Available online at www.sciencedirect.com

SciVerse ScienceDirect

Ceramics International 39 (2013) 1011-1019

CERAMICS

INTERNATIONAL

www.elsevier.com/locate/ceramint

From Agl/TiO, to Ag/TiO,: effects of the annealing
temperature on the compositions, porous nanostructures,
and visible-light photocatalytic properties

Juzheng Zhang®, Xin Liu?, Shanmin Gao®"*, Baibiao Huang™**, Ying Dai®, Yanbin Xu?,
Lauren R. Grabstanowicz®, Tao Xu®

aSchool of Chemistry and Materials Science, Ludong University, Yantai 264025, China
®State Key Labs of Crystal Materials, Shandong University, Jinan 250100, China
“Department of Chemistry and Biochemistry, Northern Illinois University, DeKalb, IL 60115, USA

Received 5 April 2012; received in revised form 20 June 2012; accepted 5 July 2012
Available online 14 July 2012

Abstract

Agl/TiO, and Ag/TiO, porous nanostructures were synthesized using AgNO3, K1, thioglycollic acid, and tetrabutyl orthotitanate as a
precursor. Agl nanoparticles were used as seeds to initiate the nucleation of a precursor TiO, shell, and thioglycollic acid acted as a
hydrolysis inhibitor and porosity promoter. The hybridized samples were annealed at different temperatures. Porous Agl/TiO,
nanostructures were formed at low annealing temperatures (300 and 400 °C). At 600 °C, the porous Ag/TiO, nanostructures exhibited a
plasmon resonance effect. The formation mechanism of the different porous nanostructures was also investigated. Methylene blue
solutions were used as wastewater to evaluate the visible-light photocatalytic activity of the samples. The porous nanostructured
photocatalyst exhibited substantially high visible-light-induced photocatalytic activity for the photodegradation of methylene blue
compared with pristine Agl and TiO, nanoparticles.
© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.

Keywords: A. Powders: chemical preparation; B. Nanocomposites; D. TiO,; Photocatalytic chemistry

1. Introduction

The excellent chemical stability, nontoxicity, and photo-
activity of TiO, has attracted considerable attention and
indicated its potential use as a photocatalyst in environ-
mental purification and hydrogen generation [1,2]. How-
ever, one of the major challenges that hinder the practical
application of pristine TiO,-based photocatalytic oxida-
tion is the large band gap of TiO, (~ 3.2 eV), which results
in the absorption of only UV photons in the solar
spectrum. Therefore, the light harvesting of TiO, in the

*Corresponding author at: School of Chemistry and Materials Science,
Ludong University, Yantai 264025, China. Tel.: +86 535 6672176;
fax: +86 535 6696281.

**Corresponding author. Tel.: 486 531 88364864; fax: +86 531 88574135.

E-mail addresses: gaosm@ustc.edu (S. Gao),
bbhuang@sdu.edu.cn (B. Huang),
bbhuang@sdu.edu.cn (L.R. Grabstanowicz).

visible region, which accounts for more than 43% of the
total solar energy, should be enhanced [3].

In general, two methods are used to improve light
harvesting of TiO, in the visible region. One involves the
sensitization of TiO, using color centers with appropriate
energy levels to promote photoelectron transfer between
the color centers and TiO,. A cost-effective sensitization of
TiO, is typically achieved by adding nonmetals such as I
[4,5] and S [6,7]. The other method involves decreasing the
TiO, conduction band and/or increasing the valence band
by intercalating proper atoms into the TiO, lattice [8—10].

Another crucial effort is to enhance surface area of
TiO,, because the desired photocatalytic reactions occur at
the interfaces of the catalyst—pollute solution [10-12].
Intuitively, a plausible approach is to maximize the
photoactivity of TiO, through synthesis of small TiO,
nanoparticles (NPs) that possess a large surface area and a
large number of reactive sites. However, reduction in
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particle size can introduce more internal crystal defects
that act as charge traps, thus diminishing the effective
transport of photoinduced charges to the external surface
sites, where the desired photocatalytic reaction occurs.

