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ABSTRACT

The Ag core–TiO2 shell (Ag@TiO2) nanoparticles were synthesized by one-pot synthesis
method followed by calcination and characterized using X-ray diffraction and transmission
electron microscopy. The Ag@TiO2 core–shell-structured nanocatalyst was evaluated for its
photocatalytic activity towards the degradation of Acid Blue-129 (AB-129), an Anthraqui-
none dye under solar light irradiations. The nanoparticles were engineered for efficient pho-
tocatalytic degradation of AB-129 by varying the parameters such as catalyst composition,
calcination temperature, and calcination time. The catalyst composition with Ag to Ti molar
ratio of 1:1.7, calcination temperature of 450˚C, and time of 3 h were found to be the opti-
mum for the efficient photocatalytic degradation of AB-129. The efficacy of Ag@TiO2 was
compared with commercial TiO2, synthesized nano-TiO2, and Ag-doped TiO2 for the photo-
catalytic degradation of AB-129 and enhanced dye degradation was obtained with
Ag@TiO2. This enhanced activity of Ag@TiO2 may be attributed to the trapping of conduc-
tion band electrons in Ag core and subsequent discharge on supply of air. Solar photocata-
lytic degradation of AB-129 dye using Ag@TiO2 followed Langmuir–Hinshelwood kinetics.
Ag@TiO2 can be exploited as an efficient catalyst for the degradation of dye and textile
industry wastewater.
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1. Introduction

Industrial dyestuffs including textile dyes are the
primary source of discharge of dyes into the environ-
ment. More than 10,000 dyes with an annual produc-
tion over 7 × 105MT are commercially available
worldwide [1]. Due to the complex aromatic structure
and stability, dyes are categorized as environmentally
hazardous materials and conventional biological treat-
ment methods are ineffective for degradation of these
dyes [2]. Adsorption by activated carbon and

enhanced coagulation are commonly employed for
dye removal from wastewater [3] but, however, fur-
ther treatment is necessary because these methods
transfer dyes from one form to other form. Recently,
photocatalysis has gained considerable attention due
to its compliance with green chemistry concept. This
method leads to complete mineralization of organic
compounds to H2O and CO2. Moreover, photocatalysis
does not require expensive oxidants (atmospheric
oxygen is used as oxidant) and can be carried out at
mild temperature and pressure. Photocatalysis process
is receiving much interest because of its low cost
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when sunlight is used as the source of irradiation [4].
The solar heterogeneous photocatalytic degradation
process generally utilizes the near-UV part of the solar
spectrum (wavelength shorter than 380 nm) [5], to
photoexcite a semiconductor catalyst in the presence of
atmospheric oxygen which is easily involved as an
oxidant to yield the oxidizing species (O��

2 and OH�

radicals), which can cause photodegradation [6]. The
application of solar-powered photocatalysis to treat
textile industrial wastewater holds promise for regions
receiving strong sunlight throughout the year, such as
India which receives an adequate amount of solar radi-
ation for almost 10months a year [7]. Since, TiO2 can
only use a relatively small part of solar light which con-
sists of 4–5% of UV radiations [8] and hence photoca-
talysis using TiO2 as a catalyst is not effective under
solar irradiation. So, the use of photocatalysts which
can be excited by both visible and UV light of solar
radiation can essentially increase the efficiency of pho-
tocatalytic process. Noble metals such as Ag, Au, Pt,
and Pd deposited on a TiO2 surface could enhance the
photocatalytic efficiencies because they act as an elec-
tron trap promoting interfacial charge transfer pro-
cesses in the composite systems [9,10]. But this type of
catalyst structure, though effective, results in exposing
noble metal to reactants and the surrounding medium
[11]. Metals on the surface of the semiconductor will be
easily corroded and dissolved. An efficient way to
overcome these drawbacks is to exploit a core–shell-
type structure in which the noble metal particles are
introduced as cores and the semiconductor dioxide
such as TiO2 as shells [12–15]. Hirakawa and Kamat
[16] found that Ag@TiO2 core–shell nanoparticles exhi-
bit strong absorption of light in the visible range and
photoexcitation of TiO2 shell which results in genera-
tion of electrons and holes. The electrons get accumu-
lated in Ag core of Ag@TiO2 nanoparticle until the
Fermi level equilibrium is achieved and the electrons
get discharged when an electron acceptor such as O2 is
introduced into the system [16]. Since dissolved oxygen
is a good acceptor of electrons, some of the electrons
can move to TiO2 shell which further get reduced to
superoxide anion (O��

2 ). The holes can either react with
hydroxyl anion (OH−) or H2O to produce hydroxyl
radical (�OH). These radicals (�OH, O��

2 ) are powerful
oxidizing agents and are reported to be responsible for
the photocatalysis of dyes [17]. The detailed mecha-
nism of Ag@TiO2 nanoparticle is shown in Fig. 1.

