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a b s t r a c t

This paper presents a new visible-light driven photocatalyst, VEuOx composite, which was synthesized
from the aqueous solutions of Eu(NO ) and NH VO . The photocatalyst shows high activity for pho-
eywords:
hotodegradation
hotocatalyst

3 3 4 3

todegradation of acetone under both UV and visible light. The optimal V to Eu molar ratio is 1.5. By
loading a small amount of Pt the catalytic performance of V1.5Eu1Ox catalyst could be improved further.
99.4% of acetone was completely photodegradated to CO2 and H2O under visible light. The physical and
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. Introduction

Since Fujishima and Honda reported photo-induced decompo-
ition of water on TiO2 electrodes [1], a great deal of efforts have
een devoted to the investigations of metal oxide semiconduc-
or catalysts for environmental applications, such as air and water
urification [2,3]. In terms of the high activity and chemical stabil-

ty, TiO2 is an excellent photocatalyst that can remove a large range
f organic pollutants [4]. However, the band gap of TiO2 (anatase,
.2 eV) limits its absorption to the ultraviolet region (<4%) of the
olar spectrum. Hence, in order to make use of solar light source
n photodegradation reaction, a visible light active photocatalyst is
esired.

Currently, there are two strategies to develop the visible-light
riven photocatalysts: modification of TiO2 [5–8] and exploita-
ion of novel semiconductor materials [9,10]. Many investigations
ave been undertaken on the latter strategy. A great number of
ovel undoped single-phase mixed oxide semiconductor photo-
atalysts have been developed, such as CaBi2O4 [9], BiVO4 [11,12],
aBi2Mo4O16 [13], and PbBi2Nb2O9 [14]. They all show a certain
bsorption in the visible light range. In general, these catalysts are
ynthesized by the conventional solid-state reactions between the
orresponding oxides at high temperatures. So, one characteristic

f these photocatalysts is their micro- or submicro-dimension. The
arger sizes as compared to TiO2 nanoparticles lead to higher den-
ity, thus they show good precipitation performance and can easily
e recovered in water purification. Yet they have some disadvan-

∗ Corresponding author. Tel.: +86 0579 82283920; fax: +86 0579 82283920.
∗∗ Corresponding author. Tel.: +86 0591 83714946; fax: +86 0591 83714946.

E-mail addresses: hym@zjnu.cn (Y. He), wxt@fjirsm.ac.cn (X. Wu).

920-5861/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2010.03.021
e VEuOx composite catalysts were characterized by BET, XRD, Raman, FT-
minescence spectra, respectively. On the basis of the investigation results
sitions, the origin of the high photocatalytic activity is discussed.

© 2010 Elsevier B.V. All rights reserved.

tages such as small specific surface areas, long migration distances
for excited electron–hole pairs, and increasing energy-wasteful
recombination; all of these were expected to lower photocatalytic
activities. In order to obtain satisfied activity, these catalysts are
usually loaded with a small amount of noble metals or metal
oxide [15–20]. For example, Kohtani et al. [19,20] reported that
the Ag-loaded BiVO4 showed better activities than pure BiVO4
in photo-oxidation of polycyclic aromatic hydrocarbons and 4-n-
alkylphenols under visible light irradiation. Long et al. [17] found
that doping of Co3O4 into BiVO4 promoted the photocatalytic effi-
ciency in phenole degradation reaction. Domen et al. [18] showed
that RuO2 was an effective cocatalyst that enhances the activity of
(Ga1−xZnx)(N1−xOx) for overall water splitting under visible light
irradiation.

In this paper, we present a new visible-light driven catalyst
V2O5/EuVO4, which shows high photocatalytic activity on pho-
todegradation of organic substrates under visible light irradiation.
EuVO4 is the main phase in the photocatalyst. It has been reported
that EuVO4 is an important rare earth vanadate with interesting
properties (such as the thermal catalytic property and the pho-
toluminescence property) [21–24]. To the best of our knowledge,
however, no studies have been focused on the photocatalytic prop-
erty of EuVO4. The semiconductor V2O5 was chosen as cocatalyst.
It has been reported that loading a small amount of V2O5 greatly
improves the photocatalytic efficiency of vanadate photocatalyst
[25–27].

