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a b s t r a c t

A novel thermally stable phosphorous-doped TiO2 has been successfully synthesized by liquid hydrolysis
of TiCl4 with ammonia, with hypophosphorous acid as the precursor of the dopant. The materi-
als were characterized by X-ray diffraction, transmission electron microscopy, differential thermal
analysis–thermogravimetry, N2 physical adsorption at 77 K, X-ray photoelectron spectroscopy and point
of zero charge determination. It was found that increased calcination temperature gave an improvement
of the anatase crystallinity and an enrichment of phosphorus species on the titania surface. The increased
eywords:
itania
hosphorus
hotocatalysis
hermal stability

surface P content led to a linear enhancement of the specific adsorption capacity of methylene blue (MB)
because of the Coulombic attractive force between the cationic dye and the negatively charged P-doped
TiO2 surface. Importantly, the P-doped anatase TiO2 was stable even after calcination at 900 ◦C for 4 h,
much more stable than the sample by the sol–gel method. This may be attributed to the partial transfor-
mation of amorphous titania to anatase during the hydrolysis of TiCl4. Photocatalytic tests showed that
the P-doped TiO retained its high specific activity for the degradation of MB even after calcination at

◦C.

2

temperatures of 700–900

. Introduction

Photocatalytic decomposition of organic pollutants on titania
urfaces has attracted much interest for decades, with respect to
oth fundamental research and potential practical applications
1,2]. Titania has been widely investigated as one of the most
romising heterogeneous photocatalysts in this field, because of its
igh photocatalytic activity, resistance to photocorrosion, photo-
tability, low cost and non-toxicity. Titania exists in three different
orms: anatase, rutile, and brookite, of which anatase generally
hows the best photocatalytic activity and antibacterial perfor-
ance [3–6]. Without any modification, transformation of anatase

o rutile usually occurs at 500–700 ◦C [5,7]. The preparation of
hotocatalytic films on ceramic surfaces usually needs calcination
t relatively high temperature (above 700 ◦C), which can lead to
intering and phase transformation and a consequent decrease in
hotocatalytic activity as well as cracking of the film. Thermally
table anatase TiO2 with high photocatalytic activity may avoid the

bove deficiencies to form crack-free film with high photocatalytic
erformance.

To improve the thermal stability and photocatalytic activity,
itania has been modified with La2O3 [7], ZrO2, SiO2 [8], triflu-

∗ Corresponding author. Tel.: +86 10 62751703; fax: +86 10 62751708.
E-mail address: zhuyx@pku.edu.cn (Y. Zhu).

381-1169/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2009.11.019
© 2009 Elsevier B.V. All rights reserved.

oroacetic acid [4], urea [5] and sulfur [9,10]. Among the various
methods, modification of TiO2 by phosphorus seems to be a
promising approach [11–16]. Korosi et al. prepared phosphate-
modified titania by phosphoric acid treatment of amorphous
titania, during which process the thermal stability and photo-
catalytic activity of titania were enhanced [12]. Yu synthesized
P-doped TiO2 through hydrolysis and condensation of Ti(OC2H5)4
with H3PO4 addition, and found that P-doped TiO2 with a P/Ti
atomic ratio of 0.03, calcined at 800 ◦C, caused efficient photo-
catalytic degradation of MB under UV irradiation [13]. We have
recently synthesized P-doped titania with good photocatalytic per-
formance by a modified sol–gel method from hypophosphorous
acid and tetrabutyl titanate; the optimal calcination temperature
was about 500 ◦C [17–19]. However, the work on P-modified tita-
nia has been generally done via a sol–gel method with organic
titanate as precursor [11–13,17–19]. Fan et al. prepared phos-
phated mesoporous TiO2 by an evaporation-induced self-assembly
approach from TiCl4 and H3PO4, and found that phosphorus
improves the thermal stability. However, they mentioned only
the photocatalytic activity of a sample calcined at 400 ◦C [14].
In the present work, we prepared P-doped TiO2 by hydrolysis of

