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ARTICLE INFO ABSTRACT
Article history: P-doped TiO: (PTIO) thin-films with different P contents were prepared using a sol-gel method. The
Received 21 January 2013 thin-film samples were characterized using various techniques. The photocatalytic activity was
Accepted 4 March 2013 evaluated by decomposing butyl benzyl phthalate under visible-light irradiation. The results
Published 20 June 2013 showed that the transformation of anatase to the rutile phase was inhibited and grain growth of
TiO2 was prevented by P doping. The results confirm that the doped P atoms existed in two chemi-
Keywords: cal forms, and those incorporated in the TiO2 lattice may play a positive role in photocatalysis. The
Phosphorus-doped high photocatalytic activities of the PTIO thin-films may be the result of extrinsic absorption
Titania through the creation of oxygen vacancies, rather than excitation of the intrinsic absorption band of
Thin film bulk TiO2. The PTIO can be recycled with little depression of the photocatalytic activity. After six
Visible light cycles, the photocatalytic activity of the PTIO film was still higher than 98%.
Photocatalyst © 2013, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.
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1. Introduction

Phthalate esters (PAEs) are the most abundant synthetic
industrial chemicals. They are produced in large quantities and
are mainly used as plasticizers in the manufacture of various
plastics. The release of PAEs into the environment or
wastewater effluents causes pollution and harm to human
health. Some PAEs have been designated as priority organic
pollutants by the United States Environmental Protection
Agency and by regulatory authorities in some European coun-
tries, because they are ecologically toxic and hazardous [1].
However, PAEs in waterworks cannot be effectively removed
using conventional water-treatment processes such as coagula-
tion, sedimentation, filtration, and disinfection because of their
refractory biodegradability and low photodegradability [2].
Effective treatments for these pollutants are therefore urgently

needed. Photocatalytic processes have received considerable
attention because of the efficiency of their mineralization, ide-
ally producing carbon dioxide, water, and inorganic mineral
ions as the end products. Recently, a small number of investiga-
tions of the degradation of PAEs under irradiation with ultravi-
olet (UV) light or sunlight, using semiconductors as photocata-
lysts, have been reported [3-7]. Nanocrystalline TiO2 is a very
attractive photocatalyst because of its high oxidative power,
photostability, low cost, and nontoxicity. However, the large
band gap of TiOz (3.2 eV) restricts its photocatalytic applica-
tions in the UV range. UV light accounts for merely 4% of the
solar spectrum and can be readily filtered out, even by clear
glass or pure water. Improving the optical properties of TiOz by
modifying its band gap is therefore necessary. In recent dec-
ades, a number of studies of nonmetal doping have been con-
ducted to shift the optical response of catalytically active TiO2
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from the UV- to the visible-light region. Nitrogen [8-10], carbon
[11,12], boron [13,14], sulfur [15,16], and phosphorus [17]
have been introduced into the TiOz matrix to extend its pho-
toresponsive range. Another drawback to the use of TiO2 as a
commercial photocatalyst is the need for a difficult and costly
filtration step to eliminate nanoparticles and recycle the cata-
lyst. The aim of the current work is therefore the preparation
and characterization of P-doped TiOz (PTIO) thin-films via a
sol-gel method, to overcome the problem of separation of the
photocatalyst by thin-film preparation, and to use P doping to
shift the TiO2 absorption from the UV region to the visible re-
gion. The photocatalytic performances of the PTIO thin-film
photocatalysts were evaluated through the degradation of bu-
tyl benzyl phthalate (BBP) under visible-light irradiation.

2. Experimental
2.1. Photocatalyst preparation

Titanium tetrabutyl titanate Ti(OBu)4 was chosen as the Ti
precursor. Hypophosphorous acid was used as the P source for
the PTIO samples. Hypophosphorous acid was added to dis-
tilled water under vigorous stirring. A mixture of Ti(OBu)+ and
propanol was added dropwise to the water, the pH of which
was adjusted to 2.0 with nitric acid, until the Ti(OBu)s was
completely hydrolyzed. The molar ratios of P and Ti were
1:100; 2:100; 3:100, and 4:100. The solution was refluxed at 80
°C for 24 h to obtain a PTIO sol. Pure TiO: (TIO) samples were
prepared by the same method, but without adding hypophos-
phorous acid. Glass plates, 60 mm x 20 mm, used as substrates,
were dipped in the obtained PTIO and TIO sols for 30 min,
dried in a vacuum oven at 60 °C for 2 h, and then cooled in the
atmosphere. The produced thin-film samples were denoted by
TIO, PTIO-0.01, PTIO-0.02, PTI0-0.03, and PTIO-0.04. We used
TiOz2 Degussa (P2s) as a reference photocatalyst for compari-
sons of catalytic activities.

