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Abstract

Phosphor doping in association with a heterostructure not only modifies the band structure of titanium dioxide (TiO2) to make it more
responsive to visible light, but it also suppresses its charge recombination and causes TiO2 to have enhanced photoactivity. In this paper, we
report on the controlled synthesis of phosphor-doped binary and ternary TiO2 nanostructures through a hydrothermal method. The phase and
morphology of the samples can be tuned by simply changing the hydrothermal time. Also, the visible-light photoactivity of the samples was
evaluated by the reduction of nitrobenzene. The as-prepared catalysts exhibit enhanced photocatalytic activity in comparison to P25 and the
undoped counterpart, and the selected catalyst shows high photostability and photoactivity after reuse five times. These new TiO2 nanostructures
present a promising candidate for application in photocatalysis, photochemistry, sensors, and solar cells.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The catalytic hydrogenation method has been commonly
used to reduce nitrobenzene (NB) to aniline, which is one of
the most important chemicals and intermediates in the produc-
tion of pharmaceuticals, dyes, pigments, and pesticides [1,2]
within industrial and laboratory environments. Transition
metals (Cu and Ni) and noble metals (Pt, Pd and Au) are
commonly used as the catalyst [1–3] and the reaction must be
performed at a high temperature, a high H2 pressure, and a
long time in order to reach a satisfactory selectivity of aniline
[3,4]. A photochemical-induced reduction of nitrobenzene into
aniline, which can occur at room temperature with the use of a
photocatalyst, has important scientific value and attracts
extensive attention in view of pursuing environmentally benign
or green synthesis [5–7]. Although the reduction of
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nitrobenzene (NB) and its derivatives to aniline through the
use of photocatalytic technology has been reported in some
literature [5,8–10], the conversion and selectivity are low and
TiO2 is commonly used as the photocatalyst [8,11–14].
However, TiO2 can only be activated by UV light. Therefore,
only about 3%–5% of the solar spectrum light can be used by
TiO2. From the viewpoint of solar-energy utilization, visible-
light-excited photocatalysts should be developed. For a semi-
conductor photocatalyst, the more negative the value of the
conduction band it possesses, the stronger the reduction
activity can be expected. In theory, when the conduction band
potential of a photocatalyst is lower than �0.486 V, nitro-
benzene can be photocatalytically reduced into aniline (E
(C6H5NO2/C6H5

NH2)Q�0.486 V [15], vs. NHE). Therefore, designing new
narrow-band-gap semiconductor photocatalysts that have high
negative values of the conduction band may be an effective
method for the reduction of NB. As a wide-bandgap semi-
conducting material, TiO2 responds only in the ultraviolet
(UV) region. This limits even wider applications of TiO2 under
visible light irradiation that accounts for a major part of solar
ghts reserved.
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energy (�45%) [16]. To date, many strategies, such as doping,
metal-loading, and sensitizing approaches, have been designed
to shift the absorption onset of TiO2 from UV to the visible
light region [17–25]. Although encouraging progress has been
made in recent years, limitations still exist in the consideration
of thermal stability [26,27], cost [28,29], and photochemical
stability [30,31] of the TiO2-based nanomaterials. Recently, a
new type of hetero-structured FeTiO3/TiO2 photocatalyst
[32,33] that appears to have good photochemical stability
during reuse under visible light irradiation has been demon-
strated for the efficient decomposition of the organic com-
pounds; however, its photocatalytic efficiency is not higher
than that of pure TiO2 or TiO2 Degussa P25 when working
under simulated sunlight [32]. TiO2 mainly has three poly-
morphs (anatase, brookite, and rutile) with different band
structures [34]. Despite the fact that heterostructures that
comprise two forms of titania can endure photocorrosion, the
composites exhibit enhanced activity only under irradiation by
UV light and/or simulated sunlight [35–38]. Recently, a
strategy combining heterostructure with nitrogen doping has
been demonstrated for synthesizing anatase/rutile nanostruc-
tures with 9-fold visible light activity in comparison to P25
[39]. Although different opinions currently remain regarding
the fundamental mechanism with respect to charge transfer
[38–40], it is well-accepted that the heterostructures, or
even mixtures of titania polymorphs, can inhibit charge
recombination and enable enhanced photocatalytic efficiency
[38,39]. Also, recent studies have shown that one-dimensional
(1D), single-crystalline TiO2 nanostructures, such as tubes
[30,34], wires [30], and belts [41], retain a high specific
surface area but have a lower charge carrier recombination rate
in comparison with their spherical counterparts. In this work,
we reported a facile hydrothermal method to synthesize
phosphors-incorporated TiO2 polymorphs with a tunable
anatase/rutile/brookite ratio. The ratios of anatase to rutile to
brookite in mixed-phase TiO2 nanocrystals could be easily
tuned by simply changing the hydrothermal time. To confirm
the effect of mixed anatase, rutile, and brookite phases on the
photocatalytic activity, the performance of prepared TiO2