TiCl4 instead of the sol–gel method from tetrabutyl titanate. The
results showed that the photocatalytic activity of TiO2 was fur-
ther enhanced, and the optimal calcination temperature was up
to 700 ◦C. More importantly, thus prepared P-doped TiO2 retained
its high specific photocatalytic activity even after calcination at

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:zhuyx@pku.edu.cn
dx.doi.org/10.1016/j.molcata.2009.11.019
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igher temperature (700–900 ◦C). In addition, the preparation
trategy applied here can reduce the cost and avoid pollution by
rganic solvent [20]. Based on various physicochemical character-
zation techniques, a better understanding of the novel thermal
tability and superior adsorption capacity of P-doped TiO2 was
btained.

. Experimental

.1. Catalyst preparation

The P-doped TiO2 was prepared by liquid hydrolysis of TiCl4
ith ammonia, with hypophosphorous acid as the precursor of the
opant. A typical synthesis procedure for P-doped TiO2 was as fol-

ows. In an ice water bath, hypophosphorous acid (0.18 mL) was
issolved in 100 mL of deionized water and the solution was stirred
agnetically for 10 min, and then 10 mL TiCl4 was added, giving a

ominal P:Ti atomic ratio of 0.01. The mixture was stirred for 30 min
nd a 25% ammonia solution was added dropwise to the solution
ntil the pH of the mixture reached 5.5. A white precipitate was
bserved immediately. After aging at room temperature for 24 h,
he precipitate was washed repeatedly with deionized water until
o Cl− ion was detected by adding 1 mol L−1 silver nitrate solution
o the filtrate. The solid was then washed with ethanol and dried in
ir at 70 ◦C for about 1 day. The solid was ground to a fine powder to
ive a fresh sample followed by calcination at a given temperature
or 4 h, to obtain P-doped titania TP-T, where T stands for the cal-
ination temperature. For comparison, pure TiO2 was prepared by
he same procedure without the addition of hypophosphorous acid,
hereas TP-sol-fresh (fresh sample dried at 100 ◦C) and TP-sol-

00 (TP-sol-fresh calcined at 600 ◦C) were prepared by a modified
ol–gel method from hypophosphorous acid and tetrabutyl titanate
s reported previously [19].

.2. Characterization

X-ray diffraction (XRD) patterns were collected with a Rigaku
/MAX-200 X-ray powder diffractometer with Ni-filtered Cu-K�

adiation at 40 kV and 100 mA. Transmission electron microscopy
TEM) images were obtained with a Philips FEI Tecnai F30 instru-

ent. N2 adsorption–desorption isotherms were determined at
7 K with a Micromeritics ASAP 2010 Analyzer. The samples were
egassed in vacuum (10−3 Pa) for 2 h at 200 ◦C prior to adsorption
easurements. Differential thermal analysis–thermogravimetry

DTA–TG) experiments were also carried out to monitor crystal-
ization behavior using a Dupont model 1090 apparatus, from room
emperature to 700 ◦C at a temperature-ramp rate of 10 ◦C min−1

n an air flow of 100 mL min−1, using �-Al2O3 as reference. X-ray
hotoelectron spectroscopy (XPS) measurements were performed
ith a Kratos Axis Ultra System with monochromatic Al K� X-

ays (1486.6 eV), operated at 14 kV and 14 mA (emission current)
n a chamber with base pressure approximately 10−8 Pa. All spec-
ra were calibrated to the binding energy of the adventitious C1s
eak at 284.8 eV. For depth profile experiments, the powdered
ample was pressed into a thin disk 10 mm in diameter under a
ressure of 15 MPa, and fitted on a rotatable stub for Ar+ etch-

ng (at 4 kV). The sputtering rate was about 2 nm min−1 in terms
f depth, with Ta2O5 film as a reference standard. The pH of the
oint of zero charge (PZC) of the samples was determined by
ass titration [21,22]. This procedure involves finding the asymp-

otic value of the pH of an oxide/water suspension as the oxide

ass content is increased. Varying amounts of samples (typical

alues of oxide/water by weight were 0.1, 1, 5, 10, 20 and 30%)
ere added to water, then ultrasonically dispersed for half an
our. The resulting pH was measured after equilibration for 1
ay.
lysis A: Chemical 319 (2010) 46–51 47

