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ABSTRACT

In this study, novel Ag
2
Se sensitized TiO

2
 nanocomposites were prepared by facile sonochemical assisted synthesis method. The

as-prepared products were characterized by X-ray diffraction (XRD), Scanning electron microscopy (SEM) with energy dispersive

X-ray (EDX) analysis, transmission electron microscopy (TEM), and N
2
 adsorption BET analysis. The as-prepared Ag

2
Se/TiO

2

nanocomposites simultaneously possessed great adsorptivity for organic dyes and efficient charge separation properties. In the

decolorization of rhodamine B, a significant enhancement in the reaction rate was observed for the Ag
2
Se/TiO

2 
nanocomposite

compared to the cases of using pure P25 or TiO
2
. The sonocatalysis activity was higher due to the greater formation of reactive

radicals, as well as to the increase of the active surface area of the Ag
2
Se/TiO

2 
nanocomposite. 
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1. Introduction

nvironmental pollution by toxic compounds can be
detrimental to human health and to the environment.

Synthetic textile dyes and other industrial dyestuffs are
widely acknowledged to be a group of organic compounds
that represent an increasing environmental danger. Due to
the large degree of aromatics present in dye molecules and
the stability of modern dyes, it is difficult to destroy them
using conventional wastewater treatment methods and
techniques. So, there is a pressing need to find new methods
for the treatment of dye wastewater; these new methods
must be low cost and require little consumption of time.

As an important semiconductor with characteristics of
nontoxicity, superior photoactivity, stability, and low price,
1,2) TiO2 with nanostructure has attracted much attention
due to its potential applications in the solar energy conver-
sion field. Conventionally, anatase TiO2 only absorbs wave-
length in the near-UV region (λ ≤ 390 nm), which is about
3% of the solar spectrum. Thus, solar energy cannot be uti-
lized efficiently in real applications. Another important fea-
ture of a coupled semiconductor system is that the
photoresponse of an anatase TiO2 semiconductor can be
extended into the visible region by coupling it with a short
band gap semiconductor to overcome the absorption limita-
tions of anastase TiO2.

3-5) By coupling TiO2 with a narrow
band gap (BG) semiconductor that acts as the photosensi-
tizer, the invalidated recombination of photogenerated elec-

trons with holes is reduced because the photogenerated
charges can be transferred between the narrow band gap
(BG) semiconductor and the TiO2 particle.6-8)

Metal selenides have attracted much attention during the
past few years due to their special electronic and optical
properties and their potential applications.9) Silver selenide
exists as a low-temperature phase (β-Ag2Se) and a high-
temperature phase (α-Ag2Se), with a phase transition point
at 1331oC.10) α-Ag2Se is a well-known superionic conductor
that is useful as a solid electrolyte in photochargeable
secondary batteries. β-Ag2Se is a narrow-band-gap semi-
conductor and has been widely used as a photosensitizer in
photographic films or thermalchromic materials. Zhao et al.11)

reported the fabrication of a TiO2/Ag2Se interface composite
film using an interface reaction of AgNO3 and NaSeSO3 on
the activated surface of porous TiO2 film, which has a good
photovoltaic property and high photocurrent response for
visible light. Cao et al.12) reported the synthesis of single-
crystalline Ag2Se complex nanostructures via a solvothermal
route and characterization of the material’s photocatalytic
activity by photodegradation of rhodamin B (RhB) dye
under ultraviolet (UV) light irradiation.

Beyond its use in the degradation of organic compounds
via photocatalysis, sonocatalysis technology has been con-
sidered for another application in recent years due to its
good efficiency even without the use of additional oxidants;
the ability to limit the use of oxidants can lower the overall
cost of treatment.13) The sonocatalysis efficiency of an
organic pollutant decomposition process can obviously be
enhanced because of a synergistic effect between the ultra-
sound treatment and the effect of the solid photocatalyst.
Namely: (i) added powders can provide additional nuclei for
cavitation bubble formation, (ii) ultrasonic irradiation can
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enhance the mass transfer of organic pollutants between
the liquid phase and the catalyst surface, (iii) ultrasonic
irradiation can increase the active surface area due to ultra-
sound de-aggregating, and (iv) photocatalysts can be excited
by ultrasound-induced luminescence, which has a wide
wavelength and increases the production of hydroxyl radi-
cals (•OH) in the reaction mixture.14)

