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Phosphate modified TiO2 photocatalysts were prepared by phosphoric acid treatment before or after TiO2

crystallization. Substrates with different structures were chosen to explore the photocatalytic activity of as-
modified TiO2 under UV irradiation. It was found that the effect of phosphate modification is definitely
attributed to the surface-bound phosphate anion, and the modification by phosphate can affect both the rates
and pathways of photocatalytic reactions, which are of great dependence on the structures and properties of
substrates. The degradation of substrates (such as 4-chloropehenol, phenol, and rhodamine B) with weak
adsorption on the pure TiO2 was markedly accelerated by phosphate modification, while substrates (such as
dichloroacetic acid, alizarin red, and catechol) with strong adsorption exhibited a much lower degradation
rate in the phosphate modified system. A much higher amount of hydroxyl radical was produced in phosphate
modified system. All of the experimental results imply that phosphate modification largely accelerates the
hydroxyl radical attack, but hinders the direct hole oxidation pathway. A common operating mechanism for
the phosphate modification, which can be applicable to other inert anions, is also discussed from the viewpoint
of an anion-induced negative electrostatic field in the surface layer of TiO2 and the hydrogen bond between
modification anion and H2O molecule.

Introduction

TiO2 semiconductor material is considered to be the most
promising heterogeneous photocatalyst for environmental cleanup
by solar energy due to its excellent stability and anticorrosion.1,2

During the photocatalytic degradation of organic pollutants
assisted by TiO2, an electron in the valence band is excited to
the conduction band by ultraviolet light with wavelength shorter
than 380 nm, and a positive hole is left in the valence band.
The valence band hole can oxidize the hydroxyl group or water
adsorbed on the surface of TiO2 to form the adsorbed or/ and
free hydroxyl radical, which is believed to be responsible for
the initiation of the degradation reaction.3 Alternatively, the hole
is also reported to oxidize the pollutants by direct electron
transfer (ET). In most cases, it is difficult to distinguish the
two pathways, since they often lead to the generation of same
radical species and hydroxylated intermediates. Comparison of
these two pathways in photocatalysis is only implicated in a
few systems.4,5

The surface modification may have marked influence on the
photocatalytic process by altering the charge-transfer pathways
occurring at the water-TiO2 interface. Recently, the modifica-
tion of TiO2 by inorganic nonmetal and redox-inert anions
(such as F-,3,6-8 PO4

3-,9-12 SO4
2-,13,14and trifluoroacetic acid15)

has attracted remarkable attention due to their ability in
improving the photocatalytic activity of TiO2. For example,
Pelizzetti and co-workers reported that the surface fluorination

of TiO2 can accelerate the photocatalytic oxidation of phenol.3

Choi et al. also studied the effect of TiO2 surface fluorination
on photocatalytic reactions and photoelectrochemical behaviors.6

Phosphate anions are known to adsorb strongly on the surface
of TiO2 by inner-sphere surface complex, which can greatly
influence the interfacial and surface chemistry of TiO2.16 The
earlier studies on the modification of TiO2 by phosphate and
sulfate focused primarily on the improvement of the thermal
stability and on the increase of surface area and acid sites on
the TiO2 surface,14,17,18 only a few investigations focused on
the role of phosphate in the photocatalytic activity of TiO2, and
some rather contradictory results were reported. Matthews et
al.19 reported that the phosphate or sulfate even at millimolar
concentrations could reduce the photocatalytic oxidation rates
by 20-70%. However, Yu et al.11 recently reported that the
phosphate modified TiO2 exhibited higher photocatalytic activity
than pure TiO2 on oxidation ofn-pentane in air. They attributed
the higher photocatalytic activity of phosphate modified TiO2

to the extended band gap energy, larger surface area, and the
existence of Ti ions in a tetrahedral coordination. Korosi et al.9,10

also prepared a series of phosphate modified TiO2 samples with
high surface area, and found that the modified catalysts with a
small amount of phosphate could increase the photocatalytic
activity for photodegradation of phenol and ethanol. In these
works, in order to inhibit the growth of crystallite and increase
surface area, the phosphate anion was introduced before the
crystallization of TiO2. Compared with the unmodified TiO2,
photocatalysts modified by this process present so many
different properties (such as surface area, the crystallite com-
ponent and phase, and surface acidity) that it is difficult and
complex to reveal the exact role of phosphate anion in the
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photocatalysis. As a result, the mechanism for the improvement
of photocatalytic activity by phosphate-modification is ambigu-
ous.

In this study, phosphate modification was carried out after
the full crystallization of TiO2. As expected, the modified TiO2
holds the same surface area and the crystallite phase as the
unmodified one, which simplified the factors that influence the
photocatalysis and make it easier to uncover the role of the
phosphoric anion in the photocatalytic process. To make clear
the effect of surface adsorption on the photodegradation, various
substrates with different adsorption ability and anchoring groups
on the surface of TiO2 were chosen. The detailed studies of the
intermediates and reactive species were also performed to
investigate the effect of phosphate on the photodegradation
process. It is found that the phosphate groups bound on the
surface of TiO2 greatly promote the generation of the major
reactive radical,•OH radical, accelerates the hydroxyl radical
attack, but hinders the direct hole oxidation pathway. The
examination of dechloration, formation of intermediates, changes
of TOC and COD during the degradation of 4-chlorophenol
shows that more organic intermediates are formed in the
phosphate-modified system than in the pure TiO2 dispersion.
The effect of phosphate modification on the photocatalytic
activity of TiO2 should mainly result from the negative
electrostatic field in the surface layer of TiO2 induced by
phosphate anions and the activation of H2O by formation of
hydrogen bond between phosphate and H2O molecule. The
results would provide some useful information for the study on
photocatalytic mechanism and for design and preparation of
efficient TiO2-based photocatalysts. In addition, considering that
the PO4

3- is commonly present in natural and in the industrial
wastewater, and that it was frequently used as a pH buffer in
the studies of photocatalysis,20,21 the examination of the
“adsorption-only effect” of PO43- on the photocatalytic degra-
dation of organic pollutants has a helpful implication for the
practical application of photocatalysis.

