for the present process.
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Table 1. Copper and sulfur sources, product codes and morphologies at different

conditions.
Copper and sulfur | Power | Prolonged | Product Morphologies
sources (W) time (min) | codes
180 10 CA1
180 20 CA2
CuCl.2H20 + 180 30 CA3 | Assemblies of nano-flakes
CH3CSNH; 180 40 CA4 (Micro-sized flowers)
300 10 CAS5
450 10 CAB
600 10 CA7
CuCl.2H,0 + 600 20 CA
CH;CSNH;
CuClh.2H,0 + 600 20 CC Assemblies of nano-flakes
NH,CSNHNH; (Micro-sized flowers)
CuClp.2H0 + 600 20 Cu
NH;CSNH;
CuBr + 600 20 BA Clusters of nano-sized
CH3CSNH; particles
CuBr + 600 20 BC Nano-rods
NH;CSNHNH,
CuBr + 600 20 BU Sponge-like structures
NH,CSNH;
Cu(CH3;CO0),2.H,O 600 20 AA Assemblies of nano-flakes
+ CH3CSNH;
Cu(CHsCO0)2.H0O 600 20 AC Nano-fibers
+ NH,CSNHNH,
Cu(CH3C00)2.H,0 600 20 AU Clusters of nano-sized
+ NH.CSNH; particles
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3. Results and Discussion
3.1 XRD

XRD spectra of the products (Fig 2) synthesized using different conditions were
analyzed and compared with that of the JCPDS software (reference code : 78-0876)
[14]. When CuCl..2H,O and CH3;CSNH,; were used as the starting agents, XRD
spectra of the products synthesized at different prolonged times and microwave
powers revealed the presence of pure CuS (hexagonal) with P63/mmc space group.
No characteristic peaks arising from impurities such as CuO and Cu,S were
detected. The XRD peaks became higher and narrower with the increase in the
prolonged times and microwave powers. These show that the crystalline products
were improved. The prolonged times and microwave powers have the influence on
the phase formation by assisting Cu and S atoms in violent vibrating and diffusing
(higher amplitude) at longer time. The atoms have the better chance to reside in their
normal lattices or in the periodic array. These lead to the increase in the degree or
extent of the product crystalline. When one of the copper and sulfur sources were
used at constant 20 min prolonged time and 600 W microwave power, pure CuS can

be synthesized as well.
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Fig 2. XRD spectra of the products synthesized using different conditions (starting
agents / microwave powers / prolonged times). (a) CuCl2.2H20 and CH3CSNH2 / 180
W / 10 ~ 40 min, (b) CuCl.2H0 and CH3CSNH, / 180 - 600 W / 10 min, and (c)
different starting agents / 600 W / 20 min.
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3.2 Phase formation

During the synthesis, CuCl,.2H,O reacted with CH3CSNH; in ethylene glycol for
several steps and copper complex ([Cu(CH3CSNH,)2J**) formed. Then, the complex
was decomposed by microwave irradiation to produce CuS [4]. Due to the existence
of crystal water in CuCl..2H,0 and trace water in ethylene glycol, CH;CSNH; reacted
with HZO to form H.S. Subsequently, HoS was decomposed by the microwave
irradiation [15,16]. S* generated and further reacted with Cu®* to produce CusS.
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The reactions were similar to the above when CuCl.2H>O was replaced by
Cu(CHsCOO0)2.H,0, and CH;CSNH; by NH,CSNHNH; or NH,CSNH.. In case of
using CuBr as a copper source, Cu' is not stable in the solution. It can undergo
disproportionation in which the oxidation state of Cu' is simultaneously raised and
lowered [17].

2cut* » Cu® + cu°

With the assistance of microwave irradiation, Cu® was further oxidized to Cu®* by
H.S.

Microwave irradiation

A
O
o
(]
+
+
N
ma

cu®
Cu?* combined with $* to produce CuS.

Microwave irradiation

cu®* + §% CuS

Y

Reaction evidences between copper and sulfur sources were provided on
according to the following. During the synthesizing process, copper and sulfur salts
were separately dissolved in ethylene glycol and mixed. The precipitates {copper
complexes) formed. Subsequently, they turned into black (CuS) in a microwave oven.
in addition, pure thiourea (NH,CSNH,;) and copper-thiourea complex were
characterized using FTIR. Their spectra are shown in Fig 3. For thiourea spectrum,
bands of C=S and C-N stretching vibrations [18,19], were detected at 735 and 1464
cm™, respectively. Corresponding bands of the complex were at 697 and 1494 cm™,
respectively. Comparing to thiourea, the first vibration shows red-shift which was
caused by lowering in the wavenumber. It was characterized as the reduced double
bond character of carbon and sulfur in the complex. The second is blue-shift due to
the greater double bond character of carbon and nitrogen in the complex. It shows
the presence of sulfur-copper coordination [19]. Three bands of NH; stretching
vibrations of thiourea and the complex [19] were the same wavenumber at 3171,
3269 and 3373 cm'1. Their NH; bending [18] is also the same wavenumber at 1600
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cm™'. The NH; stretching and bending vibrations are stationary. In the present case,
no bonding between nitrogen and copper is present [18,19]. Some difference in the
intensity peak at 1104 cm™! of thiourea and the complex was detected. When copper-
thiourea complex was produced, the intensity peak in thiourea was diminished in the
complex. it was influenced by a change in the nature of C=S and C-N bonds due to
the complex formation [18].

Cu-Thiourea Complex

%
C-N stretching”

/"

C=S stretching

¥ NH, bending

NHQ stretching

Thiourea

Transmittance (Arbitrary Unit)

C=S stretching

\ A C-Nstretching
NH,, stretching NH, bending
4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber (cm™)

Fig 3. FTIR spectra of thiourea and copper-thiourea complex.

Microwave irradiation is at an advantage over other processes by solving the
problems of concentration and temperature gradients in the solution. Its vibration
frequency provides uniform condition for the nucleation and growth due to the rapid,
uniform and effective heating process. It accelerates the reactions by assisting the
decomposition of copper complexes and H,S, the oxidation and reduction processes,
and the formation of CuS.
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3.3 SEM

Morphologies of the products synthesized using different prolonged times,
microwave powers, and starting agents are summarized in Table 1, and SEM images
of the selected products are shown in Fig 4. For the synthesis process using
CuCl.2H,0 and CH3;CSNH, as the starting agents at 180 W microwave powers for
10, 20, 30 and 40 min prolonged times, at 300, 450 and 600 W for 10 min, and at 600
W for 20 min, the products (CA1, CA2, CA3, CA4, CA5, CA6, CA7 and CA) are the
assemblies of nano-flakes (micro-sized flowers). Both the flowers and flakes became
larger at higher power and longer time. The flowers are 4.5 ym in diameters at 600 W
and 20 min. A microwave oven supplies energy to the system which was used to
decompose the complexes and accelerate copper sulfide formation. Microwave
powers and prolonged times did not have so strong influence on the product shapes
as on the sizes.

At constant 600 W for 20 min with the same copper source (CuCl..2H0} but
different sulfur sources (CH3CSNH,;, NH2CSNHNH; and NHCSNH,), the products
(CA, CC and CU) are the assemblies of nano-flakes (micro-sized flowers) although
the three sulfur sources are different. They compose of nano-flakes as the
fundamental particles. It shows that CuCl..2H,O dominated the sulfur sources.
" Product morphology was influenced by chloride ions in the system. Anions of the
copper sources have the influence on growth of the particles. But for those
synthesized using CuBr or Cu(CH3CO00Q),.H;O as copper sources with different sulfur
sources, the products have a variety of morphologies. They are clusters of nano-
sized particles, nano-rods, sponge-like structures, assemblies of nano-flakes and
nano-fibers for BA and AU, BC, BU, AA and AC, respectively. Different product
morphologies were influenced by 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 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. It is described as the shape selective
surface absorption process [20]. 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 orientation was increased with the increasing in the
amount of starting agents [21]. Phase with the lowest free energy Iis
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thermodynamically stable, and has more chance to exist in the process [22]. This can
reflect 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 [20]. Polarities and boiling points of
solvents [23], pH values of the solutions and others can play a role in the shapes and
sizes due to the different rates of nucleation and growth.

Different starting agents play a significant role to produce the products with
different shapes and sizes which was influenced by nucleation and growth. They had
more role than the microwave irradiation did.

During the formation of Cu$S, round particles were formed by the assemblage of
hep unit cells. Growths in the x-, y- and z- directions are almost at the same rates.
Rod-shaped particles and fibers were formed by stacking up hcp unit cells. There
were some unit cells stacked aside as well. To form rods and fibers, growth rate in
the z-direction is the fastest. Flake-like particles were formed by the similar process
as the rod/ffiber formation but growth in the z-direction is the slowest.

The products may contain some imperfect round particles, curved rodsffibers and
wavy flakes, due to the microwave vibration frequency, internal stress and others.
Different morphologies have the influence on the luminescent property as well.
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Fig 4. SEM images of the products. (g - f) are CA1, CA7, CA, BU, AA and AU,
respectively.

3.4 TEM and SAED

To show more details, the synthesized products were put into a beaker
containing ethanol. After ultrasonic vibration, the liquid was dropped on a copper grid
and dried in ambient atmosphere. TEM images and SAED patterns (Fig 5) of the
selected products were characterized and analyzed. They compose of round nano-
particles with < 20 nm in diameter for BA and AU, nano-rods with < 20 nm in
diameter for BC, and nano-fibers with as long as 105 nm for AC.

SAED patterns show eight concentric rings corresponding io diffraction planes of
the crystalline products. Diameters of the rings were measured from the diffraction
patterns on the films. The values of d-spacing of the diffraction planes were
calculated [24,25] and compared with those of the JCPDS software {14]. The
diffraction patterns show that the products compose of CuS with hexagonal structure.
The analyses interpreted from SAED and XRD patterns are in good accord. The
diffraction planes of the products are (100), {(103), (006), (105), (110), (108), (203)
and {116). The rings are diffuse and hollow showing that the products composed of
very fine particles.
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3.5 Raman analysis

Raman spectra of different products (Fig 6) are very sharp showing that lattice
atoms are arranged in the periodic array. Vibration modes of the crystalline products
synthesized from different starting agents are in the same wavenumber at 474 ¢m™
corresponding to the lattice vibrations. The present results are in accord with those of
CusS thin films [26,27]. Generally, vibration frequency is a parameter controlled by
atomic masses, force constant of lattice atoms, atomic bonding and others.
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Fig 5. TEM images and SAED patterns of the products synthesized at 600 W
microwave power for 20 min prolonged time. (a) — (d) are BA, BC, AC and AU,

respectively.
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600 W microwave power for 20 min prolonged time.

3.6 PL spectra

PL emission of CuS dispersed in absolute ethanol (Fig 7) was determined using a
202 nm (6.14 ev) exciting wavelength. PL spectra of all the products show the broad
emission peaks in the range 414 — 435 nm (2.85 — 2.99 ev). For each of the copper
sources, the spectra show the highest intensities at 414 nm (2.99 ev), 414 nm (2.99
ev) and 434 nm (2.86 ev) for the CC, BC and AC products, respectively. The results
are in accord with the emission peaks of CuS at 414 nm (2.995 ev) and 437.5 nm
(2.834 ev) [28].
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Fig 7. PL spectra of different products synthesized at 600 W microwave power for 20
min prolonged time. (a) CA, CC and CU, (b) BA, BC and BU and (c) AA, AC and AU.

4. Conclusions

Nano- and micro-sized Cu$S crystals with different morphoiogies were successfully
synthesized by the reactions of different copper and sulfur sources assisted by the
cyclic microwave irradiation. The detections of CuS (hcp) phase using XRD and
SAED, and of 474 cm™ vibration wavenumber using the Raman spectrometer are in
good accord. PL emission peaks of the products are at 414 — 435 nm (2.85 - 2.99
ev). Phase and morphology formations are proposed on according to the results
characterized using XRD, FTIR, SAED, SEM and TEM.
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Free Surfactant Synthesis of Microcrystalline CdS by Solvothermal Reaction

Abstract

Microcrystalline CdS was solvothermally synthesized by free surfactant reaction
at 200 °C in a variety of solvents [benzene (BZ), toluene (TL), p-xylene (XL),
cyclohexane (CHX) and tetrahydrofuran (THF)]. An X-ray diffractometer (XRD), a
selected area electron diffraction (SAED) technique and an energy dispersive X-ray
(EDX) analyzer show that the products are CdS (hexagonal structure) composing of
Cd and S. The SAED patterns are also in accordance with a simulation model.
Strong fundamental and weak overtone modes were detected using a Raman
spectrometer at 297.0 and 597.1 cm™, respectively. By using a transmission electron
microscope (TEM), those synthesized in BZ, TL and XL are the mixtures of
hexagonal and triangular plates. They are hexagonal and rod shapes in CHX and
THF, respectively. Photoluminescent (PL) energies at the maximum intensities were
detected over the range of 3.10-3.16 ev (392-400 nm).

Keywords : Free surfactant synthesis, Solvothermal reaction, Microcrystalline CdS

1. Introduction

CdS is one of the IIB-VIA compounds that have novel optical, electronic and
thermoelectric properties [1]. Its band gap is 2.42 eV [2). It has a wide variety of
applications such as laser light emitting diodes, solar cells, and non-linear optical and
electronic devices [3,4]. There are different methods used to synthesize nano- and
micro-crystalline CdS such as microwave-solvothermal synthesis [4], metal-
oleylamine complex [5], hydrothermal route [6] and surfactant-ligand co-assisting
solvothermal method [7]. Most of the products have different morphologies such as
dendrites [2], flakes [8], spheres [9], nanorods [7,10], nanowires [11,12], triangular
and hexagonal plates [13], flower-like shape [1,14] and sea-urchinlike shape [3].
Solvothermal process is simple and inexpensive; therefore, it is very attractive for use
as the chemical synthesis of a substance. Among the required morphologies,
different solvents in combination with organic additives were used. Presently, there
are a few reports on the free surfactant synthesis of CdS by solvothermal reaction.
The purpose of the research is to solvothermally synthesize microcrystalline CdS with
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different shapes and sizes by free surfactant reaction at low temperature in a variety
of solvents.

2. Experiment

Each 0.005 mol of CdCl,.2.5H,O and (NH»).CS was dissolved in a variety of
solvents [benzene (BZ), toluene (TL), p-xylene (XL), cyclohexane (CHX) and
tetrahydrofuran (THF)]. They were mixed to occupy 65 vol % of a 45 ml home-made
stainless steel autoclaves. The free surfactant reaction proceeded at 200 °C for 10 h
to form precipitates. By washing with water and ethanol, the precipitates were dried
at 80 °C for 24 h. The final products were analyzed using an X-ray diffractometer
(XRD) oberated at 20 kV, 15 mA and using Cu K, radiation in the 26 angul'ar range of
10-60 deg, a transmission electron microscope (TEM) as well as a selected area
electron diffraction (SAED) technique operated at 200 kV, an energy dispersive X-ray
(EDX) analyzer operated at 15 kV, a Raman spectrometer using 50 mW Ar Laser
with A = 514.5 nm and a luminescence spectrometer using 225 nm exciting
wavelength.

3. Results and Discussion
3.1 XRD

XRD spectra (Fig 1) are very sharp showing that the products are composed of
crystals. Comparing the spectra to those of the JCPDS standard (PDF # 06-0314)
[15], the products were identified as CdS with hexagonal structure. Generally, the
hexagonal structure is more stable than the cubic one [16]. For the present research,
no impurity peaks were detected showing that the products are pure phase.
Calculated lattice parameters [17] are shown in Table 1. In general, lattice
parameters of crystals with the same structure are constant. For CdS synthesized
using the solvents, a and ¢ are 0.4135 + 0.0000 nm and 0.6717 + 0.0001 nm,
respectively. They have zero and very little standard deviations, and are in accord
with those of the JCPDS standard (a = 0.4136 nm, ¢= 0.6713 nm) [15].
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Fig 1. XRD spectra of the products synthesized using a variety of solvents.

Table 1. Calculated lattice parameters.

Solvent a (nm) | ¢ (nm)
Benzene 0.4135 | 0.6716
Toluene 0.4135 | 0.6716
p-Xylene 0.4135 | 0.6718
Cyclohexane | 0.4135 | 0.6716
Tetrahydrofuran | 0.4135 | 0.6718

0.4135 | 0.6717
-+ +

0.0000 | 0.0001
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3.2 SAED

SAED patterns and a simulation model are shown in Fig 2. The diffraction
patterns were interpreted [18] and identified as CdS with hexagonal structure [15). It
shows that XRD and SAED analyses are in accord. Zone axis is in the [001] direction
which is parallel or nearly parallel to the electron beam {18]. The SAED patterns are
not exactly symmetric due to the deviation of electron beam from the zone axis. A
diffraction pattern for CdS (hexégonal structure) using [001] as zone axis was
simulated [19]. The pattern is symmetric and systematic. The results shown on the
SAED patterns of the powders are in accord with that shown on the simulated
pattern.
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Fig 2. SAED patterns of the products synthesized using (a) BZ, (b) CHX and (c) THF.
(d) A simulation model of CdS. |

3.3 Raman Spectra _

Raman spectra of the products are shown in Fig 3. A strong fundamental and a
weak overtone modes were detected at 297.0 and 597.1 cm™, respectively. The
fundamental and overtone modes correspond to the 1LO (longitudinal optical} and
2LO peaks [16]. They are the results of phonon vibration [6,16]. For the present
research, the spectra are very similar to that of CdS [6]. Comparing to Ar Laser (A =
514.5 nm), a great deal of energy was lost during the inelastic scattering process. By
using a Fourier transform infrared spectrometer (FTIR) (results not shown), no
solvents were left in the products.
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Fig 3. Raman spectra of the products synthesized using a variety of solvents.