2.2.  Photocatalyst characterization

The specific surface areas of the prepared samples were
evaluated using nitrogen adsorption-desorption isotherms at
-196 °C, measured using a Nova 2000 series apparatus (Chro-
matech). The specific surface areas of the materials were cal-
culated using the Brunauer-Emmett-Teller (BET) equation.
Prior to the measurements, all the samples were degassed un-
der vacuum at 200 °C for 2 h. Particle sizes were determined
from X-ray diffraction (XRD) analysis carried out at room tem-
perature with a Bruker AXS D8 instrument using Cu K. radia-
tion (A = 0.1540 nm). The crystallite sizes of composite cata-
lysts were calculated using the Scherrer equation:

d = BA/f1/2cos6 m
where d is the average particle size of the material under inves-
tigation, B is the Scherrer constant (0.89), A is the wavelength of
the X-ray beam, f1/2 is the full-width at half-maximum of the
diffraction peak, and 6 is the diffraction angle. The surface
morphologies of the prepared catalysts were examined using
transmission electron microscopy (TEM; JEOL-JEM-1230) and

scanning electron microscopy (SEM; JEOL 5410, Japan). The
band-gap energies of the samples were determined by UV-Vis
diffuse reflectance spectroscopy (DRS) in air at room tempera-
ture in the wavelength range 200-800 nm, using a UV/Vis/NIR
spectrophotometer (V-570, JASCO, Japan). The band-gap ener-
gies were calculated using the equation

Eg=1239.8/A 2
where Eg is the band gap (eV) and A is the wavelength of the
absorption edges in the spectrum (nm). Photoluminescence
(PL) emission spectra were recorded using a fluorescence
spectrophotometer (Shimadzu RF-5301). Fourier-transform
infrared (FT-IR) spectroscopy was conducted using a Thermo
Electron Magna 760 spectrometer. Pellets were made using
potassium bromide (KBr, 99% purity, FT-IR grade; Sig-
ma-Aldrich). The catalyst powder was added to the KBr in a
mass ratio of 1:100. X-ray photoelectron spectroscopy (XPS)
was performed using a SPECS GmbH X-ray photoelectron spec-
trometer.

2.3.  Photocatalyst activity test

The photocatalytic degradation of BBP was conducted in a
glass reactor. Visible light was provided by a 300-W Xe lamp
with a 400-nm cutoff filter to ensure light irradiation at the
desired wavelength. In a typical run, a piece of glass plate coat-
ed with a sample film was dipped in 200 ml of aqueous BBP
solution (20 mg/L). Prior to the photoreaction, air was pumped
into the reaction in the dark for 30 min to achieve adsorp-
tion-desorption equilibrium. The light source was then turned
on and the BBP solution was continuously pumped during irra-
diation to maintain the catalyst suspension. The temperature of
the suspension was maintained at 30 °C by circulating water
through an external cooling jacket and exposing the system to
air. At regular intervals, 2 ml of the aqueous solution were col-
lected and centrifuged. The concentration of the remaining BBP
was analyzed by high-performance liquid chromatography
(HPLC; Waters 2695), performed using a C18 (5 pm) re-
verse-phase column.

The total organic carbon (TOC) was determined using a
Phoenix Total Carbon Analyzer. The degradation intermediates
were identified using an Agilent 1100 LC HPLC-mass spec-
trometry (MS) system, including an electrospray-ionization
(ESI) MS, a quaternary pump, a column thermostat, and an
automatic sample injector with a 100-pl loop. An Agilent
Eclipse XDB-C8 column (4.6 mm x 150 mm), held at 30 °C, was
used to separate the intermediate products. The anionic prod-
ucts, i.e,, organic acids, were detected using a Dionex 1CS2000
ion chromatograph (IC) with a Dionex lon Pac AS19 analytical
column (250 mm x 4 mm id.). The mobile phase was 0.8
mmol/L sodium carbonate/1.0 mmol/L sodium bicarbonate,
with a flow rate of 1.0 ml/min. The injection volume was 50 pl.