Anthraquinone dyes are the second most impor-
tant class of commercial dyes after azo dye and are
characterized by their brightness and good fastness
and they gain wide applications in textile industry.
On the other hand, serious environmental problems
are also associated with this class of dyes. So, in the

present study, Ag@TiO2 nanoparticles have been syn-
thesized on the basis of one-pot synthesis route fol-
lowed by Hirakawa and Kamat [11]. It is necessary to
engineer the nanoparticles for better photocatalytic
activity. It can be done by varying the composition of
the nanoparticle, calcination temperature, and calcina-
tion time. The current investigation focuses on engi-
neering Ag@TiO2 nanoparticles by optimization of Ag
to Ti ratio, calcinations temperature and time for
enhancement in solar photocatalytic activity and hence
its utilization in treatment of dye-contaminated waste-
water is explored. The photocatalytic activity of these
nanoparticles is then compared with P-25, synthesized
TiO2, and Ag-doped TiO2 for the photocatalytic degra-
dation of Acid Blue-129 (AB-129), an Anthraquinone
dye under solar light irradiation. To the best of our
knowledge, this is a first report on the use of Ag@TiO2

core–shell-structured nanoparticles for the photocata-
lytic degradation of an Anthraquinone dye under
solar light irradiation.

2. Experimental section

2.1. Materials

AB-129 dye was purchased from Sigma-Al
drich and was used without further purification
(Table 1). Titanium-(triethanolaminato) isopropoxide
(N((CH2)2O)3TiOCH(CH3)2) (TTEAIP) and titanium
tetraisopropoxide (TTIP) were purchased from Sigma–
Aldrich, 2-propanol (GR grade), dimethyl formamide

Fig. 1. The possible mechanism of photocatalysis by
Ag@TiO2 nanoparticles.
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(DMF), glycine, acetic acid, nitric acid (HNO3), etha-
nol, and silver nitrate (AgNO3) were purchased from
Merck and used as received. Degussa P-25 was
obtained as a gift pack from Evonik Degussa India
Pvt. Ltd. It consists of 75% anatase and 25% rutile
with a specific BET surface area of 50m2/g and pri-
mary particle size of 20 nm. Care should be taken to
handle toxic solvents such as DMF and hygroscopic
materials such as TTEAIP. Sodium hydroxide (NaOH)
and sulfuric acid (H2SO4) were purchased from Merck
for adjustment of pH of the dye solutions. Distilled
water was used in all the experiments.

2.2. Preparation of Ag@TiO2, TiO2, and Ag-doped TiO2

For the synthesis of Ag@TiO2 core–shell-structured
nanoparticles, one-pot synthesis method of hydrolysis
of TTEAIP and the reduction of metal ions in DMF, as
has been followed by Hirakawa and Kamat [11], were
used, by varying Ag to Ti ratios in the reaction mix-
ture. About 8.3 mM of TTEAIP solution was prepared
in 2-propanol and 15mM of AgNO3 solution was
prepared. About 2mL of 15mM AgNO3 solution was
mixed with 18mL of TTEAIP solution. The concentra-
tion of Ag+ and TTEAIP in the reaction mixture was 1
and 5mM, respectively. The concentration of AgNO3

in the mixture was kept constant at 1mM and TTEAIP
concentration in the reaction mixture was varied as 5,
3.1, 2.2, 1.7, and 0.8 mM, respectively, by suitably
varying the volume of 8.3 mM of TTEAIP solution
added. The solution was stirred first for 15min at
room temperature and 10mL of DMF was then added
into TTEAIP-Ag solution. The mixture was heated
with reflux and continued stirring. With continued
heating of the solution, the color slowly changed from
colorless to light brown. After 90min, the color of the
suspension turned to dark brown. At this point, the

heating was stopped and the suspension was stirred
until it cooled to room temperature. The cluster sus-
pension of Ag@TiO2 was centrifuged and resuspended
in ethanol solution. The procedure was repeated at
least thrice to minimize the content of water and DMF
in the suspension. After repeated ethanol washing and
centrifugation, the particles were dried in a hot air
oven at 100˚C for 2 h. The particles were then calcined
at a specific required temperature in the range of 150
to 550˚C in a muffle furnace for a calcination time
period of 3 h. To study the effect of calcinations time,
the calcination was carried out for a different time
period of 1–5 h. After calcination, the particles were
stored as suspension in ethanol until its use. Prior to
use, the particles were separated from ethanol by
centrifugation and dried.

For preparation of sol–gel synthesized TiO2

(SGTiO2), procedure followed by Rupa et al. [18], for
combustion synthesized TiO2 (CSTiO2), procedure fol-
lowed by Nagaveni et al. [19], for sol–gel synthesized
TiO2 with doped silver (Ag doped-SGTiO2), procedure
followed by Zhang et al. [20], for combustion synthe-
sized TiO2 with Ag doping by liquid impregnation (Ag
doped (LI)-CSTiO2), procedure reported by Sahoo and
Gupta [21] and Behnajady et al. [22] and for combustion
synthesized TiO2 with Ag doping by photodeposition
(Ag doped (PD)-CSTiO2), procedure given by
Behnajady et al. [22] were followed. For Ag-doped TiO2

catalyst preparation, Ag to Ti molar composition ratio
of 1:1.7 was used. All TiO2 and Ag-doped TiO2 nano-
particles prepared were calcined at 450˚C for 3 h.

2.3. Characterization of Ag@TiO2 nanoparticles

The X-ray diffraction (XRD) of Ag@TiO2 core-shell
structured nanoparticles prepared with different Ag to
Ti molar composition ratios and after calcination at

Table 1
Structure and characteristic of AB-129 dye

Structure Formula Molecular weight (g/mol) λmax (nm)

C23H21N2NaO5S 460.48 630
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450˚C for 3 h were done using JEOL X-ray Diffractom-
eter, which helped in the determination of crystal
structure and crystallite size of Ag@TiO2 nanoparti-
cles. The average crystallite size was found using the
Scherrer’s equation [23].

