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Abstract TiO,-based nanostructures usually possess
excellent photochemical properties. However, the rela-
tionship between their dimensionality and photocatalytic
activity was rarely investigated. In this study, a series of
TiO,-based nanostructures in various dimensionalities
(such as nanosheets, nanotubes) were obtained by hydro-
thermal treatment of P25, and the process of structural
evolution was also systematically investigated by TEM,
BET, Raman, and XRD analysis. Much higher rate con-
stant (3.7 x 1072 rnin*]) for the degradation of rhodamine
B was found for nanosheets, comparing with those of three-
dimensional P25 nanoparticles (0.59 x 1072 min~") and
one-dimensional nanotubes (0.85 x 1072 min~!). It is
found that the hydrothermally prepared TiO,-based nano-
sheets possess small thickness (ca. 5 nm) and plentiful
surface hydroxyl groups, and the reason why TiO,-based
nanosheets possess superior photocatalytic activity is also
discussed in detail from the microstructure and surface
chemical states. In addition, TiO,-based nanosheets exhibit
good reusability in the cyclic experiments, implying a
potential application for photocatalytic degradation of
organic pollutants.
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Introduction

TiO,-based nanomaterials are widely used as photocatalysts
because of their low-cost preparation, biologically inert,
and excellent photochemical properties [1-3]. It is reported
that the photocatalytic activity of photocatalyst is closely
related to the morphology, which directly affects the spe-
cific surface area, crystal structure, and surface state such as
surface hydroxyl density [4-8]. A lot of attempts have been
made to the preparation of catalyst with excellent photo-
catalytic activity by morphological control [9, 10]. For
example, through a hydrothermal treatment of crystal TiO,
with concentrated NaOH solution, the produced nano-
structures usually have higher specific surface area com-
pared with the raw material [11, 12]. The higher specific
surface area may provide more adsorption and reaction
active sites for photocatalytic degradation. In recent years,
TiO,-based nanostructures obtained by this method have
attracted increasing attentions.

Among such kind of materials, TiO,-based nanotubes
have been investigated considerably due to the high pho-
tochemical property and potential application in photocat-
alytic degradation of organic pollutants [13, 14]. The
formation process of TiO,-based nanotubes has also
been studied and different viewpoints have been proposed
[15-18]. Some researchers considered that TiO, nanopar-
ticles in raw react with NaOH to form lamellar products
first, and then the tubular structure is formed by rolling the
exfoliated single nanosheets [19] or wrapping the multi-
layer nanosheets [20]. Although other mechanisms such as
oriented crystal growth model have also been proposed,
nanosheets are still believed to be the essential for the
formation of nanotubes. It is noteworthy that although the
formation process was investigated considerably, the
attention was mainly focused on the structures and
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properties of nanotubes and other similar preparations such
as nanorods [21], nanobelts [22], etc. The structures and
properties of the nanostructures obtained during the process
(such as nanosheets formed in the initial stage), especially
the relationship between the structural evolution and the
photocatalytic activities of these nanostructures were rarely
investigated, while the systematical investigation for these
stages should be significant. It may be beneficial not only
to further understand the evolution process, but also to
explore the relationship between structure and property of
the produced nanostructures.

In addition, two-dimensional (2D) photocatalysts usu-
ally exhibit excellent properties in photocataytic degrada-
tion [23-26]. The researches for 2D TiO, mainly focus on
TiO, nanosheets dominated by (001) facets according to
our knowledge. While the preparation of this kind of TiO,
nanosheets cannot be conducted without hydrofluoric acid,
which is extremely corrosive and toxic and must be han-
dled with extreme care [27]. Therefore, the preparation of
TiO,-based nanosheets via an alkaline hydrothermal
method is relatively safer and more convenient. As a 2D
structure, TiO,-based nanosheets have larger ratio of width
to height than nanoparticles. This will cause the decrease in
the migration distance of photogenerated electron—hole
pairs to the surface of catalyst, which may be beneficial to
the increase of separation efficiency of electron—hole pairs
[28, 29]. Furthermore, some properties of TiO,-based
nanosheets may be similar to that of TiO,-based nanotubes
due to their similar preparation conditions. Accordingly,
TiO,-based nanosheets prepared by alkaline hydrothermal
method may have potential application in photocatalytic
degradation.