To address these challenges, this study reports a nano-
porous Agl/TiO, composite with Agl color centers. This
integral nanoporous composite has less crystal defects but
still provides sufficient surface areas for photocatalytic
reaction. Synergistically, the selection of Agl as color
center also introduces a plasmonic effect, which enhances
light harvesting because of localized surface plasmon
resonance (LSPR) [13-16]. The spectral position of LSPR
and the scattering properties of the Agl NPs depend on the
sizes, shapes and composition of NP [17,18].

Thioglycollic acid (TGA) is used as a hydrolysis inhibitor
and porosity promoter to produce Agl/TiO, nanoporous
composites. Agl NPs serve as seeds for the nucleation of
small TiO, particles during hydrolyzation. The gaseous
species, which result from the decomposition of TGA and
unhydrolyzed alkoxyls under heat treatment, can pulverize
the TiO, shell to promote the formation of a nanoporous
shell. The resulting porous nanostructure provides more
catalytically active centers, and its composition extends the
light response of the catalyst into the visible-light region.

2. Experimental procedures
2.1. Sample preparation

All chemicals used in this study were reagent-grade and
obtained from Tianjin Ruijinte Chemical Reagent Co. with-
out further purification. A typical procedure for preparing
the porous nanostructures is as follows: 0.06 g KI was first
dissolved in 25 mL of 0.2 mol/L aqueous TGA solution.
AgNO; (0.06 g) was then dissolved in 25 mL distilled water,
and the AgNO; solution was added dropwise into the
KI-TGA solution with continuous stirring for 0.5h in the
dark at room temperature. Agl-TGA composites were thus
formed. Next, 20 mL tetrabutyl orthotitanate [Ti(OC4Hy)q4,
TBOT] was dissolved in 40 mL absolute ethyl alcohol, and
the solution was stirred for 10 min at ambient temperature to
achieve homogeneity. The obtained TBOT solution was then
added to the Agl hydrosol at a rate of less than 60 drops/
min. During hydrolysis, the liquid was kept under continuous
vigorous stirring at room temperature. The resulting suspen-
sion was continuously stirred for an additional 2 h at room
temperature, and then allowed to stand for 12 h. Finally, the
precipitate was filtered out, repeatedly washed with deionized
water and absolute ethanol, and oven-dried at 80 °C for 6 h.
The precipitate obtained was calcinated in air for 3 h at 300,
400, and 600 °C, respectively, to produce porous nanostruc-
tures. The heat-treated samples were denoted as AIT-T,
where “-T” indicates the calcination temperatures (in °C).
For comparison, pristine TiO, powder calcinated at 400 °C
(denoted as T-400) was also prepared without the addition of
the Agl solution.

2.2. Sample characterization

The phases of the final products were identified using an
X-ray diffractometer (XRD) (Rigaku D/max-2500VPC) with
a Nifiltered Cu Ko radiation at a scanning rate of 0.02° s~
from 20° to 80°. Sample morphology was observed using a
transmission electron microscope (TEM, Hitachi model
H800) at an accelerating voltage of 150 kV. Ultraviolet—
visible light (UV—vis) diffuse reflection spectra (DRS) were
recorded within the range from 200 nm to 800 nm at room
temperature using a Shimadzu UV-2550 UV-vis spectro-
photometer. The porous structure and Brunauer—-Emmett—
Teller (BET) surface area were characterized using an N,
adsorption—desorption isotherm (ASAP-2020 Micromeritics
Co.). The samples were degassed at 180 °C prior to the BET
measurements. The pore volume and pore diameter distribu-
tions were derived from the desorption branches of the
isotherms in the Barrett—Joyner—Halenda (BJH) model,
whereas the BET surface area was calculated from the linear
portion of the BET curve. X-ray photoelectron spectra (XPS)
were recorded on an X-ray photoelectron spectrometer (VG
MicroTech ESCA 3000) using monochromatic Alg, with a
photon energy of 1486.6 ¢V.

