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bstract

The paper demonstrates that the photocatalytic activity of TiO2 towards the decomposition of gaseous benzene in a batch reactor can be greatly
mproved by loading TiO2 on the surface of CeO2–ZrO2. The research investigates the effects of three metals doping into Ce0.5Zr0.5O2 on pho-
ocatalytic activity of TiO2/Ce0.45Zr0.45M0.1OX (M = Y, La, Mn). The prepared photocatalysts were characterized by BET, XRD, UV–vis diffuse
eflectance and XPS analyses. BET surface area of TiO2/Ce0.45Zr0.45M0.1OX (M = Y, La, Mn) is smaller than that of Ce0.5Zr0.5O2. XRD results
eveal that the deposited titania is highly dispersed as in the CeO2–ZrO2 matrix, doping M in the CeO2–ZrO2 lattice causes the changing of
attice space and the diffraction peaks shift to higher 2θ position. Among these four catalysts, the band gap value of TiO2/Ce0.45Zr0.45La0.1OX
s the lowest. The binding energy value of Ti 2p3/2 of four catalysts transfers to a lower value. The order of photocatalytic activity is
iO2/Ce0.45Zr0.45La0.1OX > TiO2/Ce0.45Zr0.45Y0.1OX > TiO2/Ce0.45Zr0.45Mn0.1OX > TiO2/Ce0.5Zr0.5O2 > TiO2. The proposed mechanism is of elec-

ron transfer and the stronger absorption in the region 210–400 nm.
2006 Elsevier B.V. All rights reserved.
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. Introduction

In recent years, environment legislation has imposed strin-
ent limits on atmospheric emission levels. In particular, the
elease of volatile organic compounds (VOCs) has received
uch attention [1]. The volatile organic compounds are widely

sed in industrial process and domestic activities. These exten-
ive uses lead to water and air pollution, particularly in indoor
ir pollution. Many VOCs are known to be toxic and consid-
red to be carcinogenic. The most significant problem related to
he emission of VOCs is centered on the potential production of
hotochemical oxidants; for example, ozone and peroxyacetyl
itrate [2]. Emissions of VOCs also contribute to localized pol-
ution problems of toxicity and odor. Many VOCs are implicated

n the depletion of the stratospheric ozone layer and may con-
ribute to global warming [3].
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As a result of all these problems, VOCs have drawn consider-
ble attention in recent years. Conventional methods for treating
OCs from gas streams, such as absorption, adsorption, conden-

ation, thermal/catalytic incineration, biological processes and
tream reforming all have inherent limitations and none are def-
nitely cost-effective [2,4]. Among the technologies developed
or the treatment of VOCs, the photocatalytic oxidation process
s considered to be a promising technology. The attractive advan-
ages of this technology are: (i) photocatalytic oxidation can
roceed at ambient temperature and pressure; (ii) the excitation
ource can be sunlight or low-cost fluorescent light source; (iii)
hotocatalysts are generally nontoxic, inexpensive, and chem-
cally and physically stable; (iv) final oxidation products are
sually innocuous; (v) no additives required (only oxygen from
he air) [5,6]. It is likely that this technology in air purification
eveals strong advantages and capacious application foreground,
ut deactivation of the titanium dioxide catalyst during gas–solid
hotocatalytic oxidation of air contaminated by VOCs is a seri-

us issue and deserves attention from industrial application and
cademic researchers [7].

Sauer et al. [8] investigated the gas-phase photocatalytic
eaction of benzene in a recirculation photocatalytic sys-
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em. Their results showed that the concentration of benzene
learly decreased when the initial concentration was less
han 100 mg/m3, with no change detected after 140 min when
he initial concentration up to 300 mg/m3, there is hence no
hotocatalytic activity for higher concentration of benzene.
ennezel et al. [9] noted catalyst deactivation for a toluene

nd perchloroethylene feed mixture in air. Kim et al. [10]
reated TiO2 with water and HCl, and noticed that when the
oncentration of benzene was 50 mg/m3, benzene conversion
ver TiO2/H2O reached 80% and dropped slowly to 30% in
bout 3 h because of deactivation of photocatalyst. The benzene
onversion over TiO2/HCl remained nearly constant at about
5% for the entire 6 h run due to its low photocatalytic activity.

The decomposition of volatile organic compounds has been
ifficult because of the low conversion and the common deac-
ivation of photocatalyst. Therefore, it is crucial to prolong
he lifetime of the photocatalyst and enhance its photocat-
lytic activity. Various techniques have been developed for
evelopment and modification of the TiO2-based photocatalysts
11].

