
E
t

F
a

b

c

d

a

A
R
R
A
A

K
C
V
P
N
P
T

1

i
t
l
a
s
b
a
a
l
r
c

o
w
n
e

U
f

0
d

Journal of Hazardous Materials 187 (2011) 509–516

Contents lists available at ScienceDirect

Journal of Hazardous Materials

journa l homepage: www.e lsev ier .com/ locate / jhazmat

nhanced visible light photocatalytic activity of novel Pt/C-doped TiO2/PtCl4
hree-component nanojunction system for degradation of toluene in air

an Donga,b,c, Haiqiang Wanga,c, Guo Sena,c, Zhongbiao Wua,c,∗, S.C. Leed

Department of Environmental Engineering, Zhejiang University, Hangzhou 310027, PR China
College of Environmental and Biological Engineering, Chongqing Technology and Business University, Chongqing, 400067, PR China
Zhejiang Provincial Engineering Research Center of Industrial Boiler & Furnace Flue Gas Pollution Control, Hangzhou, 311202, PR China
Department of Civil and Structural Engineering, Research Center for Environmental Technology and Management, The Hong Kong Polytechnic University, Hong Kong, China

r t i c l e i n f o

rticle history:
eceived 1 December 2010
eceived in revised form 12 January 2011
ccepted 13 January 2011
vailable online 19 January 2011

a b s t r a c t

C-doped TiO2 nanoparticles prepared by partial oxidation of TiC were modified with Pt species by
impregnation–calcination method in order to enhance the visible light photocatalytic activity. The physic-
ochemical properties of as-prepared samples were characterized by various techniques in detail. The
results indicated that a novel Pt/C-doped TiO2/PtCl4 three-component nanojunction system was formed,
where C-doped TiO2 and PtCl4 behaved as two visible light responsive components, and Pt metal as
electron-transfer system. The three-component nanojunctioned photocatalyst system exhibited six times
eywords:
-doped TiO2

isible light
hotocatalytic activity
anojunction
latinum

higher visible light activity than that of the pristine C-doped TiO2 in degradation of toluene in air. The
dramatically enhanced activity can be attributed to the increased utilization of visible light, the enhanced
charge carrier separation and transfer process. Further more, the band structure and photocatalysis
mechanism over the three-component nanojunction system was proposed and discussed. This work
may provide new insights into the design of novel multi-component photocatalyst system with efficient
oluene visible light activity.

. Introduction

Visible light induced photocatalysis has attracted intensive
nterest due to its potential applications in environmental pollu-
ants purification and solar energy conversion by utilizing visible
ight in solar or indoor light [1–6]. The leading candidate photocat-
lyst, TiO2, however, requires ultraviolet light (about 5% of natural
olar light) for electron–hole separation due to its relatively wide
and gap (ca. 3.2 eV for anatase TiO2). Nonmetal doping, such as C
nd N doping, has displayed promising results in extending the light
bsorption of TiO2 into visible light (about 43% of the natural solar
ight) region [7–25]. Numerous contributions have been devoted
ecently to developing effective nonmetal-doped TiO2 based single-
omponent photocatalysts with visible light response [7–25].

However, nonmetal doping intrinsically leads to the seri-

us problem of massive charge carrier recombination of TiO2,
hich largely limits the visible light photocatalysis efficiency of
onmetal-doped TiO2 [26,27]. From the viewpoint of energetic or
nvironmental applications, higher reaction efficiency is required
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because the photocatalytic efficiency of current nonmetal-doped
TiO2 under visible light irradiation is still low [28–30].

