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Pure and Pt nanoparticle-modified rutile TiO2 were synthesized via hydrolysis of TiCl4 in the absence

or presence of Pt nanoparticles. HRTEM, XRD, and SEM were used to characterize the structure of

the prepared catalysts. The resulting modified TiO2 catalysts show extended visible light absorbance.

Photodegradation of 2,4,6-trichlorophenol (2,4,6-TCP) over these photocatalysts was investigated

under visible light illumination. The Pt nanoparticles facilitate the separation of photogenerated

electron–hole pairs at low Pt content, then enhances the photodegradation rate of 2,4,6-TCP. 0.18Pt–

TiO2 achieved the best photocatalytic activity among the tested catalysts. It was found that singlet

oxygen rather than ?OH acts as the main oxidative species for the degradation of 2,4,6-TCP according

to the experimental results. The degradation intermediates of 2,4,6-TCP were identified and the

degradation pathway was proposed. Pt nanoparticles on TiO2 significantly enhance O2 adsorption

and the formation of ?O2
2. The rutile surface is a favorable condition for stabilizing ?O2

2. These

properties of the Pt nanoparticle-modified rutile TiO2 facilitate the formation of 1O2 via the reaction

of superoxide anions with holes.

Introduction

Many nanomaterials are able to sensitize the formation of singlet

oxygen (1O2) upon photoexcitation.1 Photogeneration of 1O2 is

known to play important roles in the photooxidation of organic

compounds and the photodynamic therapy treatment of cancer.
1O2 photogeneration at a TiO2 surface under UV light

illumination has been reported.2 However, the TiO2 photocata-

lytic degradation of organic pollutants proceeds mainly from the

exertions of ?OH produced by the oxidation of water and ?O2
2

produced by the reduction of oxygen in air.3,4 The roles of 1O2

were often ignored in the TiO2 catalyzed organic pollutants

photodegradation although 1O2 has been reviewed as a strong

oxidizing reagent for organic pollutant degradation.5,6 The

photodegradation of organic pollutants via the 1O2 mechanism

conventionally requires organic photosensitizers.7,8 However,

these organic photosensitizers are prone to photodegradation

under photoillumination, which reduces the efficiency of the 1O2

generation.7–9 Janczyk et al. reported the surface modification of

TiO2 with F2 and silyl groups leading to the photodegradation

of cyanuric acid.10 1O2 was thought to be responsible for the first

steps of cyanuric acid structure destruction. However, the

photogeneration of the 1O2 occurred only under UV light

illumination because of the wide band gap of TiO2 (3.0 eV for the

rutile phase and 3.2 eV for the anatase phase), which limits its

application range.

Considering mechanisms of photocatalytic oxidation at

excited TiO2, the formation of singlet oxygen on TiO2 was

proposed to occur via two possible pathways: electron transfer

pathway or energy transfer pathway. Nosaka et al. proposed that

the generation of 1O2 is probably caused by an electron transfer

process via two steps.2 The first step is the reduction of O2 to
?O2

2 by photogenerated conduction band electrons. The second

step is the oxidation of ?O2
2 to 1O2 by photogenerated holes.

Janczyk et al. claimed that the 1O2 formation is based on energy

transfer instead of the electron transfer mechanism.10 They

explained this as a result of the surface modification of TiO2 with

F2 and silyl groups, which suppressed the interfacial electron

transfer pathway and enhanced the energy transfer pathway.