Nowadays, CeO2–ZrO2 is one of the most important com-
ercial catalytic supports due to its use in the three way catalysts

12]. It is applied in these systems owing to its high oxygen stor-
ge capacity. This material has been investigated since the early
990s and is now generally known that the incorporation of zir-
onium into the ceria lattice creates a higher concentration of
efects improving, thus, the O2− mobility; such mobility would
xplain the outstanding ability to store and release oxygen [13].
owever, to our knowledge, there are few reports on the effect
f metal doping into Ce0.5Zr0.5O2 on photocatalytic activity of
iO2/Ce0.45Zr0.45M0.1OX.

Benzene is a major indoor and industrial air pollutant, and
t was recommended as one of eight representative indoor
OCs. In the present paper, benzene was therefore cho-

en as the model VOC to investigate the capability with
iO2/Ce0.45Zr0.45M0.1OX. The objective of this work is to inves-

igate the effect of three metals doping into Ce0.5Zr0.5O2 on
hotocatalytic activity of TiO2/Ce0.45Zr0.45M0.1OX (M = Y, La,
n). This paper presents the experimental results and discusses

he influence of three metals doping into Ce0.5Zr0.5O2 on pho-
ocatalytic activity.

. Experimental

.1. Preparation of TiO2/Ce0.45Zr0.45M0.1OX (M = Y, La,
n)

All reagents, AR grade, were purchased from Chendu Kelong
hemical Reagents Factory and used as received. Deionized
ater was used throughout the experiments.
Ce0.5Zr0.5O2 and Ce0.45Zr0.45M0.1OX were prepared by

oprecipitation with NH3·H2O and (NH4)2CO3 mixed
e(NO3)3, ZrOCO3, Mn(NO3)2, Y(NO3)3, La(NO3)3 aqueous
olutions with a nominal composition. The precipitate was fil-
ered, washed with distilled water until no pH change could
e detected, then calcined in air at 873 K for 4 h in a muf-
e furnace. These samples Ce0.5Zr0.5O2, Ce0.45Zr0.45Y0.1OX,

a
t
t
o
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e0.45Zr0.45La0.1OX and Ce0.45Zr0.45Mn0.1OX (all called
eO2–ZrO2) are labeled as 1#, 2#, 3#, 4#, respectively.

Precursor solution for TiO2 was prepared by the following
ethod. Tetrabutylorthotitanate (17.2 mL) and diethanolamine

4.8 mL) were dissolved in ethanol (67.28 mL). After stirring
igorously for 2 h at room temperature, a mixed solution of water
0.9 mL) and ethanol (10 mL) was added dropwise to the above
olution under stirring. The resultant alkoxide solution was kept
tanding at room temperature for hydrolysis during 2 h, resulting
n the TiO2 sol. The composition ratio of Ti (OC4H9)4, C2H5OH,

2O and NH (C2H4OH)2 in the starting alkoxide solution was
:26.5:1:1 (in molar ratio). The pure TiO2 powder was prepared
fter calcination the TiO2 gel at 773 K.

The photocatalyst of TiO2/CeO2–ZrO2 with 1 wt% of
iO2 loading were prepared by impregnating method using
iO2 sol, then cacinated at 773 K for 2 h. TiO2 loaded
n Ce0.5Zr0.5O2, Ce0.45Zr0.45Y0.1OX, Ce0.45Zr0.45La0.1OX and
e0.45Zr0.45Mn0.1OX is designated as C1, C2, C3, C4,

espectively.

.2. Characterization of TiO2/Ce0.45Zr0.45M0.1OX

Surface area analysis of TiO2/CeO2–ZrO2 was carried out
y the Brunauer-Emmet Teller (BET) method using Autosorb-
XF-05 (Xibei Chemical Institute, China). The samples were
vacuated 3 h at 623 K, then cooled to 77 K using liquid N2 at
hich point N2 adsorption was measured. X-ray diffraction pat-

erns were recorded with a DX-1000 X-ray diffraction (XRD)
sing Cu/K� radiation, 40 kV, 20 mA. XPS measurement was
arried out on a spectrometer (XSAM-800, KRATOS Co.) with
g K� anticathode. The UV–vis diffuse reflectance spectrum
as performed on a spectrometer (TU-1907). Total oxygen stor-

ge capacity (OSC) was measured after reducing the catalyst
200 mg) at the appropriate temperature (823 K) under H2 flow
40 mins). Before measuring O2 uptake, the catalyst after reduc-
ion was cooled to 473 K under N2 flow, and then pulse of oxygen
ere injected up to the breakthrough point. OSC was evaluated

rom oxygen consumption.