Due to the strong correlation between the photocatalytic
activity and the diameter, surface area, efficiency of
electron–hole separation, and structure of photocatalysts,15)

great interest in the field of nanostructured materials has
been focused on controlling the shapes of materials and
discovering novel properties.16) There are various kinds of
synthetic methods available for the preparation of
nanomaterials; these include hydrothermal synthesis,
microwave synthesis, the sol–gel process, micro emulsion,
and the polyol technique. However, each method has its
own drawbacks, such as long reaction time, non-uniform
shape and size, particle agglomeration, and high cost of the
solvent medium. Recently, sonochemical synthesis has
become an important process for the preparation of
nanomaterials that have uniform size and shape and that
can be produced in a shorter reaction time.17) In
sonochemical synthesis, interaction occurs between energy
and matter; for the applied ultrasound, incident on the
liquid surface, there is a three step process that takes place
including the formation, growth, and finally implosive
collapse of bubbles. This collapsing of bubbles produces an
intense heat and high pressure within a very short time. In
this process, temperatures up to 5000 K and pressures
greater than 20 MPa are created; materials are subsequently
cooled at high cooling rates of 1010 K/s. These conditions
induce reactions such as oxidation, reduction, hydrolysis,
dissolution, and decomposition.18) The high intensity shock-
waves that result can facilitate the prevention of particle
agglomeration and rapid crystal growth. 

In order to enhance the sonocatalytic degradation effi-
ciency and to aid in the search for new and highly active
sonocatalysts, it has been necessary to study the sonocata-
lytic degradation process under ultrasonic irradiation.
Based on these studies, we present our study on the prepa-
ration of an Ag2Se–sensitized TiO2 nanocomposite sonocatalyst
fabricated using a facile sonochemical synthesis method; we
also provide results of an experiment that utilized the fabri-
cated catalyst for rhodamine B (Rh.B) degradation, and give
the reasons for the improvement of the sonodegradation
activity of the Ag2Se/TiO2 nanocomposite sonocatalyst.

2. Experimental Procedure

2.1. Materials 

Titanium (IV) n-butoxide (TNB, C16H36O4Ti) as a titanium
source for the preparation of the control sample TiO2 was
purchased from Kanto Chemical Company (TOKYO, Japan).
Ethylene glycol and anhydrous ethanol were purchased
from Daejung Chemical Co. (Korea). Silver nitrate (AgNO3),

selenium (Se) metal powder, and ammonium hydroxide
(NH3H2O, 28%) were purchased from DaeJung Chemicals &
Metal Co., Ltd., Korea. Anhydrous purified sodium sulfite
(Na2SO3, 95%) was purchased from Duksan Pharmaceutical
Co., Ltd., Korea. Rh.B (C28H31ClN2O3, 99.99+%) was used as
model pollutant; it was purchased from Samchun Pure
Chemical Co., Ltd., Korea. All chemicals were used without
further purification and all experiments were carried out
using distilled water. 

2.2. Synthesis of silver selenide

Ag2Se was synthesized by the sonochemical assisted
synthesis method; sodium selenosulfite (Na2SeSO3) solution
and Ag(NH3)2

+ solution were prepared. Na2SO3 (5 g) and
selenium metal powder (0.5 g) were dissolved in 30 mL dis-
tilled water and refluxed for 1 h to form Na2SeSO3 solution
in a particular situation. Meanwhile, 0.75 mM AgNO3 was
dissolved in 20 mL distilled water. NH3H2O (5 mL) was
added to the solution and the mixture was stirred till it dis-
solved completely to form Ag(NH3)2

+ solution. Then, 5 mL
Na2SeSO3 solution was added to the Ag(NH3)2

+ solution, fol-
lowed by ultrasonication for 2 h using a Controllable Serial-
Ultrasonic apparatus (Ultrasonic Processor,VCX 750, Korea).
The obtained sample, labeled Ag2Se, was washed several
times with distilled water and dried in a vacuum oven at
373 K for 8 h. 

