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a  b  s  t  r  a  c  t

A  modified  alkaline  hydrothermal  method  via  adding  the  ethanol  treatment  to  the intermediates  was
developed  to synthesize  TiO2 nanobelts,  in which  the  main  phase  is  anatase.  Compared  with  the previ-
ous  reported  TiO2 nanobelts  obtained  without  the  ethanol  treatment,  the  new TiO2 nanobelts  obtained
through  the  ethanol  assisted  route  are  with  much  improved  anatase  crystallinity  and  a sharply  reduced
vailable online 3 July 2013

eywords:
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thanol

amount  of  TiO2-B  phase,  as  well  as a significantly  higher  photocatalytic  activity  that  is even  better  than
P25  for  degrading  Rhodamine-B  under  the  ultraviolet  light  irradiation,  which  apparently  correlates  to
the increased  contents  and  crystallinity  of anatase.  The  mechanism  of  ethanol  treatment  is also  discussed
based  on  the  FTIR  results.

© 2013 Elsevier B.V. All rights reserved.
rystallinity
hotocatalytic activity

. Introduction

Deterioration of environmental condition and shortage of nat-
ral resources have been attracting considerable public attention
uring recent years. Titanium dioxide (TiO2), as a kind of effortlessly
vailable and stable nontoxic semiconductor, has been widely
nvestigated in photocatalysis [1–3], solar cell [4], and Li-ion bat-
ery applications [5,6], with a goal to struggle with these intractable
roblems. Since the pioneer work that Fujishima and Honda found
he phenomenon of water splitting by TiO2 electrodes [7], phys-
cochemical performances of TiO2 have been found to be highly
elated to the geometrical morphology, size, degree of crystallinity
nd the surface structure, and reduction in size to the nanoscale
as been the trend of investigation in recent years [8]. However,

or the widely studied nanoparticles, benefits from the quantum
ize effect and the increased reactive sites could be canceled by
evere agglomeration and high recombination rates of the photoin-
uced carriers. Moreover, small sizes of nanoparticles also mean an
ncrease difficulty to recycling them from commonly used aqueous
olutions [9], poorer repeatability and then increased costs.
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ion, Department of Materials Science and Engineering, University of Science and
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One-dimensional (1D) TiO2 nanostructures, especially the
nanobelts, have been extensively studied due to their relatively
stable morphology at high calcination temperature, unique surface
atomic arrangement and oriented migration path for photo-
generated charge carriers [9–11]. Among various demonstrated
approaches to synthesize TiO2 nanobelts, alkaline hydrothermal
method possesses relatively concise preparation steps, low cost
and good repeatability [12,13]. The general process in this method
contains the phase transformation among Na2Ti3O7, H2Ti3O7 and
TiO2. Moreover, phase of the resulted TiO2 nanobelts may include
TiO2-B, anatase and rutile which depend on the subsequent calcina-
tion temperature [9,14]. TiO2-B is an exotic monoclinic polymorph
with mesoporous structures which is thought to be an intermediate
phase between H2Ti3O7 and anatase during the calcinating process
[9,15,16]. In general, among all kinds of titania polymorphs, anatase
exhibits a better activity than rutile and TiO2-B [9,17]. However,
low calcination temperature may  result in a low degree of crys-
tallinity and then a high percentage of TiO2-B, which will seriously
slash the activity of TiO2 nanobelts. On the other hand, high calcina-
tion temperature will induce distortion and fusion of the nanobelts,
leading to a low specific area which then decreases the surface
active sites [9]. Majority of previous attentions were focused on fab-
ricating bicrystal TiO2 nanobelts consisting both TiO2-B and anatase
parts [18]. However, photocatalytic activity of the bicrystal TiO2

nanobelts was still inferior to the commercial TiO2 nanoparticles
(P25) [19,20].

