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TiO2 nanospheres and Sn/TiO2 nanospheres were prepared by a hydrothermal method. The prepared
samples were characterized by XRD, Pl, UV–Vis, BET, SEM, and TEM. The results reveal that Sn4+ replaces
a small part of the Ti4+ from the TiO2 lattice. Doping of Sn increases the surface area of the TiO2 nano-
spheres. Doping of Sn leads to a decrease in the band gap of the TiO2 nanospheres and increases the life-
time of the electron–hole recombination. Doping of Sn into the TiO2 nanospheres enhances the
photocatalytic activity of the TiO2 nanospheres for the reduction of nitrobenzene to aniline under visible
light. The optimal Sn loading was found to be 4 wt%. The photocatalytic activity of the 4 wt% Sn/TiO2 nan-
ospheres is approximately 80 times greater than the photocatalytic activity of the TiO2 nanospheres.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Nitrobenzene is reduced by hydrogenation to aniline, an
important intermediate in the production of pigments, pesticides,
dyes, and pharmaceuticals [1,2]. In the hydrogenation method,
noble metals such as Pt, Pd, and Au and transition metals such as
Cu and Ni are used as catalysts. The disadvantages of the hydroge-
nation process are that the hydrogenation method needs high tem-
peratures and high hydrogen pressures [3,4]. Many researchers
have studied the reduction of nitrobenzene to aniline using a pho-
tocatalyst at room temperature [5–7]. The previous studies of the
reduction of nitrobenzene to aniline reported that the conversion
and the selectivity were still low [8–10]. TiO2 is by far the most
popular photocatalyst used for the reduction of nitrobenzene to
aniline because of the low price, lack of toxicity, high stability,
and high photocatalytic activity [8–14]. The separation of ultrafine
TiO2 and a large band gap of 3.2 eV are the two serious problems
that impede the commercial use of TiO2. The development of the
excitation of the photocatalyst by visible light must be studied.
The semiconductor photocatalysts with a more negative conduc-
tion band have strong reductive activity. Nitrobenzene can be
reduced to aniline by a photocatalyst with a conduction band
potential lower than �0.486 V because EC6H5NO2/C6H5NH2 =
�0.486 V [15] vs. NHE. So the narrow band gap photocatalysts with
a high negative value of the conduction band are effective for the
photocatalytic reduction of nitrobenzene. TiO2 has a wide band
gap, which makes it useful in the ultraviolet region [16]. Scientists
have tried to decrease the band gap of TiO2 by many methods such
as metal loading, doping, and sensitizing approaches [17–25]. In
this work, we report a facile hydrothermal method to synthesize
TiO2 with Sn incorporated. To study the effect of Sn on the
photocatalytic activity of TiO2, the performance of prepared TiO2

and Sn–TiO2 nanosphere samples was studied for the photocata-
lytic reduction of nitrobenzene to aniline under irradiation by
visible light.
2. Experimental

2.1. Synthesis of TiO2 nanospheres

The hydrothermal method was used to prepare TiO2 nanospheres. Titanium
isobutoxide (3 mL) was added to a solution of 60 mL of anhydrous ethanol,
6 mL of nitric acid and 3 mL of deionized water with magnetic stirring for
60 min. HF (1.2 mL, 20%) was added to the above solution, and the resulting
mixture was stirred for 60 min. The resulting mixture was transferred to an
autoclave for 4 h at 180 �C. The precipitate was washed several times with
ethanol. The resulting sample was dried under vacuum at 40 �C then calcined
at 550 �C for 5 h.
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Table 1
Chromatographic conditions applied for photocatalytic reduction of nitrobenzene.

Reduction of nitrobenzene

Oven 50 �C for 5 min ? 200 �C
50 ? 200 �C at 10 �C/min

Detector Type: FID
Heater: 300 �C
H2 flow: 30 mL/min
Air flow: 400 mL/min
Makeup flow: 25 mL/min

Injection Heater: 250 �C
Pressure: 13.762 psi
Total flow: 41.384 mL/min
Septum purge flow: 3 mL/min
Mode: split with ratio (10:1)

Column (30 m � 0.32 lm � 0.25 lm)
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Fig. 1. XRD patterns of TiO2 nanospheres and Sn/TiO2 nanospheres.