2.3. Synthesis of Ag
2
Se-TiO

2
 sonocatalyst 

TiO2 nanoparticles were prepared according to the process
used in our previous work.19) The detailed process can be
described as follows: first, TiO2 precursors were prepared
with molar ratios of ethanol: H2O: TNB = 35:15:4; then, the
suspension was sonicated at room temperature for 2 h. The
final products were filtered and washed repeatedly; they
were then vacuum dried at 373 K. The dried catalyst was
ground in a ball mill and calcined at 773 K for 1 h to obtain
TiO2 nanoparticles.

Figure 1(a) provides an illustration of the synthesis of the
Ag2Se/TiO2 nanocomposite; Na2SeSO3 solution and 0.75 mM
Ag(NH3)2

+ solution were prepared using the same process
described above. Then 0.5 g of the as-prepared TiO2

nanoparticles was added to the Ag(NH3)2

+ solution, followed
by stirring for 1 h under ambient temperature for adsorp-
tion of Ag(NH3)2

+ on the surface of TiO2. Finally, the
Ag(NH3)2

+/TiO2 solution and a certain amount of Na2SeSO3

solution were mixed together, followed by ultrasonication
for another 2 h. The obtained sample, labeled Ag2Se/TiO2,
was washed several times with distilled water and dried in
a vacuum oven at 373 K for 8 h. 

2.4. Characterization of sonocatalysts 

To determine the crystal phase and the composition of the
as-prepared samples, XRD characterization was carried out
at room temperature using an XRD device (Shimata XD-D1,
Japan) with Cu Kα radiation (λ=1.54056 Å) in the range of
2θ = 10 - 80o at a scan speed of 1.2o m-1. The morphologies of
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the sonocatalysts were analyzed by SEM (JSM-5200 JOEL,
Japan) at 3.0 keV. Transmission electron microscopy (TEM,
JEOL, JEM-2010, Japan) with an accelerating voltage of
200 kV was used to examine the size and distribution of the
sonocatalysts. EDX spectra were also used for elemental
analysis of the samples. The BET surface area of the
sonocatalysts was determined through nitrogen adsorption
at 77 K using a BET analyzer (Monosorb, USA). All the
samples were degassed at 623 K before the measurement.
The decomposition kinetics for the sonocatalytic activity
was measured with a spectrometer (Optizen POP, Mecasys,
Korea). 

2.5. Measurement of sonocatalytic activities

A Controllable Serial-Ultrasonic apparatus was adopted
to irradiate the Rh.B solution; this device operated at an
ultrasonic frequency of 20 kHz and had an output power of
750 W, controlled through manual adjustment (3.04 × 106 J).
In a typical experiment, a 0.2 g control sample and as-
prepared nanocomposites were added to 50 ml of 3 × 10−5

mol/L Rh.B solution; resulting mixture was then
magnetically stirred for 30 min in a dark box to establish an

adsorption–desorption equilibrium. After the adsorption
state had been reached, the concentration of Rh.B was reset
as Cads, and ultrasonic irradiation was restarted to cause the
degradation reaction to proceed. The temperature was
controlled at around 25oC using a water bath. For the
process of the degradation of Rh.B, a glass reactor (diameter
= 5 cm, height = 7 cm) was used and the reactor was placed
on a magnetic churn dasher. The diameter of the ultrasonic
tip was 1.90 cm; the ultrasonic irradiation surface area was
26.86 cm2. Ultrasonic irradiation of the reactor was per-
formed for 30, 60, 90, and 120 min. Samples (3 ml) were
then withdrawn regularly from the reactor and removal of
dispersed powders was accomplished using a centrifuge.
After centrifugalizations, the settled solution was analyzed
using a UV–vis spectrophotometer (Optizen Pop Mecasys
Co., Ltd., Korea).

3. Results and Discussion

3.1. Characterization 

XRD analysis was used to determine the phase purity and
the average crystalline properties of the TiO2, Ag2Se, and

