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a  b  s  t  r  a  c  t

The  formation  of  silver  hydrogen  trititanate  nanotubes,  based  on  the  controllable  microwave-assisted
hydrothermal  nanocrystalline  TiO2 transition,  was  investigated  by  means  of XRD,  UV–vis–DRS,  Raman,
FESEM  and  HRTEM.  The  results  show  that  the  rapid  formation  of H-trititanate  nanotubes  is achieved  by
self-assemblage  of silver  nanoparticles  in  which  the lamellar  intermediates  react  with  NaOH  in  hydrother-
mal  conditions.  The  presence  of Ag◦ nanoparticles  in the precursor  promotes  rapid  and  more  complete
formation  of layered  H2Ti3O7 nanotubes.  After  reacting  for 4 h without  subsequent  thermal  treatment,
eywords:
anocrystalline silver–TiO2

icrowave-assisted synthesis
hotocatalytic activity
2Ti3O7 nanotubes
iO2 nanoribbons

the  inner  diameters  of the cylinder-like  nanotubes  are  in  the  range  of 3.6–4.0  nm,  while  their  outer  diam-
eters  are  in  the  range  of 7.6–8  nm.  In addition,  some  straight  nanotubes  form  bundles  which  are  hundreds
of  nanometers  in  length.  As-synthesized  ultrathin  nanotubes  and  crystalline  precursors  were  evalu-
ated  by  methyl  orange  dye  (MOD)  UV  photo-oxidation.  The  complete  degradation  of  MOD  is achieved
after  3.5  h  of  UV irradiation  in  the  presence  of  silver–TiO2 nanocomposites,  resulting  in 50%  of  dye
mineralization.
. Introduction

Synthesis and tailoring of the structures of semiconductors
ased on nanocrystalline TiO2 have received considerable atten-
ion due to their unique physical and chemical properties and
heir potential applications in industry and technology [1–3].
ne of the most studied TiO2 applications is in the area of
hotocatalysis, which has led to their use as efficient detoxifi-
ation or remediation, mineralization, and disinfection agents of
astewater. The photocatalysis is a well-known technique in the

reatment of wastewater [3,4]. Many modifications of the TiO2
emiconductor have been studied with the aim of enhancing
he activity and stability of these materials and of extend-
ng these photochemical applications with TiO2 into the visible
egion of the spectrum for wastewater treatment applications
5]. While various methods have been used to synthesize tita-
ium dioxide nanoparticles, such as anodization process [6–8],
ombustion [9],  and sol–gel techniques [10], hydrothermal synthe-

is in alkaline solution has proved to be a particularly attractive
pproach for the preparation of 1-D nanostructures of TiO2.
his is because the method uses only a few reagents, produces

∗ Corresponding author. Tel.: +52 44 8342000x7295.
E-mail address: vicente.rdz@ipicyt.edu.mx (V. Rodríguez-González).
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© 2011 Elsevier B.V. All rights reserved.

relatively pure materials, and the process is simple and inexpensive
[11–18].

The oxidation of organic contaminants of wastewater appears
to rely on a surface phenomenon to achieve mineralization.
This phenomena has been studied by heterogeneous photocatal-
ysis that focuses on the study of photoassisted reactions using
an irradiated nanostructured semiconductor as the photocata-
lyst [2,3]. The photocatalyst may  be modified in many ways:
by doping with transition metals, rare earth metals, function-
alization by impregnation or deposition of noble metal atoms,
photosensitization with dyes, sulfates, and modification of the
structures by reactions such as the sol–gel, or the hydrothermal
process.

The aim of this research is to study how to tailor the
physical, chemical, structural, and photocatalytic properties of
the silver–H2Ti3O7 material prepared by a simple, inexpensive,
and rapid hydrothermal treatment using microwave irradia-
tion.

In this work, titanate nanotubes were shown to be effective sup-
port matrices for the immobilization of silver nanoparticles. As a
result, we also report a comparative study with the corresponding

analogue nanocrystalline anatase TiO2 to understand the synthe-
sis and the properties of these two  nanostructures and to evaluate
their activity in the photocatalytic degradation of methyl orange
dye under UV Light irradiation.

dx.doi.org/10.1016/j.molcata.2011.11.020
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:vicente.rdz@ipicyt.edu.mx
dx.doi.org/10.1016/j.molcata.2011.11.020