Many investigations have indicated that the noble metal (Ag,

Au, Pt) in TiO2/noble metal heterostructures can obviously

promote an interfacial charge transfer process and also extend

the light response to the visible region.11 The noble metal

modified TiO2, used for organic pollutant photodegradation,

usually exists in the anatase phase and the active species for the

organic pollutant oxidation was ?OH.12,13

Chlorinated phenols are used in the pesticide field as

fungicides and disinfectants and are also important chemicals

in a number of industrial processes. 2,4,6-TCP was used as a

model pollutant because it is an anticipated human carcinogen

and there are sufficient cases of carcinogenicity. In this study, Pt

nanoparticle-modified rutile TiO2 catalysts were prepared and
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used for the photodegradation of 2,4,6-TCP under visible light

illumination. In contrast to previous studies, the results indicate

that 1O2, rather than ?OH, acts as the main oxidative species for

the platinized rutile TiO2 photocatalyzed degradation of 2,4,6-

TCP. The Pt nanoparticle-modified TiO2 sensitized formation of
1O2 under visible light illumination shows its potential applica-

tion in photodynamic therapy and the selective photooxidation

of organic compounds (such as the peroxidation of olefins).

Materials and methods

Chemicals

Chloroplatinic acid hexahydrate (99.9%), sodium borohydride

(98%), methanol (99.9%), 1,4-benzoquinone(99%), 2,6-dichloro-

1,4-benzoquinone (.98%) and 2,2,6,6-tetramethyl piperidine

were purchased from Acros Organics. Titanium tetrachloride

(TiCl4) was obtained from Shanghai Meixing Chemistry CO.

Ltd., NaN3 and 2,4,6-TCP were supplied by Aladdin Chemistry

Co. Ltd. All reagents were used as received without further

purification. Deionized water was used throughout this study.

Photocatalyst preparation

The synthesis of the Pt colloidal solution was performed by

following the reported method with slight modification.14 2.5 mL

0.02 M H2PtCl6 and 12.5 mL 0.4 M cetyltrimethylammonium

bromide (CTAB) were mixed with 29.5 mL deionized water in a

100 mL round bottom flask at room temperature. The mixture

was stirred at room temperature for 10 min and was heated to 50

uC for another 10 min. Then, 3 mL of 0.5 M ice-cooled NaBH4

solution was added. The gas evolved inside the flask was released

by inserting a needle through the septum. Pt colloidal solution

solutions were obtained after a reaction time of 15 h. The Pt

nanoparticle-modified TiO2 was synthesized by hydrolysis of

TiCl4 in the Pt colloidal solution. The typical procedure was as

follows: an amount of TiCl4 was added to ice-cooled concen-

trated HCl, stirred for 30 min. The mixture was then dropped to

the prepared Pt colloidal. After stirring for 1 h, the solution was

heated to 75 uC for 12 h. After that, the products were cooled to

room temperature and separated by centrifugation at 12 000 rpm

for 10 min The products were then washed 5 times with hot

distilled water. The final samples were dried at 80 uC and then

collected. The actual Pt molar content on the prepared catalysts

was 0.06%, 0.12%, 0.18%, 0.29%, 0.40% according to the ICP-

MS data, and these catalysts were denoted as 0.06Pt–TiO2,

0.12Pt–TiO2, 0.18Pt–TiO2, 0.29Pt–TiO2 and 0.40Pt–TiO2

accordingly. The pure TiO2, synthesized using the same

procedure but with deionized water instead of the Pt colloidal

solution. All the prepared TiO2 catalysts were then heated in a

muffle furnace at 450 uC for 3 h.

Measurements and analysis

X-ray diffraction (XRD) measurements were performed on a

Shimadzu XRD-6100 diffractometer with Cu-Ka radiation

(1.5406 Å). X-ray photoelectron spectroscopy (XPS) was

conducted on a Perkin–Elmer PHI 5000C ESCA system to

determine the surface electronic states of the catalysts. All the

binding energy values were calibrated using C 1s = 284.8 eV as a

reference. The Pt molar content of the catalysts were detected

using a Perkin Elmer ICP-MS (ELAN DRC II) after digestion.

A high-resolution transmission electron microscope (HRTEM)

image was obtained on a JEOL JEM-2100 at 200 KV. The

electron spin resonance (ESR) signals of the singlet oxygen (1O2)

trapped by 2,2,6,6-tetramethyl piperidine (TEMP) were detected

at ambient temperature on a Bruker (ESP 300E) spectrometer.