Recently, TiO2-based three-component systems have been
constructed to greatly improve the visible light photocatalytic per-
formance, where every component plays a separate role in the
photocatalytic process [31–33]. The pioneering work is reported
by Tada et al. [31], who has revealed that CdS–Au–TiO2 three-
component nanojunction system exhibits a high photocatalytic
activity, as a result of vectorial electron transfer driven by the
two-step excitation of TiO2 and CdS. Choi and co-workers [32]
organized ternary CdS/TiO2/Pt hybrid photocatalysts for visible
light-induced hydrogen production, where CdS functions as vis-
ible light responsive component and Pt metal are beneficial for
efficient interfacial charge transfer and separation. This three-
component nanojunction system has the vectorial electron transfer
process of CdS → TiO2 → Pt. Hu et al. [33] also constructed ternary
AgBr–Ag–TiO2 system as visible light photocatalyst for the destruc-
tion of the organic pollutant and bacteria, where AgBr is the visible
light responsive component and the metal Ag species on the sur-
face contributed to the enhanced the electron–hole separation

and interfacial charge transfer. These studies provide novel route
to enhance the visible light photocatalytic activity of pure TiO2,
demonstrating that the development of better visible light pho-
tocatalysts depends on a wide range of visible light response and
effective interfacial charge transfer and separation [34]. Thus, it is

dx.doi.org/10.1016/j.jhazmat.2011.01.062
http://www.sciencedirect.com/science/journal/03043894
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till desirable to design novel visible light TiO2-based photocat-
lytic system with broadened visible light response and improved
harge carrier separation. However, there are few reports on
anojunctioned multi-component photocatalyst system based on
onmetal doped TiO2 with visible light activity. It is highly pos-
ible to construct such photocatalyst system with efficient visible
ight activity based on nonmetal doped TiO2.It is known that, pho-
osensitizing with noble metal complex (e.g., PtCl4 and H2PtCl6) is
n effective method for enhancing the visible light response TiO2-
ased photocatalyst [35–37]. Moreover, the deposition of a noble
etal (Pt or Au), on the surface of TiO2 at nanoscale highly improved

ts photocatalytic efficiency through the Schottky barrier by con-
uction band electron trapping, which increases the charge carrier
eparation rate [38–40].

Inspired by the above interesting work, we constructed Pt/C-
oped TiO2/PtCl4 three-component nanojunction system by a facile

mpregnation–calcination method based on single-component C-
oped TiO2 with visible light response, where PtCl4 enhances the
isible absorbance and Pt metal behaves as the electron trans-
er system in order to broaden the range of visible light response
nd improve the separation of charge carrier simultaneously.
ifferent from previous research, both C-doped TiO2 and PtCl4
re photochemical systems that can be excited by visible light.
he novel Pt/C-doped TiO2/PtCl4 three-component nanojunction
ystem exhibits enhanced visible light photocatalytic activity in
egradation of toluene in gas phase.

. Experimental

.1. Preparation of photocatalysts

C-doped TiO2 nanocrystals (C-TiO2) were prepared by partial
xidation of TiC [27]. In a typical process, 3.0 g TiC powder was
oaded in a ceramic crucible, and then placed in the middle of muf-
e furnace which was open to the atmosphere. The temperature
as slowly ramped up to 400 ◦C at a rate of 2 ◦C/min and kept for
h to obtain C-doped TiO2. Pt loading was performed by incipient

mpregnation of C-doped TiO2 with aqueous solutions of H2PtCl6
t room temperature, followed by stirring for 1 h and heating at
50 ◦C for water evaporation. Finally, the sample was treated at
00 ◦C for 1 h. The amount of loaded platinum was controlled at
, 0.01, 0.05, 0.2, 0.5 and 1.0 wt%. The as-prepared samples were

abeled as Pt/C-TiO2/PtCl4-x, where x represented the content of Pt.

.2. Characterization

The crystal phase of the samples was analyzed by X-ray diffrac-
ion with Cu K� radiation (XRD: model D/max RA, Rigaku Co.,
apan). Raman spectra were recorded at room temperature using

micro-Raman spectrometer (Raman: RAMANLOG 6, USA) with
514.5 nm Ar+ laser as the excitation source in a backscattering

eometry. X-ray photoelectron spectroscopy with Al K� X-rays
h� = 1486.6 eV) radiation (XPS: Thermo ESCALAB 250, USA) was
sed to investigate the surface properties of the samples. The
hift of the binding energy was corrected using the C1s level
t 284.8 eV as an internal standard. The morphology, structure
nd crystal size of the samples were examined by transmission
lectron microscopy (TEM: JEM-2010, Japan). The UV–vis dif-
use reflection spectra were obtained for the dry-pressed disk

amples using a Scan UV–vis spectrophotometer (UV–vis DRS: TU-
901, China) equipped with an integrating sphere assembly, using
aSO4 as reflectance sample. The photoluminescence spectra were
easured with a fluorospectrophotometer (PL: Fluorolog-3-Tau,

rance) using a Xe lamp as excitation source with optical filter.
aterials 187 (2011) 509–516