1 ular C

2

2

n
w
c
u
v
a
1
l
w
l
t
T
p

2
m

a
9
t
w
e
m
T
8
a
a
4

2

1
s
1
v
t
a
w
n
t
t
o
v
s
a
s
p

2

u
m
r
u
s
f
s
t

64 V. Rodríguez-González et al. / Journal of Molec

. Experimental

.1. Preparation of silver photo-deposited TiO2

For photochemical deposition of silver nanoparticles on tita-
ium dioxide, the P25 Degussa material (75% anatase, 25% rutile)
as used as a TiO2 precursor. First, 0.472 g of silver nitrate (Sam-

hun, 99.8%) were added to 1 L of distilled water and placed in an
ltrasonic bath for 5 min  to assure the complete dissolution of sil-
er precursor particles. Then, 29.7 g of TiO2 (P25 Degussa) were
dded to the aqueous solution and the slurry was maintained for

 h under continuous magnetic stirring to achieve adsorption equi-
ibrium of the Ag+ ions on the TiO2 surface. Afterwards, the mixture

as exposed to UV light with two 20 W UV C-type lamps (Black
ight lamp-BL, Sankyo Denky, Japan) for 2 h. Then, the slurry was
ransferred to a vacuum rotary evaporator and dried at 80 ◦C for 4 h.
he final powder was heated at 100 ◦C overnight. The so-obtained
owder is referred to as Nc-STPD.

.2. Synthesis of silver–TiO2 nanocomposite by the sol–gel
ethod

The silver–TiO2 sample was prepared by sol–gel method by
dding dropwise 130.36 g of titanium n-butoxide (Sigma–Aldrich,
7%), 53 mL  of n-butanol, and 28 mL  of a 0.1 M silver aqueous solu-
ion (silver nitrate, Samchun, 99.8%) to 53 mL  of butanol–28 mL
ater solution contained in a 4-neck round bottom flask (1 L)

quipped with a thermometer. The butoxide/n-butanol/water
olar ratio was 1/3/8 and the final amount of silver was 1 wt%.

he slurry was maintained in the dark under magnetic stirring at
0 ◦C for 4 h. The gelled product was aged for 72 h. The solvents
nd unreacted precursors were removed in a vacuum evaporator
t 80 ◦C, dried overnight under vacuum at 100 ◦C, and calcined at
50 ◦C for 4 h. The so-obtained powder is referred to as Nc-STSG.

.3. Silver–H2Ti3O7 nanotubes synthesis

Two grams of silver–TiO2 sample were suspended in 100 mL  of
0 M NaOH aqueous solution. The slurry was placed in an ultra-
onic bath for 5 min  to eliminate aggregates and then stirred for
0 min  at room temperature. The mixture was placed in a Teflon
essel and heated by microwave irradiation in a microwave reac-
or (Eyela MWO-1000 Wave Magic) at 150 ◦C for 4 h, 400 rpm and

 maximum variable microwave irradiation power of 195 W.  After-
ards, the obtained material was cooled to room temperature and
eutralized with 5 N HCl. Then, the resulting powder was washed
horoughly with distilled water until the pH of the washing solu-
ion was ∼7. The powder was filtered and dried at 95 ◦C for 12 h. The
btained powder is referred to as Nt-STSG for nanotubes from sil-
er TiO2 sol–gel precursor and as Nt-STPD for nanotubes from the
ilver photodeposited TiO2 precursor. P25 Degussa material (75%
natase, 25% rutile) was used as a TiO2 precursor for the synthe-
is of H2Ti3O7 nanotubes in identical conditions, but without the
resence of silver referred to as Nt–TiO2.

.4. Characterization of silver TiO2 nanocrystalline structures

All samples were stored at room temperature inside a vac-
um desiccator, away from light in order to prevent light induced
odifications. The crystalline phases were determined by X-

ay diffraction (XRD) with a Bruker D8 Advance diffractometer
sing CuK� radiation (� = 1.5 Å). Optical characterization of the

emiconductors was performed with a Varian Cary 100 UV–Vis (dif-
use reflectance) spectrophotometer, equipped with an integrating
phere. In order to estimate the energy band gap (e.g.; electronic
ransitions) of the catalysts, the equipment was calibrated with
atalysis A: Chemical 353– 354 (2012) 163– 170

a Spectralon standard (Labsphere SRS-99-010, 99% reflectance).
Then, the band gap of the solids was calculated by linearization
of the UV spectra to the X axis (wavelength in nm)  for Y axis
(absorbance) equal to zero for indirect allowed transitions. The
Raman spectra were recorded on a Renishaw MicroRaman Invia
Spectrometer, equipped with an Argon laser source. The laser exci-
tation line was 514 nm and the power was 25 mW.

