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Anatase nanocrystalline and its tungsten-doped (0.4, 2, and 4 mol %) powders have been synthesized by
microwave irradiation through hydrolysis of titanium tetra-isopropoxide (TIP) in aqueous solution. The
materials are characterized by XRD, Raman, SEM-EDX, TEM, FT-IR and UV-vis techniques. The
nanocrystalline TiO; particles are 30 nm in nature and doping of tungsten ion decreases their size. As seen in
TEM images, the crystallites of W (4 mol %) doped TiO, are small with a size of about 10 nm. The
photocatalytic activity was tested on the degradation of 4-nitrophenol (4-NP). Catalytic activities of W-doped
and pure TiO, were also compared. The results show that the photocatalytic activity of the W-doped TiO;
photocatalyst is much higher than that of pure TiO,. Degradation decreases from 96 to 50%, during 115 min,
when the initial 4-NP concentration increases from 10 to120 ppm. Maximum degradation was obtained at 35

mg of photocatalyst.
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Introduction

TiO, has been extensively studied as a kind of efficient
photocatalyst for its excellent properties, such as non-toxi-
city, high thermal stability and low cost.!? Titanium dioxide
is in three different forms of rutile, anatase, and brookite.®> At
high temperatures, anatase and brookite can be irreversibly
transformed to rutile phase.* Among the various polymorphs
listed above, anatase was found to be photocatalytically
more active than the others.’ Nitrophenols are common
pollutants in many natural water and wastewater systems.
The mineralization of wastewaters contaminated by nitro-
phenols is extremely difficult in traditional methods, since
nitrophenols are too stable in water. Based on hydroxyl
radicals ("OH) photogeneration on TiO, surface, degradation
of 4-NP can be alternated by UV irradiation. A number of
methods have been used to prepare TiO, nanoparticles, such
as chemical precipitation,® microemulsion-mediated hydro-
thermal,” hydrothermal crystallization,*'® sol-gel,!" efc. Hole-
electron recombination is a serious problem for the develop-
ment of photocatalytically based technologies, since it
severely limits the achievable quantum yields."> However,
there are some strategies to reduce electron-hole recombi-
nation rates and increase photocatalyst efficiency. A comm-
on method consists of the doping of titania with transition
metal ions while maintaining a good control of the primary
particle size to achieve nanoscale configurations of the
catalysts.'*!* There are several reports in the literature of
TiO, powder preparation by microwave processing. Yamamoto
et al. studied hydrolysis and polycondensation of TIP in
alkanediol solvent under microwave irradiation to obtain
anatase TiO, nanocrystallite.”’ Hart er al. synthesized anatase
TiO; by a sol-gel method followed by microwave heat treat-
ment (silicon carbide was used as a microwave susceptor).'®

Also, Komarneni et al. reported microwave-hydrothermal
synthesis of titanium dioxide under various reaction condi-
tions.!” In comparison with the other methods, microwave
synthesis has the advantages of shortening the reaction time,
giving products with small particle size, narrow size distri-
bution and high purity. Tian'® synthesized anatase W-TiO,
by a hydrothermal method followed by Ti(SO4), and Na,WO4
as starting materials. In continuation of our group research
on the synthesis and application of anatase nano scale,'*%
we employed microwave process following the sol step to
prepare the W-TiO; nanocrystallite. In addition, the purpose
of the present work is to enlarge the photocatalytic activity
of the TiO, by doping tungsten ions into anatase which
shows very high photocatalytic efficiency. Water has a very
high dipole moment which makes it one of the best solvents
for microwave-assisted reactions. Therefore, the synthesis of
pure and W-TiO, were carried out in the aqueous medium.
W®" is considered an interesting dopant of titania because it
is believed that W* with small radius can be incorporated in
the lattice of TiO». In most cases, nucleation and growth of
nanoparticles are allowed to take place at a moderate
temperature over an extended period of time, yielding a wide
range of sizes. Thus, during a short time homogeneous heat-
ing of precursor has been used to achieve a narrow distribu-
tion of sizes by controlled microwave heating. The pre-
paration of nano doped TiO, was carried out in the presence
of acetic acid. Indeed, the excess acetate anion could also
suppress the growth of TiO,. This type of complexation of
acetate anion on the surface of anatase form of TiO, might
be responsible for the decrease in the crystallite size of TiO»
during the synthesis. In order to have a transparent and
homogenized sol, acetic acid was used before microwave
heating. The synthesized TiO, was characterized by different
analytical techniques such as XRD, Raman, SEM-EDX,
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TEM and FT-IR. Then the photocatalytic activity of pure
and W-doped TiO, was evaluated towards the degradation of
4-NP as model reactions.