The adsorption capacities of the catalysts were determined
using the same method as that used for the photocatalytic ac-
tivity measurements. The only difference was that the adsorp-
tion process was carried out without light irradiation. The re-
sults show that BBP adsorption by the thin-film samples after 4
h was approximately zero.
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Fig. 1. XRD patterns of TiOz and P-doped TiO: thin film samples.

3. Results and discussion
3.1. Composite characterization

Figure 1 shows the XRD patterns of TIO, PTIO-0.01,
PTIO-0.02, PTI0-0.03, and PTI0O-0.04. The patterns show that
all the samples consisted of the anatase phase, which demon-
strates that the addition of P had no obvious influence on the
TiO2 crystallization process. However, P promoted the crystal-
lization process, because it can be seen from the XRD patterns
that the characteristic diffraction peaks of anatase became
broader and the diffraction peak intensity decreased. The av-
erage crystallite sizes of TiO2 were calculated form the Scher-
rer’s equation, using the full-width at half-maximum values of
the XRD peaks at 26 = 25.3°, corresponding to the most intense
anatase peak. The crystallite sizes of TIO, PTI0-0.01, PTI0-0.02,
PTI0-0.03, and PTIO-0.04 were 24, 17, 14, 12, and 11 nm, re-
spectively. The particle size therefore became smaller with
increasing P concentration.

PL emission spectra have been widely used to investigate
the efficiency of charge-carrier trapping, migration, and trans-
fer, and to understand the fate of electron-hole pairs in semi-
conductor particles [18]. Figure 2 shows the PL spectra of Pzs,
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Fig. 2. PL spectra of P25, TiO2, and P-doped TiOz2 thin film samples.
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Fig. 3. UV-Vis spectra of Pzs, TiO2, and P-doped TiOz thin film samples.

TIO, PTIO-0.01, PTIO-0.02, PTIO-0.03, and PTIO-0.04. The exci-
tonic PL intensities of these samples decrease in the following
order: PTIO-0.04 < PTI0-0.03 < PTIO-0.02 < PTIO-0.01 < TIO <
P25. This indicates that an appropriate amount of P doping
may slow the irradiative recombination of photogenerated
electrons and holes in TiOz, and suggests that the lower the
intensity of the PL spectrum, the higher the photocatalytic ac-
tivity.

The optical absorption properties of a semiconductor, which
are related to its electronic structure, are the key factor deter-
mining photocatalytic activity. The UV-Vis DRS of Pzs, TIO,
PTIO-0.01, PTIO-0.02, PTIO-0.03, and PTIO-0.04 samples are
shown in Fig. 3. The direct band-gap energies for the P2s, TIO,
PTIO-0.01, PTIO-0.02, PTIO-0.03, and PTIO-0.04 samples, cal-
culated from their reflection spectra, based on a method sug-
gested by Kumar et al. [19], Korosi et al. [20], and Yao et al.
[21], are shown in Fig. 4 and tabulated in Table 1. The band
gaps of the P25 and TIO samples were 3.24 and 3.06 eV, respec-
tively. After doping with P species, the absorption edges of the
PTIO samples shifted to the red-light region, and their band
gaps were 2.90, 2.80, 2.70, and 2.60 eV for PTIO-0.01,
PTIO-0.02, PTIO-0.03, and PTIO-0.0, respectively. The results
indicate that the visible-light absorption of the TiO2 samples
was significantly improved by the introduction of P. Therefore,
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Fig. 4. Band gap of P2s, TiOz, and P-doped TiO: thin film samples.
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Table 1

BET surface area and band gap of Pzs, TiO2,and P-doped samples.
Sample Aser/(m?/g) Band gap (eV)
P25 50 3.24

TIO 70 3.06
PTIO-0.01 100 2.90
PTIO-0.02 130 2.80
PTIO-0.03 140 2.70
PTIO-0.04 155 2.60

the doped samples can be excited by visible light and the pho-
tocatalytic activity under visible-light irradiation should be
improved.

From Table 1, it can be seen that the BET surface area in-
creased with increasing P concentration. This is because P spe-
cies inhibit crystal growth, thus significantly enlarging the sur-
face area.