2.3. Photocatalytic activity measurements

The photocatalytic activities of the as-prepared porous
nanostructures were evaluated by measuring the decomposi-
tion rate of methylene blue (MB) at room temperature. The
same measurements were also performed on Agl and pristine
TiO, NPs for comparison. The temperature of the photo-
catalytic reaction was maintained at 30 °C, and visible light
was provided by a 300 W tungsten arc lamp (Zhejiang Electric
Co., Ltd.) with a glass filter (transparent for 4 > 400 nm). For
the photocatalytic experiment, 50 mg AIT-T was added to
150 mL aqueous MB solution (5.0 x 10 mol/L) in a custom-
made quartz reactor. The concentration of MB solution
during the entire experiment was monitored by measuring
the UV-vis absorbance. Prior to irradiation, each suspension
was magnetically stirred in the dark for 60 min to achieve an
adsorption—desorption equilibrium between MB and the
photocatalysts. During visible light illumination, approxi-
mately 3 mL aliquots were collected from the reaction solution
at 10 min intervals and centrifuged to remove trace particles.
The absorbance of the centrifuged solutions was then mea-
sured in the range from 500 nm to 800 nm.

3. Results and discussion
3.1. XRD characterization of the crystal structure

The porous nanostructures were prepared via the hydro-
lysis of TBOT in a TGA-coated Agl hydrosol, followed by
3 h heat treatment in air at elevated temperatures. Powder
XRD was used to monitor the changes in the structure and
crystallite sizes of the prepared porous nanostructures at
different temperatures. Fig. 1 shows the XRD patterns of
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the samples before and after heat treatment at different
temperatures (300 °C to 600 °C). Prior to thermal treat-
ment, the samples appear as an amorphous TiO, phase.
This result is attributed to the relatively incomplete
hydrolysis of TBOT at room temperature, which causes
large amounts of unhydrolyzed alkyls to remain in the
xerogel powders. As a result, adsorption of unhydrolyzed
alkyls onto the surface of the TiO, particles prevents
further crystallization of TiO, [19].

After heat treatment, the patterns show the formation of
anatase TiO,. As the annealing temperature increases, the
peaks assigned to the anatase phase become sharper and more
intense because of the formation of larger grains, as summar-
ized in Table 1. The average crystallite sizes of the AIT-300,
AIT-400, and AIT-600 Agl/TiO, porous composites are 4.7,
7.6, and 14.5 nm, respectively; these values were estimated
from the full-width at half-maximum of the diffraction peaks
using the Scherrer equation. No peaks corresponding to Agl
were observed in the XRD patterns, indicating its low content
and small particle size.

3.2. UV-vis diffuse reflectance spectra

Fig. 2 shows the UV-vis DRS spectra of the prepared
AIT-T samples, pristine T-400, and Agl. Compared with

AIT-600

AIT-400

Intensity (a.u.)

AIT-300

as-synthesized

2 theta (degree)

Fig. 1. X-ray diffraction (XRD) patterns of the as-synthesized precursor
and the AIT-T composites after calcination at 300, 400, and 600 °C.

Table 1

the spectra for pristine T-400 and Agl, the spectra of the
AIT-T samples show a strong broad absorption band
between 400 nm and 800 nm, which covers the entire
visible range. An enhancement of the absorption intensity
was also observed, and the absorption peak at ~425 nm is
assigned to the direct band gap of Agl [20]. Pure TiO, has
no adsorption in the visible-light region; therefore, the
absorption edge is attributed to Agl. AIT-400 showed the
maximum absorption within the visible region compared
with the other samples. The absorption spectra of the
AIT-300 and AIT-400 samples are similar because of the
composite results of Agl and TiO,. However, at 600 °C, a
broad absorption covering the 450-800 nm range with a
summit at ~540 nm appears. This phenomenon is attrib-
uted to the plasma resonance effect of the metallic silver
NPs [21-23], indicating that the core Agl NPs decompose
at 600 °C, generating Ag metal and resulting in the plasma
effect. Therefore, the annealing temperature is an impor-
tant parameter that determines the nanostructures and
photocatalytic properties of the composites.