Transmission electron microscopy (TEM) analysis
of the Ag@TiO2 was done using a JEOL-JEM-2100 F
microscope as illustrated by Khanna and Shetty [23].

2.4. Experimentation

The photocatalytic reactor is a 250-mL beaker
made of borosilicate glass equipped with a magnetic
stirrer. Batch photocatalytic degradation experiments
were performed using Ag@TiO2 core–shell-structured
nanoparticles as the photocatalyst, to study the effect
of catalyst calcination temperature and time on pho-
tocatalytic degradation of AB-129 under solar light
irradiation. Experiments were conducted in an open
terrace between 11.00 am and 2.00 pm on a sunny
day. Solar light intensity was measured using UV
intensity meter (UV-340A, Lutron) and visible light
meter (KM-LUX-100K) for UV and visible light
intensities. Also temperature of reaction mixture was
measured and was found to be 32 ± 2˚C for the
entire irradiation period of 3 h. Dissolved oxygen in
the reaction mixture transferred from atmosphere,
itself acted as an oxidant. In all the experiments,
100mL dye solution in water with the required con-
centration of dye (10mg/L) containing appropriate
quantity of the photocatalyst was used. Initial pH of
the solution was adjusted to a required value by
adding 0.01 N H2SO4 and by measuring the pH with
a pH meter (Equip-Tronics model no. EQ-610).
Aqueous dye solutions were stirred magnetically.
Aliquots of the samples were withdrawn at regular
time intervals and centrifuged at 10,000 rpm for 5
min to separate the catalyst. The absorbance of the
solution at 630 nm was measured by a UV–vis
spectrophotometer (Hitachi model no. U-2000) and
corresponding dye concentration in the solution was
measured. The percentage of degradation was
calculated from Eq. (1):

Degradation ð%Þ ¼ ðC0 � CÞ=C0 � 100 (1)

where C0 is the initial dye concentration and C is the
dye concentration in the reactor at any time.

Similar experiments were performed with differ-
ent photocatalysts such as the commercially available
Degussa P-25 catalyst, TiO2 (SGTiO2), CSTiO2,
Ag-doped SGTiO2, Ag-doped (LI)-CSTiO2, and Ag-
doped (PD)-CSTiO2 photocatalysts with dissolved

oxygen as the oxidant and the photocatalytic activity
of these nanoparticles were compared in terms of
photocatalytic degradation of AB-129, with those of
Ag@TiO2 core–shell-structured nanoparticles under
solar light irradiation. The total organic carbon (TOC)
was analyzed using TOC analyzer (TOC-V CSN, Shi-
madzu) and analysis of chemical oxygen demand
(COD) was carried out as per the standard method
for COD analysis [24].

3. Results and discussion

3.1. Engineering Ag@TiO2 by optimization of catalyst
composition, calcination temperature, and calcination time
for enhancement in solar photocatalytic activity and
degradation of AB-129

It is necessary to engineer the nanoparticles for bet-
ter photocatalytic activity. It can be done by varying
the composition of the nanoparticle, calcination tem-
perature and calcination time. Ag@TiO2 nanoparticles
can be engineered by optimization of Ag to Ti molar
ratio, calcinations temperature and time for enhance-
ment of their solar photocatalytic activity. Molar ratio
of Ag to TiO2 may play an important role in the struc-
ture of the catalyst. Size of the core and shell of
Ag@TiO2 depends on the molar ratio of Ag to Ti [25],
which in turn may affect the photocatalytic activity. It
is well known that calcination temperature is an impor-
tant factor that probably influences the crystallinity,
morphology, and surface area of TiO2, which can
clearly affect the photocatalytic activity [26,27].
Crystallization plays a very important role in the pho-
tocatalytic activity of TiO2. Enhancing calcination tem-
perature improves the crystallization of TiO2 which
helps in the improvement of photocatalytic activity of
TiO2 [28,29]. A better crystallization means the decrease
of crystal defects, which are the recombination centers
of photo-induced charge carriers [30–34]. Thermal
treatment helps in the phase transformation. Phase
transformation of TiO2 depends on the calcination tem-
perature and composition [35]. Calcination temperature
and time affect the crystalline nature and size of the
catalyst and hence the catalytic characteristics are
varied. To study the effect of calcination temperature
of the catalyst, the degradation of AB-129 dye at initial
concentration of 10mg/L in aqueous solution with ini-
tial pH 3 was studied with the Ag@TiO2 catalyst syn-
thesized with different Ag to Ti molar ratios (1:5, 1:3.1,
1:2.2, 1:1.7, and 1:0.8) and calcined at temperatures
ranging from 150 to 550˚C for calcination time of 3 h.
Catalyst loading of 100mg/L has been used in all the
experiments. It was observed that as the calcination
temperature increased, the percentage degradation of
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AB-129 has increased. Figs. 2–6 show the time course
variation of photocatalytic degradation of the AB-129
dye with Ag@TiO2 catalyst prepared with different Ag
to Ti molar ratio of 1:5, 1:3.1, 1:2.2, 1:1.7, and 1:0.8,
respectively, under solar light irradiation. Effects of cat-

alyst calcination temperature on the photocatalytic deg-
radation by Ag@TiO2 catalyst prepared with different
Ag to Ti molar ratio are shown in Figs. 2–6.