.3. Evaluation of the photocatalysis

Experiments were carried out in a closed stainless steel reac-
or with the volume of 105 L (50 cm (H) × 46 cm (L) × 46 cm
W)). An electric fan and three 10 W black light lamps with
aximum wavelength of 365 nm were installed on a bracket

see Fig. 1). Twenty grams of photocatalyst powder was dis-
ersed in a thin layer over two aluminum foils with the total
rea of 980 cm2 (2 × 24.5 cm (L) × 20 cm (W)), and the required
uantity of liquid benzene was injected into the reactor. The
ertical distance between light and aluminum foil is 15 cm,
0 cm, 45 cm, respectively. Once dark-adsorption equilibrium
as been reached, photocatalysis is started by turning on the
V light source. The initial concentration of benzene was kept
t 400 mg/m3 for all the experiments. The photocatalytic oxida-
ion of benzene was performed under illumination at 312–313 K
o avoid condensation of benzene by placing two infrared lamps
utside the reactor. The concentration of benzene was detected
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As shown in Table 3, among these four catalysts, band gap of
ig. 1. Schematic diagram of the batch photocatalytic reactor: (1) sampling
oint, (2) thermometer, (3) electric fan, (4) bracket, (5) black light lamp, (6)
ygrometer and (7) aluminum foil.

y gas-phase chromatogram with FID detector and GDX-101
hromapack column. The gas was withdrawn regularly from the
eactor for analysis.

In this paper, the conversion rate was calculated by
C0 − C)/C0, where C is the concentration of the reactant after
rradiation as a function of reaction time and C0 is the concen-
ration of the reactant after adsorption equilibrium and before
he irradiation in the presence of catalyst.

. Results and discussion

.1. BET surface area, pore size, pore volume and OSC

The surface parameter and OSC of the catalysts are shown in
able 1. Compared with C1, BET surface area, pore volume and
ore size of C2–C4 decrease. Among these four photocatalysts,
3 has the lowest BET surface area, pore volume and pore size.
s for OSC, C3 has the lowest OSC, C4 has the highest OSC, it

s plausible that MnOX also is a kind of oxygen storage material,
nOX can store/release oxygen [15].

.2. XRD characterization

The X-ray diffraction patterns of the as-received photocata-
ysts powder sample are shown in Fig. 2. Only the cubic phase of

eO2–ZrO2 was observed in photocatalyst samples. The peaks
f titania in either rutile or anatase form are not detected by
RD in the 2θ region from 20◦ to 50◦, which indicates that the
eposited titania is highly dispersed as in the support matrix. As

able 1
urface parameter and OSC of the catalysts

atalysts SBET (m2/g) Pore volumes
(cm3/g)

Pore sizes
(nm)

OSC (�mol/g)

1 86.59 0.18 3.77 532.70
2 85.90 0.16 3.54 418.92
3 64.60 0.12 3.12 323.37
4 71.54 0.14 3.31 770.55

C
a
a

T
P

C

C
C
C
C

Fig. 2. XRD patterns of TiO2/CeO2–ZrO2.

hown in Fig. 2, doping M in the Ce0.5Zr0.5O2 lattice causes the
hange of lattice space and the diffraction peaks to shift to higher
θ position. The particle size of these samples, DXRD was cal-
ulated according to the Scherrer equation: D = 0.92λ/B cos θ,
here λ is the wavelength of the radiation, θ the diffraction

ngle, and B is the corrected half-width of the diffraction peak.
he results of the particle size are presented in Table 2.

.3. UV–vis diffuse reflectance characterization

Since the pure and loaded titanina samples were prepared for
se in the photocatalytic reaction, their UV–vis diffuse reflective
roperties may have had a strong effect on the photocatalytic
ctivity. Fig. 3 shows the diffuse reflectance spectrum of pure
nd loaded TiO2.

As shown in Fig. 3, from 210 nm to 400 nm, C1, C2, C3, C4
ave no obvious difference. Compared with TiO2, C1–C4 shows
ed shift. It is obvious that the presence of CeO2–ZrO2 clearly
hanges the spectra of TiO2 in the ultraviolet light region.

