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bstract

A visible-light-active mesoporous Cr-doped TiO2 photocatalyst with worm-like channels was synthesized using an evaporation-induced self-
ssembly approach and characterized by X-ray powder diffraction, nitrogen adsorption–desorption, X-ray photoelectron spectroscopy, transmission
lectron microscope, and UV–vis diffuse reflectance, respectively. The effect of Cr3+ doping concentration on the photocatalytic activity of
esoporous TiO2 was investigated from 0.1 to 1 mol%. The characterizations indicated that the photocatalysts possessed a homogeneous pore

iameter of about 8 nm with high surface area of 117 m2/g and a crystalline anatase pore wall doped by Cr3+. Compared with pure mesoporous

iO2, the Cr-doped TiO2 extended the photoabsorption edge into the visible light region. The results of gaseous acetaldehyde photodecomposition
howed that mesoporous Cr-doped TiO2 exhibited higher photocatalytic activities than pure mesoporous TiO2 and nonporous Cr-doped TiO2 under
isible light irradiation.

2008 Elsevier B.V. All rights reserved.
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. Introduction

More recently, the metal-oxide photocatalysts have become
focus of attention due to their possible application to degra-

ation of environmental organic pollutants and the conversion
f solar-energy [1–6]. Among the very few photochemically
nd chemically stable photocatalysts, TiO2 (P25) is one of the
ost popular photocatalysts due to its high photocatalytic activ-

ty when irradiated by UV light (λ < 400 nm) [7]. It has also
een clarified that the photocatalytic activity of TiO2 strongly

epends on its physical properties, such as crystal structure, sur-
ace area, particle size, surface hydroxyls, etc. [8,9]. Of these
hysical properties, surface area is one of the key factors in

∗ Corresponding author at: Eco-materials and Renewable Energy Research
enter (ERERC), Department of Physics, Nanjing University, 22 Hankou Road,
anjing 210093, People’s Republic of China. Tel.: +86 25 83686630;

ax: +86 25 8368 6632.
E-mail address: zgzou@nju.edu.cn (Z. Zou).

f
t
v
l
i

t
b
s

381-1169/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2008.01.005
position

nhancing the photocatalytic activity. The larger the surface area
s, the more the photocatalytic active sites are, thus enhancing
he photocatalytic activity. Mesoporous TiO2, which displayed
etter photocatalytic activity than P25 because of its larger sur-
ace area, has therefore received much interest in photocatalysis
10–13]. However, pure mesoporous TiO2 only strongly absorb
V light (rather than visible light), which only accounts for a

mall fraction of the solar spectrum (<4%). The development
f visible light responsive mesoporous TiO2 has the positive
ffect on improving the photocatalytic efficiency. In addition,
or practical application to decompose indoor organic pollu-
ants, it is necessary to extend the photoabsorption of TiO2 into
isible light region. Thus, exploring visible light absorption,
arge surface areas and crystalline pore wall mesoporous TiO2
s significant.
Thus for, extensive researches have been conducted to convert
he TiO2 absorption from the ultraviolet to the visible light region
y the ion doping of transition metals [14]. Among these tran-
ition metal ions, Cr3+ has received much attention because its
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In fact, Cr3+ ions can be easily incorporated into the TiO2 lattice
via displacing Ti4+ sites due to their close ionic radius of Ti4+

(0.68 Å) and Cr3+ (0.64 Å) [20]. In addition, the mean crystalline
sizes calculated by the Scherrer equation are summarized in
56 X. Fan et al. / Journal of Molecular C