2. Experimental
2.1. Catalysts preparation

NH4VO3 (>99%), Eu2O3 (>99.99%), H2PtCl6·6H2O (>99.95%) and
P25 (Degussa TiO2) as reference, were purchased commercially and

http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:hym@zjnu.cn
mailto:wxt@fjirsm.ac.cn
dx.doi.org/10.1016/j.cattod.2010.03.021
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Fig. 1. The reactor system.

sed without further purification. V2O5 was obtained by calcining
H4VO3 at 500 ◦C for 4 h. Pure EuVO4 was prepared by precipi-

ation method: solutions of NH4VO3 and Eu(NO3)3 (obtained by
issolving of Eu2O3 in HNO3 solution) with a V to Eu molar ratio
f 1.0 were mixed to obtain a deposit. The pH value of the solu-
ion was adjusted to 7–8 by a solution of NH3. After aging at room
emperature for 5 h, the deposit was filtered, washed three times
y water, dried at 100 ◦C for 12 h and calcined at 500 ◦C for 4 h. The
EuOx composite catalysts were prepared by the following steps:
olutions of NH4VO3 and Eu(NO3)3 with different V/Eu molar ratios
ere mixed and evaporated to give a solid precursor. After dried

t 100 ◦C for 12 h, the precursor solid was calcined at 500 ◦C for 4 h
nd then cooled to room temperature to yield the catalyst.

The 0.1 wt.% Pt/V1.5Eu1Ox catalyst was prepared by
mpregnation-photoreduction method: 4.5 g of V1.5Eu1Ox catalyst

as added into 3.0 mL of H2PtCl6·6H2O solution (Pt: 0.0015 g/mL).
he sample was kept in the dark for 5 h, and then dried at 80 ◦C for
0 h. After that, the dried sample was irradiated by Hg lamp (or
e lamp) ion for 2 h (the strong light decomposed the H2PtCl6 to
etal Pt) to obtain the 0.1 wt.% Pt/V1.5Eu1Ox catalyst.

.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 reaction was carried
ut under visible light, two 400 W xenon lamps were used as visible

ight sources and a glass tube (ID 5.0 mm) reactor which could cut
ff most of the UV light was used. In either reactor, the bed length
f catalyst (500–800 mg) was about 4.5 cm and the rest parts of the
eactor were wrapped by aluminum paper to exclude the contri-
ution of the blank reaction (Fig. 1). A thermocouple which clung

able 1
pecific surface area of catalysts.

Catalysts Eu2O3 V1Eu1Ox V1.5Eu1Ox

S (m2/g) 4 42 25
158 (2010) 209–214

to the reactor closely was used to detect the reaction temperature.
The reactor tube was cooled by a fan. Because of the heat from
the lamps, although we tried to cool down the reactor by the fan,
the temperature was still between 130 and 140 ◦C (due to the heat
of reaction, the temperature inside the reactor tube was higher.
The real reaction temperature was observed to be between 140
and 170 ◦C). Pure oxygen was used as oxidant. The organic reac-
tants (acetone, methanol, ethanol, 2-propanol, benzene) were fed
into the reactor by bubbling gas (O2) through liquid organic at 0 ◦C
(cooled in a water-ice bath) to obtain the reactant mixture. The
flow of the mixture was controlled at 8.0 mL/min. The concentra-
tion of organics was analyzed by GC and the results are shown in
Table 2. Before each catalytic testing, the photocatalyst was allowed
to equilibrate in the reaction gas for at least 60 min. The reaction
products were analyzed on a GC (equipped with a GDX-203 col-
umn and a 5A carbon molecular sieve column) with TCD. All the
data were collected after 3 h of online reaction.