3.4 EDX

EDX spectra (Fig 4) were interpreted [20]. They revealed the presence of three
Cd peaks at 3.13, 3.32 and 3.53 keV which were identified as the L,, Lg; and Lg;
lines, respectively. S peak was detected at 2.31 keV identified as the Ky 2 line. C of
carbon tape was also detected at 0.28 keV (Ka,2 line). EDX analysis shows that
atomic ratio of Cd : S is 1 : 1. The detection of Cd and S using the EDX, and CdS
using the XRD and SAED are in accord.
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Fig 4. EDX spectra of the products synthesized using a variety of solvents.

3.5TEM

TEM images (Fig 5) show different morphologies controlled by a variety of
solvents. The products are micro-sized particles. Some physical and chemical
properties of the solvents seem to play the role in the shapes and sizes of the
product particles [9], and the luminescent property [21]. For the present research, no
surfactants were used. Relative polarities of BZ, TL, XL, CHX and THF are 0.111,
0.099, 0.074, 0.006 and 0.207, respectively [22]. The solvents are classified into
three groups due to their polarities. CHX has the lowest value and THF at the
- highest. BZ, TL and XL have almost the same medium values. The particles shaped
like the hexagon with 122-257 nm straight sides, and the rod with 81 nm in diameter
when they were synthesized in CHX and THF, respectively. Those synthesized using
one of the BZ, TL and XL solvents compose of both hexagons with 100-160 nm
straight sides and triangles with 145-300 nm straight sides. The particles are
hexagonal, a mixture of hexagonal and triangular, and rod shapes in the solvents
with low, medium and high polarities, respectively. Structure formulae of the solvents,
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starting agents, temperature, time and others have the effect on their morphologies
as well. Theoretically, it is possible to solvothermally synthesize nanocrystalline CdS
using the present solvent at very high pressure. Under this condition, the crystallite
size is then limited.
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Fig 5. TEM images of the products synthesized using (a) BZ, (b) TL, (¢) XL, (d) CHX

and (e) THF.
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3.6 Photoluminescence

Photoluminescence (PL) of the products were analyzed using 225 nm exciting
wavelength and are shown in Fig 6. PL energies at the maximum intensities were
detected over the range of 3.10 — 3.16 eV (392 - 400 nm). The intensity values and
PL wavelengths are different and are controlled by their morphologies [23]. PL
intensity of the rod-shaped crystal synthesized in THF is at the highest. Comparing to
the estimated band gap of bulk CdS (2.42 eV, 512 nm) [2], the PL energies are blue
shifted. However, band gap can be modified by high temperature treatment [24].
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Fig 6. PL spectra of the products synthesized using different solvents,

4. Conclusions

Microcrystalline CdS (hexagonal structure) with different morphologies was

successfully synthesized by free surfactant reaction of CdClL.2.5H,0 and (NH;),CS
in a home-made stainless steel autoclave at 200 °C. Solvent polarities seem to play
the role in the shapes and sizes of the product particles. The calculated lattice
parameters are very close to those of the JCPDS standard. The 1LO and 2LO peaks
of CdS are at 297.0 and 597.1 cm™, respectively. PL energies of different products
are blue shifted in comparison with band gap of CdS (bulk).
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Phase Transformation of Nanocrystalline CdS Synthesized by Solvothermal

Reaction

Abstract

CdS was synthesized by solvothermal reaction of CdCl2.2.5H,0 and (NH2),CS in
ammonia. solution at 200 °C for 10 h. XRD, TEM and SAED show that the products
are nanocrystalline CdS. The phase is 100 % hexagonal (hcp) in pure water,
gradually transformed into cubic with the increase of NH3 concentration, and 100 %
cubic in 25 % NHs solution. By using FTIR, no solvents were detected in the
products. Raman analysis revealed the presence of 1LO (Iongitudinal‘ optical) and
21O phonon peaks at 297.0 and 597.1 cm™ for CdS (hcp), and 295.9 and 596.9 cm”
for CdS (cubic), respectively. Strong peaks of the photoluminescent (PL} spectra
were detected at 450 nm for hcp, and 519 nm for cubic.

Keywords : Phase Transformation, Nanocrystalline CdS, Solvothermal reaction

Introduction

Among group |-Vl compounds, CdS has received significant attention due to its
outstanding potential applications [1] such as solar cells 2], light emitting diodes [1]
and photocatalysts [1]. Recently, nanocrystallines have been increasingly important
due to their novel properties controlled by the shapes and sizes [3]. Therefore,
nanocrystalline has been the subject to investigate. There are a variety of methods
used to synthesize the compound such as polyol route [1], hot-wall epitaxy [4] and
hydrothermal [5]. For the present research, nanocrystaliine CdS was synthesized
using a home-made stainless steel autoclave. Phase transformation, luminescent
property and morphology were then studied and explained.

Experiment

Each 0.005 mol of CdCh.2.5H,0 and (NH,).CS dissolving in 0 — 256 % NHs
solution were mixed to occupy 65 vol % of a home-made stainless steel autoclave.
The reaction proceeded at 200 °C for 10 h to form precipitate. By washing with water
and ethanol, the precipitate was dried at 80 °C for 24 h. The final products were

analyzed to determine their characters and properties.
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Results and discussion

Comparing XRD spectra (Fig 1) to those of the JCPDS standard (Reference
codes : 06-0314 for CdS (hcp) and 89-0440 for CdS (cubic)) [6], the products
synthesized using pure water (0 % NHs) and 25 % NHa were specified as CdS (hcp)
and CdS (cubic), respectively. The diffraction peaks of hcp correspond to (100),
(002), (101), (102}, (110), (103), (200), (112), (201), (004) and (202) planes of the
product. The (101) peak is the highest. For cubic, they correspond to (111), (200),
(220) and (311) planes and the first peak is the highest. All peaks of hcp were
decreased with the increase of the NH; concentration. Those of cubic showed the
opposite effect. The products are the mixture (solid solution) of hcp and cubic phases
in 5, 10, 15 and 20 % NHj; solutions. Two different calculated phases [7] using (101)
hcp and (200) cubic peaks are shown (Fig 2), hcp on the left extremity and cubic on
the right. Mixture of the phases is between the two ends. These show that NH;
concentration plays the role in the phase formation. Calculated lattice parameters (a
= 0.4136 and c = 0.6718 nm for hcp, and a = 0.5831 nm for cubic) [7] are very close
to those of the JCPDS standard (a = 0.4136 and ¢ = 0.6713 nm for hcp, and a =
0.5830 nm for cubic) [6].

TEM images and SAED patterns are shown (Fig 3). The products compose of
rather round particles of which the sizes were measured (Fig 4). They are 62.1 £ 20.1
nm for the product synthesizing in pure water, and 37.2 £ 13.7 nm in 25 % NH; 7
solution. The first composes of larger particles and size distributions than the second |
does. The solvent is likely to play the role in the particle sizes and size distributions.
SAED patterns compose of a number of bright spots of concentric rings. The
diffraction rings of the product in 25 % NH3 are not sharp resulting from the effect of
fine particles. The diameter of each ring was measured and the interplanar space {d)
was calculated [8]. Comparing to the JCPDS standard [6], the products synthesized
in pure water and 25 % NH3; correspond to CdS (hcp) and CdS (cubic), respectively.
SAED and XRD planes of both products are in accord.
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Raman specira of hcp and cubic phases (Fig 5) are almost identical to each
other. Two peaks were detected on both spectra. The products are nanocrystalline
CdS; therefore, their spectra are rather broad [9]. The strong 1LO (longitudinal
optical) and weak 2L.O phonon peaks corresponding to the fundamental and
overtone modes [5] are at 297.0 and 597.1 cm™ for CdS {hcp), and 295.9 and 596.9
cm™ for CdS (cubic), respectively. The Raman shiit values of CdS (hcp) and CdS
(cubic) are in accord with those of the undoped CdS (hep) [2] and CdS (mixture of
hcp and cubic phases) [10] films. The explanation clearly shows that Raman shift
values for both phases are very close to each other. The values of full width at half
maximum (FWHM) of 1LO and 2LO peaks are 18.2 and 27.6 cm™ for CdS (hcp), and
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15.8 and 26.1 cm™ for CdS (cubic), respectively. CdS (hcp) is the stable phase.
FWHM of the dominant 1LO agrees very well with that of the undoped CdS film [2]
reflecting the quality of the synthesized product. By using FTIR (results not shown),

no solvents were left in the products.
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Fig 5. Raman spectra of CdS synthesized using pure water and 25 % NH;3 solution,

Photoluminescent (PL) spectra of hcp and cubic phases were analyzed using
exciting wavelength (Ae) of 231 and 282 nm, respectively (Fig 6). The strong peaks
were detected at 450 nm (2.755 ev) for hcp, and 519 nm (2.389 ev) for cubic. The
radiation of longer Wavelength than lex was emitted due to some energy foss and
others. The PL property was controlled by the crystal sizes and shapes [3].
Comparing to band gaps of 2.42 ev (612 nm) for bulk CdS (hcp) [11] and 2.366 ev
(524 nm) for CdS (cubic) film [4], the strong peaks of the synthesized products are
blue shift. it is the resuit of the quantum size effect [11] which is increasing in the
extent as the particle size decreases and the surface-to-volume ratio increases. Band |
gap can be modified by heating the products at high temperatures [12], and the
synthesized processes as well. An electron in valence band was excited into
conduction band, and hole was left in the valence band. Generally, the solid has
some defects introducing energy levels in the forbidden region. The excited state is
not stable. The electron in conduction band recombined with the hole in valence
band via the energy levels of the defects [13]. Therefore, band gaps for the
synthesized products are no less than 2.755 ev for CdS (hcp) and 2.389 ev for CdS
(cubic).
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Fig 6. PL spectra of CdS synthesized using pure water and 25 % NH3 solution.

Summary

Nanocrystalline CdS was successfully synthesized by 200 °C solvothermal
reaction in 0-25 % NH3 solution. The phase is hcp using pure water, transformed into
cubic by the increase of the NHjz concentration, and cubic in 25 % NH; solution.
Raman spectra of hep and cubic phases are almost identical with the presence of
1LO and 2 LO peaks. Their strong luminescent peaks were detected at 450- nm
(2.755 ev) and 519 nm (2.389 ev), respectively.
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Preparation of flower-like PbS nano-structures using cyclic microwave
radiation

Abstract

Flower-like PbS nano-structures were successfully prepared from different mole
ratios of Pb(NOs); to CHsN3S in propylene glycol, using the cyclic process of 600 W
microwave power for 15 minutes. PbS (cubic) was detected using X-ray diffraction
(XRD) and selected area electron diffraction (SAED). The experimental and
simulated patterns are in good accordance. A Raman spectrometer revealed the
presence of vibrations at 134, 275 and 431 cm'. Flower-like PbS nano-structures
were also characterized using a scanning electron microscope (SEM) and a
transmission electron microscope (TEM), although the products were prepared using
different mole ratios of the starting agents.

Keywords : Cyclic microwave radiation, Flower-like PbS nano-structures

1. Introduction

Generally, different morphologies of luminescent materials have an influence on
their properties [1]. Preparation of such materials is now increasingly important. PbS
is a material which has a small band gap (0.41 eV) and large exciton Bohr radius (18
nm) [2-4]. It has novel semiconducting and optical properties [5], which are very
sensitive to a quantum-size effect [2,3]. There are different nano- and micro-
structures of PbS that have an influence on its properties. Among them are
nanocubes [6], nanoparticles [7], dendrites [6,8], star-shapes {9], flower-like crystais
[10], nanotubes [11] and nanorods [11,12). They can be prepared by different
methods, such as microwave radiation [10], a hydrothermal process [4], solvothermal
synthesis [6], electroless chemical deposition [13] and a sonochemical process [11].

Microwave radiation [14] is a very attractive method used for preparing materials. It
is able to reduce time scales of the reactions, and accelerate the reaction process.
When microwave radiation is supplied to chemicals, one or more of them is capable
of coupling with the radiation. This can lead to a high temperature faster than that
achieved by a conventional method. Microwave radiation can solve the problems of

temperature and concentration gradients. By focusing large amounts of microwave
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radiation into solutions, the vibrating electric field applies a force on charged particles
which vibrate accordingly. Vibrations of the reactanis have an influence on the
reaction to proceed with efficiency. Subsequently, pure product is produced.

At present, there are a few reports on the preparation of flower-like PbS using
microwave radiation. For the present research, flower-like PbS nano-structures were
prepared from different mole ratios of Pb and S sources, using a cyclic microwave
radiation. The final products were then anaiyzed for further discussion.

2. Experiment

Flower-like PbS particles were prepared from 1 : 4, 1 : 1 and 4 : 1 mole ratios of
Pb(NQO3), to CHsN3S in propylene glycol, using 600 W microwave power for 15
minutes. The process was repeated many times and always happened in the same
order. For every 100 s, microwave radiation was on for 30 s and off for 70 s. At the
conclusion of the test, the products were washed with water and ethanol, and dried at
80 °C for 12 h. The final products were characterized using an X-ray diffractometer
(XRD) operated at 20 kV, 15 mA and using Cu K, radiation in the 268 angular range of
15 - 60 degrees, a Raman spectrometer using a 50 mW Ar laser with A = 514.5 nm at
room temperature, a scanning electron microscope (SEM) operated at 15 kV and a
transmission eleciron microscope (TEM) as well as the use of the selected area
electron diffraction (SAED) technique operated at 200 kV. The electron diffraction
pattern was simulated [15] and compared with that obtained experimentally [16].

3. Results and Discussion
3.1 XRD

XRD spectra (Fig 1a) were indexed using Bragg's law for X-ray diffraction and
compared with that of the JCPDS software (reference code : 05-0592) [17]. They
were specified that the products were cubic PbS (a=b =c¢, a= B =y = 90 degrees)
with the Fm-3m space group. The strongest intensity is at 20 = 30.1 degrees and
diffracted from the (200) planes of the crystalline products. The spectra are very
sharp showing that well-crystallized crystals were successfully synthesized [18,19)].
The products are composed of a number of atoms aligning in a periodic lattice. No.
characteristic peaks of impurities were detected showing that each of the products is
a pure phase. Atoms were involved in violent vibration with the microwave frequency.

They aligned in a systematic and symmetric order, which led to high intensities. Their
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lattice parameters were calculated form the equation of plane spacing for the cubic
crystal system and Bragg’s law for diffraction [20]. The parameters corresponding to
different crystallographic planes of the products are summarized in Table 1. The
averages and standard deviations are 5.9476 £ 0.0111, 5.9473 + 0.0096 and 5.9522
+ 0.0119 A for the products prepared using 1 : 4, 1 : 1 and 4 : 1 mole ratios of
Pb(NO3)2 to CHsN;S, respectively. They are very close to those of the JCPDS
software [17].
To form PbS (cubic), the reaction [21] proceeded according to the following :

Pb(NO3), + CHsN3:S — PbS + CH:sN3(NO3),
Theoretically, 1 mol Pb(NOs)> and 1 mol CHsN3S were used to produce 1 mol PbS

and 1 mol CHsN3(NOs),. For the present research, PbS was able to be produced
even when either of the reactants was in excess.
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Fig 1. (a) XRD and (b) Raman spectra of the products prepared using different mole
ratios of Pb(NO3), to CH5N3S.
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Table 1. Calculated lattice parameters of PbS (cubic) prepared using different mole
ratios of Pb{NO3), to CHsN3S.

Plane Lattice Parameter (A)
1:4 1:1 4:1
A1) 5.9670 5.9611 5.9675
(200) 5.9456 5.9531 5.9620
(220) 5.9447 5.9436 " 5.9476
(311) 5.9391 5.9380 5.9415
(222) 5.9416 5.9405 5.9422
59476 +0.0111 | 5.9473 £ 0.0096 | 59522 +0.0119

3.2 Raman analysis

A definite existence of PbS (cubic) was analyzed using a Raman spectrometer.
These test specimens are not destructed and are able to be re-used for other
purposes. Their 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™. The
peak below 150 cm™ is tentatively attributable to the so-called plasma line of the
excitation laser [5,22]. The 275 cm™ peak corresponds to two-phonon process [5].
The peak at 431 cm™ is allowed in the rock-salt structure [23]. It is specified as the
first overtone mode [22}, which involves two .phonons with equal but opposite wave '
vectors (k) [23]. The fundamental longitudinal optical (LO) mode of the rock-salt
structure at approximately 215.5 cm™ was unable to be detected due to the rising in
intensity of baseline (disorder in PbS lattice) at low wavenumbers. The baseline
intensity covered the fundamental LO mode, which was forbidden [22,23].

3.3 SEM

SEM images (Fig 2) show that the products are micro-sized flowers over the
whole range of Pb(NO3), and CHsN3S mole ratios. Flower-like PbS nano-structures
~were able to be produced even when either of the reactants was in excess. The
flower-like products are made up of several petals, which slope up to a point. They
have two halves that are the same in size and shape. Each of the petals is composed

of a number of small plates arranged in a systematic order. The distance between
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two apices of the two petals across the center of the flower is 1.7 - 5.8 micrometers

long. The micro-flower is the most complete at 1 : 4 mole ratio.

& lum ) [ am I m

Fig 2. SEM images of the products prepared using (a) 1: 4, (b} 1:1,and (c) 4 : 1
mole ratios of Pb{NO3), to CHsN3S, respectively.

3.4 TEM, SAED and Simulation

TEM images (Fig 3) were used to specify the morphologies of the products. They
have a flat shape with four or more acute angles. The results characterized using
TEM are in accord with those characterized using SEM. A SAED pattern (Fig 4a) of
the product prepared using a 4 : 1 mole ratio of Pb(NO3), to CHsN3S appears as a
symmetric and systematic array of bright spots showing that a number of atoms are
arranged on their crystal lattices. The pattern was interpreted [16], and specified as
cubic PbS [17]. The calculated electron beam used for the analysis is in the [001]
direction. A diffraction pattern of the product with the electron beam in the [001]
direction was simulated by respective use of a* b* and c¢* lattice vectors in [100], -
[010] and [001] directions [15]. The simulated pattern (Fig 4b) is composed of
systematic and symmetric bright spots, and is in good accord with the experimental
pattern. Additional concentric rings were also detected in the experimental pattern.
They were caused by the C supporting grid in the TEM chamber.