Experimental

All the chemicals were obtained from Merck and used as
such without further purification. The reagents employed
were titanium(I'V) isopropoxide, as a TiO, source; glacial
acetic acid, as a catalyst; Na,WO4-2H,0, as dopant and
water as a hydrolysis agent.

Synthesis of Titanium Dioxide. Anatase TiO, nano-
crystalline were prepared by means of microwave heating.
In this method, 8 mL titanium isopropoxide was initially
added to 15.5 mL glacial acetic acid with stirring. Next, 170
mL deionized water was added to the mixture dropwise with
vigorous stirring. The solution was stirred for 1 h to get a
clear transparent sol. Finally, the sol was placed under micro-
wave (Galanz, 2.45 GHz, 800w) irradiation (40% power) for
6 minutes. The white gel product was filtered, washed with
deionized water and dried in oven for several hours. It was
then calcined at 500 °C in air for 5 h at a ramp rate of 5 °C/
min. To prepare W-doped TiO., the above procedure was
repeated, including Na,WO42H,O (0.4, 2, and 4 mol %)
while adding water to the titanium isopropoxide mixture.

Characterization. X-ray diffraction (XRD) patterns were
recorded by a D8 Bruker Advanced, X-ray diffractometer
using CuKa radiation (L=1.54 A). The patterns were
collected in the range of 20-80° 26 and continuous scan
mode. The compositional analysis was done by energy dis-
persive X-ray. Scanning electron microscopy (SEM) images
were obtained on Philips XL30 equipped with an energy
dispersive X-ray spectroscopy. Transmission electron micro-
scope (TEM) images were obtained on a Philips CM10
transmission electron microscope with an accelerating volt-
age of 100 kV. Fourier transform infrared (FT-IR) spectra
were recorded on SHIMADZU 8800 spectrophotometer in
KBr pellets. Raman spectra were recorded on Almega
Thermo Nicolet dispersive spectrometer. An Nd:Y laser was
used as an excitation source with 532 nm wavelength.

Photodegradation of 4-NP. The photocatalytic activity
was tested on the degradation of 4-NP. The light was provid-
ed by a 400W high pressure Hg lamp without filter which
was placed vertically in the reactor. The temperature of
photodegradation system was adjusted by a water bath in
which heating or cooling water recirculated through the
jacket of the beaker. Prior to illumination, the reaction
suspension was stirred continuously in dark for 30 minutes
to ensure adsorption/desorption equilibrium. The suspension
was magnetically stirred and bubbled with pure oxygen gas.
After filtration, the concentration of 4-NP was determined
by measuring its absorption by means of a RAYLEIGH
(UV-1800) ultraviolet-visible (UV-vis) scanning spectrometer.