In order to rule out the thermal reaction, both the V1.5Eu1Ox and
0.1 wt.% Pt/V1.5Eu1Ox catalysts were tested for acetone oxidation in
the dark at the same reaction temperature (170 ◦C). The dark reac-
tion shows that acetone did not react with oxygen over V1.5Eu1Ox

or 0.1 wt.% Pt/V1.5Eu1Ox catalysts at 170 ◦C. The blank reaction was
also tested. The result shows that no acetone was photodegradated
without photocatalyst under visible light.

2.3. Characterizations

The XRD characterization of catalysts was carried out on RIGAKU
DMAX2500 using Cu K� radiation (40 kV/40 mA). The specific
surface areas were measured on Autosorb-1 (Quantachrome Instru-
ments). The Raman spectra of the catalysts were collected on
RM1000 spectrometer (Renishaw) with an Ar ion laser (514.5 nm)
as excitation source. The FT-IR spectra of the catalysts were
recorded on PerkinElmer Magna 750 with a resolution of 4 cm−1.
The UV–vis spectra of catalysts were recorded on a UV–vis spec-
trometer (PerkinElmer Lambda900) equipped with an integrating
sphere. The photoluminescence (PL) spectra of catalysts were col-
lected on FLS-920 (Edinbergh Instrument). The light source was a
Xe lamp (excitation at 280 nm).

3. Results and discussion

3.1. Characterization of the catalysts

3.1.1. BET and XRD analyses of catalysts
The BET results are shown in Table 1. Both Eu2O3 and V2O5 had

low specific surface areas. The specific surface area of EuVO4 was
equal to 20 m2/g. In comparison with EuVO4, V1Eu1Ox catalyst had a
larger surface area, although they had the same V to Eu molar ratio.
With the increase of V/Eu ratio, it is found that the BET surface area
of VEuOx catalysts decreased.

Fig. 2 presents the XRD patterns of VEuO catalysts. Pure Eu2O3
shows several peaks at 2� = 19.9◦, 28.3◦, 32.8◦, 47.2◦, and 56.0◦

(JCPDS 43-1008), while pure EuVO4 shows several strong diffrac-
tion peaks at 18.5◦, 24.5◦, 33.0◦, and 49.0◦ (JCPDS 15-0809). V1Eu1Ox
catalyst has nearly the same XRD pattern as EuVO4, indicating
only EuVO4 phase was detected. When the V/Eu molar ratio was
increased to 1.5, several peaks at 2� = 15.3◦, 20.3◦, 26.1◦ correspond-
ing to V2O5 phase (JCPDS 41-4126) was observed. With the increase
in vanadium concentration, the peak intensity of V2O5 increased.

V2.5Eu1Ox V3.5Eu1Ox EuVO4 V2O5

20 17 20 6
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Fig. 2. XRD patterns of VEuOx composites.

xcept the V2O5 and EuVO4 phases, no new phase was found in the
EuOx composite catalysts.

.1.2. FT-IR and Raman analysis of catalysts
Fig. 3 shows the FT-IR spectra of VEuOx composite catalysts.

u2O3 shows two weak peaks at 1395 and 1362 cm−1. EuVO4 has
strong broad peak between 750 and 950 cm−1 and a shoulder

eak at 946 cm−1. V1Eu1Ox catalyst had the same V/Eu molar ratio
ith EuVO4. So, the similar FT-IR spectrum was observed. However,

esides the peaks of EuVO4 another weak peak at 1020 cm−1 was
bserved over V1Eu1Ox catalyst, which could be assigned to the

O stretching vibration in the V2O5 phase [28]. Obviously, there
xist both EuVO4 and V2O5 phases in V1Eu1Ox composite. The same
wo phases were also detected in other VEuOx composites. With the
ncrease of the V/Eu molar ratio, the peak of the V2O5 phase became

tronger. The FT-IR characterizations are consistent to those of XRD
hown in Fig. 3.