99

AP AbuonT
‘ T

200 nin enoky 300 nm
JPsNCA

Al

N30K
ovowy 200 nim
PRENCI

Fig 3. TEM images of the products prepared using (a) 1 :4,(b) 1:1, and (c) 4 : 1
mole ratios of Pb(NO3); to CHsN3S, respectively.

Fig 4. (a) SAED and (b) simulated patterns of the product prepared using 4 : 1 mole
ratio of Pb(NQOj3), to CHsN3S. |

4. Conclusions

Flower-like PbS nano-structures were successfully prepared from1:4, 1:1 and 4
: 1 mole ratios of Pb(NOs3), to CHsN3S in propylene glycol, using cyclic microwave
radiation. XRD and SAED analyses revealed the presence of PbS with a cubic
structure. For the present analysis, the experimental and simulated patterns are in
good accord. Calculated lattice parameters are 5.9476 + 0.0111, 5.9473 £ 0.0096
and 5.9522 + 0.0119 A for the products prepared using 1:4, 1 : 1 and 4 : 1 mole
ratios of Pb(NQOs)2 to CHsN3;S. Both SEM and TEM analyses revealed the presence

of flower-like PbS nano-structures which were prepared using different mole ratios of
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Pb and S sources. The 431 cm™ first overtone mode was detected using a Raman
spectrometer, but the fundamental one was forbidden.

References

1. H.F. Shao, Y.B. Zhang, X.F. Qian, J. Yin, Z.K. Zhu, Mater. Lett. 59 (2005) 3507.

2. L. Xu, W. Zhang, Y. Ding, W. Yu, J. Xing, F. Li, Y. Qian, J. Cryst. Growth 273
(2004) 213.

3. Y.C. Zhang, T. Qiao, X.Y. Hu, G.Y. Wang, X. Wu, J. Cryst. Growth 277 (2005)
518.

4. S. Wang, A. Pan, H. Yin, Y. He, Y. Lei, Z. Xu, B. Zou, Mater. Lett. 60 (2006) 1242.
5. AM. Qin, Y.P. Fang, W.X. Zhao, H.Q. Liu, C.Y. Su, J. Cryst. Growth 283 (2005)
230.

6. W. Zhang, Q. Yang, L. Xu, W. Yu, Y. Qian, Mater. Lett. 59 (2005) 3383.

7. U.K. Gautam, R. Seshadri, Mater. Res. Bull. 39 (2004) 669.

8. Z. Zhang, S.H. Lee, J.Vittal, W.S. Chin, J. Phys. Chem. B 110 (2006) 6649.

9. G. Zhou, M. L@, Z. Xiu, S. Wang, H. Zhang, Y. Zhou, S. Wang, J. Phys. Chem. B
110 (2006) 6543.

10. Y. Ni, F. Wang, H. Liu, G. Yin, J. Hong, X. Ma, Z. Xu, J. Cryst. Growth 262 (2004)
399.

" 11. S.F. Wang, F. Gu, M.K. Li, G.J. Zhou, A.Y. Zhang, J. Cryst. Growth 289 (2006)
621.

12. T. Saraidarov, R. Reisfeld, A. Sashchiuk, E. Lifshitz, Physica E 37 (2007} 173.

13. B. Minceva-Sukarova, M. Najdoski, I. Grozdanov, C.J. Chunnilall, J. Molec.
Struct. 410-411 (1997) 267. |

14. C. Gabriel, S. Gabriel, E.H. Grant, B.S.J. Halstead, D.M.P. Mingos, Chem. Soc.
Rev. 27 (1998) 213.

15. C. Boudias, D. Monceau, CaRine Crystallography 3.1, 17 rue du Moulin du Roy,
F-60300 Seniis, France (1989-1998).

16. T. Thongtem, A. Phuruangrat, S. Thongtem, Mater. Lett. 61 (2007) 3235.

17. Powder Diffract. File, JCPDS Internat. Centre Diffract. Data, PA 19073-3273,
U.S.A,, (2001). ,

18. T. Thongtem, S. Thongtem, Ceram. Internat. 30 (2004) 1463.

19. T. Thongtem, S. Thongtem, Ceram. Internat. 31 (2005) 241.



101

20. C. Suryanarayana, M.G. Norton, X-fay Diffract., A Practical Approach, Plenum
Press, New York, (1998).

21. L. Xu, W. Zhang, Y. Ding, W. Yu, J. Xing, F. Li, Y. Qian, J. Cryst. Growth 273
(2004) 213.

22. G.D. Smith, S. Firth, R.J.H. Clark, M. Cardona, J. Appl. Phys. 92 (2002} 4375.
23. R. Sherwin, R.J.H. Clark, R. Lauck, M. Cardona, Solid State Comm. 134 (2005)
565. '



102

Biomolecule- and surfactant- assisted hydrothermal synthesis of PbS crystals

Abstract

PbS was hydrothermally synthesized from Pb(NOs),, L-cysteine, and N-cetyl
pyridinium chloride in the solutions with different pH values at 140 °C. Fiower-like
shaped, granular and truncated cubic PbS crystals which cdmposed of Pb and S
were detected by the scanning electron microscopy (SEM), transmission electron
microscopy (TEM), X-ray diffraction (XRD), selected area electron diffraction (SAED),
and energy dispersive X-ray (EDX) analysis. In addition, Raman and
photoluminescence spectrometries revealed the presence of the first and second
overtone modes at 436 and 602 cm’, and emission wavelengths at 412 nm,

respectively.

- Keywords : L-cysteine, N-cetyl pyridinium chloride, Hydrothermal synthesis, PbS
crystals

1. Introduction

It is generally known that particle shape and size of materials have an important
role in their luminescent properties [1]. Therefore, the synthesis of nano- and micro-
crystals has been increasingly important. One of the materials is PbS which has
small band gap (0.41 eV) and large exciton Bohr radius (18 nm) [2-4]. It has novel
semiconducting and optical properties [5], and is very sensitive to quantum-size
effect [2,3]. There are a variety of shapes and sizes that play the role in their
properties. Among them are cross shaped [6], star-like [3,7], fish bone-like [3], flower-
like [3,8], nano-cubic [7], nano-rod [9], nano-belt [9], and nano-dendrite [9]. It was
reported that biomolecules were used as a sulfur source and complexing agent for
the synthesis processes [10,11]. A surfactant was used as the directing molecules to
control the shapes and sizes of the crystals [1,4,9]. Currently, there are no reports on
the use of both bio- and surfactant-molecules in a reaction process. For the present
research, nano- and micro-crystalline PbS was hydrothermally synthesized using L-
cysteine and N-cetyl pyridinium chloride at different pH values and prolonged times.
Then, the final products were intensively analyzed for further discussion.
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2. Experiment

Different shapes and sizes of PbS were synthesized in the home-made stainless
steel autoclaves using 0.003 mol Pb{NO3),, 0.003 mol L-cysteine (C3sH;NO,S) and
0.0005 moi N-cetyl pyridinium chloride (C21H3sNCi) in 40 ml deionized water at 140
°C. By washing with water and ethanol, and drying at 80 °C 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 20 angular range of 15-60 deg, a transmission
electron microscope (TEM) as well as a selected area electron diffraction (SAED)
technique operated at 200 kV, a scanning electron microscope (SEM) and an energy
dispersive X-ray (EDX) analyzer operated at 15 kV, a Raman spectrometer using 50
mW Ar Laser with A = 514.5 nm, and a luminescence spectrometer using 250 nm

exciting wavelength.

3. Results and Discussion
3.1 XRD

XRD spectra (Fig 1) were indexed, and specified as cubic PbS with Fm-3m
space group, a = b =¢ = 0.5936 nm, and a = B = y = 90 deg (reference code : 05-
0592) [12]. The spectra are very sharp showing that well-crystallized PbS was
successfully synthesized [13-15]). The strongest intensity is at 28 = 30.08 deg and
diffracted from (200) plane of the products. For the present analysis, no impurities
were detected. '

3.2 SEM

SEM images (Fig 2) show that the products were synthesized in a variety of
shapes and sizes influenced by the pH values, cationic surfactant and hydrothermal
times. At 12 h hydrothermal reaction, the products are nano-sized granules in the pH
of 7 and 11, but it is micro-sized flower in the pH of 2.36. The flower-like products are
made up of several petals. A distance between two apices of the two petals across
the center of the flower is approximately fourteen microns long. Each of the petals
composes of a number of small plétes arranging in systematic order. They are very

beautiful and interesting, and have never been synthesized using the biomolecule
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and surfactant in the hydrothermal reaction. Therefore, the constant pH of 2.36 for a
variety of the prolonged times was used. At 8 h reaction, the flower-like product is
made up of three to four petals and is not complete. It contains a greater number of
the petals when the hydrothermal times were prolonged. There are ten petals at 48 h

reaction.
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Fig 1. XRD spectra of the products synthesized in (a) the solutions with different pH
values for 12 h, and (b) the solutions with the pH of 2.36 for different hydrothermal

times.
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Fig 2. SEM images of the products synthesized in (a and b) the solutions with the pH
of 7 and 11 for 12 h, and (c to f) the solutions with the pH of 2.36 for 8, 12, 24 and 48

h, respectively.
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3.3 TEM and SAED
TEM images and SAED patterns (Fig 3) are used to specified morphologies
and phases of the products. At the pH of 7 and 12 h, the product composes of a
number of <10 nm particles in nano-sized clusters. The pattern was interpreted
[16,17], and specified as cubic PbS [12]. For the present analysis, calculated electron

beam [17] is in the [ 111 ] direction. When the pH was increased to 11, the product

& (b)

Fig 3. TEM images and SAED patterns of the products synthesized at different pH
values and hydrothermal times. {a.and b) pH7 and 12 h, (¢ and d) pH11 and 12 h,
and (e, f and g) pH2.36 and 48 h [(f) and (g) were analyzed on the (e)-product
marked with a circle and square, respectively].
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composes of 75 nm truncated cubes. At lower magnification shown in the SEM
image, it appears as granular. SAED pattern was analyzed using electron beam in
the [013 ] direction. it is in accord with cubic PbS as well. At the pH of 2.36 and 48

h, the product is flower-like and is cubic PbS phase. Calculated electron beams used
for the product analysis at the circle and square are in the [332] and [111 ]

directions, respectively.

For the present research, N-cetyl pyridinium chloride was used as a cationic
surfactant. L-cysteine, a neutral and genetically coded amino acid, was used as a
sulfur source and complexing agent. When Pb(NO3); reacted with L-cysteine to form
complex followed by the production of PbS nuclei (very fine particles) in the solution
with the pH of 2.36, the surfactant was selectively adsorbed onto their surfaces.
Therefore, the crystals were modeled to grow into small plates composing the petals
of micro-sized flowers. At the pH of 7 and 11, the solutions contain a greater number
of OH" ions than the acidic solution. The cationic surfactant became less efficient in
adsorbing onto PbS nuclei, which were capable of growing into nano-sized particles

in clusters or truncated cubes.

3.4 Raman analysis
Raman spectra (Fig 4) contain prominent bands whose peaks are at 135, 278, -

436, 602 and 970 cm™. The peak below 150 cm™ is tentatively attributable to the so-
called plasma line of the excitation laser [5,18]. The 278 cm™ peak corresponds to
the phonon vibration mode [5]. Those at 436 and 602 cm™ are specified as the first
and second overtone modes, respectively [18]. The peak above 960 cm™ is

attributable to oxy-sulfates [5,18].

3.5 EDX
EDX spectra (Fig 5) reveal the presence of Pb and S. Cu of a copper stub was
also detected. The detection of Pb and S using the EDX is in accord with the
detection of PbS using the XRD and SAED.
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Fig 4. Raman spectra of the products synthesized in (a) the solutions with different
pH values for 12 h, and (b) the solutions with the pH of 2.36 for different
hydrothermal times.
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Fig 5. EDX spectra of the products synthesized in the solutions with the pH of 2.36
for different hydrothermal times.
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3.6 Photoluminescence

Photoluminescence (PL) of the products (Fig 6) were analyzed using 250 nm
exciting wavelength. The maximum PL intensities were detected at the same
wavelength of 412 nm although their intensities are different. The intensities are
sensitive to the morphologies but not for their emission wavelengths. They are
increased with the increase in the acidities and hydrotherrhal times. At constant
hydrothermal time and different pH values, PL intensity of the flower-like particles (pH
2.36, 12 h) is higher than those of the granules (pH 7, 12 h), and truncated cubes (pH
11, 12 h). When the hydrothermal times were prolonged to 48 h at constant pH value
of 2.36, the flowers became the most complete and the intensity is the highest. In
general, the intensities are very sensitive to the number of the electronic transfers

and defects in the products [19].
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Fig 6. PL emission of the products synthesized in (a) the solutions with different pH
values for 12 h, and (b) the solutions with the pH of 2.36 for different hydrothermal
times.

4. Conclusions

Different shapes and sizes of PbS were hydrothermally synthesized using
biomolecule (L.-cysteine) and surfactant (N-cetyl pyridinium chloride) at 140 °C. The
detection of PbS using XRD and SAED is in accord with the detection of Pb and S
using EDX, and the first and second overtone modes using a Raman spectrometer.

They are truncated cubes, granules and flower-like particles in the pH of 11, 7 and
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2.36, respectively. At the pH of 2.36 and 48 h, the flowers composed of ten petals.
Their emission wavelengths were detected at the same value of 412 nm.
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Abstract

Scheelite molybdates (MMoOQ,, M=Ba, Sr and Ca) were successfully prepared by the reactions of M(@03),-2H,0 and Na,MoQ,-2H,0 in
propylene glycol and NaOH using a microwave radiation. The phases were detected using XRD and SAED, TEM analysis revealed the presence
of micro-sized bi-pyramids with a square base, nano-sized particles in clusters, and dispersed nano-sized particles for BaMeQy, StMoQ, and
CaMoQy,, respectively. Diffraction patterns of the bi-pyramids were simulated, and are in accord with the experimental results, Raman and FTIR
spectra provide the evidence of scheelite structure with Mo—0 stretching vibration in MoOZ™ tetrahedrons at 742—90% cm™?.

© 2007 Elsevier B.V. All rights reserved.

Keywords: Cyclic microwave radiation; Bi-pyramidal BaMoQ,; Nano-sized SrMoQy; Nano-sized CaMoO,

1. Introduction

The scheelite molybdates (MMoQ,, M=Ba, Sr and Ca) have
Can point group with two formula units per primitive cell [1-37.
They have attracted particular interest in a variety of applications
such as hosts for lanthanide activated lasers [4], luminescence
materials [5,6], microwave applications [7]) and catalysts [6.8].
The materials were prepared by different methods, such as
mechanochemical process [9], solvothermal reaction [10] and
microwave radiation with further calcination [4]. A conventional
solvothermal process is a method used for growing crystailine
materials in a solvent containing in a tightly closed autoclave
(system) at high temperatures. Heat, generated from an electrical
heater, is supplied to the system to raise its temperature. For a
microwave-solvothermal process, the system is heated using a
microwave radiation. It becomes hot by the vibration of charged
particles with electric field intensity. The purpose of the research
is to prepare MMoQ, with different morphologies in basic
solutions using a cyclic (on and off over a period of time, and
happen in the same order) microwave radiation without the
requirement of any further calcination. The reaction proceeded in

* Comresponding auther. Tel.: +66 53 941922; fax; +66 53 892277,
E-mail address: ttpthongtem@yahoo.com (T. Thongtem).

0167-577X/8 - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.matlet, 2007.05.059

an open system at atmospheric pressure, No other additives were
used. The process is very simple, attractive and novel by focusing
large amount of microwave radiation into the solutions to produce
pure products.,

2. Experiment
Each of 0.005 mol M(NO,),-2H,0 (M=Ba, Sr and Ca) and

NazMo0,2H,0 was dissolved in 20 ml propylene glycol
containing 10 ml 3 M NaOH. The reactions cyclically proceeded

2004

i— BaMoO4
——— SrMoQI
e CaMoQ4

204
0 2 4 6 8 10 12 14 16 18 20
Time (min}

Fig. 1. Current temperatures of the system during processing,
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Fig. 2. XRD spectra of the products.

using a 600 W microwave for 20 min (10 cycles). One cycle is
2 min long and composes of irradiation and non-irradiation for
1 min each. Current temperatures of different solutions are shown
inFig. 1. They are increased with the increasing of the prolonged
times within about the first 9 min and show very little oscillation
around 2 constant value afterwards. The final products were
washed with water and 95% ethanol, dried at 80 °C for 24 h, and
intensively characterized.

3. Results and discussion
3.1. XRD

XRD spectra (Fig. 2) were compared with those of the JCPDS
software (reference codes: 29-0193, 08-0482 and 85-0585) [2], and
specified as MMoQ, (M=Ba, Srand Ca). They have scheelite structure
with tetragonal crystal system and have I4,/a space-group symmetry
[2,3,9,11]. Calculated lattice parameters [12] for BaMoQ,
(e=5=05573 and ¢=1.2786 nm), SrMoO, (a=5h=0.5406 and
e=1.1988 nm) and CaMoO, (a=5=0.5212 and ¢c=1.1438 nm) are
very ¢lose to those of the corresponding JCPDS software, and have the
influence on their interplanar spaces. No other characteristic peaks of
impurities were detected showing that the products are pure phase.
Their strongest intensity peaks are at 260=26.53, 27.66 and 28.75 deg
for BaMoO,, StMoQ, and CaMoQ,, respectively, They diffracted from
the same plane indexed by (112).

To produce MMoOy, M(NO;),-2H, O reacted with Na;MoQ4-2H,0
in propylene glycol under basic condition using a microwave radiation.