In this paper, various TiO,-based nanostructures (such
as nanosheets and nanotubes) were prepared through an
alkaline hydrothermal method. The dimensional evolution
was systematically investigated by the changes of mor-
phology, specific surface area, and the structure. The
relationship between the structure and property of these
nanostructures was evaluated by the degradation of rho-
damine B (RhB). TiO,-based nanosheets were found to
possess excellent photocatalytic activity. The factors
influencing photocatalytic activity were also discussed in
detail.

Experimental sections

Preparation

TiO,-based nanostructures were prepared via a hydrother-
mal method as follows: 0.8 g TiO, (Degussa P25) was

dispersed in 50 mL of 10 M NaOH aqueous solution under
intense stirring, and then the mixture was transferred into a
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Teflon-lined autoclave (100 mL). After heating in an oven
at 130 °C for 1-48 h, the autoclave was cooled down by
tap water to room temperature, and the resultant white
powder was washed with distilled water until a pH value
near 8§ was reached. Then, the white powder was treated
with 60 mL of 0.1 M HCI solutions twice, 1 h for each
time, to achieve a complete ion exchange. Finally, the
powder was washed with distilled water for several times
and then dried at 70 °C for 12 h.

Characterization

Transmission electron microscopy (TEM) was obtained by
JEOL JEM-2010-HT instrument at the accelerating voltage
of 200 kV. Raman scattering spectra were collected on a
LabRAM HR-800 (HORIBA JY) instrument. The samples
were illuminated by a 488-nm laser with power of 6 mW.
The spectra were acquired with a 1200 groove mm ™'
grating. The Brunauer—Emmett-Teller (BET) surface areas
(SgeT) were determined by nitrogen adsorption isotherm
measurements at 77 K on a JW-BK system. X-ray
diffraction (XRD) patterns were collected on a Bruker
D8-advance X-ray diffractometer with Cu Ko radiation
(A = 1.5406 A). The accelerating voltage and the applied
current were 40 kV and 40 mA, respectively. Data were
recorded with a step interval of 0.02° and a scan rate of
2° min~" in the 20 range from 5° to 70°. An atomic force
microscopy (NanoNavi Station, Seiko Instruments) was
used to examine the surface morphology of nanosheets.
The measurement was carried out in a tapping model, with
a driving frequency of 130 kHz at a scan speed of 0.4 Hz
using a silicon cantilever with a normal spring constant of
16 N m~". Fourier-transform infrared (FT-IR) spectra were
recorded on a Thermo Fisher Nicolet Is10 Fourier-trans-
form infrared spectrometer. '"H NMR experiments were
performed on a Varian Infinity-Plus400 NMR spectrometer
equipped with a double channel 2.5 mm probe at a spin-
ning frequency of 20 kHz. The samples were pre-treated at
130 °C for 12 h to remove the physically absorbed water
molecules.

Evaluation of photocatalytic performances

Photocatalytic activities of the catalysts were evaluated by
the degradation of RhB. A 160 W high-pressure mercury
lamp was positioned inside a photoreactor and the distance
between the mercury lamp and the RhB solution was
15 cm. In a typical reaction, 0.1 g catalyst was added to
100 mL of 20 mg L' RhB solution and stirred in the dark
for 1 h to reach the adsorption equilibrium. Then, the high-
pressure mercury lamp was turned on. At regular irradia-
tion intervals of 10 min, 1.6 mL sample was withdrawn
from the dispersion and centrifuged to separate the catalyst.
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The concentration of the residual RhB solution was
detected by UV-Vis spectrophotometer. In the cyclic
experiments of the catalyst, 0.1 g catalyst and 100 mL of
4 mg L™' RhB solution were used. The dispersion was
withdrawn at a regular irradiation time intervals of 10 min
and 30 min for TiO,-based nanosheets and P25, respec-
tively. After each cyclic experiment, 4 mL of 100 mg L'
RhB solution was added into the reactor to maintain the
preliminary concentration of RhB solution.

