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a b s t r a c t

A visible light active photodegration catalyst was prepared by doping MoO3 into MgF2 matrix. The addition
of SO4

2− into MoOx/MgF2 could improve the catalytic activity greatly and an acetone conversion of 96.1%
under visible light was obtained on the SO4

2−/5% MoOx/MgF2 (SMM) catalyst. By BET, XRD, Raman, FT-
IR, XPS, UV–vis technology the specific area, structure and photoadsorption ability of the catalysts were
vailable online 13 February 2009

eywords:
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characterized. The high photocatlaytic activity of the SMM catalyst is attributed to its large specific area,
the high dispersal of MoO3 domains in MgF2 and the inhibiting effect of MgF2 matrix on the electron–hole
pair recombination.

Crown Copyright © 2009 Published by Elsevier B.V. All rights reserved.
isible light
oOx/MgF2

. Introduction

It is well know that TiO2 is an excellent photocatalyst that can
ineralizes a large range of organic pollutants [1]. However, the

and gap of TiO2 (3.2 eV) limits its absorption to the ultraviolet
egion (<4%) of the solar spectrum. Hence, in order to make use
f solar light source in photodegradation reaction, a visible light
ctive photocatalyst is desired.

Coupling a large band gap semiconductor with a small band
ap semiconductor is a possible way to synthesize the visible-light
riven photocatalyst. Serpone et al. [2] were the first who reported
he coupled catalyst. Up to now, a large variety of coupled semicon-
uctor systems have been reported, such as CdS/TiO2, WO3/TiO2,
S2/WO3, MoO3/TiO2, VOx/MgF2 couples [2–8]. The VOx/MgF2 cat-

lyst shows the highest photon quantum efficiency (3.2% at 578 nm)
nder visible light [4,5]. MgF2 with a large band gap has been proved
o be a good matrix for separation of the photo electrons and holes.
o, coupling MgF2 with a small band gap semiconductor might
e a new possible route to prepare the high efficient photocata-

yst. The semiconductor MoO3 has a band gap of 2.8 eV and could
e active in the visible region. Lots of catalysts containing MoO3

ave been reported as photocatalysts [8–11]. However, the rapid
lectron–hole pair recombination makes the catalysts containing
oO3 low activity in both ultraviolet light and visible light.

∗ Corresponding author.
E-mail address: wxt@fjirsm.ac.cn (X. Wu).

304-3894/$ – see front matter. Crown Copyright © 2009 Published by Elsevier B.V. All ri
oi:10.1016/j.jhazmat.2009.02.017
Herein, we prepared a visible light active catalyst by doping
MoO3 into MgF2. In order to improve the photocatalytic activity
of the MoOx/MgF2, SO4

2− was induced to the coupled catalyst. It
has been reported that the doping of SO4

2− into TiO2 leads to a
dramatic change of the photocatalytic activity [12–14]. SO4

2−/TiO2
catalyst shows higher photocatalytic activity than unsulphated TiO2
for a large variety of organic compounds. But for the photocatalysts
without the TiO2 phase, to our knowledge, the promotion effect
of SO4

2− has been seldom studied. This paper presents a new vis-
ible light active catalyst SO4

2−/MoOx/MgF2 and the study of the
promotion effect of SO4

2−.

2. Experimental

2.1. Catalysts preparation

MoO3 was prepared by directly decomposition of (NH4)12
Mo7O27. MgF2 was prepared by directly mixing Mg(NO3)2 aqueous
solution and NH4F aqueous solution with a Mg2+ to F− mol ratio of
1:2, dried at 90 ◦C for 12 h, and then calcined in air at 350 ◦C for 2 h.