Experimental Section

Materials. Titanium isopropoxide (98%) was purchased from
Acros. Rhodamine-B (RhB) dye was of laser-grade quality.
Alizarin red (AR), 4-chlorophenol, phenol, hydroquinone,
catechol, dichloroacetic acid, isopropyl alcohol, phosphoric acid,
and hydrogen peroxide were of analytical reagent grade.
Deionized and doubly distilled water was used throughout this
study. The pH of the solutions was adjusted with dilute aqueous
solutions of HClO4 and NaOH. It is known that ClO4- has low
adsorption ability on the surface of metal oxides, and has little
effect on the photocatalytic activity of TiO2.19 Accordingly,
adjustment of the pH value by HClO4 can avoid the influence
of the anions by competitive adsorption with phosphate anion.

Photocatalyst Preparation.TiO2 photocatalysts were pre-
pared based on a sol-gel method by alkoxides precursors of

titanium. Titanium isopropoxide (3.0 mL) was dissolved in
isopropyl alcohol (20 mL) to obtain a solution of ca. 0.5 M.
After ultrasonic mixing, the solution was added dropwise to 20
mL of deionized and doubly distilled water under vigorous
stirring. After aging for 2 h, the white gel thus formed was
poured into 160 mL water, and stirred for 3 h, then evaporated
at 100 °C to remove water. The dry gel was triturated and
sintered at 430°C for 3 h. After having been washed by water
thoroughly and dried, pure crystallized TiO2 was obtained. To
load the phosphate ion, the crystallized TiO2 was soaked in 0.3
M phosphoric acid at 30°C for 5h, and then separated by
centrifugation. The power was divided into two parts. One was
washed thoroughly by water to remove the weak-bound
phosphate anion, and dried at 100°C to obtain TiO2-P1. To
strengthen the interaction between the phosphate anion and the
surface Ti site, the other part was dried directly at 100°C and
further heated at 300°C for 1.5 h. After having been washed
by water thoroughly and dried, the catalyst TiO2-P2 was
obtained. For comparison, the phosphate modified TiO2 treated
before crystallization was also prepared. The preparing process
was the same as that of TiO2, except that the aged white gel
was poured into, instead of water, 160 mL of phosphoric acid
solution with P:Ti ratios of 0.05, 0.10, and 0.20 (denoted P0.05-
TiO2, P0.10-TiO2, and P0.20-TiO2, respectively). The gel was
then stirred for 3 h, evaporated at 100°C to remove water,
triturated and sintered at 430°C for 3 h. The sintered catalyst
powder was washed by water thoroughly to remove the excess
phosphoric acid and dried.

Structural Characterization. X-ray diffraction (XRD) mea-
surements were performed on a Regaku D/Max-2500 diffrac-
tometer with the Cu KR radiation (1.5406 Å). X-ray photoelec-
tron spectroscopy (XPS) data were recorded with an ESCA
laboratory 220i-XL spectrometer using Al KR (1486.6 eV)
X-ray source. To eliminate charge effect, all of the spectra were
calibrated to the binding energy of adventitious C 1s peak at
284.8 eV. The specific surface areas of the catalysts were
measured using 3H-2000III automatic nitrogen sorption BET
surface area analyzer. The surface hydroxyl (OHad) group
density of photocatalyst was estimated by thermo gravimetric
analysis (TGA). The weight loss of TiO2 catalysts was
monitored by TGA in a thermobalance. The temperature
program was as follows: the sample powers were heated in
nitrogen from 25°C to 120 °C at 10 °C/min, held at this
temperature for 10 min to remove the physically adsorbed water,
and then heated to 650°C at 20°C/min. The relative hydroxyl
group surface density was calculated using the TGA weight loss
and the specific surface area according to reference 32 (eq S1,
Supporting Information). The infrared spectra were obtained on
a TENSOR 27 FTIR spectrometer (Bruker) in the diffuse
reflectance mode, and all samples were dried at 100°C for 180
min in air before IR experiments. Hitachi U-3010 was used to
record the UV-vis diffuse reflectance spectra.

Photodegradation Reaction.The light source used was a
100-W mercury lamp. The 40-mL aqueous solutions containing
substrate and pure TiO2 or phosphate modified TiO2 catalyst
powder were placed in a Pyrex vessel. Prior to irradiation, the
suspensions were magnetically stirred in the dark for ca. 30
min to ensure the establishment of an adsorption/desorption
equilibrium. At a given time, 3 mL aliquots were collected,
centrifuged, and then filtered through a Millipore filter (pore
size 0.2µm) to remove the solid catalyst particles. The filtrate
was then subjected to analysis of the concentration and the
intermediates using a UV-vis spectrophotometer (Lambda Bio-
20) or high-performance liquid chromatography (HPLC) (Di-

Figure 1. XRD spectra of pure TiO2 and phosphate modified TiO2
with several phosphate contents prepared by different methods, (A):
(a) pure TiO2, (b) TiO2-P1, and (c) TiO2-P2, (B): (a) TiO2 (the spectra
a in A), (b) P0.05-TiO2, (c) P0.10-TiO2, and (d) P0.20-TiO2.
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onex P580 pump and UVD340S diode array detector). During
HPLC analysis, all intermediates were verified by use of
authentic samples. The hydroxyl radical generated was trapped
by DMPO and measured using a Bruker model ESP 500 E
electron paramagnetic resonance (EPR) spectrometer. The
samples for EPR measurements were prepared as follows: a
1.0-mL portion of suspension with 3 mg of pure or phosphate-
modified TiO2 and 80µL of DMPO (TCI) was exposed to a
100-W mercury lamp under aerated and stirring conditions. A
30-µL portion of suspension was collected at a time interval of
30 s and filled into a quartz capillary for EPR measurements.
Total organic carbon (TOC) was assayed by an Apollo 9000
TOC analyzer. Chemical oxygen demand (CODCr) was mea-
sured using the potassium dichromate titration method.