M(NO;!,)I - ZH20 + Na;MoQy - 2H, 0~ MMoQy + 2ZNaNO; + 4H,0

During the synthesis, vibrating electric field of a microwave
applied a force on electric charged particles. They vibrated with the
electric field strength. Vibrations of the reactants have the influence
on the reaction to effectively proceed, Subsequently, pure product
was produced.

3.2, Vibration spectra

Vibrations of MMoO, are classified into two types, the internal and
external modes [13]. The first belongs to the vibration inside [MoQ,J*~
molecular units of which the centers of mass are stationary. The second
is called lattice phonon which corresponds to the motion of M?* cations
and the rigid molecutar units. In free space, [MoQ, ) tetrahedrons have
Tg-symmetry [1,13]. Their vibrations compose of four intemal modes
(vi(4)), vo(B), v3(Fy) and v4(F)), one free rotation mode (ve.{F))), and

(a)

BaMoq1

el

SrMoC}4

2eslat ©) |

Intensity (Arbitrary Unit)

CeuMoQ_1

VY

y
M

‘Transmittance (Arbltrary Unlt)

(b)

Bawh.‘.ql

200 300400500 600 700 800 9001000 4000 3500 300G 2500 2000 1500 1000 500

Wavenumber (cm")

Wavenumber (em)

Fig. 3. (z) Raman and (b} FTIR spectra of the products.
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Fig. 4. TEM images, SAED and simulated patterns of BaMoO, [(b, ¢ and (e, f) are for a circle in () and a square in (d), respectively),

one translation mode (73} [13). Inlattice space, the symmetry is reduced
to §4. All degenerative vibrations are split [1,13] due to the crystal field
effect and Davydov splitting [13]. For tetragonal scheelite primitive ceil
(wave vector, k=0)[13,14], there are 26 different vibrations (I'=34g+
5Ay+5Bg+3B,+5E,+5E,) determined by group-theory calculation
[1,13). Among them, 34,, 5B, and 5E, vibrations are Raman-active.
Only 44, and 4E, of the 54, and 5E, vibrations are active in IR
frequencies, and their remains (1.4, and 1E,) are acoustic vibrations.
The 3B, vibrations are silent modes [1,13].

For the present research, six different vibrations were detected on
Raman spectra (Fig. 3a). Among them, vi{dg), vi(Bg), va(Ep), v4(B%), vz
{Ag) and vy (4,) are at 872, 818, 776, 355, 320 and 188 em™! for
BaMoQx, 871, 829, 780, 362, 325 and 184 cm™* for StMoO,, and 875,
843, 793, 391, 324 and 205 em™! for CaMoOQ,, respectively. Each
vibration mode is in accord with Raman vibrations analyzed by other
researchers [1,13]. The spectra provide the evidence of scheelite stracture
for the three products [1,13), In addition, FTIR spectra (Fig. 3b) were
analyzed nsing a transmittance mode. For Ty-symmetry, vy(F>) and v,
(F2) are TR active and correspond to stretching and bending modes,
respectively [3]. The spectra show a band of Mo—-O stretching vibration in
MoOj tetrahedrons [3] at 742--901 cm™ . It is one of the intemal modes
specified as v3(F) antisymmetric stretching vibrations [3]

3.3. TEM and SAED

TEM images (Figs. 4a,d and 5) show different morphologies for
different products although they were prepared using the same

conditions. They consist of micro-sized bi-pyramids with a square
base and their apexes of 651 nm apart for BaMoQ,, mano-sized
particles in clusters for StMo0s, and dispersed nano-sized particles for
CaMo0,. A difftaction pattern (Fig. 4b) of BaMoOQ, at a circle in
Fig. 4a was interpreted [12). It appears as a periodic array of bright
spots due to the diffraction of electron through crystatlographic planes
of the product. It shows that each of bi-pyramidal particles is single
crystal. Both of the calculated angles between any pair of the directions
belonging to these planes, and interplanar spaces determined from (hkl)
are in accord with those of the diffraction patterm on the film. The
pattern compose of 2 number of spots corresponding to (-1 12), (1-12),
(004) and (1-16) planes of the crystalline particles, and was specified
as BaMoQy [2]. The incident beam of electron might not be exactly
perpendicular to the planes leading to the asymmetric diffraction
pattern. Calculated zone axis {12] is in the {~1—10] direction which is
parallel or nearly paratlel to the electron beam. By using [-1-10}
direction as zone axis, a diffraction pattern (Fig. 4c) for BaMoQO, was
simulated [15]. The pattern is symmetric and systematic, It is in good
accord with the experimental result. Another diffraction pattern
(Fig. 4e) at a square in Fig. 4d was also interpreted [12]. It corresponds
to (0-20), (2-20) and {200} planes of the product which was specified
as BaMoOy [2] with single crystal. Its zone axis is in the [o01]
direction. It is in good accord with the simulated pattern {Fig. 4f), In
case of SrMoQ, and CaMoO,, the diffraction patterns (Fig. 5) show
several concentric rings characterized as pelycrystals. Each of them
composes of a number of nano-sized crystals. They are 50 tiny that the
analysis of a single crystal is not possible. Interplanar spaces were



T. Thongtem et al. / Materials Letters 62 (2008) 454—457 457

1114

200 i /':(m
\ o

I} Y

APHIG
NIDK

T 4%

IALSIMai

50 nm

[lH] 1t

‘(’[”\", ; ’/

NI
Imaky 30 am
YR RIS

Fig. 5. TEM images and SAED patierns of (a) StMe0; and (b) CaMoO,,

cafculated {16,17] using diameters of the diffraction rings, and
compared with those of the JCPDS software [2]. Both patterns
correspond to (101), (112), (004), (200), (114), (204), (116) and (3 12)
planes. Additional (224) plane was detected in Fig. 5b. The pattems
were specified as StMoQ, and CaMoQ..

4. Conclusions

MMoQ, (M=Ba, Sr and Ca) were successfully synthesized
using a cyclic microwave radiation. Each of them is pure phase,
and composes of micro-sized bi-pyramids with a square base for
BaMoQO;4, nano-sized particles in clusters for StMoO,, and
dispersed nano-sized particles for CaMoQ,. The products provide
the evidence of scheelite structure with Mo—O stretching
vibration in MoO}™ tetrahedrons at 742--901 cm™ .
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Abstract

Nanoctystalline S'WO, was successfully prepared usin g S1Cl; and Na; WO, in ethylene glycol at different pH values, microwave pow-
ers and prolonged times. The phase was detected using XRD and SAED. TEM, HRTEM, SEM and particle size distribution revealed
the presence of nano-sized crystals with their crystallographic planes aligning in systematic order. Raman and FTIR spectra provide the
evidence of scheelite structure with W-O stretching vibration in WO]™ tetrahedrons at 781-912 cm™". PL emission of the products is
considered to be from the 'T, — !A, transition of electrons within [WO.J~ tetrahedrons at 420-428 nm (2.901-2.956 eV}

© 2007 Elsevier B.V. All rights reserved.

PACS: 81.16.Be; 81.07.Be

Keywords: Cyclic microwave radiation; Nanocrystalling; SIrwWO,

1. Introduction

Scheelite structured tungstates are specified as cubic
close-packed array of M** cations and WO?™ anions. They
belong to a body-centered tetragonal system and have Cyy,
point group with two formula units per primitive cell [1,2].
Typical scheelite structured tungstates are CaWQ0,, Srwo,,
BaWO, and PbWO, [2-5]. They have attracted interest in a
wide variety of applications such as laser host materials in
quantum electronics and scintillators in medical devices [6],
microwave applications [7], stimulated Raman scattering
technique (8], humidity sensors [7] and catalysts [7]. They
have luminescent property due to the electronic transition
between oxygen and tungsten within tetrahedral WO~
units [9]. SrWO, with different shapes and sizes was pre-
pared by different methods, such as nano-particles, nano-
peanuts, and mnanorods with rough surface by a

* Corresponding author. Tel.: +66 {0) 53 943341; fax: +66 (0) 53 892277,
E-mail addresses: ttpthongtem@yahoo.com, tipthongtem @hotmaii.
com (T. Thongtem).

1567-1739/§ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.cap.2007.08.002

solvothermal — mediated microemulsion method [10],
nanofilm on glass substrates by a reverse micelle sysiem
combined with dip-coating [11], hollow spheres by a pre-
cipitation reaction [12], and thin film on glass substrates
by spray pyrolysis {2]. Other luminescent materials were
BaWQ, with olive-like, flake-like and whisker-like struc-
tures by hydrothermal process [3], nanocrystalline MWO,
(M = Ca, Co, Ni, Cu and Zn) powders by evaporation of
a polymer based metal-complex precursor solution [5],
and nanocrystalline MWO, (M = Ca and Ni) by micro-
wave-assisted synthesis with further calcination [7]. Some-
times, templates, surfactants and other additives were
used to control the product morphologies.

Microwave radiation has very attractive attention used
for preparing materials. It is able to reduce time scales of
the reactions, and can rapidly lead to very high tempera-
tures which have the influence to accelerate the reaction
process. When microwave radiation is supplied to chemical
solutions, one or more of the components dissolving in
the solutions is capable of coupling with the radiation. It
can lead to higher heating rate than that achicved by
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conventional method. Microwave radiation can solve the
problems of temperature and concentration gradients. By
focusing large amount of microwave radiation into the
solutions, vibrating electric field applied a force on charged
particles which vibrated accordingly. Vibrations of the
reactants have the influence on the reaction to proceed with
efficiency (shorter time and lower power). Subsequently,
pure products were produced [13],

A polar solvent, which has permanent dipole moment,
has relaxation process in microwave region. It is very good
candidacy using in the process. Compounds with large per-
manent dipole moments also have large dielectric constants
or relative permittivities [13), and are rapidly heated up by
a microwave radiation [14]. When water {dielectric con-
stant at 25 °C = 78.4 [15]) was used as a solvent, its temper-
ature was about 110 °C by a microwave radiation within
Imin [14]. Ethylene glycol (dielectric constant at
25°C =403 [15] and T, = 197°C [16)) was heated up to
about 120 °C within 3 min [16]). When relaxation time is
one or two orders of magnitude different from that corre-
sponding to the microwave frequency, the solvent is still
to be an effective medium due to its large loss tané. The
90 — & is phase difference between electric field strength
and current in the materiais in which the loss energy devel-
ops as heat. For water (relaxation time = 9.04 ps) at
2.45 GHz microwave, tand is only 0.1 (13]. It is good
enough for using in the microwave process [13,17]. High
boiling point solvents can prevent chemicals from over-
flowing. Therefore, solvents with tand > 0.1, such as ethyl-
ene glycol (tand = 1.35, relaxation time = 112.87 ps and
Ty =197°C) is good choice for using in the microwave
process [13,16].

For the present research, nanocrystalline StWQ, was
prepared in ethylene glycol using different PH values,
microwave powers and prolonged times without the
requirement of any further calcination. No surfactants,
complexing agents or other additives were used. The pro-
cess is very simple, attractive and novel.

2. Experiment

Each of 0.005 mol 8rCl, and Na, WO, was dissolved in
30 ml ethylene glycol. The solution has a PH of 5.6 which
was adjusted to the range of 3-13 using HCl or NaOH.
The reactions cyclically proceeded at 180-600 W micro-
wave powers for 20-80 min (10-40 cycles). One cycle is
2 min long and composes of irradiation and non-irradia-
tion for 1min each. Current temperatures at different
microwave powers and prolonged times are shown in
Fig. 1. At constant microwave power, the temperatures
were increased with the increasing of the prolonged times,
They tend to be constant after the first 10 min for 600, 450
and 300 W, and 20 min for 130 W.

Ta produce SrWO,, SrCl, reacted with Na,WoQ, dis-
solving in ethylene glycol by the use of a microwave
radiation.

2004
1801
160
140 4

Cl
2 1209
s 1007 - BOOW
£ 801 = 450 W
E 601 =u 300W
w40, -~ 180W
20
0- ¥ r T T T T 13 T T 1
0 2 4 6 8 10 12 14 16 18 20

Time (min)

Fig. 1. Current temperatures at different microwave powers and’ pro-
longed times used for the present process.

SICl; + Na,WO, &% o w0, 4+ 2NaCl

microwave radiation

The final products (precipitates) were washed with water
and 95% ethanol, dried at 80 °C for 24 h, and characterized
using XRD (SIEMENS D500) operated at 20 kV, 15 mA
and using the Ko line from a Cu target, TEM (JEQL
JEM-2010) and high resolution transmission electron
microscopy (HRTEM) as well as the use of selected area
electron diffraction (SAED) operated at 200 kV, SEM
(JEOL JSM-6335 F) operated at 15 kV, Raman spectrom-
eter (HORIBA JOBIN YVON T64000) using 50 mW Ar
laser with A=514.5nm, FTIR (BRUKER TENSOR27)
with KBr as a diluting agent and operated in the range
400-4000 cm™! and photoluminescence (PL) spectrometer
(Perkin-Elmer LS50B) using a 270 nm exciting wavelength
at room temperature,

3. Results and discussion
3.1, XRD

Comparing XRD spectra (Fig. 2) of the powdered prod-
ucts to that of the JCPDS software (reference code: 85-
0587) [18]. They were specified as STWO, with tetragonal
crystal system and 74,/a space group. They have scheelite
structure [2]. No other characteristic peaks of impurities
were detected showing that the products prepared using a
microwave radiation are pure phase. At 180W for
20 min, ro any product was produced using a solution with
a pH of 3. The acidity seems to have the influence on the
precipitation process. For the solutions with the pH of 5
and 7, broad spectra were detected showing that the prod-
ucts composed of very fine particles, The degree of crystal-
line products is low. The XRD peaks become sharper at
higher pH values. At a pH of 9.6 for higher microwave
powers and longer times, the spectra are very sharp show-
ing that the products are very good crystals. Their stron-
gest intensity peaks are at 20 =27.6° and diffracted from
(112} crystallographic planes.
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Fig. 2. XRD spectra of the products prepared using (a) 180 W for 20 min at different pH values, (b) 180 W at a pH of 9.6 for 20-80 min, and (c)apH of

5.6 for 20 min at different microwave powers.

3.2. TEM, HRTEM, SEM and SAED

TEM images (Fig. 3) show nano-particles with different
morphologies influenced by the microwave powers, pro-
longed times and pH values. At 180 W 20 min and pH §,
the product composes of <10nm particles in clusters.
Moiré fringes {e.g. marked with a square) were detected.
They are the interference patterns between two crystallo-
graphic phases with slightly different lattice parametess
[19]. Lattice planes (e.g. marked with a circle) were detected
as well. They are crystallographic planes of the products.
At 180 W 20 min and a pH of 9.6, the product composes

of very fine particles in clusters. They appear as dark and
grey contrast areas for the dense and less dense substances,
respectively. When the pH was adjusted to 13, the product
composes of nano-sized particles with oval shape in clus-
ters. They are 219-381 nm long. Clearer morphology can
be seen on SEM image (Fig. 4). These show that pH values
play a role in the particle shapes and sizes.

In general, most polymeric anions formed in weekly
acidic [20] and neutral solutions. Nucleation and growth
rates of strontium tungstate particles were very low. Precip-
itates composing of very fine particles formed in small
quantities. H* ions seemed to prevent the precipitation
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Fig. 3. TEM images and SAED patterns of the products prepared using (a) a pH of 5 at 180'W for 20 min, (b) a pH of 9.6 at 180 W for 20 min, (c) a pH of
13 at 180 W for 20 min, (d) a pH of 9.6 at 180 W for 80 min, and (¢) a pH of 9.6 at 600 W for 20 min,

process. At higher pH values (weakly basic solutions),
more precipitates were produced. The OH™ concentration
was not sufficient to have the influence on growth direc-
tions. The particles became larger but were still nano-meter
in size. In very strong basic solution, growth of the crystal-
line product was changed in such a way that different
morphology formed. At the present stage, a number of
OH™ ions sclectively adsorbed on different crystallographic
planes. The activities of the planes with sufficient OH ™ ions
were reduced, and growth rates in some certain directions
were confined. These led to the anisotropic growth process.
A number of nano-sized particles with oval shape formed.

They were in clusters due to the attractive force among the
different nano-sized particles.

For a pH of 9.6 and at 180 W microwave power, the
particles became larger when the time was increased from
20 to 80 min. At pH 9.6 for 600 W and 20 min, the crystal-
line product became improved. The facets of the particles
were detected. At a constant pH of 9.6, the particle sizes
were measured along ten straight lines drawn in random
directions. Their distributions are shown in Fig. 5. Average
and standard deviation were then calculated. They were
3394082, 18424504 and 18.48::4.32nm for the
products produced using 130 W 20 min, 180 W 80 min
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Fig. 4. SEM image of the product prepared in a solﬁtion with a pH of 13
using 180 W for 20 min.

and 600 W 20 min, respectively. Their particle sizes were
increased with the increasing of the prolonged times and
microwave powers.

HRTEM images of lattice planes (Fig. 6) for the prod-
ucts produced using different conditions were character-
ized. The images show that the crystallographic planes
are aligned in systematic order although the products are
not perfect crystals. They contain some defects. The
(101}, (112) and (004) planes were detected. Their inter-
planar spaces (d) were measured and are summarized in

193

Table 1. The spaces are a little lower than those of the
JCPDS software [18]. The differences are influenced by
the temperature, stress, defects and others. SAED patterns
(Fig. 3) show several concentric rings characterized as poly-
crystals. Interplanar spaces (4) were calculated [21,22]
using their diffraction ring diameters, and compared with
those of the JCPDS software [18]. They correspond to
(101), (112), (004), (200), (211), (204), (220), (116)
and (312) erystallographic planes of the products and were
specified as S'WO,. At 180 W for all the prolonged times
and pH values, the inner rings are diffuse and continuous
showing that the products compose of a number of nano-
sized crystals. The degree of crystalline products is low.
At 600 W, a clearer pattern was detected and composes
of.a number of bright spots arranged as discontinuous
rings. At the present stage, the electron beam reflects and
diffracts from polycrystals which become the largest at
600 W. Their coverage by the aperture is lesser in number
leading to a greater degree of discontinuity in the diffrac-
tion rings. The present analyses show that the interpreta-
tions using XRD, SAED, TEM, HRTEM and SEM are
in good accord.