ntroduction can excellently extend the visible light absorption.
n 2002, Palmisano et al. studied the photocatalytic degrada-
ion of aliphatic and aromatic compounds in aqueous systems
n Cr-doped polycrystalline TiO2 powder [15]. Afterwards,
onzalez-Elipe et al. investigated the photocatalytic properties
f Cr-doped TiO2 thin film prepared by ion beam-induced CVD
16]. Zhang et al. studied the photooxidation of XRG (azoic
ye) aqueous solution on Cr-doped TiO2 prepared by a pro-
ess that combined sol–gel with hydrothermal method. The
esults showed that Cr-doped TiO2 effectively improved the
hotocatalytic activity under visible light irradiation within the
ptimal doping concentration from 0.15 to 0.2% [17]. Yin et al.
ynthesized the mesoporous Cr-doped TiO2 and studied its elec-
rorheological activity [18]. More recently, Yu et al. fabricated

esoporous Cr-TiO2 photocatalyst and evaluated its activity for
hotodegradation of methylene blue. The results showed that
he photocatalytic activity of mesoporous Cr-doped TiO2 was
igher than that of pure mesoporous TiO2 [19]. However, so
ar, there is no systematic study on the effect of the Cr/Ti molar
atio on the acetaldehyde photodecomposition over mesoporous
r-doped TiO2 under visible light irradiation.

In present work, mesoporous Cr-doped TiO2 with worm-like
hannels was synthesized using an evaporation-induced self-
ssembly approach. The effect of Cr doping concentration on
he photocatalytic activity of mesoporous TiO2 was investi-
ated from 0.1 to 1 mol%. The photocatalytic decomposition of
cetaldehyde over these obtained samples was conducted under
V-light and visible light irradiation.

. Experimental

.1. Preparation of catalysts

In a typical synthesis, 0.01 mol of titanium chloride (TiCl4)
as added to a solution containing 1 g of pluronic P123

EO20PO70EO20, M = 5800, Aldrich) and 10 g of ethanol. To this
olution, 1 × 10−5, 5 × 10−5 and 1 × 10−4 mol Cr(NO3)3 was
dded for the synthesis of mesoporous Cr-doped TiO2, respec-
ively. The resulting sol was gelled in an open petri dish at 50 ◦C
n air for 4 days. The as-made bulk samples were then calcined at
00 ◦C for 3 h in air at the heating rate of 1 ◦C min−1 to remove
he surfactant. The calcined samples were labeled according to
he Cr-doping content (the pure mesoporous TiO2 is denoted as

T-0, the mesoporous Cr-doped TiO2 is denoted as MT-0.1 and
o on). The synthesis of the nonporous 0.1 mol% Cr-doped TiO2
abeled as Cr-TiO2-0.1 was similarly conducted but without the
urfactant of P123.

.2. Structural characterization

Wide-angle X-ray powder diffraction (XRD) measurements
ere performed on a Rigaku Ultima III X-ray diffractome-

er using Cu K� radiation. Nitrogen adsorption–desorption

sotherms were collected on a Micromeritics Tristar-3000 sur-
ace area and porosity analyzer at 77 K after the samples
ad been degassed in the flows of N2 at 150 ◦C for 5 h.
he Brunauer–Emmet–Teller (BET) surface area was calcu-
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ated from the linear part of the BET plot (P/P0 = 0.1–0.25).
he pore size distribution plots were obtained by using

he Barret–Joyner–Halenda (BJH) model. Images of high-
esolution transmission electron microscope (HRTEM) were
btained by employing a TECNAI F20 high-resolution trans-
ission electron microscope with a 200 kV accelerating voltage.
he X-ray photoelectron spectroscopy (XPS) measurements
ere carried out on an ESCALAB Mark II (VG Company, U.K.).
he UV–vis diffuse reflectance spectrum was measured on a
V–vis spectrophotometer (UV-2550, Shimadzu).

.3. Investigations of photocatalytic properties

The photocatalytic activities of the prepared samples for the
xidation of acetaldehyde in air were examined at room temper-
ture. In a typical process, powder sample (0.1 g) was put on a
-cm2 glass groove. The glass with powder photocatalyst was
hen placed into a 224-ml gastight reactor with a quartz window,
lled with air to one atmospheric pressure. Then, acetaldehyde
5 �l of 40% CH3CHO aqueous solution) was injected into the
eactor to generate a high-concentration acetaldehyde gas. The
ight source for the catalytic reaction was a 300-W Xe arc lamp.
he evolved carbon dioxide was detected by a Shimadzu GC-
4B gas chromatograph equipped with a methanizer and a FID
etector.