Fig. 1. (a) Schematic illustration of deposition of Ag
2
Se

 
nanoparticles with TiO

2
 nanoparticles; (b) XRD patterns of as-prepared

samples: TiO
2
, Ag

2
Se, and Ag

2
Se/TiO

2
.
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Ag2Se/TiO2 nanocomposites shown in Fig. 1(b). It can be
confirmed that TiO2 in the as-prepared sonocatalysts is in
the anatase phase, while the Ag2Se appears to be in the
predominant crystalline phase of acanthite. For these three
samples, the (101), (004), (211), and (204) crystal planes
originated from the anatase TiO2 phase, while the (002),
(112), (121), (103), (031), (200), (213), and (134) crystal
planes originated from the orthorhombic Ag2Se phase; these
observations are in accordance with the results reported by
Zhan et al. Also, the lattice parameters were found to be
close to a = 4.331 Å, b = 7.061 Å, and c = 7.763 Å (JCPDS
card no. 14-0072).20) No impurity phases were detected. The
broadening of the diffraction peaks indicates that the sam-
ple is nanosized. After the introduction of TiO2, it was
clearly seen that the intensity of the Ag2Se peaks decreased;
this confirms the synthesis of homogeneously dispersed
Ag2Se and TiO2 nanocrystals. The particles size D of Ag2Se
was calculated using the Scherrer formula:

D = Κ λ/ βcosθB (1)

where β is the full width half maxima, Κ is a shape factor =
0.9, and λ is the wavelength of incident X-rays. The average
particle size fell in the range of 15-50 nm, which indicates
the nanosize nature of the Ag2Se particles.

The typical micro-surface structures and morphologies of
the as-prepared composites were characterized using SEM;
results are presented in Fig. 2. Without addition of TiO2,
Ag2Se was synthesized with a large-sized bulk structure
(~ 2 - 3 µm in width), as shown in Fig. 2(a). Simultaneously,
it is worth noting that when we used the sonochemical
method to synthesize the control samples and the Ag2Se/
TiO2 nanocomposite, it was clear that the prepared nano-
scale TiO2 showed a favorable morphology but had a slight
tendency to agglomerate, as can be observed in the results
shown in Fig. 2(b). Fig. 2(c) provides an SEM image of the
prepared Ag2Se/TiO2. Thus, by adding TiO2, the size of the
bulk structured Ag2Se decreased and the material homoge-
neously dispersed with the TiO2 nanocrystals; these results
are in contrast to the case of pure Ag2Se synthesized via the
sonochemical synthesis method. Meanwhile, after attaching
to the surface of TiO2, the dispersion of Ag2Se saw a slight
improvement. We conjecture that the round shape particles
in the Ag2Se/TiO2 nanocomposite are Ag2Se particles on the
surface of TiO2 clusters; this was confirmed by analysis
using TEM. 

In order to obtain more detailed and higher magnification,
the surface nanostructures and particle sizes of the Ag2Se
and Ag2Se/TiO2 nanocomposites were studied by TEM anal-
ysis, with results shown in Fig. 3. Because particle agglo-
meration was effectively inhibited during the introduction
of anatase TiO2 nanoparticles, TEM images reveal that the
Ag2Se/TiO2 sample displayed well-dispersed Ag2Se nanoparti-
cles with an average size of around 15-25 nm. Nanoscale
TiO2 displayed well-dispersed nanoparticles with an
average size of 15 nm, as can be clearly seen in Fig. 3(b).

The presence of a distinct juncture between the two crystal
phases further confirms the strong interaction between
Ag2Se and TiO2 in Ag2Se/TiO2.

Chemical composition analysis and element weight%
analysis of the prepared Ag2Se and Ag2Se/TiO2 nanocom-
posites were performed using EDX. The EDX spectra of the
Ag2Se and Ag2Se/TiO2 nanocomposites are shown in Figs. 4(a)
and (c). The elemental forms of oxygen and Ti mainly come
from the TiO2 nanopowder. And, strong Kα and Kβ peaks
from elemental Ti appear at 4.51 and 4.92 keV, while a
moderate Kα peak for elemental O appears at 0.52 keV. 21)

Strong Kα and Kβ peaks of elemental Se appear at 11.2 and
12.4 KeV, while a moderate Kα peak of elemental Ag
appears at 2.98 KeV. 22,23)

From Figs. 4 ((b) and (d)), it can be seen that the main ele-

Fig. 2. SEM micrographs results of as-prepared
 
samples: (a)

Ag
2
Se, (b) TiO

2,
 and (c) Ag

2
Se/TiO

2
.

