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1. Introduction

Numerous publications have been reported about the doped TiO, to extend the photoactive wavelength
region to visible light for the enhanced photocatalystic properties under artificial visible light irradiation
in recent 20 years. Nevertheless except the commercial Degussa P25, the reports about the photocat-
alysts under the solar light irradiation are very few. Fully utilizing 4% UV light in solar light may be a
preferential selection due to its endless energy, free of charge and the faster degradation rate from the
UV light than from the visible light. In this study, P-doped anatase TiO, nanoparticles were conveniently
prepared via a conventional sol-gel route. Due to the reconstructed favorable surface structure with
the incorporated P-O-Ti bonds and the larger surface area, the P-doped TiO; nanoparticles exhibited an
enhanced photocatalytic activity for the degradation of rhodamine B (RhB) as compared with Degussa
P25 and the undoped or N, S-codoped TiO, under solar light irradiation. Especially, degradation effi-
ciency of RhB over P-doped under solar light is only a little lower than that under UV light in the same
irradiation time, suggesting that such constructed photocatalyst could fully utilize solar light and meet
the requirement for practical applications. Furthermore some factors including calcination temperature
of photocatalyst, initial concentration of RhB, reuse of the photocatalyst, catalyst dosage and P doping
contents were also systematically investigated to evaluate the P-doped TiO, photocatalytic degradation
efficiency under the solar light irradiation. This excellent performance endows the as-prepared P-doped
anatase photocatalysts potential in purifying wastewater.

© 2009 Elsevier B.V. All rights reserved.

ate photocatalytic reactions at their interfaces [1]. Among them,
anatase phase titanium dioxide (TiO,) based nanomaterials have

Environmental pollution and destruction gained central focus
on a global scale in today’s society; thereinto wastewater derived
from different chemical industries has high concentration of large
organic molecules which are extremely toxic, carcinogenic and
refractory in nature, and is arousing increased concern. Certainly
using solar light is an optimal way to treat this wastewater problem
due to its endless energy and free of charge. Unfortunately, most
large organic molecules cannot be effectively decomposed into
nontoxic small molecules under long-time solar light irradiation.
Hence some effective catalysts have to be a need for the degra-
dation of pollutants. In recent years, there has been an extensive
interest in the use of semiconductors as photocatalysts to initi-
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been extensively studied as the most promising environment pro-
tective photocatalyst because of its nontoxicity, low cost, good
chemical stability and high catalytic activity, and Degussa P25 has
been seen as the most extensively used commercial photocatalysts
hitherto [2-4]. Due to its wide band gap of 3.2 eV, pure TiO, can-
not make use of the visible light in solar. Therefore great efforts
were made to dope various metal or nonmetal elements into tita-
nia to extend the photoactive wavelength region to visible light
and the resulted photocatalysts owned enhanced photocatalystic
properties under artificial visible light irradiation, which require
substantial electrical power input and cannot meet the require-
ment for practical applications [5-15]. As far as we know, those
doped titania showed inferior photocatalystic effect to the common
Degussa P25 under the solar light irradiation-optimal light source
[16,17]. In our group similar works were also conducted and the
acquired N, Cu-codoped or N, S-codoped titania showed weak pho-
tocatalystic effect as a comparison with Degussa P25 under sunlight
irradiation [18,19]. Furthermore, except the commercial Degussa
P25, the reports about the photocatalysts fitting under the solar
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light irradiation are very few [20]. These experiential results sug-
gested that under the solar light irradiation, merely decreasing the
band gap of TiO, to extend the photoactive wavelength region to
visible light through doping elements into titania is not an ideal
route to enhance the photocatalystic effect. Hence developing a
good photocatalyst superior to common used Degussa P25 under
the solar light irradiation would be an interesting topic.