3.3. X-ray photoelectron spectra (XPS)

The UV-vis DRS spectra indicate that the core Agl NPs
decomposed into metal Ag at 600 °C. The chemical states of
Ag and I were then examined via XPS. Fig. 3(a) and (b)
shows the high-resolution XPS spectra of Ag 3d and I 3d for
samples AIT-400 and AIT-600, respectively. The Ag 3d
spectrum of AIT-400 consists of two individual peaks at
367.6 and 373.5 eV, which can be attributed to the Ag 3ds),
and Ag 3ds, binding energies, respectively, and are assigned
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Fig. 2. Ultraviolet—visible light diffuse reflectance spectra of AIT-T
catalysts at different calcination temperatures compared with Agl and
pristine T-400.

Physicochemical properties of AIT samples and pristine TiO, from N, sorption analysis and XRD results®.

Sample Sger (m%/g) Pore volume (cm?/g) Average pore size (nm) Crystal size (nm)
AIT-300 198.70 0.387 37.068 4.7
AIT-400 139.79 0.312 37.390 7.6
AIT-600 61.60 0.112 30.007 14.5
T-400 51.8 0.104 26.341 6.8

YBET surface areas were calculated by the multipoint BET method from the linear part of the BET plots. Single point absorption total pore volumes
were obtained from the volume of N, adsorbed at P/P,=0.995. Average pore diameters were estimated using the desorption branch of the isotherm and
the BJH formula. Crystal size was determined from the XRD pattern using the Scherrer equation.
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Fig. 3. High-resolution X-ray photoelectron spectroscopy (XPS) of Ag 3d
(a) and 1 3d (b) patterns for AIT-400 and AIT-600.

to Agt of Agl [24]. For the AIT-600 sample, the binding
energies are 368.6 and 374.5¢V, indicating the presence of
metal Ag’ [25]. The XPS spectrum of the I 3d region of
AIT-400 shows doublet peaks at 618.6eV (I 3ds5) and
630.1 eV (I 3ds),), which are assigned to I in Agl [18]. No I
was found at 600 °C, indicating that the synthesized Agl/
TiO, nanostructures are stable at low temperatures. How-
ever, the core Agl NPs decomposed and generated metal Ag
and I, when the calcination temperature reached 600 °C.
Agl/TiO, nanostructures converted into Ag/TiO, nanos-
tructures due to the sublimation of elemental I.

3.4. TEM characterization of particle morphology

The morphologies of the precursor of Agl/TiO, and the
nanostructures after calcination at 300, 400, and 600 °C
were characterized via TEM Fig. 4(a), (b), (¢) and (d),
respectively). After TBOT was hydrolyzed in the Agl
hydrosol, the newly formed particles showed an average

size of about 150 nm (Fig. 4(a)); no porous structure was
observed at this stage. The subsequent heat treatment
resulted in the formation of mesoporous structures, as
shown in Fig. 4(b)—(d). Each individual sphere consists of a
large number of tiny and loosely packed TiO, NPs
(approximately 4-8 nm in diameter), which are called
primary NPs. As a result, the interstitial voids between
these primary NPs constitute a short-range disordered
nanoporous structure, which is called primary nanopores.
In comparison, the voids between the large spheres (termed
secondary NPs) also create pores, which are called sec-
ondary nanopores [4,6]. The morphology of the primary
pores gradually changes as the size of the primary NPs
increases with increasing heat treatment temperature.