Fig. 3. TEM micrographs of as-prepared
 
samples: (a) Ag

2
Se,

(b) Ag
2
Se/TiO

2
.
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ments, such as Ti, O, Ag, and Se, exist. It can be concluded
that an Ag2Se/TiO2 nanocomposite with high purity has
been successfully synthesized in this study. According to the
former study, the presence of a small concentration of dop-
ant in the TiO2 matrix can be prevented in the formation of
hole/electron recombination centers; this results in an
increase of the negative charge capability. 

3.2. Sonocatalysis performances

3.2.1. Adsorption ability
To evaluate the adsorption ability of the as-prepared com-

posite catalysts, the reactor was placed on the magnetic
churn dasher; reactor was stirred for 30 min in a dark box to
establish an adsorption–desorption equilibrium. From the
results shown in Figs. 5 a and b, it can be seen that the level
of Rh.B adsorption by Ag2Se/TiO2 was higher than that by
the P25, TiO2, or Ag2Se control samples. This can be
attributed to the large surface area of the Ag2Se/TiO2 sono-
catalysts of about 62.37 m2/g; this high value correlates to
strong adsorption ability. The surface area of the Ag2Se
sonocatalyst is about 32.63 m2/g, which is higher than that
of the pure P25 sample, which has a surface area value of
about 18.64 m2/g. The surface area of TiO2 is similar to that
of the P25 catalysts at about 19.95 m2/g. An adsorption–
desorption equilibrium was established; then, for the Ag2Se/
TiO2 catalyst, 44% of the Rh.B dye solution was removed,
while for the pure P25 only 11% of the Rh.B solution was
removed. 

3.2.2. Sonocatalysis decolorization ability
An interesting alternative to the degradation of pollutants

in waste water is sonocatalysis, which can be used instead
of photocatalysis. The sonocatalytic performances of different
sonocatalysts were determined by comparing their degrada-
tion efficiency for Rh.B with otherwise identical conditions
under ultrasonic illumination, as shown in Fig. 5(c). The P25
and TiO2 sonocatalysts under ultrasonic illumination exhib-
ited little sonocatalysis, which can be seen in the high
concentration of organic dye; it was difficult to decolorize
the organic dye and this led to a decrease of the degradation
rate of the dyes.24,25) The sonodegradation efficiency of Ag2Se
reached 66%, while the sonodegradation efficiency of Ag2Se/
TiO2 reached nearly 79% after 120 min. 

Kinetic studies were performed on the basis of the degra-
dation rate of the organic dye. It was possible to express the
reactions between the dye molecules and the catalyst mate-
rials using the Langmuir- Hinshelwood model.26) Fig. 5(d)
shows that the degradation of Rh.B follows a pseudo first-
order kinetics, and can be expressed as:

−dc/dt = k
app

c

Integration of this equation (with the restriction of c = c
0

at t = 0, with c
0
 being the initial concentration in the bulk

solution after dark adsorption and t the reaction time) will
lead to the following expected relation: 

−ln(ct/c0)= k
app

t

where ct and c
0
 are the reactant concentrations at times t = t

and t = 0, respectively, and k
app

 and t are the apparent reac-
tion rate constant and the time, respectively. According to

Fig. 4. EDX elemental microanalysis (a), (c) and Element weight % (b, d) of as-prepared samples Ag
2
Se and Ag

2
Se/TiO

2
.
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this equation, a plot of -ln(ct/c0) versus t will yield a slope of
k
app

. The Rh.B degradation rate constant for the Ag2Se/TiO2

nanocomposite reaches 1.29 × 10−2 min−1 under ultrasonic
irradiation, which value is much higher than the corre-
sponding values for pure P25, TiO2, and Ag2Se. This con-
firms that under ultrasonic irradiation the composite shows
a considerable amount of degradation of organic dye. The
overall catalytic efficiency values were found to be in the
order of P25 (1.7 × 10−3 min−1) < TiO2 (2.97 × 10−3 min−1)
< Ag2Se (7.37 × 10−3 min−1) < Ag2Se/TiO2 (1.29 × 10−2 min−1)
nanocomposites. This reveals that the Ag2Se sensitized TiO2

system can be used as an efficient sonocatalyst material.
In order to further demonstrate the sonocatalytic activity

stability and cycle performance, circulating runs of sonocat-
alytic degradation of Rh.B in the presence of Ag2Se/TiO2

nanocomposite sonocatalyst under ultrasound were con-
ducted. As can be seen in Fig. 6, the sonocatalyst does not
exhibit any significant loss of sonocatalytic activity after
four runs of Rh.B degradation, which indicates that the
Ag2Se/TiO2 sonocatalyst has high stability and cannot be
photo-corroded during the decolorization of Rh.B molecules.
Thus, the Ag2Se/TiO2 nanocomposite sonocatalyst is a prom-
ising material for practical applications in the field of envi-

ronmental purification. This result is significant from the
viewpoint of practical applications, as this material’s
enhanced sonocatalytic activity and ability to prevent cata-