2.3. Tests of photocatalytic activities

Photocaytalytic degradation of toluene in air is chosen as the
probe reaction to test the activities of the as-prepared samples,
as toluene is considered as a typical indoor pollutant [41,42]. The
photocatalytic activity tests were performed at room temperature
using a 1.8 L photo-reactor. The catalyst was prepared by coating
an ethanol suspension of the catalyst onto a dish with a diame-
ter of 12.5 cm. The weight of catalyst used for each test was kept
at 0.20 g. The dish containing catalyst was dried at 60 ◦C for 1 h to
evaporate the ethanol and then cooled to room temperature before
being used. After the catalyst-coated dish was placed in the reac-
tor, a small amount of toluene was injected into the reactor with a
micro-syringe. The analysis of toluene concentration in the reactor
was conducted with a GC-FID (FULI 9790, China). The toluene vapor
was allowed to reach adsorption equilibrium in the reactor prior
to irradiation. The initial concentration of toluene after adsorption
equilibrium was controlled at 150 mg/m3, respectively. A 150 W
Xe lamp with an IR cutoff and a UV-cutoff optical filter (� < 425 nm)
was placed above the reactor as the light source. The temperature
of the reactor was controlled at 25 ± 1 ◦C by continuous cooling air.
The RH was controlled at 60%.

The photocatalytic activity of the catalyst samples can be
quantitatively evaluated by comparing the apparent reaction rate
constants (k). The photocatalytic oxidation of toluene in gas phase
is a pseudo-first-order reaction and its kinetics can be expressed as
follows: ln(C0/C) = kt, C0 and C are the initial concentration and the
reaction concentration of toluene, respectively [43,44].

3. Results and discussion

3.1. Visible light photocatalyic activities

Fig. 1a shows the photocatalytic activities of C-TiO2 and Pt/C-
TiO2/PtCl4 samples under visible light irradiation in degradation of
gaseous toluene by plotting of ln(C0/C) versus t. It can be seen that
the assumption of pseudo-first order reaction is valid. C-TiO2 sam-
ple exhibits decent visible light activity due to carbon doping (k,
0.0025 min−1). The toluene degradation percentage in 120 min is
27.5%. With the different content of Pt species in rang of 0.01–1.0%,
all Pt/C-TiO2/PtCl4 samples exhibit more efficient visible light activ-
ity than that of unmodified C-TiO2. Under optimized condition, the
toluene degradation percentage in 120 min reaches 87.4%, indicat-
ing the great enhancement of activity by Pt surface modification
(k, 0.0171 min−1). Fig. 1b shows the relationship between apparent
rate constant (k) and the weight ratio of Pt. From the result, it is
observed that the photocatalytic efficiency (k value) increases with
increase in the Pt loading upon certain level (optimal Pt loading
content) and then decreases. The optimized loading content of Pt
species is found to be 0.5 wt%. The visible light activity of the opti-
mal catalyst is about six times higher than that of C-TiO2. The excess
loading of Pt species may cover the active sites on C-TiO2 surface
thereby reducing the photocatalytic efficiency. These results sug-
gest that loading Pt species on the surface of C-doped TiO2 could
promote the visible light photocatalytic activity significantly. To the
best of our knowledge, there is no report on the promotive effect
of Pt species on C-doped TiO2.