FESEM images were obtained by means of a Helios NanoLab
600i equipped with Advanced DualBeam for ultra-high resolu-
tion imaging. The HRTEM and HAADF-STEM images were obtained
with a FEI Tecnai F30 Super-win equipped with a LaB6 emission
gun operating at 300 kV. The point to point resolution is 0.24 nm;
and the information limit is 0.14 nm.  The HRTEM digital images
were obtained with a CCD camera and the Digital Micrograph Soft-
ware from GATAN. The elemental composition of the samples was
determined by energy dispersive X-ray spectroscopy (EDS) with
an EDAX spectrometer fitted to the TEM. The powdered samples
were ultrasonically dispersed in isopropyl alcohol and supported
on holey carbon coated copper grids. The particle size and nanotube
diameter distribution histograms for the samples were established
from the measurements of 200–300 particles. The average par-
ticle diameter was calculated by using the following formula:
ds = ˙nidi/˙ni,  where ni is the number of particles of diameter
di.

2.5. Experimental procedure of photocatalytic degradation of
methyl orange dye

The photocatalytic degradation of methyl orange dye (Methyl
Orange A.C.S, Aldrich), was performed with a standard Pen-Ray
UV lamp (UVP Products) with a typical intensity of 4400 �W/cm2

at 254 nm.  The photocatalytic tests were performed in a slurry
home-made reactor at room temperature. The quartz lamp was
immersed in a cooled vessel containing the reactant solution con-
sisting of 250 mL  with 35 ppm of MOD  and 250 mg  of catalyst. In
order to achieve the saturation of dissolved oxygen and to assure
the adsorption–desorption equilibrium of MOD  on the semicon-
ductor, the dry air was  bubbled for 30 min  (30 mL min−1) into the
suspension under gentle magnetic stirring (240 rpm) before turn-
ing on the light source. The photodegradation rate was obtained by
following the intensity of the MOD  absorption band at 465 nm as a
function of the irradiation time. Aliquots of the irradiated solution
were filtered through a 0.45 �m nylon filter and monitored with
a Varian Cary 100 UV–vis spectrophotometer. All of the photocat-
alytic experiments were repeated at least twice. Estimated errors
did not exceed 3.0%.

3. Results and discussion

3.1. XRD analysis

XRD patterns obtained after microwave treatment show that
the crystallinity of titanate nanotubes is generally poor (see Fig. 1).
Reflections are marked as R, A and T corresponding to the rutile TiO2
phase (JCPDS 21-1276), TiO2 anatase phase (JCPDS 21-1272) and
the titanate phase nanotubes H2Ti3O7 (JCDPS 36-654). In addition,
a small peak at 30.83 of 2� is observed for sol–gel nanocrystalline
sample (Nc-STSG), which may  be assigned to the brookite TiO2
phase (JCPDS 76-1934).

However, according to the XRD patterns a complete phase tran-
sition was achieved for both silver TiO2 nanocrystalline precursors
of titanate nanotubes. The titanate nanotubes obtained from TiO2

Degussa precursor have much less intensity, Nt–TiO2 than Nt–ST
samples. All of the reflections in the titanate nanotubes have broad
profiles which could be attributed to hydrogen trititanate nano-
tubes phase H2Ti3O7 (JCDPS 36-654) [15–18]. The presence of
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ig. 1. Powder XRD patterns of the synthesized silver TiO2 nanocrystalline and silver
2Ti3O7 nanotubes.
g◦ nanoparticles in the precursor would cause the rapid and
ore complete formation of layered H2Ti3O7 nanotubes compared

o bare TiO2 nanotubes. Evidence for the new one-dimensional
itanate nanostructure (H2Ti3O7) may  be suggested by the ordered

