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Preparation of an active SO4
2−/TiO2 photocatalyst for phenol
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Abstract

SO4
2−-doped TiO2 (SO4

2−/TiO2) nanoparticles (SO42−/TiO2) were prepared by the sol–gel method followed by drying the precursor in
supercritical ethanol fluid. During the liquid-phase phenol photocatalytic degradation, the as-prepared SO4

2−/TiO2 exhibited higher activity
and longer lifetime than either the undoped TiO2 or the SO4

2−/TiO2 obtained through direct drying, apparently as a result of the superiority of
the supercritical drying and the promotion of the SO4

2−-dopant. Based on various characterizations including XRD, TEM, XPS, FTIR, and
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hotoluminescence spectra, and FTIR-pyridine thermodesorption, the crystallization degree, the surface area, the pore structure
cidity and the surface electronic state of the as-prepared SO4

2−/TiO2 samples were investigated and their correlation to the catalytic prop
as discussed.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Photocatalysis has been widely used in complete miner-
lization of organic pollutants in wastewater and air[1–4].
mong various photocatalysts, TiO2 is most frequently em-
loyed owing to its cheapness, nontoxicity, and structural
tability [5–10]. However, TiO2 could be activated only
y UV light due to its high-energy band gap (ca. 3.2 eV

or anatase). Besides, the low quantum efficiency of the
iO2 also seems a problem limiting its application. Up to
ow, nearly all the TiO2 photocatalysts are prepared by the
ol–gel method followed by direct drying and calcinaion to
emove the organic compounds and the solvent in the wet
el [11,12]. Although, great attempts have been made to

mprove the catalytic performance of the TiO2 photocata-
yst, such as modification with metallic ions or other oxides
13], very little attention has been paid to development of
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new preparation methods. As well known, the quantum
ficiency of the TiO2 photocatalyst is strongly related to t
crystalline form and crystallization degree, the particle s
the pore structure and the surface chemistry, etc. There
the preparation method must play a key role in deter
ing its activity. Usually, the treatment of the precursor
direct drying and calcination may cause the agglomera
of the small particles and the collapse of pore structure
cently, the treatment of the catalyst precursor under s
critical conditions becomes more and more attractive s
the resulting catalyst could remain in the pore structur
that in the gel[14–17]. In this paper, we report a nov
SO4

2−-doped TiO2 photocatalyst (SO42−/TiO2) prepared
by treating the xerogel under supercritical conditions. D
ing liquid-phase photocatalytic degradation of phenol,
catalyst exhibited higher activity and longer lifetime th
the corresponding undoped TiO2 and SO4

2−/TiO2 obtained
via direct drying[18,19], obviously showing the superiori
of the supercritical drying and the promoting effect of
SO4

2−-dopant.
381-1169/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2004.09.028
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2. Experimental

2.1. Catalyst preparation

At 313 K, 10 ml of Ti(On-C4H9)4 was added slowly into
40 ml of alcohol (100%) to form solution A. Meanwhile,
2.5 ml of dilute HNO3 solution (1:5, v/v) was mixed with
10 ml alcohol to prepare solution B. Then, the solution B was
added dropwise into the solution A within∼20 min under
vigorous stirring. The solution was kept stirred continuously
for 1 h until the formation of the TiO2 gel. After being aged
for 48 h at 318 K, the as-prepared TiO2 xerogel was dried
under supercritical conditions described as follows. At room
temperature, a 500 ml autoclave containing the as-prepared
TiO2 xerogel and 250 ml of alcohol was swept by pure N2
for 1 h to remove the O2 inside. Then, the autoclave was
heated at the speed of 4 K/min up to 533 K, at which the
pressure reached 11.5 MPa. The system was kept at that tem-
perature and pressure for 2 h and then the alcohol vapor was
removed slowly. Once the pressure decreased down to the
normal pressure, the N2 flow was passed through autoclave
for about 3–5 min. After being cooled down to room tem-
perature in the N2 flow, the TiO2 xerogel was calcined at
a given temperature for 10 h to remove the residual organic
compounds and the solvent alcohol. The optimum calcination
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Perkin-Elmer PHI 5000C). All binding energy (BE) values
were calibrated by using the standard BE value of contami-
nation carbon (C 1s = 284.6 eV) as a reference. The UV light
absorption and excitation were investigated by photolumi-
nescence spectra (PLS, Varian Cary-Eclipse 500).