Results and Discussion

Characteristics of Phosphate-Modified Photocatalysts.The
status of phosphorus species in the modified TiO2 catalyst and
the influence of phosphate modification on the structure and
electronic properties of TiO2 were intensively investigated first.
XRD spectra of the phosphate modified TiO2 are displayed in
Figure 1. It is shown that the crystallite phase for all samples
was pure anatase and no other phases (such as rutile) were
observed. For the samples treated by phosphoric acid after
crystallization (Figure 1A), the XRD patterns exhibited little
change with respect to pure TiO2, and the average crystallite
size estimated from the broadening of the diffraction peaks by
Scherrer formula was about 11.5 nm (entries 1-3 in Table 1).
It indicates that, as expected, this modification process could
not influence the crystalline degree and crystallite size of TiO2.
In the cases of phosphoric acid treatment before calcination
(Figure 1B and entries 4-6 in Table 1), however, even a small
amount of phosphoric acid could lead to a marked broadening
of the diffraction peaks (Figure 1B). When the amount of added
phosphoric acid corresponded to a P/Ti ratio of 0.05, the size
of anatase crystallites decreased from 11.5 to 9.0 nm, and the
specific surface area increased from about 85 to 167 m2g-1

(Table 1 entry 4). Further increase in the amount of phosphoric
acid tended to present little effect on crystallite size, but resulted
in a notable increase in surface areas from 167 to 215 m2g-1

(Table 1 entry 5, 6), suggesting the existence of some amorphous
TiO2 species, which increase with the amount of added H3PO4.
Evidently, the modifying process by phosphoric acid treatment
before crystallization can strongly inhibit the growth of anatase
grain and can greatly increase the surface areas of resulting
photocatalysts, which is in good agreement with the literature.9-11

The adsorption of phosphate anion on TiO2 is expected to
decrease the density of surface hydroxyl (OHad).6,22The relative
density of the surface hydroxyl group of pure and phosphate-
modified TiO2 was estimated using thermogravimetric analy-

sis.23 The results are shown in Table 1 and in Figure S1
(Supporting Information). As expected, after the adsorption of
phosphate anion, the density of surface hydroxyl group on TiO2-
P1 decreased from 10.2 to 9.0 OH/nm2. The density of on TiO2-
P2 OHad was further reduced. It indicates that the phosphate
anion can anchor strongly on the TiO2 surface by replacing the
surface hydroxyl groups. Similarly, for all samples in which
the phosphate acid was introduced before the crystallization,
low densities of surface hydroxyl were observed (Table 1 entry
4-6).

Figure 2 and Figure S2 (of the Supporting Information) show
the FTIR spectra of pure TiO2 and phosphate modified TiO2.
The strong peak at 750 cm-1 is assigned to the Ti-O-Ti
stretching vibration of Ti in a octahedral coordination,24 and
the peaks around 3200 (broad) and 1640 cm-1 correspond to
the stretching and deformation bands of surface-adsorbed water
molecules and hydroxyl groups.24,25After phosphate modifica-
tion, a new absorption band around 1080 cm-1 appeared on
the shoulder of the Ti-O-Ti vibration band, which is the
characteristic frequency of the phosphate ions.9 In addition, the
peak intensity of PO43- for TiO2-P2 (curve c) was stronger than
that of TiO2-P1 (curve b). The bands of surface-adsorbed water
molecules and hydroxyl groups (3200 and 1640 cm-1) became
weak for TiO2-P1 relative to the pure TiO2, and further lessened
for the heated sample (TiO2-P2, curve c), indicating the
replacement of OHadby PO4

3-, which confirms the measurement
results of the OHad density. The band of PO43- also appeared
in the samples modified by phosphate acid before the crystal-
lization, and the intensity became stronger with increase of the
added amount of phosphate acid (Figure S2 of the Supporting
Information).

XPS was employed to examine the oxidation state and content
of PO4

3- on the TiO2 surface. The P 2p XPS spectra are
presented in Figure 3, and the Ti 2p and O 1s spectra are
displayed in Figure S3 (of the Supporting Information). P/Ti
ratios at the surface of TiO2 were determined to be 0.09, 0.18,
and 0.15 for TiO2-P1, TiO2-P2, and P0.10-TiO2, respectively.
All of the phosphate-modified TiO2 exhibited a binding energy

TABLE 1: Summary of Physicochemical Properties of
Phosphate Modified TiO2

samples
crystalline
size (nm)a SBET (m2/g)b OH/nm2c P/Ti ratiod

1 TiO2 12.0 85 10.2 0
2 TiO2-P1 11.6 84 9.0 0.09
3 TiO2-P2 11.4 92 8.3 0.18
4 P0.05-TiO2 9.0 167 6.2
5 P0.10-TiO2 9.0 187 6.7 0.15
6 P0.20-TiO2 9.1 215 6.6

a Estimated from broadening of the diffraction peaks by Scherrer
formula. b BET specific surface area by N2 adsorption method.c Cal-
culated from thermo gravimetric analysis.d Determined from the XPS
results.

Figure 2. FTIR spectra of pure TiO2 and phosphate modified TiO2,
(a) TiO2, (b) TiO2-P1, and (c) TiO2-P2.