Since finicky focus on the full utilization of visible light in solar
light resulted in the relative less effort on the full utilization of 4%
UV light in solar light. Actually, we must realize that: we cannot
change the fact that only 4% UV light does exist in solar light. There-
fore fully utilizing 4% UV light in solar light may be a preferential
selection due to the faster degradation rate from the UV light than
from the visible light. Hence increasing the absorption in the UV
range for fully utilizing 4% UV light in solar light would be a better
method than finicky focusing on the full utilization of visible light
in solar light. Very recently we noticed that phosphorus species
in titania have attracted increased interest [21-29], and the as-
prepared P-doped TiO, powders owned more superior properties
including photocatalytic activity and high-temperature stability
over Degussa P25 under UV irradiation. However the photocatalytic
activity of P-doped TiO, has not been examined under the solar
light irradiation. In this study, P-doped anatase TiO, nanoparticles
were conveniently prepared via a conventional sol-gel route. Due
to the stronger absorption in the UV range and the larger surface
area, the as-prepared P-doped TiO, exhibited an enhanced photo-
catalytic activity for the degradation of rhodamine B as compared
with the undoped, N, S-codoped TiO, and Degussa P25 under solar
light irradiation, indicating that the as-prepared P-doped anatase
photocatalysts have better catalytic activity and potential applica-
tions in purifying wastewater.

2. Experimental
2.1. Preparation of P-doped TiO, nanoparticles

P-doped TiO; nanoparticles were synthesized by sol-gel method similar to our
previous work [19]. Herein, tetrabutyl titanate (C;6H3504Ti) was used as a precursor,
the analytical grade phosphoric acid (H3PO4) as a phosphorus source. The typi-
cal process could be described as follows. The molar ratio of phosphoric acid and
tetrabutyl titanate is 0.044. (1) 30 w.L of phosphoric acid, 10 mL of hydrochloric acid
(pH=2) and 20 mL of ethanol was mixed to form a homogeneous solution. (2) 4 mL
of tetrabutyl titanate and 4 mL of acetic acid were dissolved in 20 mL of ethanol. (3)
A stable and transparent colloid solution can be obtained by dropping the solution
prepared in step 1 into the step 2 mixtures after constant stirring for 3 h. (4) Then
the colloid was dried at 120°C. (5) The obtained powder was calcined in a muffle at
various temperatures for 3 h to obtain different P-doped TiO, samples. For a com-
parison, the undoped and N, S-codoped TiO, samples were also prepared with a
similar procedure [19].

2.2. Characterization technique

Ultraviolet-visible (UV-Vis) diffuse reflectance spectra were performed using
VARIAN Cary-5000 UV/Vis/NIR spectrophotometer. BaSO4 was used as a reflectance
standard sample. X-ray diffraction (XRD) measurements utilized a Philips X'pert Pro
X-ray diffractometer with Cu Ka radiation of 1.5418 A. X-ray photoelectron spectra
(XPS) were acquired with a VG ESCALAB MKII X-ray photoelectron spectrophotome-
ter. The Fourier transform infrared (FTIR) spectra of the samples mixed with KBr
were recorded on a Nicolet Magna 560 FTIR spectrometer at a resolution of 2cm~".
The Brunauer-Emmett-Teller (BET) surface area is determined by Micromeritics
ASAP 2020 nitrogen adsorption equipment at liquid nitrogen temperature.

2.3. Study of photocatalytic activity

The photocatalytic activity of the P-doped TiO, samples was evaluated by the
photodegradation of rhodamine B (RhB) aqueous solution with an initial concen-
tration of 12 mg/L. Herein solar light was used as the preferential light source and a
500 W mercury lamp was used sometimes for UV light source. The sunlight exper-
iments were carried out between 10.00 a.m. and 14.00 p.m. during the days of
November (winter season) at Nanjing City. Unless otherwise noted, 5 mg of catalyst
powder was added into 25 mL of above RhB solution in a quartz tube, corresponding
to a catalyst dosage of 0.2 g/L. Prior to irradiation, the suspensions were magnetically
stirred in dark for 30 min to ensure the establishment of an adsorption/desorption
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Fig. 1. UV-Vis absorption spectra of the as-prepared TiO, powders and Degussa
P25.

equilibrium. At given time intervals, about 4 mL aliquots were sampled, centrifuged.
The above clear solution was analyzed by recording variations in the absorption in
UV-Vis spectra of RhB. According to the standard curve between concentration and
absorption, the value of (1 — C/Cy) was calculated, denoted as the degradation ratio.