3.2. XPS analysis
In order to determine the chemical state of the elements and
total density of states (DOS) of the valence band (VB), XPS mea-
surement is carried out in pristine C-TiO2 and Pt/C-TiO2/PtCl4-1.0%
samples. Fig. 2a shows the binding energy for Pt4f spectrum of
Pt/C-TiO2/PtCl4-1.0% sample, which exhibits three different types
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ig. 1. (a) Photocatalytic activities of C-TiO2 and Pt/C-TiO2/PtCl4 samples under v
eight ratio of Pt.

f doublet peaks (4f5/2 and 4f7/2) at 78.2 and 74.9 eV for Pt(IV), at
6.2 and 72.9 eV for Pt(II), at 74.3 and 70.0 eV for Pt(0) [45,46]. The
urface content of Pt(IV), Pt(II) and Pt(0) is 0.07, 0.23 and 0.07 atm.%
espectively. It was reported that calcination of Pt chloride precur-
or at a higher temperature produces metal Pt particles on the oxide

urface [47]. Therefore, a certain amount of Pt(0) is generated on
he our sample. The generation of Pt(II) seems to be unusual. How-
ver, Li et al. and Zhao et al. also observed Pt(II) in their impregnated
repared Pt(IV)/TiO2 samples [36,48]. Accordingly, It is very likely

Fig. 2. XPS spectra for (a) Pt4f, (b) Cl2p, (c) VB and (d) O1s
light irradiation, (b) the relationship between apparent rate constant (k) and the

that the Pt(II) species is produced from Pt(IV) during the work-up of
the XPS sample [48,49]. Therefore, the chemical state of Pt species
existed on the surface of C-TiO2 are actually Pt(IV) and Pt(0). The
Cl2p peak at 198–202 eV is observed on Pt/C-TiO2/PtCl4-1.0% sam-
ple (Fig. 2b). The ratio of [Pt(IV) + Pt(II)]/Cl− is 4.1, indicating that

Pt(IV) existed as PtCl4.

The DOS of VB in C-TiO2 and Pt/C-TiO2/PtCl4-1.0% samples from
VB XPS is shown in Fig. 2c. The dispersed electronic states below
3.0 eV are observed above the valence band edge for both samples.

region of C-TiO2 and Pt/C-TiO2/PtCl4-1.0% samples.
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Table 1
Curve-fitting result of high-resolution XPS spectra for O1s.

Sample O1s (Ti–O) O1s (–OH) O1s (H2O)

C-TiO2

Eb (eV) 529.7 531.5 533.4
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ri (%) 76.0 18.7 5.3
Pt/C-TiO2/PtCl4-1.0%

Eb (eV) 529.7 531.6 533.1
ri (%) 86.2 10.8 3.0

or C-TiO2 sample, these states can be attributed to the contribu-
ion of C2p orbitals, which are directly responsible for the electronic
rigin of band gap narrowing and visible light photoactivity of
he C-doped TiO2 [50,51]. The electronic states of Pt/C-TiO2/PtCl4-
.0% sample are more widely dispersed above 1.5 eV, which can be
scribed to superimposing of the VB DOS of PtCl4 and C-TiO2 [46].

The XPS spectra of O1s region for C-TiO2 and Pt/C-TiO2/PtCl4-
.0% samples are shown in Fig. 2d. Fig. 2d and Table 1 indicate
hat the O1s region of for both samples can be fitted into three
eaks, which can be attributed to Ti–O, –OH hydroxyl groups and
hemisorbed H2O, respectively [52]. The ri (%) in Table 1 indicates
he atomic ratio of each contribution to all kinds oxygen contribu-
ions. It can be seen that the r–OH (%) of Pt modified sample is lower
hat of pristine C-TiO2. This can be explained by the fact that plat-
num chloride strongly interacts with Ti–OH to form Ti–O–PtCl4,

hich consumes some –OH on the catalyst surface [53].

.3. Phase structure

The XRD patterns of as-prepared samples are shown in Fig. 3a.
he phase structure in C-TiO2 and Pt/C-TiO2/PtCl4 samples con-
ists of anatase (JCPDS file No. 21-1272) and rutile phase (JCPDS,
le No. 77-442). No Pt or PtCl4 related diffraction peaks could be
bserved in Pt/C-TiO2/PtCl4 samples, which can be ascribed to the
ew Pt amounts and that the Pt species are uniformly dispersed
n the surface of C-TiO2. Fig. 3a also indicates that Pt modification
as almost no influence on the phase structure of C-TiO2 with 70%
utile and 30% anatase. By using the Debye-Scherrer equation, the
rystallite sizes of anatase and rutile phase are calculated to be 20.1
nd 30.5 nm, respectively.