3.3. Raman and FTIR spectra

Vibrations of StWO, are classified into two types, the
internal and external modes [23]. The first belongs to the
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Fig. 5. Particle size distributions of the products prepared in a solution with a pH of 9.6 using (a) 180 W for 20 min, (b) 180 W for 80 min, and (c} 600 W

for 20 min.
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5 nm

Fig. 6. HRTEM images of lattice plancs for the products prepared using (2 and b) a pH of 9 at 180 W for 20 min, (c}a pH of 9.6 at 180 W for 80 min, and

(d) a pH of 2.6 at 600 W for 20 min,

vibration inside [WO,F~ molecular units of which the cen-
ters of mass are stationary. The second is called Iattice pho-
nons which correspond to the motion of Sr** cations and
the rigid molecular units. In free space, [WO,F~ tetrahe-
drons have Ty-symmetry [23,24]. Their vibrations compose
of four internal modes (vi(Ay), va(E), va (F2) and vy(F2),
one fiee rotation mode (v, (F))), and one translation mode
(F3) [23]. In lattice space, the symmetry is reduced to Sg. All
degenerative vibrations are split [23,24] due to the crystal
field effect and Davydov splitting [23]. For tetragonal
scheelite primitive cell (wavevector, k=9) [1,23], there

Table 1
Interplanar spaces of the products prepared using different microwave
powers, prelonged times and pH values

Preparation condition Crystallographic Interplanar space

Power Time pH Plane (nm)

W) (min)

600 20 9.6 141 0.4009

180 20 9 101 0.4255
20 9 112 0.2837
20 9 004 0.2727
80 96 112 0.3030
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are 26 different vibrations (I'= 3A;+5A,+ 5B, +
3B, + 5E; -+ 5E,) determined by group-theory calculation
[23,24]). Among them, 3A,, 5B; and 5E, vibrations are
Raman-active. Only 4A, and 4E, of the 5A, and 5E, vibra-~
tions are active in infrared (IR) frequencies, and their
remains (1A, and 1E,) are acoustic vibrations. The iB,
vibrations are silent modes [1,23].

For the present research, six different vibrations were
detected om Raman spectra (Fig. 7) of the products.
Among them, vi(Ag), vi(Bg), va(By), va(B,), vo(A,) and
vir{Ag) are at 916.34, 832.48, 793.26, 371.01, 334.20 and
186.84 cm™, respectively. The vibration modes are very
close to those for SrWO, with hollow spheres [12],
S11..xCa,WO; film [25] and BaWO, at 300 K [23]. The
spectra provide the evidence of scheelite structure
(12,23,25]. In addition, FTIR spectra (Fig. 8) of the prod-
ucts were analysed using a transmittance mode. For Ty-
symmetry, vi(F;) and v{F;) are IR active and correspond
to stretching and bending modes, respectively [26,27]. The
spectra show a band of W-O stretching vibration in
WOZ™ tetrahedrons [27] at 781-912 cm™". It is one of the
internal modes specified as v3(F;) antisymmetric stretching
vibration [26]. The result is in accord with those of MWO,
(M= Ca, Sr and Ba) [11,28]. Generally, vibration wave-
numbers are influenced by atomic masses, force constant
of lattice atoms, atomic bonding and others.
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Fig. 7. Raman spectra of the products prepared in a solution with a pH of
9.6 at different microwave powers for 20 min.
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Fig. 8. FTIR spectra of the products prepared in a solution with a pH of
9.6 at different microwave powers for 20 min.

3.4. PL spectra

The crystal-field splitting and hybridization of the
molecular orbitals of [WO4]*~ tetrahedrons [4] are shown
in Fig. 9. The W 5d(t;) and W 3d{e) orbitals are hybridized
with the O 2p(o) and O 2p(n) ligand orbitals to form
[WO4F~ tetrahedrons. The four ligand p(c) orbitals are
compatible with the tetrahedral representation for a, and
f; symmetries and the eight ligand p(r) orbitals are for t,

- t;w} S

7 R

&

[1{6)'—'

W5d(e)
WSd(t,)

O 2p(m)

—— t5{6) —
—— a,(2) —
— e {4) —

O2pfo)

Fig. 9. Schematic diagram of the crystal-field splitting and hybridization
of the molecular orbitals of [WO,J~ tetrahedrons. [Eg = energy band gap,
+ = antibonding {unoccupied) states, and degeneracy of each cluster state
is specified as the figures in brackets.]
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Fig. 10. PL spectra of the products prepared using (a) 180 W for 20 min at different PH values, (b) a pH of 9.6 at 180 W for different prolonged times, and

(<) a pH of 9.6 for 20 min at different microwave powers.

t; and e symmetries. The top occupied state has £ symime-
try formed from O 2p(m) states. The lowest unoccupied
state has e symmetry formed from a combination of the
W 5d(e) and O 2p(n) orbitals to give antibonding (*).
The hybridization between the W 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-clectron 'A, state. At the lowest
excited state, there are one hole in ¢, (primarily O 2p(r))
state and one electron in e (primarily W 5d) state which
give rise to many-electron 'Ty, Ty, 'T, and 3T, states.
Among them, only 'T, — A, transition is electric dipole
allow [4,29],

By using a 270 nm exciting wavelength, PL spectra
(Fig. 10) of the products were characterized. They show
the narrow central peaks with their surrounding shoulders.
The central (intrinsic) peaks are considered to be from the
T, — 'A; transition of electrons within [WO,F~ anions
{4,29,30]. The transition can be treated as an exciton [30].
The shoulders are from some defects and/or impurities,
and interpreted as extrinsic transitions [30]. PL intensity
is controlled by the number of charged transfers. For the
present analysis, the emission peaks are in the blue spectral
region at 420-428nm (2.901-2.956 ¢V). Shapes, sizes,
degree of crystal and other conditions can play a role in
their emission peaks as well.

4. Conclusions

‘The advantages of microwave radiation are rapid, sim-
ple and efficient process used for producing nanocrystaliine
SrWO, in ethylene glycol at different microwave powers,
prolonged times and pH values. All of the crystalline prod-
ucts are pure phase with scheelite structure and Hy/a space
group. They compose of nano-sized particles and lattice
planes in systematic array. The W-O stretching vibration
in WO tetrahedrons was detected at 781-912 cm™". Their
emission peaks are due to the T, > IAI transition in

WO tetrahedrons at 420428 nm (2.901-2.956 cV),
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Abstract

PbWO, was prepared from Na,W0,-2H,0 and Pb(OAc);-3H,0 in a solution containing a cationic surfactant (M-cetyl pyridinium chloride)
using the sonochemical process (ultrasonic irradiation). The product morphologies, characterized using scanning electron microscopy (SEM) and
transmission electron microscopy (TEM), were controlled by the surfactant, pH values and ultrasonic irradiation times. X-ray diffraction (XRD)
and selected area electron diffraction (SAED) studies revealed diffraction pattems in good agreement with the simulation model, along with
Fourier transform infrared (FTIR) and Raman analyses showed a W~O stretching band consistent with tetragonal PbWO,. Photoluminescent

properties of the pine tree shaped products were also investigated.
@© 2008 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: Lead tungstate; Sonochemical process; N-Cetyl pyridinium chloride;

Pine tree shape

1. Imtroduction

PbWO, is one of the most interesting tungstates and it has
found wide use in applications such as electromagnetic
calorimetry, excitonic luminescence, thermoluminescence
and stimulated Raman scattering behavior [1-3]. A variety
of preparation processes have been used to produce different
shapes and sizes which strongly affect the material’s properties.
These processes include synthesis with and without using
organic additives, such as microemulsion-based synthesis [4,5],
wet chemistry methods [3,6,7], microwave-assisted synthesis
[3,9], sonochemical processes 2] and hydrothermal reactions
[10]. Surfactants have been added in some of these processes
and it is believed that they function as shape directors in product
formations [6]. Other parameters, such as PH. temperature,
prolonged reaction time and solvent system, can play arole in
the formation of different shapes and sizes as well.

Several groups have reported the preparation of PbWOQ,
using the sonochemical process that yields a variety of shapes:

* Corresponding author. Tel.: +66 53 941922x611; fax: +66 53 892277,
E-mail addresses: ttpthonglem@yahoo.com, ttpthongtem @hotmail.com
(T. Thongtem),

polyhedra, spindle-like and dot-shaped nanostructures [2],
hollow spindte [11], and Sb(lll)-doped single crystals [12]. The
purpose of the present research was to soncchemically prepare
PbWO, in a solution containing N-cetyl pyridinium chloride (a
cationic surfactant) and classify and examine the resulting
structures, The effects of pH and irradiation times on the
morphologies have been investigated. An unusual pine tree
shaped product, not previously reported from sonochemical
studies, is a promising material that contains a number of
defects having influence on the luminescent intensity [5].

2. Experiment

All chemicals were of reagent grade. Three solutions were
prepared by separately dissolving 0.003 mol Na,W0Q,-2H,0,
0.005 mol N-cetyl pyridinium chloride (a cationic surfactant)
and 0.003 mol Pb(OAc);-3H,0 in 20 ml de-ionized water each.
The Na;WO0,-2H,0 and N-cetyl pyridinium chloride solutions
were mixed for 30 min under ultrasonic irradiation {(sono-
chemical process). Then the Pb(OAc),-3H,O solution was
added and the pH was adjusted to be in the range of 3-11.
Ultrasonic irradiation was catried out for 1-5 h, resulting in the
gradual formation of white precipitates with different shapes
and sizes. The crystals were washed with water and ethanol, and

0272-8842/$34.00 © 2008 Elsevier Ltd and Techna Group S.rl. All rights reserved.

doi:10.1016/j.ceramint. 2008.05.007
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dried at 80 °C for 24 h for further analysis. The final products
were analyzed using X-ray diffraction (XRD) operating at
20 kV, 15 mA, using the Ko line from a Cu target, transmission
electron microscopy (TEM) as well as selected area electron
diffraction (SAED) operated at 200kV, scanning electron
microscopy (SEM) operated at 15kV, Fourjer transform
infrared (FTIR) with KBr as a diluting agent and operated in
the range 4004000 cm ™', a Raman spectrometer using 50 mW
Ar Laser with A = 514.5 nm, and a luminescence spectrometer
using a 300.nm exciting wavelength. In addition, diffraction
patterns were simulated using CaRlIne Crystallography 3.1
software {13] and compared with those interpreted from the
experimental results,

3. Results and discussion

XRD spectra of all the products (Fig. 1) comrespond to
PbWO, with tetragonal stolzite structure [1,14]. Its space group
is Myfa. The unit cell parameters are a=b=0.5445 nm,
€=12050nm, and o = f=y=90° The spectra diffracted
from crystallographic planes of the products are (1 1 2), (0 0 4),
(200),(121),204),(220),(116),(312)and (22 4). The
strongest intensity diffracted from (112) plane and is at
26 = 27.5°. The spectra are very sharp showing that the product
was composed of a number of crystals. No other characteristic
peaks of impurities were detected showing that each product is
a pure phase. By mixing Na;,WQ,-2H,O and surfactant
(positively charge), (WQO,)*~ anions were possibly coordinated
the surfactant molecules to form surfactant-tungstate com-
plexes. The addition of Pb(OAc),-3H,0 into the solution
containing the surfactant-tungstate complexes under the
agsistance of ultrasonic irradiation led to the substitution of
the surfactant by Pb** cations. Once PbWO, nuclei (very fine

0 (112)
)

Intensity (Arbitrary Unit)

28 (degree)

particles) formed, they came together to form crystalline solids.
The surfactant may have been selectively adsorbed onto the
crystals [7] and possibly desorbed due to the ultrasonic
irradiation, resulting in a particular shape from the anisotropic
process.

SEM images of PbWOQ, are shown in Fig. 2. These are
especially well-defined, complex and highly ordered. They are
structurally similar to those prepared by wet chemical methods
without sonication [15] but the cwrrent structures are more
highly ordered. At the pH of 6.54 and for 1 h ultrasonic
irradiation (Fig. 2a), the product is composed of six tree trunk
like structures at right angle. Two pairs are in the same plane.
One pair is shorter than the other. The third pair is at a right
angle to the four-trunk structure. One trunk is on the top and the
other is at the bottom. Sometimes the trunks were released by
ultrasonic irradiation. The structure is complex, uniform and
systematic. The trunks are in the shape of pine trees and have
arrowhead-shaped tips. When the ultrasonic irradiation was
prolonged (Fig. 2b-d), the trunks became longer. Some
structures were broken and some side grains were released
(marked with a circle in Fig. 2d). For the preparation without
the use of a surfactant, the product (Fig. 2e) is in the shape of
seaweed and resembles those of Lin et al. [15]. This
demonstrates that N-cetyl pyridinium chloride plays the role
in the product morphologies and functions as the shape director
of the process. In addition, PbWO, crystals prepared using a
variety of the pH values with 1 h irradiation (Fig, 2f~j) have
different morphologies. They have corn-like shape for the pH of
3 and §, pine tree structure for the pH 7, granular shape for the
PH 9, and irregular shape and size particles in clusters for the
pH 11. At the pH above 11, lead hydroxide complex instead of
PbWO, is probably formed due to the high OH™ concentration.
These results show that the pH value plays the role in the shape

o(112)

intensity (Arbitrary Unit)

20 30 4[0 I 50 ' 60
20 (degree)

Fig. 1. XRD spectra of the products prepared in the solution containing N-cetyl pyridinium chloride using (a) the pH of 6.54 for different irradiation times and (b) the

1 h irradiation with different pH values.
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Fig.2. SEMimages of PbWO, prepared in (2—-d} the solution containing N-cetyl pyridinivm chloride (pH 6.54) with 1, 2, 3and 5 b irradiations, (e) the surfactant-free
solution (pH 6.26 and 1 h irvadiation), and (f~j) the solution containing N-cetyl pyridinium chloride with the pHof 3,5, 7,9 and 11 (1 h irradiation), respectively,

and size of the products as well. At 1h irradiation, the
structures for the pH 6.54 (Fig. 2a) and 7 (Fig. 2h) are in the
shape of a pine tree and are very similar.

Close examination of the TEM image of PbWO, prepared at
pH 6.54 with 1 h of irradiation (Fig. 3a) shows the trunk of the
product shaped like a pine tree which slopes up to a point. It has
two halves that are the same in size and shape. SAED patterns
(Fig. 3b and c) at two positions marked with a square and an
cllipse on the product were interpreted [16-19]. The patterns
correspond to PbWQ, with tetragonal crystal system [14]. For
the present research, zone axes [18-20] are in the [00 1] and
[0T0] directions for the analyses at the square and ellipse,
respectively. Each of them is parallel or nearly paralle! to the
electron beams. Diffraction patterns for PbWO, with [0 0 1]
and [010] zone axes were simulated [13] and are shown in
Fig. 3d and ¢. They are very symmetric and systematic. The a*,
b* and c* reciprocal lattice vectors for both patterns are in the
[100], [010] and [00 1] directions, respectively. For one
crystal structure, the corresponding lattice vectors are the same
although their zone axes are different. Comparisons between
the SAED and simulated patterns, they are in good accordance.

FTIR and Raman spectra of PhbWQ, with tetragonal stolzite
structure are shown in Fig. 4. For the pH of 6.54 and different
irradiation times (Fig. 4a), very strong W—O stretching bands of

WO, tetrahedra were detected over the range 779-787 cm ™
[21-24). O-H stretching and O-H bending bands of residual
water were detected over the range 3302-3642 and 1654~
1656 em ™", respectively. Comparisons to FTIR spectrum of
N-cetyl pyridinium chloride (result not shown) ieveal very
weak bands of the surfactant at 2922 and 2852 ¢cm™. At 1 h
ultrasonic irradiation and different pH values (Fig. 4b), O-H
stretching, O-H bending and W-O stretching bands were
detected in the same way as the above. At the pH of 3, six
vibrating bands of the surfactant were detected at 2922, 2852,
1631, 1486, 1175 and 478 cm~!. The surfactant intensitics
decreased with the increase in the pH values. They were no
longer detected at pH of 9 and 11. For pH 5, asymmetric and
symmetric COO stretching bands of carboxylate group [25]
were also detected at 1513 and 1410 cm ™.

Raman spectra (Fig. 4¢ and d) revealed the presence of six
vibrating bands over the range 100-1000 cm™" although their
morphologies are different. The Vi(Ag), va(By) and wy(Ey)
specified as WO, stretching vibrations [2,22] were detected at
907.5, 768.5 and 752.7 cm™, respectively. The v,(A,) has the
strongest intensity. The v,(A,) was detected as a strong band at
326.8 cm™ with a weak band of v(B,) at 358.3 cm™! [1,2].
They are the WO, bending vibrations [22,26]. The 176.9 cm ™"
wavenumber is specified as a translational band of WQ, groups



1106 T Thongtem et al./Ceramics International 35 (2009) 1103—1108

" - (208)
(204) &
{200} -

- (004)

(d)

430
»

- ¢ HH
o 22
240 b A:k P a9
L] 020 .

- 400
*

240
L

140
L]

08
(e) .
205
]
204 ud o.g.s
L AT
mna
102
208 W2 ops 203
» ¢ b
101 105
f: 204
28:3 a £
10:1 L 03 ane
-4 h ®
L 163 1o%
202
we ADel
20,8 2% apes i
L 2 107 . -10:3
~30:2
105
002 ""‘
*
-20:6
ape
L 4

Fig. 3. (a) TEM image of PbWO, prepared in the solution containing N-cetyl pyridinium chloride (pH 6.54) with 1 hircadiation. (b—e) SAED and simulated patterns

at the square and ellipse on the product, respectively.