Fig. 2. FESEM images obtained for the (a) Nc-STSG, (b) 
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structure of nano-crystalline TiO2 during the microwave process,
being consistent with the literature [18]. Fig. 1 shows that with
only 4 h of irradiation under alkaline conditions at 150 ◦C, all reflec-
tions of the silver nanotubes are attributed to pure hydrogen
trititanate nanotubes. Similar XRD patterns have been reported
under similar conditions [18]. However, longer microwave irra-
diation time was  used [18] or sodium atoms remain in the
one-dimensional titanate nanotube [11,19]. Also, doping titanates
with exchangeable ions may  help to obtain the pure hydrogen
trititanate nanotubes [13,15,16].  The formation of nanotubes is
independent from the original structure of TiO2 [24]. However,
the presence of the silver nanoparticles on the TiO2 precursor
may  favor and catalyze the formation of the final trititanate nano-
tubes. Peaks attributed to silver particles (Ag◦ or AgOx) were not
identified and therefore it may  be assumed that some Ag+ ions
may  be inserted into the framework of titanium dioxide for the
sol–gel sample or deposited in nanometer size on the TiO2 sur-
face for the deposited samples and the titanate nanostructures.
However, the size of such silver nanoparticles is below the reso-

lution of the diffractometer. Other related studies indicating the
presence of cations, for example Zn2+, in hydrothermal treatment
would cause the formation of layered H2Ti2O5(H2O)  nanosheets
[13].

Nc-STPD, (c) Nt-STSG, and (d) Nt-STPD powders.
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.2. FESEM and HRTEM observation

The morphologies of the hydrogen trititanate nanotubes and
anocrystalline precursors were analyzed by FESEM, Fig. 2a–d.
he nanocrystalline TiO2 prepared by sol–gel (Nc-STSG) precur-
or consists of faceted rectangular and quasi-spherical particles
f ∼20 nm in diameter (Fig. 2a). The precursor prepared by sil-
er photodeposition on commercial TiO2, Nc-STPD, shows similar
orphology but with crystalline particles of ∼28 nm in diameter

Fig. 2b). The FESEM images obtained for the one-dimensional Nt-
TSG, and Nt-STPD powders, are shown in Fig. 2c and d, where the
ormation of nanotubes is observed. The diameter of Nt-STSG is
–10 nm,  with a length of ∼400 to 600 nm.  On the other hand, for
he Nt-STPD the formation of ultrathin nanotubes was observed
∼6 nm in diameter). It can also be noted that in the Nt-STPD
owder, the lengths of nanotubes are twice those of the Nt-STSG
reparations (∼0.8 to 1 �m).  In addition, we observe some silver
anoparticles formed on the surfaces of the titanate nanotubes. In
he literature, the trititanate nanotubes exhibit diameters of about
1 nm and length of several ten to several hundreds nanometers,
espectively [18].

The hydrogen trititanate nanotubes obtained in the present
ork are pure and ultrathin (8 nm)  compared to other reports

n the literature [11,12,15].  FESEM images of silver TiO2 nano-
ubes illustrate (Fig. 2c and d) that the Nt-STPD nanotubes seem
o be more oriented and also that silver nanoparticles are not
bserved, perhaps because nanoparticles are highly dispersed on
he surface and some nanoparticles are lixiviated during the trans-
ormation process. In Nt-STSG obtained from sol–gel preparations,
he nanotubes are interwoven (Fig. 2d) and silver nanoparticles
re observed on the surface of protonated nanotubes. FESEM
mages shows that the nanotubes obtained from photodeposited
ilver TiO2-P25 are larger than those from Nt-STSG. When the
ilver–TiO2 precursor is more nanocrystalline, larger and thin-
er nanotubes are obtained [14]. Nanocrystalline P25 TiO2 with
7 nm crystallite size seems to be nanotubes in a more complete
ay.

HRTEM observations of Nt-STSG Fig. 3a indicate that the
anotubes are generally three to four layered with an inter-

ayer separation of ∼0.74 nm.  HRTEM observations reveal that
he titanate nanotubes have almost uniform inner diameters of
3.4 nm and outer diameters of ∼9.1 nm.  A few unrolling lay-
rs are observed which suggests a lamellar intermediate phase
n the mechanism of the transformation of the nanocrystalline
recursor Fig. 3a [13]. This is important for the mechanisms of
ormation of nanotubes from TiO2 crystallites reported previously
11,14,18,20]. The mechanism of formation of nanotubes from
iO2 anatase in alkaline ambient is described elsewhere in the
iterature [14]. In brief, the alkaline environment causes dissolu-
ion of the TiO2, and a reprecipitation as layered titanate occurs.
rom these layered structures, nanotubes are formed because
f the asymmetric environment caused by mechanical stress
hydrothermal environment). Recrystallization of trititanate nano-
ubes yielded it as a final product in a complete transformation [14].
lso, recrystallizations of anatase and rutile phases are possible

15,18,21,22].
For Nt-STPD the interlayer separation is ∼0.8 nm [14,18],  which

uggests that the layers are least compact perhaps because the
nterlayer and length are greater than that in Nt-STSG. The titanate
anotubes have outer diameters of ca. ∼8 nm and inner diameters
f 3.6 nm,  with the wall being composed of three or four stacked
ayers. These nanotubes seem to be less rigid perhaps because

f their greater length. Also, a few layers seem to be unrolled
to form nanoribbons-like) and some nanotubes were not well
olled (scroll-like) by these preparations (see Fig. 4a and b. In
ig. 3a and b, some silver nanoparticles are observed to have been
Fig. 3. (a, b) HRTEM images for Nt-STSG.

deposited preferentially over the outer diameter with an average
nanoparticle size of 2.7 nm.

