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Titanate nanotubes were synthesized by a hydrothermal method using commercial TiO2 powder and then used as a photocatalyst.
�e titanate nanotubes were synthesized by varying the hydrothermal temperature from 110∘C to 180∘C.�emorphological changes
and phase transformation of the TiO2 nanotubes were analyzed by X-ray di�raction (XRD), scanning electron microscopy (SEM),
and transmission electronmicroscopy (TEM).�e particles’ scattering behavior was investigated by Raman studies, and the surface
area of the nanotubes was determined by a Brunauer, Emmett, and Teller (BET) analysis. Comparative studies show that the surface
area of nanotubes increases with increasing temperature up to 130∘C.�e catalytic behavior of the synthesized nanotubes was also
studied. �e as-prepared titanate nanotubes were applied to methylene blue (MB, an organic dye) degradation in aqueous media
by UV irradiation. Approximately 99% of the dye was removed from the aqueous media using 2 g/L titanate nanotube when the
initial dye concentration was 9mg/L. �e total irradiation time was 2 h.

1. Introduction

Nanoparticles and their applications are of great interest in
modern science due to their unique properties, which di�er
from those of the corresponding bulk materials, and their
diverse applications [1–4]. Gold, silver, ruthenium, platinum,
and bimetallics or nanoalloys of those elements have been
synthesized in various ways and used in biochemistry in
particular for biomedical applications [5–10]. Among these
materials, Titania (TiO2) is believed to be themost promising
due to its nontoxicity, long-term stability, and low cost. Its
applications are strongly dependent on the crystallographic
structure, morphology, and size of the particles. Due to its
desirable band gap (3.2 eV), TiO2 nanoparticles are also used
in solar cells. It is also worth mentioning that Titania nan-
otubes and nanowires are used as photocatalysts due to their
strong oxidizing power, biological and chemical inertness,
and long-term stability against light-based and chemical cor-
rosion [11, 12]. Presently, groups of researchers are attempting

to use this nanoparticle to remove toxic contaminants from
aqueous media and air for the remediation of environmental
contamination [13–15].

Various synthetic routes have been explored for the
synthesis of size-controlled TiO2 nanoparticles. �e simple
hydrolysis of titanium salts results in TiO2 nanoparticles [16–
19]. However, this technique produces a mixture of anatase
and rutile polymorphs, which inhibits the formation of
well-shaped anatase nanocrystals [20, 21], which have the
highest photocatalytic activity towards the degradation of
most organic contaminants in aqueous media [20]. Several
groups have reported the preparation of titanate nanotubes
(TNTs) using di�erent hydrothermal reaction temperatures
and durations [22, 23]. �is method does not require a
template, and the obtained nanotubes have a small diameter
(∼10 nm) with high crystallinity. Many groups have tried to
analyze the characteristics of TNTs, which can then be used
to evaluate the synthetic mechanism as well as sheet-folding
mechanism [24, 25]. TNTs derived from the hydrothermal
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method possess ion-exchange properties and are character-
ized by a high surface area and pore volume. �ey may also
o�er a special environment for the adsorption of large cations,
such as basic dyes. Moreover, the hydrothermal method is
also a simple, cost-e�ective, and ecofriendly technology and
can prepare TNTs in high yields. �erefore, examining the
potential applications of TNTs synthesized from thismethod,
which is ecofriendly and cost-e�ective, is important.

Water pollution due to organic dyes is of great concern
for human health as well as the environment because colored
water is aesthetically unpleasant. �e production of di�erent
by-products due to the degradation of some organic dyes
poses a severe health risk due to their carcinogenicity. �e
literature contains physical, chemical, and biologicalmethods
that have been applied to remove the color from dye-
contaminated wastewater [26–30], and physical adsorption
has been identi�ed as a potentially e�cient and economical
way to remove dyes from waste streams and control the
biochemical oxygen demand [31]. Although activated carbon
is believed to be an e�cient adsorbent for organic hazardous
removal from aqueous media, it is expensive. Hence, a
number of groups have tried to remove toxic organic dyes
fromaqueousmedia using titanate nanotubes by activating its
photocatalytic activity using UV irradiation. TiO2/UV pho-
tocatalysis is among the most promising advanced oxidation
technologies due to the e�ectiveness of TiO2 in generating
hydroxyl radicals along with its environmentally benign
properties and relatively low cost [32–34].

