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TiO, crystals with different morphologies have been
successfully synthesized by simple hydrothermal method. All
samples are characterized carefully by XRD, SEM, TEM, and
BET techniques and the morphological effect on the
photocatalytic activity of the obtained TiO, crystals has been
evaluated by degrading the pollutant molecules. The experimental
results show that the TiO, samples with different morphologies
exhibited different activities to pollutant degradation. The core-
shell spheres have exhibited the best photocatalytic activity, with
the almost complete degradation of methyl orange (MO) and
rhodamine B within 15 min under UV-light irradiation. After
20 min UV-light irradiation, the degradation efficiency of the MO
solution is about 68.9%. It can be concluded that a morphological
effect is responsible for the photocatalytic performance. The
crystals with large BET surface area, the small crystallite size
shows the better the photocatalytic performance.
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Photocatalytic ~ degradation of metal oxide
semiconductor materials has become one of the most
intensive areas of research during recent years®. In
particular, the problem of environmental pollution and
energy shortage has received considerable critical
attention. The photocatalytic method is considered to
be a promising method for the removal of
environment pollutants®. Recently, great efforts have
been made to design and develop the highly efficient
semiconductor photocatalysts, such as TiO,**, CdS>,
Zn0®, BiVO,’, MoS,®, CeO,’, Cu,0", Fe,05™, and
SnO,” etc. Among the various types of
semiconductor, TiO, (titanium dioxide) is one of the
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most promising materials for  photocatalytic
applications™. It has outstanding mechanical strength,
high thermal and chemical stabilities, low cost, good
optical,  electronic, and  excellent  catalytic
properties**™®. As we know, the photocatalytic activity
of TiO, depends on its surface area, crystallite size,
crystal phase and crystallinity’’. Thus, it is
highly desirable to develop a generalized and
efficient strategy to synthesize TiO, with high
photocatalytic activity.

To date, a wide variety of TiO, have been
developed including nanorods, nanoparticles,
nanodisks,  nanotubes, nanowires, nhanocages,
nanoflowers, thin films, microspheres, core-shell
spheres, hollow spheres, and so on. The
nanostructures of TiO, can be tuned by careful
selection of the experimental parameters and
synthesis technology. For example, Weon et al.
reported that the doubly open-ended TiO, nanotubes
exhibited high activity and durability for the
photocatalytic degradation of gaseous acetaldehyde
and toluene™. Tsuji et al. found that the Au/TiO,
photocatalysts showed enhanced methyl orange (MO)
degradation rates in neutral and acidic solutions®.
Jia et al. demonstrated that the TiO, hollow
boxes with hierarchical structures exhibited an
excellent performance in the photocatalytic
degradation of organic pollutant methylene blue .
Although photocatalytic degradation by using TiO,
has achieved great progress for the removal of
environment pollutants, nevertheless, there are few
literatures that concerned the shape of TiO;
nanostructure on their photocatalytic properties.

In this work, TiO, with three different
morphologies (nanorod, core-shell sphere and flower
sphere) have been successfully prepared by
hydrothermal method. The photocatalytic activities of
the as-fabricated samples were evaluated by
decomposing methyl orange (MO), rhodamine B
(RhB) and phenol under UV-light irradiation.
Compared with TiO, nanorod, TiO, flower sphere,
and P25-TiO,, TiO, core-shell sphere was found to
have the best photocatalytic activity
towards pollutant degradation. The results show
that TiO, exhibits morphology-dependent
photocatalytic activities.
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Materials and Method
Reagents and materials

Titanium sulfate (Ti(SOy),), ethylenediamine
tetraacetic acid (EDTA), citric acid (CsHgO7-H,0),
ethanediamine (C,HgN,), and hydrofluoric acid (HF)
were obtained from Sinopharm Chemical Reagent
Co., Ltd. All reagents were A.R. grade and used
without further purification.