Results and Discussion

X-ray Diffraction (XRD) Studies. XRD patterns of various
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Figure 1. XRD pattern of TiO: calcined at 500 °C (a) pure nano
TiO», (b) 0.4% W-doped, (c) 2% W-doped, and (d) 4% W-doped
nano TiO-.

samples synthesized in the present investigation are shown
in Figure 1. The XRD pattern corresponding to pure TiO»,
Figure 1(a) was found to match with that of anatase phase
(JCPDS No. 4-477). All of the W-doped samples also
exhibit XRD pattern matching with single phasic anatase,
with JCPDS No. 2-406. However, no peaks from any other
impurities were observed, which indicate the high purity of
the obtained pure and W-doped TiO,. The peaks correspond-
ing to oxides of tungsten were not observed even for 4
mol % substituted samples. Therefore, pure TiO, and the W
substituted samples on calcinations at 500 °C for 5 h were
found to retain anatase phase with no phase separation lead-
ing to rutile or WOj; phase. Based on this, it can be inferred
that either the entire tungsten has been substituted into the
crystal lattice sites of the titania or it exists as WO; in a
highly dispersed polymeric form over the titania surface.
Since the ion radius of W™ (0.62-0.70 A) and Ti*" (0.68 A)
are quite similar, it can be concluded that some Ti*" in the
lattice of TiO, are substituted by W™ (4 < n < 6). The
formation of Ti-O-W inhibits the transition of TiO, phase
and blocks the Ti-O species at the interface with TiO»
domains stabilizing them, thus preventing the agglomeration
of TiO, nanoparticles and thus preventing the rutile growth.?
There is also no discernible shift in the position of XRD
lines with increasing extent of W-doping. The sharp diffrac-
tion peaks manifest that the obtained TiO, nano powders
have high crystallinity. Compared to the commercial titania
sample, the XRD peaks of all synthesized samples, pure and
W-doped nano TiO,, exhibit significant peak broadening,
indicating smaller particle size. The average particle size
was estimated by applying the Scherrer formula on the
anatase (101) diffraction peak (the most intense peak): D =
KA/Bcos 6, where D is the crystal size of the catalyst, A the
X-ray wavelength (1.54 A), Bthe full width at half maximum
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Table 1. Details, size and band gap of the all samples

Samples XRD“ TEM? B.G (eV):1240/A
Pure 30 nm 30 nm 3.26
0.4% W-TiO, 24 nm 25 nm 3.44
2.0% W-TiO, 15 nm 15 nm 3.64
4.0% W-TiOz 12 nm 10 nm 3.70

“Estimated by means of the Scherrers equation from broadening of (101)
anatase reflection. *Estimated by direct measuring the particle size on the
TEM images.
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Figure 2. Raman spectra of TiO; calcined at 500 °C (a) pure nano
TiO», (b) 0.4% W-doped, (c) 2% W-doped, and (d) 4% W-doped
nano TiO,.

(FWHM) of the catalysts, K = 0.89 and & is the diffraction
angle. The details of the samples are summarized in Table 1.

Raman Spectroscopy. Optical Raman spectroscopy is a
powerful tool in the study of TiO; for its high sensitivity to
the microstructure. The spectra consist of three peaks. All
the samples exhibit Raman bands around 401, 524 and 646
cm', as shown in Figure 2. The bands at 401 and 524 cm™
are assigned to By, and that at 646 cm™ is assigned to E,
mode of vibrations of anatase titania phase.>**> Within the
used wavelength in Raman analysis the peak related to the
most intensive Eg Raman mode of anatase, at about 144
cm™! was not observed. Absence of Raman bands (235, 447
and 612 cm™") corresponding to rutile phase of titania, again
confirms the phase purity of these samples.”® No bands are
observed at 270, 293, 324, 715 and 807 cm™!, which un-
equivocally establish the absence of separate WOs phase.”’
These results indicate that W does not exist as a separate
crystalline oxide phase and must be incorporated in the
crystal lattice of TiO,. There is also a significant decrease in
the intensity of the Raman bands with an increase in the
doping concentration of the W in the TiO crystal lattice.
Thus the Raman spectroscopy data, in conjunction with
XRD results establish the incorporation of W in the lattice of
TiOs.