It can be seen from Figs. 2–6 that percentage
degradation with noncalcined Ag@TiO2 catalyst with

Fig. 2. Effect of calcination temperature on time course
variation of solar photocatalytic degradation of AB-129 dye
by Ag@TiO2. Ag to Ti molar ratio = 1:5; calcination time =
3 h; pH 3; catalyst loading = 100mg/L; C0 = 10mg/L; aver-
age UV and visible light intensities of solar light are 3.63
mW/cm2 and 1,218 × 102 lux, respectively, from 11 am to 2
pm.

Fig. 3. Effect of calcination temperature on time course
variation of solar photocatalytic degradation of AB-129 dye
by Ag@TiO2. Ag to Ti molar ratio = 1:3.1; calcination time
= 3 h; pH 3; catalyst loading = 100mg/L; C0 = 10mg/L;
average UV and visible light intensity of solar light are
3.59mW/cm2 and 1,188 × 102 lux, respectively, from 11 am
to 2 pm.

Fig. 4. Effect of calcination temperature on time course
variation of solar photocatalytic degradation of AB-129 dye
by Ag@TiO2. Ag to Ti molar ratio = 1:2.2; calcination time
= 3 h; pH 3; catalyst loading = 100mg/L; C0 = 10mg/L;
average UV and visible light intensity of solar light are
3.66mW/cm2 and 1,225 × 102 lux, respectively, from 11 am
to 2 pm.

Fig. 5. Effect of calcination temperature on time course
variation of solar photocatalytic degradation of AB-129 dye
by Ag@TiO2. Ag to Ti molar ratio = 1:1.7; calcination time
= 3 h; pH 3; catalyst loading = 100mg/L; C0 = 10mg/L;
average UV and visible light intensity of solar light are
3.56mW/cm2 and 1,175 × 102 lux, respectively, from 11 am
to 2 pm.
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Ag to Ti molar ratios of 1:5, 1:3.1, 1:2.2, 1:1.7, and 1:0.8
is only 0.3, 0.4, 0.6, 2.46, and 6.4%, respectively, and
are lesser than those obtained with the catalysts cal-
cined at 150˚C. As the calcination temperature was
increased from 150 to 450˚C, the degradation after 150
min of irradiation time has increased from 2.2 to
22.7% (with 1:5M ratio), 4.1 to 32.7% (with 1:3.1M
ratio), 5.2 to 38.8% (with 1:2.2M ratio), 6.8 to 98.5%
(with 1:1.7 M ratio), and 8.9 to 41.4% (with 1:0.8M
ratio), but further increase in calcination temperature
to 550˚C has decreased the degradation to only around
4.3% for 1:5, 4.7% for 1:3.1, 5.4% for 1:2.2, 6.6% for
1:1.7, and 7.4% for 1:0.8 Ag to Ti molar composition
ratios. The highest degradation of AB-129 was
observed with the catalysts (at all Ag to Ti molar com-
position ratios) calcined at calcination temperature of
450˚C. Increase in degradation with calcination tem-
perature was attributed to the formation of crystalline
phase of TiO2, which increases with increasing calcina-
tion temperature, as reported by other researchers
during degradation of acid red B dye [36] with Er3+:
YAlO3/ZnO–TiO2 composite under sunlight. Increase
in calcination temperature improves the crystallization
and hence increases the activity of catalyst. TiO2 has
three crystalline phases: anatase, rutile, and brookite,
among which anatase is more reactive than rutile and
reported to be responsible for the photocatalysis. It is
reported that as calcination temperature increases, the
content of anatase phase increases but further increase
in calcination temperature leads to change from ana-

tase to rutile phase and content of rutile increases as
the temperature is increased [22,36,37].

In the present study, with nanoparticles calcined at
550˚C decreased, degradation was observed, which
may be due to phase conversion from anatase to rutile
phase. TG-DTA analysis of the synthesized nanoparti-
cles with Ag to Ti ratio of 1:1.7 presented by Khanna
and Shetty [23] showed a releasing peak at around
514˚C indicating the possible phase conversion of TiO2

from anatase to rutile which supports the decrease in
photocatalytic degradation with nanoparticles calcined
at 550˚C. Similar observation was also made by Zhang
et al. [38]. It is widely accepted that the anatase phase
of titania is a relatively ideal photocatalytic material
among its three crystalline phases [37]. It is also
reported by other researchers [19,39,40] that TiO2 con-
taining only anatase phase showed better photocata-
lytic activity as compared to the commercial Degussa
P-25 catalyst which consist of 75% anatase and 25%
rutile phase. It is observed that as calcination tempera-
ture increases, photocatalytic activity increases, but
further increase in calcination temperature leads to
decrease in activity due to rutile phase formation.
Decreased activity with nanoparticles calcined at
550˚C may also be due to the increase in silver
content. It has also been observed that after calcination
at 550˚C, the Ag@TiO2 nanoparticles turned to gray
lustrous surface, characteristic of Ag, instead of the
blackish brown film of TiO2 on the surface as was
found in the catalyst after calcination at other temper-
atures. It was found that for catalysts prepared with all
Ag to Ti molar ratios, as the calcination temperature
was increased, degradation increased, but further
increase in the calcination temperature to above 450˚C
decreased the degradation. Hence, highest degradation
was found at 450˚C.

