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A visible light TiO2 photocatalyst was prepared by a surface chemical modification process with toluene
2,4-diisocyanate (TDI). Because of the LMCT excition of the surface complex, the as-prepared TiO2-TDI has
an obvious absorption in visible region. TiO2-TDI photocatalyst presented a satisfactory photostability
and a high photocatalytic performance for the degradation of organics. The turnover number of the pho-
tocatalyst for 2,4-dichlorophenol photodegradation reached 15.43 after five times recycled under visible
light irradiation.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

How to improve the photocatalytic activity of TiO2 in the visible
region is the main focus of the recent TiO2 photocatalysis research.
Many efforts have been made to achieve the utilization of visible
light for TiO2 material, such as transitional metal ion doping [1–
3], nonmetal element doping [4,5] and dye sensitization [6,7]. Non-
metal element doping such as N-doping narrows the band gap of
TiO2 by supplying a new hybrid energy band whose energy level
is a little higher than that of the valence band of TiO2 [4,8]. The
doping process of the nonmental elements always involves ther-
mal treatment at high temperatures [9,10] or a long time of hydro-
thermal treatment [8], both of which are unfavorable in energy.
Visible light-induced dye-sensitized TiO2 photocatalysts can be
readily prepared under a mild condition through interfacial
adsorption of dye molecules on TiO2 in an ambient environment
[6,11]. Dye-sensitized photocatalysis begins with the light absorp-
tion of dye and a subsequent electron transfer from the excited dye
to the conduction band of TiO2. However, the electron transfer
from excited dye to TiO2 usually depends strongly on the adsorp-
tion efficiency of dye molecules [12]; and it can be deeply de-
pressed by the competitive adsorption of other coexisting species
in the solution. Considering that pollutants usually exist at high
concentration in the practical wastewaters, dye-sensitized photo-
catalysis may face difficulties of keeping a valuable electron trans-
fer efficiency.
ll rights reserved.

.

Recently, several works found that some colorless species can
also be photodegraded with TiO2 under visible irradiation [13–
15]. TiO2 surface complexes which can absorb visible light were
observed in those works. The surface complexes were formed by
a reversible interfacial chemical adsorption of organics. A visible
light-induced charge transfer and a subsequent dissociation of
the surface complexes from TiO2 were supposed for the visible
degradation of the organics [13]. Two types of sensitization have
been reported in the TiO2 photocatalysis. One involves the indi-
rect electron injection, which is dominant in dye-sensitized
TiO2 photocatalysis [16] and of multi-exponential kinetics with
fast components of tens of fs (from singlet excited state of dye
to TiO2) and slow components of several ps (from triplet excited
state of dye to TiO2) [17,18]. The second occurs through a direct
electron injection from the organics to TiO2 [19,20]. Such a direct
injection mechanism gives rise to a new LMCT absorption band
for the surface complexes, whereas no new absorption appears
in the indirect mechanism. Since the LMCT process of the direct
injection mechanism takes place in a time range of the photon
absorption (<1.0 fs) [20,21], it is of high efficiency and occurs
very rapidly.

In this work, a surface chemical reaction between the TiO2 and
organics was designed to build a solid connection between them.
Thus, the surface complexes that employed to absorb the visible
light would not be desorbed/dissociated by other coexisting spe-
cies. Further attempts were also done to diagnose if TiO2 that sur-
face modified with colorless organics can be used to achieve the
photocatalytic degradation of coexisting organics under visible
light irradiation.
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2. Experimental

2.1. Surface modification of TiO2 with toluene 2,4-diisocyanate (TDI)

TDI (AR, 0.3 mL) was firstly mixed with pre-dried toluene
(200 mL) under magnetic stirring. Then the TiO2 powder (P-25,
0.5 g, pre-dried at 120 �C for 1 h) was slowly introduced into the
solution under violent stirring. The suspension was heated under
reflux for about 2 h, cooled down to the room temperature, and fil-
tered. The obtained powder was washed with toluene several
times to remove the unreacted TDI, treated with water, and dried
in an oven at 120 �C for 2 h. The finally obtained salmon powder
was thus TDI modified TiO2 photocatalyst (labeled as TiO2-TDI).