3. Results and discussion
3.1. UV-Vis diffuse reflectance spectra of the photocatalysts

The UV-Vis diffuse reflectance spectra of the photocatalysts
are shown in Fig. 1. By a simple calculation, the band gaps of the
P-doped, undoped TiO; and P25 are 3.02, 3.00 and 3.05 eV, respec-
tively, indicating that the P-doped sample did not shifted to the
longer wavelength region and the band gap is still very big. This case
is consistent with the computation results in P-doped anatase TiO,
[30]. Noredshift of the P-doped titania implied that the as-prepared
sample would not utilize fully the visible light in sunlight. But the
P-doped nanoparticles have a strongest absorption in the UV range
than the undoped TiO; and P25. So the prepared P-doped sample
can utilize fully the most UV light in sunlight than the other two,
suggesting that the P-doped TiO, would be an ideal photocatalyst
under the solar light irradiation.

3.2. Structural analysis of the photocatalysts

Fig. 2 shows the XRD patterns of the P-doped and undoped pow-
ders annealed at different temperatures. From Fig. 23, it is clear that
the P-doped sample calcined below 900 °C reveals anatase TiO, and
that a new species corresponding to the cubic TiP,07 calcined at
900 °C was observed. The thermal stability of the P-doped samples
was further supported by Raman spectroscopy (Fig. S1). However
in Fig. 2¢c, the undoped TiO, does not stand up with the high-
temperature annealing and begins to show rutile phase at 800°C.
Additionally, it is worth noting that the peaks corresponding to the
(101) plane for P-doped and undoped anatase TiO;, could not be
well accordant and are shown in Fig. 2(b) and (d). For the P-doped
sample, when annealed below 900°C, the (101) plane is located
at 25.40°, but when annealed at 900°C, the (10 1) plane of anatase
shifted to lower angle of 25.25° while cubic TiP, 07 is separated out
from the anatase matrix. However in the undoped sample anatase
TiO,, this case does not happened, its (10 1) plane peak does not
vary with the annealing temperature. Hence from the shift of (10 1)
plane of P-doped sample, it is very possibly implied that the P ele-
ment should be doped into the crystal lattice of anatase. Since the
radii of P ion (0.38A) is smaller than that of Ti ion (0.67 A) [29],
along with the separation of P ion, the (10 1) plane of anatase was
shifted to lower diffraction angle. If the radii of dopant atom are
close to that of O atom or Ti atom, the diffraction peak of (101)
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Fig. 2. X-ray diffraction patterns of P-doped (a) and undoped titania (c) annealed at different temperatures. The right patterns (b and d) are the corresponding local

enlargements from the whole XRD patterns.

plane of the F-doped anatase samples does not shift under the
high-temperature anneal [31].

Fig. 2 also shows that the (10 1) planes of P-doped or undoped
samples are turned more and more aculeate with the annealing
temperature increasing, indicating the higher crystalline degree
and the larger nanoparticles for the samples. The typical crystallite
sizes of nanoparticles for the annealing P-doped sample at 500°C
is 12.1 nm via calculated from the Scherrer equation [32]. Trans-
mission electron microscopy image (TEM) (Fig. S2) indicates that
the mean particle sizes of these samples are about 12 nm in diam-
eter, which is in fairly good agreement with the data calculated
from XRD. From Fig. S2, mesopores are clearly observed into the
nanoparticles.