Results and discussion
Dimensional evolution of TiO,-based nanostructures

As shown in Fig. 1, the morphologies of samples prepared
with different hydrothermal durations are displayed by
TEM images. For Degussa P25 (Fig. 1a), granular crystals
with diameters of 20—40 nm are observed. The SAED
pattern indicates the diffraction lines representative of the
polycrystalline phases, namely, (101), (004), (200), (204),
(215) diffractions of anatase-phase and (211), (112) dif-
fractions of rutile phase. In Fig. 1b and c, the morphologies
of the samples are still granular and no obvious change is
observed. However, nanosheet-like products were found
after 2 h of hydrothermal treatment (Fig. 1d), which means
that the TiO, nanoparticles began to strip into nanosheets.
In Fig. le, the sample prepared with 3 h of hydrothermal
treatment mainly consists of nanosheets with the length
greater than one hundred nanometers and the width several
tens of nanometers. The increasing scale of nanosheets
implies the growth of small nanosheets stripped off from
the granular crystals, due to the oxolation of the OH spe-
cies at the edge of raw nanosheets [30, 31]. In addition,
some large nanosheets began to scroll, implying the trend
of further transformation into nanotubes. In Fig. If, large
amounts of nanotubes with diameters of ca. 8 nm and
length of 50200 nm are observed and the diffraction rings
cannot be indexed to any known phase of TiO,. When
compared the SAED pattern of nanotubes with that of P25,
the initial diffraction rings all disappeared and some new
diffraction rings with less distinct were observed, indicat-
ing the change of crystal structure and a poor crystallinity.

Figure 2 shows the N, adsorption—desorption isotherms
and the corresponding BET-specific surface areas of the
products prepared with different hydrothermal reaction
times. It is found that the specific surface area of the pre-
pared nanostructure changes subtly in the initial 1 h of
hydrothermal process, and then increases rapidly from 60
to 348 m* g~ ' with the reaction time increasing from 1 to
5 h. After being treated for over 5 h, the BET surface area
increases slightly and saturates gradually. Combined with
the TEM and BET results, we can explain the process as

follows. At the early stage (within 1 h), only a small part of
the Ti—O bonds are broken, which cannot cause the split of
TiO, nanoparticles. Therefore, their morphologies and
surface areas have no obvious change. With the reaction
time increased from 1 to 5 h, plenty of Ti—O bonds are
broken and TiO, nanoparticles are stripped into smaller
particles and sheet-like products. The thin lamellar frag-
ments also link with each other to form larger planar
nanosheets, which successively begin to scroll into nano-
tubes. Therefore, the BET surface area increases rapidly
during 1-5 h. After 5 h of hydrothermal treatment, the
stripping process is almost finished and more TiO,-based
nanosheets are converted into nanotubes. It is well known
that a larger specific surface of photocatalyst can provide
much more adsorption and photocatalytic reaction sites for
photocatalytic degradation.

The structure evolution process of TiO,-based products
prepared at different hydrothermal treatment times was
characterized by Raman scattering spectra as shown in
Fig. 3. For P25, there are five typical contributions of
anatase-phase at 147 (Ey), 199 (E,), 400 (Bg), 522 (B;4/A1,),
and 643 cm ™! (Eg), which is in good agreement with the
published data [32]. The Raman scattering spectrum of the
product with 1 h of hydrothermal treatment is very similar
to that of P25, which means that the product is still crys-
talline TiO,. With 2 h of hydrothermal treatment, a weak
Raman band at 279 cm™" is observed for the product. It is
related to the break of symmetry in the bent TiO¢ layers
[33]. The intensive Raman bands at about 496 cm™! s
observed in the Raman scattering spectrum of the product
for 3 h reaction, which reveals the presence of the 2D
lepidocrocite-type TiOg octahedral layers [34]. The new
Raman band at about 706 cm™' is found in Raman scat-
tering spectrum of the product for 5 h reaction, which can
be attributed to the bending of the TiOg octahedral layers
during the rolling process [35, 36]. The typical Raman
bands of TiO, crystalline begin to disappear after 5 h
reaction, and the Raman bands at about 279, 496 and
706 cm ™! are gradually obvious. These are consistent to
the results of TEM images and BET-specific surface area
data.