Raman spectra of C-TiO2, selected Pt/C-TiO2/PtCl4 samples are
hown Fig. 3b. The observed characteristic Raman bands at 144,

96, 395, 515, and 638 cm−1, assigned to the Eg, B1g, A1g, B2g, and
g vibrational modes of TiO2, indicates the presence of the anatase
hase in all these samples [54]. The typical Raman bands due to
utile phase appear at 143 (superimposed with the 144 cm−1 band
f anatase phase), 235, 447, and 612 cm−1, which can be ascribed to

Fig. 3. XRD patterns (a) of C-TiO2 and Pt/C-TiO2/PtCl4 samples, and Raman spectr
aterials 187 (2011) 509–516

the B1g, two-phonon scattering, Eg, and A1g modes of rutile phase,
respectively [55]. The band at 144 cm−1 is the strongest one for the
anatase phase and the band at 143 cm−1 is the weakest one for the
rutile phase. No Raman bands relevant to Pt or PtCl4 are observed,
which further confirm the XRD result.

3.4. Microstructure and morphology

To obtain information about the structure of the samples, TEM
observation of C-TiO2 and Pt/C-TiO2/PtCl4-1.0% was carried out.
From the TEM image (Fig. 4a), C-TiO2 sample consists of agglom-
erates of primary particles of 20–30 nm in diameter. The uniform
lattice fringes can be observed over an entire primary particle
(Fig. 4b), indicating the good crystallization. Different from C-TiO2
sample, some Pt nanoparticles (about 5 nm) are found dispersed
on the surface of Pt/C-TiO2/PtCl4-1.0% sample (Fig. 4c). The HRTEM
images show the lattice fringes of d = 0.322 and 0.224 nm in Fig. 4d
well matched with the crystallographic planes of rutile TiO2 (1 1 0)
and face-centered cubic (fcc) Pt (1 1 1), respectively [17,56,57]. The
insets in Fig. 4d show the corresponding fast Fourier transform (FFT)
patterns of metal Pt and C-TiO2 with crystal growth orientation.

According to the XPS result, the Pt nanoparticles come from the
decomposition of platinum chloride precursor at a higher temper-
ature. The intimate contact between Pt nanoparticle and C-TiO2
favors the formation of nanodimensional junction between the two
components. PtCl4 can not be observed by TEM, because PtCl4 exists
as Pt4+ and Cl− ions. The existence of PtCl4 on catalyst surface,
however, is confirmed by XPS. Thus, the as-prepared Pt-modified
sample actually consists of three components, forming novel Pt/C-
TiO2/PtCl4 nanojunction system.

3.5. UV–vis DRS and PL

Fig. 5a shows UV–vis DRS of C-TiO2, Pt/C-TiO2/PtCl4 samples
and P25. Compared to P25, C-TiO2 exhibits strong visible light
absorption. The absorption of visible light region in the spectrum
of C-TiO2 is caused by the excitation of electrons from modified
valence band in the band gap due to carbon doping. When the
amount of Pt species was less than 0.20 wt.%, no obvious change in
visible light absorption was observed compared with C-TiO2. Signif-
icant increase in absorbance of visible light can be observed when
the content of Pt species is greater than 0.50 wt.%. It was reported

that modification of TiO2 by PtCl4 could make it absorb visible light
[58,59]. The increase in visible light absorption is assignable to the
charge transfer from the ligand (Cl−) to Pt(IV) ions [58,59]. These
results indicate that PtCl4 behaves as a photosensitizer to make C-
TiO2 absorb more visible light through the surface modification. The

a (b) of C-TiO2 and selected Pt/C-TiO2/PtCl4 samples (A: anatase, R: rutile).
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2/PtCl
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l
t

Fig. 4. TEM and HRTEM images of (a and b) C-TiO2 and (c and d) Pt/C-TiO
bsorption band of PtCl4 superimposed with that of C-TiO2. Gener-
lly, the photocatalytic activity is proportional to (I˛˚)n (n = 1 for
ow light intensity and n = 1/2 for high light intensity), where I˛ is
he photo numbers absorbed by photocatalyst per second and ˚

Fig. 5. (a) UV–vis DRS of C-TiO2, Pt/C-TiO2/PtCl4 samples and P2
4-1.0% sample. Inset in (d) shows the FFT patterns of metal Pt and C-TiO2.
is the efficiency of the band gap transition [60]. The enhanced vis-
ible light photocatalytic activity of Pt/C-TiO2/PtCl4 system can be
partly explained in terms of an increase in I˛˚ resulting from the
broadened absorption in the visible light region.