Synthesis of TiO, core-shell sphere, TiO, nanorod, and TiO,
flower sphere

All of the samples were prepared by hydrothermal
method. TiO, core-shell sphere (TiO,-C): 0.2400 g of
Ti(SO,), and 1.461 g of EDTA were dissolved in 30 mL
H,O by stirring. TiO, nanorod (TiO,-N): 0.2400 g of
Ti(SOy), and 0.063 g of H;Cit (CeHgO;-H,0) were
dissolved into 24 mL of H,O/C,HsOH mixed solvent
(7:5, vlv) by stirring. Subsequently, 8.0 ml of
ethanediamine was dropwise added into the above
solution. TiO, flower sphere (TiO,-F): 0.2400 g of
Ti(SO4),; and 0.063 g of HsCit were dissolved into
12.8 mL of H,O by stirring. Subsequently, 8 ml of
ethanediamine, 10 mL of C,HsOH, and 1.2 mL of
HF were added into the above solution in turn. After
that, the three mixed solution were transferred into
three Teflon lined autoclave of 50 mL capacity and
kept in an oven at 180 °C for 8 h. After reaction, the
precipitates were collected, washed with deionized
water and absolute ethanol for 3 times, and dried at
60 °C for 12 h in air.

Characterization techinques

The crystal phase of all the samples were recorded
using X-ray diffractometer (XRD) (XRD-6000,
Shimadzu) equipped with Cu Ka radiation
(L = 1.5406 A) in the 20 range from 10° to 70°.
Scanning electron microscope (SEM) equipped with
an energy-dispersive X-Ray spectrometer (EDX)
(S-4800, Hitachi) and transmission electron
microscope (TEM) (Tecnai G2 S-Twin, FEI) were
used to characterize the morphology and size of all
the samples. The specific surface areas were
calculated by a Brunauer-Emmett-Teller (BET)
specific surface analysis device (ASAP 2010,
Micromeritics). The optical absorption spectra of
targeted pollutants were recorded by a
UV-visible spectrophotometer (UV-1750,
Shimadzu). Concentration of chemical oxygen
demand (COD) was determined by using
HACH DR2800 spectrophotometer.

Photocatalytic experiments

The photocatalytic activities of the samples (TiO,
core-shell sphere, TiO, nanorod, TiO, flower sphere,
and P25-TiO,) were evaluated with MO as targeted
pollutant. Generally, 10 mg of the sample was placed
into a MO aqueous solution (40 mL, 20 mg-L™).
Before the irradiation, the mixed solution was stirred
in the dark for 60 min to achieve a saturated
adsorption. A 500 W mercury lamp was used as the
UV-light source. 2 mL of suspension were taken out
at a given time interval. Subsequently, the absorbance
spectra of MO solutions were analyzed by a
UV-visible spectrometer. Additionally, when phenol
aqueous solution (40 mL, 20 mg-L™) or RhB aqueous
solution (40 mL, 20 mg-L™) was used as targeted
pollutant, we used a process which was similar to that
described above.

Results and Discussion

The structure and composition of the P25-TiO,,
TiO,-C, TiO,-F, and TiO,-N were investigated by
XRD (Fig. 1). For the XRD pattern of the P25-TiO,,
two diffraction peaks at 27.5, and 36.1° were assigned
to the (110), and (101) crystal planes of rutile TiO,
(JCPDS, No. 73-1765), all other diffraction peaks
could be indexed to anatase TiO, (JCPDS, No.
21-1272). The result showed that P25-TiO, contained
anatase and rutile crystalline phases. As for the
TiO,-C, TiO,-F, and TiO,-N samples, all of the
characteristic peaks could be well indexed as a pure
anatase TiO, (JCPDS, No. 21-1272). The average
crystallite size of the sample was estimated using the
Debye-Scherrer’s equation: D=0.892/(Bcos0), where
D is the average grain size, A is the X-ray wavelength
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Fig. 1 — XRD patterns of the as-formed TiO,-C, TiO,-N, TiO,-F,
and P25-TiO,.
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(0.15405 nm), B and 6 are the full-width at half
maximum and diffraction angle, respectively. Thus,
the average crystallite sizes of the TiO,-C, TiO,-F,
TiO,-N, and P25-TiO, were estimated to be
approximately 11.82, 22.68, 12.78, and 21.19 nm,
respectively.

The morphologies of the TiO,-C, TiO,-N, TiO,-F,
and P25-TiO, were investigated by SEM. As showed
in Fig. 2a, we can see that the TiO,-C sample shows a
core-shell structure with diameter of 0.5-1.5 um. In
Fig. 2b, the morphology of the TiO,-N sample is
highly uniform nanorods with an average diameter of
460 nm. Fig. 2c shows SEM image of the TiO,-F
sample, clearly exhibiting that the sample s
composed of flower spheres with a diameter of about
1-2 um. Furthermore, it is obvious from Fig. 2d that
the P25-TiO, is composed of nanoparticles with

Fig. 2 — SEM images of (a) TiO,-C, (b) TiO»-N, (c) TiO,-F, and
(d) P25-TiO,.