In Fig. 3b, metallic silver nanoparticles of 2.5 nm were detected,
with an interplanar separation of 0.235 nm which is close to the
interplanar distance in the cubic metallic silver phase (1 1 1) and
with hexagonal shape [11]. HRTEM observations suggest that the
silver nanoparticles from silver doped TiO2, prepared by sol–gel
method, were segregated on the surface of titanate nanotubes dur-
ing the transformation process. Due to the low content of silver, it
is difficult to observe the nanoparticles even by high-angle annular
dark-field-scanning transmission electronic microscopy (HAADF-
STEM). According to XRD, the silver nanoparticles may  be either
highly dispersed on the nanotube surface or some particles are
lixiviated during the microwave transformation. Previous work
using the HAADF-STEM mode detected an average nanoparticle
size of 4.5 nm for Nc-STPD and 2.0 nm for the Nc-STSG [23]. It was
reported that when the nanocrystalline precursor is transformed to

one-dimensional hydrogen trititanate nanotubes, the surface area
increases to ≥200 m2/g [11,18]. As a result, the silver nanoparticles
are possibly highly monodispersed and difficult to characterize by
XRD, even with HRTEM or HAADF-STEM.
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Fig. 6 shows the Raman spectra for the trititanate nanotubes and
the corresponding analogue nanocrystalline anatase TiO2. Raman
Fig. 4. (a, b) HRTEM and HAADF images for Nt-STPD.

The H2Ti3O7 with analogous nanotube morphology to that
btained in the present work was reported by Qing et al. [24]. They
repared Na2Ti3O7 by a hydrothermal method. Thin titanate fibers
ith a diameter of 50 nm and lengths up to several micrometers
ere reported [24]. Thin nanowires with diameter of 65 nm have

een synthesized by treating brookite and anatase nanocrystallites
n a 10 M NaOH aqueous solution under hydrothermal conditions,
80 ◦C for more than 12 days [25]. Toledo-Antonio et al. [11]
ransformed TiO2 anatase into TiO2 nanotubes by hydrothermal
reatment for 18 h at 100 ◦C then decorated with silver nanoparti-
les by aqueous ion exchange in special acidic conditions and with
ubsequent N2 annealing conditions for 4 h. Silver nanoparticles
re characterized by HAADF-STEM in support resulting in quasi-
onodisperse Ag nanoparticles of an average size of 5 nm [11]. In

his research, we have obtained more ultrathin H2Ti3O7 nanotubes
ith silver nanoparticles on the surface of 4 nm in average in only

 h. Other’s studies reported that the formation kinetics of TNTs

as enhanced using microwave-assisted hydrothermal treatment

13]
Fig. 5. Diffuse reflectance spectra of silver nanocrystalline and nanotube compos-
ites.

3.3. UV–vis spectra.

Fig. 5 shows the UV–vis diffuse reflectance spectra of TiO2
silver nanocrystalline and H2Ti3O7 silver nanotubes. This figure
indicates that the absorption edge has shifted to a shorter wave-
length with the transformation of silver nanocrystalline materials
to one-dimensional titanate nanotubes. The band-gap energy was
shifted from 2.93 and 2.95 to 3.16 and 3.30, respectively (see
Table 1). These increases in band-gap energy are correlated with
the transformation from the tetragonal (anatase) to the monoclinic
crystalline phase (trititanate H2Ti3O7), also the lixiviation of some
silver nanoparticles during 3D to 1D transformation can shift the
band-gap energy.