With the goal of finding new ways able to enhance the
nanobelts’ photocatalytic activity, in this work we developed an
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Fig. 1. FESEM images of ANB (a) and T

thanol-assisted alkaline hydrothermal approach. In contrast to
he acid assisted approach in some previous researches [18–20],
his new process is more convenient and facile, and the resulting
roducts own increased contents and crystallinity of anatase if
sing the same calcination temperature. The resulting nanobelts
how much improved photocatalytic activity that is better than
25 and previous reported TiO2 nanobelts, when decomposing
hodamine-B (RB) under the ultraviolet light illumination.

. Experimental

.1. Synthesis of TiO2 nanobelts

Fabrication of TiO2 nanobelts follows mainly the common alka-
ine hydrothermal method [11]. 1 g TiO2 nanoparticles (Degussa
25) powders were dissolved in 80 ml  NaOH aqueous solution
10 M)  by a continuous magnetic stirring for 1 h. Then the obtained
uspension was transferred into a 100 ml  Teflon-sealed autoclave
nd kept at 200 ◦C for 24 h. The resulting products were rinsed
ith ultrapure water through vacuum filtration until the pH value

eached 8 with soaking in dilute HCl aqueous solution (0.1 M)  for

2 h. The samples were eventually washed to neutral to get the
2Ti3O7 wet powders. By immersing the as prepared H2Ti3O7 wet
owders in 50 ml  ethanol at room temperature for 0.5 h, the ethanol
reated H2Ti3O7 (E-H2Ti3O7) were obtained. Throughout the paper,
); TEM images of ANB (c) and TNB (d).

the samples obtained by annealing E-H2Ti3O7 and H2Ti3O7 in air at
600 ◦C were denoted as ANB and TNB (without the ethanol treat-
ment), respectively. As a contrast, the nanobelts achieved by acid
assisted method in previous reports were also obtained which
denoted as H-TNB [19,20].

2.2. Characterization

Morphology of the samples was  observed by field emission scan-
ning electron microscopy (JSM-6700F). Their crystalline phase was
evaluated by a Rigaku-TTR III X-ray diffractometer with Cu-K� radi-
ation. The lattice structures were obtained by the transmission
electron microscopy (TEM, JEM-2010). The specific surface area
BET values were acquired by a N2 adsorption–desorption analyzer
(Tristar II 3020M). UV–vis absorption spectra were recorded on
a UV-Vis spectrophotometer (SOLID 3700). The Fourier transform
infrared spectra (Nicolet 8700) were measured at room tempera-
ture by the KBr method.

2.3. Photocatalytic tests
Photocatalysis activities of different samples were investigated
by the photo-degradation of Rhodamine-B (RB). In a typical pho-
tocatalytic test, 20 mg  sample was  sonicated in 80 ml  of 5 mg/L RB
aqueous solution in a 100 ml  beaker, and then the solution was
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Table 1
BET surface area, pore volume and photocatalytic reaction activity of ANB, TNB,
H-TNB and P25.

Sample Sbet (m2/g) Pore volume
(cm3/g)

K (min−1) K0 (min−1 m−2 g−1)

ANB 16.8 0.0394 0.0220 13.1 × 10−4
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TNB 29.6 0.1109 0.0077 2.6 × 10
P25 49.9 0.3857 0.0185 3.7 × 10−4

H-TNB 45.2 0.1507 0.0121 2.7 × 10−4

tirred in the dark for 0.5 h to ensure the adsorption equilibrium.
he photocatalytic reaction was started by turning on the 20 W
ow-pressure Hg lamp with a wavelength range of 320–400 nm,

hich was positioned 15 cm from the liquid level. At the fixed time
ntervals, 3 ml  suspended solution was extracted and centrifuged
o obtain the supernate, which was analyzed to determine the con-
entration of surplus RB by recording the absorption peak (553 nm)
sing a UV-Vis spectrometer.