Figure 3. P 2p XPS spectra of phosphate modified TiO2, (a) TiO2-
P1, (b) TiO2-P2, and (c) P0.10-TiO2.
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of P 2p located at around 133.5 eV, indicating that phosphorus
in our samples is be in pentavalent-oxidation state (P5+) and
presents in the form of P-O bond.26 It is noted that all the P
2p spectra were asymmetric and exhibited a shoulder on the
high-energy side, and the spectra can be fitted by two peaks
located at 133.6 and 134.5 eV, respectively, and their area ratios
for the samples TiO2-P1, TiO2-P2, and P0.10-TiO2 were 0.22,
0.28, and 0.35, respectively. The main peaks at 133.6 eV have
a similar binding energy to that of the controlled NaH2PO4

(133.9 eV) and Na2HPO4 (133.1 eV), which can be assigned to
the monodentate coordinated PO4

3- with the surface Ti sites.
The heating at 300°C was expected to strengthen the bond
between the phosphate anion and the Ti sites. Also, the binding
intensity in P0.10-TiO2 should be stronger than in that of other
samples. In addition, the existence of physically adsorbing
phosphate ions had been excluded by thorough washing. The
higher area ratios for the peaks at 134.5 eV in samples TiO2-
P2 and P0.10-TiO2 suggest that the shoulder peaks should be
attributed to the phosphate species bonded by bidentate form.
It is also noted that the results of XPS, by which the P/Ti ratio
(0.15) in the sample P0.10-TiO2 is much larger than the added
phosphoric acid amount (0.10), may be derived from the
enrichment of phosphate species on the surface during crystal-
lization. The two Ti 2p3/2 peaks (458.8 and 464.5 eV,
respectively) in the phosphate-modified samples (Figure S3A
curves b-d of the Supporting Information) exhibited little

difference with respect to that of pure TiO2 (curve a), indicating
the Ti is in an octahedral coordination in all of the samples.27

The O 1s XPS spectra had strong peak at 530.0 eV, corre-
sponding to the Ti-O-Ti lattice oxygen of TiO2. A shoulder
at the higher binding energy was also observed, which is
assigned to the surface hydroxyl groups (Ti-OH).28 The
difference spectra of O 1s between the phosphate-modified and
pure TiO2 (Figure S3C of the Supporting Information) indicate
that the O 1s peaks in P-O form (531.2 eV) appeared after the
modification, and the change in their intensities are in consistent
with the results of FTIR and P/Ti ratios.

Adsorption and Photocatalytic Activity of Phosphate-
Modified Photocatalysts.It has been reported that the photo-
catalytic reaction typically occurs at the surface of photocalalyst.
Adsorption of the organic substrates is generally considered to
be an important factor in their photocatalytic degradation. The
surface occupation by phosphate anions can be competitive with
adsorption of organic molecules, and hence influence photo-
catalytic degradation of the substrates. In this study, therefore,
various substrates with different adsorption ability and anchoring
groups were chosen. Their relative adsorption amounts and
degradation rate constants are displayed in Figure 4, and the
corresponding degradation kinetic curves are given in the
Supporting Information (Figure S4).

It is shown in Figure 4 that the effect of phosphate
modification on TiO2 is substrate-dependent. The degradations

Figure 4. Adsorption and photocatalytic activity of the phosphate modified TiO2 photocatalysts for the degradation of various substrates in aqueous
dispersions under UV irradiation. The adsorption is represented by the adsorption percentage of the added substrates by catalysts under the reaction
conditions. (A) 4-chlorophenol (2.0× 10-4 M, Cat 1.0 g/L, pH) 2.5); (B) phenol (2.0× 10-4 M, Cat 1.0 g/L, pH) 5.7); (C) Rhodamine B (2.0
× 10-5 M, Cat 0.5 g/L, pH) 2.5); (D) dichloroacetic acid (2.0× 10-4 M, Cat 1.0 g/L, pH) 3.4); (E) Alizarin red (2.0× 10-4 M, Cat 0.5 g/L,
pH ) 4.3); (F) catechol (2.0× 10-4 M, Cat 1.0 g/L, pH) 2.5).
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of 4-chlorophenl (4-CP), phenol, and Rhodamine B (RhB) were
accelerated to different extents by the phosphate modification
(Figure 4A-C). The adsorption amount of 4-CP (2.0× 10-4

M initially) in the pure TiO2 system was only about 3%
(corresponding to 6.3µmol/ gTiO2). After the modification by
PO4

3-, the adsorption of 4-CP became much weaker. For
example, the adsorption amount on TiO2-P2 and P0.10-TiO2
decreased to 0.5% (0.9µmol/gTiO2) and 1.8% (3.5µmol/gTiO2),
respectively (Figure 4A). For phenol, a similar adsorption
tendency on the various catalysts was also observed (Figure
4B). The decay rate constant of 4-CP (fitted by pseudo-first-
order process) on pure TiO2 was 0.0028( 0.0002 min-1. Upon
modification with phosphate anion, although the adsorption of
4-CP became weak, the degradation of 4-CP was markedly
accelerated, and the kinetic constants increased to 0.014( 0.001
min-1 and 0.015( 0.0004 min-1 for TiO2-P2 and P0.10-TiO2,
respectively. There was an∼4-fold increase in the rate constants
for the degradation of 4-CP in the phosphate modified TiO2

systems compared to that in the unmodified system. Similarly,
the photocatalytic degradation of phenol was also enhanced after
phosphate modification (Figure 4B). RhB molecule is zwitte-
rionic. It contains positively charged diethylamine groups and
a negatively charged carboxylate group. The carboxylate group
is reported to be easily adsorbs to Ti sites on the surface of
TiO2.29 On the other hand, the positively charged diethylamine
groups are prone to interact electrostatically with negative
species such as phosphate anion absorbed on TiO2 surface. On
balance, PO43- modification of TiO2 exhibited little effect on
the adsorption of RhB. However, its degradation rate was
notably accelerated by the PO4

3- modification. The pseudo-
first-order rate constant of RhB degradation was promoted from
0.010 min-1 for TiO2 to 0.043 min-1 for TiO2-P2 and 0.025
min-1 for P0.10-TiO2.