Fig. 6. Effect of calcination temperature on time course vari-
ation of solar photocatalytic degradation of AB-129 dye by
Ag@TiO2. Ag to Ti molar ratio = 1:0.8; calcination time = 3 h;
pH 3; catalyst loading = 100mg/L; C0 = 10mg/L; average
UV and visible light intensity of solar light are 3.6 mW/cm2

and 1,205 × 102 lux, respectively, from 11 am to 2 pm.

Fig. 7. Effect of Ag to Ti molar composition ratio on
percentage degradation of AB-129 dye by Ag@TiO2 nano-
particles calcined at 450˚C. Conditions: pH 3; catalyst load-
ing = 100mg/L; C0 = 10mg/L; irradiation time = 150min.
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Optimization of composition plays a very impor-
tant role in the structure and morphology of the cata-
lyst. Angkaew and Limsuwan [25] studied the effect
of Ti to Ag molar ratio on two-step synthesized
Ag@TiO2 nanoparticles. They reported that at low
concentration of TTIP as a precursor salt for Ti, TiO2

can be effectively formulated on Ag nanoparticles
which lead to the formation of core–shell structure,
but higher concentration lead to formation of core–
shell particles with larger shell thickness. However,
in their studies, too high concentration of TTIP lead
to the composite structure with Ag nanoparticles
embedded in TiO2 matrix. According to them, the
effect of Ag-Ti mole ratio on the morphology of

nanoparticles can be explained in terms of the avail-
able nucleation sites and growth of titania particles
on the pre-existing surface of silver nanoparticles.
Since it was found that molar ratio is an important
parameter in controlling the morphology of the
resulting Ag@TiO2 nanoparticles, so optimization of
Ag to Ti molar ratio was carried out in the present
study by varying the concentration of TTEAIP and
AgNO3 in the synthesis mixture for the formation of
Ag core and TiO2 shell.

Fig. 7 shows the effect of Ag:Ti molar ratio on per-
centage degradation (after 150min of irradiation) of
the dye by the nanoparticles calcined at 450˚C.

Fig. 8. X-ray diffractogram of Ag@TiO2 synthesized with different Ag to Ti molar composition ratio and calcined at 450˚C
for 3 h. Ag to Ti molar ratio of (a) 1:5 mM, (b) 1:3.1 mM, (c) 1:2.2mM, (d) 1:1.7mM, and (e) 1:0.8mM.
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It can be observed that as the Ag to Ti molar
ratio was increased from 1:5 to 1:1.7, the percentage
degradation increased, but further increase in the
ratio to 1:0.8 has lead to decrease in the degradation.
The maximum degradation occurred with nanoparti-
cles synthesized with Ag to Ti molar ratio of 1:1.7. In
order to understand the reason for maximum photo-
catalytic activity by nanoparticles synthesized with
1:1.7 Ag to Ti ratio, XRD of the nanoparticles were
obtained for all the nanoparticles synthesized with
different Ag to Ti molar composition ratios (1:5, 1:3.1,
1:2.2, 1:1.7; 1:0.8) and calcined at 450˚C for 3 h and
are shown in Fig. 8(a)–(e).

Table 2 shows the presence of different crystal
planes of Ag and TiO2 in nanoparticles with different
Ag to Ti molar composition ratio (1:5, 1:3.1, 1:2.2,
1:1.7; 1:0.8) at calcination temperature of 450˚C with a
calcination time of 3 h where (A) and (R) correspond
to the anatase and rutile planes of TiO2, respectively,
and (111), (200), (220), and (311) correspond to the dif-
ferent crystal planes of Ag0. The XRD of nanoparticles
with 1:1.7M composition ratio of Ag and Ti presented
in Fig. 8(d) confirmed the crystalline nature of both
core and shell. Formation of more of anatase phase
was observed and crystallite size was found to be
39.40 nm [23].

Average crystallite size of Ag@TiO2 nanoparticles
prepared with different Ag to Ti molar composition
ratio (1:5, 1:3.1, 1:2.2, 1:1.7; 1:0.8) was calculated based
on the Scherrer’s formula and are presented in Table 3.
It was found from X-ray diffractogram of Ag@TiO2

catalysts of different compositions calcined at temper-
ature of 450˚C for 3 h shown in Fig. 8(a)–(e) and as
summarized in Table 2 that as the Ag to Ti molar
composition ratio was increased, increase in crystallin-
ity was observed and it also resulted in increase in
anatase phase of TiO2. Decrease in particle size
(Table 3) of Ag@TiO2 nanoparticles was observed as
the Ag to Ti molar composition ratio was increased
from 1:5 to 1:0.8. Although smallest crystallite size
was found with 1:0.8 Ag to Ti molar composition ratio
as seen in Table 3, the X-ray diffractogram of
Ag@TiO2 presented in Fig. 8(e) showed only one ana-
tase phase peak as compared to many anatase peaks
in nanoparticles synthesized with 1:1.7 Ag to Ti molar
composition ratio as shown in Fig. 8(d). In case of par-
ticles with 1:5, 1:3.1, 1:2.2 Ag to Ti molar composition
ratios, both anatase and rutile phase formation were
observed in XRD presented in Fig. 8(a)–(c) and peak
for AgO was also found. Wang et al. [41] has reported
that the presence of AgO in Ag@TiO2 nanoparticles
results in decrease in photocatalytic property. But in
case of nanoparticles with 1:1.7M composition ratio
(Fig. 8(d)), three peaks of anatase phase of TiO2 and
well-defined crytalline structure were found as com-