SEM and TEM Micrographs. Morphology of the pure
and doped TiO, was determined by SEM micrographs. SEM
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Figure 3. SEM images of TiO, (a) pure, (b) 0.4% W-doped, (c)
2% W-doped, and (d) 4% W-doped nano TiO,.
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Figure 4. EDX pattern of 4% W-doped TiO,.

micrographs of pure and W-doped nano TiO, are shown in
Figure 3. It can be seen that, an increase in doping tungsten
leads to a smaller TiO; particle; it is also observed that nano
TiO, are in pseudospherical shapes. All samples present
strong agglomeration when they are seen by SEM, the
morphology and particle size of them cannot be resolved
using this technique. The EDX data of W (4% mol)-doped
TiO; is shown in Figure 4. Nano TiO, shows an intense peak
around 4.5 keV. There are some tungsten peaks in the EDX
pattern and this observation gave convincing evidence for
the presence of tungsten on the surface of TiO,. Figure 5
displays transmission electron micrographs (TEM) of 0, 0.4,
2, and 4 mol % nanocrystalline TiO, of size ~30, 25, 15 and
10 nm, respectively. It is observed from Figure 5 that there is
a significant decrease in the size of the nano powders with an
increase in doping tungsten ion. Therefore, this result may
be attributed to the presence of tungsten component in the
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Figure 5. TEM images of TiO, (a) pure, (b) 0.4% W-doped, (c)
2% W-doped, and (d) 4% W-doped nano TiO,.

TiO, framework. The particle size distribution obtained from
the analysis of TEM images is also shown in Figure 6. Pure
nanocrystalline TiO,, were largely distributed around 23-40
nm. On the other hand, the W (2%)-TiO,, was sharply
distributed around 12-17 nm. Indeed, more than 75% were
around 12-17 nm. In addition, W (4%)-TiO, was distributed
around 6-23 nm and almost 30% were smaller than 10 nm.
FT-IR Studies. IR spectra of pure TiO, and W-doped TiO;
are shown in Figure 7. The absorption bands in the region
between 3300-3400 and 1620-1630 cm™' show peaks corre-
sponding to the stretching vibrations of O-H and bending
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Figure 7. FT-IR spectra of (a) pure, (b) 0.4% W-doped, (c) 2% W-
doped, and (d) 4% W-doped nano TiO,.

vibrations of adsorbed water molecules, respectively. The
band at 450-800 cm ™" assigned to Ti-O-Ti was observed over
all samples.”® In addition, the peaks corresponding to C-H
bending (1360-1470 cm™) and the other organic molecules
were not observed.

Photocatalytic Degradation of 4-NP.

Optimum Amount of Tungsten on the Degradation of
4-NP: To investigate the photocatalytic activity of the W-
doped TiO; and find out the optimum amount of W-doping,
a series of degradation reactions on 4-NP were carried out
by using different W-doped TiO; photocatalysts. The results
are shown in Figure 8. It demonstrates that all the W-doped
TiO, samples are better than the pure in photodegradation
efficiency and the 2.0 mol % W-doped TiO, photocatalyst
has the highest efficiency. It is clear that particle size is
important to rate degradation of pollutants. As the size is
reduced the particle surface area will increase. Based on this
fact the 2 mol % W-doped sample has larger surface area by
a factor of two compared to the pure anatase, and this factor
could enhance the activity of catalyst. Indeed, the doping
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Figure 6. Particle distribution of synthesized samples: (a) pure, (b) 2% W-doped, and (c) 4% W-doped TiO».



Effect of Microwave Irradiation on Morphology and Size of Anatase

o

Q 051

1

0.9+

W

0.8 \‘\
0.7}
06}

0.4}

0.4% W-doped TiO,

pure TiO,

4.0% W-doped TiO,
i 2.0% W-doped TiO,
03¢ s
0.2t
0.1}

0 i i i i i
0 20 40 60 80 100 120

Reaction time (min)

Figure 8. The effect of W-doped amount on 4-NP degradation
reaction (initial concentration of the 4-NP = 10 mg L™! and photo-
catalyst = 35 mg).

substitution of Ti atoms by W atoms with higher-valence
cations leads to an alteration of the electronic structure of the
nano pure TiO,, which assists the charge separation effici-
ency. Therefore, W acts as an effective separation center for
electrons and holes. The photo-generated charge carriers can
be transferred into different surface sites where they will
react with adsorbed 4-NP and enhance photocatalytic activity.
Thus, the photoexcited electrons in the conduction band can
be accepted by W ions. On the other hand, too high-loaded
W would act as recombination centers.