2.3. Activity test

The liquid-phase photocatalytic degradation of phenol
was carried out at 303 K in a self-designed 200 ml reactor
containing 0.05 g catalyst, and 30 ml of phenol aqueous so-
lution (0.1 g/l). The mixture was stirred for 1 h until the ad-
sorption equilibrium was reached. Then, the photocatalysis
was started by irradiating the reaction mixture with UV light
at 4 cm above the solution. Three 8 W lamps with character-
istic wavelengths of 254, 310 and 365 nm, respectively, were
used as a mixed UV light source. In order to ascertain the
role of mass transfer, the catalyst amount was varied from
0.02 to 0.10 g and the speed of agitation was varied from 800
to 1200 rpm. In view of the observation that the reaction rate
was independent of the stirring rate and that it varied linearly
with the catalyst amount, it could be concluded that the stir-
ring rate of 1000 rpm was high enough so that the phenol
degradation rates were independent of mass transfer. After
reaction for 3 h, the catalyst was separated from the solution
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s c-
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emperature was found to be 673 K. Finally, the as-prep
iO2 sample was crushed and kept in vacuum until the
f use. When the H2SO4 dilute solution was used inste
f HNO3, the SO4

2−/TiO2 sample was obtained since d
erent from NO3

−, SO4
2− could not be removed during t

alcination. Adjusting the volume of H2SO4 solution (1.0
.5, 2.0, 2.5 and 3.0 ml) resulted in different sulfur conte

he SO4
2−/TiO2 sample, which was expressed inχS/Ti, the

olar ratio between S and Ti. In this way,χS/Ti = 0 refers to
ndoped TiO2. All these samples were denoted as TiO2(SC)
nd SO4

2−/TiO2(SC), respectively, where SC refers to
ercritical conditions. For comparison, both the TiO2 and the
O4

2−/TiO2 samples were also prepared by direct drying
alcining the precursors, which were denoted as TiO2(DC)
nd SO4

2−/TiO2(DC), respectively.

.2. Catalyst characterization

The structure of the undoped and the SO4
2−-doped TiO2

amples was confirmed by both X-ray diffraction (XR
igacu Dmax-3C with Cu K� radiation) and FT-IR (NEXUS
70). The surface morphology and the particle size w
bserved through the transmission electronic microg
TEM, JEM-2010). FTIR-pyridine thermodesorption w
mployed to determine both the number and the type o
cidic sites on the surface of the as-prepared catalysts.

he experiments were carried out in the vacuum condition
onversion from Lewis acidic sites to Brønsted acidic s
nduced by the adsorption of water on the Lewis acidic
ould be excluded[20]. The surface electronic states w
etermined by the X-ray photoelectron spectroscopy (X
nd the phenol left in the solution was analyzed by a
pectrophotometer (UV 7504/PC) atλ = 270 nm, the chara
eristic wavelength of phenol. A preliminary test showed
here was a good linear relationship between the absor
nd the phenol concentration. According to the referenc
eriments, the phenol degradation after 3 h was less tha

n the absence of either the catalyst or the UV light and
ould be neglected in comparison with that in the pres
f both the catalyst and the UV source. The reproducib
f the results was checked by repeating the runs at least

imes and was found to be within acceptable limits (±5%).

. Results and discussion

Fig. 1 shows the XRD patterns of both TiO2(SC) and
iO2(DC) after being calcined at elevated temperatures

ike the commercially available TiO2(P-25)[21] which dis-
layed both the anatase phase (∼75%) and the rutile phas
∼25%) corresponding to 2θ = 29.5◦ and 32.0◦, respectively
he TiO2(SC) sample exhibited the well-crystallized ana
hase. The crystallization degree increased slightly

he increase in calcination temperature from 573 to 97
o significant rutile phase appeared even at 973 K, s

ng the excellent thermal stability of TiO2(SC). In con
rast, TiO2(DC) exhibited very low crystallization degree
natase. Treatment at 973 K resulted in a structural tran
ation from anatase to rutile phase due to the poor the

tability. FromFig. 2, one can see that modification of Ti2
ample with the SO42−-dopant under supercritical conditio
id not generate any new phases, but the intensity of the
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Fig. 1. XRD patterns (a) TiO2(SC) and (b) TiO2(DC) treated at different
temperatures.

peaks increased gradually with the increase inχS/Ti, showing
that the SO42−-modification was favorable for the crystal-
lization of anatase phase[22].