3.5. BET measurement of the specific surface area
and pore size distribution

The pore size and specific surface area (SSA) of the
samples were further characterized via nitrogen adsorption—
desorption isotherm measurements. Fig. 5 shows the nitrogen
adsorption—desorption and BJH desorption isotherms. The
results indicate a hierarchically bimodal pore-size distribution
in the mesoporous and macroporous regions of AIT-300 and
AIT-400 [26]. The first hysteresis loops for samples AIT-300
and AIT-400, locating at a relatively low pressure (0.4 < P/
Py<0.7), are associated with the framework-confined pri-
mary nanopores consisting of interstitial voids between the
smaller NPs. The shape and position of these loops are
slightly different, depending on heat treatment temperatures.
The first loop for AIT-300 is located at 0.4 < P/Py<0.5,
whereas for AIT-400 it is located at 0.4 < P/Py < 0.65. The
monolayer adsorption for AIT-300 and AIT-400 is complete
when the relative pressure reaches 0.5 and 0.65, respectively,
indicating that AIT-400 has a larger primary pore size than
AIT-300. The second hysteresis loop located at 0.85 < P/
Py < 1.0 is related to secondary pores composed of the voids
among large secondary particles [27]. For AIT-600, the
hysteresis loops located at 0.6 < P/Py< 0.8 indicate that
AIT-600 has the largest primary pore size compared with
AIT-300 and AIT-400. The observed hysteresis loops for
AIT-300 and AIT-400 approach P/Py=1, suggesting the
presence of macropores [28].

The BJH desorption isotherm results (Fig. 5, inset)
suggest that samples AIT-300 and AIT-400 show a
bimodal pore-size distribution consisting of smaller pri-
mary pores and larger secondary pores. The smaller pores
reflect the porosity within the TiO, shells, whereas the
larger pores are related to the pores formed between
aggregated Agl/TiO, nanostructures. For AIT-600, only
one smaller pore-size distribution is observed, indicating
the fusion of the primary NPs at high temperature. This
result is consistent with those of TEM.

Table 1 summarizes the physical properties of the porous
nanostructure samples obtained after calcination at various
temperatures, as well as that of pristine T-400. The pore
volume and SSA decreased with increasing calcination
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Fig. 4. Transmission electron microscopy (TEM) images of (a) the Agl/TiO, precursor and the obtained porous nanostructures after thermal treatment

at (b) 300, (c) 400, and (d) 600 °C.
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Fig. 5. N, adsorption—desorption isotherms and the corresponding
Barrett-Joyner—-Halenda (BJH) pore size distributions of the as-prepared
AIT samples.

temperatures. AIT-300 exhibits a wide BET surface area of
198m?g~" and a high pore volume of 0.386cm®g~".
Although the BET surface area of AIT-600 decreased to
61.6m> g~ ', it is still larger than that of commercial P25
TiO, (~50 m* g~ ") and pristine TiO,. These porous struc-
tures possessing high specific surface area are of particular
interest because they can provide abundant active sites for
the adsorption of pollutant molecules. This feature can

enhance the catalytic activity as indicated in the measurement
of the photocatalytic activity on MB degradation.

3.6. Proposed formation mechanism of the porous
composites

A multistep mechanism (Fig. 6) is proposed to explain
the formation of the Agl/TiO, or Ag/TiO, porous nanos-
tructures. TGA plays an important role in porous nanos-
tructure formation by acting as a pore-forming agent,
hydrolysis inhibitor, and ligand for the titanium com-
plexes. During the reaction of AgNO; and KI, mercaptan
anions attach to the Agl surface through mercapto groups;
silver mercaptan molecular complex also exists as a result
of competitive reactions [29]. Two different surface struc-
tures of mercaptan-modified Agl particles are assumed
(Fig. 6). One assumes that all Ag™ sites on the Agl particle
surface are occupied by adsorbed mercaptan, and that the
entire surface 1~ sites are covered by Ag%t ions to
compensate for the excess negative charges caused by the
adsorbed RS ions. The other assumes that the largest
coverage of mercaptan is on the Agl surface because all
Ag? sites are bound to the RS~ ions [29,30]. On the other
hand, TGA can effectively suppress the hydrolysis rates of
TBOT in the aqueous solution. An acid is usually used to
delay the hydrolysis rates, which determines the synthesis
pathway and affects the micro—nanostructure of the
inorganic species. So, acids appear to be important in the
formation of the mesophases of oxides [31].
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Fig. 6. Schematic diagram of the formation mechanisms of the Agl/TiO, and Ag/TiO, porous nanostructures.