In contrast to the cases of 4-CP, phenol, and RhB, the
degradations of dichloroacetic acid (DCA), alizarin red (AR),
and catechol were greatly suppressed on the phosphate modified
TiO2 (Figure 4D-F). The adsorption of DCA decreased from
8.6% (17µmol/g TiO2) for TiO2 to 0.2% for TiO2-P1, 0.4%
for TiO2-P2 and 1.6% for P0.10-TiO2. The pseudo-zero-order
rate constants for DCA degradation decreased from 0.024 min-1

for TiO2 to 0.0030 min-1 for TiO2-P1 and P0.10-TiO2, that is,
there was about 8-fold of decrease in the degradation of DCA
after the phosphate modification. AR also has strong interaction
with the surface of TiO2 through coordination of the two
hydroxyls with Ti sites.30 Therefore, TiO2 exhibited rather strong
adsorption for AR, and about 41.6% of AR (2.0× 10-4 M initial
concentration) was adsorbed on TiO2 (166 µmol/gTiO2). The
phosphate modification of TiO2 markedly suppressed its adsorp-
tion. For example, only about 1% of AR was adsorbed in the
TiO2-P2 case. Similar to DCA, the phosphate modification
inhibited the degradation of AR. Catechol also possesses of two
hydroxyls in ortho positions as AR. Its adsorption and degrada-
tion were also lowered in the phosphate modified TiO2 systems
compared with the pure TiO2.

In our study, the adsorption of all of the substrates, except
zwitterionic RhB, was suppressed upon phosphate modification.
Phosphate has proven to be a strongly binding anion on the
surface of TiO2. The Langmuir binding constant reported for
phosphate onto TiO2 at pH) 2.3 is (3.8( 0.8)× 104 mol-1L,
which is similar to the binding constants for bidentate ligand
species such as oxalate and catechol.16 It is evident that the
occupancy of the surface Ti sites by phosphate is responsible
for the decrease of absorption of substrates. From Figure 4, it
could be found that a common characteristic for the substrates,

for which their degradations were promoted by the phosphate
modification, is that their adsorption abilities on the catalyst
surface are relatively weak under the experimental conditions.
In contrast, all substrates exhibiting suppressive degradation in
the PO4

3--modified systems (DCA, AR, and catechol) have a
strong adsorption on the pure TiO2 surface, and their adsorption
was markedly suppressed by phosphate modification. In fact,
in the photocatalysis of the surface fluorinated TiO2, Choi and
co-workers6 also found that both the adsorption and photodeg-
radation rate of DCA markedly decreased in TiO2-F system and
proposed that the photocatalytic degradation of DCA on TiO2

is mainly initiated by a direct hole oxidation through the
formation of bidentate complexes of carboxylate groups with
the Ti site. On the basis of detailed kinetic analysis and the
time evolution of the intermediates during the photocatalytic
transformation of phenol in the presence of different alcohols,
Pelizzetti and co-workers8 suggested that the oxidation of phenol
proceeds 90% through the reaction with TiO2-bound hydroxyl
radicals; the remaining 10% is via direct interaction with the
holes. It is well-known thatortho-hydroquinone derivatives can
anchor to the surface Ti of TiO2 to form the chelate charge-
transfer complex. Their adsorption on TiO2 is much stronger,
and the charge transfer between them and TiO2 is much easier
than that of monohydroxyl phenols such as chlorophenol and
phenol. Hoffmann and co-workers5 have reported that the direct
hole oxidation pathway was more important for strongly
adsorbing 4-chlorocatechol, whereas hydroxyl radical attack was
more dominated for the poorly adsorbing 4-chlorophenol.
Accordingly, our present results imply that phosphate modifica-
tion largely accelerates the hydroxyl radical oxidation pathway,
but hinders the interaction of substrates with TiO2 and hence
suppresses the direct electron-transfer pathway by holes.

In this study, the only possibility for the phosphate groups is
to be bound to the surface of TiO2 crystallites by substituting
the surface hydroxyl in TiO2-P1 and TiO2-P2 samples, since
the TiO2 is already well-crystallized before the adsorption of
phosphate. Moreover, the crystallite size and surface area for
phosphate-modified TiO2 treated after crystallization were found
to be unchanged comparing to pure TiO2. The photodegradation
reaction of a series of substrates shows that the phosphate-
modified TiO2 treated after crystallization exhibited similar
adsorption and degradation behaviors to the phosphate-modified
one treated before crystallization, although the enhanced or
suppressed extents were dependent on the synthesis methods
and the substrates. It is evident that, in the present study, the
changes in the surface area and crystallite structure, resulting
from phosphate incorporation into the bulk of crystallite, cannot
account for the effect on the photocatalytic properties, as
proposed in the earlier work.11,12 It should be reasonable to
attribute these effects to the surface-bound phosphate anion.
Korosi et al.10 also found that the phosphate modified TiO2 by
sol-gel method lost much of its photocatalytic activity in ethanol
oxidation reaction after removing the surface phosphate by
treatment with NaHCO3 solution, which is consistent with our
results here.

Intermediate Analysis for Photocatalytic Degradation of
4-Chlorophenol.4-CP is a kind of poisonous organic pollutant
in water. Its photocatalytic degradation has been extensively
investigated,20,21,31,32and much mechanistic information has been
obtained. In order to make the operating mechanism of
phosphate groups in the photocatalytic reaction clearer, the
degradation process of 4-CP, including detection of intermedi-
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ates and the change of TOC and COD, and the formation
kinetics of hydroxyl radical, was examined in more detail in
this study.