The catalyst was excited with a Nd:YAG laser at 532 nm and 355

nm. Scanning electron microscopy characterizations of the

catalysts were performed with a Hitachi S4800 instrument. A

Hitachi U-3100 was used to record the UV-VIS diffuse

reflectance absorption spectra of the catalysts. UV-VIS absorp-

tion spectra of the solution were measured on a Beckman DU-

800 UV spectrometer. The photodegradation of 2,4,6-TCP was

analyzed by Waters 2695e high performance liquid chromato-

graphy (HPLC) with a SunFire C18 5 mm column. HPLC-MS

(Thermo Fisher Scientific, LCQ Fleet ion trap spectrometer) was

used to identify the degradation intermediates. Changes in total

organic carbon (TOC) were determined using a total organic

carbon analyzer (Shimadzu TOC 5000).

Photocatalytic reactions

The light source used in this study was a 300 W Xe lamp (CEL-

HXUV300, Beijing Changtuo Lighting Corporation, China)

equipped with a glass filter restricting the transmission of

wavelength below 400 nm. The original spectrum of the lamp is

shown in Fig. S1, ESI.{ In a typical photocatalytic reaction, 30

mg catalyst was dispersed in 30 mL aqueous solution of 1024 M

2,4,6-TCP. Prior to illumination, the suspension was magneti-

cally stirred in the dark for 30 min to ensure the establishment of

an adsorption/desorption equilibrium. At a given time, the

reaction suspension samples were collected, centrifuged, and

then filtered to remove the catalyst. The filtrates were analyzed

with HPLC, TOC and UV-VIS absorption spectra.

Results and discussion

Characterization of the prepared photocatalyst

Fig. 1 shows the XRD patterns of the as-prepared TiO2 and

0.18Pt–TiO2 samples. These patterns can be well indexed to

tetragonal rutile (JCPDS No. 21-1276). No peaks of anatase or

brookite phases are detected, indicating the high purity of the

rutile TiO2. It was reported that the XRD diffractions of cubic

phase platinum locate at about 39.8u, 46.3u, 67.5u, and 81.3u
(JCPDS No. 04-0802), which would not overlap with the

diffractions of rutile TiO2 and would be easily detected.

However, no diffraction peak of crystalline Pt was observed at

this low concentration, showing good agreement with the

previous studies.15,16 The particle size calculated from the

diffraction peak of (110) are 19.2 nm for TiO2 and 13.9 nm for

0.18Pt–TiO2. The Pt nanoparticles significantly decreased the

crystallite size of the catalyst, which is also observed in the

literature.15 The existence of Pt nanoparticles during TiO2

preparation does not affect the XRD pattern of TiO2.

However, the diffraction peak of TiO2 (101) broadened and

shifted to high angle in the presence of Pt nanoparticles.

According to Bragg’s law, nl = 2dsinh, the lower the value of

h, the larger the spacing. So, we can conclude that the presence of

Pt decreased the value of the d-spacing. XPS was used to

This journal is � The Royal Society of Chemistry 2012 RSC Adv., 2012, 2, 12378–12383 | 12379
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investigate the chemical status of Pt in the prepared Pt/TiO2

catalyst. The broad Pt (4f)-spectrum (Fig. S2, ESI{) may

tentatively be deconvoluted into three components: Pt0 (4f7/2)

at a binding energy of 70.8, PtO (4f7/2) and PtO2 (4f7/2) at binding

energies of 73.0 and 75.0 respectively. It is reported that the heat

treatment of Pt nanoparticles supported on oxides (such as TiO2,

SiO2, CeO2) results in the formation of oxidized Pt species, which

show higher binding energies and indicate strong interactions

between the Pt and oxides.17,18 The modified catalyst showed an

increase of absorption over the entire visible region after Pt

nanoparticle modification (Fig. S3, ESI{). Similar absorption

spectra for Pt–TiO2 were obtained and discussed in other

work.19,20 Belloni et al. reported that the absorption properties

of platinized TiO2 depend on the optical properties of the metal,

the matrix and the volume fraction of the metal in the

nanocomposite.19 In their work, the absorption in the visible

region of Pt–TiO2, with 1% Pt, reached more than 30% of the

intensity at the maximum. The absorption of 0.18Pt–TiO2 in the

visible region was ca. 10% of the intensity at the maximum in our

study.