In the visible region of the spectra, a surface plasmon reso-
nance (SPR) was observed in the silver semiconductors within the
400–700 nm range with the exception of the Nc-STSG powder for
which the SPR signal seems negligible. Such SPR absorption has
also been reported for silver nanoparticles size (∼5 nm) impreg-
nated into different nanotube-based substrates [11,15]. The SPR
results may  be explained by the size of the silver ion effect; for
example, plasmon absorption was  observed for particles larger than
5 nm [15–26].  In silver nanoparticles prepared by a similar method
on different hexatitanate microfibers, the plasmon absorption was
observed when the silver particles grew on the supports with a
low specific surface area (10 m2/g) [26]. In the present study, it is
assumed that the low specific surface area of the photodeposited
nanoparticles on commercial crystalline TiO2 (56 m2/g) [23] favors
the formation of silver nanoparticles larger than 4 nm,  which may
be responsible for the observed Surface Plasmon Resonance. In the
case of the Nc-STSG (130 m2/g), some silver nanoparticles of 2 nm
segregate during nanotube formation and some sinterize into larger
nanoparticles, also the intermediate layered structures in Nt-STSG
during 1D transformation favors the SPR. Fig. 4b. UV–vis character-
ization confirms the presence of silver nanoparticles smaller that
5 nm on the TiO2 nanostructures not observed by HRTEM. These
nanostructures may  be excited in the range of UV irradiation. Sil-
ver nanotubes seem to require less absorption step edge (Eg) than
nanocrystalline structures, indicative of a band gap transition, Fig. 5.

3.4. Raman characterization
spectra were recorded to further investigate the formation of
one-dimensional structures. The nanocrystalline powders show
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Table 1
Methyl orange dye kinetic parameters and physicochemical properties for the silver–TiO2 nanocomposites.

Sample Energy band
gap (eV)

Surface area
BET (m2/g)

Degradation of methyl orange dye (35 mg L−1)

k′ × 10−3 (min−1) Half-life time (min) Mineralization (%)*

Photolysis (254 nm)  – – 1.0 693 8.87
Nc-STSG 2.93 130 11.0 63 48.7
Nt-STSG 2.16 – 2.0 347 4.42
P25 3.16 56 6.0 116 28.2
Nc-STPD 2.95 52 13.0 53 58.2
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Nt-STPD 3.30 – 

* % of mineralization of methyl orange dye at 210 min.

haracteristic active Eg modes at 144, 200, 400, 513, 525, and
40 cm−1 which are attributed to the Eg, B1g, A1g, B2g and Eg vibra-
ional modes of TiO2, respectively. These active modes indicate the
resence of the anatase phase [27].

In contrast, our prepared nanotube structures have the charac-
eristic active Eg modes of the titanate phase at 200, 278, 450, 715,
35, and 920 cm−1 [18]. From Raman characterization, the pure
tructure of the nanotubes of hydrogen trititanate remains uncer-
ain due to the coexistence of mixed orthorhombic and monoclinic
hases. The Raman spectra of the powder from the nanotubes show
omewhat broader Raman bands of the titanate phase and contains
dditional bands at 208, 400, and 672 cm−1 from a possible trace
mount of TiO2 (anatase). The presence of the rutile TiO2 phase is
ot detectable due to the fact that the principal mode of vibration
oincides with that of the anatase mode at 144 cm−1. The bands at
00 and 920 cm−1 are intrinsic to the hydrogen titanate phase and
re suggested to be due to Ti–O–H. The as-prepared titanate struc-
ures show a negligible anatase phase content and agree well with
ydrogen trititanate phase.

.5. Photocatalytic activities of silver nanocomposites

In the photodecomposition of methyl orange dye (MOD) only
ilver–TiO2 and silver-nanotubes were evaluated. All the catalysts
ollowed pseudo-first-order kinetics and the apparent rate constant
as calculated by plotting ln(C0/C) versus time (see Table 1).

The corresponding activities are reported as half-time t1/2
n Table 1. The photocatalytic decomposition of MOD using

c-STSG and Nc-STPD (H2Ti3O7) nanotubes after 210 min  in

rradiation photodecomposition reaches the percentages of 89
nd 90%, respectively, with different behaviors (see Figure 8).
or the Nt-STSG and Nt-STPD nanocrystalline samples, the

Fig. 6. Raman spectra of silver nanocrystalline and nanotube composites.
1.4 495 5.17

photodecomposition decreases to 35% and 32%, respectively. Mean-
while, without the nanocrystalline samples, a photodegradation
similar to that of the photolysis (31%) was observed (Fig. 7).