[1.2]. There are some differences in the vibration frequencies,
depending on the preparation processes and others,

The crystal-field splitting and hybridization of the molecular
orbitals of (WO,)"" tetrahedra [27] are shown in Fig. 5. The W
5d(tz} and W 5d(e) orbitals are hybridized with the O 2p(¢) and
O 2p{m) ligand orbitals to form (W04)2‘ tetrahedra. The four
ligand p(a) orbitals are compatible with the tetrahedral
representation for a; and t, symmetries and the cight ligand
p(w) orbitals are for ty, t; and ¢ symmetries, The top occupied
state has t; symmetry formed from O 2p(mw) states. The lowest
unoccupied state has e symmetry formed from a combination of
the W 5d(e) and O 2p{w) orbitals to give antibonding (*). The
hybridization between the W 5d and O 2p orbitals is specified as
covalent bonding between the ions. For ground state system, afl
one-electron states below band gap are filled to give a many-
electron A, state. At the lowest excited state, there are one hole
in t; (primarily O 2p(1r)) state and one electron in e (primarily
W 3d) state which give rise to many-electron *Ty, >T;, 'T, and

3T, states. Among them, only T, — 'A, transition is electric
dipole allow [27,28].

For the present research, luminescence of the pine tree
product is the strongest. Photoluminescent (PL) spectra of
PbWOy, the shape of a pine tree (Fig. 6), are very similar due to
the similarity in the morphologies [5,8]. The PL emission is
415.5 nm wavelength due to the 'T, — 'A,; transition [27,28]
of (WO,)*" anions [8,9] in the blue ranige. The PL property is
suitable for photoelectronic applications. Different morphol-
ogies can play the role in the difference of band gap and
wavenumber. For instance, the emission wavenumbers of
polyhedra, spindle-like and dot-shaped PbWO, nanostructures
were detected at 493, 491 and 483 nm, respectively [2). Dot-
shaped PbWO, has the lowest wavenumber due to the smallest
dimension. Crystallinity promotes PL intensity as well [2]. The
polyhedral crystal is likely to contain the Jargest number of
defects which lead to the highest PL intensity [2]. Comparing
the macro- and nano-particles of PbWQ,, the first showed
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stronger blue emission than the second. The opposite is also
true for the green emission [6), The quantum sizes of particles
influence their band gaps as well. For CaWO,, band gap of bulk
(2.95 eV, 421 nm) is smaller than that of nanofilm (3.03 eV,
409 nm) {21]. Photon energy emitted from the nanofilm is
higher than that emitted from the bulk. It occurs a 12 nm blue-
shift due to the quantum size effect [21].

4, Conclusions

PbWO, with different morphologies was successfully
prepared from Pb(OAc),-3H,0, Na,WO0,-2H,0 and N-cetyl
pyridinium chloride by a sonochemical process. The final
products, analyzed using XRD and SAED, were specified as
pure PbWO, with tetragonal stolzite structure. SAED and
simulated patterns are also in good agreement, The W-O
stretching bands of WO, tetrahedra were detected by using
FTIR at 779-787 cm™ ' and Raman analysis at 907.5, 768.5 and
752.7 cm™. Their morphelogies, characterized by SEM and
TEM, were controlled by pH value, surfactant and irradiation
times. They are corn-like, pine tree, granular and irregular in
shape, depending on the reaction conditions. PL emission of the
pine tree shaped products was detected at 415.5 nm due to the
'T, — 'A; transition of (WO,)?~ tetrahedra.
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Abstract Nano- and micro-sized Cu$§ crystals were suc-
cessfully synthesized from copper and sulfur sources
(CuCl; " 2H,0, CuBr, Cu(CH;COOQ), ' H,0, CH,CSNHS,,
NH,CSNHNH, and NH,CSNH,) in ethylene glycol
assisted by the cyclic irradiation of different microwave
powers and prolonged times. By using XRD and SAED,
CuS (hcp) was detected. The products characterized using
SEM and TEM compose of assemblies of nano-flakes,
clusters of nano-particles, nano-fibers, nano-rods and
sponge-like structures influenced by the synthesized con-
ditions. Their lattice vibrations are in the same Raman
wavenumber at 474 cm™'. Among the different products,
the emission peaks are over the range 414-435 nm (2.85—
2.99 ev). Reaction evidences of the sources were provided
using FTIR. Phase and morphology formations are also
proposed on according to the analytical results.

Introduction

Copper sulfides are the IB-VIA compounds. They have a
wide varieties of compositions, ranging from S-rich (CuS,)
to Cu-rich (Cu,S). Cu$ is an intermediate compound. It is
very interesting due to its wide range of applications in
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optical and electrical devices, such as catalysts, solar cells
and cathode materials in lithium rechargeable batteries [1].
It has metallic conduction property, and transforms into a
superconductor below the 1.6 K [2]). Recently, copper
sulfides with different morphologies have been synthe-
sized. Among them are hollow spheres [1, 3], nanoparticles
[4, 5], nanorods [6-8}, nanoflakes [9], nanoplates [10], and
nanocones and nanobelts [11]. There are different methods
used for the synthesis, such as solid-state reaction [7],
hydrothermal fabrication [2, 11], sonochemical synthesis
[12], photochemical deposition [13] and microwave irra-
diation [4]. For the present research, nano- and micro-sized
CuS crystals with different morphologies such as assem-
blies of nano-flakes, clusters of nano-sized particles, nano-
fibers, nano-rods and sponge-like structures were success-
fully synthesized from different copper and sulfur sources
in ethylene glycol by the cyclic exposure to microwave
irradiation. No surfactants were used in the process, which
is very simple and novelty.

Experiment

Each of 0.005 mole copper and sulfur scurces was dis-
solved in 30 mL cthylene glycol and stirred for 30 min.
The reactions cyclically proceeded using different micro-
wave powers and prolonged times to produce products with
different morphologies (Table 1). One cycle of 2 min
prolonged time composes of irradiation and non-irradiation
for 1 min each. Current temperatures at different micro-
wave powers and prolonged times are shown in Fig. 1. At
constant microwave power, the temperatures were
increased with the increasing of the prolonged times within
about the first 10 min. They tend to be constant afterwards.
At the conclusion of the process, the final products were
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Table 1 Copper and sulfur sources, product codes and morphologies at different conditions
Copper and sulfur sources Power (W) Prolonged time {min) Product codes Morphologies
CuCl, - 2H,0 + CH;CSNH, 180 10 CAl Assemblies of nano-flakes (Micro-sized flowers)
180 20 CA2
180 30 CA3
180 40 CAd
300 10 CAS
450 19 CAG
600 10 CAT
CuCl, - 2H,0 + CH;CSNH; 600 20 CA Assemblies of nano-flakes (Micro-sized flowers)
CuCi; - 2H,0 + NH,CSNHNH, 600 20 cC
CuCl; - 2H;Q + NH,CSNH, 600 20 cu
CuBr + CH;CSNH, 600 20 BA Clusters of nano-sized particles
CuBr + NH,;CSNHNH, 600 20 BC Nano-rods
CuBr + NH,CSNH, 600 20 BU Sponge-like structures
Cu(CH;CO0), - H0 + CH,;CSNH, 600 20 AA Assemblies of nano-flakes
Cu(CH5CQO0), " HQ + NH,CSNHNH, 600 20 AC Nano-fibers
Cu(CH,COOQ), "H,O + NH,CSNH, 600 20 AU Clusters of nano-sized particles
200 of the JCPDS software (reference code: 78-0876) [14].
180 1 When CuCL2H,0Q and CH;CSNH, were used as the
. 1601 starting agents, XRD spectra of the products synthesized at
£ 140 1 different prolonged times and microwave powers revealed
§ 1201 the presence of pure CuS (hexagonal) with P63/mmc space
g 122 »—x 600 W group. No characteristic peaks arising from impurities sach
§ 0. AA450W as CuO and Cu,S were detected. The XRD peaks became
= 40 +—+300W higher and narrower with the increase in the prolomged
20 8180w times and microwave powers. These show that the crys-
(R — talline products were improved. The prolonged times and
0 4 8 12 16 20 24 28 32 3B 4 microwave powers have the influence on the phase for-

Time (min)

Fig. 1 Current temperatures at different microwave powers and
prolonged times used for the present process

washed with water and ethanol, and dried at 80 °C for
12 h. Then, they were characterized vsing XRD operated at
20 kV, 15 mA and uvsing the Kx line from a Cu target,
SEM operated at 15 kV, TEM as well as the use of selected
area electron diffraction (SAED) operated at 200 kV, FTIR
with KBr as a diluting agent and operated in the range 400
4,000 cm™', Raman spectrometry using 50 mW Ar Laser
with A =514.5 nm, and photoluminescence (PL) spec-
trometry using a 202 nm exciting wavelength.

Results and discussion
XRD

XRD spectra of the products (Fig. 2) synthesized using
different conditions were analyzed and compared with that

mation by assisting Cu and § atoms in violent vibrating and
diffusing (higher amplitude) at longer time. The atoms
have the better chance to reside in their normal lattices or
in the periodic array. These lead to the increase in the
degree or extent of the product crystalline. When one of the
copper and sulfur sources were used at constant 20 min
prolonged time and 600 W microwave power, pure CuS
can be synthesized as well.

Phase formation

During the synthesis, CuCl, 2H,0 reacted with CH;CSNH,
in ethylene glycol for several steps and copper complex
([Cu(CH;CSNH;),J**) formed. Then, the complex was
decomposed by microwave irradiation to produce CuS [4].
Due to the existence of crystal water in CuCl, * 2H,0 and
trace water in ethylene glycol, CH;CSNH, reacted with
H;0 to form H,S. Subsequently, H,S was decomposed by
the microwave irradiation [15, 16]. $%° generated and
further reacted with Cu®* to produce CuS.

@ Springer



9318

T Mater Sci (2007) 42:93]16-9323

Fig. 2 XRD spectra of the
products synthesized using
different conditions (starting
agents/microwave powers/
prolonged times). {a)
CuCl;2H,0 and CH;CSNHy/
180 W/10-40 min, (b}
CuCly2H;0 and CH;CSNH,/
180-600 W/10 min, and (¢)
different starting agents/600 W/
20 min

The reactions were similar to the above when CuCl, -
2H,0 was replaced by Cu(CH,COO), * H,0, and CH,CSNH,
by NH,CSNHNH; or NH,CSNH,. In case of using CuBr

@ Springer
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as a copper source, Cu'* is not stable in the solution. It can
undergo disproportionation in which the oxidation state of
Cu'*is simultaneously raised and lowered [17].
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2Cu't— Cu?t 4

With the assistance of microwave irradiation, Cu® was
further oxidized to Cu®* by H,S.

Microwave irradiation
Cu® —

Ca®t 4 2¢”
Cu®* combined with >~ to produce CuS.

— Microwave irradiation
Cu*t + 82 - CuS

Reaction evidences between copper and sulfur sources
were provided on according to the following. During the
synthesizing process, copper and sulfur salts were sepa-
rately dissolved in ethylene glycol and mixed. The pre-
cipitates (copper complexes) formed. Subsequently, they
turned inte black (CuS) in a2 microwave oven. In addition,
pure thiourea (NH,CSNH;) and copper-thiourea complex
were characterized using FTIR. Their spectra are shown in
Fig. 3. For thiourea spectrum, bands of C = S and C—N
stretching vibrations [18, 19], were detected at 735 and
1464 cm™, respectively. Corresponding bands of the
complex were at 697 and 1494 cm™!, respectively. Com-
paring to thiourea, the first vibration shows red-shift, which
was caused by lowering in the wavenumber. It was char-
acterized as the reduced double bond character of carbon
and sulfur in the complex. The second is blue-shift due to
the greater double bond character of carbon and nitrogen in
the complex. It shows the presence of sulfur-copper coor-
dination [19]. Thiee bands of NH; stretching vibrations of

thiourea and the complex [19] were the same wavenumber

Cu-Thiourea Complex

C-N stretchingJ

C=S stretching

¢ "~ NH, benging
Nsttretching

Thiouwrea

Transmittance (Arbitrary Unit)

C=S stretching

NH, bending” ™C-N stretching

Nsttretching

4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber (cm™}

Fig. 3 FTIR spectra of thiourca and copper-thiourea complex

at 3171, 3269 and 3373 cm™. Their NH, bending [18] is
also the same wavenumber at 1600 cm™. The NH,
stretching and bending vibrations are stationary. In the
present case, no bonding between nitrogen and copper is
present [18, 19]. Some difference in the intensity peak at
1104 cm™ of thiourea and the complex was detected,
When copper-thiourea complex was produced, the intensity
peak in thiourea was diminished in the complex. It was
influenced by a change in the nature of C = § and C-N
bonds due to the complex formation [18].

Microwave irradiation is at an advantage over other
processes by solving the problems of concentration and
temperature gradients in the solution. Its vibration fre-
quency provides uniform condition for the nucleation and
growth due to the rapid, uniform and effective heating
process. It accelerates the reactions by assisting the
decomposition of copper complexes and H,S, the oxidation
and reduction processes, and the formation of CuS,

SEM

Morphologies of the products synthesized uvsing different
prolonged times, microwave powers, and starting agents
are summarized in Table 1, and SEM images of the
selected products are shown in Fig. 4. For the synthesis
process using CuCi, 2H,0 and CH;CSNH, as the starting
agents at 130 W microwave powers for 10, 20, 30 and
40 min prolonged times, at 300, 450 and 600 W for
10 min, and at 600 W for 20 min, the products (CA1, CA2,
CA3, CA4, CAS, CA6, CA7 and CA) are the assemblies of
nano-flakes {micro-sized flowers), Both the flowers and
flakes became larger at higher power and longer time. The
flowers are 4.5 pm in diameters at 600 W and 20 min. A
microwave oven supplies energy to the system, which was
used to decompose the complexes and accelerate copper
sulfide formation. Microwave powers and prolonged times
did not have so strong influence on the product shapes as
on the sizes.

At constant 600 W for 20 min with the same copper
source (CuCl; " 2H,0) but different sulfor sources
(CH,CSNH,, NH,CSNHNH, and NH;CSNH,), the
products (CA, CC and CU) are the assemblies of nano-
flakes (micro-sized flowers) although the three sulfur
sources are different. They compose of nano-flakes as the
fundamental particles. It shows that CuCl; - 2H,0 domi-
nated the suifur sources. Product morphology was influ-
enced by chloride jons in the system. Anions of the
copper sources have the influence on growth of the
particles. But for those synthesized using CuBr or
Cu(CH5CO0), * H,0 as copper sources with different
sulfur sources, the products have a variety of morpho-
logies. They are clusters of nano-sized particles, nano-
rods, sponge-like structures, assemblies of nano-flakes and

@ Springer
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Fig. 4 SEM images of the
products. (a—f) are CAl, CAT7,
CA, BU, AA and AU,
respectively

nano-fibers for BA and AU, BC, BU, AA and AC,
respectively. Different product morphologies were
influenced by sulfur sources, which have different struc-
ture formulas. Nucleation and growth of the particles can
play roles in the morphology. The crystal growth of some
preferred structure or planes relates to the surface energy
of the planes in the specified condition. It is described as
the shape selective surface absorption process [20]. 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
orientation was increased with the increasing in the
amount of starting agents [21]. Phase with the lowest free
energy is thermodynamically stable, and has more chance
to exist in the process [22]. This can reflect 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 [20]. Polarities and
boiling points of solvents [23], pH values of the solutions
and others can play a role in the shapes and sizes due
to the different rates of nucleation and growth.

@ Springer
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Different starting agents play a significant role to pro-
duce the products with different shapes and sizes, which
was influenced by nucleation and growth. They had more
role than the microwave irradiation did.

During the formation of CuS, round particles were formed
by the assemblage of hep unit cells, Growths in the x-, y- and
z- directions are almost at the same rates. Rod-shaped particles
and fibers were formed by stacking up hcp unit cells. There
were some unit cells stacked aside as well, To form rods and
fibers, growth rate in the z-direction is the fastest. Flake-like
particles were formed by the similar process as the rod/fiber
formation but growth in the z-direction is the slowest.

The products may contain some imperfect round parti-
cles, curved rodsffibers and wavy flakes, due to the
microwave vibration frequency, internal stress and others.
Different morphologies have the influence on the lumi-
nescent property as well.

TEM and SAED

To show more details, the synthesized products were put
into a beaker containing ethanol. After ultrasonic vibration,
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the liquid was dropped on a copper grid and dried in
ambient atmosphere. TEM images and SAED patierns
(Fig. 5) of the selected products were characterized and
analyzed. They compose of round nano-particies with
<20 nm in diameter for BA and AU, nano-rods with
<20 nm in diameter for BC, and nano-fibers with as long as
105 nm for AC.

SAED patterns show eight concentric rings corre-
sponding to diffraction planes of the crystalline products.
Diameters of the rings were measured from the diffraction
patterns on the films. The values of d-spacing of the dif-
fraction planes were calculated [24, 25] and compared with
those of the JCPDS software [14]. The diffraction patterns
show that the products compose of CuS with hexagonal
structure. The analyses interpreted from SAED and XRD
patterns are in good accord. The diffraction planes of the
products are (100), (103), (006}, (105), (110}, (108), (203)
and (116). The rings are diffuse and hollow showing that
the products composed of very fine particles.

Fig. 5 TEM images and SAED patterns of the products synthesized
at 600 W microwave power for 20 min prolonged time. (a—d) are BA,
BC, AC and AU, respectively

Raman analysis

Raman spectra of different products (Fig. 6) are very sharp
showing that lattice atoms are arranged in the periodic
array. Vibration modes of the crystalline products synthe-
sized from different starting agents are in the same wave-
number at 474 cm ™' corresponding to the lattice vibrations.
The present results are in accord with those of CuS thin
films [26, 27]. Generally, vibration frequency is a param-
eter controlled by atomic masses, force constant of lattice
atoms, atomic bonding and others.