3.3. XPS and FTIR analysis

X-ray photoelectron spectroscopy (XPS) measurements could
reveal the chemical states of doped samples, which are pivotal
to the optical property, band gap, and photocatalytic activity of
nonmetal-doped TiO;. Fig. 3 shows XPS curves of Py, Tiy, and Oy
taken on the surface of P-doped sample annealed at 500°C, and
from the measurement the P content is about 1.57 atom% though

the molar ratio of phosphoric acid and tetrabutyl titanate is 0.044.
In Fig. 3a, there is only one peak at 133.2 eV, indicating that P ions
are in the pentavalent-oxidation state (P°*). Hence Ti atoms are
unlikely to bond P atoms to form Ti-P bonds in the P-doped TiO,
since the characteristic peak of P in Ti-P at 129 eV has not been
observed. Thus, it is seemed that the P>* replaced a part of Ti** in the
crystal lattice of TiO,, which resulted in the charge imbalance and
decreased the recombination rate of photogenerated electrons and
holes [33]. Seen from Fig. 3¢, O region of P-doped TiO, nanoparti-
cles can be fitted by three peaks, including Ti-O bonds, P-O bonds
and C-O bonds, respectively, which further support the view of
the presence of Ti-O-P bonds. Similar to the cases of the surface-
terminating Ti-O-B-N structures in N, B-codoped anatase, herein
the Ti-O-P surface structures in P-doped anatase may act as reac-
tive sites for promoting the surface separation of photoinduced
charge carriers [34-36].

FTIR spectra of the P-doped, undoped TiO, annealed at 500°C
and Degussa P25 samples are shown in Fig. 4. The broad peak at
3404 cm~! and the peak at 1632 cm! of the P-doped TiO, could be
indexed to OH stretching and bending vibrations, respectively, and
became stronger than those of undoped TiO, and P25. This case
suggests that more surface-adsorbed water and hydroxyl groups
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Fig. 3. X-ray photoelectron spectra (XPS) spectra for the P-doped TiO, sample in the binding energy ranges of (a) P2y, (b) Tizp, and (c) Oys.
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Fig. 4. The Fourier transform infrared (FTIR) spectra of the P-doped, undoped TiO,
annealed at 500 °C and Degussa P25 samples.

exist in the P-doped sample than in the undoped samples and P25,
which are quite helpful for the surface photocatalytic reaction onto
the P-doped TiO, [1,3,37-39]. In addition, an absorption peak at
1033 cm~! is observed in the IR spectra of P-doped TiO, but absent
for undoped TiO, and P25 samples. This characteristic frequency is
resulted from the doped P atoms which exist in the form of Ti-O-P,
with P replacing part of Ti** in the titania lattice [29]. Based on the
analysis of XPS and IR, it can be inferred that the P element has been
successfully doped into TiO,, which are well accordance with the
results of XRD pattern.

3.4. BET analysis

The BET specific surface areas of the P-doped, undoped TiO,
and P25 are summarized in Table 1. With the same calcination
temperature, the surface area of P-doped titania was significantly
larger than that of the undoped one and 2.5 times of that of P25.
Hence P doping into TiO, helps to markedly increase the surface
area. The evolution of pore distribution of the three photocatalysts
above is similar to the BET surface areas (Fig. S3). In addition, for
P-doped samples annealed at different temperatures, their surface
area decreased with increasing calcinations temperature (Table S1)
due to the high-temperature sintering. Anyway, herein the as-
prepared P-doped titania annealed at 500 °C with large surface area
would be an ideal photochemical reaction sites.