2 4 6
Energy (KeV)

2 4 6
Energy (KeV)

diameters of 30-40 nm. Interestingly, when different
reagents were added into the system, including
EDTA, ethanediamine, and HF, the morphologies of
the TiO, samples were significantly different. This
phenomenon occurs because they can be selectively
adsorbed on different crystal faces of TiO, during the
growth of crystal, which results in different growth
rates on different crystal faces. Therefore, TiO,
samples exhibited significantly different
morphologies during anisotropic growth.

The morphologies of the TiO,-C, TiO,-N, and
TiO,-F were further examined using TEM as
illustrated in Fig. 3. The TEM images of three
samples describe the similar structure as observed by
the SEM images. From Fig. 3a, the core-shell
structure of the TiO,-C can be confirmed by light and
dark contrast. For TiO,-N (Fig. 3b), the sample
exhibits an obviously ordered nanorod structure. The
TEM image of the TiO,-F reveals that it consists of
solid flower spheres (Fig. 3c), which is consistent
with the result shown in the SEM image. The
chemical compositions of three samples were
analyzed by EDX spectroscopy (Fig. 3d-3f). The
EDX results confirmed that all of the three samples
were composed of titanium (Ti) and oxygen (O),
which was in excellent agreement with the
XRD analysis.

The surface areas of the TiO,-C, TiO»-N, TiO,-F
were also measured by using  nitrogen
adsorption/desorption isotherms. The N,
adsorption/desorption isotherms displayed in Fig. 4
shows the type Il behavior with a distinct H3
hysteresis loop in the range of 0.8-1.0 P/P, according
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Fig. 3 — TEM images and energy dispersive X-ray spectra (EDX) of (a, d) TiO,-C, (b, €) TiO,-N, and (c, f) TiO,-F.
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to the IUPAC classification®’. The Brunauer-Emmett-
Teller (BET) specific surface area, crystallite size, and
crystal phase of the different samples are listed in
Table 1. As shown in Table 1, the specific surface
area of the TiO,-C, TiO,-N, TiO,-F, and P25-TiO; is
134.32, 54.18, 32.10, and 50.00 m?g®, respectively.
The specific surface area of TiO,-C is the largest
among the four samples, which will absorb more
catalyst and provide more surface active sites.

The photocatalytic activities of the four samples
were evaluated by the degradation of MO under UV-
light irradiation. Prior to the photocatalytic test, all
samples took 60 min to reach adsorption saturation in
the dark. As can be seen in Fig. 5a, MO shows nearly
no change in the absorption intensity upon UV-light
irradiation in the absence of any catalyst. The TiO,-C
has shown significantly enhanced photocatalytic
ability in contrast to other samples under UV-light
irradiation at the same time. It can be seen that
TiO,-C could rapidly remove MO from the solutions
and the removal efficiency could reach up to 93.4%
within 10 min, and the MO agueous solution could be
completely decomposed in 15 min. However, for
P25-TiO,, TiO,-N, and TiOxF samples, the
photodegradation efficiency of MO aqueous solution
was 84.3%, 27.2%, and 18.8% after 20 min,
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Fig. 4 — Nitrogen adsorption/desorption isotherms of TiO,-C,
TiOz-N, and TlOZ'F

Table 1 — Summary of BET surface area, crystallite size, and
crystal phase of the different samples

Sample crystallite size BET surface area  crystal phase
(nm) (m?g)

TiO,-C 11.82 134.32 anatase

TiO,-N 12.78 54.18 anatase

TiO,-F 22.68 32.10 anatase

P25-TiO, 21.19 50.00 anatase-rutile

respectively. It is now well established that the
photocatalytic activity of a catalyst is dependent on its
specific surface area, crystallite size, and crystal
phase'"#***. Thus, the excellent photocatalytic ability
may be due to the cause that the TiO,-C has larger
specific surface area (134.32 m?g) and smaller
crystallite size (11.82 nm). The large specific surface
area of the photocatalyst can provide more surface
active sites and adsorb more pollutant molecules on
its surface. Besides, the small crystallite size of the
photocatalyst can maximize the number of active
sites. Those factors cause an increase in
photocatalytic performance. Compared with the TiO,-
C, although the P25-TiO, has lower surface area
(50.00 m?/g) and larger crystallite size (21.19 nm)
(Table 1), the relatively high photocatalytic ability is
due to the e  and h* could be effectively separated in
rutile—anatase heterojunction”. Fig. 5¢c shows the
kinetic curves of the photodegradation of MO using
the plot of In(Cy/C) versus illumination time. It can be
seen that the highest activity was found for TiO,-C
sample, with a degradation constant rate of
0.2179 min”". To further test the conclusions obtained
from the above analyses, we also performed the
degradation experiment of RhB solution under the
same conditions. As shown in Fig. 5b and 5d, TiO,-C
sample displayed better degradation efficiency of
RhB solution than other samples under UV-light
illumination and possessed a maximum rate constant
of 0.2554 min™'. This result further proved the high
photocatalytic activity of TiO,-C sample.