samples was achieved for the photoreduction of nitrobenzene
to aniline under visible light irradiation.
2. Experimental section

2.1. Preparation of TiO2 nanospheres

Analytical-grade tetra-n-butyl titanate (TBT), isopropanol,
concentrated nitric acid (63%–65%), and hypophosphrous acid
were used directly without further purification. TiO2 nano-
spheres were prepared by the following method: a three-neck
flask (100 mL) containing 20 mL of distilled water was fixed
to a cryogenic thermostat. The water was cooled to 2 1C and
acidified by adding 30 mL of concentrated HNO3 under
vigorous agitation, followed by the dropwise addition of a
solution containing 3 mL of TBT and 30 mL of isopropanol
with continuous stirring for 12 h. The mixture was filtrated and
Please cite this article as: R.M. Mohamed, M.W. Kadi, Green synthesis of anilin
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the precipitate was washed several times with distilled water in
order to obtain TiO2 nanospheres (T).

2.2. Preparation of phosphors-doped TiO2 polymorphs

In a typical preparation procedure, the as-obtained TiO2

nanospheres were mixed with 20 mL of hypophosphrous acid,
followed by ultrasonic treatment at room temperature for
20 min to form a latex suspension. The suspension was
transferred into a Teflon-lined autoclave (50 mL capacity).
The autoclave was heated to 200 1C for 12–48 h and allowed
to cool to room temperature. The precipitate was collected by
filtration, washed thoroughly with distilled water and anhy-
drous ethanol, and finally dried in a vacuum oven. The phos-
phors-doped samples that resulted from heating at 200 1C for
12, 24, 36, and 48 h are designated as PT-12, PT-24, PT-36,
and PT-48, respectively. In a control experiment, TiO2 nano-
spheres were mixed with distilled water instead of hypophos-
phrous acid and heated at 200 1C for 36 h. The resulting
undoped sample was denoted as T-36.

2.3. Characterization

The specific surface area of the prepared samples was
evaluated from the adsorption–desorption isotherms of nitrogen
at �196 1C that were detected by using Nova 2000 series
apparatus (Chromatech). The specific surface areas of materials
were calculated by using the BET method and by applying the
Brunauer–Emmett–Teller (BET) equation. Prior to the measure-
ments, all samples were degassed under vacuum at 150 1C for
2 h. Phase identification was determined from X-ray diffraction
(XRD) analysis that was conducted at room temperature by
employing a Bruker axis D8 instrument using Cu Kα radiation
(λ¼1.540 Å). For the heterostructured samples, the weight
fraction of every component can be calculated from Eqs. (1)–(3)