R.M. Mohamed, E.S. Aazam / Journal of Alloys and Compounds 595 (2014) 8–13 9
2.2. Synthesis of Sn-doped TiO2 nanospheres

In a typical synthesis of 3% Sn-doped TiO2 photocatalyst, 3 mL of titanium
isobutoxide was added to a solution of 60 mL of anhydrous ethanol, 6 mL of ni-
tric acid, 45.75 mg of SnCl4�5H2O, and 3 mL of deionized water under magnetic
stirring for 60 min. HF (1.2 mL, 20%) was added to the above solution, and the
resulting mixture was stirred for 60 min. The resulting mixture was transferred
to an autoclave for 4 h at 180 �C. The precipitate was washed several times with
ethanol. The resulting sample was dried under vacuum at 40 �C and then
calcined at 550 �C for 5 h. Similarly, Sn-doped TiO2 with molar ratios of 1%,
2%, 4%, and 5% was also synthesized with the other experimental conditions
remaining unchanged.

2.3. Characterization techniques

X-ray diffraction (XRD) analysis was carried out at room temperature with a
Bruker Axis D8 using Cu Ka radiation (k = 1.540 Å). The specific surface area was
calculated from N2-adsorption measurements, which were obtained using a Nova
2000 series Chromatech apparatus at 77 K. Prior to the measurements, the sam-
ples were treated under vacuum at 120 �C for 2 h. The band gap of the samples
was identified by UV–Visible diffuse reflectance spectroscopy (UV–Vis-DRS),
which was performed in air at room temperature in the wavelength range of
200–800 nm using a UV/Vis/NIR spectrophotometer (V-570, JASCO, Japan). Trans-
mission electron microscopy (TEM) was conducted with a JEOL-JEM-1230 micro-
scope, and the samples were prepared by suspension in ethanol, followed by
ultrasonication for 30 min. Subsequently, a small amount of this solution was
placed onto a carbon-coated copper grid and dried before loading the sample
into the TEM. X-ray photoelectron spectroscopy (XPS) studies were performed
using a Thermo Scientific K-Alpha XPS, England. Photoluminescence (Pl) emission
spectra were recorded with a Shimadzu RF-5301 fluorescence spectrophotometer.
The surface morphology of the catalyst was examined using SEM JEOL 5410
(Japan).

2.4. Photocatalytic reduction of nitrobenzene

Photocatalytic reduction of nitrobenzene (NB) was carried out in a
cylindrical Pyrex glass cell. The dimensions of the reactor are 200 mm in height
and 28 mm in diameter. For each photocatalytic reaction, 50 mg of the
photocatalyst was dispersed in 10 mL of NB in methanol solution by ultrasoni-
cation. To eliminate dissolved O2 from the reaction mixture before illumination,
pure nitrogen gas was passed through the photocatalytic reactor for 6 h. A
500 W Hg lamp with an optical UV cutoff filter was used for visible light
illumination. The NB and the resulting photocatalytic products were analyzed
by an Agilent GC 7890A model: G3440A Gas Chromatograph using a
19091 J-413 capillary column (30 m � 320 lm � 0.25 lm). The chromatographic
conditions applied for photocatalytic reduction of nitrobenzene are summarized
in Table 1.

3. Results and discussion

3.1. Characterization of the photocatalyst

3.1.1. XRD analysis
Fig. 1 shows the XRD patterns of the TiO2 nanospheres and the

Sn/TiO2 nanospheres. The XRD patterns reveal that the TiO2

anatase phase (JCPDS No. 21-1272) exists for all samples. We also
noticed that Sn4+ ions replaced Ti4+ ions as shown in Fig. 1 as a shift
of the peak plan (101) because the ionic radius and electronegativ-
ity of Ti4+ ions (68 pm) are close to the ionic radius and electroneg-
ativity of the Sn4+ ions (71 pm).