Both the XRD and FT-IR analysis of the VEuOx composite cat-
lysts showed that only V2O5 and EuVO4 phases were formed in
atalysts. This result could also be proved by the Raman analysis.

Fig. 3. FT-IR spectra VEuOx composites.
Fig. 4. Raman spectra of VEuOx composite catalysts.

Fig. 4 shows the Raman spectra of the catalysts. In order to make
clarity, only V2O5, V1.5Eu1Ox, and EuVO4 catalysts are presented.
EuVO4 has several strong peaks at 377, 817, 875, 1951, 2532, and
2638 cm−1, while V2O5 shows several strong peaks at 142, 281, 525,
699, and 990 cm−1. The Raman spectrum of V1.5Eu1Ox shows that
there is some V2O5 phase besides the EuVO4 phase. No new peaks
(belonging to a new phase) were observed over the surface of the
catalyst.

3.1.3. UV–vis analysis of catalysts
The UV–vis spectra of P25 (TiO2 Degussa), EuVO4, V2O5 and

VEuOx catalysts are shown in Fig. 5. Both Eu2O3 and P25 could only
absorb the UV light (� < 400 nm). They show the color of white. The
color of pure EuVO4 is pale yellow, which indicates EuVO4 could
absorb the visible light. As shown in Fig. 5, the band gap absorp-
tion edge of EuVO4 is determined to be 554 nm, corresponding to

the band gap energy 2.24 eV, which is consistent with the result
of Prasad [29]. Compared with EuVO4, V2O5 has a smaller band
gap (2.08 eV) and could absorb most of the visible light. So, loading
of V2O5 to EuVO4 greatly promoted the catalyst’s photoadsorption
performance. Such as V1Eu1Ox catalyst, its peak intensity in the vis-

Fig. 5. UV–vis spectra of VEuOx composite catalysts.
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Table 2
Photocatalytic oxidation of organics over V1.5Eu1Ox and 0.1 wt.% Pt/V1.5Eu1Ox catalyst in the visible region.

Organics Methanol Ethanol Acetone 2-Propanol Benzene

X (mol%) 5.0 1.5 10.0 1.0 2.2
Conv. (%) 100(100) 99.6 (100) 98.0 (99.4) 98.3 (100) 30.7 (98.9)
SCO2 (%) 15.1 (100) 44.8 (100) 39.3 (100) 53.7 (100) 79.1 (100)
SCO (%) 84.9 (0) 55.2 (0) 60.5 (0) 42.6 (0) 20.9 (0)
S (%) 0 (0) 0 (0) 0.2 (0)a 3.7 (0)b 0 (0)
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ote: The numbers in bracket represent the performance of 0.1 wt.% Pt/V1.5Eu1Ox c
a Selectivity to acetol.
b Selectivity to acetone.

ble region (400–600 nm) is higher than pure EuVO4, which could
e due to the small amount of V2O5 detected by FT-IR. With the

ncrease in vanadium content, the photoadsorption performance
f VEuOx composites increased. But when the molar ratio of V to
u was larger than 1.5, only a little difference was observed.

.2. Photocatalytic performance of catalyst

The photocatalytic performance of catalysts was evaluated in
he photodegradation reaction of acetone under UV and visi-
le light. Fig. 6 shows the photocatalytic activities of P25 (TiO2,
egussa), Eu2O3, V2O5, EuVO4, and VEuOx composite catalysts.
nder UV light, P25 had a high activity for acetone degradation.
9.1% of acetone conversion was obtained. But under visible light,
25 shows low activity like V2O5. Eu2O3 was inactive under visi-
le light and showed weak activity for acetone degradation under
V light. Compared with V2O5 or Eu2O3, pure EuVO4 shows higher
ctivity. 56.4% of acetone conversion was obtained under UV light,
nd under visible light the acetone conversion reached 44.6%. How-
ver, its activity is still lower than the VEuOx composite catalysts.
s shown in Fig. 6, the acetone degradation conversion increased
ith the increase in V/Eu ratio from 1.0 to 1.5 and decreased with

urther increase in V/Eu molar ratio. The highest acetone conver-
ion was obtained on catalyst V1.5Eu1Ox. The acetone conversion
eached 98.0% under both UV and visible light. The result of Fig. 6
hows that the VEuOx composite catalysts are as active as P25 under
V light. Under visible light, it shows much higher photoactivity
han P25, EuVO4, or V2O5. Obviously, loading of V2O5 to EuVO4
ormulated a series of active photodegradation catalysts.