The isocyanate group of TDI generally reacts quickly with com-
pounds containing active hydrogen groups. Combining TDI with
TiO2 powder carried out a chemical reaction of the isocyanate
group of TDI with the surface hydroxyl group of TiO2 (Eq. (1)).
Thus, a TiO2 surface-bonded organic complex (N-(3-amino-4-
methyl)phenylcarbamate group) was formed through a condensa-
tion reaction.
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Fig. 1. UV–vis DRS spectra of TiO2, TiO2-TDI and UV–vis absorption spectrum of
TDI.
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2.2. Characterization of photocatalyst

UV–vis diffuse reflectance spectra (DRS) were obtained for the
dry-pressed disk samples using a Scan UV–vis–NIR spectropho-
tometer (Varian Cary 500) equipped with an integrating sphere
assembly, using BaSO4 as reflectance sample. The content of sur-
face chemical-bonded TDI of TiO2-TDI sample was determined
with the total organic carbon (TOC) analysis via an Apollo 9000
TOC analyzer (Techcomp). The photocatalyst samples used for
TOC analysis were pre-dried at 120 �C for 1 h. The FTIR spectra of
photocatalysts were recorded with a Nicolet-Magna 550 FTIR
instrument, using the KBr pellet technique.

2.3. Photocatalytic experiment

Photocatalytic experiment was carried out by adding 0.1 g pho-
tocatalyst into a 160 mL glass tube reactor containing 100 mL tar-
get pollutant solution. Prior to irradiation, the suspension was
magnetically stirred in the dark for 1 h to ensure the establishment
of an adsorption–desorption equilibrium of organics pollutant on
the surface of photocatalyst. All the photocatalytic reactions were
carried out under visible irradiation (k > 420 nm, 1000 W iodine-
tungsten lamp with a glass filter). At given intervals of illumina-
tion, reaction solution (about 4.0 mL) was sampled and filtered
through a Millipore membrane filter (0.22 lm pores) and analyzed
with a UV–vis spectrophotometer (Varian Cary 100) to determine
the residue concentration of target pollutant.
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Scheme 1. Proposed LMCT excitation of TiO2-TDI under visible irradiation.
3. Results and discussion

FT-IR spectrum of TiO2-TDI powder shows some new absorp-
tion peaks at 1652, 1600, 1538, 1448 and 1225 cm�1, respectively.
It confirmed a new amido group was formed in TiO2-TDI powder
by TDI surface chemical modification. The peaks of 1652 and
1225 cm�1 are the characteristic absorption of –C(O)NH– group,
while the other three peaks are attributed to the phenyl group.
Characteristic absorption of isocyanate group (–NCO) at
2220 cm�1 was not observed in the FT-IR spectrum of TiO2-TDI,
which means the isocyanate groups of TDI molecule entirely
reacted.

The UV–vis DRS spectra of TiO2, TiO2-TDI and the UV–vis
absorption spectrum of TDI are shown in Fig. 1. TDI is a colorless
liquid and has a maximum absorption at 295 nm. TiO2 itself has
an upper absorption edge at about 400 nm. Both TiO2 and TDI have
no absorption in the visible region. The absorption of TiO2-TDI is
greatly extended to the visible region, with two peaks at 469 and
597 nm. The two new absorption peaks should be attributed to
the LMCT absorptions of the surface complex of TiO2-TDI. Since
the intrinsic excitations of both TiO2 and N-phenylcarbamate
group can only be achieved with UV photons, the visible absorp-
tions of TiO2-TDI are proposed as direct surface electron transfers
from lone pair electrons of N atom (597 nm) and O atom
(469 nm) to the conduction band of TiO2 (Scheme 1).