3.5. Evaluation of photocatalytic activity of P-doped TiO,

To explore the photocatalytic activity of P-doped TiO, (500 °C),
the degradation of RhB by solar light was investigated. The photo-
catalytic degradation capability of the undoped and N, S-codoped
TiO, (500°C) [19] and Degussa P25 are also measured as a refer-
ence to that of the P-doped sample. Fig. 5 shows a comparison of
the degradation ratio of RhB on different catalysts calcined at 500 °C
under solar light irradiation. The RhB itself degradation without a
catalyst and the photosensitization degradation of RhB in the pres-
ence of photocatalysts were also investigated. As can be seen from
Fig. 5, the self-photosensitized process of RhB can be nearly negligi-
ble as compared with the photocatalytic process, showing the RhB
degradation have two prerequisites: sunlight and photocatalyst. It

Table 1
BET surface area of the P-doped (500°C), undoped TiO, (500°C) and P25.

Catalyst P-doped TiO; (500°C) Undoped TiO, (500°C) P25

126.93 80.53 54.54

Sger (m? g~1)

100

90 L

-~ o0
(= =
T T

«b

/

(=
<
T

&
(=1
T

c
d

=]
T

ey
e

Degradation ratio(%)
wn
=

o W
=]
T

€
___,{;;If
1

10 20 30 40
t(min)

=)
T

. e ——

(=]
<

Fig. 5. Degradation ratio of rhodamine B (RhB) on (a) P-doped TiO,, (b) Degussa
P25, (c) N, S-codoped, (d) undoped TiO-, (e) RhB without the presence of any pho-
tocatalyst under solar irradiation for 40 min and (f) photosensitization degradation
of RhB in the presence of P-doped TiO, but without the solar irradiation.

is clear that the P-doped TiO, (500 °C) shows the highest photocat-
alytic degradation activity than Degussa P25 and the undoped or N,
S-codoped TiO, (500 °C) under solar light, indicating that the pho-
tocatalytic activity of the P-doped TiO, (500 °C) nanoparticles has
an excellent solar light response. The degradation ratio of RhB over
P-doped TiO, (500°C) is 90.3% under solar light irradiation after
40min, 1.3,3.5and 4.5 times of those over P25 and the N, S-codoped
and undoped TiO5, respectively. Although the N, S-codoped sample
had good visible light response [19], its solar-light-sensitive pho-
tocatalytic activity is very inferior to herein as-prepared P-doped
titania. Additionally, a similar examination was conducted under
the UV irradiation to test the degradation efficiency of RhB over
P-doped TiO, (500°C) (Fig. S4), and the degradation ratio of RhB
over P-doped TiO, (500°C) is 98.9% under solar light irradiation
after 40 min, 1.1 and 2.0 times of those over P25 and undoped
TiO,, respectively. Degradation ratio of P-doped under solar light is
only a little lower than that under UV light in the same irradiation
time, suggesting that such constructed photocatalyst could fully
utilize solar light and meet the requirement for practical applica-
tions. The high photocatalytic efficiency of the P-doped TiO, can
be attributed to the reconstructed favorable surface structure with
the incorporated P-O-Ti bonds and their polyporous structure with
high surface area, which is able to facilitate adsorption of water
contaminants and effective utilization of UV light in the solar light
[29,30,34-36].

The various factors including calcination temperature of pho-
tocatalyst, initial concentration of RhB, reuse of the photocatalyst,
different catalyst dosage, and different P doping amounts were also
systematically investigated to evaluate the P-doped TiO, photocat-
alytic degradation efficiency under the solar light irradiation and
the obtained results were shown in Fig. 6. It is found that the pho-
tocatalytic activity increases up to 500 °C and then decreases with
increasing calcination temperatures (Fig. 6a). The P-doped TiO, cal-
cined at 500°C owns the highest photocatalytic activity. It can be
related to the XRD pictures and BET data. Although the specific
surface area P-doped TiO, calcined at 400°C is a litter higher than
that of the P-doped TiO, calcined at 500°C, from the XRD pattern
it can be seen that the P-doped TiO, calcined at 500°C has bet-
ter crystallization than P-doped TiO, calcined at 400 °C. According
to the Scherrer equation from the (101) plane, the average crys-
tallite sizes of P-doped calcined at 400-800°C is 11.5, 12.1, 13.3,
14.4,19.3 nm respectively. It was reported that the optimal size of
anatase crystal for the excellent photocatalytically active is ~15 nm
[40]. Therefore the reason why P-doped TiO, calcined at 500°C
has the highest photocatalytic activity could be related to its large
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Fig. 6. The various factors influencing the photocatalytic activity of P-doped TiO, under the solar light irradiation: (a) annealing temperature, (b) initial concentration of
RhB, (c) reuse of the P-doped TiO, powders, (d) catalyst loading, and (e) P doping amount.