In the photodegradation of acetone, the typical degradation
roducts are CO2, CO, acetol, and H2O. As an example, for the pho-
odegradation of acetone over V1.5Eu1Ox, the selectivities to CO2,

Fig. 6. Acetone photodegradation over VEuOx composite catalysts.
t. X is the molar concentration of organic compound in oxygen.

CO, and acetol are 39.3%, 60.5%, and 0.2%, respectively (Table 2).
It means that the V1.5Eu1Ox catalyst was not able to oxidize ace-
tone completely. There are significant amount of CO and acetol left
as partial oxidation products which are still viewed as pollutants.
Loading a small amount of noble metal (such as Pt, Au, Ag, and Ru)
to photocatalyst is a practical way to achieve the complete oxi-
dation of organic pollutants [15,16,30,31]. The loaded metal could
change the distribution of the electrons in a photocatalyst and form
the Schottky barriers at each metal–semiconductor contact region,
which leads to charge separation. Among the noble metals, it is
reported that Pt is the most effective component [31]. Hence, we
loaded the V1.5Eu1Ox catalyst with a small amount of Pt (0.1 wt.%).
Table 2 shows the testing results under visible light irradiation. The
0.1 wt.% Pt/V1.5Eu1Ox catalyst shows higher conversion of acetone
than catalyst V1.5Eu1Ox, and only CO2 and H2O were detected in
the degradation products. It was also proven to be efficient for the
oxidation of methanol, ethanol, 2-propanol, and benzene (Table 2).
Obviously, the Pt doped V1.5Eu1Ox catalyst is a better photodegra-
dation catalyst in terms of both activity and complete oxidation.

The stability of VEuOx composite catalysts was evaluated
by continuous reaction. Fig. 7 shows the life-testing results of
V1.5Eu1Ox and 0.1 wt.% Pt/V1.5Eu1Ox catalysts under visible light.
Both catalysts were stable within 24 h of continuous reaction. An
average acetone conversion of 99.4% was obtained over 0.1 wt.%
Pt/V1.5Eu1Ox catalyst. For V1.5Eu1Ox catalyst, the average acetone
conversion reached 98%. The results of Fig. 7 indicate that the
V1.5Eu1Ox catalyst is promising for practical application for air
purification because of its high activity and stability.
3.3. Discussion

The composite photocatalysts have attracted increasing atten-
tion for their enhanced performance. Yet present explanations are

Fig. 7. Effect of reaction time on the performance of V1.5Eu1Ox and 0.1 wt.%
Pt/V1.5Eu1Ox catalysts.
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Table 3
Absolute electronegativity, estimated band gap, energy levels of calculated conduction band edge, and valence band at the point of zero charge for V2O5 and EuVO4.

Semiconductor oxides Absolute Estimated energy
, Eg (eV)

Calculated conduction
band edge (eV)

Calculated valence
band edge (eV)

0.94 3.02
0.21 2.45
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617 nm, indicating that the electrons and holes recombine rapidly
[41,42]. However, over V1.5Eu1Ox catalyst, the peaks intensity is
greatly decreased. It suggests that the loading with V2O5 retarded
the electron–hole pair recombination. This is consistent with the
analysis of the coupling effect, as discussed above.
electronegativity (X) band gap

V2O5 6.4817 2.08
EuVO4 5.8312 2.24

till far from clarifying it. Some researchers attribute the increased
ctivity to the adsorption ability for the organic compounds, which
re often related to the specific surface area [32,33]. In the present
ase of VEuOx composites, a correlation consistency between spe-
ific surface area and photoactivity was not observed. The V1Eu1Ox

47 m2/g) and V2.5Eu1Ox (20 m2/g) catalyst showed lower acetone
onversion than V1.5Eu1Ox (25 m2/g) catalyst under both UV and
isible light. Hence, we think the specific surface area is not a major
actor to influence the photoactivity of VEuOx catalysts. The most
mportant factor might be the composition of the catalysts.