Figure 4 shows the XRD patterns of TiO,-based nano-
structures. For the raw material P25, the diffraction peaks
can be indexed to anatase-phase TiO, (JCPDS No.
89-4921) and rutile-phase TiO, (JCPDS NO. 89-0552). The
XRD patterns of the products prepared with 1 and 2 h
reaction are very similar to that of P25. But after hydro-
thermal treatment for 3 h, the intensity of the typical TiO,
peaks decreases markedly (Fig. 4a). The facts indicate that
the phase component of TiO,-based nanostructure begin to
change obviously. When the reaction time is extended
beyond 5 h, all the original diffraction peaks of P25 TiO,
almost disappear. It indicates that the raw TiO, has been
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Fig. 1 TEM images and partial SAED patterns of the nanostructures prepared by hydrothermal treatment of P25 at 130 °C fora O h, b 0.5 h,

clh,d2h,e3h,andf 12 h

completely converted into a new crystal structure. As we
reported before, the hydrothermal product may be ascribed
to H,TizO; [37, 38]. The results confirm the structure
transformation process observed in Raman scattering.
Besides, the variation of crystal size calculated by the
Scherer’s equation is also estimated.

D = kA/(fcos0)

where D is the average crystal size, k is the Scherer coef-
ficient (0.89), 4 is the X-ray wavelength (0.15406 nm), /3 is
the full width at half maximum (FWHM) in radians, and 0
is the Bragg’ angle [39, 40]. The crystal sizes of P25 and
the products obtained with 1 and 2 h reaction are uniform
with an average value of ca. 25 nm. While the crystal size
of the sample prepared with 3 h of hydrothermal treatment
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is distributed ranging from 7.4 to 86.3 nm, implying the
exfoliation of nanoparticles and the growth of the exfoli-
ated nanosheets. After hydrothermal treatment of 12 h, the
crystal sizes of the products were decreased to ca. 8.9 nm.

Adsorption and photocatalytic performances
of TiO,-based nanostructures

Since photocatalytic reaction process occurs on catalyst
surface, the adsorption ability of photocatalyst may play an
important role in the degradation of organic pollutants. The
adsorption performances of the nanostructures were eval-
uated through the adsorption percentage value of RhB after
adsorption equilibrium was achieved in the dark. As shown
in Fig. 5, the adsorption percentage for nanostructures



J Mater Sci (2013) 48:5171-5179

5175

400 -
u
| /l/
350 -

&2 300- & [—=on f
E | ®© | —e—1h Pt
- 2 #S 48
8 250+ e y
o ] o
8 200 l 8
€ 3 5
2 150+ © T
(2] o A
~ 1 £ A
& 100 3 ot o
o 7 | | > T - : .

1/ 00 02 04 06 08 10
504 m™ Relative pressure (P/P )

——
0 3 6 9 12 15 18 21 24
Hydrothermal treatment time (h)

Fig. 2 BET-specific surface areas of the nanostructures prepared by
hydrothermal treatments of P25 for different hydrothermal treatment
times. Inset: the corresponding N, adsorption—desorption isotherms of
the nanostructures
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Fig. 3 Raman spectra of the specimens obtained from hydrothermal
treatment of P25 for various reaction times

prepared with 1 h or 2 h reaction is less than 1 %, which is
lower than that of P25 (4 %). It may be resulted from the
broken part of TiO, crystal structure. While for TiO,-based
nanosheets prepared for 3 h, the adsorption percentage is
17 %. The remarkable increase of the adsorption capacity
is mainly ascribed to the formation of hydroxyl groups on
trititanate surface, which can provide strong electrostatic
attraction for cationic dyes [41]. For nanostructures pre-
pared over 5 h, the adsorption percentage increases grad-
ually. It is ascribed to the formation of increasing
number of nanotubes, because material with porous struc-
ture usually has much higher adsorption capacity than other
structural materials.