. Results and discussion

.1. Powder X-ray diffraction analysis

Fig. 1 shows the wide-angle XRD patterns of the samples
alcined at 400 ◦C. Only the single anatase TiO2 (JCPDS, No.
1-1272) was formed and no chromium oxide impurity phase
as detected. Similar results have been reported previously [17].
ig. 1. Wide-angle XRD patterns of mesoporous Cr-doped TiO2 sample with
ifferent Cr3+ content: MT-0 (a), MT-0.1 (b), MT-0.5 (c), MT-1 (d) and Cr-
iO2-0.1 (e).
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Table 1
Summary of the physicochemical properties of mesoporous Cr-doped TiO2

Samples Crystal size (nm) Surface area (m2/g) D-BJH (nm) V-total (cm3/g)

MT-0 9.2 (0.2) 101.0 5.2 0.180
MT-0.1 8.8 (0.2) 117.8 7.8 0.332
M 16.0
M 14.2
C 49.6
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T-0.5 9.4 (0.2) 1
T-1 9.1 (0.2) 1
r-TiO2-0.1 (non-pore) 19.6 (0.1)

able 1. All the mean crystalline sizes are about 9.0 nm. This
henomenon could be ascribed to the lower doping content that
s not large enough to affect the growth of anatase crystals.

.2. Nitrogen physisorption and TEM characterization

The pore size distributions and N2 adsorption–desorption
sotherms of pure mesoporous TiO2 and MT-0.1 are shown in
ig. 2. Both the isotherms reveal stepwise adsorption and des-
rption, which is a characteristic of mesoporous materials. The
arrow pore size distribution curves indicated that the present
aterials have uniform pore channels. The narrow pore size dis-

ribution is not affected by the doped concentration of Cr3+ even
hen the Cr3+ content of the precursors is as high as 1 mol%.
he BET surface areas of these samples with different Cr-doping
ontents are also listed in Table 1. It can be seen that Cr-doped
iO2 samples have about 10% larger BET surface areas than
ure mesoporous TiO2.

Transmission electron microscopy observations were per-
ormed to confirm the mesostructure existence in the TiO2.

wormhole-like mesostructure without long-range order was
bserved on the edges of Cr-doped mesoporous TiO2, as shown
n Fig. 3. As indicated by HRTEM images, anatase nanocrys-
als are clearly observed to connect with each other to form
rystalline framework walls of the mesopore.

.3. XPS studies

The X-ray photoelectron spectra of mesoporous Cr-doped
iO2 are shown in Fig. 4. The typical full XPS spectra (Fig. 4A)

f mesoporous Cr-doped TiO2 showed that the mesoporous Cr-
oped TiO2 contains only Ti, O, Cr and a trace amount of carbon,
ndicating chloride ion and the template are removed via calci-
ation. The peaks at 458.05 and 463.75 eV (see Fig. 4B) are

2

m
p

Fig. 2. N2 adsorption–desorption isotherms and Barret–Joyner–Halenda
7.6 0.314
8.0 0.324
– –

ndexed to Ti4+ 2p3/2 and Ti4+ 2p1/2, respectively. The Ti 2p
eaks are in quite close good agreement with that of pure TiO2.
he peaks of XPS spectra of Cr 2p (see Fig. 4C) at 576.05
nd 588.05 eV should be assigned to Cr3+ 2p3/2 and Cr3+ 2p1/2,
espectively [19–21]. Therefore, in the mesoporous Cr-doped
iO2, the valence states of Ti and Cr ions are +4 and +3, respec-

ively.