Table 2
Presence of different crystal planes of Ag and TiO2 with different Ag to Ti molar composition ratio (1:5, 1:3.1, 1:2.2, 1:1.7;
1:0.8) at calcination temperature of 450˚C with a calcination time of 3 h

Crystal planes of Ag and TiO2 with different Ag to Ti molar ratio at calcination temperature of 450˚C

Ag to Ti ratio 1:5 (Fig. 8(a)) 1:3.1 (Fig. 8(b)) 1:2.1 (Fig. 8(c)) 1:1.7 (Fig. 8(d)) 1:0.8 (Fig. 8(e))

Planes

Ag, 2θ (crystal plane) 37.63 (111) 37.90 (111) 37.90 (111) 37.94 (111) 37.98 (111)
44.13 (200) 44.11 (200) 44.11 (200) 44.20 (200) 44.38 (200)
64.30 (220) 64.20 (220) 64.14 (220) 64.30 (220) 64.50 (220)
77.21 (311) 77.40 (311) 77.14 (311) 77.10 (311) 77.50 (311)

TiO2, 2θ (crystal plane) 25.10 (A) 25.72 (A) 25.10 (A) 25.30 (A) 25.50 (A)
55.13 (R) 55.17 (R) 48.01 (A) 48.14 (A)

54.02 (A)

Note: A: Anatase and R: Rutile.

Table 3
Size of nanoparticles obtained with different Ag to Ti
molar composition ratio at calcination temperature of
450˚C for 3 h

Ag to Ti molar ratio 1:5 1:3.3 1:2.2 1:1.7 1:0.8
Crystallite size (nm) 68.70 60.11 56.61 39.40 27.46
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pared to other compositions and no peaks of rutile
TiO2 and AgO were found. These are the main rea-
sons of high photocatalytic activity shown by nanopar-
ticles with 1:1.7M composition ratio. Highest
photocatalytic activity with nanoparticles synthesized
with Ag to Ti molar ratio of 1:1.7 can also be contrib-
uted to a Schottky energy barrier formed by the com-
bination of Ag core and TiO2 shells. The interface can
attract light-induced electrons from the semiconductor
TiO2 to reduce electron-hole recombination. Presence
of AgO resulted due to oxidation of Ag can be verified
by the appearance of AgO diffraction peaks in
Fig. 8(a)–(c) at lower Ag to Ti ratios. The AgO cannot
serve as a Schottky energy barrier [41]. But no AgO
peak was observed with nanoparticles synthesized
with 1:1.7M ratio. Hence, lower photocatalytic activity
was observed at Ag to Ti ratios of 1:5 to 1:2.2. From
the results of photodegradation, the least Ag content
sample (1:5) showed the least photocatalytic activity.
This may also be because of the thicker TiO2 shell
which inhibits light-induced electrons from arriving at
the interface between the Ag cores and the TiO2 shells
at low Ag to Ti ratio used during synthesis [41].

With 1:0.8 Ag to Ti molar composition ratio, in
the XRD shown in Fig. 8(e), there was no AgO peak
and though anatase phase peak was observed with
low intensity. Ag (1,1,1) peak showed the highest
intensity as compared to nanoparticles synthesized
with other ratios, indicating that the silver content is
predominant. So, lower photocatalytic activity shown
by particles with 1:0.8 Ag to Ti molar composition
ratio may be due to high Ag content and very less
TiO2. Owing to high Ag and less Ti, not enough
TiO2 may be formed during the process to grow as
a film around all the Ag nuclei. Surface coverage of
Ag core with TiO2 may be very less and the
decreasing content of TiO2 means that fewer
electrons were generated to take part in the photo-
degradation of dyes, hence leading to lower
photocatalytic activity.

Due to presence of more anatase phase, formation
of well-defined crystalline structure with core–shell
morphology and absense of AgO, Ag@TiO2 nanoparti-
cles synthesized with 1:1.7 Ag to Ti molar composition
ratio, calcined at 450˚C for 3 h was found to be the
best in terms of photocatalytic activity.

Calcination time also affects the photocatalytic activ-
ity by determining the existence of crystalline phases.
Fig. 9 shows the time course variation of percentage
degradation of AB-129 dye during photocatalysis exper-
iments carried out with Ag@TiO2 nanoparticles
prepared with 1:1.7 Ag to Ti molar composition ratio
and calcined at 450˚C for different calcination times.

Time course variations have shown that the rate
of degradation of the dye has increased with increase
in calcinations time from 1 to 3 h, but further increase
in calcinations time to 4 and 5 h has resulted in
decreased rate of degradation. Effect of catalyst calci-
nation time on percentage degradation of AB-129 dye
(at 150min irradiation time) with the catalyst calcined
at different times is shown in Fig. 10.