WA ¼ kAIA=kAIA þ kBIB ð1Þ

WB ¼ kBIB=kAIA þ kBIB ð2Þ

WR ¼ IR=kAIA þ kBIB þ IR ð3Þ
where WA, WB, and WR separately represent the weight fraction
of anatase, brookite, and rutile; coefficients kA and kB are 0.886
and 2.721 in sequence, and IA and IB denote the integrated
intensity of the anatase (101) peak and the brookite (121) peak,
respectively [42]. The surface morphology of all prepared
catalysts was examined by using a transmission electron
microscope (TEM) (JEOL-JEM-1230). Before loading into the
TEM, the samples were suspended in ethanol, followed by ultra-
sonication for 30 min. The band-gap energies of the samples
were determined by UV–visible, diffuse reflectance spectra
(UV–vis-DRS) in air at room temperature in the wavelength
range of 200–800 nm by using the UV/Vis/NIR spectrophot-
ometer (V-570, JASCO, Japan). Raman spectra were collected
at room temperature on a JASCO RFT-6000 spectrometer.
X-ray photoelectron spectroscopy (XPS) studies were performed
by using a thermo scientific K-ALPHA, XPS, England.
e by phosphorus-doped titanium dioxide polymorphs, Ceramics International
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Fig. 2. Raman spectra of the samples: (a)T-36; (b) PT-24; (c) PT-36; and
(d) PT-48.
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Fig. 1. XRD patterns of the samples (a)TiO2 nanospheres; (b)T-36, (c) PT-12,
(d) PT-24, (e) PT-36 and (f) PT-48.
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2.4. Photoreaction apparatus and procedure

The photocatalytic apparatus consists of two parts. The first
part is an annular quartz tube. A 500 W xenon lamp with a
maximum emission of approximately 470 nm was used as the
visible light source. The wavelength of the visible light is
controlled through a cut-off filter (λ4420 nm). The lamp is
laid in an empty chamber of the annular tube, and running
water passes through an inner thimble within the annular tube.
Due to continuous cooling, the temperature of the reaction
solution is maintained at approximately 30 1C. The second part
is a sealed quartz reactor with a diameter of 8.3 cm that is
located below the lamp. For each photochemical reaction, a
photocatalyst sample (50 mg) was ultrasonically dispersed into
a 10 ml NB–CH3OH solution (1/99 v/v). The initial concen-
tration of NB was 8.13� 10�4 mol/L. The distance between
the light source and the surface of the reaction solution is
11 cm. Nitrogen was passed through the solution for 0.5 h
before illumination to remove the dissolved oxygen in the
solution to ensure that the photoinduced electrons could be
involved in the reduction of NB. After illumination for 4 h, the
samples were taken from the reaction suspension, centrifuged
at 7000 rpm for 20 min, and finally filtered through a 0.2 mm
Millipore filter to remove any residual particles. The filtrate
was then analyzed by using a gas chromatography Agilent GC
7890A model: G3440A Gas chromatography using 19091J-
413 capillary column (30 m� 0.32 mm� 0.25 mm).

3. Results and discussion

3.1. XRD analysis

The XRD patterns of the concerned systems are displayed in
Fig. 1. Upon consideration of the respective XRD diffractograms
in Fig.1a, the characteristic peaks of TiO2 nanoparticles cannot be
detected. Moreover; the anatase phase was detected as a major
component in the case of a T-36 sample, as shown in Fig. 1b. An
examination of the spectra in Fig. 1c reveals the coexistence of
the anatase/brookite phase, with the anatase existing as a major
phase and the brookite as a minor one. The anatase/brookite
binary structures that are produced by increasing the hydrother-
mal time from 12 to 24 h are likely to be a smaller ratio than the
anatase phase (Fig. 1d). As the hydrothermal time is increased
from (24 to 36 h), anatase and brookite are partially transformed
to rutile, leading to the formation of anatase/brookite/rutile ternary
structures (as illustrated in Fig. 1e). In the course of adjusting the
hydrothermal time (from 36 to 48 h), the rutile phase becomes the
most dominant, with the disappearance of the brookite phase at
48 h (as reported in Fig. 1f).