When TBOT was added to the mercaptan-coated Agl
hydrosol, the Ti(OBu); molecules were adsorbed onto the
surface of the Agl NPs and slowly hydrolyzed to become a
titania precursor layer on the Agl NPs. These primary
TiO, particles formed as a shell on the surface of the Agl
particles, which in turn become nucleation sites for TiO,
spheres via TBOT hydrolysis. This phenomenon is con-
firmed by the TEM images in Fig. 4(a).

The hydrolysis of TBOT at room temperature and in acidic
conditions is relatively slow and incomplete. Therefore, a large
amount of unhydrolyzed alkoxyls still remains in the xerogel
powders [32]. The subsequent heat treatment of the xerogel at
elevated temperatures has led to a series of reactions between
the mercaptan, alkyls, Agl, and amorphous TiO, in the
presence of O,. When the precursor is calcinated at relatively
lower temperatures (300 and 400 °C), the organics within the
powder are oxidized into CO,, SO,, and H,O. The resulting
gaseous products pulverize the TiO, shell, thereby forming the
primary pores. Concurrently, the amorphous TiO, crystallizes
into anatase TiO,, and the aggregation of the secondary
particles results in the formation of secondary pores, consisting

of voids among the secondary particles during heat treatment.
At 600 °C, the core Agl NPs decomposes into metal Ag, I,
and elemental I, sublimates and escapes, whereas most
mesoporous structures collapse and form new Ag/TiO, porous
nanostructures.

3.7. Photocatalytic activity in methylene blue decomposition

MB is a brightly colored blue cationic thiazine dye,
which is often used as a test model pollutant in semicon-
ductor photocatalysis. Fig. 7(a) shows the adsorption and
photodegradation ability of the AIT-T samples against
MB solutions in comparison with those of pristine TiO,
(T-400) and pure Agl. A blank experiment was also
performed. The pure MB solution does not decompose
without a catalyst. Prior to turning the light on, the MB
concentrations are depleted faster in the presence of the
AIT-T samples than in T-400 and pure Agl. This effect is
attributed to the larger surface area of the AIT-T samples.
The adsorption capacity of AIT-T increases with the
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Fig. 7. (a) Blank MB solution, adsorption and photodegradation of MB
solutions using pristine T-400, Agl, and AIT-T samples as photocatalysts
under visible-light irradiation in neutral suspension. (b) Recycling test
results for the AIT-400 sample.

decrease in heat treatment temperatures due to the reduced
surface area.

Fig. 7(a) shows that the MB solutions containing AIT-300
and AIT-400 undergo significant degradation and become
nearly transparent within 50 min under visible-light illumina-
tion. AIT-400 exhibits the best photocatalytic activity. By
contrast, the MB solution containing T-400 shows very limited
degradation. The AIT-600 sample has positive photocatalytic
properties resulting from the plasma effect; however, these
properties are inferior to those of AIT-300 and AIT-400
because of its smaller specific surface. Meanwhile, the photo-
catalytic performance of pure Agl gradually increases when
the illumination time is increased because of the decomposi-
tion of pure Agl under light, as well as partial decomposition
of Agl NPs, which generates metal Ag. These metal Ag
particles attach to the surface of the Agl particle, resulting in
the surface plasmon resonance effect, which, in turn, results in
improved photocatalytic performance. Plasmonic photocata-
lysts are based on the localized surface plasmon resonance
(LSPR) of the noble metal, metal-semiconductor contact, and
semiconductor photocatalysts [16]. Pure Agl are unstable
under light irradiation. However, metal Ag on the surface of
Ag/Agl scavenges hyp and then traps ecy in the process of the
photocatalytic reaction, inhibiting the decomposition of Agl
and reducing the recombination rate of the electron-hole pair
[33]. So the LSPR of metal Ag NPs for degrading MB is larger
than that of pure Agl NPs.