5, (b) Plot of (˛h�)1/2 vs. photon energy of P25 and C-TiO2.
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Table 2
The calculated conduction band (CB) edge, valence band (VB) position and band gap
energy for P25 and C-doped TiO2 at the point of zero charge.

Semiconductors Absolute elec-
tronegativity
(X) (/eV)

Calculated
CB position
(/eV)

Calculated
VB position
(/eV)

Band gap
energy Eg

(/eV)
ig. 6. PL spectra of C-TiO2 and selected Pt/C-TiO2/PtCl4 samples (Excitation light:
14.5 nm).

The band gap (Eg) energies can be estimated from UV–vis DRS
pectra. The relation between absorption coefficient (˛) and inci-
ent photon energy (h�) can be written as �h� = Bd(h� − Eg)1/2 for
llowed indirect transition, where Bd is the absorption constants
15]. Plot of (�h�)1/2 versus h� from the spectra data of C-TiO2 and
25 in Fig. 5a are presented in Fig. 5b. The Eg estimated from the
ntercept of the tangents to the plots is 2.76 and 3.0 eV for C-TiO2
nd P25, respectively. Carbon doping reduces the band gap of TiO2
y lifting the position of valence band, as evidenced by VB XPS
11,15].

Photoluminescence (PL) emission spectra have been widely
sed to investigate the efficiency of charge carrier trapping, migra-
ion, and transfer in order to understand the fate of electron–hole
airs in semiconductor particles since PL emission results from
he recombination of free carriers [15,28]. Fig. 6 shows the room-
emperature PL spectra of C-TiO2 and selected Pt/C-TiO2/PtCl4
amples under visible light (514.5 nm) irradiation. As the PL emis-
ion is the result of the recombination of excited electrons and
oles, the lower PL intensity indicates the increased in charge sep-
ration rate, thus higher photocatalytic activity [28]. It can be seen

rom Fig. 6 that the PL intensity of Pt/C-TiO2/PtCl4 samples is lower
han that of C-TiO2, although the visible light absorption of the for-

er is stronger than that of the latter (Fig. 5a). It is well known that
he Pt particle deposited on the TiO2 at nanoscale surface produced

Fig. 7. Schematic illustration of the band structure and photocata
P25 5.81 −0.19 2.81 3.0
C-doped TiO2 – −0.19 2.57 2.76

the Schottky barrier that facilitated the electron capture [38–40].
Under visible light irradiation, the photo-generated electrons from
C-TiO2 and PtCl4 can be trapped by metal Pt on the surface through
the schottky barrier effect, which could enhance the charge carrier
separation. The electrons then migrated to O2 molecules adsorbed
on the surface of the Pt particle, generating O2

•− species. Thus,
the enhanced charge separation in Pt/C-TiO2/PtCl4 samples can be
ascribed to the promotion effect of Pt particle on catalyst surface,
forming nanojunction system (Fig. 4d), which is another reason for
the enhanced visible light photocatalytic activity of Pt/C-TiO2/PtCl4
samples.