2.3. Photocatalytic activity test

The photocatalytic degradation of methylene blue (MB,
C16H18N3S) was chosen as a probe reaction [17]. In a typical experi-
ment, 50.0 mg of the photocatalyst powder was dispersed in 200 mL
aqueous MB solution (1.2 × 10−5 mol L−1). The solutions were illu-
minated with a 6 W medium-pressure mercury lamp with main
emission peak at 254 nm. The photocatalytic activity of the cata-
lysts was tested after magnetic stirring for 1 h in darkness to achieve
adsorption–desorption equilibrium. The concentration of MB was
measured at 665 nm (�max for MB) by UV–vis spectroscopy. To eval-
uate the mineralization of MB over the photocatalysts, the total
organic carbon (TOC) was determined by a TOC analyzer (TOC-V
CPN, Shimadzu). In the TOC determination, 200 mL MB solution
(5.0 × 10−5 mol L−1) containing 50.0 mg of the catalyst was illu-
minated with a 100 W high-pressure mercury lamp with main
emission peak at 365 nm. At each time interval, aliquots of MB solu-
tion were filtered through a 0.22 �m membrane (Satorius) and the
filtrate was immediately subjected to the TOC analysis.

3. Results and discussion

3.1. Effect of P-doping on the thermal stability of anatase

The XRD patterns of pure and P-doped TiO2 calcined at different
temperatures are shown in Fig. 1, panels A and B, respectively. Only
the diffraction peaks of the anatase form of TiO2 can be observed
in the XRD pattern of T-500, while a weak peak at around 27.5◦

appears in the pattern of T-600, indicating the formation of rutile
at a temperature as low as 600 ◦C for pure TiO2. By contrast, P-doped
titania persisted as a pure anatase phase in the calcination temper-
ature range of 500–900 ◦C, showing that the phase transformation
of anatase to rutile was greatly retarded by P-doping. The average
crystal sizes were calculated by using the Scherrer equation; the
results are listed in Table 1. At the same calcination temperature,
the crystal size of P-doped titania was substantially smaller than
that of pure TiO2. By investigating a series of doped titanias, Reidy
et al. found that anatase is a metastable phase below a critical par-
ticle size of around 45 nm, regardless of the dopant [23]. Our crystal
size data in Table 1 seem to fit well the critical size mechanism for
the anatase to rutile transformation. Thus the P species may exist
on grain boundary and act as hindrance to particle growth during
calcination, inhibiting the phase transformation of anatase to rutile
[24].

A TEM image was obtained to give more information about
the morphology and particle size of P-doped TiO2 (Supplementary
material, Fig. S1). The representative image of TP-700 shows an
average size of ∼20 nm, which is in general agreement with the
results from XRD.

Nitrogen adsorption–desorption isotherms were used for tex-
ture analysis (Supplementary material, Fig. S2). The observed type
IV hysteresis loops in N2 adsorption–desorption isotherms are
characteristic of mesoporous structures. For the samples calcined
at the same temperature, P-doped titania had smaller pore diame-
ter and narrower pore size distribution than that of pure titania.
The difference was more significant for the samples calcined at
700 ◦C. The most probable pore diameters centered at 17 nm (T-
500), 32 nm (T-700), 7.7 nm (TP-500), and 15 nm (TP-700). The
pore size distribution of T-700 became very broad, whereas TP-
700 still retained a relatively narrow pore size distribution. The
Brunauer–Emmett–Teller surface areas of the samples are sum-

marized in Table 1. The surface areas of the samples increased
from 79 m2 g−1 for T-500 to 158 m2 g−1 for TP-500. When calcined
at 700 ◦C, the surface area of pure TiO2 decreased drastically to
12 m2 g−1, whereas that of TP-700 was 59 m2 g−1. The decrease
of surface area with increasing calcination temperature was much
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Table 1
Summary of physicochemical and photocatalytic properties of samples.