PL spectra

PL emission of CuS dispersed in absolute ethanol (Fig. 7)
was determined using 2 202 nm {6.14 ev) exciting wave-
length. PL spectra of all the products show the broad
cmission peaks in the range 414435 nm (2.85-2.99 ev),
For each of the copper sources, the spectra show the

cu

cC

g

pu}

g

=

=

<

z

o

=

2

= BA
AU
AC
AA

200 300 400 500 600 700 800

Wavenumber (cm'1)

Fig. 6 Raman spectra of the products synthesized using different
starting agents at 600 W microwave power for 20 min prolonged time
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Fig. 7 PL spectra of different
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Abstract

Microcrystalline CdS was solvothermally synthesized by free surfactant reaction at 200 °C in a variety of solvents [benzene (BZ), toluene (TL),
p-xylene (XL), cyclohexane (CHX) and tetrahydrofuran ({THF)]. An X-ray diffractometer (XRD), a selected arca clectron diffraction (SAED)
technique and an energy dispersive X-ray (EDX) analyzer show that the products are CdS (hexagonal stmcture) composed of Cd and S. The
SAED patterns are also in accord with a simulation model. Strong fimdamental and weak overtone modes were detected using a Raman
spectrometer at 297.0 and 597.1 cm™ !, respectively. By using a transmission clectron microscope (TEM), those synthesized in BZ, TL and XL are
the mixtures of hexagonal and triangular plates. They are hexagonal and rod shapes in CHX and THF, respectively. Photoluminescent (PL)
energies at the maximum intensities were detected over the range of 3.10-3.16 eV (392400 nm).

© 2006 Elsevier B.V. All rights reserved.

Keywords: Free surfactant synthesis; Solvothermal reaction; Microcrystalline CdS

1. Introduction

CdS is one of the IIB-VIA compounds that have novel
optical and electrical properties [1]. Its band gap is 2.42 eV [2].
It has a wide variety of applications such as laser light emitting
diodes, solar cells, and non-linear optical and electronic devices
[3,4]. There are different methods used to synthesize nano- and
microcrystalline CdS such as microwave-solvothermal synthe-
sis [4], metal-oleylamine complex [5], hydrothermal route [6]
and surfactant-ligand co-assisting solvothermal method [7].
Most of the products have different morphologies such as
dendrites [2], flakes [8], spheres [9], nanerods [7,10], nanowires
[11,12], triangular and hexagonal plates {13], flower-like shape
[14] and sea-urchin-like shape [3]. The solvothermal process is
simple and inexpensive; therefore, it is very attractive for use in
the chemical synthesis of a substance. Among the required
morphologies, different sclvents in combination with organic

* Corresponding author.
E-mail addresses: tpthongtem@yahoo.com, itpthongtem@hotmail.com
{T. Thongtem),

0167-57TX/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.matlet 2006.11.040

additives were used. Presently, there are a few reports on the
free surfactant synthesis of CdS by solvothermal reaction. The
purpose of this research is to solvothermally synthesize
microcrystalline CdS with different shapes and sizes by free
surfactant reaction at low temperature in a variety of solvents.

2. Experiment

Each 0.005 mol of CdCl,-2.5H,0 and (NH,)»CS was
dissolved in a variety of solvents [benzene (BZ), toluene (TL),
p-xylene (XL), cyclohexane (CHX) and tetrshydrofuran
(THF)). They were mixed to occupy 65 vol.% of a 45 ml
home-made stainless steel autoclaves. The free surfactant
reaction proceeded at 200 °C for 10 h to form precipitates. By
washing with water and ethanol, the precipitates were dried at
80 °C 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 20 angular range of 10-60° a
transmission electron microscope (TEM) as well as a selected
area electron diffraction (SAED) technique operated at 200 kV,
an energy dispersive X-ray (EDX) analyzer operated at 15 kV,
a Raman spectrometer using 50 mW Ar Laser with 1=
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Fig. 1. XRD spectra of the products synthesized using a variety of solvents.

514.5 nm and a luminescence spectrometer using 225 nm
exciting wavelength,

3. Results and discussion
3.1 XRD

XRD spectra (Fig. 1) are very sharp showing that the products are
composed of crystals, Comparing the spectra to those of the JCPDS
standard (PDF # 06-0314) [15], the products were identified as CdS
with hexagonal structure. Generally, the hexagonal structure is more
stable than the cubic one [16], For the present research, no impurity
peaks were detected showing that the products are pure phase.
Calculated lattice parameters [17] are shown in Table 1. In general, the
lattice parameters of crystals with the same structure are constant. For
CdS synthesized using the solvents, a and ¢ are 0.4135+0,0000 nm
and 0.6717+0.0001 nm, respectively. They have zero and very little
standard deviations, and are in accord with those of the JCPDS
standard (2=0.4136 nm, ¢=0.6713 nm) [15].

Table

Calculated lattice parameters

Solvent a (nm) ¢ (nm)
Benzene 34135 0.6716
Toluene 04135 0.6716
p-Xylene 04135 0.6718
Cyclohexane 04135 0.6716
Tetrahydrofuran 04135 0.6718

0.413540.0000 0.6717+0.0001
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Fig. 2. SAED patterns of the products synthesized using (A) BZ, (B} CHX and
(C) THF. (D) A simulation model of CdS.
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Fig. 3. Raman spectra of the products synthesized using a variety of solvents.



T Thongtem et ai. / Materials Letters 61 (2007) 3235-3238 3237

cd =
s = /THF
i BZ
z TL CHX
ICd _‘E XL
o =2
== [T )
=l THF §
g - g
<| CHX 200 300 400 500 600 700
":E; ' Wavelength {nm)
8 X

Fig. 6. PL spectra of the products synthesized using different solvents.

TL
A
3.2. SAED

| NS BZ
0123 4667 889 1011 12 SAED patterns and a simulation model are shown in Fig. 2. The
Energy (keV) diffraction patterns were interpreted [18] and identified as CdS with
hexagonal structure [ 157, It shows that XRD and SAED analyses are in
Fig. 4. EDX spectra of the products synthesized using a variety of solvents. accord, Zone axis is in the [001] direction which is parallel or nearly

parallel to the electron beam {18]. The SAED pattems are not exactly
symmetric due to the deviation of electron beam from the zone axis. A
diffraction pattem for CdS (hexagonal structure) using [001] as zone
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Fig. 5. TEM images of the products synthesized using (A) BZ, (B) TL, (C) XL, () CHX and (E) THF.
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axis was simulated [19]. The pattern is symmetric and systematic, The
results shown on the SAED patterns of the powders are in accord with
that shown on the simulated pattern.

3.3. Raman specira

Raman spectra of the products are shown in Fig. 3. Strong
fandamental and weak overtone modes were detected at 297.0 and
597.1 em™ !, respectively. The fundamental and overtone modes
correspond to the 11O (longitudinal optical) and 2LO peaks [16].
They are the results of phonon vibration [6,16] For the present
research, the spectra are very similar to that of CdS {6]. Compared
to Ar Laser (A=514.5 nm), a great deal of energy was lost during
the inelastic scattering process. By using a Fourier transform
infrared spectrometer (FTIR) (results not shown), no solvents were
left in the products.

3.4. EDX

EDX spectra (Fig. 4) were interpreted [20]. They revealed the
presence of three Cd peaks at 3.13, 3.32 and 3.53 keV which were
identified as the L,, Ly; and L lines, respectively. S peak was
detected at 2.31 keV identified as the K, ; line. C of carbon tape was
also detected at 0.28 keV (K 2 line). EDX analysis shows that the
atotnic ratio of Cd:S is 1:1. The detection of Cd and § using the EDX,
and CdS using the XRD and SAED are in accord.

3.5 TEM

TEM images (Fig. 5) show different morphologies controlied by
a variety of solvents. The products are micro-sized particles. Some
physical and chemical properties of the solvents seem to play a role
in the shapes and sizes of the product particles [9], and the
luminescent property [21]. For the present research, no surfactants
were used. Relative polanties of BZ, TL, XL, CHX and THF are
0.111, 0.099, 0.074, 0.006 and 0.207, respectively [22]. The solvents
are classified into three groups due to their polarities, CHX has the
lowest value and THF at the highest. BZ, TL and XL bhave almost
the same medivm values. The particles shaped like the hexagon with
122-257 nm straight sides, and the rod with 81 nm in diameter
when they were synthesized in CHX and THF, respectively, Those
synthesized using one of the BZ, TL and XL solvents consist of both
hexagons with 100—160 nm straight sides and triangles with 145
300 nm straight sides. The particles are hexagonal, a mixture of
hexagonal and friangular, and rod shapes in the solvents with low,
mediumn and high polarities, respectively. Structure formulae of the
solvents, starting agents, temperature, time and others have an effect
on their morphologies as well. Theoretically, it is possible to
solvothermally synthesize nanocrystalline CdS using the present
solvent at very high pressure. Under this condition, the crystallite
size is then limited.

3.6, Photoluminescence

Photoluminescence (PL) of the products was analyzed using
225 nm exciting wavelength and are shown in Fig. 6. PL energies at
the maximum intensities were detected over the range of 3.10-3.16 eV
(392—400 nm). The intensity values and PL wavelengths are different
and are controlled by their morphologies {23]. PL intensity of the red-
shaped crystal synthesized in THF is at the highest. Compared to the
estimated band gap of bulk CdS (2.42 €V, 512 nm} [2], the PL energies

ar¢ blue shifted. However, the band gap can be modified by high
temperature treatment [24],

4, Conclusions

Microcrystalline CdS (hexagonal structure) with different
morphologies was successfully synthesized by free surfactant
reaction of CdCly-2.5H,0 and (NH;),CS in a home-made
stainless steel autoclave at 200 °C. Solvent polarities seem to
play a role in the shapes and sizes of the product particles.
The calculated lattice parameters are very close to those of the
JCPDS standard. The 1L.O and 2LO peaks of CdS are at
297.0 and 597.1 cm™ ', respectively. PL energies of different
products are blue shified in compatison with the band gap of
CdS (bulk).
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Abstract. CdS was synthesized by solvothermal reaction of CdCl.2.5H,O and (NH3);CS in
ammonia solution at 200 °C for 10 h. XRD, TEM and SAED show that the products are
nanocrystalline CdS. The phase is 100 % hexagonal (hcp) in pure water, gradually transformed into
cubic with the increase of NHj3 concentration, and 100 % cubic in 25 % NH; solution. By using
FTIR, no solvents were detected in the products. Raman analysis revealed the presence of 1LO
(longitudinal optical) and 21O phonon peaks at 297.0 and 597.1 cm™ for CdS (hep), and 295.9 and
596.9 cm™! for CdS (cubic), respectively. Strong peaks of the photoluminescent (PL) spectra were
detected at 450 nm for hep, and 519 nm for cubic,

Introduction

Among group II-VI compounds, CdS has received significant attention due to its outstanding
potential applications [1] such as solar cells [2], light emitting diodes [1] and photocatalysts [1].
Recently, nanocrystallines have been increasingly important due to their novel properties controlled
by the shapes and sizes [3]. Therefore, nanocrystalline has been the subject to investigate. There are
a variety of methods used to synthesize the compound such as polyol route [1], hot-wall epitaxy [4]
and hydrothermal [5]. For the present research, nanocrystalline CdS was synthesized using a home-
made stainless steel autoclave. Phase transformation, luminescent property and morphology were
then studied and explained.

Experiment

Each 0.005 mol of CdCl».2.5H,0 and (NH,),CS dissolving in 0 — 25 % NHj; solution were mixed to
occupy 65 vol % of a home-made stainless steel autoclave. The reaction proceeded at 200 °C for 10
h to form precipitate. By washing with water and ethanol, the precipitate was dried at 80 °C for 24
h. The final products were analyzed to determine their characters and properties.

Results and Discussion

Comparing XRD spectra (Fig 1) to those of the JCPDS standard (Reference codes : 06-0314 for
CdS (hep) and 89-0440 for CdS (cubic)) [6], the products synthesized using pure water (0 % NHs)
and 25 % NH3 were specified as CdS (hep) and CdS (cubic), respectively. The diffraction peaks of
hep correspond to (100), (002), (101), (102), (110), (103), (200), (112), (201), (004) and (202)
planes of the product. The (101) peak is the highest. For cubic, they correspond to {(111), (200),
(220) and (311) planes and the first peak is the highest. All peaks of hcp were decreased with the
increase of the NH; concentration. Those of cubic showed the opposite effect. The products are the
mixture (solid solution) of hcp and cubic phases in 5, 10, 15 and 20 % NHj solutions. Two different
calculated phases [7] using (101) hep and (200) cubic peaks are shown (Fig 2), hcp on the left
extremity and cubic on the right. Mixture of the phases is between the two ends. These show that
NIH3 concentration plays the role in the phase formation. Calculated lattice parameters (a = 41.360
and ¢ = 67.182 nm for hcp, and a = 58.311 nm for cubic) {7] are very close to those of the JCPDS
standard (a=41.360 and ¢ = 67.130 nm for hcp, and a = 58.304 nm for cubic) [6].
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written permission of the publisher: Trans Tech Publications Lid. Switzerland. www.tto.net. (ID: 202.28.27.3-05/01/07.09:15:53}



778 ~ Eco-Materials Processing and Design VIl

TEM images and SAED patterns are shown (Fig 3). The products compose of rather round
particles of which the sizes were measured (Fig 4). They are 62.1 + 20.1 nm for the product
synthesizing in pure water, and 37.2 £ 13.7 nm in 25 % NHj; solution. The first composes of larger
particles and size distributions than the second does. The solvent is likely to play the role in the
particle sizes and size distributions. SAED patterns compose of a number of bright spots of
concentric rings. The diffraction rings of the product in 25 % NH; are not sharp resulting from the
effect of fine particles. The diameter of each ring was measured and the interplanar space (d) was
calculated [8]. Comparing to the JCPDS standard [6], the products synthesized in pure water and 25
% NH; correspond to CdS (hep) and CdS (cubic), respectively. SAED and XRD planes of both
products are in accord.

Raman spectra of hep and cubic phases (Fig 5) are almost identical to each other, Two peaks
were detected on both spectra. The products are nanocrystalline CdS; therefore, their spectra are
rather broad [9]. The strong 1LO (longitudinal optical) and weak 2LO phonon peaks corresponding
to the fundamental and overtone modes [5] are at 297.0 and 597.1 cm™ for CdS (hcp), and 295.9
and 596.9 cm for CdS (cubic), respectively. The Raman shift values of CdS (hep) and CdS (cubic)
are in accord with those of the undoped CdS (hep) [2] and CdS {mixture of hep and cubic phases)
[10] films. The explanation clearly shows that Raman shift values for both phases are very close to
each other. The values of full width at half maximum (FWHM) of 1LO and 2LO peaks are 18.2 and
27.6 cm™ for CdS (hep), and 15.8 and 26.1 cm™ for CdS (cubic), respectively. CdS (hep) is the
stable phase. FWHM of the dominant 1LO agrees very well with that of the undoped CdS film [2]
reflecting the quality of the synthesized product. By using FTIR (results not shown), no solvents
were left in the products,

Photoluminescent (PL) spectra of hep and cubic phases were analyzed using exciting wavelength
(Aex) of 231 and 282 nm, respectively (Fig 6). The strong peaks were detected at 450 nm (2.755 ev)
for hep, and 519 nm (2.389 ev) for cubic. The radiation of longer wavelength than A, was emitted
due to some energy loss and others. The PL property was controlled by the crystal sizes and shapes
[3]. Comparing to band gaps of 2.42 ev (512 nm) for bulk CdS (hcp) [11] and 2.366 ev (524 nm) for
CdS (cubic) film [4], the strong peaks of the synthesized preducts are blue shift. It is the result of
the quantum size effect [11] which is increasing in the extent as the particle size decreases and the
surface-to-volume ratio increases. Band gap can be modified by heating the products at high
temperatures [12], and the synthesized processes as well. An electron in valence band was excited
into conduction band, and hole was left in the valence band. Generally, the solid has some defects
introducing energy levels in the forbidden region. The excited state is not stable. The electron in
conduction band recombined with the hole in valence band via the energy levels of the defects [13].
Therefore, band gaps for the synthesized products are no less than 2.755 ev for CdS (hcp) and 2.389
ev for CdS (cubic).

Summary

Nanocrystalline CdS was successfully synthesized by 200 °C solvothermal reaction in 0-25 % NH3
solution. The phase is hcp using pure water, transformed into cubic by the increase of the NH;
concentration, and cubic in 25 % NH; solution. Raman spectra of hep and cubic phases are almost
identical with the presence of 1LO and 2 LO peaks. Their strong luminescent peaks were detected
at 450 nm (2.755 ev) and 519 nm (2.389 ev), respectively.
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Preparation of flower-like PbS nano-structures using cyclic microwave radiation
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Flower-like PbS nano-structures were successfully prepared from different mele ratios of Pb(NO;), to CHsN3S in propylene
glycol, using the cyclic process of 600 W microwave power for 15 minutes. PbS (cubic) was detected using X-ray diffraction
(XRD) and selected area electron diffraction (SAED). The experimental and simulated patterns are in good accord. A Raman
spectrometer revealed the presence of vibrations at 134, 275 and 431 cm”. Flower-like PbS nano-structures were also
characterized using a scanning electron microscope (SEM) and a transmission: electron microscope (TEM), although the
products were prepared using different mole ratios of the starting agents.

Key words: Cyclic microwave radiation, Flower-like PbS nano-structures.