Photocatalytic activities of the TiO,-based nanostruc-
tures prepared with different hydrothermal durations were
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Fig. 4 XRD patterns of the specimens prepared with various reaction
times
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Fig. 5 Adsorption performances of the nanostructures prepared with
different hydrothermal treatment times: the adsorption percentage of
RhB after adsorption equilibrium in the dark

investigated through the degradation of RhB under UV-Vis
irradiation. Degussa P25 (0 h) was used for comparison.
Figure 6a shows the relation between irradiation time and
C/Cy of RhB, where C is the concentration of RhB at
irradiation time ¢, and Cj is the concentration of RhB after
adsorption equilibrium in the dark. The corresponding rate
constant (k) of the nanostructures was shown in Fig. 6b.
For Degussa P25, the k value is 0.59 x 107> min~"'. After
hydrothermal treatment, the photocatalytic activities of
prepared catalysts enhance with the stripping of nanopar-
ticles to nanosheets. When hydrothermal treated for 3 h,
the prepared TiO,-based nanosheets show the highest
k value of 3.7 x 1072 min~'. With further extension of
hydrothermal treatment time, the k decreases gradually. It
indicates that the photocatalytic activities of the prepared
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Fig. 6 a Photocatalytic degradation of RhB under UV-Vis light
irradiation by nanostructures prepared with different hydrothermal
treatment times and; b comparison of rate constant k of the
nanostructures

nanostructures are strongly dependent upon the morphol-
ogy and dimensionality.

Through the comparison of the variation trend of rate
constant and adsorption capacity, it can be found that a
suitable adsorption for pollutants is beneficial to photo-
catalytic reaction, while excess adsorption is harmful.
TiO,-based nanosheets (2D) have good adsorption ability
and exhibit much higher photocatalytic activity than
nanoparticles (3D) and nanotubes (1D).

Effect of microstructure and surface states
on photocatalytic activity

Due to the high photocatalytic activity for degradation of
RhB dyes, the microstructures and surface chemical states
of TiO,-based nanosheets were further investigated.
Atomic force microscopy (AFM) was utilized to analyze
the surface morphology and thickness of TiO,-based
nanosheets. As shown in Fig. 7a, TiO,-based nanosheets
have a large surface size of ca. 1-3 pum, which is far larger
than the size of unexfoliated nanoparticles (20-40 nm). It
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implies the growth of nanosheets stripped off from granular
TiO, crystals. The stripping of granular TiO, results in the
formation of high specific surface area, and the growth of
exfoliated nanosheets is beneficial to the separation and
recovery of photocatalyst after photocatalytic degradation
because of its large scale. In fact, it was found that the
separation and recovery of TiO,-based nanosheets were
more convenient than that of P25 in the degradation
experiments. Besides, TiO,-based nanosheets possess the
thickness of 4-5 nm as shown in Fig. 7b, which is much
thinner than that of the raw TiO, nanoparticles. The small
thickness causes the decrease of the diffusion path for
photogenerated carriers reaching to nanosheets surface,
which is beneficial to the enhancement of photoelectric
efficiency and the improvement of photocatalytic activity.

'"H NMR spectrum of TiO,-based nanosheets was
measured to investigate the types of protons and the rela-
tive content of surface hydroxyl groups. The 'H NMR
spectra of P25 and TiO,-based nanotubes were also
obtained for comparison. As shown in Fig. 8, several
characteristic proton resonance peaks can be identified at
6.8, 4.8, 4.0, 2.8 ppm in the '"H NMR spectrum of TiO,-
based nanosheets. The chemical shifts at 4.8 and 4.0 ppm
are associated with the physically absorbed water [42, 43],
whereas the signals near 6.8 and 2.8 ppm can be ascribed
to bridging and terminal surface hydroxyl groups, respec-
tively [42, 44]. The '"H NMR spectrum of TiO,-based
nanosheets is similar to that of TiO,-based nanotubes.
Comparing the spectra of TiO,-based nanosheets and P25,
the intensity of the proton peak at 6.8 ppm increases
markedly, while the signal intensity of the peak at 2.8 ppm
changes very slightly, which indicate that the hydroxyl
groups formed on TiO,-based nanosheets surface are
mainly bridging hydroxyl groups.