In this paper, we have focused on the synthesis of titanate
nanotubes using a hydrothermal method with di�erent reac-
tion temperatures and times.�eperformances of the titanate
nanotubes synthesized under di�erent reaction temperatures
were analyzed analytically by XRD, Raman, TEM, BET, and
FTIR. Finally, the removal of an organic dye, methylene blue
(MB), was from an aqueous environment attempted using the
synthesized titanate nanotubes and UV irradiation.

2. Materials and Methods

2.1. Reagents. All the chemicals used were of analytical
grade and were used as received. HNO3, NaOH, TiO2 (P25)
powder, and methylene blue (MB) were purchased from
Acros Organics (New Jersey, USA). A 100 ppm stock MB
solution was prepared in double-distilled water and diluted
as required.

2.2. Instrumentation. All the glass apparatus used were
soaked in concentrated HNO3 for 12 h and then washed
with large volumes of double-distilled water followed by tap
water. Next, the apparatus were dried in a hot-air oven for
2 h at 90∘C. A high-precision electronic balance was used
for weighing, and a high-precision digital electronic pH
meter was used to measure the pH of the medium. FTIR
spectrometry was conducted using a Bio-Rad Digilab FIS-
165 spectrophotometer. A Lambda Dimension-P2 Raman
spectrometer was used to measure the Raman shi�. Powder
XRD patterns were recorded using a PANalytical X’Pert PRO
X-ray di�ractometer with CuK� (� = 1.5406 Å) radiation. A
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Figure 1: Preparation of titanate nanotubes by the hydrothermal
method.

Micromeritics ASAP 2101 instrument was used for BET anal-
ysis. TEMmeasurements were performed using a Philips M-
200 transmission electron microscope operating at 200 kV.
All absorbance measurements were carried out using a UV-
Vis spectrophotometer (HITACHI, U-2800) equipped with a
1 cm quartz cell. Gilsonmicropipette andmicrotips were used
to add samples.

2.3. Preparation of Titanate Nanotubes. Hydrothermally
titanate nanotubes were synthesized and the total synthesis
process is shown in Figure 1. Set of experiments were con-
ducted by the mixing of commercially available (0.8 g) (P25)
TiO2 powder in 50mL aqueous NaOH (10M) solution. �e
mixtures were allowed to continuous stirring for 1 h with a
magnetic stirrer. A�er the aging time �nished, the reactions
mixtures were hydrothermally treated at di�erent tempera-
tures in a stainless Te�on-lined autoclave. �e autoclave was
put into an oven and was heated to 110–180∘C for a prescribed
period of 24 h and cooled to room temperature naturally in
air. Next, the �nal reaction products were washed thoroughly
with large volumes of double-distilled water to achieve the
neutral pH of the medium and that is ∼7. Finally, obtained
white cotton-batting-like solid was �ltrated and dried at 80∘C
for 1 h and then characterized and used for photodegradation
of organic dye, methylene blue from aqueous media.

2.4. Photocatalytic Degradation of Aqueous Methylene Blue
(MB). To investigate the photocatalytic activity of the synthe-
sized titanate nanotubes, the degradation of a toxic organic
dye, methylene blue (C16H18ClN3S) (Figure 2), in aqueous
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Figure 3: Exfoliating-rollingmodel of nanotube formation from the
layered Na2Ti3O7 particles by a so� chemical process.

media was attempted using UV irradiation. First, 0.2 g of
as-prepared titanate nanotubes was dispersed in 100mL of
syntheticMB solution when the initial dye concentration was
9mg/L (titanate nanotubes dose, 2 g/L). �e mixture of dye
and catalyst was then placed in a photocatalytic reactor and
subjected to UV irradiation. A 6-W, 254 nm UV lamp was
used as the light source.�e aqueous system of the suspended
catalyst was oxygenated to ensure the presence of su�cient
oxygen in the system.�e experiment was conducted at room
temperature (∼25 ± 2∘C). �e total UV irradiation time was
2 h.Next, the titanate nanotube suspensionwas centrifuged at
3200 rpm for 10min to separate the solid and liquid phases.
Collecting the supernatant liquid, a�er centrifugation, the
remaining dye concentration in the solution was measured
by UV-Vis spectrophotometry at 669 nm.