Conduction band electron generated from the LMCT excitation
of TiO2-TDI tends to react with the surface adsorbed oxygen to pro-
duce superoxide radical anion, hydrogen peroxide, and then hydro-
xyl radical. Thus, it is reasonable that a visible light-induced
photocatalytic reaction can be achieved by TiO2-TDI. Previous liter-
ature also shows that the TiO2 surface-complexed phenol can be
photoexcited under the visible irradiation [13].

Fig. 2 presents the photodegradation of 2,4-dichlorophenol
(DCP) aqueous solution by TiO2 and TiO2-TDI under visible irradi-
ation. DCP itself does not absorb visible light. The concentration
of DCP remained almost constant throughout the irradiation peri-
od. The surface chemical interaction of DCP with TiO2 can induce a
new weak absorption in visible region [13,14]; therefore, DCP was



0                 60              120              180              240
0.0

0.2

0.4

0.6

0.8

1.0
2,4-dichlorophenol homogeneous solution

2,4-dichlorophenol
             + TiO2-TDI

2,4-dichlorophenol + TiO2

C/
C

0

Irradiation Time /min

Fig. 2. Photodegradation of DCP under various conditions. [DCP] = 100 mg/L,
k > 420 nm, pH 7.0.
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photodegraded to some extent in the presence of TiO2 under the
visible irradiation. Although the adsorption amount of DCP on
the surface of TiO2-TDI was almost equal to that on the surface
of TiO2, the photodegradation of DCP in the presence of TiO2-TDI
was much faster than that in the presence of bare TiO2. About
77.9% of the DCP was photodecomposed by TiO2-TDI while that
by bare TiO2 was only 39.3% for 240 min visible irradiation. It
seems the visible light photocatalytic activity of the photocatalyst
is effectively enhanced by the LMCT excitation of TiO2-TDI.

The photocatalytic performance of TiO2-TDI was also measured
in terms of the degradation of methyl orange, fluorescein and phe-
nol (Fig. 3). TiO2-TDI again exhibits much higher visible light pho-
tocatalytic activities than TiO2. Methyl orange is quite resistible to
photocatalytic degradation at the neutral pH value [22,23]. As a re-
sult, methyl orange was photodegraded very little (only ca. 3%) by
TiO2 at pH 7.0. Meanwhile, 34% of the methyl orange was decom-
posed by TiO2-TDI at the same pH value for 240 min visible
irradiation.

The photodegradation of methyl orange and fluorescein by bare
TiO2 under visible irradiation is generally attributed to the dye-
sensitized photocatalysis, of which the electron transfer from the
excited dye to the conduction band of TiO2 is regarded as the key
step [24,25]. It should be taken into consideration that the direct
LCMT process of TiO2-TDI photocatalyst proceeds much faster than
the indirect electron transfer process between the excited dye and
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Fig. 3. Photodegradation of (1) phenol ([phenol] = 23 mg/L, pH 7.0), (2) fluorescein
([fluorescein] = 10 mg/L, pH 7.0), (3) ([methyl orange] = 10 mg/L, pH 7.0) and (4)
methyl orange ([methyl orange] = 10 mg/L, pH 4.0) under various conditions for
240 min visible irradiation (k > 420 nm).
TiO2. Therefore, TiO2-TDI has high visible light photocatalytic activ-
ities for the degradation of phenol, DCP, and the dyes, which means
that TiO2-TDI is a preferable visible light photocatalyst.