Fig. 2A shows the SEM images of the 0.18Pt–TiO2 sample. A

lot of short nanorods were observed in the sample, which is

similar to the pure rutile TiO2 (not shown). These nanorods were

of 30–60 nm in diameter and less than 350 nm in length. The size

and morphology of the sample were further analyzed by

HRTEM. Pt nanoparticles were embedded in the TiO2 matrix,

as shown in Fig. 2B. The Pt nanoparticles with sizes between 5

nm to 30 nm exhibited an uneven dispersion. The average size of

20 Pt nanoparticles in the TEM image was calculated to be 11

nm. Fig. 2C reveals the local crystal structure of the boundary

between TiO2 and a Pt particle (the circle part at Fig. 2B). The

TiO2 crystal lattice have a d-spacing of 0.32 nm, attributed to the

(110) plane of the rutile-type TiO2 crystals. In the Pt particles,

lattice fringes with a d-spacing of 0.22 nm are observed, which

correspond to the (111) spacing of a f.c.c. Pt structure (JCPDS

No. 65-2868). The distinguished interface and the continuity of

the lattice fringes between the TiO2 and Pt nanoparticles

confirms their strong interaction.21 It has been reported that

the (110) facets of rutile TiO2 are prone to collect electrons,22

which greatly facilitates the transfer of electrons from the TiO2

to the Pt nanoparticles, and enhances the separation of holes and

electrons.

Photocatalytic activity for the degradation of 2,4,6-TCP

Fig. 3A compares the kinetics of the photodegradation of 2,4,6-

TCP under visible illumination in the presence of different

catalysts. Negligible reaction was observed in the presence of

pure rutile TiO2. Upon modification with Pt nanoparticles, the

Fig. 2 A) SEM of 0.18Pt–TiO2. B) TEM of 0.18Pt–TiO2. C) HRTEM

of the circle part at B.

Fig. 1 XRD patterns of the prepared TiO2 and 0.18 mol% Pt modified

TiO2 (0.18Pt–TiO2).
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degradation rate of 2,4,6-TCP was markedly enhanced. It can be

found that the degradation rate of 2,4,6-TCP is increased with

increasing of the Pt content when it was below 0.18 mol%, and

decreased with the increase of the Pt content when it was higher

than 0.18 mol%. The rutile structure of TiO2 is known for the

low photodegradation activity of organic species in aqueous

solutions. This feature may be related to its ineffective oxygen

reduction and efficient electron–hole pair recombination.23 For

the Pt modified catalysts, photogenerated electrons are trans-

ferred from the rutile TiO2 conduction band to the Pt

nanoparticles and the holes accumulate in the TiO2 valence

band. O2 can be reduced by electrons at the Pt nanoparticles to
?O2

2, and in turn the reactive oxygen species form in the aqueous

suspension.24,25 However, the Pt nanoparticle is itself an

electron–hole recombination center.26 Thus, at high Pt nano-

particle concentration the increased electron–hole recombination

rate on Pt has a larger deleterious effect than the increased

oxygen reduction on Pt, which enhances photoactivity. This

results in an optimum content of Pt being y0.18 mol%, where a

higher content of Pt was detrimental to the enhancement of the

photoactivity. Total organic carbon (TOC) experiments were

performed to evaluate the mineralization ratio of 2,4,6-TCP in

the presence of the 0.18Pt–TiO2 catalyst. The removal of TOC of

2,4,6-TCP was about 50% after 2.5 h illumination, and the TOC

continued to decline afterwards, as observed in Fig. 3B. This

means that 2,4,6-TCP and its organic degradation intermediates

can be oxidized to harmless CO2, H2O and inorganic ions in this

reaction system.

