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In this paper, ultrasonic irradiation was applied for the synthesis of K2Ti6O13 nanobelts and novel
nanocomposite (PbS–CdS/Ti6O13) through ion exchanging and co-intercalation processes. Thirty minutes
of ultrasonic irradiation caused the formation of pure, uniform potassium hexatitanate with smaller par-
ticle size. The incorporation of PbS and CdS nanoparticles into the layers and on the surface of titanate in
the presence of ultrasound was done directly, without pre-treatment process and led to the preparation
of new nanocomposite. The physicochemical properties of the layered K2Ti6O13 and PbS–CdS/Ti6O13

nanocomposite were analyzed by field emission scanning electron microscopy (FESEM), transmission
electron microscopy (TEM), X-ray diffraction (XRD), ultraviolet–visible spectra (UV–vis), Fourier
transform infrared spectroscopy (FTIR) and photoluminescence technique (PL). The results showed that
the PbS–CdS/Ti6O13 possessed a higher interlayer spacing than that of K2Ti6O13, which indicated the
formation of an intercalated nanomaterial. Besides that the absorption edge of titanate shifted to the
visible light region owing to the incorporation of semiconductor guest molecules. These characteristics
make these nanocomposites promising for use as photocatalysts. Besides that, other samples were
synthesized by stirring method at the same conditions and their characteristics were compared with
sono-synthesized samples.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

Nowadays nanocomposites are used in a broad variety of fields
ranging from technical to scientific areas because of their own
valuable chemical properties. The bonding and electronic states
of the surface different from that inside the particles because of
the large ratio of surface/volume in these compounds. Meanwhile,
this will increase the contact surface for chemical reactions and
produce incomplete atomic coordination, leading to an increase
in active surface sites [1–3]. Nanocomposite systems can be made
of different materials. Among them, layered semiconductor metal
oxides are widely used as a photocatalyst. The recombination of
photo generated hole-electron can be inhibited effectively due to
the transmission of photo-induced electrons to the layer’s surface
of these layered compounds, resulting in increased photo-
catalytic activities [4–6].
Potassium hexatitanates (K2Ti6O13) with a tunnel structures
formed by edge and corner shared TiO6 octahedral, having various
application such as high thermal and chemical resistivity, dis-
persibility and photocatalytic properties [7]. Conventional method
for preparing these compounds in most of cases is solid state reac-
tion [7–9]. High temperature (800–1300 �C) with long reaction
time and large particle size (at least one micrometer) are consid-
ered as the main drawbacks of this method [10]. It worth mention-
ing that the cation exchange capacity of K2Ti6O13 nanoparticles are
low due to their tunnel structure and using the traditional ion-
exchanging methods are not completely effective for incorporating
the various ions into the layers [9]. On the other hand, the tunnel
structure of these materials is apparently suitable for accommo-
dating the guest particles to induce a forceful interaction between
the active species and layer semiconductor. In addition the
efficiency of the photo-excited charges transmission is enhanced
to the adsorbed species [11].

The photocatalytic properties of these layered materials can be
enhanced by intercalating of other spices [12]. Fabricating of
layered composites through intercalating a narrow band gap guest
species such as PbS [13], CdS [14] into the layered inorganic
lattices, is considered as one of the most favorable methods for

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ultsonch.2016.04.003&domain=pdf
http://dx.doi.org/10.1016/j.ultsonch.2016.04.003
mailto:entezari@um.ac.ir
mailto:moh_entezari@yahoo.com
http://dx.doi.org/10.1016/j.ultsonch.2016.04.003
http://www.sciencedirect.com/science/journal/13504177
http://www.elsevier.com/locate/ultson


S. Sehati, M.H. Entezari / Ultrasonics Sonochemistry 32 (2016) 348–356 349
the effective employment of visible light. However, in most cases
the complicated synthesis procedure, including acid exchange
and amine pillaring often takes at least one week [15]. Besides that,
high layer charge density in layered titanate causes trouble inter-
calation of most species into the layers [16,17]. Ultrasonic irradia-
tion has been widely used to produce nanoparticles with improved
properties and using the ultrasound can significantly decrease the
experimental times. A possible way to improve and accelerate the
incorporation of various materials into titanate layers is the appli-
cation of ultrasonic treatment on the suspension of the titanate in
the presence of guest’s solution. The shock waves, resulting from
ultrasound irradiation, can promote the diffusion of some species
into the interlayer spacing in the layered materials [18–20]. In
addition, the presence of bubbles between layers and their vibra-
tions in this area will increase the distance between the layers
and facilitates the rapid intercalation process.