As shown in Fig. 3, the TEM morphologies revealed
that both TiO2(SC) and TiO2(DC) samples were present in
the spherical nanoparticles with similar particle size around
10–20 nm but the nanoparticles in TiO2(SC) are distributed
more homogeneously. Modification with SO4

2− further im-
proved the particle distribution. From the isothermal curves

Fig. 2. XRD patterns of SO42−/TiO2(SC) samples with differentχS/Ti,
w

of nitrogen adsorption and desorption at 77 K, the surface
area (SBET), pore volume (VP) and average pore diameter
(dP) were calculated by using the BJH method. As shown in
Table 1, TiO2(SC) exhibited much higher surface area than
TiO2(DC). Since the TEM morphologies demonstrated that
both the samples exhibited similar particle sizes, one could
conclude that the higher surface area of TiO2(SC) was mainly
attributed to its larger pore volume and pore size. This could
be easily understood by considering the unique role of the su-
percritical conditions since removal of the solvent under such
conditions might maintain the pore structure in the gel owing
to the lack of surface tension effect[14–17]. On the other
hand, severe collapse of the pore structure would occur when
the solvent in the gel was removed by direct drying, resulting
in an abrupt decrease in the pore volume and pore size and
thus, the surface area. For SO4

2−/TiO2(SC), bothdP andVP
increased monotonously with the increase inχS/Ti, possibly
owing to the coordination between SO4

2− and TiO2 in the net-
work. This was confirmed by the FTIR spectrum. As shown in
Fig. 4, both the samples exhibited strong absorption at 1630
and 3410 cm−1, corresponding to the stretching vibration of
the hydroxyl group on the surface[23]. The SO4

2−/TiO2(DC)
sample exhibited two peaks around 937 and 980 cm−1, in-
dicative of the surface adsorbed SO4

2− species[24]. How-
ever, no absorbance bands in the range from 900 to 990 cm−1
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hereχS/Ti = 0 refers to the undoped TiO2 sample.
ere observed in SO4 /TiO2(SC), suggesting that nea
ll the SO4

2− species entered the network of TiO2. The ab
orbance bands at 1040 and 1140 cm−1 demonstrated that th
O4

2−-dopant might coordinate with TiO2 in the network in
he following mixed models[24].

According to the FTIR-pyridine thermodesorption spe
Fig. 5), SO4

2−/TiO2(DC) displayed both the Lewis acid
ites corresponding to absorbance bands at 1444, 1493
nd 1603 cm−1 and the Brønsted acidic sites correspond

o a broad absorbance band around 1539 cm−1 [18]. The
rønsted acidic sites may result from the surface SO4

2−
pecies adsorbed by TiO2 while the Lewis acidic sites cou
e attributed to the coordination between SO4

2− and TiO2
n the network. As shown in the above coordination mod

able 1
tructural parameters of the as-prepared TiO2 and SO4

2−/TiO2 samples

amples χS/Ti dP (nm) VP (ml/g) SBET (m2/g) Degradation
(%)

iO2(P-25) 0 20 0.25 45 67
iO2(DC) 0 5.4 0.037 27 39
iO2(SC) 0 20 0.449 81 61
O4

2−/TiO2(SC) 0.15 29 0.518 105 89
O4

2−/TiO2(SC) 0.25 37 0.761 100 68



96 H. Li et al. / Journal of Molecular Catalysis A: Chemical 226 (2005) 93–100

Fig. 3. TEM morphologies of (a) TiO2(DC), (b) TiO2(SC) and (c) SO42−/TiO2(SC) withχS/Ti = 0.15.

the existence of SO covalent bonds in the TiO2 network
were the important source for generating the Lewis acidic
sites [24,25]. Unlike SO4

2−/TiO2(DC), SO4
2−/TiO2(SC)

displayed only the Lewis acidic sites, which was consis-
tent with the aforementioned conclusion that nearly all the
SO4

2− species were present in the TiO2 network. Besides,
SO4

2−/TiO2(SC) exhibited much stronger peak intensity
than SO4

2−/TiO2(DC), implying that there were more Lewis
acidic sites in SO42−/TiO2(SC).