Fig. 9. Effect of calcination time on time course variation
of solar photocatalytic degradation of AB-129 dye by
Ag@TiO2. Ag to Ti molar ratio = 1:1.7; calcination tempera-
ture = 450˚C; pH 3, catalyst loading = 100mg/L; C0 = 10
mg/L; average UV and visible light intensity of solar light
are 3.68mW/cm2 and 1,236 × 102 lux, respectively, from 11
am to 1.30 pm.

Fig. 10. Effect of calcination time on percentage degrada-
tion of AB-129 dye: pH 3; catalyst loading = 100mg/L;
C0 = 10mg/L; irradiation time = 150min; average UV and
visible light intensity of solar light are 3.68mW/cm2

and 1,236 × 102 lux, respectively, from 11 am to 1.30 pm.
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It is observed that as the calcination time is
increased from 1 to 3 h, the degradation in 150min
of irradiation time has increased from 49.5 to 98.5%,
but further increase in calcination time to 4 and 5 h
has decreased the degradation, which reached to only
around 8.9% at 150min irradiation time. Therefore,
the highest degradation was observed at calcination
time of 3 h. Increase in degradation of AB-129 may
be attributed to increase in content of anatase in
TiO2, which increases with increasing calcination
time. It is reported by You et al. [42], Mozia et al.
[43] and Wang et al. [36] that as calcination time
increases, formation of anatase phase increase, but
further increase in time leads to conversion of ana-
tase phase to rutile phase which decreases the photo-
catalytic activity.

As seen from XRD (Fig. 8(d)) at calcination time of
3 h, anatase TiO2 was found, so catalyst calcined at
450˚C for 3 h showed better photocatalytic efficiency
for photocatalytic degradation of AB-129 dye. As the
calcination time increased, degradation increased, but
further increase in the calcination time decreased the
degradation. Therefore, calcination time of 3 h was
found to be optimum.

Thus, the Ag@TiO2 nanoparticles synthesized
with Ag to Ti molar ratio of 1:1.7 and calcined at
450˚C for 3 h were found to be optimum for maxi-
mum photocatalytic activity in terms of degradation
of AB-129.

3.2. TEM image of Ag@TiO2 core–shell nanoparticle

As Ag@TiO2 nanoparticles synthesized with Ag to
Ti molar ratio of 1:1.7 and calcined at 450˚C for 3 h
were found to be the optimum for maximum photo-

catalytic activity, these nanoparticles were analyzed
using TEM. Fig. 11 illustrates TEM image of Ag@TiO2

nanoparticles which confirmed the formation of core–
shell structure with Ag core of approximate dimension
of 33.63 nm and TiO2 shell of average thickness 3.7 nm
[23].

3.3. Comparison of solar photocatalytic activity of
Ag@TiO2 core–shell-structured nanoparticles with other
photocatalysts for degradation of AB-129

For the photocatalysis of dyes, presently TiO2 and
Ag-doped TiO2 are being used. So, solar photocatalytic
activity of Ag@TiO2 nanoparticles for degradation of
AB-129 dye at initial concentration of 10mg/L, pH of
3, and catalyst loading of 100mg/L were compared
with commercially available Degussa P-25 catalyst,
TiO2 (SGTiO2), CSTiO2, Ag-doped-SGTiO2, Ag-doped
(LI)-CSTiO2, and Ag-doped (PD)-CSTiO2. For
Ag@TiO2 and Ag-doped TiO2 catalysts, Ag to Ti molar
composition ratio of 1:1.7 was used. All synthesized
TiO2 and Ag-doped TiO2 catalysts were calcined at
450˚C for 3 h. Fig. 12 presents the time course varia-
tion of photocatalytic degradation of AB-129 by differ-
ent catalyst.

The dissolved oxygen present in the reaction mix-
ture acted as an oxidant in these experiments. In can
be seen clearly that Ag@TiO2 core–shell nanoparticles
are more efficient in degradation of the dye as com-
pared to Ag-doped TiO2 and TiO2. As compared to

Fig. 11. TEM image of Ag@TiO2 (Ag to Ti molar ratio of
1:1.7) nanoparticles calcined at 450˚C for 3 h.

Fig. 12. Comparison of photocatalytic activity of different
photocatalysts for solar photocatalysis of AB-129 dye:
initial pH 3, catalyst loading = 100mg/L, and C0 = 10mg/L,
and average UV and visible light intensity of solar light are
3.72mW/cm2 and 1,240 × 102 lux, respectively, from 11 am
to 1.30 pm.
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the other photocatalysts, the degradation with
Ag@TiO2 nanoparticles is faster and around 98.5%
degradation has been achieved in 150min of irradia-
tion. Photocatalytic activity in terms of degradation of
AB-129 decreased in the order of Ag@TiO2 > Degussa
P-25 > SGTiO2 > CSTiO2 > Ag-doped (LI)-CSTiO2 > Ag-
doped-SGTiO2 > Ag-doped (PD)-CSTiO2. High photo-
catalytic efficiency is exhibited by Ag@TiO2 which
may be attributed to the inhibition of electron-hole
recombination, by storage of electron in Ag core and
subsequent discharge on provision of electron acceptor
such as O2 [11]. Lower photocatalytic activity shown
by Ag-doped-SGTiO2 and Ag-doped (LI)-CSTiO2 may
be due to the loss of activity of TiO2 as metal deposits
occupy the active sites on the TiO2 surface [44]. Also
least activity was shown by Ag-doped (PD)-CSTiO2 as
the negative charge on silver may start to attract holes
and then recombine with electrons leading to recombi-
nation of electron hole [45], thus lower photocatalytic
activity. Hence, it is concluded that Ag@TiO2 nanopar-
ticles synthesized by one-pot synthesis route with Ag
to Ti molar ratio of 1:1.7 and calcined at 450˚C for 3 h
can be effectively used as a photocatalyst for the deg-
radation of dyes by solar photocatalysis and the pro-
cess may be effectively used in the treatment of dye/
textile wastewater.