Effect of Initial Concentration of 4-NP. Different con-
centration profiles were observed during the degradation of
different initial concentrations. Experimental results are
shown in Figure 9. Since the pollutant concentration is an
important parameter in water treatment, the effect of the
initial concentration of 4-NP on the photocatalytic degrada-
tion rate was investigated over the concentration range of
10-120 ppm. The results show that the degradation depends
on the initial 4-NP concentration. The degree of photo-
degradation decreased with increasing of initial concent-
ration of 4-NP. The degradation rate is directly proportional
to the formation of hydroxyl radicals ("OH) on the catalyst
surface. It can be pointed out that, due to the redox potentials
of the electron-hole pair, H>O, can theoretically be formed
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Figure 9. The effect of initial concentration of 4-NP on the photo-
catalytic degradation rate (photocatalyst = 35 mg).
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Figure 10. The effect of TiO, dosage on the degradation (initial
concentration of the 4-NP = 10 ppm).

via two different pathways in the presence of pure oxygen
gas as follows:

O, +2ep + H —> H,O,
2H,0 + Q,thJr - H,O,+ 2H*

Then hydroxyl radicals are produced during UV-light dis-
sociation of H,O, (H>O» + hv — 2 "OH). When initial con-
centration increase, more organic substances are absorbed
on the surface of TiO,. Therefore, there are only a fewer
active sites for adsorption of hydroxyl ions so the generation
of hydroxyl radicals will be reduced. As it can be seen from
the values given in Figure 9, degradation percent decreases
from 96 to 50%, during 115 min, when the initial 4-NP
concentration increases from 10 to120 ppm.

Effect of Photocatalyst Dosage. The effect of catalyst
loading on degradation of 4-NP was investigated using TiO»
from 0 to 50 mg keeping another parameters constant. The
results are shown in Figure 10. Experiments performed with
different concentrations of TiO, nanocrystalline showed that
without catalyst, the degradation of 4-NP is insignificant.
The photodegradation efficiency increased with an increase
in pure and tungsten doped TiO, nanocrystalline concent-
ration up to a certain point then begins to decrease gradually.
Maximum degradation was obtained at 35 mg. Indeed, this
limiting value mainly results from following two factors: (a)
aggregation of TiO; particles at high concentrations, causing
a decrease in the number of surface active sites, and (b)
increase in opacity and light scattering of TiO, particles at
high concentration leading to a decrease in the passage of
irradiation through the sample. The total active surface area
increases with increasing catalyst dosage. Since the most
effective decomposition of 4-NP was observed with 35 mg
of TiO, nanocrystalline, the other experiments were per-
formed in this concentration of TiO, nanocrystalline.

Conclusions

Compared to other methods, TiO, nanoparticles were pre-
pared using microwave irradiation as an easy and very fast
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method. Despite the conventional heating treatment, micro-
wave treatment results in crystal samples without increasing
the size. The incorporation of W in TiO; led to small grain
size and high band gap values. The particle size of nano TiO;
decreased with an increase in doping tungsten. Titanium
alkoxo-acetates can be formed by the reaction of acetic acid
with titanium alkoxides. Then, the hydrolysis rate of titanium
alkoxo could be reduced. After adding water, the coordi-
nated acetate is partially replaced by the hydroxyl group of
water. Microwave process was employed following the sol
to prepare the TiO,. The photocatalytic activity was tested
on the degradation of 4-NP. The results show that the photo-
catalytic activity of the W-doped TiO, photocatalyst is much
higher than that of pure TiO,, and the optimum percentage
of W doped is 2.0 mol %.
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