Fig. 6 shows the XPS spectra of both the TiO2 and
SO4

2−/TiO2 samples obtained under supercritical condi-
tions. It was found that the modification of TiO2 with the
SO4

2−-dopant had no significant influence on the position
of the peak in the Ti2p level. However, the addition of the
SO4

2−-dopant resulted in the positive shift of the binding en-
ergy of oxygen by 0.5 eV. Meanwhile, the binding energy of
the sulfur shifted negatively by 0.5 eV in comparison with the
standard binding energy of the sulfur in pure SO4

2−. These
results demonstrated that electrons partially transferred from
oxygen to sulfur in SO42−/TiO2(SC). Although the elec-

tronegativity of oxygen is slightly higher than that of sul-
fur, the larger size of sulfur atom than that of oxygen atom
may account for the electron transfer from oxygen to sulfur
atom.

Fig. 4. FTIR spectra of (a) SO42−/TiO2(SC) with χS/Ti = 0.15 and (b)
SO4

2−/TiO2(DC) with χS/Ti = 0.20.
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Fig. 5. FTIR-pyridine thermodesorption spectra at room temperature of
(a) SO4

2−/TiO2(DC) with χS/Ti = 0.20 and (b) SO42−/TiO2(SC) with
χS/Ti = 0.15.

The photoluminescence spectra (PLS) demonstrated that
both TiO2(SC) and TiO2(DC) samples exhibited two PLS
peaks, as shown inFig. 7. The signals at about 382 nm could
be attributed to an emission peak from band edge free exci-
tation, mainly corresponding to the oxygen vacancies and/or
defects of the TiO2 particles[26]. The stronger emission peak
at 382 nm implied the presence of more oxygen vacancies
and/or defects. Up to now, still there is no clear relationship
between the photoluminescence intensity at about 560 nm
and the absorption coefficient, especially in the case of the
powdered system. Liu et al.[27] suggested that the signal
at about 560 nm was possibly related to the ability of TiO2
sample for absorbing UV light and that the weaker photolumi-
nescence intensity demonstrated that TiO2(SC) may absorb
more UV lights. To support the above conclusion, UV–vis
spectra of both SO42−/TiO2(SC) and SO42−/TiO2(DC) were
measured. As shown inFig. 8, the SO4

2−/TiO2(SC) sample
displayed higher absorption coefficient in the UV region than
the corresponding SO42−/TiO2(DC) sample.

Fig. 9 shows the dependence of phenol conversion on
the χS/Ti of SO4

2−/TiO2 catalysts obtained via supercriti-
cal drying and direct drying, respectively. One can see that
the phenol conversion increased gradually withχS/Ti re-
gardless of the preparation methods. The highest activity
of SO4

2−/TiO2(SC) was obtained atχS/Ti = 0.15, which was
m iO
c f
t on-
s
r ze as
w -
n facil-
i
e e (see
F he-
n d
m ere

Fig. 6. XPS spectra of (a) undoped TiO2(SC) and (b) SO42−/TiO2(SC) with
χS/Ti = 0.15.

beneficial for the adsorption of phenol molecules and for the
inhibition of the recombination between photo-induced elec-
trons and holes, since photo-induced electrons could be cap-
tured by these acidic sites[29]. Thus, the quantum efficiency
of the TiO2 photocatalyst was improved, resulting in the
higher photocatalytic activity. (4) As discussed above based
on Fig. 6, the SO4

2−-modification resulted in the electron-
deficient oxygen which could also serve as an electron trap to
inhibit the recombination between photo-induced electrons
and holes and thus, promoted the oxidative degradation of
phenol. However, very large amount of the SO4

2−-dopant
was harmful for the activity possibly due to the coverage of
uch higher than that of the commercially available T2
atalyst (P-25), as shown inTable 1. The promoting effect o
he SO4

2−-dopant on the activity could be understood by c
idering the following factors: (1) The SO4

2−-modification
esulted in the higher surface area and larger pore si
ell as pore volume (seeTable 1), which allowed more phe
ol molecules to be adsorbed on the catalyst surface,

tating the phenol degradation. (2) The SO4
2−-modification

nhanced the crystallization degree of the anatase phas
ig. 2), which has been claimed to be favorable for the p
ol degradation[28]. (3) The SO4

2−-modification generate
ore acidic sites on the TiO2 surface. These acidic sites w
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Fig. 7. Photoluminescent spectra (PLS) of (a) TiO2(SC) and (b) TiO2(DC).

too many TiO2 active sites by the SO42−-additives. The opti-
mumχS/Ti values for SO42−/TiO2(SC) and SO42−/TiO2(DC)
were found to be 0.15 and 0.20, respectively.