The band gap of the samples was determined by the equation
g = 1239.8/�, where Eg is the band gap (eV) and λ (nm) is the
avelength of the absorption edges in the spectrum [16]. The

esults are presented in Table 3.
3 is the lowest, which indicates that T3 has the best photocat-
lytic activity under same irradiation condition. This result is in
greement with the results of photoactivity.

able 2
article size of the photocatalysts

atalysts Particle sizes (nm)

(1 1 1) (2 0 0) (2 2 0)

1 4.7 4.7 4.0
2 4.4 4.3 3.9
3 4.0 3.8 3.4
4 4.4 5.4 4.3
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Table 4
Peak fitting results of the high resolution spectra of the Ti 2p

Catalysts Binding energies of Ti 2p (eV)

Eb (Ti 2p1/2) Eb (Ti 2p3/2) �Eb

TiO2 464.6 458.9 5.7
C1 – 458.3 –
C2 – 458.3 –
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the photocatalytic activity begins to decline and the maximum
conversion of 46.72% is reached. Moreover, the conversion rate
is about 2.88 times that of the pure TiO2. For C2, C4, C1, the
conversion rate is 39.63%, 30.0%, 24.9%, respectively, and the
ig. 3. UV–vis diffuse reflectance spectra (1) TiO2, (2) C1, (3) C2, (4) C3, and
5) C4.

.4. XPS characterization

The XPS spectrum shows that there are Ti, O, C elements on
ll the surface of the TiO2/CeO2–ZrO2 samples besides Ce, Zr,

elements. Element Ti is resulted from the precursor solution.
lement O is assigned to the precursor solution and CeO2–ZrO2.
he C element probably came from the organic radicals of pre-
ursor for sol–gel method, which were not completely burnt out
uring heat-treatment. The data of Ti 2p are presented in Table 4.

As shown in Table 4, for pure TiO2 and C4, the binding
nergy difference, �Eb = Eb(Ti 2p1/2) − Eb(Ti 2p3/2) is 5.7 eV,
s previously reported in the literature [14]. However, for C1,
2, C3, only Ti 2p1/2 was observed, but the binding energy
alue of Ti 2p3/2 of four catalysts transfer to a lower value,
he result indicates that Ti forms strong radical links through
xygen bridges with CeO2–ZrO2. So it is obvious that there is
tronger interaction between CeO2–ZrO2 and TiO2. Among the
our catalysts, binding energy value of Ti 2p3/2 of C3 transfers
o the lowest value, which implies that the interaction between

e0.5Zr0.5O2 and TiO2 of C3 is the strongest and the promotion
ffect on catalytic activity of TiO2 is perhaps the biggest as well.

able 3
bsorption edges and band gaps of the photocatalysts

atalysts First absorption
edge (nm)

Band gap
(eV)

Second absorption
edge (nm)

Band gap
(eV)

1 422 2.94 500 2.48
2 420 2.95 490 2.53
3 430 2.88 475 2.61
4 – –
3 – 458.2 –
4 464.0 458.3 5.7

.5. Blank experiments

The reference experiments were carried out in three condi-
ions: the first with illumination but no catalyst, the second with
iO2 (pure TiO2 and loaded TiO2) but no illumination, the third
ith illumination over four supports. The results show that the

oncentration of benzene (400 mg/m3) change so little under
hese conditions that conversion can be ignored. The blank tests
roved the stability of benzene rings. Without illumination or
hotocatalyst, benzene is thermodynamically stable. It is also
uggested that dark adsorption for benzene from gas phase is
mall; therefore the adsorption equilibrium can be established
uickly.

.6. photocatalytic activity of TiO2/CeO2–ZrO2

The photocatalytic activity of TiO2/CeO2–ZrO2 and 0.2 g
ure TiO2 (SBET is 76.68 m2/g) are compared and presented in
ig. 4.