Samples Crystal size (nm)a SBET (m2 g−1) Adsorption capacity of MB (%)b kapp (10−3 min−1)

Anatase Rutile

T-500 14.6 79 2.3 5.6
T-600 26.8 (88%)c 45.5 (12%) 34 3.8 6.8
T-700 (∼2%) 61.1 (98%) 12 3.7 2.0
TP-500 10.5 158 4.3 21
TP-600 12.4 137 14.8 38
TP-700 18.9 59 22.0 57
TP-800 29.9 31 30.0 27
TP-900 37.0 21 23.4 17
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a The average crystal size of TiO2 was determined by the broadening of XRD peak
b The adsorption capability is represented by the percentage of MB adsorbed by p
c The phase content of TiO2 was obtained from the following formulas: WR = 1/[

espectively, AA and AR represent the diffraction intensity of anatase (101) and rutil

maller for P-doped TiO2 than for pure titania. Clearly P-doping can
tabilize the TiO2 framework and increase the surface area.

Recently, Periyat et al. reported a thermally stable sulfur-doped

natase TiO2 which showed 100% anatase at 800 ◦C and 20%
natase at 900 ◦C (with surface area 6.1 m2 g−1) [6]. Previously,
sing tetrabutyl titanate as precursor, we synthesized by a sol–gel
ethod P-doped TiO2 containing 97% anatase, with surface area of

ig. 1. XRD patterns of (A) T and (B) TP calcined at different temperatures. A and R
enote anatase and rutile, respectively.
cherrer equation.
atalyst during 1 h of adsorption–desorption equilibrium.
84(AA/AR)], WA = 1 − WR, where WA and WR are the content of anatase and rutile,
).

10 m2 g−1 [19]. This might be due to the defects produced by excess
hydroxyl and organic impurities in the amorphous titania prepared
by the sol–gel method [25]. It should be emphasized that our cur-
rent P-doped TiO2 calcined at 900 ◦C retained the anatase content
of 100% and a relatively high surface area (21 m2 g−1). Evidently, P-
doped TiO2 prepared by hydrolysis of TiCl4 shows superior thermal
stability.

To investigate the origin of the thermal stability, DTA studies
were performed on T and TP fresh powders (Fig. 2). Similar exother-
mic peaks around 270 ◦C were observed for the T and TP fresh
powders: those peaks were attributed to thermal decomposition of
residual ethanol from the washing process [19]. Another exother-
mic peak was observed at 468 ◦C for T fresh powders due to the
formation of anatase. By contrast, TP fresh powders showed only
two broad and weak exothermic peaks between 400 and 450 ◦C. The
peak temperature was lower than those for T-sol-fresh and TP-sol-
fresh samples prepared by the sol–gel method [19]. To understand
the different exothermic peaks of anatase formation, XRD pat-
terns of four fresh powders were obtained, as shown in Fig. 3. TP
fresh powder (TP-fresh) showed weak diffraction peaks of anatase,
whereas the other three fresh samples were amorphous. This indi-
cates that hypophosphorous acid (P precursor) and H+ (from the
hydrolysis of TiCl4) may play a catalytic role in the transforma-
tion of amorphous titania to anatase during the liquid hydrolysis of
TiCl4, as reported by Li et al. [26]. Anatase formed during hydroly-

sis can act as a crystallization seed, leading to the transformation
of amorphous titania to anatase at a lower temperature. The fresh
sample containing anatase seed should have higher resistance to
sintering than the amorphous sample. This is probably the main
reason for the superior thermal stability of P-doped TiO2 prepared

Fig. 2. DTA curves of T and TP fresh powders dried at 70 ◦C.
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ig. 3. XRD patterns of four fresh powders (TP-sol-fresh was a fresh sample dried at
00 ◦C and prepared by a sol–gel method from hypophosphorous acid and tetrabutyl
itanate).

y hydrolysis of TiCl4 compared to that prepared by the sol–gel
ethod.