Concerning the TiO2 samples obtained under different
conditions, TiO2(SC) exhibited much higher activity than
TiO2(DC), showing the superiority of the supercritical drying
over the direct drying. This could be attributed to the higher
surface area, larger pore size and pore volume[30] as well
as the higher crystallization degree of the anatase phase, as
shown inTable 1andFig. 1. Besides, fromFig. 7 one can
see that TiO2(SC) displayed more oxygen vacancies and/or
defects which could capture the photo-induced electrons and
thus could effectively inhibit the recombination of the photo-
induced electrons and holes. Meanwhile,Fig. 8 shows that
TiO2(SC) may absorb more UV light which might generate
more charge carriers served as active sites for phenol degrada-
tion. This excellent UV light absorption property was also re-
sponsible for the higher activity of TiO2(SC) than TiO2(DC),
since the quantum efficiency was enhanced.

Considering the SO42−-modification under different con-
ditions, one can see that the phenol conversion over

F )
S

SO4
2−/TiO2(SC) increased more rapidly withχS/Ti than

that over SO42−/TiO2(DC), possibly due to the different
states of the SO42−-dopant in two catalysts. As shown
in Fig. 5, some SO42− species in SO42−/TiO2(DC) were
adsorbed on the TiO2 surface producing Brønsted acidic
sites while the others were coordinated with TiO2 in net-
work corresponding to Lewis acidic sites. Unlike the SO4

2−
species in SO42−/TiO2(DC), nearly all the SO42− species
in SO4

2−/TiO2(SC) were coordinated with TiO2 in the net-
work producing only Lewis acidic sites. It was claimed
that the Lewis acidic sites had stronger affinity for the
electrons than the Brønsted acidic sites[31]. The more
Lewis acidic sites in SO42−/TiO2(SC) could capture more
photo-induced electrons which could effectively protect the
photo-induced holes (the active sites for phenol oxidation)
from recombination with electrons. This could enhance the

F
S g
c char-
a unted
a ion
t

ig. 8. UV–vis spectra of (a) SO42−/TiO2(SC) with χS/Ti = 0.15 and (b
O4

2−/TiO2(DC) with χS/Ti = 0.20.
ig. 9. Dependence of phenol conversion on theχS/Ti of (a) the
O4

2−/TiO2(SC) and (b) the SO42−/TiO2(DC). Reaction conditions: 0.050
atalyst, 30 ml phenol aqueous solution (0.1 g/l), three 8 W lamps with
cteristic wavelengths of 254, 310 and 365 nm as UV light source mo
t 4 cm above the solution,T= 303 K, stirring rate = 1000 rpm, and react

ime = 3 h.
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Fig. 10. Durability test of (a) the SO42−/TiO2(SC) withχS/Ti = 0.15 and (b)
SO4

2−/TiO2(DC) with χS/Ti = 0.20. Reaction conditions are given inFig. 8.
Each run of repetitive experiments lasted for 3 h.

quantum efficiency, accounting for the higher activity of
SO4

2−/TiO2(SC) than that of SO42−/TiO2(DC). Meanwhile,
the SO4

2−-modification under supercritical conditions also
resulted in more electron-deficient oxygen. These oxygen
species may serve as the trap for photo-induced electrons
and thus, enhanced the quantum yield of the photocataly-
sis, since the recombination between photo-induced electrons
and holes was effectively inhibited.