3. Results and Discussion

3.1. FormationMechanismof TitanateNanotubes. Na+ resides
between the edge-shared TiO6 and Na2Ti3O7 octahedral
layers, as is well known. �e strong static interaction force
between the Na+ and TiO6 units holds the layers together
tightly and makes it impossible to roll these layers into nan-
otubes. Under the hydrothermal conditions, Na+ is gradually
released with intercalated H2O molecules into the interlayer
space of the TiO6 sheets. Because H2O molecules are larger
than Na+ ions, the interlayer distance increases during the
release of Na+, weakening the static interaction force between
neighboring TiO6 and octahedral sheets. As a result, the
Na2Ti3O7 layer was gradually exfoliated to form numerous
sheet-shaped products [32, 33]. �e nanotube formation
mechanism is shown in Figure 3 [35].
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Figure 4: FTIR spectra of the samples prepared at di�erent reaction
temperatures: (a) 110∘C, (b) 130∘C, (c) 150∘C, and (d) 180∘C.

3.2. Characterization of Titanate Nanotubes. �e synthesized
titanate nanotubes were characterized by di�erent methods.
Figure 4 shows the FTIR spectra of the as-prepared nan-
otubes (using KBr pellets) synthesized at di�erent hydrother-
mal temperatures and compares these values to those from
a previous work [36]. �e broad peaks at 3200∼3400 cm−1
are ascribed to the stretching vibration of the hydroxyl
groups (O–H) from the residual water in the precursors.

�e peak of 1630 cm−1 is attributed to the bending vibration
of the hydroxyl groups (H–O–H) present in the titanate

nanotubes. �e other broad bands at 700∼1200 cm−1 and
300∼900 cm−1 are assigned to the Ti–O and Ti–O–Ti skeletal
frequency regions, respectively. As the hydrothermal tem-
perature increased to 180∘C, the peaks of the stretching (O–
H) and bending (H–O–H) vibrations of the hydroxyl groups
disappeared completely.�is disappearance is due to the very
low content of organic compounds and water at high reaction
temperatures.

�e X-ray di�raction patterns (XRD) of titanate nan-
otubes synthesized at di�erent hydrothermal temperatures
are shown in Figure 5. �e intense peak at approximately
9.1∘ is thought to be due to the layered structure of the
NaHTi3O7 nanotube wall, while the smaller broad peaks
at approximately 24∘, 28∘, and 48∘ suggest the presence of
sodium (Na) in the synthesized nanotubes, for example,
Ti6O13, Ti6O12, and Ti9O18. However, as the hydrothermal
temperature increases to 180∘C, curve (d) of Figure 5 suggests
the presence of Na2Ti6O13, the hydrothermally synthesized
product [36–39]. �is �nding indicates that the titanate nan-
otube structure is changing from tube to rod. �e nanorods
are formed by the parallel arrangement of the nanotubes,
which is a result of the adsorption of the nanotube surface
of the water molecules and the evaporation of the inner layer
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Figure 5: XRDpatterns of the samples prepared at di�erent reaction
temperatures: (a) 110∘C, (b) 130∘C, (c) 150∘C, and (d) 180∘C.

of moisture to release the high stress inside the nanotube
structure.

Figure 6 shows the TEM images of titanate nanotubes
hydrothermally synthesized at di�erent temperatures. When
the hydrothermal treatment temperature was 110∘C, the
tubular structure was absent, and sheet-like structures were
observed. Titanate nanotube clusters can be clearly seenwhen
the hydrothermal treatment temperature was increased to
130∘C. As the hydrothermal temperature increased to 180∘C,
the titanate nanotubes adopted a rod-like structure. It is
inferred that the tubular structure is clearer and tube pore
diameter larger at high hydrothermal temperatures. Overall,
no damage of the titanate nanotubes was observed during
the hydrothermal process with increasing temperature. �e
nanotubes were 200∼300 nm in length and approximately
10 nm in diameter. Some of the long tubes synthesized at high
temperature broke into shorter tubes. �e tubular structure
was retained, but the tubes were deposited onto one another
[37, 40].