.2. Relationship between surface P content and adsorption
apacity of titania

P 2p XPS spectra were measured to investigate the chemical
tate and surface content of P in the samples. The P 2p3/2 bind-
ng energy of TP-700 was 133.4 eV, as previously reported [27,28],
uggesting that P in the sample exists in the pentavalent oxidation
tate (P5+). The doped P atoms probably replaced part of the Ti4+

n the TiO2 lattice, in the form of a Ti–O–P linkage as reported in
ur previous work [19]. The preparation process in the current work
rovides further evidence. After aging of the precipitate suspension,
he precipitate was washed repeatedly, during which Cl− ion was
emoved but the P species was retained. In our previous work [29],
ure TiO2 was prepared by hydrolysis of Ti(SO4)2 and ammonia;
O4

2− ion was removed during the washing process. Consequently,
he fact that P species could not be removed confirmed formation

f stable Ti–O–P linkages.

The surface P content (P/Ti atomic ratio) was determined from
he areas of the P 2p and Ti 2p peaks considering the relative sensi-
ivity factors. The data plotted in Fig. 4 show increasing enrichment

ig. 4. The dependence of surface P content (solid squares) and specific adsorption
apacity for MB (open circles) on calcination temperature of TP. The inset shows the
inear relationship of specific adsorption capacity and surface P content.
Fig. 5. Depth profile of P in TP-700 after Ar+ etching.

of P species on the TiO2 surface with increasing calcination temper-
ature. This trend can be attributed to transfer of P species from the
bulk network to the surface of titania during high temperature cal-
cination. To obtain further information about the P depth profile in
TiO2 particles, XPS spectra of TP-700 after Ar+ ion etching for dif-
ferent times were obtained. The results (Fig. 5) show a clear trend
of P content decreasing from 5.1% at the surface to a steady value
of 3.0% in the bulk, in the first 30 s of sputtering. These results indi-
cate that P atoms were incorporated into the bulk phase of TiO2
[30]. Considering the sputtering speed of 2 nm min−1, we conclude
that the P species were mainly enriched in a 1 nm surface layer.
This kind of depth distribution has an influence on the adsorption
capacity of TiO2, as discussed below.

Adsorption is an important step in the photocatalytic process
[31]. The adsorption capacity is represented by the percentage of
MB adsorbed by photocatalyst during 1 h of adsorption–desorption
equilibrium. The results are listed in Table 1. Generally speaking,
samples with larger surface area have a stronger adsorption capac-
ity under the same conditions. Hence, it is easy to understand that
P-doped TiO2 showed a larger capacity for adsorption of MB than
undoped TiO2 calcined at the same temperature. However, for P-
doped TiO2 the surface area decreased but adsorption capacity was
greatly increased with increasing calcination temperature. To avoid
the influence of surface area, the specific capacity for adsorption of
MB was calculated and plotted in Fig. 4, which showed a linear
relationship with surface P content.

The pH of the point of zero charge (PZC), determined by mass
titration, was expected to elucidate the origin of the relationship
between the surface P content and adsorption capacity. The pH of an
aqueous suspension of an oxide depends on the oxide/water ratio.
On addition of excess powder, the suspension pH often approaches
a steady limit value that is a reasonable estimate of the PZC for
the oxide [21,22]. Fig. 6A shows typical plots of pH versus cata-
lyst/water mass percentage for pure and P-doped TiO2. When the
catalyst/water mass percentage was higher than 10%, there was no
significant decrease in pH with further addition of solid. The steady
limit values of pH, i.e. PZC values, were 5.7, 3.8, and 3.1 for T-500,
TP-500 and TP-700, respectively. The PZC value determined for pure
TiO2 was consistent with other reports [32]. P-doping of TiO2 cal-
cined at 500 ◦C reduced the PZC from 5.7 to 3.8. Interestingly, the
PZC for TP-500 (3.8) decreased to 3.1 for TP-700, whereas that of