The BET results indicate that AIT-300 has the largest
surface area; however, it does not have the highest
photocatalytic property, which is often due to a small
particle size or a porous structure and corresponds to low
anatase crystallinity. Low anatase crystallinity indicates
the presence of too many defects, which further promotes
the recombination of the photogenerated electrons and
holes [34]. The surface areca of AIT-400 is larger, and its
anatase crystallinity is better than those of AIT-300
(Figs. 1 and 5 and Table 1), suggesting that AIT-400 has
higher anatase crystallinity and fewer defects compared
with AIT-300. Therefore, AIT-400 has the highest photo-
catalytic oxidation activity against MB.

The stability of a photocatalyst is highly important for
its application. The stability of AIT-400 was investigated

via repeated recycling in MB bleaching experiments. No
significant decrease in the photocatalytic oxidation activity
is observed after six cycles of usage (Fig. 7(b)), making
AIT-400 very promising for practical application.

The photocatalytic activity of the powders can be
quantitatively evaluated by comparing their apparent
reaction rate constants. The photocatalytic oxidation of
organic pollutants in aqueous suspensions follows the
Langmuir—Hinshelwood model [35,36], which is described
as [27]

Go
In <a> = k(tp])t

where C, is the concentration of aqueous MB at reaction
time ¢, Cy is the initial MB concentration, k,p, is the
apparent rate constant, and ¢ is the reaction time. The
variations in In(Cy/C) as a function of the irradiation time
are given in Fig. 8. All the curves can be fitted roughly to a
straight line. Thus, the photocatalytic degradation reaction
is assumed to follow first-order kinetics [37]. The rate
constants for the photodegradation of MB using the AIT-
400 and AIT-300 nanoporous composites are 16.3 and 11.0
times higher than that of pure TiO, and 8.8 and 5.9 times
higher than Agl, respectively. Therefore, the AIT-400 and
AIT-300 nanoporous composites exhibit strong photocata-
Iytic activity for MB decomposition under visible-light
irradiation.

The highly efficient visible light photocatalytic activity of
the nanostructured Agl/TiO, or Ag/TiO, are attributed to its
strong absorption in the visible region and low recombina-
tion rate of the electron—hole pair due to the synergetic effect
among the components of Agl, Ag, and TiO, in the
nanostructure. Once a composite of Agl and TiO, is formed,
Agl can be excited by visible light and generate electron—hole
pairs. Metal Ag on the surface of the nanostructures acts as
electron traps, resulting in a stabilization of electron-hole
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Fig. 8. Variation in the normalized In(Cy/C) of the MB concentration as a
function of visible-light irradiation time.
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pairs and electron migration from the conduction band of
Agl to that of TiO, [18,38,39].

4. Conclusions

Agl/TiO; and Agl/TiO, porous nanostructures with high
crystallinity and high surface area have been synthesized
through a hydrolysis—calcination process. The Agl-TGA
NPs serve as seeds and TGA is used as a hydrolysis inhibitor
and porosity promoter. The calcination temperatures affect
composition and porosity of the nanostructures. Agl/TiO,
porous nanostructures are formed at low calcination tem-
peratures (300 and 400 °C). On the other hand, Ag/TiO,
porous nanostructures appear when the calcination tempera-
ture reaches 600 °C. The different porous nanostructures
obtained exhibit an enhanced visible light-driven photocata-
lytic oxidation activity against M B, which is attributed to the
high specific surface area of the porous nanostructures and
the high absorbance in the visible-light range. The architec-
turally controllable morphology of the TiO, nanostructure
composite presented in this work provides a novel method
for further enhancing the visible-light-driven photooxidation
of organic pollutants.
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