Figure 5A shows the photocatalytic degradation profiles of
4-CP and the release of chloride ion in the naked TiO2 and
phosphate-modified TiO2 suspensions under UV irradiation. The
chlorine in 4-CP was efficiently removed, along with the
degradation in all of the photocatalytic systems. For naked TiO2,
about 50% of 4-CP was degraded and about 50% of chloride
ion was released after 240 min of irradiation (curves a and a’).
Both degradation and dechloration rates were significantly
promoted by the phosphate modification. Nearly all 4-CP was
degraded and about 94% of chlorine was removed in both TiO2-
P2 and P0.10-TiO2 systems within the same irradiation time
(240 min) (curves b, b’ and c, c’, respectively). It is also noted
that the chlorine removal was a little lower than that decay of
4-CP in the phosphate modified systems. By a comparison of
the total chlorine added (the initial 4-CP concentration) with
the chloride ion released and the 4-CP left in the system, we
can estimate the chlorine remained in the organic intermediates
during the degradation (Figure 5B). It is found that, in the pure
TiO2 system, there were little chloridized organic intermediates
in the whole degradation process (Figure 5B, curve a), indicating
that nearly all of the chlorine was transformed to Cl- once the
4-CP was destroyed. By contrast, in the phosphate-modified
systems, Cl in the form of Cl- and 4-CP during the photooxi-
dation process was notably less than the total Cl, indicating the
formation of chlorine-containing organic intermediates. The
maximum Cl concentration in the intermediates (about 20% of
the total Cl) appeared at 120 min of irradiation, where about
90% of 4-CP was removed. After that, Cl in the intermediates
decreased gradually, indicating the further decomposition of
chlorine-containing organic intermediates (Figure 5B, curves
b and c).

Hydroquinone and 4-chlorocatechol were reported as the
major intermediates in the TiO2 photocatalytic degradation of
4-CP.20,33 In this study, the HPLC method was used to probe
the intermediates formed during the photodegradation process.
The concentration changes of hydroquinone formed versus the
removed percentage of 4-CP in different systems are shown in
Figure 6. Only a small quantity of hydroquinone (below 2µM)
was detected in the pure TiO2 system (curve a). In both the
TiO2-P1 and P0.10-TiO2 systems, by contrast, a relatively high
concentration of hydroquinone was observed (curves b, c). The
concentrations of hydroquinone initially increased nearly linearly
with the conversion of 4-CP, and the ratios of hydroquinone to
the degraded 4-CP was kept about 12.5%, that is, about one
hydroquinone was formed from the degradation of eight 4-CP
molecules. After the maxima (about 2.6× 10-5 M), where 90%
of 4-CP was degraded, the concentration of hydroquinone
underwent a fast drop. The controlled experiment, using the

hydroquinone as the initial substrate, showed that the decom-
position reaction of hydroquinone was not significantly affected
by phosphate modification (Figure S5 of the Supporting
Information). Then, the accumulation of hydroquinone in the
photodegradation of 4-CP should be ascribed to the acceleration
of 4-CP hydroxylation in the phosphate modified suspension.
It was also noted that, under the present experimental conditions,
about 1µM of 4-chlorocatechol was observed in both pure TiO2

and phosphate-modified dispersions, while other chlorine-
containing aromatic intermediates were too little to be detected.
As shown in Figure 5B, more chlorine-containing organic
intermediates formed in the phosphate modified system. Con-
sidering the results obtained here, they should be some non-
aromatic and acyclic compounds formed by the opening of
aromatic ring.

The degradation of 4-CP was also carried out in the presence
of UV-irradiated H2O2, which is known to form free hydroxyl
radical through the photolysis of H2O2 by UV irradiation.34,35

It was found that the major intermediate detected was also
hydroquinone in the UV-H2O2 system (Figure 6, curve d). The
formation and disappearance tendency of hydroquinone was
similar to that in the phosphate modified TiO2 systems, but very
different from that in the pure TiO2 system. In homogeneous
H2O2-UV photolytic system, the attack of free hydroxyl radical
is expected to be the dominant initial step for the oxidation of
4-CP.35 The similarity in the formation and disappearance
tendency of hydroquinone between the phosphate modified TiO2

and H2O2-UV systems implies that the degradation of 4-CP
undergoes similar pathway in these two systems, and is also
initiated primarily from the free hydroxyl radical attack in the
former system. The observation of a lower concentration of
aromatic intermediates in the naked TiO2 dispersion indicates
that another pathway besides the hydroxyl radical attack, such
as direct electron transfer from 4-CP to hole, may exist to initiate
the degradation. In fact, there are many implications that the
open ring of aromatics under photocatalytic conditions involves

Figure 5. (A) Temporal photocatalytic decay of 4-chlorophenol (black symbols) and release ratio of chloride ion (white symbols) under UV
irradiation. (B) The ratio of corresponding organic chlorine left in the degradation intermediates estimated from the chloride ion released and the
4-CP left during the reaction process. (a) TiO2, (b) TiO2-P2, and (c) P0.10-TiO2, 4-CP 2.0× 10-4 M, Cat 1 g/L, pH) 2.5.

Figure 6. Concentration of hydroquinone versus the conversion of
4-CP in the process of photodegradation assisted by (a) pure TiO2, (b)
P0.10-TiO2, (c) TiO2-P2, and (d) photolysis of H2O2, 4-CP 2.0× 10-4

M, Cat 1 g/L, pH) 2.5.