◦
pure TiO2 showed almost no difference between 500 and 700 C
(the data points for T-700 were omitted from the figure for clar-
ity). These results indicate that surface acidity was enhanced when
P-doped TiO2 was calcined at higher temperature. To confirm the
influence of calcination temperature on the PZC of P-doped TiO2 we
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ig. 6. (A) Plot of pH versus catalyst/water mass percentage for T and TP; (B) the
ependence of pseudo-PZC on calcination temperature of TP.

easured the pseudo-PZC which is represented by the pH at cata-
yst/water mass percentage of 1% (indicated by the broken line in
ig. 6A). The results are shown in Fig. 6B. The pseudo-PZC value can
eveal the trend in the PZC, and it is apparent that increasing calci-
ation temperature enhanced the surface acidity, thereby reducing
he PZC of P-doped TiO2.

Since MB is a cationic dye (the molecular structure shown in
ig. 7A), adsorption of MB on TiO2 is greatly influenced by the ion-
zation state of the titania surface [33,34]. As illustrated in Fig. 7B,

hen the pH of the suspension is higher than the PZC of TiO2 the
urface becomes negatively charged, and vice versa when pH is
ower than the PZC [35]. Because we did not control the pH of
he photocatalytic reaction, it was nearly neutral for the adsorp-
ion process. The pH of the aqueous dispersion (∼7) was much
igher than the PZC of P-doped TiO2 (3–4), so an attractive force
etween MB cationic dye and the negatively charged P-doped TiO2
urface would favor the adsorption of MB on the surface. Thus the
ncrease in specific adsorption capacity with calcination temper-
ture is attributed to enrichment of surface P content of P-doped
iO2 after calcination, which leads to the reduction of the PZC.

.3. Photocatalytic property
The kinetics of the MB photocatalytic degradation was ana-
yzed as previously reported [17]. The concentration of MB,
enoted by c, decreased exponentially in first order with reaction
ime in the presence of various catalysts under UV-illumination
Supplementary material, Fig. S3), suggesting a pseudo-first order
Fig. 7. (A) Molecular structure of methylene blue (MB); (B) schematic representa-
tion of MB adsorption on titania by Coulombic attraction.

reaction [34,36]. Apparent reaction rate constants kapp were
deduced from linear fits of ln(c0/c) versus reaction time and are
summarized in Table 1. Compared with pure TiO2, the P-doped TiO2
samples showed much higher photocatalytic activity. The apparent
first order rate constant, kapp of TP-700 was 57 × 10−3 min−1, which
is 10-fold higher than that of pure TiO2. It has been proved in pre-
vious work that P-doped TiO2 prepared by a sol–gel method has
a higher surface area and smaller crystalline size than pure TiO2,
leading to enhancement of its photocatalytic activity [17]. Con-
sidering this point of view, it is easy to understand the superior
photocatalytic performance of P-doped TiO2 compared with pure
TiO2.

Interestingly, the photocatalytic activity of P-doped TiO2 cal-
cined at elevated temperatures was greatly enhanced, even though
the surface area was reduced. The rate constant of P-doped TiO2
increased gradually with increasing calcination temperature up to
about 700 ◦C and decreased at higher calcination temperatures.
After calcination at 900 ◦C, the activity of P-doped TiO2 was smaller,
but its kapp was still 2.5 times higher than that of T-600. By contrast,
the photocatalytic activity decreased greatly when the calcination
temperature of pure TiO2 was increased from 600 to 700 ◦C.