Figure 5 shows the FT-IR spectra of PTI0-0.04 and TIO im-
pregnated with NasPOs (NasPOs/TiOz). The results show a
broad absorption peak at 1000-1200 cm-1, which is the char-
acteristic frequency region of P-0, in both samples. However,
the phosphoryl (P=0) vibration frequencies at 1200-1400 cm-!
are absent for PTIO-0.03, implying that the doped P might not
simply exist in the form of PO43-, but as Ti-O-P. This means
that in our preparation, P atoms are incorporated into the TiO2
lattice.

The chemical forms of the surface elements in the P-doped
samples were investigated using XPS analysis. As shown in Fig.
6(a), the XPS peaks in the Ti 2p region appear at 458.65 eV (Ti
2p3/2) and 464.45 eV (Ti 2p1,2) for PTI0-0.03. The binding en-
ergy of Ti 2p3,2 shifted to a positive value by 0.10 eV compared
with that of undoped TiO2 (458.75 eV). The more electronega-
tive P5+ species replace Ti4* species in the surface or
near-surface region, pulling the electrons in the Ti-O bond
away from the Ti atom, thus causing a small increase in the Ti
2p3/2 binding energy. The XPS spectrum of P 2p, shown in Fig.
6(b), consists of a doublet peak from P 2p3/2 and P 2p1/2. The
binding energy of P 2ps/2 in PT10-0.03 is located at 134.15 eV,
indicating the existence of P5+. This value is different from that
of P5* in NasPOs-impregnated TiOz, which is at 133.35 eV. As
the ionic radii of Ti** and P5+ are not very similar to each other
(0.067 and 0.038 nm, respectively, in an environment with a
coordination number of 6), P5+ species are unlikely to be pre-
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Fig. 5. FT-IR spectra of PTI0-0.03 and NazPO4/TiOx.
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Fig. 6. High resolution XPS spectra of Ti 2p for PTI0-0.04 and undoped
TIO (a) and P 2p for PTI0-0.03 and NasPO4/TiO-.

sent in bulk in high concentrations. We therefore suggest that
the doped P may exist in the surface or near-surface region in
an octahedral environment, by replacing some of the Ti**, ra-
ther than as PO43- in a tetrahedral environment.

The SEM and TEM images of the PTIO-0.03 film are shown
in Fig. 7. The SEM image shows that the surface of the
PTI0-0.03 film is smooth. The TEM image shows that PTIO-0.03
consists of spherical particles with an average particle diameter
of about 11 nm. This is in good agreement with the XRD analy-
sis.

b ; :
Fig.7. SEM (a) and TEM (b) images of PTI0-0.03.



R M. MOHAMED et al. / Chinese Journal of Catalysis 34 (2013) 1267-1273 1271

3.2.  Photocatalytic activity

The photocatalytic performances of the PTIO thin-films
were investigated using BBP photodegradation. For compari-
son, an undoped TiO: thin-film and P2s were also tested under
the same conditions. Figure 8 shows the BBP degradation pro-
files for the different catalysts under visible-light irradiation.
No obvious BBP degradation was observed in the absence of a
catalyst under visible-light irradiation for 240 min, suggesting
that direct photolysis of BBP was negligible. The photodegra-
dation rates of BBP with pure TIO and P2s reached only 28%
and 17%, respectively. However, more than 98% of the BBP
was degraded with the PTIO-0.03 catalyst under the same con-
ditions. The PTIO thin-films are therefore effective visi-
ble-light-driven photocatalysts. The contribution of the doped P
atoms to the visible-light photocatalytic activity may be
achieved by an improvement in the quantum efficiency. The
doped P atoms can convert Ti#+ to Ti3* via charge compensa-
tion. The presence of Ti3+ can reduce the electron-hole recom-
bination rate, and further enhance the quantum efficiency and
photocatalytic activity [22]. However, the replacement of oxy-
gen in TiOz by doped P can cause the absorption edge of TiOz to
shift to the lower-energy region [23], which can also enhance
the photocatalytic activity. The doping of TiO2 with P atoms
therefore results in higher visible-light photocatalytic activity.