3.6. Band structure and photocatalysis mechanism of
Pt/C-TiO2/PtCl4 nanojunction system

The band edge positions of conduction band (CB) and valence
band (VB) of semiconductor can be determined with the following
approach. The conduction band edge (E0

CB) of a semiconductor at
the point of zero charge (pHZPC) can be predicted by the equation
(E0

CB) = X − EC − 1/2Eg where X is the absolute electronegativity of
the semiconductor (X is 5.81 eV for P25 TiO2; X is unknown for
C-doped TiO2) [61–63]. EC is the energy of free electrons on the
hydrogen scale (∼4.5 eV). Eg is the band gap energy of the semi-
conductor. The calculated position of CB and VB of P25 are listed in
Table 2. It is well known that nonmetal doping does not change the
CB position of TiO2. The VB position of C-doped TiO2 can be calcu-
lated based on the caculated CB position of TiO2 and Eg of C-doped
TiO2, as also shown in Table 2. According to the photoelectrochem-
ical study results of platinum (IV) chloride surface modified TiO2
by Kisch and co-workers, the redox potentials of PtIV/III couple and
Pt-Cl/Cl- are estimated to be −0.4 eV and 1.6 V, respectively [64].

On the basis of their energy band diagram, the schematic elec-

tronic band structure and photocatalytic process of Pt/C-TiO2/PtCl4
nanojunction system can be proposed, as shown in Fig. 7. Two
important redox potentials of O2/O2

•- and OH•/–OH are also dis-
played on this illustration.

lysis mechanism over Pt/C-TiO2/PtCl4 nanojunction system.
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Since both C-doped TiO2 and PtCl4 can be excited by visible light
nd have different photoabsorption ranges, the conjunction of their
hotoabsorption can broaden the range of visible-light absorption
Fig. 5a). The photocatalytic reaction is initiated by the absorp-
ion of visible-light photons. Local excitation of the PtCl4 by visible
ight affords charge transfer-ligand-to-metal, which both undergo
omolytic Pt–Cl bond cleavage to yield Pt(III) and a chlorine atom
process A), as also observed by Kisch and co-workers [37]. The
abile platinum(III) intermediate will rapidly transfer an electron
o the CB of C-TiO2 (process B), while the chlorine atom abstracts
n electron from the oxygen lattice. At the same time, visible light
rradiation of C-TiO2 results in the creation of photogenerated holes
n its VB and electrons in its CB (process C). CB-electrons from both
-TiO2 and PtCl4 can easily transfer to the metal Pt (see the inter-
ace in Fig. 4d) through the Schottky barrier (process D), which
s consistent with the previous study on electron transfer from
iO2 to metal Pt clusters [38–40]. In this way, the photogenerated
lectrons and holes are efficiently separated (Fig. 6). The VB-holes
n C-TiO2 and electrons trapped by metal Pt react with OH− and

olecule O2 on the catalyst surface to form OH• radicals and O2
•−

uperoxide anion radicals, respectively (process E and F). The pho-
ogenerated hole-based oxidation is thought to play an important
ole in photocatalytic reaction [36]. The O2

•− radicals then interact
ith adsorbed H2O to produce more OH• radicals, which are known

o be the most oxidizing species [22]. These OH• radicals then react
ith gaseous toluene to mineralize it [22].

On the basis of above results, we attributed the enhancement in
he photocatalytic activity of Pt/C-TiO2/PtCl4 to the increased capa-
ilities of visible-light absorption and enhanced charge separation
nd transfer process due to formation of three-component nano-
unction system [34]. Thus, our result may provide new insights into
he development of novel multi-component photocatalyst system
ith high visible light activity.

. Conclusion

In summary, the visible light-driven C-doped TiO2 prepared
y partial oxidation of TiC was further modified with Pt species
y a facile impregnation–calcination method in order to enhance
he visible light activity. Various characterization tools confirmed
he formation of novel three-component Pt/C-doped TiO2/PtCl4
anojunction system, where C-doped TiO2 and PtCl4 functioned
s two visible light responsive components, and Pt metal as elec-
ron transfer and separation system. The range of visible light
esponse of the three-component nanojunction system is broad-
ned and the charge carrier separation is enhanced simultaneously.
his photocatalyst system exhibited six times higher activity than
hat of pristine C-doped TiO2 under visible light irradiation for
egradation of toluene in air. The proposed band structure and
hotocatalysis mechanism suggested that the increased utiliza-
ion of visible light, the enhanced charge carrier separation and
ransfer process were mainly responsible for the enhanced visible
ight photocatalytic activity of the novel three-component nano-
unction system. Therefore, our research result could provide new
erspective on designing high-performance visible light photocat-
lyst system with multi-components for environmental pollution
ontrol.
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