As shown in Fig. 4, the order of photocatalytic activity is
3 > C2 > C4 > C1 > TiO2. In the process of decomposing, the
ure TiO2 deactivates after 1.5 h and the maximum conversion
f 16.2% is reached at moment of 1.5 h, while the loaded catalyst
xhibits its superiority stability. For C3, in the whole process of
eaction, the conversion rate keeps increasing until 2.5 h when
Fig. 4. Conversion of benzene vs. time (Relative Humidity (RH): 50%).
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eactive time is 2.5 h, 2.0 h, 2.0 h, respectively. It is clear that
he TiO2 loaded on CeO2–ZrO2 can prolong the life of pho-
ocatalyst and enhance the photocatalytic activity of catalyst.

oreover, photocatalytic activity of TiO2/Ce0.45Zr0.45M0.1OX

M = Y, La, Mn) is better than that of TiO2/Ce0.5Zr0.5O2. It is
lausible that this result can be contributed to the following
act. Doping metal into Ce0.5Zr0.5O2 can increase more crys-
al defects than Ce0.5Zr0.5O2 and oxygen cavities on surface
f Ce0.45Zr0.45M0.1OX (M = Y, La, Mn) is more than those on
urface of Ce0.5Zr0.5O2. Since oxygen cavity can capture elec-
ron which is excited from the valence to the conduction, so the
ecombination of electron-hole pairs can be impeded, thus more
oles can be used.

As seen from the above results, it is seen that there is no
irect correlation between photocatalytic activity and OSC. The
hotocatalytic process mainly occurs on the surface of the pho-
ocatalyst and adsorption precedes photodegradation. The OSC
ot mainly depends on the surface but the bulk [12]. Hence fac-
ors like colloidal size and surface that influence the adsorption
n turn can also influence the photacatalytic activity.

The photocatalytic activity of TiO2 is not high enough
o be useful for industrial purpose [17]. Several methods
ave been attempted to improve the photocatalytic efficiency,
uch as impeding the recombination of electron-hole pairs
nd enhancing of visible light response [18]. In this paper,
iO2/CeO2–ZrO2 exhibits stronger photocatalytic activity than
ure TiO2. It is plausible that stronger photocatalytic activity of
iO2/CeO2–ZrO2 results from two factors.

The first factor is that the presence of CeO2–ZrO2 can prolong
he life of electron-hole pairs and impede the recombination of
lectron-hole pairs. To explain the higher oxygen mobility of
xygen in ceria–zirconia oxides, researchers developed Oxygen
pecies mechanism [19–25]. The Oxygen Species mechanism
resented in following:

2gas → O2ads → O2ads
− (superoxide)

→ O2ads
2− (peroxide) → 2 O2ads

− → 2Olattice
2−

onsidering the mechanism of photocatalytic reaction, when
iO2 absorbs photons (recall the light with maximum wave-

ength of 365 nm), electrons is excited from the valence to the
onduction band leaving holes behind. On one hand, excited
lectrons react with oxygen adsorbed on the surface of TiO2,
2ads

− forms on the surface of TiO2. In the present paper,
eO2–ZrO2 was used as support, TiO2 was loaded on the surface
f CeO2–ZrO2, if O2ads

− formed on the surface of TiO2 trans-
ers to the surface of CeO2–ZrO2, thus the recombination of
lectron-hole pairs can be impeded; on the other hand, if excited
lectrons transfer from the surface of TiO2 to the surface of
eO2–ZrO2, the recombination of electron-hole pairs can also
e impeded. Electrons transfer results in promotion the photo-
atalytic activity of TiO2. The electron transfer mechanism is

hown in Fig. 5.

The second factor is TiO2/CeO2–ZrO2 increases the absorp-
ion from 210 to 400 nm, thus the photocatalytic activity can be
romoted.
Fig. 5. Scheme depicting electron transfer of TiO2/CeO2–ZrO2.

In fact, related factors all influence the photacatalytic activity.
s a synergistic action results, C3 exhibits the best photacatalytic

ctivity, C1 exhibits the worst photocatalytic activity.

. Conclusions

In this paper, effect of three metal doping on photocatalytic
ctivity of TiO2/Ce0.45Zr0.45M0.1OX (M = Y, La, Mn) was inves-
igated. BET surface area of TiO2/Ce0.45Zr0.45M0.1OX (M = Y,
a, Mn) is smaller than that of Ce0.5Zr0.5O2. XRD results

eveal that the deposited titania is highly dispersed as in the
eO2–ZrO2 matrix, doping M in the CeO2–ZrO2 lattice causes

he lattice spacing to change and the diffraction peaks to shift
o higher 2θ position. Among these four catalysts, band gap
f TiO2/Ce0.45Zr0.45La0.1OX is the lowest. The binding energy
alue of Ti 2p3/2 of four catalysts transfers to a lower value.
he order of photocatalytic activity is C3 > C2 > C4 > C1 > TiO2.
he proposed mechanism is of electron transfer and the stronger
bsorption in the region 210–400 nm.
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