This behavior can be explained by the fact that the elec-
tronic properties of semiconductors depend on the nature and
structure of defects present within their lattices. In the case of
nanotubes morphology, the titanate nanotube is composed of an
one-dimensional nanostructure generated from nanosheets of TiO6
octahedra, and therefore unique photoactivable properties may
be expected. Nanocrystalline TiO2 has a tridimensional tetragonal
structure where slightly distorted octahedra (octahedrally coor-
dinated Ti atoms) are the basic building units. This anatase to
hydrogen titanate phase transition induces the variation of the pho-
toactive properties in the oxidation of MOD. In layered titanate
compounds, there is a structural increase of Ti-oxygen bonded,
mostly in the layered protonic titanates. Overload of oxygen in
interlayered nanotubes can make difficult the transfer of interfa-
cial charges and, at the low concentration of Ag, functionalized
nanoparticles are not in sufficient concentration to accept photo-
induced electrons efficiently. This is one of the reasons for the loss
of activity in nanotube structures, even if the highly dispersed sil-
ver nanoparticles are smaller than 5 nm.  Normally, in crystalline
anatase TiO2 phase, silver nanoparticles act as captors of photo-
induced electrons, so MOD  molecule is attached at the site of
electron deficiency and decomposed by electron transfer. Some
results suggest improved degradation of MOD  with metal-doped
or metal-deposited nanotube 1-D structures, as reported. Wang
et al. [28] achieved complete degradation of MOD  (5 mg L−1) in
30 min using Ru-doped TiO nanotubes as electrodes in the pho-

tocatalytic reaction with 125 W UV radiation. The application of
a 0.2 V bias potential helps the interfacial transfer between the
Ru-nanotubes surfaces and MOD. Degradation rate of MOD  using

Fig. 7. Photocatalytic evolution of methyl orange oxidation under UV irradiation as
a  function of time.
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Fig. 8. UV–vis spectra correlate

u-Doped TiO2 nanotubes was found to be 1.33 times as high as
f that using TiO2 nanotubes. Huiqin et al. [29] investigated the
ffect of varying pH in the photocatalytic process using a concen-
ration of 17 mg  L−1 of MOD  and UV-light of 300 W and iron-coated
ydrogen titanate nanotubes. About 100% degradation of MOD  is
chieved after 1.5 h of irradiation at pH of 2.4. Acid solution tone
he surface charge and H+ ions existing in aqueous medium play an
mportant role in photocatalytic activity, specifically in interfacial
harges transfer. Our results are evidence of similar photocatalytic
ctivity at neutral pH (7.2) and at much less powerful UV-Lamp
4400 �W/cm2) with higher concentration of MOD  (35 mg  L−1)
ith the 1-D nanotubes than reported in the previously researches

nd enhanced photocatalytic activity with crystalline silver–TiO2
omposites. Therefore, the studies are focused in alternative meth-
ds to increase the activity of TNTs without the undesirable effect
f pore blockage to avoid the elimination of surface OH group
nd stabilized tube morphology with a post-thermal treatment
13].

To find the percentage of mineralization of the precursors Nc-
TPD and Nc-STSG and the 1-D structures Nt-STPD and NtSTSG, an
nalysis of total organic carbon (TOC) in the four samples was per-
ormed with aliquots taken after 210 min  of UV-light irradiation.
he calculated initial TOC value is 16.8 mg  L−1. Accordingly, from
OC values determined for Nc-STPD slurry and Nc-STSG, the per-
entage of mineralization is greater compared with Nt-STPD and
t-STSG (see Table 1). However, nanocrystalline materials reach
bout 50% of mineralization, while photolysis only achieves ∼9%
f mineralization and commercial P25 only 28%. It is clear that the
ilver–titania composite increases the mineralization of MOD. The
ossible reasons for this improved performance may  be due to the
ynergic effect of nanometric silver particles of 1.5 nm in diame-
er that inhibit the accumulation of electrons on Ag◦ nanoparticles,
esulting in a capture of electrons that improves the quick sep-

ration of charges. These effects can enhance the UV activity on
he MOD  oxidation–mineralization. In contrast, hydrogen nano-
ubes favor oxidation rather than mineralization. It is clear that the

orphology-structure is important for this photocatalytic reaction
h molecular structure of MOD.

and that silver particles dispersed in nanometric size on 1-D struc-
tures do not have the same synergic effect that provides enhanced
photoactivity in 3-D nanocrystalline silver–TiO2 structures. Per-
haps some silver nanoparticles are trapped in the interlayer spaces
due to the TiO6 octahedra.