Photocatalytic activity depends on several factors, including
phase composition, crystal size, crystallinity, surface area, nature
of dopants and adsorption capacity [5,19]. To achieve a concise
understanding of the effect of high temperature calcination, the
specific rate constant obtained by division of kapp by surface area
is plotted as a function of calcination temperature in Fig. 8. The
specific rate constant of P-doped TiO2 increased gradually with
increasing calcination temperature up to about 700 ◦C and the high
performance was maintained even after calcination at higher tem-
peratures (700–900 ◦C). This phenomenon can be ascribed, on the
one hand, mainly to improved crystallinity of anatase by high tem-
perature treatment, as reported by Padmanabhan et al. [4] and Yu
et al. [37]. The intensity of the XRD peak at 25.3◦ of TP-700 was
1.7 times higher than that of TP-sol-600, i.e. P-doped TiO2 calcined
at 600 ◦C prepared by the sol–gel method reported in our previous
paper [19]. The rate constant for TP-700 was 1.6 times higher than
that for TP-sol-600 (34 × 10−3 min−1), which was the best photo-
catalyst in that series of P-doped TiO2 materials. Consequently, the

superior performance of P-doped TiO2 prepared from TiCl4 com-
pared to the material prepared from tetrabutyl titanate may be
mainly due to the increased crystallinity of anatase.

On the other hand, with increasing calcination temperature the
enrichment of P species favored adsorption of MB cationic dye on
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ig. 8. The dependence of specific rate constants on calcination temperature of TP.

-doped TiO2 (Fig. 4). To understand the influence of adsorption
n photocatalytic performance, it is necessary to briefly review the
echanism of MB photocatalytic degradation. In a typical photo-

atalysis process, when a photon with a proper energy matches or
xceeds the band gap Eg of TiO2, an electron–hole (e−/h+) pair is
reated within the TiO2 particles by ejection of an electron from
he valence band into the conduction band, leaving behind a hole
n the valence band [1]. There are two oxidative agents in TiO2:
hotogenerated holes h+ and hydroxyl radicals OH•. As a cationic
ye, MB is difficult to attack by holes h+ because of the repulsive
oulombic force. Hence hydroxyl radical attack is mainly responsi-
le for MB degradation. Houas et al. investigated the photocatalytic
egradation pathway of MB in water in detail [33]. They found that
B degradation mainly begins with cleavage of the C–S+ C func-

ional group, which is adsorbed on the TiO2 surface. Subsequently
lmost complete mineralization of carbon, and nitrogen and sulfur
eteroatoms into CO2, NH4

+, NO3
− and SO4

2− takes place. The low
ZC of P-doped TiO2 favored high adsorption of MB by Coulom-
ic attraction between MB+ and Ti–O− sites, making the process of
ydroxyl radical attack more facile, and as a result MB was effec-
ively degraded.

Additionally, surface P species may act as trapping sites to cap-
ure the e−, leading to more effective separation of light-generated
−/h+ pairs and enhancement of photocatalytic activity. The phe-
omenon has also been observed in transition metal supported
iO2 [1,35], S-doped [38] and I-doped [39] TiO2.

In order to evaluate the complete mineralization of MB over
he catalysts, total organic carbon (TOC) was also measured
Supplementary material, Fig. S4). The results showed that the
ate of mineralization is much lower than that of degradation as
eported in the literature [40]. The TOC decreasing rate over P–TiO2
as higher than that over the pure sample. However, the difference
as not as obvious as for MB degradation shown in Supplementary
aterial, Fig. S3. Further study on the mechanism is in progress.

. Conclusion

P-doped TiO2 with high photocatalytic activity and novel
hermal stability has been prepared by a simple, low-cost and
eproducible method. P-doping can greatly retard the phase tran-
ition of anatase to rutile. P-doped TiO2 calcined at 900 ◦C retains

2 −1
00% anatase and a high surface area of 21 m g . Increased
alcination temperature gives an improvement of the anatase
rystallinity and an enhancement of adsorption capacity. The syn-
rgistic effect of P-doping and high temperature calcination leads
o the excellent performance of P-doped TiO2. The photocatalytic

[

[

[

lysis A: Chemical 319 (2010) 46–51 51

activity of P-doped titania calcined at 700 ◦C is 10-fold higher than
that of pure TiO2. The novel thermal stability and high photocat-
alytic performance of the P-doped TiO2 makes it very promising for
applications in the field of industrial manufacture of environmental
protection photocatalysts, such as antibacterial self-cleaning build-
ing materials.
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