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A photoactive mixed phase, anatase-TiO2(B) was synthesized from a mixture of trititanate nanotube

and urea at relatively mild conditions. This material exhibited enhanced photocatalytic hydrogen

generation under simulated solar irradiation. The enhancement was credited to the presence of mixed

phases of anatase and TiO2(B) that minimized charge-carrier recombination. The results validate the

superior performance of anatase-TiO2(B) compared to anatase or TiO2(B) alone. Such mixed phase

materials may also be applicable for solar assisted degradation of persistent organic pollutants and

solar energy conversion devices.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

Trititanate nanotubes (TNT) are inorganic layered materials
constituting of titanium oxides [1], which can be tuned to manifest
various functionalities. The presence of layered structure provides
spatial accommodation of protons or other cationic species and such
nanostructures have found relevance in photocatalysis [2], batteries
[3], and solar cells [4]. TNT can be transformed to anatase, rutile,
TiO2(B) or mixed phases [5,6]. However, it is difficult to get
photoactive TiO2(B)-anatase mixtures under mild experimental
conditions. Anatase-TiO2(B) mixtures have been prepared by sinter-
ing at 810 1C followed by annealing at 600 1C [6,7], using multistep
synthesis followed by calcination [5,8], prolonged synthesis times
followed by calcination at 400 1C [9] and 600 1C [10], hydrothermal
treatment and annealing in air for long duration [11] or hydro-
thermal treatment followed by calcination at 800 1C [12], tedious
method involving layer-by-layer self-assembly [13], or by using
surfactants [14]. Therefore, it is highly desirable to design anatase-
TiO2(B) by simple physico-chemical treatments. The capability of
synthesizing anatase-TiO2(B) from TNT under relatively mild condi-
tions is lacking in the literature and hence is the focus of this study.

In this work, we prepared mixed anatase-TiO2(B) phases from
TNT by a simplified method using urea at relatively low reaction
temperature [15,16]. Variations in the crystal phases were observed
through XRD, Raman, and the performance of the resultant photo-
catalysts were tested for solar hydrogen generation. This manuscript
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is the first report illustrating the preparation of anatase-TiO2(B) from
TNT by using urea.
2. Experimental section

Preparation of anatase-TiO2(B): TNT was synthesized by a method
proposed earlier [17]. For the preparation of anatase-TiO2(B), TNT
was treated with aqueous urea and the mixture was subjected to
heat treatment at 400 1C for 3 h at a heating rate of 3 1C/min and
cooled gradually. The powder obtained was washed with deionized
water and dried at 100 1C to obtain anatase-TiO2(B). Anatase and
TiO2(B) were prepared for comparison as reported previously [18].

Characterization: The materials were characterized by nitrogen
physisorption (Quantachrome Nova2200e), powder X-ray diffrac-
tion (XRD, Rigaku Ultima IV), Raman (Horiba Jobin Yvon), and
diffuse reflectance spectroscopy (DRS, Cary 100 Bio). More detailed
characterization techniques are discussed in the Supplementary
section. Photocatalytic hydrogen evolution reactions were carried
out under simulated solar radiation in a quartz reactor as reported
previously [19].
3. Results and discussion

Fig. 1 shows the XRD pattern of anatase, anatase-TiO2(B), and
TiO2(B). The XRD of TNT is consistent with prior report [17].
Anatase-TiO2(B) shows peaks at 2y¼24.901, 29.941, 43.971, 48.11,
and 62.91 alluded to d110,d401, d 003, and d020, d114 of TiO2(B) (JCPDS,
074-1940). Other peaks observed are characteristic of anatase [20].
The peaks associated with the anatase in anatase-TiO2(B) material is
prominent than TiO2(B) indicating better crystallinity of anatase.
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Fig. 1. XRD patterns of anatase, TiO2(B), and anatase-TiO2(B). A and B refer

to anatase and TiO2(B) phase.

Fig. 2. Raman spectra of anatase, TiO2(B), and anatase-TiO2(B).

Table 1
Textural and photocatalytic properties of anatase-TiO2(B) and related materials.

Materials Surface
areaa

(m2/g)

Pore
volume
(cm3/g)

BJH pore
diameterb

(nm)

Band
gap (Eg)
(eV)

TiO2(B):
Anatasec

(%)

H2

evolutiond

(lmol g�1)

TNT 126 0.51 2.4 3.46 0 30

Anatase-

TiO2(B)

76 0.27 2.4 3.20 52:48 240

Anatase 61 0.14 3.8 3.11 0:100 110

TiO2(B) 421 0.47 2.2 3.25 100:0 4

a Surface area determined by applying Brunauer–Emmett–Teller (BET) equa-

tion to a relative pressure (P/P0) range of 0.05–0.30 of the adsorption isotherm.
b Pore diameter is calculated from the Barrett–Joyner–Halenda (BJH) equation

using the desorption isotherm.
c Determined by quantitative analysis using the Reference Intensity Ratio

(RIR) method of the PDXL software (the error is estimated to be 5%).
d Photocatalytic efficiencies after 4 h under solar simulated irradiation

conditions.