Fig. 5. (a) UV/Vis spectra of Rh.B concentration; (b) adsorption effect after adsorption–desorption equilibrium; (c) Relative con-
centration of Rh.B (C/C

0
) against the Ag

2
Se/TiO

2
 sample for adsorption and degradation; (d) Apparent first order kinetics

of Rh.B sonocatalysis degradation against the sonocatalysts (P25, TiO
2
, Ag

2
Se, and Ag

2
Se/TiO

2
 ).

Fig. 6. Cycling runs for the photocatalytic degradation of
Rh.B with Ag

2
Se/TiO

2 
nanocomposite under ultrasonic

irradiation.
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lyst deactivation will lead to a more cost-effective operation.
Sonocatalytic degradation of dyes in the presence of bare

TiO2 has been reported in several papers. The oxidation pro-
cess of dyes is •OH dependent, 27) which means that it can be
explained by the well-known mechanism of hot spots and
sonoluminescence, as follows. First, cavitation can be
increased by the heterogeneous nucleation of bubbles,
resulting in the induction of hot spots in solution. The mech-
anism of the degradation of pollutants by the Ag2Se/TiO2

sonocatalyst under ultrasonic irradiation is shown in Fig. 7.
These hot spots can cause the pyrolysis of H2O molecules,
forming •OH pressure (Eq. (1)). Second, sonoluminescence
involves an intense UV-light,28) when added sonocatalyst,
the ultrasonic dynamics system not only sonolysis of water
but also coupled with induced by the catalyst to produce
electron–hole pairs (Eq. (2, 3)). Under irradiation, the elec-
trons of both TiO2 and Ag2Se are excited from their valence
bands (VB) to their conduction bands (CB). The photoin-
duced electrons of the CB of Ag2Se can migrate to the CB of
TiO2, thereby increasing the number of electrons as well as
the rate of electron-induced redox reactions. The accumu-
lated electrons can transfer to the dissolved oxygen to form
superoxide anion radicals (O2•− ) (Eq. (4)), which subse-
quently transform to active oxygen species, such as HO2•,
•OH, and H2O2 (Eq. (5)). On the other hand, the remaining
holes at the valence band of TiO2 react with adsorbed water
or surface hydroxyl groups (OH) to produce •OH. 27) Simi-
larly, the photoinduced holes of the VB of TiO2 migrate to
the VB of Ag2Se. The electron–hole pairs can produce the
•OH radical and the superoxide anion •O2

−, which can
decompose the dyes to CO2, H2O, and inorganic material
(Eqs. (6)). 29) 

 

H2O+Ultrasonic→•OH + •H (1)
Ag2Se + Ultrasonic→Ag2Se (h+) + e- (2)
TiO2 + Ultrasonic→TiO2 (h+) + e- (3)
e− +O2 →

•O2

− (4)
•O2

− + H2O →•OH + HO2

• + H2O2 (5)
•OH +•O2

− + Rh.B →CO2+ H2O + inorganic  (6)

4. Conclusions

In this study, we present the synthesis and charac-
terization of an Ag2Se/TiO2 nanocomposite through a facile
sonochemical synthesis method. SEM and TEM microphoto-
graphs show that the TiO2 particles are homogenously
coated by Ag2Se particles with uniform particle size, which
indicates that the particle agglomeration is effectively
inhibited after introduction of anatase TiO2 nanoparticles.
The degradation of organic dye in aqueous solutions
indicates that the as-prepared Ag2Se/TiO2 nanocomposite is a
much more effective sonocatalyst than are either pure P25
or TiO2. It is hoped that our current work will offer a useful
source for reference in the fabrication or design of new
metal selenide semiconductor sensitized TiO2 nanocom-
posites for application as sonocatalysts in the field of envi-
ronment remediation.
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