To understand the interaction of MOD  with silver-TiO2
nanocristalline composites or silver hydrogen nanotubes, UV–vis
spectra as a function of time were correlated with the molecular
structure of MOD. Three different sites (A, B, and C) of the MOD
molecule were examined (see Fig. 8). The photoassisted decom-
position of MOD  implies breakdown of the chromophoric groups
present in the MOD  molecule. In the UV–vis absorption spectra,
strong absorbance at wavelengths lower than 320 nm,  implies the
fragmentation of the MO molecule leading to the formation of inter-
mediate species whose degradation requires a longer reaction time
[31]. The bands at 280 and 198 nm are due to the presence of the
benzene rings in the molecule. MOD  is characterized by a band in
the range 330–560 nm in the visible region attributed to the azo
functional group (shown in Fig. 8). Under progressive protonation,
the color of the solution changes from orange-yellow to red due to
the formation of the mono protonated form of MOD,  which exists
as the resonance hybrid pair with the quine diamine and azonium
structures [31].

Degradation of MOD  occurs by a N-demethylation mechanism
[30,31]. The N-demethylation of the MOD  dye takes place by a
stepwise mechanism with various N-demethylated and protonated
intermediate species. This N-demethylation is responsible for the
slight hyposochromic shifts of the main absorption band from 463
to 454 nm.  The N-demethylation process continues until the forma-
tion of the completely N-demethylated dye. In addition, the methyl
groups are removed one by one, as can be confirmed by the gradual
wavelength shifts of the maximum-peaks toward the blue region
[30]. In Fig. 8, we  compare UV–vis absorption spectra evolution

as a function of time for the MOD  photodecomposition over or
attached to the prepared Nc-STPD and Nt-STPD semiconductors.
In nanocrystalline structure Nc-STPD, the degradation requires a
short reaction time to complete N-demethylation and breakage of
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he azo bonds. Then the benzene intermediaries start to decom-
ose to achieve complete decomposition of MOD. In agreement
ith the electronic density surface of MOD, methyl orange is prob-

bly simultaneously attacked at the azo bond (site B in Fig. 8)
nd at the N-demethylation (site A in Fig. 8). The benzene ring
s decomposed or the benzene groups are liberated and benzene
ntermediates are generated. The site C (see Fig. 8) is subsequently
ttacked, but due to the presence of sulfur it is the most difficult
art of the molecule to decompose. In silver-nanotube structures
he crucial step that limits decomposition is the breakdown of
he azo group, probably due to the layered titanate structure with
xcess of oxygen impeding the transfer of photo-electrons gener-
ted by the UV irradiation. As is shown in Fig. 7, the photocatalytic
xidation behavior of MOD  may  generate fewer intermediates on
ilver–TiO2 structures than on silver-nanotubes. The trititanate
anotubes are interesting due to the existence of one-dimensional
anoscale channels, the interlayer spaces and silver nanoparti-
les coexistence. The possibilities of applying the obtained silver
2Ti3O7 are under investigation.

. Conclusions

H2Ti3O7 nanotubes from silver nanocrystalline TiO2 were suc-
essfully synthesized via a hydrothermal method using microwave
rradiation in only 4 h. The presence of Ag◦ nanoparticles in the
recursor causes the rapid and more completed formation of lay-
red H2Ti3O7 nanotubes compared to bare TiO2 precursor. The
ylinder-like multi-walled titanate nanotubes of both precursors
ave diameters of 8–10 nm and lengths of a few microns. Tubes
ended to agglomerate forming bundles. All obtained tubes were
pen-ended. UV–vis characterization confirms the presence of
mall (∼5 nm)  silver nanoparticles on the 1-D nanostructures.
hese nanostructures have broad and intense absorptions between
180 and 570 nm of the UV–vis region of the spectrum. Silver tri-

itanate nanotubes requires less absorption at the step edge (Eg)
han the nanocrystalline structure, indicative of a band gap tran-
ition. Silver nanoparticles dispersed on the surface of 1-D or 3-D
tructures with similar size (∼4 nm)  can act as captors of electrons.
owever, it is clear that the morphology-structure is important

or the photocatalytic oxidation of methyl orange dye and that the
ispersed silver nanoparticles over 1-D structures (monoclinic) do
ot allow the same synergic effect that enhances photoactivity in
-D nanocrystalline silver–TiO2 structures (tretagonal structure).
s-synthesized nanocrystalline materials attain about 50% of min-

ralization and 90% of oxidation of MOD, while photolysis only
chieves about 9% of mineralization, and commercial P25 only 28%.
he activities showed for 1-D silver–H2Ti3O7 nanotubes are similar
o those reported in the literature.
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