3.2. Raman analysis

Raman spectroscopy was employed to further confirm the
components of the samples because the three titania polymorphs
belong to different space groups and exhibit characteristic Raman
modes [37]. The bands that peaked at 146, 199, 400, 518, and
639 cm�1 are assigned to Eg(v6), Eg(v5), B1g(v4), A1g(v3)–B1g(v2),
Please cite this article as: R.M. Mohamed, M.W. Kadi, Green synthesis of anilin
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and Eg(v1) modes of anatase [37], respectively. The bands around
248, 322, and 366 cm�1 correspond separately to A1g, B1g, and
B2g modes of brookite [37]. The bands that peaked at around 446
and 612 cm�1 are assigned to Eg and A1g modes of rutile [37]. In
the spectrum for T-36 (Fig. 2a), there are no bands around 446
and 612 cm�1 that separately correspond to Eg and A1g modes of
rutile. Further, there are no bands around 248, 322, and
366 cm�1 that separately correspond to A1g, B1g, and B2g modes
of brookite and that are indicative of the anatase structure. For the
PT-24 sample (Fig. 2b), there are no bands around 446 and
612 cm�1 that separately correspond to Eg and A1g modes of
rutile, and that are indicative of the anatase/brookite binary
structures. For the PT-36 sample (Fig. 2c), three kinds of Raman
active modes correspond to the three polymorphs, confirming
the anatase/brookite/rutile ternary structures. With respect to the
PT-48 sample (Fig. 2d), there are two kinds of Raman active
e by phosphorus-doped titanium dioxide polymorphs, Ceramics International
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modes that correspond to the two polymorphs, confirming the
anatase/rutile binary structures, which is in accordance with the
XRD analysis.
3.3. TEM observation

TEM analysis prolongates an understanding of the nanos-
tructure morphology within the samples under consideration.
It can be observed from Fig. 3 that the TEM images of all of
the samples in which Titania nanospheres appear have a mean
size of 50 nm (Fig. 3a). After the hydrothermal treatment, TiO2

nanorods with diameters of 5–10 nm coexist with nanospheres
with a mean size of ca. 10 nm (Fig. 3b). The formation of such
nanorods are a result of hydrothermal treatment in which the
nanotubes begin to smash and fuse together. Inspection of the
TEM image that pertains to the PT-36 sample would reveal the
existence of nanospheres with sizes of 20–25 nm, which is
expected to be an aspect of the dominant nanorods' diameters
of 15–30 nm, as displayed in Fig. 3c. Fig. 3d demonstrates the
image belongs to the PT-48 sample; keen observation reveals
the coexistence of nanowires that have diameters of 4–10 nm
within nanospheres with a mean size of 12 nm.
Fig. 3. TEM images of the samples: (a)T-36

Please cite this article as: R.M. Mohamed, M.W. Kadi, Green synthesis of anilin
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3.4. XPS analysis

The chemical forms of surface elements in the P-doped
samples were investigated by XPS analysis. As shown in
Fig. 4a, the XPS peaks in the Ti 2p region appear at 458.65
(Ti2p3/2) and 464.45 (Ti 2p1/2) eV for T-36. The binding
energy of Ti 2p3/2 shifted to a lower value by 0.10 eV, when
compared to that of PT-36 (458.75 eV). The decrease in
binding energy of Ti2p after P-doping suggests the change
in the electronic environment of Ti ions, where partial
electrons transfer from P to Ti; hence, electron density on
the Ti increases because of the lower electronegativity of
phosphor in comparison to oxygen [39]. This means that
phosphor incorporates into the TiO2 lattice and substitutes for
oxygen to form the O–Ti–P structure [39], which is further
confirmed by P 2p regions (Fig. 4b). The XPS spectrum of
P 2p in Fig. 4b consists of a double peak of P 2p3/2 and P 2p1/
2. The binding energy of P 2p3/2 in PT-36 located at
134.15 eV indicates the existence of P5þ . This value is also
different from that of P5þ in Na3PO4-impregnated TiO2, which
is located at 133.35 eV. As the ionic radii for Ti4þ and P5þ

are not very close (0.67 and 0.38 Å, respectively, in an
environment of coordination number 6), P5þ species are not
; (b) PT-24; (c) PT-36; and (d) PT-48.
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Table 1
Physicochemical properties of TiO2 and P-doped TiO2 samples.