Introduction

Generally, different morphologies of Tuminescent materials
have an influence on their properties [1]. Preparation of
such materials is now increasingly important. PbS is a
material which has a small band gap (0.41 €V) and
large exciton Bohr radius (18 nm) [2-4]. It has novel
semiconducting and optical propetties [5], which are
very sensitive to a quantum-size effect [2, 3]. There are
different nano- and micro-structures of PbS that have
an influence on its properties. Among them are nanocubes
[6], nanoparticles [7], dendrites [6, 8], star-shapes [9],
flower-like crystals [10], nanctubes [11] and nanorods
[11, 12]. They can be prepared by different methods, such
as microwave radiation [10], a hydrothermal process [4],
solvothermal synthesis [6], electroless chemical deposition
[13] and a sonochemical process [11].

Microwave radiation [14] is a very attractive methed
used for preparing materials. It is able to reduce time
scales of the reactions, and accelerate the reaction process.
When microwave radiation is supplied to chemicals, one
or more of them is capable of coupling with the radiation.
This can lead to a high temperature faster than that achieved
by a conventional method. Microwave radiation can solve
the problems of temperature and concentration gradients.
By focusing large amounts of microwave radiation into
solutions, the vibrating electric field applies a force on
charged particles which vibrate accordingly. Vibrations of
the reactants have an influence on the reaction to proceed
with efficiency. Subsequently, pure product is produced.

At present, there are a few reports on the preparation
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of flower-like PbS using microwave radiation. For the
present research, flower-like PbS nano-structures were
prepared from different mole ratios of Pb and S sources,
using a cyclic microwave radiation. The final products
were then analyzed for further discussion.

Experiment

Flower-like PbS particles were prepared from 1:4,
1:1 and 4:1 mole ratios of Pb(NO;), to CHsN3S in
propylene glycol, using 600 W microwave power for
15 minutes. The process was repeated many times and
always happened in the same order. For every 100s,
microwave radiation was on for 30 s and off for 70 s.
At the conclusion of the test, the products were washed
with water and ethanol, and dried at 80°C for 12h.
The final products were characterized using an X-ray
diffractometer (XRD) operated at 20 kV, 15 mA and
using Cu K, radiation in the 20 angular range of 15-60
degrees, a Raman specirometer using a 50 mW Ar laser
with A = 514.5 nm at room temperature, a scanning electron
microscope (SEM) operated at 15kV and a transmission
electron microscope (TEM) as well as the use of the
selected area electron diffraction (SAED) technique
operated at 200 kV. The electron diffraction pattern
was simulated [15] and compared with that obtained

experimentally [16].
Results and Discussion

XRD

XRD spectta Fig. 1(a) were indexed using Bragg’s
law for X-ray diffraction and compared with that of the
JCPDS software (reference code : 05-0592) [17]. They
were specified that the products were cubic PbS
(a=b=c¢, a=p=7y=90 degrees} with the Fm-3 m space
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Fig. 1. (2} XRD and (b) Raman spectra of the products prepared
using different mole ratios of P{NO;); to CH;N;S.

Table 1. Calculated lattice parameters of PbS {cubic) prepared
using different mole ratios of PB(NO;), to CH;N;S

Lattice parameter (A)
Plane
1:4 I:1 4:1

(111) 5.9670 5.9611 5.9675
200 5.9456 5.8531 5.9620
(220) 5.9447 5.9436 59476
(31 5.9391 5.9380 59415
(222) 5.9416 5.9405 59422

5.9476 :0.0111 5.9473 £0.0096 5.9522+0.0119

group. The strongest intensity is at 20 =30.1 degrees and
diffracted from the (200) planes of the crystalline products.
The spectra are very sharp showing that well-crystallized
crystals were successfully synthesized [18, 19]. The products
are composed of a mumber of atoms aligning in a periodic
lattice. No characteristic peaks of impurities were detected
showing that each of the products is a pure phase, Atoms
were involved in violent vibration with the microwave
frequency. They aligned in a systematic and symmetric
order, which led to high intensities. Their Jattice parameters
were calculated form the equation of plane spacing
for the cubic crystal system and Bragg’s law for
diffraction [20]. The parameters corresponding to different
crystallographic planes of the products are summarized
in Table 1. The averages and standard deviations are
5.9476 £ 0.0111, 5.9473 £ 0.0096 and 59522 £00119 A
for the products prepared using 1:4,1:1 and 4:1
mole ratios of Pb(NO;); to CHsN;S, respectively. They
are very close to those of the JCPDS software [17].

To form PbS (cubic), the reaction [21] proceeded
according to the following :

Pb(N03)2 + CH5N3S -> PbS + CH5N3(N03)2 (1)

Theoretically, 1 mol Pb(NO;); and 1 mol CH;sN;S were
used to produce 1 mol PbS and 1 mol CH;N;(NO;),.
For the present research, PbS was able to be produced
even when cither of the reactants was in excess.

Tiripun Thongtem, Andkorn Phurnangrat and Somchai Thongtem

Raman analysis

A definite existence of PbS (cubic) was analyzed using
a Raman spectrometer. These test specimens are not
destructed and are able to be re-used for other purposes.
Their Raman spectra Fig. 1{b) 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™. The peak below 150 cm™
is tentatively attributable to the so-called plasma line of
the excitation laser [3, 22]. The 275 cm™ peak corresponds
to two-phonon process [5]. The peak at 431 cm™ is allowed
in the rock-salt structure [23]. It is specified as the first
overtone mode [22], which involves two phonons with equal
but opposite wave vectors (k) {23]. The fundamental
longitudinal optical (LO) mode of the rock-salt structure at
approximately 215.5 cm™ was unable to be detected due to
the rising in intensity of baseline (disorder in PbS lattice)
at low wavenumbers. The baseline intensity covered the
fundamental LO mode, which was forbidden [22, 23].

SEM

SEM images Fig. 2 show that the products are micro-
sized flowers over the whole range of Pb(NG;); and
CH;sN;S mole ratios. Flower-like PbS nano-structures
were able to be produced even when either of the reactants
was in excess. The flower-like products are made up of
several petals, which slope up to a point. They have two
halves that are the same in size and shape. Each of the
petals is composed of a number of small plates arranged
in a systematic order. The distance between two apices
of the two petals across the center of the flower is 1.7-5.8
micrometers long. The micro-flower is the most complete
at 1 : 4 mole ratio.

. 1. e e

Fig. 2. SEM images of the products prepared using (a) 1 : 4, (b} 1 : 1,
and (c} 4 : 1 mole ratios of Pb(NO;), to CH;N;8S, respectively.

(@) (b) ()

| | RS ) B

Fig. 3. TEM images of the products preparedusing (@) 1 : 4,(b) 1 : 1,
and (¢) 4: 1 mole ratios of Ph(NO3), to CH;N;S, respectively.
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Fig. 4. (2) SAED and (b} simulated patterns of the product
prepared using 4 : 1 mole ratio of PB(NO;); to CH;N;S.

TEM, SAED and simulation

TEM images Fig. 3. were used to specify the
morphologies of the products. They have a flat shape
with four or more acute angles. The results characterized
using TEM are in accord with those characterized using
SEM. A SAED pattern Fig. 4(a) of the product prepared
using a 4 : 1 mole ratio of Pb(NO;); to CH;N;S appears
as a symmetric and systematic array of bright spots showing
that a number of atoms are arranged on their crystal lattices.
The pattern was interpreted [16], and specified as cubic
PbS [17]. The calculated electron beam used for the analysis
is in the [001] direction. A diffraction pattern of the product
with the electron beam in the [001] direction was simulated
+ by respective use of 2%, b* and ¢* lattice vectors in [100],
{010] and {001] directions [15). The simulated pattern
Fig. 4(b) is composed of systematic and symmetric bright
spots, and is in good accord with the experimental pattern.
Additional concentric rings were also detected in the
experimental pattern. They were caused by the C supporting
grid in the TEM chamber.

Conclusions

Flower-like PbS nano-structures were successfully
prepared from 1:4,1: 1 and 4 : 1 mole ratios of Pb(NO5),
to CHN:S in propylene glycol, using cyclic microwave
radiation. XRD and SAED analyses revealed the presence
of PbS with a cubic structure. For the present analysis,
the experimental and simulated patterns are in good accord.
Calculated lattice parameters are 5.9476 0.0111,
59473 £ 0.0096 and 5.9522 £ 0.0119 A for the products
prepared using 1 :4, 1: 1 and 4 : | mole ratios of Pb(NO;),
to CH;3N;S. Both SEM and TEM analyses revealed the
presence of flower-like PbS nano-structures which were
prepared using different mole ratios of Pb and S sources.
The 431 em™ first overtone mode was detected using a
Raman spectrometer, but the fundamental one was forbidden.
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Abstract

PbS crystals were hydrothermally synthesized using Pb{NO3)s, L-cysteine, and N-cetyl pyridiniom chloride in solutions with different pH
values at 140 °C. Flower-like, granular and truncated cubic PbS crystals composing of Pb and § were detected using an X-ray diffractometer
(XRD), a scanning electron microscope {(SEM}, a transmission electron microscope (TEM), a selected area electron diffraction (SAED)
technique and an energy dispersive X-ray (EDX) analyzer. In addition, a Raman spectrometer revealed the presence of the first and second
overtone modes at 436 and 602 cm™?, respectively. Emission spectra of the products were detected at 412 nm using a photoluminescence (PL)

spectrometer.
© 2007 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: Hydrothermal synthesis; L-Cysteine; N-Cetyl pyridinium chloride; PbS crystals

1. Introduction

It is generally known that luminescence of materials are
influenced by their different shapes and sizes [1]. Therefore, the
synthesis of nano- and micro-crystals has become increasingly
attractive. One of the materials is PbS which has a small band
gap (0.41 V) and a large exciton Bohr radius (18 nm) [2-4]. It
has novel semiconducting and optical properties [5], which are
very sensitive to the quantum-size effect {2,3]. There are a
variety of shapes and sizes that play a role in determining their
properties. Among them are cross shaped [6], star-like [3,7],
fish bone-like [3], flower-like [3,8], nano-cubic [7], nano-rod
[9], nano-bekt [9], and nano-dendrite [9]. Biomolecules were
used as a sulfur source and complexing agent for the synthetic
processes [10,11]. A surfactant was used as the directing
molecule to control the shapes and sizes of the crystals [1,4,9].
Currently, there are no reports on the use of both bio- and
surfactant-molecules in a reaction process. For the present

* Corresponding author.
E-mail addresses: tpthongtem@yzhoo.com, tpthongtem@hotmail.com
(T. Thoagtem).

research, nano- and micro-crystalline PbS was hydrothermally
synthesized using L-cysteine and N-cetyl pyridinium chloride at
different pH values and at prolonged times, The final products
were then analyzed for further discussion.

2. Experiment

Different shapes and sizes of PbS crystals were synthesized
in home-made stainless steel autoclaves using 0.003 mol
Pb(NO3),, 0.003 mol L-cysteine (C3H;NO,S) and 0.0005 mol
N-cetyl pyridinium chloride (C;;H3gNCl) in 40 ml deionized
water at 140 °C. After washing with water and 95% ethanol,
and drying at 80 °C for 24 h, the final products were analyzed
using an X-ray diffractometer (XRD) operated at 20kV, 15 mA
and using Cu Ka radiation in the 20 angular range of 15-60°,
transmission electron microscope (TEM) as well as the use of
the selected area electron diffraction (SAED) technique
operated at 200kV, a scanning electron microscope (SEM)
and an energy dispersive X-ray (EDX) analyzer operated at
15kV, a Raman spectrometer using 50 mW Ar Laser with
A = 514.5 nm, and a luminescence spectrometer using 250 nm
exciting wavelength.

0272-8842/334.00 © 2007 Elsevier Ltd and Techna Group S.rl. Al rights reserved.

doi: 10.1016/j.ceramint.2007.05.007
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Fig. 1. XRD spectra of the products synthesized in (a} the solutions with different pH values for 12 h and (b} the solutions with the pH of 2.36 for different

hydrothermal times.

3. Results and discussion

XRD spectra (Fig. 1) were indexed using Bragg’s law for X-
ray diffraction and compared with those of the JCPDS software
(reference code: 05-0592) [12]. They were specified as cubic
PbS with Fm-3m space group. The spectra are very sharp
showing that well-crystallized PbS was successfully synthe-
sized [13-15]. The products compose of a number of atoms
aligning in a periodic lattice. The strongest intensity is at
268 =30.08° and diffracted from (2 0 0) plane of the crystailine
products. For the present analysis, no characteristic peaks of
impurities were detected showing that the preducts are pure
phase.

Morphologies of the products were analyzed vsing SEM.
Their images (Fig. 2) show that the products were successfully
synthesized in a variety of shapes and sizes which were
influenced by the pH values, cationic surfactant and hydro-
thermal times. At a pH of 7 and 11 for 12 h hydrothermal

reaction, the products compose of a number of nano-sized
granules. At a pH of 236 and 8-48 h prolonged times, the
products become micro-sized flowers. At 8 h hydrothermai
reaction, the flower-like product is made up of three to four
petals and is not complete. At 12 hreaction, the product is made
up of several petals. A distance between two apices of the two
petals across the center of the flower is approximately fourteen
microns long. Bach of the petals is composed of a number of
small plates arranged in systematic order. The products are
more complete and contain a greater number of petals when the
hydrothermal times were prolonged. There are ten petalsat48 h
reaction. The products are very beautiful and attractive. They
have never been synthesized using the biomolecule and
surfactant in the hydrothermal reaction.

In addition to these, TEM images and SAED patterns
(Fig. 3) are used to specify the morphologies and phases of the
products. At a pH of 7 and 12 h, the product is composed of a
number of <10 nm particles in nano-sized clusters. SAED

Fig.2. SEM images of the products synthesized in (a and b) the solutions with the pH of 7 and 11 for 12 h and (cf) the solutions with the pH of 236 for 8, 12,24 and

48 h, respectively.
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Fig. 3. TEM images and SAED pattemns of the products synthesized at different
PH values and hydrothermal times. (a and b} pH 7 and 12 h; (c and d) pH 11 and
12 h, and (e, f and g) pH 2.36 and 48 h. [(f and g} were analyzed on the (e)-
product marked with a circle and square, respectively].

pattern of the product appears as systematic array of bright
spots showing that a number of atoms are aligned in their
normal lattice. The pattern was interpreted [16,17], and
specified as cubic PbS crystal [12]. For the present analysis,
the calculated electron beam [17] is in the [1 1 1] direction. It is
the direction that a beam of electrons was sent to the face of a
crystal. When the pH was increased to 11, the product was
composed of 75 nm truncated cubes. At lower magnification
shown in the SEM image, it appears as granular. The SAED
pattern was analyzed using an electron beam in the [0 1 3]
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Fig. 4. Raman spectra of the products synthesized in (a) the solutions with
different pH values for 12 h, and (b} the solutions with the pH of 2.36 for
different hydrothermal times.
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Fig. 5. EDX spectra of the products synthesized in the solutions with the pH of
2.36 for different hydrothermal times.
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Fig. 6. PL emission of the products synthesized in (a) the solutions with different pH values for 12 h, and {b) the solutions with the pH of 2.36 for different

hydrothermal times.

direction and specified as cubic PbS as well. AtapH of 2.36 and
48 h, the product is flower-like and specified as cubic PbS
phase. Calculated electron beams used for the product analysis
at a circle and square of the corresponding TEM image are in
[332] and [11 1] directions, respectively.

For the present research, N-cetyl pyridinium chloride was
used as a cationic surfactant. L-Cysteine, a neutral and
genetically coded amino acid, was used as a sulfur source
and complexing agent. When Pb(NO;), reacted with L-cysteine
to form a complex followed by the production of PbS nuclei
{very fine particles) in the solution with the pH of 2.36, the
surfactant was selectively adsorbed onto their surfaces.
Therefore, the crystals were modeled to grow into small plates
which compose the petals of micro-sized flowers. At a pH of 7
and 11, the solutions contain a greater nurmber of OH ions than
the acidic solution does. The cationic surfactant became less
efficient in adsorbing onto PbS nuclei, which were capable of
growing into the nano-sized particles in clusters and truncated
cubes at the pH of 7 and 11, respectively.

A definite existence of the products was analyzed using a
Raman spectrometer. The spectra (Fig. 4) corntain prominent
bands at the same wavenumbers although the products were
synthesized using different conditions. Among the different
spectra, their peaks are at 135, 278, 436, 602 and 970 cm Y. The
peak below 150 cm ™ is tentatively attributable to the so-called
plasma line of the excitation laser [5,18]. The 278 cm™! peak
corresponds to two phonon process {5]. Those at 436 and
602 cm™" are specified as the first and second overtone modes,
respectively [18]. The peak above 960 cm™! js attributable to
oxy-sulfates [5,18]. Their constituents were characterized using
EDX. The spectra (Fig. 5) reveal the presence of Pb and S. Cu of
acopper stub was also detected. The detection of Pb and S using
the EDX is in accord with the detection of PbS using the XRD
and SAED.

Photoluminescence (PL) property of the products was
characterized using a 250 nm exciting wavelength. Their PL
spectra are shown in Fig. 6. The maximum intensities were
detected at the same wavelength of 412 nm although their
intensities are different. The intensities are sensitive to the
morphologies. They increased with the increase in the acidities

and hydrothermal times. At a constant hydrothermal time and
different pH values, the PL intensity of the flower-like particles
(pH 2.36, 12 h) is higher than those of the granules (pH 7, 12 h),
and truncated cubes (pH 11, 12 h). At a constant pH value of
2.36, the flowers became the most complete at 48 h. At the
present stage, the PL intensity was the highest. In general, the
intensities are very sensitive to the number of electronic
transfers and defects in the products as well [19].

4. Conclusions

Different shapes and sizes of PbS crystals were hydro-
thermally synthesized wsing biomolecule (1-cysteine) and
surfactant (N-cetyl pyridintom chloride) at 140°C. The
detection of PbS phase, Pb and S constituents, and the first
and second overtone modes are in good accord. These shapes
are truncated cubes, granules and flower-like particles at a pH
of 11, 7 and 2.36, respectively. At a pH of 2.36 and 48 h, the
flowers were composed of ten petals. Their emission
wavelengths were detected at the same value of 412 nm.
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