In this work, the pure potassium hexatitanate was prepared for
the first time by sonochemical methods. In addition sono-
intercalation and deposition of CdS–PbS semiconductors into the
titanate layers and on the surface was done directly, regardless
of complicated and time-consuming pre-treatment procedures.
Besides that, removal of K+ ions between the hexatitanate layers
by exchanging with Cd2+ and Pb2+ ions was confirmed and the
effective role of ultrasound was demonstrated in improvement of
ion exchanging progress.
2. Experimental

2.1. Materials

Tetrabutyltitanate (Ti(O–Bu)4), potassium hydroxide (KOH) and
stearic acid (CH3(CH2)16CO2H) from Merck, have been used with-
out further purification for the synthesis of K2Ti6O13. Cadmium
nitrate (Cd(NO3)2) and thioacetamide (SC(CH3)(NH2)) were sup-
plied from Sigma–Aldrich, Germany. Lead nitarate (Pb(NO3)2) and
de-ionized water was used for the sample preparation.
2.2. Catalyst preparation

2.2.1. Synthesis of K2Ti6O13

K2Ti6O13 nanoparticles were prepared in stearic acid solvent. Ti
(O–Bu)4, KOH and stearic acid as precursors used in molar ratio of
1.75:1:4, respectively. After melting stearic acid at 90–120 �C,
saturated aqueous solution of KOH was added. The mixture was
kept at 90 �C while vigorously stirred for 10 min. After addition
of Ti(O–Bu)4, the mixture was sonicated using an ultrasonic horn
with depth of 1 cm in the solution for 30 min at amplitude 40%
with output acoustic power 21.86 W. A homogenous transparent
solution was formed in this step and there was no temperature
controlling during the sonication and the temperature reached to
70 �C. In this synthesis, the stearic acid was used as a solvent and
as a reactant in a sol–gel process in the presence of ultrasound.
The melting point of stearic acid is in the range of 90–120 �C.
Therefore, a high temperature needed during the synthesis process
in order to keep it in the melt form. Without temperature control-
ling, the local extreme temperature from cavitation caused a rise of
the reaction temperature and prevented from stearic acid freezing.
After that, the solution was heated in a furnace in air atmosphere
to 350 �C. At this temperature, the solution was ignited and the
obtained black powders were calcined at 750 �C for 1.5 h and
finally the white powder was obtained. Another sample for
comparison was synthesized by classical method by stirring the
precursors in stearic acid solvent at 120 �C for 2 h [10].
2.2.2. Synthesis of PbS–CdS/Ti6O13 nanocomposite
In order to intercalate the PbS–CdS into the K2Ti6O13 layers,

0.1 g of titanate nanoparticles were sono-dispersed into the solu-
tion containing the NaOH (1 M), Pb(NO3)2 (0.05 M) and Cd(NO3)2
(0.05 M) for 1.5 h. The process was continued until most of the
potassium ions between layers was replaced by Pb2+ and Cd2+ ions.
Then the ion-exchanged sample was separated and washed several
times with de-ionized water. After that, 50 mL SC(CH3)(NH2)
(0.1 M) was added to sample and sonicated for 30 min. It worth
mentioning that, ultrasound irradiation during the intercalation
processes were done at various amplitudes (20%, 60% and 80%)
delivering different acoustic power 10.93 W, 32.80 W and
43.70 W, respectively. In addition, the temperature was kept con-
stant at room temperature (25 �C) during sonication by the use
of a circulating bath. At this stage the product color was greenish
yellow, mixing of yellow color CdS and black color PbS. Finally,
the precipitates were centrifuged and washed with ethanol and
distilled water. The particles were dried in an oven at 110 �C for
4 h. The preparation procedure of the nanocomposite was shown
in Scheme 1. For comparison another sample was synthesized
using the same procedure under stirring (classical method).
2.3. Characterization and equipments