�e surface morphology of the synthesized nanotubes
was monitored by SEM (JEOL, TFSEM-6330), and the
micrographs are shown in Figure 7. Figure 7 implies that the
nanotube formation depends on temperature. �e formation
of nanotubes is due to the warping or splitting of the surface
of Na2Ti3O7 octahedral layers. A number of cumulative
steps followed the formation of nanotubes. Figure 8 depicts
the H2Ti3O7 nanotube and nanowire formation processes.
Initially, lamellar structures were grown on the brim of TiO2
particles. �ese lamellar structures grow along the [001]
direction with the (010) plane as the top/bottom surface (a).
Second, the lamellar structures split into nanosheets between

Table 1: BET analysis of as-prepared titanate nanotubes at di�erent
temperature and a�er 24 h.

Sample at di�erent
temperature

�BET (m2/g)
Pore volume
(cm3/g)

Size (nm)

P25 60.0 0.06 3.8

110∘C 126.7 0.20 3.2

130∘C 186.8 0.23 3.2

150∘C 183.6 0.39 4.8

180∘C 9.9 0.05 11.6

Table 2: BET analysis of the prepared titanate nanotubes at di�erent
time at constant temperature of 130∘C.

Sample at di�erent
time

�BET (m2/g)
Pore volume
(cm3/g)

Size (nm)

P25 60.0 0.06 3.8

12 h 161.0 0.30 3.7

24 h 186.8 0.31 3.3

48 h 170.3 0.28 3.3

the (100) planes. �e height of these nanosheet structures
(in the � direction) is the thickness of the original lamellar
structure (b). In the third step, the nanosheets wrapped into
nanotubes with diameters dependent on the height of the
nanosheets (c). Additionally, thick layers or wires may be
formed a�er prolonged reaction at elevated temperature (d).
A�erwards, splitting may occur between the (100) and (010)
planes of these thick layers or wires (e). Finally, further
splitting leads to the formation of thin nanowires (d) [41].

�e nanotubes synthesized at various temperatures for
various durations were subjected to BET analysis to deter-
mine the surface area of the synthesized titanate particles
a�er degassing with nitrogen. �e obtained result is given in
Table 1. �e speci�c surface area of the nanotubes increased
with temperature, which in turn proves that the nanotubes are
relatively small. �is result can be interpreted as the titanate
nanotubes steadily turning into tubular nanocomposites. At
temperatures above 130∘C, the surface area slowly decreases,
which indicates that the nanotubes became larger (Table 1).

�emaximum surface area of the nanotubes, 186.8m2/g, was
produced at 130∘C a�er 24 h of synthesis. A time-resolved
study of the surface area of the synthesized nanotubes was
also conducted by varying the synthesis duration from 0
to 48 h, keeping the temperature constant at 130∘C. It is
observed that the surface area of the nanotubes increases
with reaction time at this constant temperature. �e time
dependence of the nanotube surface area can be attributed to
a continuous conversion of nanosheets into nanotubes during
the reaction time. However, the obtained result suggests that

the maximum surface area, 186.8m2/g, is found a�er 24 h of

synthesis (Table 2). In contrast, this valuewas 60m2/g for P25
under room-temperature conditions.
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Figure 6: TEM images of the samples prepared at di�erent reaction temperatures: (a) 110∘C, (b) 130∘C, (c) 150∘C, and (d) 180∘C.

�e Raman spectrum of the as-prepared nanotubes is
shown in curve (a) in Figure 9. For hydrothermal temper-

atures below 150∘C, the modes at 662 cm−1 and 700 cm−1

are ascribed to the vibrations of Ti–O–Na and Ti–O–H,
respectively, given that the 662 cm−1 mode disappears from
the as-prepared sample a�er washing with deionized (DI)

water, which proves the exchange of Na+ byH+.�e 910 cm−1

mode can be ascribed to the vibrations of Ti–O, which
indicates that the structure is NaHTi3O7. At 180∘C, the
characteristic peaks of NaHTi3O7 disappeared, while the
Raman modes at 197 cm−1, 224 cm−1, 278 cm−1, 306 cm−1,
414 cm−1, 475 cm−1, 680 cm−1, and 874 cm−1 were strongly
consistent with the previously reported results, which once
again supports the presence of titanate nanotubes in the
products synthesized by the hydrothermal process [36, 39].