Preparation of SO4
2−/MoOx/MgF2(SMM, nMo/nMg = 5%): 10.00 g

of Mg(NO3)2·6H2O was dissolved into 20 ml of H2O to obtain solu-
tion A. 2.880 g of NH4F was dissolved in 10 ml of H2O to obtain
solution B. 0.353 g of (NH4)12Mo7O27 was dissolved in 10 ml of H2O

and 3.3 ml (NH4)2S solution (20% sulfur content) to obtain solution
C (nS/nMo = 4). Solution A was mixed with solution B and solution
C under stirring to obtain a mixture. The water in the mixture
was removed by a rotary evaporator to obtain a precursor solid.
After dried at 90 ◦C for 12 h, the precursor solid was calcined in air

ghts reserved.
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t 350 ◦C for 2 h and then cooled to room temperature to obtain
he catalyst. The MoOx/MgF2 (MM, nMo/nMg = 5%) catalyst was pre-
ared with the same procedure except that no (NH4)2S solution was
dded.

.2. Catalytic tests

The catalytic reaction under UV light was carried out in a quartz
ube (ID 5.0 mm) reactor and two 500 W high pressure mercury
amps were used as UV light sources. When the reduction was car-
ied out under visible light, two 400 W xenon lamps were used as
isible light sources and a glass tube (ID 5.0 mm) reactor which
ould cut off most of the UV light was used. In each reaction, the bed
ength of catalyst is about 4.5 cm and the other part of the reactor
as wrapped by aluminum paper to exclude the contribution of the
lank reaction (Fig. 1). A thermocouple was put in the middle of the
atalyst bed outside the reactor to detect the reaction temperature.
he reactor tube was cooled by a fan. Because of the heat from the
amps, even we tried to cool down the reactor by the fan, the reac-
ion temperature is still between 130 and 140 ◦C. Pure oxygen was
sed as the oxidants and acetone was used as the organic reactant.
he organic substrate acetone was fed into the reactor by bubbling
as (O2) through liquid acetone at 0 ◦C (cooled in a water-ice bath)
o obtain the reactant mixture. The flow of mixture was controlled
t 8.0 ml/min. The concentration of acetone was analyzed to be 10%
y GC. The reaction products were analyzed on a GC with TCD. All
he data were collected after 3 h of online reaction.

In order to rule out the thermal reaction, both the MM and SMM
atalysts were tested for acetone oxidation in dark at the same reac-
ion temperature 140 ◦C. The dark reaction did not show acetone
egradation.

.3. Characterizations
The XRD characterization of the catalysts was carried out on
IGAKU DMAX2500 using Cu K� radiation (40 kV/40 mA). The
pecific surface areas (SBET) of the catalysts were measured by
itrogen adsorption on Autosorb-1 (Quantachrome Instruments).

Fig. 1. The reactor system.
aterials 168 (2009) 551–554

The Raman spectrum of the catalysts was collected on RM1000
spectrometer (Renishaw) with an Ar ion laser (514.5 nm) as exci-
tation source. The FT-IR spectrum of the catalysts was recorded on
PerkinElmer Magna 750 with a resolution of 4 cm−1. The UV–vis
spectrum of the catalysts was recorded on PerkinElmer Lambda900
equipped with an integrating sphere.

3. Results and discussions

3.1. Photocatalytic activity of the catalysts

The P25(TiO2 Degussa), MgF2, MoO3, MM and SMM catalysts
were tested in photodegradation reaction of acetone. The results are
listed in Table 1. Under UV light, P25 has high activity for acetone
degradation. An acetone conversion of 99.1% was obtained. MgF2
and MoO3 have low activity for acetone degradation. Under visible
light, MgF2 is not active, but P25 and MoO3 showed low activity.
The MM catalyst is more active than both MgF2 and MoO3 under
both ultraviolet light and visible light. Clearly, the doping of MoO3
in MgF2 created a new active photodegration catalyst. The SMM
catalyst shows much higher photocatalytic activity than the MM
catalyst. An acetone conversion of 97.6% under ultraviolet light and
an acetone conversion of 96.1% under visible light were obtained. It
is obvious that the doping of SO4

2− into the MM catalyst promoted
the photocatalytic activity greatly. In the photodegradation of ace-
tone, the main products are CO2, CO, and H2O. The similar product
distribution was observed on the MM and SMM catalysts.

3.2. Characterization of the catalysts

The specific surface areas of MoO3, MgF2, MM and SMM are 19,
40, 110 and 150 m2/g, respectively. An increase of the specific sur-
face area is observed from MgF2, MM to SMM. It is consistent with
the change in catalytic activity of catalysts. Hence, the influence of
specific surface area on catalytic activity might be one important
factor.