. Results and discussion

Morphologies of the TiO2 nanobelts with (ANB) and without
TNB) treatment of ethanol are shown in Fig. 1. Fig. 1a and b displays
ypical FESEM images of ANB and TNB, respectively. The nanobelts
re 50–200 nm in width and several micrometers in length. Some
anobelts are bound together as bundles, which can be attributed
o the minimization of interfacial energy among those nanobelts
ith the same crystallographic orientation [21]. However, com-
aring with the straight sides of TNB, edges of ANB are partially

rregular and corrugate due to the added soaking in ethanol before
alcination. The evolutive process of the nanobelts involves a
erial of chemical reactions. It starts from the dismantling of the
i O Ti building units of the raw nanoparticles in the alkaline-
ydrothermal condition and rearrange to form a six-coordinated
onomer subsequently: [Ti(OH)6]2− [22]. Then plenty of original

rystal nucleus are formed due to the combination of [Ti(OH)6]2−

onomers with each other through oxolation and olation [10].
his specific nucleation mechanism results in a preferred orien-
ation growth which lead to the formation of small nanosheets. As
he hydrothermal reaction continues, the quasi-1D NaxH2−xTi3O7
anobelts form gradually. The following acid washing and calcina-
ion finally transform the phase to TiO2 [23]. The TEM images of
NB and TNB are shown in Fig. 1c and d, respectively. From the

mages, we can observe numerous bubble-like mesoporous with
0–30 nm in diameter are embedded in the major exposed facets
f TNB, while the surfaces of ANB are primarily compact and clean.
his difference of micro-structure is consistent with the BET values
nd pore volumes of the two kinds of nanobelts. The BET and pore
olume of ANB (16.8 m2/g, 0.0394 cm3/g) are both less than those
f TNB (29.6 m2/g, 0.1109 cm3/g), which are listed in Table 1. In
onsideration of the mesoporous structure of TiO2-B [15], the dif-
erence of these data may  has a correlation with the components
hange among different phases.

X-ray diffraction results are shown in Fig. 2. The raw material
f P25 nanoparticles exhibits the characteristic peaks of anatase
JCPDF 21-1272) and rutile (JCPDF 21-1276). Similar to previ-
us studies, distinct diffraction peaks of anatase and TiO2-B were
learly observed in TNB. Those weak peaks at 15, 25, 28.5, 29.9,
3.3, 43.5, 44.5 and 48.5◦ are indexed to TiO2-B (JCPDF 46-1237).
owever, by immersing the as prepared H2Ti3O7 wet  powders

n ethanol before calcination, the crystallinity of anatase in the
esulted ANB powders was drastically increased, while the phase

f TiO2-B almost disappeared synchronously. Taking the main peak
1 0 1) at 25.3◦ as the comparative reference, the crystalline degree
f anatase for ANB is superior to that of P25, where the full-width
t half maximum (FWHM) for the (1 0 1) diffraction peak of ANB
Fig. 2. XRD patterns of ANB, TNB, P25 and H-TNB.

is smaller than that of P25 (0.22◦ vs 0.42◦ in 2�). In addition, it
should be noted that the TiO2 nanobelts with the acid corrosion
(H-TNB) also exhibit an improved crystallinity of anatase and a
decreased proportion of TiO2-B relative to TNB. This improvement
was explained by the dissolving of H2Ti3O7 and the rearrangement
of anatase on surfaces of H2Ti3O7 nanobelts [20]. However, the
increment in the crystallinity improvement of anatase by the acid
corrosion is far less than that by soaking in ethanol. Moreover,
neutral circumstance and the room-temperature operation of the
used ethanol treatment also make the process more appealing in a
practical application.