The reaction solution was initially colorless, but it turned pink

and decayed finally as the oxidation proceed in the presence of Pt

nanoparticle-modified rutile TiO2. In the previously proposed

mechanism for the TiO2-mediated photodegradation of aromatic

organic pollutants, ?OH was thought to be the main oxidative

species for the degradation. Hydroquinones or catechols were

the initial and main products formed by ?OH attack on the para

or ortho positions of the aromatic ring.27,28 These intermediates,

produced from ?OH attack, do not display a pink color in

aqueous solution. The formation of a pink colored intermediate

indicates that another oxidative species different from ?OH is

responsible for the photodegradation of 2,4,6-TCP.

Identification of the oxidative species and degradation

intermediates

To study the main oxidative species for the degradation of 2,4,6-

TCP, different oxidative species scavengers were added to the

catalytic system, as shown in Fig. 4. The photodegradation of

2,4,6-TCP showed an insignificant decrease when ethanol, the
?OH scavenger, was added in the presence of 0.18Pt–TiO2. This

indicates that ?OH is not the main oxidative species for the

degradation of 2,4,6–TCP. It was observed that the addition of

benzoquinone (BQ, a very efficient scavenger of ?O2
2) and

Na2EDTA (a hole scavenger) both hindered the degradation of

2,4,6-TCP almost completely. The existence of a hole or electron

scavenger would suppress their recombination and increase the

lifetime of the separated electron and hole. The photodegadation

should not be inhibited completely when BQ or Na2EDTA are

added, if hole or ?O2
2 act as the main oxidative species. This

means that ?O2
2 and the hole are involved in the formation of

the reactive oxidative species, but they are not the direct oxidant

for 2,4,6-TCP degradation. It was also observed that the

degradation was inhibited by the addition of NaN3, an efficient

quencher for ?OH and 1O2. Rate constants for the hydroxyl

radical and the singlet oxygen scavenging by NaN3 are 7.5 6 109

Fig. 3 A) Photodegradation of 2,4,6-TCP in the presence of different Pt

content catalysts. B) TOC removal of 2,4,6-TCP in the presence of

0.18Pt–TiO2 and pure TiO2 under visible light irradiation.

Fig. 4 0.18Pt–TiO2 photocatalyzed degradation of 2,4,6-TCP in the

presence of scavengers.

This journal is � The Royal Society of Chemistry 2012 RSC Adv., 2012, 2, 12378–12383 | 12381
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and 5 6 108 M21 s21,10 respectively. For comparison, in the case

of ethanol these numbers are 1.5 6 109 and ca. 103 M21 s21,10

respectively. The different effects of added NaN3 and ethanol on

2,4,6-TCP degradation indicated that 1O2 should be the main

oxidative species.

The oxidation of chlorophenols by 1O2 was reported to result

in the formation of hydroperoxides that dehydrated to form

p-benzoquinone derivatives.29 The p-benzoquinone derivative of

the photooxidation of 2,4,6-TCP should be 2,6-dichloro-1,4-

benzoquinon (DCQ). The aqueous photoreaction of DCQ

produced 2,6-dichlorohydroquinone and 2,6-dichloro-3-

hydroxy-1,4-benzoquinone (DCHB) as reported earlier.30

DCQ, DCHQ and DCHB intermediates were observed in our

experiments. 2,6-Dichloro-1,4-benzoquinon (DCQ) was identi-

fied by HPLC after comparison with authentic sample. 2,6-

dichlorohydroquinone (DCHQ) and 2,6-dichloro-3-hydroxy-1,4-

benzoquinone (DCHB) were identified by high performance

liquid chromatography mass spectrometry (HPLC-MS) (Fig. S4,

ESI{). UV-VIS absorbance at 524 nm, the source of the pink

color, was observed during the photoreaction due to the

formation of DCHB (Fig. S5, ESI{). It is reasonable to assume

that the oxidation of 2,4,6-TCP by 1O2 in this way, Fig. 5. It was

previously demonstrated that ?N3 was generated during the

quenching of 1O2 by NaN3.31 ?N3 is a rather active oxidant that

can react with 2,4,6-TCP, which lead to the photodegradation

reaction of 2,4,6-TCP not being completely inhibited in the

presence of NaN3.