The XRD patterns of the MgF2, MM and SMM catalysts are
listed in Fig. 2. MgF2 shows several strong diffraction peaks at
2� = 27.2◦, 35.2◦, 40.4◦, 43.7◦, 53.4◦, 56.2◦ (JCPDS41-1443). The same
diffraction peaks are also observed in the patterns of the MM and
SMM catalysts and no peaks corresponding to Mo oxides phase is
observed. It means that the doped MoO3 is dispersed in the MgF2
matrix. Meanwhile, the dispersed Mo oxides also decrease the par-
ticle size of MgF2. As shown in Fig. 2, compared with pure MgF2
the peak intensity of the MgF2 on MM catalyst decreases greatly

◦
and the FWHM at 2� = 27.2 increases from 0.33 to 0.90. On SMM
catalyst, the FWHM at 2� = 27.2◦ increases to 1.26. By Scherrer For-
mula (d = 0.89�/ˇ cos �) the average crystalline sizes of MgF2 could
be calculated. The average particle sizes of the MgF2, MM and SMM
catalysts are about 25, 9.0, 6.4 nm, respectively.

Table 1
Catalytic performance of catalysts in photodegradation reaction of acetone under
UV and visible light.

Light Catalysts Conv. (%) Sel. (CO2) (%) Sel. (CO) (%) Sel.a (others) (%)

UV TiO2 99.1 91.8 8.2 0
MgF2 10.7 78.5 18.6 2.9
MoO3 5.2 85.6 8.2 6.2
MM 46.8 73.2 20.0 6.8
SMM 97.6 72.8 26.8 0.4

Visible TiO2 14.8 90.6 9.4 0
MgF2 – – – –
MoO3 6.0 81.2 13.2 5.6
MM 42.6 71.2 23.6 5.2
SMM 96.1 74.5 25.1 0.4

a Note: acetol (CH3COCH2OH) + CH2CHO.
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Fig. 2. XRD patterns of MgF2, MM and SMM catalysts.

Fig. 3 shows the Raman spectra of the MM and SMM catalysts.
gF2 does not have Raman band between 200 and 1200 cm−1. As

hown in Fig. 3, the absence of bands at 819 and 995 cm−1 for all
he catalysts indicates the absence of MoO3 crystallites [15]. This is
onsistent with the result of the XRD experiment. Moreover, a broad
and in the range 800–1000 cm−1 is observed in Fig. 3. For the MM
atalyst the maximum is at 948 cm−1. While for SMM catalyst the
and is weakened, with an additional strong signal at 875 cm−1.
s reported in literature [15], the Raman bands around 854 cm−1

s assigned to isolated molybdate species, while the band around
50 cm−1 is assigned to octahedral polymolybdate species. Obvi-
usly, the dispersion of Mo oxide in SMM catalyst is higher than
hat in MM catalyst.
The FT-IR spectra of the MM, SMM catalysts and pure MoO3 are
hown in Fig. 4. The spectrum of MoO3 shows two bands at 870
nd 990 cm−1 corresponding to vibrations of Mo O and Mo–O–Mo,
espectively [16]. For the MM catalyst one strong band is observed at

Fig. 3. Raman spectra of MM and SMM catalysts.
Fig. 4. FT-IR spectra of MoO3, MM and SMM catalysts.

1656 cm−1, which could be assigned to the absorbed H2O species.
Besides, three bands which are very weak and not well resolved
are also observed at 897, 946 and 1003 cm−1. Based on the liter-
ature reported [16,17], the bands at 897 and 1003 cm−1 could be
assigned to the isolated molybdate species in which Mo is tetrahe-
drally coordinated, while the bands at 946 cm−1 could be assigned
to the polymolybdate species. It is consistent with the result of
Raman experiment. The difference in the phase content might be
noted. Based on the intensity of the bands, it is easy to conclude
that the polymolybdate species does not show much higher con-
tent than the isolated molybdate species in the FT-IR spectrum like
that in the Raman spectrum. It might due to the difference of the
two methods. As we know, the Raman method investigates the sur-
face structure of the catalyst, while the FT-IR method surveys the

bulk phase structure. The spectrum of the SMM catalyst is similar
with that of the MM catalyst except for the two intensive bands at
1098 and 1155 cm−1 which are assigned to SO4

2− species [12]. This
assignment is confirmed by the results of XPS experiment (Fig. 5).