The structure of potassium hexatitanates, preparing by sono-
chemical and stirring methods were checked by XRD, which were
obtained using an X-ray analyzer (Philips-PW1800). Diffraction
patterns were obtained within the range of 2h = 5–60� with a step
size of 0.04�. The concentration of K+ ions during the intercalation
process at various ultrasonic amplitudes were examined by atomic
absorption spectrophotometer (AAS, Varian, spectra-110880/220-
Australia Pty Ltd.). The size and morphology of sono-synthesized
K2Ti6O13 and PbS–CdS/Ti6O13 were investigated by field emission
scanning electron microscopy (Mira 3-XMU) and transmission
electron microscopy (CM120-Philips). The optical absorption prop-
erties of catalyst was measured using a UV–vis spectrophotometer
(Unico 2800). Photoluminescence spectra (PL) were recorded by
using a spectrofluorophotometer (Shimadzu-RF1501). The Fourier
infrared spectra (FT-IR) of the samples were measured with a
Fourier transform infrared spectrometer (Thermo Nicolet-Avatar
370) at room temperature by the KBr method. The ultrasonic irra-
diation operating at 20 kHz (Branson Digital Sonifier, W-450 D),
horn with 1.9 cm diameter was used for the synthesis of nanopar-
ticles in a Rosset cell.
3. Results and discussions

3.1. Mechanism for the effective sono-crystallization of K2Ti6O13

A possible mechanism for the formation of K2Ti6O13 nanobelts
was proposed in the presence of ultrasound. The starting materials
including KOH, Ti(O–Bu)4, and melted stearic acid were mixed
together by ultrasound. Cavitational effects resulting from ultra-
sound irradiation caused an efficient micromixing of various reac-
tants in the reaction system [21]. The starting materials were
contacted to each other through the significant turbulence and liq-
uid circulation exerted by ultrasound on the system in order to
form the sol. The carboxylic acid group of stearic acid molecules
were broken to produce carbonyl group and ionized carboxylate
and then some of the hydrogen atoms were replaced by potassium
cations to form a stearate complex during the sonication. The poly-
merization and hydrolysis processes started following the stearate
complex reacted with titanate precursor (Ti(O–Bu)4). The hydroly-
sis under the ultrasound caused the homogeneous nucleation in
order to form the TiO2 nanoparticles as nuclei with small particle



Scheme 1. Schematic model illustrates the preparation process of PbS–CdS/Ti6O13.

Fig. 1. XRD patterns of (A) K2Ti6O13 preparing with stirring method, (B) K2Ti6O13

synthesized by ultrasound.
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size due to the evolution of huge energy during the bubble collapse
[22]. The K2Ti6O13 phases formed by consumption of TiO2 surfaces,
distortion of the TiO2 lattice and its crystallinity by K+ [23]. The
final transparent solution was dried at 350 �C to eliminate organic
substrate materials. Eventually the dried gel was calcined at
750 �C. It worth mentioning that, with power ultrasonic treatment,
the reaction between stearate complex and (Ti(O–Bu)4) was greatly
accelerated and the time for reaction was abridged. The reduced
reaction time was related to a high temperature at the interface
between a collapsing bubble and the bulk solution, presuming to
hasten the hydrolysis and condensation of the titanium precursor
in addition, great improvements in mass transport are actually
responsible [24].

3.2. XRD studies

3.2.1. Host nanoparticles
In order to evaluate the crystallization degree of synthesized

potassium titanates by sonochemical and classical methods, XRD
analyses were used. Fig. 1 shows the XRD patterns of sono-
synthesized potassium hexatitanate and another one by stirring
method. The product, preparing by ultrasound, indicates that the
K2Ti6O13 was formed in the crystalline form and pure at 750 �C
and has a good consistencies with the reported patterns (ICDS card
No. 74-274). However for the sample, preparing by stirring
method, other phases of potassium titanate like K2Ti4O9 and TiO2

coexisted. These results indicate that the potassium hexatitanate
could be obtained as a pure and crystallized form at shorter time
and lower calcination temperature using ultrasound.