The photocatalytic activities of the PTIO samples with vari-
ous P contents in BBP degradation are shown in Fig. 9. The
results show that the photocatalytic activity of the PTIO de-
pends on the P content. The photocatalytic activity increased as
the P content increased from 0.01% to 0.03%. At concentra-
tions above 0.03%, however, the photocatalytic activity de-
creased with increasing P content. The amount of surface Ti3*
increases with increasing dopant concentration, so the photo-
catalytic activities of the PTIOs increased with increasing do-
pant concentration at low concentrations of dopant. However,
new energy levels are formed in the band gap when the amount
of surface Ti3+ exceeds a certain value [24]. The 3d states of Ti3*
form defect energy levels of 0-0.35 eV, which are lower than
the conduction band, and the new energy levels act as recom-
bination centers [25,26]. So, higher levels of P dopant result in
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Fig. 8. Photocatalytic activity of different catalysts for BBP degradation
under visible light irradiation.
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Fig. 9. Photocatalytic activity of the P-doped TiO: with various P
contents for BBP degradation.

excess surface Ti3* ions, which act as surface recombination
centers for electron-hole pairs, and accordingly suppress the
photocatalytic activity.

Recycling of catalysts is one of the key factors in assessing
the practical applications of photocatalysts and developing
heterogeneous photocatalysis technologies for wastewater
treatment. An examination of the photocatalytic activity of the
recycled PTI0-0.03 catalyst was carried out. The photocatalytic
degradation efficiency was 98% during the first six cycles (Fig.
10). The catalytic activity dropped slightly in runs 7, 8, 9, and
10, giving 92%, 88%, 83%, and 78% degradation, respectively.
The deactivation of the photocatalyst is probably caused by
surface poisoning, which may be induced by adsorbed inter-
mediates. The results show that separation of the photocatalyst
is effective, and thus the photocatalyst is basically stable and is
promising for use in environmental remediation.

The BBP TOCs, which are determined before and after irra-
diation of the PTIO-0.03 sample by visible light for 240 min, are
640 and 14, respectively. The results show that the BBP per-
centage removal efficiency was 97.8%, which is in close agree-
ment with the results obtained using HPLC (98%), and confirm
that all the decomposed BBP was degraded to carbon dioxide.

To investigate the BBP photodegradation pathway, some of
the degradation intermediates were tentatively identified using

100

N o o)
=) =) )
T T T T T T

N
o
T T

Photocatalytic degradation (%)

Cycle

Fig. 10. Recycle and reuse of photocatalysts for BBP photocatalytic
degradation.
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Scheme 1. Proposed degradation pathway of BBP under visible light irradiation by using P-TiO, thin film.

HPLC-MS and IC. Compounds 1-7 (Scheme 1) were identified
using ESI-MS, and maleic acid, acetic acid, and formic acid were
identified using IC. The proposed photocatalytic degradation
pathway of BBP catalyzed by PTIO under visible-light irradia-
tion, based on the identified intermediate products and litera-
ture reports [27-29], is presented in Scheme 1. The first step
was an electron-transfer reaction, involving attack by *OH rad-
icals. There are two possible positions for attack by *OH radi-
cals: the carbonyl group and the aromatic ring of the BBP mol-
ecule. Compounds 1 and 2 were generated by cleavage of the
alkyl-oxygen bond of BBP when *OH radicals attacked the car-
bonyl group. The attack by *OH radicals of the aromatic ring led
to the formation of hydroxylated intermediate isomers (com-
pound 3). Compounds 1-3 were further attacked by *OH radi-
cals, forming compounds 4 and 5. Decarboxylation of com-
pounds 4 and 5 resulted in compounds 6 and 7. Further de-
carboxylation of compounds 6 and 7 led to dihydroxybenzene
and quinone. Quinone was further oxidized, resulting in a series
of aliphatic acids, including maleic acid, acetic acid, and formic
acid. These aliphatic acids were then further oxidized to pro-
duce carbon dioxide and water.

4. Conclusions

PTIO thin-film photocatalysts were successfully prepared

using a sol-gel method. The PTIO composites generated were
nanosized, relatively uniform, and homogeneously dispersed.
The addition of P played a promoting role in the crystallization
process, and prevented agglomeration during calcination. The
PTIO photocatalysts were effective in BBP photocatalytic deg-
radation under visible-light irradiation. The high photocatalytic
activities of the PTIO thin-films may be the result of extrinsic
absorption through the creation of oxygen vacancies, rather
than extrinsic absorption by bulk TiO2. Catalyst re-use results
showed that the present photocatalysts remain effective and
active after six cycles, indicating promising recyclability of the
PTIO photocatalysts.
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