The photostable property of the TiO2-TDI was also under con-
sideration. Fig. 4 exhibits the FTIR spectra of TiO2-TDI photocata-
lyst before and after photocatalytic degrading organics. It can be
seen that the characteristic absorptions of –C(O)NH– group at
1652 and 1225 cm�1 and of phenyl group at 1600, 1538 and
1448 cm�1 has no obviously change throughout the whole photo-
degradation process of organics. A TOC measurement was also car-
ried out to check the photostability of TiO2-TDI. TiO2-TDI in 2%
ethanol aqueous solution (250 mg/100 mL) was irradiated under
the visible light. TOC measurement showed that ca. 2.5% of the ini-
tial TOC value of TiO2-TDI was degraded for 120 h irradiation. It is
suggested that TiO2-TDI has desirable photostability as a
photocatalyst.

Some colorless compounds such as H2O2 [25], phenol, chloro-
phenol, and Triton X-100 [14] can chemical adsorbed on the sur-
face of TiO2 to form colored surface-complexes. Under the visible
light irradiation, the colored surface-complexes would be excited,
which induces the photo-decomposition of the surface complexes
[13,14,26]. In the case of TiO2-TDI, a direct electron transfer from
the organic ligand moiety to the conduction band of TiO2 is
achieved upon the absorption of visible light. The conduction band
electron then reacts with surface adsorbed oxygen to produce
superoxide radical, which subsequently induces the degradation
of coexisting organics in the solution (Scheme 2).

Different from the previous studies, the organic ligand moiety,
however, was not cleaved from the surface of TiO2. It was subse-
quently recovered by capturing an electron from the environment
(e.g. the reductive species generated during the photodegradation
of organics), and then carried out another reaction cycle with the
Fig. 4. FTIR spectra of TiO2-TDI photocatalyst (a) before use, and (b) after
photocatalytic degrading DCP for 240 min.
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Scheme 2. Proposed visible light-induced photocatalytic mechanism of TiO2-TDI
photocatalyst.
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absorption of another visible light photon. TOC measurement of
TiO2-TDI photocatalyst gave a carbon element content of
1.55 wt%, which means amount of the surface chromophores of
TiO2-TDI photocatalyst is 1.44 � 10�4 mol/g. The amount of the
bonded hydroxyl groups on the surface of P-25 TiO2 is about
9.5 � 1019/g (equals 1.58 � 10�4 mol/g) as previously reported
[27]. Thus, ca. 91.0% of the surface hydroxyl group was reacted
with TDI to produce TiO2-TDI chromophore. As a result, if we re-
gard the target organic molecule as a catalysant, the turnover num-
ber of TiO2-TDI photocatalyst in the photocatalytic degradation
reaction of DCP was 3.32 in 240 min and reached 15.43 after 5
times recycled (data not shown). Thus, the whole visible light-in-
duced photocatalytic process of TiO2-TDI can be expressed briefly
as follows:

TiO2-TDIþ hmðvisÞ ! ½TiO2ðeÞ-TDIþ�� ð2Þ
½TiO2ðeÞ-TDIþ�� þ O2 ! ½TiO2-TDIþ� þ O��2 ð3Þ
O��2 þ Organics!! degradation products ð4Þ
½TiO2-TDIþ� þMðenvironmentÞ ! TiO2-TDIþMþ ð5Þ
4. Conclusions

A visible light TiO2 photocatalyst was prepared by a surface
chemical modification process with toluene 2,4-diisocyanate. The
as-prepared TiO2-TDI photocatalyst has an obviously absorption
in visible region, which is proposed as the direct surface electron
transfers from the lone pair electrons of N atom (597 nm) and O
atom (469 nm) to the conduction band of TiO2. TiO2-TDI photocat-
alyst exhibited a satisfactory photostability and high photocata-
lytic performance for the degradation of phenol, 2,4-
dichlorophenol, fluorescein and methyl orange. The turnover num-
ber of the photocatalyst for 2,4-dichlorophenol photodegradation
can reach 15.43 after five times recycled under visible light
irradiation.

Acknowledgment

This work was supported by the National Nature Science Foun-
dation of China (20777015) and Shanghai Nature Science Founda-
tion (06ZR14025).