Sample Anatase
(%)

Brookite
(%)

Rutile
(%)

Band gap
energy (eV)

BET
(m2/g)

T-36 99.2 0.8 – 3.1 55.0
PT-12 95.5 4.5 – 2.85 66.5
PT-24 85.8 14.2 – 2.48 77.4
PT-36 84.6 3.9 11.5 2.33 62.1
PT-48 61.5 – 38.5 2.22 49.7
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Fig. 5. UV–vis spectra of the samples.

R.M. Mohamed, M.W. Kadi / Ceramics International ] (]]]]) ]]]–]]] 5
likely to exist in the bulk with high concentration. Thus, we
suggest that doped P may exist on or near the surface region in
an octahedral environment by replacing part of Ti4þ , rather
than as PO4

3� in a tetrahedral environment.

3.5. Analysis of surface area

The values of the specific surface areas, SBET (m2 g�1) of
the concerned systems, were calculated by applying the BET
equation for TiO2 and P-doped TiO2; both catalytic systems
Please cite this article as: R.M. Mohamed, M.W. Kadi, Green synthesis of anilin
(2013), http://dx.doi.org/10.1016/j.ceramint.2013.11.115
under investigation are cited in Table 1. Following up the
variation of SBET values of both concerned systems, two points
can be raised.
�

e by
The SBET values increased from 55 to 77.4 m2/g with the
increased content of the brookite structure.
�
 The drop in SBET values from 77.4 to 49.7 m2/g upon
raising the content of rutile from 0% to 38.5%.

3.6. UV–vis diffuse reflectance spectra

Fig. 5 shows the diffused absorbance spectra of the samples.
It is found that the absorption in the range of 435–562 nm for
the P-doped samples is higher in intensity than that for the
undoped T-36 sample. The band gap for the T-36, PT-12,
PT-24, PT-36, and PT-48 is calculated to be 3.1, 2.85, 2.48,
2.33, and 2.22 eV, respectively, according to the following
formula:

EgðevÞ ¼
1240
λg

The band gap wavelength (λg, nm) is obtained by extra-
polating the wavelength edge of the peak in absorbance in
relation to the zero line from diffuse reflectance spectra. The
band gaps of the P-doped samples decrease with phosphor
doping and with the gradual increase in rutile content. This
indicates that rutilation of the ternary and binary TiO2

structures plays a significant role in shifting the absorption
edge toward the visible light region [39].