Fig. 5. S2p XPS spectra of SMM catalyst.
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Fig. 6. UV–vis spectra of catalysts.

s shown in Fig. 6, the S2p XPS spectra has only one peak located
t 168.5 eV, which is related with S6+ (SO4

2−) [18].
Fig. 6 shows the UV diffuse-reflectance spectra of the MgF2,

oO3, P25, MM and SMM catalysts. Pure MgF2 absorbs UV light
<250 nm), but not sensitive in visible light. Comparing with P25,
oth the MM and SMM catalysts show strong absorption in visible

ight region (<450 nm). It could be attributed to the MoOx domains
n the MgF2 matrix. The UV–vis characterization is consistent with
he catalytic activity testing results (MM and SMM is active under
isible light).

.3. Discussions

In the current case, MM catalyst was prepared by doping MoO3
nto MgF2 and shows activity in visible light for acetone degra-
ation. The structure characterizations show the doped Mo oxide

s dispersed in the MgF2 matrix. These MoOx species, which have
lmost the same band gap as that of bulk MoO3, are the active sites
f catalysts. In this case, if electrons were excited from one spot
f MoOx to the other one, holes could be left behind. The isolator
gF2 could retard the recombination of the electrons and holes.

lectron–holes pairs generated in this way should have long life-
imes, which is necessary for photochemical reactions.

The foreign species such as SO4
2− are often induced to TiO2 con-

ained catalysts to improve its photocatalytic activity [12–14]. In the
resent paper, sulfates are also induced to the MM catalyst and the
MM catalyst exhibited stronger photocatalytic activity than the
M catalyst. It is plausible that the stronger photoactivity of the

MM catalyst results from two factors.
The first factor is that the introduction of SO4

2− can promote the
pecific surface area of the catalyst. The SMM catalyst has larger
pecific surface area than the MM catalyst. It could promote the
dsorption of organic substrates on the surface of catalyst and con-
equently enhance the photocatalytic activity in acetone oxidation.
he second factor is that the introduction of SO4

2− can prolong
he life of the electron–hole pairs. The Raman characterizations
how the doping of SO4

2− could promote the dispersal of Mo oxide
n MgF2 matrix. That means the MoOx in the SMM catalyst has

maller particle size than that in the MM catalyst. In large MoO3
articles, the volume recombination of the charge-carriers is the
ominant process, and can be reduced by a decrease in particle
ize. This decrease also leads to an increase in the interfacial charge-
arrier transfer rates. Thus, the isolator MgF2 matrix could retard

[

[

aterials 168 (2009) 551–554

the recombination of the electrons and holes more effectively. So,
doping SO4

2− into MM catalyst decreased the particle size of MoOx

and prolonged the life of the electron–hole pairs. It makes the SMM
catalyst show stronger photocatalytic activity than the MM catalyst.
Besides, the change of acidity due to the addition of SO4

2− might
be the possible reason [13,14]. But it needs to be proved and the
subsequent research is on going.

4. Conclusions

In summary, a new coupled catalyst MoOx/MgF2 (MM) was
synthesized from the aqueous of solutions of (NH4)12Mo7O27,
Mg(NO3)2 and NH4F. 43.0% acetone conversion was obtained in
the visible light. The high photodegradation of the MM cata-
lyst is attributed to the inhibiting effect of MgF2 matrix on the
electron–hole pairs. The doping of SO4

2− into MoOx/MgF2 cata-
lyst could improve the catalytic activity greatly. It is owe to that
SO4

2− promote the dispersal of MoOx domains in MgF2 matrix and
the MgF2 could separate the electron–hole pairs more effectively.
Besides, the increased specific surface area might be another reason
for the higher catalytic activity.
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