3.2.2. Intercalated nanocomposite
3.2.2.1. Kind of synthesis. The XRD pattern of the intercalated prod-
ucts (PbS–CdS/Ti6O13), preparing by sonochemical method (ampli-
tude 60%) and classical methods, are shown in Fig. 2. In ultrasonic
sample, after intercalation process cubic CdS and PbS nanoparticles
were formed between layers and on the surface of titanate. On the
other hand, the nanocomposite synthesized by stirring method
at the same time, instead of CdS, hexagonal Cd(OH)2 was formed.
This means that the time or temperature were not enough for
the formation of this substance by classical method.

Besides that, inter-layer spacing of sheets for the materials
could be indicated by the first intense peak observed at 2h [25].
Changes in interlayer spacing and peak positions (200) of
K2Ti6O13 and PbS–CdS/Ti6O13, preparing by both methods, in the
angle range of 10� < 2h < 12� has been shown in Fig. 3. According
to the X-ray diffraction data, the interlayer distance (200) for
K2Ti6O13 is 0.75 nm. The interlayer space of PbS–CdS/Ti6O13 was
expanded to 0.81 nm and shifted to lower angles than that of
K2Ti6O13. The increase in interlayer space and shift to smaller angle
of intercalated nanocomposite may be due to the incorporation of
nanoparticles into the titanate layers and the distortion of the crys-
tal lattice. While the interlayer space of the nanocomposite,
preparing by stirring method, was not increased during the
intercalation process.



Fig. 2. XRD patterns of (A) K2Ti6O13, (B) Sono-intercalated PbS–CdS/Ti6O13, (C) PbS–
CdS/Ti6O13 synthesized by stirring method.

Fig. 3. Changes in interlayer spacing and peak positions in different samples.
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The intensity of the peak located at 2h = 11.53 in both samples
were decreased which related to the formation of PbS and CdS
nanoparticles on the surface of titanate. In classical sample the
intensity of 200 peak decreased sharply and almost eliminated
because of covering the titanate surface by large amount of sulfides
nanoparticle [26]. This observation mainly related to the lack of
sufficient driving force for the intercalation process at short time
and ambient temperature in classical method.
3.2.2.2. Effect of ultrasonic amplitudes. The layers of potassium tita-
nate were bonded to each other by static forces. This compound
was ready to occur intercalation and expansion for PbS–CdS/
Ti6O13. The structural nature of potassium hexatitanate was such
that potassium ions were arranged between the layer spaces and
allowed a ready incorporation of guest molecules [8]. Due to the
tunnel structure of K2Ti6O13, intercalation process was not com-
pletely taken place at the normal condition but in the presence
of ultrasound, shock waves and bubble oscillating between layers
accelerated the ion exchanging process in comparison with stirring
method. To prove this claim, in each half an hour period a certain
amount of sonicated solution was separated and was tested by
atomic absorption spectrophotometer for measuring the released
ions (K+) in the solution and the remained ions (K+) in the sample.
The total amount of K+ in the sample at initial time (time = 0) was
measured by dissolving 0.1 g of K2Ti6O13 in 75 mL HF. The total
amount of potassium ion was 12.38 mg. Fig. 4 indicates the cation
exchanging ability at different ultrasonic amplitudes and classical
method. The results show that Pb2+ ions (0.40 nm) with close
hydrated ionic radius to the Cd2+ (0.42 nm) were more substituted
into the K2Ti6O13 lattice by sonochemical than stirring method.
According to Fig. 4, with increasing the ultrasonic amplitude from
20% to 60% the amount of replaced Pb2+ and Cd2+ ions between lay-
ers, were remarkably expanded due to the higher collapse energy
and increase power input [27]. Also at 80% amplitude, the amount
of K+ ions between layers became zero after first hour due to the
increase in amount of cavitation bubble, oscillating between layers,
resulting in exfoliation of potassium hexatitanate layers.