.4. Photocatalytic performance

Fig. 5 shows the UV–vis absorption spectra of mesoporous
r-doped TiO2. It is obvious that the doped Cr3+ can signifi-
antly improve the absorption of mesoporous TiO2 in the visible
ight region. The absorption at wavelength of less than 387 nm
s caused by the intrinsic band gap absorption of anatase TiO2
3.2 eV). The absorption around 450 nm is due to the charge
ransfer band Cr3+ → Ti4+ or 4A2g → 4T1g of Cr3+ in an octa-
edral environment, and, the broad absorption band from 620 to
00 nm is due to 4A2g → 4T2g d–d transitions of Cr3+ [17,21].
ith the increase in Cr3+ doping content, the absorption edge of
esoporous TiO2 greatly extended into the visible light region.
his extended absorbance indicates the possible enhancement

n the photocatalytic activity of mesoporous TiO2 illuminate by
isible light.

The photocatalytic activity for acetaldehyde photodecompo-
ition was evaluated by the amount of evolved carbon dioxide
n the reaction. The overall process of acetaldehyde pho-
odecomposition over TiO2 can be depicted by the following
quation

TiO2,hv

CH3CHO + 5O2 −→ 4CO2 + 4H2O (1)

To confirm that degradation of acetaldehyde over Cr-doped
esoporous TiO2 proceeds photocatalytically, a parallel com-

arisons experiment was carried out over SiO2 powders. SiO2

(BJH) pore size distribution (inset) of (a) MT-0 and (b) MT-0.1.
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Fig. 3. TEM and HRTEM images o

owders (0.1 g) was placed into the photocatalytic reactor and
ested under the same conditions. No obvious increase in amount
f CO2 was detected. Additionally, MT-0.1 sample was tested
nder (λ > 440 nm) visible light irradiation without acetalde-

yde injection. After 3 h photoreaction, the amount of increased
volved dioxide was 0.0531 �mol, which only accounts for 0.3%
f the produced carbon dioxide (17.9 �mol) in acetaldehyde

t

p

Fig. 4. XPS spectra of calcined mesoporous Cr-doped TiO2 (A
-0.1(A and C) and MT-1(B and D).

hotodecomposition reaction. Therefore, the evolved carbon
ioxide (99.7% of total) mainly comes from the photodecom-
osition of acetaldehyde in the photoreaction. The evolved
arbon dioxide in the blank experiment may be coming from

he adsorbed carbon dioxide on the sample.

Fig. 6 shows the amount of carbon dioxide produced from the
hotocatalytic degradation of acetaldehyde on MT-0, MT-0.1,

), Cr2p XPS spectra (B) and Ti2p spectra (C) of MT-0.1.
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ig. 5. UV–vis diffuse reflectance spectra of mesoporous Cr-doped TiO2 sam-
les: MT-0 (a), MT-0.1 (b), MT-0.5 (c) and MT-1 (d).

T-0.5, MT-1, Cr-TiO2-0.1, and P25 under UV light irradiation
full arc of Xe lamp). MT-0 exhibited a higher photocatalytic
ctivity than P25, which can be attributed to its mesoporous
tructure that provides more active sites for the reaction. The
ntroduction of Cr3+ into the mesoporous framework decreased
he photocatalytic activity of mesoporous TiO2. Moreover, with
he increase in the Cr content in mesoporous TiO2, the photocat-
lytic activity gradually decreased. This result can be attributed
o the formation of crystal defects (oxygen vacancy) caused by
r3+ substitution for Ti4+ in the TiO2 lattice, which act as recom-
ination centers for the photogenerated electrons and holes. The
ore defects as well as the higher Cr3+ concentration will lead

o lower photocatalytic activity.
Although Cr3+ doping leads to the formation of defects, it

an enhance the activity of mesoporous TiO2 under visible light.
ig. 7 shows the amount of evolved carbon dioxide on different
amples irradiated under visible light at wavelength λ > 440 nm.