We also investigated the changes in pH and COD
before and after the degradation of MO solutions in
the presence of TiO,-C photocatalyst. As shown in
Fig. 6a, we can see that the pH value of the MO
solution decreased from 5.4 to 4.8 after degradation.
After 20 min UV-light irradiation, the COD
concentration of the MO solution decreased from the
initial 76.3 mg/L to the final 23.7 mg/L, which
confirmed that the MO solution was photodegraded
by the TiO,-C photocatalyst. Furthermore, the dosage
of catalyst is a key factor in its practical application. It
can be seen that the more amount of TiO,-C catalyst
used, the greater degradation efficiency of MO
solution it would show (Fig. 6b). After 20 min UV-
light irradiation, we found that the photodegradation
rates of MO solution were 98.6%, 97.8%, 80.3%, and
57.9% when the dosages of TiO,-C catalyst were
12 mg, 10 mg, 8 mg, and 5 mg, respectively.
After comprehensive consideration of the catalytic
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Fig. 5 — Photodegradation plots of (a) MO and (b) RhB by different photocatalysts under UV-light irradiation. First-order plots for the
photodegradation of (c) MO and (d) RhB using different photocatalysts.
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Fig. 6 — Graphs for (a) the change in pH and COD of MO solution before and after degradation using TiO,-C catalyst and
(b) photodegradation of MO in the presence of different dosages of TiO,-C catalyst.

efficiency and cost of catalyst, we think that the
optimal addition amount of TiO,-C catalyst is 10 mg.

In order to further explore the photocatalytic
properties of the TiO,-C, we continued the same test
by dispersing the TiO,-C and P25-TiO, into a phenol
solution (20 mg/L), and the results are shown in
Fig. 7. As shown in Fig. 7a, the degradation of phenol
solution can be hardly observed in the absence of
catalyst. Here we found that the P25-TiO, has poor
photocatalytic activity and only 8.2% phenol was

degraded after 60 min UV-light irradiation, while the
TiO,-C exhibited better photocatalytic activity and the
degradation rate of the phenol solution was 32.4% in
60 min. This result also further demonstrates the
superiority of TiO,-C catalysts for the photocatalytic
process. The time-dependent absorption spectra of the
phenol solution during the irradiation are displayed in
Fig. 7b. We can see that the maximum absorbance of
the phenol solution decreases greatly after UV-light
irradiation within 60 min for the TiO,-C.



NOTES

J

S0 & g 4 4o 4o 4 4

E i & Lo L i

g 0.9 (a) =) |

=

g &

S 0.8

E

2 074 % P25-TiO, ¢

oy ®—TiO,-C .

=]

% ()6 —#A blank

2

Q T 4 T 4 T L T L T L T b T b
0 10 20 30 40 50 60

Time (min)

Absorbance (a.u.)

0.00

e

e e e

o — —

N (=] K
1 1 1

651

14
S
1

T T T
260 280 300 320

Wavelength (nm)

Fig. 7 — (a) Photodegradation plots of phenol by TiO,-C and P25-TiO, under UV-light and (b) the absorption spectra of the aqueous
phenol solution with different irradiation time in the presence of the TiO,-C.

Conclusions

In conclusion, a series of TiO, crystals with various
morphologies were synthesized by hydrothermal
method. Detailed morphology analysis implies that
the core-shell spherical, rod-like, and flower-like TiO,
crystals were generated. The different morphologies
of TiO, photocatalysts  exhibited  distinct
photocatalytic activities. As a result, the resulting
TiO, core-shell spheres exhibited higher activity for
pollutant degradation relative to the TiO, nanorods,
TiO, flower spheres, and P25-TiO,, which may be
attributed to its larger surface area and smaller
crystallite size. Thus, we conclude that the
morphology of the TiO, crystals can affect its
photocatalytic activity. This provides a useful strategy
to design and fabricate highly efficient photocatalysts.
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