References

[1] W. Choi, A. Termin, M.R. Hoffmann, The role of metal ion dopants in quantum-
sized TiO2: correlation between photoreactivity and charge carrier
recombination dynamics, J. Phys. Chem. 98 (1994) 13669.

[2] J. Zhu, Z. Deng, F. Chen, J. Zhang, H. Chen, M. Anpo, J. Huang, L. Zhang,
Hydrothermal doping method for preparation of Cr3+–TiO2 photocatalysts with
concentration gradient distribution of Cr3+, Appl. Catal. B 62 (2006) 329.

[3] S. Yuan, Q. Sheng, J. Zhang, F. Chen, M. Anpo, Q. Zhang, Synthesis of La3+ doped
mesoporous titania with highly crystallized walls, Micropor. Mesopor. Mater.
79 (2005) 93.

[4] R. Asahi, T. Morikawa, T. Ohwaki, K. Aoki, Y. Taga, Visible-light photocatalysis
in nitrogen-doped titanium oxides, Science 293 (2001) 269.

[5] Y. Cong, J. Zhang, F. Chen, M. Anpo, Synthesis and characterization of nitrogen-
doped TiO2 nanophotocatalyst with high visible light activity, J. Phys. Chem. C
111 (2007) 6976.
[6] E. Bae, W. Choi, J. Park, H.S. Shin, S.B. Kim, J.S. Lee, Effects of surface anchoring
groups (carboxylate vs. phosphonate) in ruthenium-complex-sensitized TiO2

on visible light reactivity in aqueous suspensions, J. Phys. Chem. B 108 (2004)
14093.

[7] E. Bae, W. Choi, Highly enhanced photoreductive degradation of perchlorinated
compounds on dye-sensitized metal/TiO2 under visible light, Environ. Sci.
Technol. 37 (2003) 147.

[8] Y. Cong, J. Zhang, F. Chen, M. Anpo, D. He, Preparation, photocatalytic activity,
and mechanism of nano-TiO2 co-doped with nitrogen and iron (III), J. Phys.
Chem. C 111 (2007) 10618.

[9] R. Nakamura, T. Tanaka, Y. Nakato, Mechanism for visible light responses in
anodic photocurrents at N-doped TiO2 film electrodes, J. Phys. Chem. B 108
(2004) 10617.

[10] H. Irie, Y. Watanabe, K. Hashimoto, Nitrogen-concentration dependence on
Photocatalytic activity of TiO2�xNx powders, J. Phys. Chem. B 107 (2003) 5483.

[11] F. Chen, Z. Deng, X. Li, J. Zhang, J. Zhao, Visible light detoxification by 2,9,16,23-
tetracarboxyl phthalocyanine copper modified amorphous titania, Chem. Phys.
Lett. 415 (2005) 85.

[12] J. Zhao, T. Wu, K. Wu, K. Oikawa, H. Hidaka, N. Serpone, Photoassisted
degradation of dye pollutants. 3. Degradation of the cationic dye rhodamine B
in aqueous anionic surfactant/TiO2 dispersions under visible light irradiation:
evidence for the need of substrate adsorption on TiO2 particles, Environ. Sci.
Technol. 32 (1998) 2394.

[13] S. Kim, W. Choi, Visible-light-induced photocatalytic degradation of 4-
chlorophenol and phenolic compounds in aqueous suspension of pure
titania: demonstrating the existence of a surface-complex-mediated path, J.
Phys. Chem. B 109 (2005) 5143.

[14] Y. Cho, H. Kyung, W. Choi, Visible light activity of TiO2 for the photoreduction
of CCl4 and Cr(VI) in the presence of nonionic surfactant (Brij), Appl. Catal. B 52
(2004) 23.

[15] M. Alvaro, E. Carbonell, V. Fornes, H. Garcia, Enhanced photocatalytic activity
of zeolite-encapsulated TiO2 clusters by complexation with organic additives
and N-doping, ChemPhysChem 7 (2006) 200.