surface area, good crystallization and appropriate particles size.

Fig. 6b shows the influence of the doping amount of phosphorus
on the photocatalytic activity of P-doped TiO,, When the molar ratio
of phosphate and tetrabutyl titanate is 0.044, the synthetical sam-
ple has the highest photocatalytic activity. At lower contents below
the optimum value, P>* could inhibit the recombination between
photogenerated electrons and holes by capturing the photogen-
erated electron with the P content increase in TiO, [41], leading
to enhanced photocatalytic efficiency. However, when the molar
ratio exceeded the 0.044, P>* became the recombination center
of photogenerated electrons and holes, resulting in a decreased
photocatalytic activity [42].

Thereuse times are vital to the life of photocatalyst. Fig. 6¢c shows
the influence of the reuse times on the photocatalytic activity of P-
doped TiO,. The process of reusing the catalyst is as follows: 5 mg
of catalyst powder was added into 3.5 mL of RhB solution (12 mg/L)
in a quartz cell and the suspension was sonicated in dark for 10 min
before irradiation. After 30 min sunlight irradiation, the suspension
was shifted into centrifugal tube and centrifuged. The clear solu-
tion above was spilled out and analyzed by recording variations
in the absorption in UV-Vis spectra of RhB. The catalyst subsided
at the bottom of centrifugal tube was mixed with 3.5 mL of RhB
solution (12 mg/L) again, sonicated 10 min under dark, shifted into
quartz cell, irradiated 30 min under sunlight and then measured
the UV-Vis absorption. As like this, the process was repeated for 4
times. The overall results were shown in Fig. 6¢. The first degrada-
tion ratio of RhB was 95%, and that of the fifth times was ca. 88%,
indicating the P-doped TiO, had very good stability and could be
reused several times without annealing again.

Additionally, the initial RhB concentrations and catalyst load-
ing were also examined on the photocatalytic activity of P-doped
TiO, under the solar light and shown in Fig. 6d and e. It can be
seen that the optimal concentration of RhB is 12 mg/L at a given
catalyst dosage of 0.2 g/L and the optimal catalyst dosage is 0.4 g/L.
The photocatalytic degradation efficiency has been decreased when
catalyst dosage is over 0.4 g/L. This could be attributed to shadow-
ing effect, the high turbidity from the high concentration of P-doped
TiO, scatters the solar light, leading to the penetration depth of
solar radiation decreased [19,43].

4. Conclusions

We have used a conventional sol-gel process to obtain the
P-doped titania powder. XRD, UV-Vis absorption spectroscopy,
XPS and FTIR showed that the P element has been successfully
doped into the titania. The P-doped TiO, nanoparticles exhibited
an enhanced photocatalytic activity for the degradation of rho-
damine B as compared with the N, S-codoped and undoped TiO,
and the commercial Degussa P25 under solar light irradiation. Espe-
cially the comparable photocatalytic property under solar light
irradiation over under UV irradiation endows the P-doped anatase
potential in purifying wastewater and meets the requirement for
practical applications. Furthermore some factors including calci-
nation temperature of photocatalyst, initial concentration of RhB,
reuse of the photocatalyst, different catalyst dosage, and different P
doping contents were also systematically investigated to evaluate
the P-doped TiO, photocatalytic degradation efficiency under the
solar light irradiation.
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