Besides, FT-IR spectra of the samples were also
obtained to further investigate the variation of hydroxyl
groups on catalyst surface. As shown in Fig. 9, two peaks
at 1630 cm ™" and at around 3300 cm ™! can be observed in
the spectrum of P25, which are attributed to the binding
vibration of H-O-H and the stretching vibration of O-H,
respectively [45-47]. For TiO,-based nanosheets and
nanotubes, the intensity of the peak (at around 3300 cm™ ")
associated to hydroxyl groups increased greatly compared
to that of P25, which indicates the existence of plentiful
hydroxyl groups on TiO,-based nanosheets surface. It is
documented that surface hydroxyl group of photocatalyst is
an important factor to affect its adsorption and photocata-
Iytic performances, because the surface hydroxyl groups
can attract cationic dyes to photocatalyst surface and cap-
ture Ay to generate Ti-OH'™ radicals [24, 41]. Therefore,
the high concentration of bridging surface hydroxyl groups
may play an important role on the adsorption and photo-
catalytic activity of TiO,-based nanosheets.
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As discussed above, microstructure and surface states
of TiO,-based nanostructures are closely related to their
dimensionalities, which play an important role on the
photocatalytic activity of the TiO,-based nanostrucutres.
On the one hand, the hydrothermally prepared products
have increasing BET surface area with the gradually ex-
foliation of nanoparticles into nanosheets, which can pro-
vide much more adsorption sites for organic molecules to
be degraded. TiO,-based nanosheets have smaller thick-
ness and plentiful hydroxyl groups as compared with
nanoparticles, which are beneficial to the improvement of
photoelectron efficiency. On the other hand, the adsorption
capacity of the prepared products increases with the
increasing transformation of nanosheet to nanotubes, while

100 =

80

TiO,-based nanosheets

60
TiO,-based nanotubes

40

Transmittance (%)

20 +

T T
2400 1600

Wavenumber (cm'1)

T
4000 3200 800

Fig. 9 FT-IR spectra of the catalysts for P25, TiO,-based nanosheets,
and TiO,-based nanotubes

excess adsorption may cause the decease of light energy
reached to photocatalyst surface. That is why TiO,-based
nanosheets possess much higher photocatalytic activity
than nanoparticles and nanotubes, and the excellent
microstructure and distinctive surface states may provide a
potential application for this kind of nanosheets in photo-
catalytic degradation of organic pollutants.

Stability of TiO,-based nanosheets

The cyclic experiments were also carried out to investigate
the stability of TiO,-based nanosheets in photocatalytic
reaction process. Degussa P25 TiO, was used for com-
parison. As shown in Fig. 10, TiO,-based nanosheets
exhibit much higher photocatalytic activity than P25 during
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the cyclic degradation of RhB (4 mg L™"). Furthermore,
TiO,-based nanosheets still exhibit a relatively high pho-
tocatalytic activity after the fourth cycle, which is similar
to that of commercial P25 TiO,. It indicates that the pho-
tocatalytic property of nanosheets is stable.

Conclusions

The morphological and structural evolution of TiO,-based
nanostructures under alkaline hydrothermal conditions was
investigated systematically. The TEM, BET, Raman, and
XRD results clearly revealed the formation process of these
nanostructures, especially nanosheet which has rarely been
investigated. At the early stage (within 1 h), only a small
part of Ti—O bonds are broken, which cannot cause the split
of TiO, nanoparticles. Thus, the morphology and structure
of P25 have no obvious change. With the reaction time
increased, plenty of Ti—O bonds are broken and TiO,
nanoparticles are stripped into smaller particles and sheet-
like products. The small lamellar fragments also link with
each other to form larger planar nanosheets, which suc-
cessively scroll into nanotubes.

It is found that the photocatalytic activities of TiO,-
based nanostructures are strongly dependent upon their
morphologies and structures. TiO,-based nanosheets exhi-
bit much higher photocatalytic activity than the 3D nano-
particles and 1D nanotubes. The high external specific
surface area of nanosheets provides sufficient available
surface for adsorption and photocatalytic degradation of
dye pollutants, and the small thickness of nanosheets pro-
vides short diffusion path for photogenerated carries. In
addition, TiO,-based nanosheets have suitable adsorption
ability due to the plenty of surface hydroxyl groups and its

cic,

U

T T T T T T T T T T
180 240 300 360 420 480
Irradiation time (min)

Fig. 10 Cyclic photodegradation of RhB under UV-Vis irradiation
by a TiO,-based nanosheets obtained with 3 h of hydrothermal
treatment and b P25 TiO,
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sheet-like structure. These may be the main reasons why
TiO,-based nanosheets exhibit such superior photocatalytic
activity. The good reusability of TiO,-based nanosheets in
the cyclic degradation experiments implies a potential
application for dealing with organic pollutants.
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