We have further employed an ESR technique to detect the

photogeneration of 1O2 by Pt–TiO2 using 2,2,6,6-tetramethyl

piperidine (TEMP) as the spin trap under 355 nm and 532 nm

laser illumination. As shown in Fig. 6A and 6B, the characteristic

ESR spectra, containing three equal-intensity lines from nitro-

oxide radical (TEMPO), were successful determined during UV

and visible illumination, and the signal intensity increased with

the illumination time. The intensity of ESR signals illuminated at

355 nm is stronger than that illuminated at 532 nm after the same

illumination time. This can be attributed to the strong

absorbance of the catalyst at 355 nm that enhanced the

formation of excited electrons, and then the formation of 1O2.

Control experiments showed that the nitrooxide radical signal

can not be observed in the presence of NaN3 after illumination at

355 nm for 180 s (Fig. S6, ESI{).

Mechanism of singlet oxygen photogeneration

Hwang et al. reported recently that 1O2 can be formed through

direct sensitization by PVP dispersed Pt nanoparticles.32 The

formation of 1O2 on Pt/TiO2 was proposed to take place via the

following possible mechanisms: 1) direct sensitization of Pt

nanoparticles; 2) energy transfer as a result of electron–hole

Fig. 5 Oxidation pathway of 2,4,6-TCP by 1O2.

Fig. 6 ESR spectra of TEMP-1O2 adducts in aqueous solution. A)

0.18Pt–TiO2 illuminated with 355 nm laser; B) 0.18Pt–TiO2 illuminated

with 532 nm laser.

12382 | RSC Adv., 2012, 2, 12378–12383 This journal is � The Royal Society of Chemistry 2012

D
ow

nl
oa

de
d 

on
 3

0 
Ja

nu
ar

y 
20

13
Pu

bl
is

he
d 

on
 2

2 
O

ct
ob

er
 2

01
2 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2R

A
21

66
1B

View Article Online

http://dx.doi.org/10.1039/c2ra21661b


recombination; and 3) electron transfer process, reaction of

superoxide anion with hole. The hole and ?O2
2 scavenger would

not affect the formation of 1O2 if it was generated by the

sensitization of Pt nanoparticles embedded on TiO2. CTAB

dispersed Pt nanoparticles in aqueous solution (1 g L21) cannot

catalyze the degradation of 2,4,6-TCP under photoexcitation in

this research. So, the photodegradation of 2,4,6-TCP can not be

explained by the direct photosensitization of Pt nanoparticles. It

has been reported that Pt nanoparticles on TiO2 significantly

enhance O2 adsorption and the formation of ?O2
2.26 The rutile

surface is a favorable condition to stabilize ?O2
2.33 These

properties of Pt nanoparticle-modified TiO2 facilitate the

formation of 1O2 via reaction of superoxide anions with holes,

Fig. 7.

The present work demonstrates the photogeneration of 1O2

and photodegradation of 2,4,6-TCP in the presence of Pt

nanoparticle-modified rutile TiO2 under visible illumination.

The Pt nanoparticles contribute to separating distinctly the

charges of electrons and holes generated in TiO2 by visible

illumination. O2 can be reduced by the conduction band electron

to ?O2
2, which is oxidized by a hole to 1O2. The formed 1O2 is

then involved in the primary oxidation reaction of 2,4,6-TCP.

The presented results may shine some light on the mechanism of
1O2 generation at the modified rutile TiO2 surface and

chlorophenols oxidation. On the other hand, the visible

photogeneration of 1O2 by the catalyst shows its potential

application in photodynamic therapy and photooxidation of

organic compounds.
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