In order to study the extent of mineralization
reached during solar photocatalysis of AB-129 dye
with Ag@TiO2 nanoparticles, TOC and COD analysis
were carried out. Fig. 13 shows the time course varia-

tion of percentage TOC and COD removal during
solar photocatalysis of AB-129.

As shown in Fig. 13, percentage TOC removal and
COD removal during photocatalysis of AB-129 have
increased as the irradiation time is increased and
around 85% TOC removal and around 78% COD
removal occurred within 150min of irradiation time.
However, mineralization of AB-129 dye was not com-
plete probably due to presence of intermediate com-
pounds which were resistant to solar photocatalysis
by the Ag@TiO2 nanoparticles. Irradiation time may
be further increased to cause further reduction in
COD and TOC and hence to bring about further min-
eralization of the intermediates.

3.4. Kinetics of degradation of AB-129 by solar
photocatalysis using Ag@TiO2 nanoparticles

Study on kinetics helps in the designing of photo-
catalytic reactors for treatment of dye wastewater.
Estimation of rate equation and parameters is an
essential part of kinetics. So, kinetics of degradation of
AB-129 with Ag@TiO2 as the photocatalyst under solar
light irradiation was studied at initial dye concentra-
tion of 10mg/L, catalyst loading of 100mg/L, and pH
of 3. The results obtained during batch experiments
were used for evaluation of kinetics. Langmuir–Hin-
shelwood (L–H) kinetic model (Eq. (2)) is widely used
by various authors to describe solid–liquid reactions
[21,46–50]. The effect of dye concentration on the rate
of degradation is given in the form of (Eq. (2)) [51]:

r ¼ kKr½C�
1þ Kr½C� (2)

where r is the rate of reaction of AB-129 dye, [C] is
the molar concentration of the dye at time t, k the
constant related to adsorption, and Kr is the reaction
rate constant. Eq. (2) is rewritten as Eq. (3):

1

r
¼ 1

kKr½C� þ
1

k
(3)

To estimate the parameters in Eq. (3), rates of
degradation were obtained by drawing tangents at dif-
ferent interval of time, on plots of dye concentration vs.
time data obtained from the experiment. 1/r vs. 1/[C]
was plotted and values for the kinetic parameters were
estimated from the slope and intercept. Linear nature
of the plot shown in Fig. 14 has validated the applica-
bility of L–H equation.

The values of k and Kr are found to be 0.0003mM
min−1 and 198.77 mM−1 for degradation of AB-129 dye

Fig. 13. Time course variation of percentage TOC and
COD removal during solar photocatalysis of AB-129 dye:
initial pH 3, catalyst loading = 100mg/L, C0 = 10mg/L,
and average UV and visible light intensity of solar light
are 3.72mW/cm2 and 1,240 × 102 lux, respectively, from 11
am to 1.30 pm.
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degradation, respectively. This indicates that the
degradation of dye occurred mainly on the surface of
Ag@TiO2 nanoparticles and the rate is proportional to
the surface coverage of dye on the Ag@TiO2 assuming
that the dye is strongly adsorbed on the catalyst
surface than the intermediate products [52].

4. Conclusions

Ag@TiO2 nanoparticles were engineered by optimi-
zation of catalyst composition, calcination tempera-
ture, and calcinations time for enhanced solar
photocatalytic activity to degrade AB-129 dye. The
effect of these parameters on the solar photocatalytic
activity of Ag@TiO2 in terms of degradation of AB-129
dye was investigated. Ag to Ti molar composition
ratio of 1:1.7, calcination temperature of 450˚C, and
calcinations time of 3 h are the most suitable condi-
tions for synthesis and calcination of the photocatalyst
and are considered the optimum. The X-ray diffracto-
grams of Ag@TiO2 showed the presence of both ana-
tase and rutile forms of TiO2 and Ag with different
crystal plane, indicating the crystalline nature of core
and the shell. It was found that Ag@TiO2 nanoparti-
cles showed highest catalytic efficiency for the
degradation of AB-129 and photocatalytic activity is
rated in the order of Ag@TiO2 > Degussa P-25 >
SGTiO2 > CSTiO2 > Ag-doped (LI)-CSTiO2 >Ag-doped-
SGTiO2 > Ag-doped (PD)-CSTiO2. Efficient mineraliza-
tion can be achieved with Ag@TiO2 nanoparticles. The
photocatalytic degradation kinetics of AB-129 fitted
well to the L–H model. Ag@TiO2 core–shell-structured
nanoparticles may be considered as effective catalysts
for the solar photocatalytic degradation of AB-129 dye

and this process may be effectively used in the treat-
ment of dye/textile wastewater.
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