Besides the higher activity, SO42−/TiO2(SC) also exhib-
ited much longer lifetime than SO42−/TiO2(DC). As shown
in Fig. 10, SO4

2−/TiO2(SC) withχS/Ti = 0.15 could be used
repetitively for more than eight times (each for 3 h) with-
out significant decrease in activity. In contrast, the activity
of SO4

2−/TiO2(DC) with χS/Ti = 0.20 was considerably de-
creased even when it was used for the second time. The
greater durability of SO42−/TiO2(SC) could also be attributed
to the coordination between SO4

2− and TiO2 in the network.
Such coordinating bond was very strong which could pre-
vent the leaching of the SO42−-dopant from SO42−/TiO2
catalyst during photocatalysis. This was further confirmed by
product analysis which revealed that no significant amount
of sulfur species were detected in the solution even af-
ter SO4

2−/TiO2(SC) being used repetitively for eight times
while great portion of sulfur species were detected in the solu-
tion when SO42−/TiO2(DC) was employed. After being used
r 2−
d
t om
t

4

t
o itical

conditions for liquid-phase phenol degradation and supplied
a powerful way to enhance the activity and the durability of
the TiO2 photocatalyst. More specially, the following points
are highlighted:

1. Treatment of the catalyst precursor obtained from the
sol–gel method under supercritical conditions might pro-
duce the undoped and the SO4

2−-doped TiO2 catalysts
with the well-crystallized anatase phase, higher surface
area, larger pore size and pore volume as well as more
oxygen vacancies and/or defects, which were favorable
for the photocatalytic degradation of phenol.

2. Modification with the SO42−-dopant could enhance the
activity of TiO2 owing to the increase in the crystallization
degree of anatase, the surface area, the pore size, the pore
volume, and especially the surface acidity.

3. SO4
2−-modification through supercritical drying was

more powerful than that via direct drying, since nearly
all the SO4

2− species could coordinate with TiO2 in the
network which could generate more Lewis acidic sites
for capturing photo-induced electrons and thus enhanced
the quantum yield of the photocatalysis, since the recom-
bination between the photo-induced electrons and holes
was effectively inhibited. This could also account for
the longer lifetime of the SO42−/TiO2(SC) than of the
SO 2−/TiO (DC), since the leaching of SO2− species

e
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[ ysic-
epetitively for eight times, the activity of SO4 /TiO2(DC)
ecreased down to that of the undoped TiO2(DC), indicating

hat nearly all the SO42−-dopants have been leached out fr
he catalyst.

. Conclusions

This study reported a new SO4
2−/TiO2(SC) photocatalys

btained by drying the catalyst precursor under supercr
4 2 4
in the SO4

2−/TiO2(SC) was more difficult owing to th
stronger coordination bond.
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[18] G. Coĺon, M.C. Hidalgo, J.A. Nav’́yo, Appl. Catal. B: Environ. 45
(2003) 39.

[19] D.S. Muggli, L. Ding, Appl. Catal. B: Environ. 32 (2001) 181.
[20] K. Tanabe, in: J.R. Anderson, M. Boudart (Eds.), Catal. Sci. Tech-

nol., 2, 1981, 231.
[21] Z. Ding, G.Q. Lu, P.F. Greenfield, J. Phys. Chem. 104 (2000) 4815.

[22] S. Yamazaki, N. Fujinaga, K. Araki, Appl. Catal. A: General 210
(2001) 97.

[23] W.S. Li, Z.Q. Shen, Y.F. Zhang, Eur. Poly. J. 37 (2001) 1185.
[24] T. Jin, M. Machida, T. Yamaguchi, K. Tanabe, Inorg. Chem. 23

(1984) 4396.
[25] L.D. Zhang, C.M. Mou, Nanostruct. Mater. 6 (1995) 831.
[26] H. Yamashita, Y. Ichihashi, M. Anpo, J. Phys. Chem. 100 (1996)

16041.
[27] H. Liu, H.J. Wu, F.X. Sun, Y.L. Yao, M. Wu, W.Z. Li, Chinese J.

Mol. Catal. 15 (2001) 47.
[28] S. Yamazaki, N. Fujinaga, K. Araki, Appl. Catal. A: General 210

(2003) 97.
[29] R.A. Young, P. Desai, Arch. Nauki. Mater. 10 (1989) 71.
[30] S. Yin, T. Sato, Ind. Eng. Chem. Res. 39 (2000) 4530.
[31] G.A. Mekhemer, A.K. Nohman, N.E. Fouad, Coll. Surf. 161 (2000)

439.


	Preparation of an active SO42-/TiO2 photocatalyst for phenol degradation under supercritical conditions
	Introduction
	Experimental
	Catalyst preparation
	Catalyst characterization
	Activity test

	Results and discussion
	Conclusions
	Acknowledgments
	References