5998 J. Phys. Chem. C, Vol. 112, No. 15, 2008 Zhao et al.



the hole oxidation.20,21,31,35,36In a study of the comparison
between radiolytic and TiO2-assisted photocatalytic degradation
of 4-CP, Kamat and co-workers31 showed that when 4-CP is
oxidized by hydroxyl radical, significant concentrations of
hydroxylated aromatic intermediates such as hydroquinone and
4-chlorocatechol are formed. However, under conditions favor-
ing the direct electron-transfer pathway, such as using azide
radicals as electron acceptors, increasing the loading of TiO2

or increasing the pH value of the dispersion, the degradation of
4-CP produces predominantly nonaromatic intermediates. As
shown in Figure 4A, the adsorption of 4-CP was markedly
hindered by phosphate modification. The likelihood of direct
oxidation should become lower. Accordingly, the relative ratio
of hydroxyl radical attack to hole oxidation should increase in
the phosphate system. This argument can further rationalize our
findings that the formation of aromatic intermediates is more
significant in the phosphate modified TiO2 systems than that in
the unmodified one.

The extent of mineralization of 4-CP was examined by
determination of both residual total organic carbon (TOC) and
chemical oxygen demand (COD). The temporal changes of TOC
and COD in the degradation process of 4-CP are shown in
Figure 7. In the pure TiO2 case, the TOC exhibited a linear
decrease during the degradation. For the phosphate modified
systems, there was a small but significant induction period for
the removal of TOC at the initial stage. Repetitious measure-
ments by three runs demonstrate that the presence of the
induction period is not attributed to the experimental error. In
agreement with our observations, Pelizzetti and co-workers3 also
reported the existence of an induction period of TOC removal
during the photocatalytic degradation of phenol in the fluoride-
modified TiO2 system. The induction period in the TOC
measurement is indicative of the existence of more organic
intermediates in the phosphate-modified TiO2 systems at the
early stage of degradation, which is inconsistent with the above
observation (Figures 5 and 6). After the induction period, the
removal rates of TOC became a little faster in the phosphate
systems than that in pure TiO2 case. However, the overall
difference in the removal rate of TOC between the pure and
phosphate-modified TiO2 systems is not as much as that in the
disappearance kinetic of 4-CP. For the removal of COD, the
decrease rates in the phosphate modified TiO2 dispersions were
greater than that in the pure TiO2 system during the whole
degradation process. COD reflects the oxidation extent of the
substrates, while TOC provides the information about miner-
alization of substrates to CO2. The formation of organic
intermediates by oxidation can decrease COD value of the
system, but cannot change TOC value, until the organic
intermediates are deeply oxidized to CO2. Accordingly, the
difference in the change tendency between the COD and TOC

in the phosphate modified TiO2 system suggests again that there
are more organic intermediates generated during the oxidation
of 4-CP.

As mentioned above, the hydroxyl radical is an important
reactive species in the photocatalytic degradation. In our study,
the formation of hydroxyl radical was examined by detecting
the DMPO-OH adducts using EPR technique. The relative
intensity changes of the EPR signals as a function of UV
irradiation in the pure TiO2 and phosphate modified TiO2
dispersions are shown in Figure 8. In the pure TiO2 system, the
DMPO-OH adducts reached its maximum at 1 min and after
that, the signal intensity underwent a gradual decrease with
further irradiation time. The amount of DMPO-OH adducts in
phosphate-modified TiO2 system (TiO2-P2) exhibited faster
increase than that in the pure TiO2 system, and no decrease
was observed within 2 min of irradiation, which indicates that
a much higher amount of•OH radical is produced in the
phosphate modified system. It has been verified that DMPO-
OH is relatively stable, with a half-life of about 20 min.34,37

The fast decrease (after 1 min of continuous irradiation) of the
EPR signal intensity in the pure TiO2 system can be ascribed
to further oxidation of the adduct under photocatalytic conditions
to form EPR-silent species. Dvoranova et al.38 had assumed that
the decrease of the EPR signal at longer irradiation times could
result from the multiple addition of•OH to DMPO, or from
the hole oxidation, or from the fast consumption of oxygen. In
our study, the last possibility can be easily excluded considering
that the samples for EPR detection were collected from stirring
and aerating dispersions in the presence of DMPO and under
UV irradiation. Conflicting with the assumption that the
oxidation of DMPO-OH adduct is caused by the multiple attack
of •OH on the DMPO, Hernandez-Alonso et al.39 showed
experimental evidence that the degradation of DMPO-OH
radicals is derived from the direct oxidation by photogenerated
holes. Therefore, the fast decrease of the EPR signal in the pure

Figure 7. Changes in (A) total organic carbon (TOC) of the degraded bulk solution and (B) chemical oxygen demand (CODCr) of whole dispersion
during the photodegradation of 4-chlorophenol (2× 10-4 M, 200 mL, pH) 2.5, Cat 200 mg). (a) pure TiO2, (b) TiO2-P2, and (c) P0.10-TiO2.

Figure 8. Intensity changes in the EPR signals of DMPO-OH adducts
as a function of UV irradiation in (a) pure TiO2 and (b) phosphate
modified TiO2 (TiO2-P2) dispersions. Inset: The typical ESR signal
of •OH trapped by DMPO (light source 100-W mercury lamp, Cat 3
g/L, DMPO 0.72 M).

Surface Modification of TiO2 by Phosphate J. Phys. Chem. C, Vol. 112, No. 15, 20085999



TiO2 system and much more•OH radical detected upon
phosphate modification again suggest that hole oxidation plays
an important role in the former, whereas free•OH radical attack
became predominant in the latter.