3.1.2. SEM images
Fig. 2 shows the SEM images of the TiO2 nanospheres (a); 1 wt%

Sn/TiO2 nanospheres (b); 2 wt% Sn/TiO2 nanospheres (c); 3 wt% Sn/
TiO2 nanospheres (d); 4 wt% Sn/TiO2 nanospheres (e); and 5 wt%
Sn/TiO2 nanospheres (f). The SEM images reveal that TiO2 appears
as uniform smooth nanospheres with 30–40 nm in diameter as
shown in Fig. 1a. Fig. 1b–f reveal that the loading of Sn onto the
TiO2 makes its surface rough.

3.1.3. TEM images
Fig. 3 shows the TEM images of TiO2 nanospheres (a) and 4 wt%

Sn/TiO2 nanosphere samples. The TEM images reveal that the
shape of TiO2 and Sn/TiO2 is nanospherical. The surface of the
TiO2 nanospheres is smooth and uniform, but the surface of the
Sn/TiO2 nanospheres is rough.

3.1.4. XPS spectra
Fig. 4 shows the XPS spectra of the 4 wt% Sn/TiO2 nanosphere

sample. The XPS spectra (Fig. 4a–c) demonstrated that Sn, Ti, and
O species were present, corresponding to binding energies of
486.6, 495, 458.7, 464.4, and 531.1 eV corresponding to the bind-
ing energies of Sn 3d, Ti 2p, and O 1s for Sn/TiO2, respectively.

3.1.5. BET surface area measurement
Fig. 5 shows the adsorption–desorption isotherm of the TiO2

and 4 wt% Sn/TiO2 nanosphere samples. The BET measurements re-
veal that the type of isotherm for two samples is type IV, which
indicates the presence of mesoporosity in the samples. Table 2
shows the BET surface of the TiO2 and Sn/TiO2 nanosphere samples.
The BET measurements reveal that the BET surface areas of TiO2,
1 wt% Sn/TiO2, 2 wt% Sn/TiO2, 3 wt% Sn/TiO2, 4 wt% Sn/TiO2, and
5 wt% Sn/TiO2 samples are 70.0, 71.3, 71.9, 72.4, 72.8, and
72.5 m2/g, respectively.

3.1.6. UV–Vis spectra
Fig. 6 shows the UV–Vis spectra of the TiO2 and the Sn/TiO2

nanosphere samples. The UV–Vis spectra reveal that the



Fig. 2. SEM images of TiO2 nanospheres (a); 1 wt% Sn/TiO2 nanospheres (b); 2 wt% Sn/TiO2 nanospheres (c); 3 wt% Sn/TiO2 nanospheres (d); 4 wt% Sn/TiO2 nanospheres (e);
and 5 wt% Sn/TiO2 nanospheres (f).
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absorption edge of TiO2 nanospheres is placed at 409 nm.
Additionally, the UV–Vis spectra reveal that the loading of Sn
leads to a shift in the absorption edge of 1 wt% Sn/TiO2, 2 wt%
Sn/TiO2, 3 wt% Sn/TiO2, 4 wt% Sn/TiO2, and 5 wt% Sn/TiO2 sam-
ples from 433, 443, 458, 469, and 480 nm, respectively. There-
fore, loading of Sn leads to a red-shift to higher wavelengths.
The calculated band gap from the UV–Vis spectra of TiO2,
1 wt% Sn/TiO2, 2 wt% Sn/TiO2, 3 wt% Sn/TiO2, 4 wt% Sn/TiO2,
and 5 wt% Sn/TiO2 samples is 3.03, 2.87, 2.79, 2.70, 2.64, and
2.58 eV, respectively.
3.1.7. Pl spectra
Fig. 7 shows the Pl spectra of TiO2 and Sn/TiO2 nanospheres.

The P1 spectra reveal that the Pl emission intensity decreased as
the wt% of the Sn loading into the TiO2 increased. Sn therefore
acts as a photogenerated electron trap and increases the lifetime
for recombination of electrons and holes. When the wt% of Sn
increased from 1 to 4 wt%, the trapping of photogenerated
electrons increased as shown in Fig. 7 as the decrease in Pl
intensity. However, when the wt% of Sn increased above
4 wt%, some of the Sn covered the active sites of the TiO2 and
some of the Sn increased the recombination rate of electrons
and holes [26–28].
3.2. Photocatalytic activity