Lattice details can be observed from the HRTEM images given in
Fig. 3. The ANB displays (Fig. 3a) large-scale uniform fringes with
high contrast. The fringes parallel to the longitudinal direction of
the nanobelts with a ca. 0.241 nm lattice spacing can be assigned to
the {−1 0 3} planes of anatase. The lattice spacing of the other set of
fringes is 0.352 nm,  corresponding to the {1 0 1} facets of anatase.
The measured angle between the two planes is 71.8◦,  which is
consistent with the theoretical expectation. These complete and
distinct crystalline lattices signify that highly crystalline anatase
has been fabricated via the ethanol treatment. Fig. 3b shows the
HRTEM image of TNB. Lattice spacing of 0.357 nm and 0.352 nm
belong to d1 1 0 of TiO2-B and d1 0 1 of anatase, respectively. The
blurred fringes of TiO2-B testify its poor crystallinity, and this can
be further evidenced by the increased amount of lattice defects. The
crystalline lattice encircled by dashed lines present an edge disloca-
tion which leads to the termination of several planes and deflection
of other adjacent planes. Furthermore, another type of planes with
a ca. 0.268 nm lattice spacing indexed to the {3 1 −3} facets of TiO2-
B can also be observed in certain areas. These line defects and lattice
rotation may  produce deep energy level which could become com-
bination centers to capture photogenerated electrons and holes
[24]. As a result, vanishing of the long-range order in TNB may  result
in a poor activity in contrast to that in ANB.

The UV–vis diffused-reflectance spectra (DRS) of different TiO2
nanobelts and P25 nanoparticles are shown in Fig. 4a. A slightly blue
shift of the absorption onset takes place in ANB compared with TNB,
while the P25 present a red shift relative to both nanobelts. Using
the Tauc equation, their band gaps are calculated, and the resulted
plots of (Ahv)1/2 versus hv are displayed in Fig. 4b. The indirect band
gap values for ANB, TNB and P25 are ca. 3.0, 2.92 and 2.8 eV, respec-
tively. It is accessible that the broadening of band gap from TNB

to ANB is originated from the sharply reduced amount of TiO2-B
in ANB. Because the band gap of pure TiO2-B nanobelts (2.8 eV) is
lower than the anatase nanobelts (3.1 eV) [9]. The existence of lat-
tice defects, including crystal mismatching and color centers, may
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the activity of the acid-treated TiO2 nanobelts (H-TNB) with a
degradation ratio of 51.5% is still not as good as P25, matching
Fig. 3. Typical HRTEM im

e another reason of the lowered band gap for TNB [25,26]. Mean-
hile, due to the particular quasi-1D nanostructure and the still low

ontent of TiO2-B, the band gap energy about 3.0 eV of ANB is less
han the bulk anatase (3.2 eV). In addition, the narrow energy gap
f rutile and the specific heterostructure of bicrystal could account
or the red shift of P25 nanoparticles [27]. All the DRS results can
urther evidence that crystalline improvement by the introduction

f ethanol treatment during the procedure.

The related photocatalytic activities of different samples were
valuated by degradation of Rhodamine-B (RB) under ultraviolet

ig. 4. UV–vis DRS (a) and the plots of (Ahv)1/2 vs. hv (b) for ANB, TNB and P25. (For
nterpretation of the references to color in this figure legend, the reader is referred
o  the web version of this article.)
 of ANB (a) and TNB (b).

light, and the results are shown in Fig. 5a. It is clear that the ethanol
treated TiO2 nanobelts (ANB) exhibit a much higher degradation
ratio in 60 min. compared to the untreated nanobelts (TNB), which
are 73% and 36%, respectively. Furthermore, the degradation
ratio of ANB even exceeds the P25 reaction system (67%), while
very well to previous results [18–20]. The reaction rate constants
(K) of different samples are calculated by using the first-order