3.7. Photocatalytic activity

Photocatalytic activities of the prepared samples were
studied by the photocatalytic production of aniline (AN) via
nitrobenzene (NB) reduction under visible light irradiation.
Gas chromatogram (GC) results showed that the main products
phosphorus-doped titanium dioxide polymorphs, Ceramics International
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were nitrosobenzene and aniline. No nitrosobenzene or aniline
was detected in the absence of only catalysts or light
irradiation. It is found that all of the phosphor-doped samples
bear enhanced photocatalytic activity in comparison to the
undoped sample (Fig. 6). This result is partially due to
phosphors doping and energy band matching between titania
polymorphs that can suppress the recombination of photo-
induced electron–hole pairs by modifying the electronic
properties of TiO2 [37]. The commercial P25 that consists of
the anatase/rutile binary structure has been widely employed
for comparison to evaluate the properties of a photocatalyst.
The photocatalytic efficiencies of PT-12, PT-24, PT-36, and
PT-48 samples are 3.8, 5.3, 5.5, and 3.0 times, respectively,
that of P25 under visible light irradiation for 4 h because of its
large band gap. This finding can also be assigned to phosphor
doping and to one-dimensional anatase nanowires that serve as
electron highways to facilitate the efficient separation of the
charge carries [41]. Although the sample of PT-24 with
anatase/brookite structures has the largest BET surface area,
the sample of PT-36 with ternary titania polymorphs having a
medium BET surface area shows the highest photocatalytic
efficiency. This data reveals that the existence of rutile plays an
important role in contributing to the visible light's catalytic
activity. However, for the PT-48 sample, with increasing rutile
content that is comparable to the anatase content, the photo-
catalytic efficiency decreases in comparison to that of PT-36.
This result can be assigned to the larger amount of the rutile
phase that has a higher electron–hole recombination rate, and
to the decrease in the amount of more photoactive anatase
phase and surface area [39].
200 300 400 500 600 700 800 900

0.2

0.4

Wavelength, nm

Fig. 8. (a). XRD patterns of PT-36 and PT-36 after reuse five times. (b). UV–
vis spectra of PT-36 and PT-36 after reuse five times.
3.8. Photochemical stability

For the practical applications of a photocatalyst, two factors
that are related to recycling should be considered, such as the
ease of separation from a solution, as well as the stability in
maintaining high activity and in resisting photocorrosion after
long-term use. In this research, the PT-36 sample that has anatase
Please cite this article as: R.M. Mohamed, M.W. Kadi, Green synthesis of anilin
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nanowires can be easily separated from an aqueous solution.
Therefore, the PT-36 sample was selected for reuse five times in
order to test its stability (Fig. 7). After five catalysis cycles to
e by phosphorus-doped titanium dioxide polymorphs, Ceramics International
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reduce nitrobenzene, the PT-36 sample with ternary titania
polymorphs does not show dramatic deactivation. This result is
indicative of high photostability of the catalyst, in concert with
the XRD and UV–vis results (Fig. 8a and b). The results reveal
that the PT-36 sample nearly remains unchanged in crystal phase,
composition, and absorption after reuse five times, which
indicates its high stability and suitability for recycling.

3.9. Mechanisms

Gas chromatogram (GC) results showed that the main
products were nitrosobenzene and aniline. The mechanisms of
the photocatalytic reduction of NB over the PT-36 sample is
discussed as follows [43]: (1) Production of photogenerated
hole–electron pairs. When irradiated by photos with energy
equal or that are larger than its band gap, electrons transfer from
the valence band to the conduction band, thus producing
oxidative photogenerated valence holes (hþ ) and reductive
conduction electrons (e�) (Eqs. (1) and (2)) Photogenerated
holes and electrons without recombination move to the photo-
catalyst's surface. (3) Chemical reactions between photogener-
ated 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, therefore producing nitrosobenzene and aniline (Eq. (4)).
Please cite this article as: R.M. Mohamed, M.W. Kadi, Green synthesis of anilin
(2013), http://dx.doi.org/10.1016/j.ceramint.2013.11.115
4. Conclusion

In summary, the controlled synthesis of phosphor-doped
titania nanostructures with binary and/or ternary polymorphs
have been achieved via a hydrothermal method. In addition,
the phosphor-doped catalysts show enhanced catalytic ability
for the green synthesis of aniline by the photocatalytic
reduction of nitrobenzene (i.e., in comparison to P25 and the
undoped counterpart). The PT-36 sample has high photostabil-
ity after reuse five times for the photocatalytic reduction of
nitrobenzene. The photocatalytic efficiency of the fifth cycle
for the PT-36 sample remains 5.5 times that of P25 that was
used in the first run. This new type of TiO2 nanostructure
presents a promising candidate for application in photocata-
lysis, photochemistry, sensors, and solar cells.
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