Fig. 5 shows the PbS–CdS/Ti6O13 nanocomposites, preparing at
different amplitudes (20%, 60% and 80%, respectively). In Fig. 5
(B) and (C), the main peak corresponding to (200) of PbS–CdS/
Ti6O13 slightly shifted to the lower angles and the interlayer space
were extended in respect to the K2Ti6O13 due to the incorporation
of PbS and CdS nanoparticles between the layers. On the other
hand from 20% to 60% amplitude there is an increase in power
input and extent of high energy collapse. Both of these factors con-
tribute to an increase in crystallization of the cubic CdS and PbS
samples. Fig. 5(D) indicates that the first intense peak at 2h, relat-
ing to interlayer space, was almost removed (turn very weak). This
can be attributed to the exfoliation of K2Ti6O13 layers and presence
of individual titanate nanosheets duo to the high incorporation of
guest nanoparticles and the severe vibration of cavitation bubble
between the titanate layers [28]. Besides that, from 60% to 80%
there was a noticeable reduction in crystallization of titanate. Dur-
ing the sonication process, larger bubbles can be formed due to the
combination of smaller bubbles which are located close to the
ultrasonic horn. These bubbles are too large so reflect the energy
back towards the horn instead of absorb the acoustic energy. The
procedure that lead to prevent smaller bubble from absorbing
the acoustic energy known as acoustic shielding. Obviously, with
increasing the amplitude (80%) the acoustic shielding process
was more prominent than at lower amplitudes, leading to the
reduction in crystallization at higher amplitudes [27].

3.3. Optical properties

Figs. 6 and 7 show the UV–vis spectra and estimated band gap
energies of as-prepared samples, respectively. The sample K2Ti6O13

has a strong absorption peak in the UV region, corresponding to the
band gap of approximately 3.42 eV (Fig. 6). The absorption edge in
the ultra-violet region at about 250–350 nm was a characteristic
band for the TiO6 nano sheets. After intercalating the guest mole-
cules (PbS, CdS nanoparticles) in the sample synthesized by ultra-
sound, the absorption edge of PbS–CdS/Ti6O13 is extended to
visible range which is appropriate for the visible-light driven pho-
tocatalysts. The band gap energies of the composite are estimated
to about 1.98, 2.58 and 2.93 eV. The light absorbance intensity of
the PbS–CdS/Ti6O13 in the visible region was greater than that of
the precursor K2Ti6O13, indicating that the gust particles had a sig-
nificant effect on the light absorption performance of layer com-
pounds. Compared with the UV–vis absorption spectra of sono-
synthesized sample, the UV–vis absorption spectrum of
PbS–CdS/Ti6O13 prepared by stirring method shows a similar
absorption in the ultraviolet region with a slight red shift and the
estimated band gaps about 3.23, 2.64 and 2.13 eV. The band-gap
energy of layered materials is affected by several factors including



Fig. 4. Amount of remaind potassium ions between layers during the ion exchanging process by sonochemical method at different amplitudes and stirring method.

Fig. 5. X-ray diffraction patterns of (A) K2Ti6O13, (B) Sono-synthesized of PbS–CdS/
Ti6O13 at amplitude 20%, (C) Sono-synthesized of PbS–CdS/Ti6O13 at amplitude 60%,
(D) Sono-synthesized of PbS–CdS/Ti6O13 at amplitude 80%.

Fig. 6. UV–vis absorption spectra of as-prepared samples.
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the distortion of layer units, the thickness of layers, and the
electronegativity of elements on the sites [25]. In sono-
synthesized sample the intercalated nanoparticles are much more
that of preparing by stirring method, due to the acoustic streaming
and bubble oscillating. This replacement may be slightly distorted
the crystalline lattice that had effect on the optical absorption
property of the photocatalysts samples.