[16] S. Ferrere, B.A. Gregg, Photosensitization of TiO2 by [FeII(2,20-bipyridine-4,40-
dicarboxylic acid)2(CN)2]: band selective electron injection from ultra-short-
lived excited states, J. Am. Chem. Soc. 120 (1998) 843.

[17] C. Bauer, G.B. Boschloo, E. Mukhtar, A. Hagfeldt, Interfacial electron-transfer
dynamics in Ru(tcterpy)(NCS)3-sensitized TiO2 nanocrystalline solar cells, J.
Phys. Chem. B 106 (2002) 12693.

[18] G. Benko, J. Kallioinen, J.E.I. Korppi-Tommola, A.P. Yartsev, V. Sundstrom,
Photoinduced ultrafast dye-to-semiconductor electron injection from
nonthermalied and thermalized donor states, J. Am. Soc. Chem. 124 (2002)
489.

[19] Y.X. Weng, Y.Q. Wang, J.B. Asbury, H.N. Ghosh, T.Q. Lian, Back electron transfer
from TiO2 nanoparticles to FeIIIðCNÞ3�6 : origin of non-single-exponential and
particle size independent dynamics, J. Phys. Chem. B 104 (2000) 93.

[20] M. Khoudiakov, A.R. Parise, B.S. Brunschwig, Interfacial electron transfer in
FeIIðCNÞ4�6 -sensitized TiO2 nanoparticles: a study of direct charge injection by
electroabsorption spectroscopy, J. Am. Chem. Soc. 125 (2003) 4637.

[21] H.N. Ghosh, J.B. Asbury, Y. Weng, T. Lian, Interfacial electron transfer between
Fe(II)ðCNÞ4�6 and TiO2 nanoparticles: direct electron injection and
nonexponential recombination, J. Phys. Chem. B 102 (1998) 10208.

[22] R. Comparelli, E. Fanizza, M.L. Curri, P.D. Cozzoli, G. Mascolo, R. Passino, A.
Agostiano, Photocatalytic degradation of azo dyes by organic-capped anatase
TiO2 nanocrystals immobilized onto substrates, Appl. Catal. B 55 (2005) 81.

[23] C.J.G. Cornu, A.J. Colussi, M.R. Hoffman, Time scales and pH dependences of the
redox processes determining the photocatalytic efficiency of TiO2

nanoparticles from periodic illumination experiments in the stochastic
regime, J. Phys. Chem. B 107 (2003) 3156.

[24] C. Chen, X. Li, W. Ma, J. Zhao, H. Hidaka, N. Serpone, Effect of transition metal
ions on the TiO2-assisted photodegradation of dyes under visible irradiation: a
probe for the interfacial electron transfer process and reaction mechanism, J.
Phys. Chem. B 106 (2002) 318.

[25] G. Liu, T. Wu, J. Zhao, H. Hidaka, N. Serpone, Photoassisted degradation of dye
pollutants. 8. irreversible degradation of alizarin red under visible light
radiation in air-equilibrated aqueous TiO2 dispersions, Environ. Sci. Technol.
33 (1999) 2081.

[26] X. Li, C. Chen, J. Zhao, Mechanism of photodecomposition of H2O2 on TiO2

surfaces under visible light irradiation, Langmuir 17 (2001) 4118.
[27] J. Takahashi, H. Itoh, S. Motai, S. Shimada, Dye adsorption behavior of anatase-

and rutile-type TiO2 nanoparticles modified by various heat-treatments, J.
Mater. Sci. 38 (2003) 1695.


	Photocatalytic performance of a visible light TiO2 photocatalyst prepared by a surface chemical modification process
	Introduction
	Experimental
	Surface modification of TiO2 with toluene 2,4-diisocyanate (TDI)
	Characterization of photocatalyst
	Photocatalytic experiment

	Results and discussion
	Conclusions
	Acknowledgment
	References