3.2.1. Effect of the wt% of Sn on the photocatalytic activity of the TiO2

nanospheres for production of aniline
Fig. 8 shows the effect of the wt% of Sn on the photocatalytic

activity of TiO2 nanospheres for production of aniline from nitro-
benzene. The results reveal that the % of aniline production by
TiO2 nanospheres under visible light is very small (approximately
17%) because TiO2 nanospheres absorb in the UV region and the
experiment was carried out under visible light. Additionally, exper-
imental results reveal that the increased wt% of Sn from 1 to 4 wt%
increased the aniline production from 32% to 100% because Sn acts
as a photogenerated electron trap and increases the lifetime for
recombination of electrons and holes. However, the increased
wt% of the Sn above 4 wt% decreases the aniline production to
96% because some of the Sn covered the active sites of TiO2 and
some of the Sn increased the recombination rate of the electron
and hole [26–28] and hence photocatalytic activity decreased.
The optimal wt% of Sn is 4 wt% where the level of aniline produc-
tion is 100% after 90 min reaction time.

3.2.2. Photochemical stability
For practical application of a photocatalyst, two factors related

to recycling should be considered: the ease of separation from



Fig. 3. TEM images of TiO2 nanospheres (a) and 4 wt% Sn/TiO2 nanospheres.
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Fig. 4. XPS spectra for 4 wt% Sn/TiO2 nanosphere
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the solution and the stability against inactivity and photocorrosion
after long-term usage. We therefore reused the 4 wt% Sn/TiO2 nan-
ospheres five times to test stability. After five catalysis cycles for
reduction of nitrobenzene, the 4 wt% Sn/TiO2 nanospheres do not
show dramatic deactivation (Fig. 9) and are nearly unchanged in
crystal phase, composition, and absorption. This result indicates
high photostability and recyclability of the catalyst.

3.2.3. Mechanisms
Gas chromatographic (GC) results showed that the main

products were nitrosobenzene and aniline. The mechanism of the
photocatalytic reduction of NB over the 4 wt% Sn/TiO2 nanosphere
sample follows: (1) Production of photogenerated hole–electron
pairs. When irradiated by photoelectrons with energy equal to or
larger than its band gap, electrons transfer from the valence
band to the conduction band, thus producing oxidative
photogenerated valence holes (h+) and reductive conduction
electrons (e�) (Eq. (1)). (2) Photogenerated holes and electrons
without recombination move to the photocatalyst surface. (3)
Chemical reactions between photogenerated carriers and
adsorbents. The holes are captured by a CH3OH solvent, producing
HCHO oxide and reductive H� (Eqs. (2) and (3)). NB is reduced by
photogenerated electrons and H, thereby producing nitrosoben-
zene and aniline (Eq. (4)).

Sn=TiO2 ������!
Visible light

Sn=TiO2ðe� þ hþÞ ð1Þ

CH3OHþ hþ ! CH3O� þ �CH2OH ð2Þ

CH3O� þ �CH2OHþ ! 2H� þ 2HCHO ð3Þ
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s, (a) for Sn 3d; (b) for Ti2p; and (c) for O1S.
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Fig. 5. N2 adsorption–desorption isotherm of (a) TiO2 and (b) 4 wt% Sn/TiO2

nanospheres.

Table 2
The surface area of TiO2 and Sn/TiO2 samples.

Sample BET (m2/g)

TiO2 70.0
1% Sn/TiO2 71.3
2% Sn/TiO2 71.9
3% Sn/TiO2 72.4
4% Sn/TiO2 72.8
5% Sn/TiO2 72.5
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Fig. 6. UV–Vis spectra of TiO2 and Sn/TiO2 nanospheres.
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4. Conclusions

In summary, TiO2 and Sn/TiO2 nanosphere nanophotocatalysts
were prepared using the hydrothermal method. The photocatalytic
results for production of aniline from reduction of nitrobenzene
under visible light show that Sn/TiO2 nanospheres have a high pho-
tocatalytic activity with respect to TiO2 nanospheres. The wt% of Sn
plays an important role in the photocatalytic production of aniline.
We found that 4 wt% of Sn/TiO2 is the optimal wt% of Sn at which
100% aniline production was achieved after a 90-min reaction
time. The 4 wt% Sn/TiO2 nanospheres can be used five times with-
out loss of photocatalytic activity.
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