Generally, in order to investigate the electronic structure, opti-
cal and photochemical properties of semiconductor materials, the
photoluminscence (PL) has been widely used [8,25]. Photolumines-
cence (PL) characteristics could be affected by electrons and holes
recombination, which can reflect the migration and capture of
photo-induced carriers. Fig. 8 shows the PL spectra of the as-
prepared samples measured at excitation wavelength of 310 nm.
As shown in Fig. 8(a), the strong peak at around 340 nm was
assigned to the emission of pure K2Ti6O13 that could be related
to a recombination of the hole-electron within the semiconductor.
The emission intensity significantly decreased with the intercala-
tion of CdS and PbS nanoparticles between layers and loading on
to the surface of the K2Ti6O13 (Fig. 8(b) and (c)). The most signifi-
cant PL quenching was observed in case of PbS–CdS/Ti6O13, prepar-
ing with sonochemical method (Fig. 8(c)). This may indicates that
PbS and CdS were highly intercalated into the titanate layers which
could result in the migration of the photogenerated electrons from
the conduction band of guest nanoparticles (CdS and PbS) to the
conduction band of K2Ti6O13 and the photogenerated holes from
the valence band of K2Ti6O13 to the valence band of guest mole-
cules. Although, there were not any obvious shifts in the peak posi-
tion but the peak intensity decayed, indicating that energy bands
were coupled in PbS–CdS/Ti6O13 nanocomposites.



Fig. 7. Estimated band gap of host nanoparticles and intercalated nanocomposites.

Fig. 8. Photoluminescence (PL) spectra of the samples at room temperature, (a)
K2Ti6O13, (b) Classical synthesized PbS–CdS/Ti6O13, (c) Sono-synthesized PbS–CdS/
Ti6O13.
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3.4. FE-SEM and EDS

The particle size and the morphologies of the as-prepared
K2Ti6O13 and sono-synthesized PbS–CdS/Ti6O13 nanocomposite,
were investigated by using FE-SEM techniques. Fig. 9(a) and (b)
show the SEM images of K2Ti6O13 powder containing a number
of nano-sized belt-like particles with a width of 40–90 nm, and
length of 600–800 nm. The inset in Fig. 9(b) shows the end of a
nanobelt, where a smooth surface and rectangular cross-section
can be identified. The belt-like morphology observed for titanates
was retained after the intercalation with CdS and PbS guests, as
shown in Fig. 9(c). After the intercalation by ultrasound the surface
of the K2Ti6O13 nanobelts became roughened and covered with dis-
tinguishable small particles (20–40 nm). Notably, the guest parti-
cles are uniformly distributed over the host without apparent
aggregation. Fig. 9(d) indicates that PbS and CdS nanoparticles
were incorporated between the lamellar space of titanate layers
without any destruction of titanate structure.

The composition of the K2Ti6O13 and sono-synthesized PbS–
CdS/Ti6O13 samples determined by EDS the distributions of various
elements in the selected area corresponding to the SEM image was
shown in Fig. 9. In the spectrum, peaks associated with Ti, K and O
were resulted from K2Ti6O13 (Fig. 10(a)). The Pb, Cd and S in Fig. 10
(b) resulted from PbS and CdS. The spectra, confirming the corre-
sponding chemical elements present in the nanoparticles, indi-
cated that no appreciable impurities were present in the
samples. Besides that, the distribution of the EDS measurements
concluded that there a few residual K+ in PbS–CdS/Ti6O13 sample,
indicating that interlayer K+ ions were substituted to the large
extend by guests molecules after intercalation process in the pres-
ence of ultrasound.
3.5. TEM

Fig. 11 shows the TEM images of K2Ti6O13 and PbS–CdS/Ti6O13,
preparing via stirring method and ultrasound. Fig. 11a, indicates an
individual K2Ti6O13 nanobelt with the uniform, flat and smooth
surface. In classical synthesized PbS–CdS/Ti6O13 (Fig. 11b), high
concentration of PbS and CdS nanoparticles were formed on the
surface of titanete layers with noticeable agglomeration which
made it difficult to identify the composite components. In the sam-
ple preparing with ultrasound (Fig. 11c), the external and internal
surfaces of the belt-like structure of titanate have been covered by
CdS and PbS nanoparticles. CdS and PbS nanoparticles are dis-
tributed along the edges of the titanate layers, indicating that dur-
ing the cavitation process the micro jets induced by the bubble
collapse have a strong impact on the surface layers. However, guest
nanoparticles were allowed to penetrate deeper into the titanate
matrix by the voids formed during ultrasonic irradiation. These
images indicated that the shape of K2Ti6O13 did not change upon
guest molecules incorporation, suggesting that the PbS–CdS inte-
calation and deposition process did not damage the titanate
structure.
3.6. FT-IR