Fig. 3. H2 evolution by TNT, TiO2(B), anatase, and anatase-TiO2(B). The value

recorded after 4 h of irradiation on TiO2(B), TNT, anatase, and anatase-TiO2(B) are

shown in inset.
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Fig. 2 displays the Raman spectra of anatase, anatase-TiO2(B),
and TiO2(B). The Raman spectra of TNT indicates bands identical
to that reported previously [21].

The spectra of anatase-TiO2(B) shows a band near 140 cm�1 due
to anatase (Eg) and TiO2(B) (Ag), while the band near 391 cm�1 is
due to anatase (B1g), and TiO2(B) (Ag). The band at 508 cm�1 is due
to anatase (A1g) and the one at 637 cm�1 is due to anatase (Eg), and
TiO2(B) (Bg). In addition, a subtle shoulder observed at 190 cm�1,
and a low intensity feature at 266 cm�1 in anatase-TiO2(B) suggest
the presence of the TiO2(B) [20]. These results indicate phase
transition of TNT to anatase-TiO2(B). The weak intensity of the
Raman peaks preclude the calculation of the percentages of anatase
and TiO2(B) in the anatase TiO2(B) material [11].

Based on related works [22–24] we postulate that the prepara-
tion of the mixed phases may involve several steps. The first step
may be the hydrolysis of urea to form ammonium and isocyanate
ions. The ammonium ions can exchange with Naþ in TNT and then
decompose and escape as ammonia gas. Isocyanate ions form
gaseous ammonia and carbon dioxide. Thus, during the heating of
TNT with urea, destabilization of TNT occurs followed by nucleation
and growth of anatase and TiO2(B) mixed phases. Thus, the
decomposition of urea under in-situ conditions favors the formation
of highly active mixed phases of anatase and TiO2(B).

N2-sorption isotherm and pore size distribution of the anatase-
TiO2(B) is shown in Fig. S1, which reveals that the isotherm is of
Type IV with H3 hysteresis according to IUPAC [25]. A broader
range of pores is suggested for anatase-TiO2(B); most of the pores
are centered around 36 nm. The isotherm does not level off at
high relative pressures indicating the presence of macropores, i.e.
intra-particle pores. The physico-chemical data of the materials
prepared in this study are shown in Table 1.

A decrease in surface area is noted for anatase-TiO2(B). This may
be due to phase transition, which led to the agglomeration and partial
deformation of nanotube thus limiting N2 access to the pores. This is
reiterated by the reduction in pore volume of anatase-TiO2(B).

The DRS of TNT, TiO2(B), anatase, and anatase-TiO2(B), are
shown in Fig. S2. The Kubelka–Munk estimation of band gap (Eg)
for these materials is shown in Table 1.

The morphological features of samples were investigated by
TEM as shown in Fig. S3. The images validate the formation of the
tubular morphology for TNT and the presence some tubes for
anatase-TiO2(B). XPS analysis indicates the absence of nitrogen in
anatase-TiO2(B) as shown in Fig. S4. In addition, elemental
analyses also indicate the absence of nitrogen.
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Fig. 3 shows the H2 evolution plot of the synthesized materials.
TNT evolves only 30 mmol g�1 of H2 of catalyst after 4 h of
irradiation indicating low activity [26,27]. TiO2(B), anatase, and
anatase-TiO2(B) produce 4, 110, and 240 mmol g�1 of H2, respec-
tively, suggesting that the enhanced activity of anatase-TiO2(B) is
due to effective charge separation of electron–hole pairs due to
differences in conduction band-gap edges of anatase and TiO2(B) in
the mixed phase material that promote vectorial transfer of
electrons from one phase to another [5,6]. In addition the high
crystallinity of anatase phase in anatase-TiO2(B), and effective
utilization of solar radiation (due to slightly lower Eg) may also
contribute to the higher activity of anatase-TiO2(B).

Photoluminescence experiments were conducted for anatase-
TiO2(B), anatase, and TiO2(B). Anatase-TiO2(B) shows lower emis-
sion indicating minimization of the charge carrier recombination,
which support the photocatalytic results.
4. Conclusions

The synthesis of anatase-TiO2(B) crystal phase by the thermal
treatment of TNT and urea solution was investigated. The materials
exhibited improved photocatalytic activity due to formation of
mixed phases of anatase-TiO2(B) that minimize electron–hole
recombination. The high activity of anatase-TiO2(B) is attributed
to high crystallinity of anatase phase in anatase-TiO2(B), lower
band gap energy and most importantly due to minimized electron–
hole recombination. The mild conditions of thermal treatment
demonstrated in this study opens new avenues for preparation of
such mixed phase materials for solar energy conversion applica-
tions. More detailed studies related to the phase transitions of TNT
under controlled treatment of urea are in progress.
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Supplementary data associated with this article can be found
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