Fig. 5. Time courses for photocatalytic degradation of Rhodamine-B under UV light
by different TiO2 photocatalysts (a); the plots of ln(C0/C) as a function of radiation
time for the corresponding TiO2 system (b).
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ynamic equation: ln(C/C0) = Kt,  where t is the reaction time, and
/C0 denotes the concentration change of RB solution. The plots
f ln(C/C0) versus t are displayed in Fig. 5b, and the slopes of
tted lines stand for the values of K, which are equal to 0.022,
.0077, 0.0185 and 0.0121 min−1 for ANB, TNB, P25 and H-TNB,
espectively. These data demonstrate that the ethanol treatment
f the as-prepared H2Ti3O7 nanobelts can lead to a substantial
rogress in the photocatalytic activity. Considering the obvious BET
istinction of different samples, we further calculate the essential
eaction activity rates (K0) of different TiO2 photocatalysts, which
an be expressed as: K0 = K/Sbet (Table 1). We  can see that the K0
alue of ANB is much higher than that of TNB, H-TNB and P25. The
esult reflects that the better anatase crystallinity induces the much
mproved photocatalytic efficiency of ANB. Moreover, the band gap
roadening of ANB which results in high reactive electron–hole
airs may  also contribute to the boost of photocatalytic activity.

All the above characterizations consistently prove the improved
hanges in phase and crystallinity due to the introduction of
thanol. Zhou et al. reported that the phase of TiO2-B in the
anobelts transformed into anatase completely at temperature
igher than 800 ◦C, owing to the similar lattice structure between
iO2-B and as-prepared H2Ti3O7, as well as the shape limit effects
n nanobelts [9]. In our case here, the transformation tempera-
ure decreases after the ethanol treatment. In order to clarify the
tomic bonding state of the samples before calcination, both orig-
nal H2Ti3O7 and the ethanol treated H2Ti3O7 were investigated
y the Fourier transform infrared spectroscopy (FT-IR) in the range
f 400–2000 cm−1. As illustrated in Fig. 6, both spectra exhibit an
bsorption peak around 1635 cm−1, which corresponded to the
ending vibration of H O H [28]. Meanwhile, vibration around
97 cm−1, which represents the stretching vibration of short Ti O
onds involving nonbridging oxygen coordinated with sodium

ons, was not observed [29]. These results signify the existence
f hydrogen and lack of sodium ions in both samples after the
cid washing. More importantly, the intensity of Ti O Ti vibra-
ion mode around 490 cm−1 of E-H2Ti3O7 is enhanced compared to
he original H2Ti3O7 [30]. That is to say, the introduction of ethanol
ndeed is in favor of the bonding formation between titanium and
xygen atoms. Thus, the emergence of ANB may  be depicted as
ollows: the quasi-1D NaxH2−xTi3O7 nanobelts are firstly gained
hrough the hydrothermal reaction. The NaxH2−xTi3O7 nanobelts
re composed of [TiO6] octahedra with shared edges and vertices

+ +
hich the Na and H cations are embedded in the interlayer space.
he subsequent soaking in dilute HCl aqueous solution promotes
he formation of H2Ti3O7 nanobelts by ion exchange. Then the
thanol treatment lead the chelation between the deprotonated

[

[
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alcohol ligands and titanium ions in the [TiO6] octahedral [31].
Through this process, a new type of E-H2Ti3O7 possesses a new
crystalline structure and an enhanced bonding intensity between
Ti and O atoms may  form, which is apt to transform to anatase in
the following lattice distortion and recrystallization compared with
the as-prepared H2Ti3O7. At the same time, the confinement orig-
inated from the structural similarity is destroyed, which leads to
the irregular edges of ANB through the electron microscope obser-
vation. As a result, the phase transformation of TiO2-B to anatase is
much easier to realize.

4. Conclusion

In summary, a new method of ethanol treatment was developed
to synthesize TiO2 nanobelts. The ethanol treated ANB exhibits a
significant improvement in crystallinity of anatase and severely
reduced amount of TiO2-B compared with the untreated TiO2
nanobelts (TNB). A much higher photocatalytic activity of ANB in
degradation Rhodamine-B under ultraviolet light can be obtained
if comparing to TNB. Although the detailed mechanism of the crys-
talline change by the ethanol treatment is still not clear, the method
can be a good candidate for many future applications, including the
photocatalyst materials.
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