3.3. Photocatalytic Degradation of MB

3.3.1. Calibration Curve. UV-Visible spectra were recorded
with various dye concentrations and are shown in Figure 10.
�e study was �rst conducted without the addition of the
titanate nanotube photocatalyst or UV irradiation. A linear
calibration curve of MB (�max = 669 nm) was drawn in
the concentration range of 0–18mg/L. �e linear equation
obtained is Absorbance (�) = 0.1719 × (mg/L) + 0.191.

�e speci�c correlation coe�cient was (�2) = 0.9999. �e

obtained linear calibration equation was used through this
study to determine the remaining dye concentration in the
degraded dye solution a�er UV irradiation.

3.3.2. Photodegradation of Dye. First, 2 g/L of the titanate
nanotubes prepared at di�erent temperatures wasmixed with
100mL of the synthetic MB solution. Next, the mixture was
photoirradiated with UV light for 2 h. �e reaction mixture
was stirred with a magnetic stirrer. �e experiment was con-
ducted at room temperature with an initialMB concentration
of 9mg/L. �e pH of the medium was ∼7. Kinetically, within
20min of photoirradiation, ∼99% of the dye had degraded.
Hence, a 20min photoirradiation time was identi�ed as
the equilibrium time for the dye photodegradation. No
further acceleration of dye degradation was observed over an
additional 100min of irradiation time. �e dye degradation
e�ciency was almost the same for each as-prepared titanate
nanotube sample except that prepared at 180∘C (Figure 11).

�e higher speci�c surface area (186.8m2/g) allows more of
the organic pollutant to be adsorbed onto the photocatalyst
surface, while the high pore volume results in a faster di�u-
sion of various reaction products during the photocatalytic
reaction. All these factors contributed to enhancing the pho-
tocatalytic activity [42]. However, unlike the conventional
adsorption of other aquatic contaminants on the adsorbent,
which depends on both the particle size and the surface area



6 Journal of Spectroscopy

(a) (b)

(c) (d)

Figure 7: SEM images of the samples prepared at di�erent reaction temperatures: (a) 110∘C, (b) 130∘C, (c) 150∘C, and (d) 180∘C.
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of the particle [43], the photodegradation of aquatic organic
contaminants (here, dye) may also depend on the photon
absorption and electronic transition between the organic dye
(in the presence of oxygen) and titanate nanotubes, which
in turn may enhance the MB degradation in the aquatic
environment in the present study.

3.3.3. Photodegradation Mechanism. It is well known that
anatase, titanate, and Degussa P-25 are not excited by visible
light but can be used to degrade most colored contami-
nants because of their photosensitization e�ect [44]. Titanate
nanotubes have a large BET surface area of approximately

186.8m2/g and therefore show a high adsorption capac-
ity, which is bene�cial for collecting organic contaminate
molecules such as MB. Under UV irradiation, the MB
molecules were adsorbed onto the nanotube surfaces, and
the produced electronswere transferred to titanate nanotubes
and then injected into the conduction band of the anatase
nanoparticles connected with these nanotubes through the
nanotube channels [45]. �is injective process could also
be directly performed by radical MB molecules [46]. �e
injected electrons were captured by the surface-adsorbed
O2 molecules to yield O2

∙− and HO∙ radical ions, among
others. Finally, the MB molecules could be quickly miner-
alized by the radical ions. Due to the anatase nanoparticles’
high absorption capacity and high concentration of excited
electrons, the MB molecules adsorbed onto the surface of
anatase will be easily photodegraded; thus, the photocatalytic
activity of the nanocomposite is substantially improved. �e
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probable photodegradation mechanism of dye under UV
light using titanate nanotubes is shown as follows [47]:

dye + ℎ] 
→ dye∗ (1)

dye∗ + TiO2 
→ dye∙ + TiO2 (e) (2)