FT-IR technique is widely used in investigation of the substruc-
ture of layered materials and can be used to monitor the conforma-
tional changes after the guest molecules incorporation into the
layered compound. Fig. 12 shows the FTIR spectra of K2Ti6O13 (a),
PbS–CdS/Ti6O13 nanocomposite preparing via ultrasound (b) and
stirring method (c). Absorption bands around 477–518.50 cm�1

and 670–782.78 cm�1 for all samples are attributed to O–Ti–O
bending vibrations and Ti–O stretching of TiO6 octahedral groups.
In addition, FTIR spectra shows a peak around 940 cm�1 for all
the prepared samples, which is expected for Ti@O group [29,30].
The peak at 1647.40 cm�1 is attributed to the bending vibrations
of adsorbed water molecules between titanate layers. The intensi-
ties of this peak decrease as the amount of guest molecules into the
K2Ti6O13 increases, suggesting that intercalation of CdS and PbS
partly deplete the adsorbed water in the regions. As shown in
Fig. 12(b) the peak around 1647 cm�1 was completely removed
while the peak at 1640 cm�1 in classical synthesized nanocompos-
ite (c) was still existed. Meanwhile absorption bands between 477
and 984 cm�1 in sono-synthesized nanocomposite (b) were shar-
per and stronger than those of K2Ti6O13 sample (a) and shifted to
lower wavenumbers, demonstrating a smaller distortion of the
structure after the guest particles intercalation [25,31], which also
indicated that CdS and PbS were successfully intercalated into
K2Ti6O13. Also the peaks at 1360.07 cm�1, 1126 cm�1, 984 cm�1

which are due to hetero polar diatomic molecules of lead sulfide
[32]. In addition a weak vibration absorption peak at 673 cm�1

for Cd–S bond was observed [33]. In Fig. 12(b) and (c) the bands
which emerged in around 3600 cm�1 and 3400 cm�1 were attribu-
ted to the stretching modes of OH groups and the stretching vibra-
tions of interlayer water respectively.



Fig. 9. FE-SEM images of (a) and (b) K2Ti6O13, (c) and (d) Sono-synthesized PbS–CdS/Ti6O13.

Fig. 10. EDS spectra of (a) K2Ti6O13, (b) PbS–CdS/Ti6O13 synthesized via ultrasound.
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4. Conclusions

K2Ti6O13 and PbS–CdS/Ti6O13 nanocomposite were successfully
synthesized under the assistance of ultrasonic irradiation. In
comparison with other methods, pure and fine particle size of
potassium hexatitanate were formed in a short time. Then,
sono-intercalation of PbS with CdS was done simultaneously into
the interlayer spaces and also on the surface of K2Ti6O13 by
ion-exchange process. In fact, ultrasound through the bubble
oscillating between the layers had a strong impact on the
co-incorporation of guest molecules into the tunnel structure of
host layers which were very stable against intercalation.

According to PL results, guest-to-host charge transfer separa-
tion efficiency in PbS–CdS/Ti6O13 was higher than potassium hex-
atitanate due to the substitution of guest molecules into the host
gallery. Furthermore, the absorption edge of nanocomposite tita-
nate shifted to the visible light region owing to the incorporation
of semiconductor guest molecules. These characteristics make
the sono-synthesized nanocomposite as a promising catalyst for
using in photocatalytic processes under visible light.



Fig. 11. TEM images of (a) K2Ti6O13, (b) PbS–CdS/Ti6O13 synthesized by classical method, (c) sono-synthesized PbS–CdS/Ti6O13.

Fig. 12. FT-IR spectra of (a) K2Ti6O13, (b) PbS–CdS/Ti6O13 synthesized by ultrasound,
(c) PbS–CdS/Ti6O13 sythesized by stirring method.
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