Mechanism Implication. The inorganic nonmetal anions,
such as F-, PO4

3-, SO4
2-, and trifluoroacetic acid (TFA) have

been reported to be effective modifiers to enhance the photo-
catalytic activity of TiO2 catalyst.3,6-11,13,14They have common
characteristics, such as strong bonding ability on the surface of
TiO2, high negative-charge, easy formation of hydrogen bond,
and chemical redox-inertness toward photogenerated electron
and hole. We believe hence that the effects of modification by
these inorganic nonmetal ions on the photocatalysis share the
analogical mechanism. This argument can be further supported
by the following facts: (1) The higher concentration of hydroxyl
radical in the fluorinated TiO2 system was also observed by
Selli et al.,22 which is in consistent with the present study (Figure
8); (2) Both the phosphate anion40 and fluoride anions6 can
markedly shift the point of zero zeta potential (PZZP) of TiO2

to a lower pH value, as measured by electrophoretic mobility;
(3) Choi and co-workers6 found that both the adsorption and
photodegradation rate of DCA markedly decreases in TiO2-F
system, and proposed that degradation on naked TiO2 is initiated
mostly by the direct hole transfer, whereas•OH radical play
the role of a main oxidant in the F-TiO2 system; (4) We also
notice the existence of an induction period of TOC removal
during the photocatalytic degradation of phenol in TiO2-P2 and
P0.10-TiO2 similar to that in fluoride modified TiO2 system;
(5) Nearly all of the reported substrates with enhanced degrada-
tion in these anion-modified TiO2 systems, such as phenol,3,6,9

Methylene bule,13 4-nitrophenol,14 tetramethylammonium,7 and
paraquat,41 have weak adsorption and tend to more probably
undergo photodegradation by•OH radical attack pathway on
pure TiO2, which is similar to the phosphate modified system
observed in this study (Figure 4).

Among the reports on the anion modification of TiO2, only
the operating mechanism of F-TiO2 system has been considered
intensively. In most of earlier studies, the enhancement of free
•OH radical in F-TiO2 system is only ascribed to inhibition of
formation of adsorbed•OH radical by the replacement of OHad

with F-,6,22 which can force the hole to react with the water to
form free•OH radical. However, this proposition neglects the
effect of anion adsorption on the energy band structure of TiO2

semiconductor and on the hydrogen bond interaction between
the anion and H2O molecule. The present study would lay
greater emphasis upon the importance of these effects on the
photocatalytic process.

The above experimental results indicate that the effect of
phosphate modification on the photocatalytic activity of TiO2

is definitely attributed to the surface-bound phosphate anion.
Further, the point of zero zeta potential (PZZP) of the TiO2

particles are reported to be markedly shifted to lower pH value
in the presence of phosphate anion,40 indicating the accumulation
of negative charges on the surface of TiO2. It is apparent that
the covering of the catalyst surface with negatively charged
phosphate anions could form a negative electrostatic field in
the surface layer of TiO2. This negative electrostatic field can
promote the separation of electrons and holes and suppress the
charge recombination on phosphate modified TiO2 compared
with the pure TiO2. As shown in Scheme 1, under ultraviolet
irradiation, electron in the valence band in TiO2 is excited to
the conduction band to leave a positive hole in the valence band.
The hole is drawn to the interface by the electrostatic force.
However, the phosphate ions are known to have strong

interaction with H2O through hydrogen bond, and the phosphate
group has been proven to be a good anchor group to accomplish
efficient electron transfer between the TiO2 and chromophore
in the photoelectron cell.42,43All of these characteristics facilitate
the charge transfer between the hole with H2O to form free
hydroxyl radicals. In addition, the replacement of OHad by
phosphate can also inhibit the formation of surface-adsorbed
hydroxyl radical. According to the proposed mechanism, both
the surface hole and the free hydroxyl radical concentration
might be enhanced after the phosphate modification. However,
as mentioned above, the hole oxidation of substrates is more
dependent on the adsorption of substrates than that of hydroxyl
radical attack. In our study, the adsorption of nearly all of the
substrates, especially for those with a strong adsorption on pure
TiO2 (such as DCA and AR), was suppressed upon phosphate
modification. The suppression in adsorption could counteract
the enhancement of hole concentration at the interface, while
free hydroxyl radical can attack the substrates near the TiO2

surface. As a result, the phosphate modification largely acceler-
ates the hydroxyl oxidation pathway, but reduces the direct
electron-transfer pathway. It should also be noted that the
transfer of conduction band electron can also be possibly
influenced by the phosphate modification and then may have
some effects on the mineralization of organic compounds. This
problem needs to be addressed further.

Conclusions

TiO2 was modified by phosphoric anion before and after
crystallization. It was found that the effect of phosphate
modification is attributed to the surface-bound phosphate anion,
rather than to the change in the crystallite structure or surface
area (particle size) of TiO2 by modification. The role of
phosphate modification in the photocatalytic degradation of
organic pollutants is two-edged: On one hand, it can inhibit
the adsorption of most substrates, which tends to suppress their
degradation, especially for the degradation of those substrates
via the direct hole oxidation pathway. On the other hand, it can
enhance the separation of photogenerated hole and electron by
negative electrostatic field formed by the surface anion, and
can force the formation of free hydroxyl radical. As a result,
the effects of phosphate anion on the photocatalytic activity are
very dependent on the kinds of substrates to be degraded. The
degradation of substrates either susceptive to hydroxyl radical
attack or with weak adsorption on the pure TiO2 is significantly
accelerated by phosphate modification through the hydroxyl
radical attack pathway. However, the photodegradation of
substrates, which is dominated through the hole oxidation
pathway in the unmodified TiO2 system (usually with strong

SCHEME 1: Anion-Induced Negative Electrostatic Field
and Electron-Transfer Pathway on the Phosphate
Modified TiO 2 under UV Irradiation
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adsorption on the pure TiO2), can be markedly suppressed by
the hindered adsorption of substrates.
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