TiO2 (e) +O2 
→ TiO2 +O2∙− (3)

O2
∙− + TiO2 (e) + 2H+ 
→ H2O2 (4)

H2O2 + TiO2 (e) 
→ OH∙ +OH− (5)

dye∙ +O2 (or O2∙− or ∙OH)


→ peroxylated or hydroxylated intermediates


→ degraded or mineralized products

(6)

According to the above formulae, radicals and hydroxyl
groups play a key role in the degradation process, and a
greater amount of radicals or hydroxyl groups corresponds to
better photocatalytic activity. In the present case, the catalyst,
which obeyed a similar mechanism of dye photodegradation,
contained hydroxyl groups, whichmeans that the synthesized
samples have good potential for photocatalytic applications.
�e maximum absorption boundaries of the samples mean
that the samples can absorb more photons under UV light or
sunlight [36].

4. Conclusions

A hydrothermal method was explored for the synthesis
of titanate nanotubes. �e nanotubes were characterized
by SEM, TEM, and FTIR studies. �e particles’ scattering
behavior was investigated by Raman studies.�e surface area
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of the nanotubes was determined by BET analysis. It was
observed that the surface area of the synthesized nanotubes
is governed by the hydrothermal temperature and reaction
time. At 130∘C and 24 h of reaction time, the surface area
of the titanate nanotubes was 186.8m2/g. �e photocatalytic
activity of the synthesized nanotubes for dye degradation
was investigated using a dye-contaminated aqueous solution.
�e equilibrium time for dye degradation was 20min. At
equilibrium,∼99%of theMBwas degraded from the aqueous
media by UV irradiation when the initial dye concentration
was 9mg/L. �e maximum absorption boundaries of the
dye-contaminated samples mean that the samples can absorb
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more photons under UV light or sunlight. Hence, the synthe-
sized titanate nanotubes are a suitable photocatalyst for the
degradation of MB, an organic dye, from aqueous media.

Conflict of Interests

�e authors declare that there is no con�ict of interests
regarding the publication of this paper.

Acknowledgment

�e authors would like to express their gratitude to Ph.D.
program of Harbin University of Commerce for supporting
this research under Grant 14LG13.

References

[1] B. O’Regan and M. Grätzel, “A low-cost, high-e�ciency solar
cell based on dye-sensitized colloidal TiO2 �lms,” Nature, vol.
353, pp. 737–740, 1991.

[2] A. Fujishima, T. N. Rao, and D. A. Tryk, “Titanium dioxide
photocatalysis,” Journal of Photochemistry and Photobiology C:
Photochemistry Reviews, vol. 1, no. 1, pp. 1–21, 2000.

[3] S. A. Al-�abaiti, R. Hahn, N. Liu et al., “NH3 treatment of
TiO2 nanotubes: from N-doping to semimetallic conductivity,”
Chemical Communications, vol. 50, no. 59, pp. 7960–7963, 2014.

[4] T. Rajh, Z. Saponjic, J. Liu et al., “Charge transfer across
the nanocrystalline-DNA interface: probing DNA recognition,”
Nano Letters, vol. 4, no. 6, pp. 1017–1023, 2004.

[5] H. Tokuhisa and P. T. Hammond, “Solid-state photovoltaic thin
�lms using TiO2, organic dyes, and layer-by-layer polyelec-
trolyte nanocomposites,”Advanced FunctionalMaterials, vol. 13,
no. 11, pp. 831–839, 2003.

[6] A. Pal and S. K. Maji, “Arsine-induced formation of silver
nanoparticles in micellar medium. Application to spectropho-
tometric determination of arsenic,”ChemiaAnalityczna, vol. 50,
no. 6, pp. 1077–1086, 2005.

[7] A. Pal and S. K. Maji, “Spectrophotometric determination of
arsenic via nanogold formation in micellar medium,” Indian
Journal of Chemistry A: Inorganic, Physical, �eoretical and
Analytical Chemistry, vol. 45, no. 5, pp. 1178–1182, 2006.
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