n comparison with the photocatalytic activity with UV-light
rradiation, the MT-0.1 rather than MT-0 exhibited the high-
st activity. This result should be due to the positive effect of
r3+ introduction on the photocatalytic activity because the Cr-

ig. 6. The photocatalytic activities of samples under UV-light (full arc of 300 W
e lamp). The reaction was carried out for 15 min.
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ig. 7. The photocatalytic activities of samples under visible light irradiation
λ > 440 nm). The reaction was carried out for 3 h.

oping not only increases the surface area of mesoporous TiO2
ut also extends its photoabsorption to visible light region. It
as found that the photocatalytic activity of P25 was much

ower than that of other samples because P25 only can utilize
ltraviolet light. Though the surface area of Cr-TiO2-0.1 is 50%
f that of MT-0.1, the photocatalytic activity was comparable
ith that of MT-0.1. This phenomenon should be attributed to

he higher crystallinity of Cr-TiO2-0.1 than that of MT-0.1. The
igher the crystalline quality is, the smaller the amount of defects
s, as the defects usually act as trapping and recombination
enters for photogenerated electrons and holes, thus resulting
n the decrease in the photocatalytic activity [22]. The MT-0
atalyst exhibited a similar high activity to the mesoporous Cr-
oped TiO2 samples under visible light irradiation. This could
e caused by the remaining carbon doped into the TiO2. Previ-
us researches have reported that the photocatalytic reaction can
roceed on C-doped TiO2 under visible light irradiation [23,24].
owever, the amount of carbon impurity in Cr-doped meso-
orous TiO2 is less and its function is limited. From the UV–vis
bsorption spectra of samples, it can be seen that the intensity and
egion of visible light photoabsorption on mesoporous Cr-doped
iO2 is stronger and larger, respectively than those of MT-0.
he strong absorption is beneficial to the photocatalytic activity
ecause the available photons are proportional to photoabsorp-
ion. So, if the reaction is carried out under visible light with
onger wavelength than 440 nm, mesoporous Cr-doped TiO2
hould exhibit higher photocatalytic activity than MT-0. The
mount of evolved carbon dioxide on photocatalysts under visi-
le light irradiation (λ > 460 nm) is shown in Fig. 8. As expected,
he photocatalytic activity of MT-0.1 is twice higher than that
f MT-0, indicating the doped Cr3+ plays a dominant role in
nhancing photocatalytic activity under visible light irradiation.

As well known, one common problem in semiconductor pho-
ocatalysis is that the photoreactions have many critical variables

uch as surface area, defects concentration and photoabsorption.
he surface area is one of the key factors to control the photo-
atalytic activity of a photocatalyst. The larger the surface area
s, the higher the photocatalytic activity is. In addition, the con-
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ig. 8. The photocatalytic activities of samples under visible light irradiation
λ > 460 nm). The reaction was carried out for 3 h.

entration of defects caused by ion doping and/or by the poor
rystallinity influences the activity significantly, because such
efects will act as recombination centers for photogenerated
lectrons and holes, thus decreasing the photocatalytic activ-
ty. Furthermore, the photoabsorption characters greatly affect
he photocatalytic activity of a photocatalyst, since the numbers
f absorbed photons directly depend on the absorption property
f the photocatalyst. In our experiment, the amount of doped
r3+ affects the photocatalytic activity of mesoporous Cr-doped
iO2. For example, MT-0.1 exhibits the highest photocatalytic
ctivity under visible light irradiation (λ > 440 nm), while MT-1
s the best when irradiated by light above 460 nm. This phe-
omenon could be explained by the competition and balance of
he three factors above.

. Conclusions

Mesoporous Cr-doped TiO2 materials have been synthe-
ized by using the evaporation-induced self-assembly method.
r3+ doping can significantly improve the photoabsorption
nd slightly increase the surface area of mesoporous TiO2.
n gaseous acetaldehyde photodecomposition, the doped Cr3+
mproved the photocatalytic activity of mesoporous TiO2 under
isible light irradiation especially under λ > 460 nm. The factors
uch as surface area, defects concentration and photoabsorption
ffect the photocatalytic activity of mesoporous Cr-doped TiO2.
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