Different measures of characterization have revealed that only
he V2O5 and EuVO4 phases exist in the VEuOx composite cat-
lysts. V2O5 is inactive because of the rapid recombination of
lectron–hole pairs [34]. But when it was coupled with EuVO4 the
hotocatalytic activity was greatly improved. It shows the typical
henomenon of the coupled photocatalyst. So, it is plausible that
he stronger photoactivity of the VEuOx composite catalysts results
rom the coupling effect between V2O5 and EuVO4.

The coupling effect is involved in retarding the recombination
f the photogenerated charges, which is one of the limiting fac-
ors in photocatalytic phenomena. Many researchers have noted
he particularity of the photocatalytic properties of composite sys-
ems, consisting of two semiconductors in contact, and attributed
he improvement in activity to the enhanced charge separation
25–27,34–36]. The coupling of two semiconductors possessing
ifferent redox energy levels for their corresponding conduction
nd valence bands allows to achieve more efficient charge separa-
ion, increase the lifetime of the charge carriers and thus enhance
he efficiency of the interfacial charge transfer to adsorbed sub-
trates. In the current case, we think the charge migration also
ccurs between EuVO4 and V2O5 semiconductors. In order to prove
he above suggestion, the band energy potentials of the V2O5 and
uVO4 semiconductors are needed. There are three methods to
etermine the band edge positions: experiments based on photo-
lectrochemical techniques, calculation according to first principle,
nd predicting theoretically from the absolute (or Mulliken) elec-
ronegativity [37–39]. The first one is not always easy to handle,
nd the second one cannot obtain the absolute energy of band
dges with respect to vacuum and always has large discrepancies
etween calculated and measured values. The third one is a simple
pproach with reasonable results for many oxide photocatalysts
38,39]. The conduction band edge of a semiconductor at the point
f zero charge (pHzpc) can be predicted by E0

CB = X − Ec − (1/2)Eg .
here X is the absolute electronegativity of the semiconductor,

xpressed as the geometric mean of the absolute electronegativity
f the constituent atoms, which is defined as the arithmetic mean
f the atomic electron affinity and the first ionization energy; Ec is
he energy of free electrons on the hydrogen scale (∼4.5 eV); and Eg

s the band gap of the semiconductor. Table 3 shows the predicted
and edge positions of V2O5 and EuVO4 by the above equation.
n fact, these values are slightly more anodic than the measured
alue but this does not affect the comparison of their relative posi-
ions. As shown in Table 3, the conduction band of EuVO4 is more

athodic than the conduction band of V2O5, while the valence band
f V2O5 is more positive than the corresponding band of EuVO4. It
eans that their valence and conduction bands are suitably dis-

osed. As shown in Fig. 8, the conduction band of V2O5 will act as
sink for the photogenerated electrons while hole transfer occurs
Fig. 8. Photo-excitation and simultaneous charge transfer processes for the couple
EuVO4–V2O5 semiconductor.

from the valence band of V2O5 to that of EuVO4. This simultane-
ous charge transfer could increase the space charge separation,
limit their recombination and thus increase the photo-oxidation
efficiency.

The above analysis could also be proved by the photolumines-
cence (PL) spectra of the photocatalysts, which are useful to disclose
the migration, transfer, and recombination processes of the pho-
togenerated electron–hole pairs in the semiconductor [40]. Fig. 9
shows the PL spectra of EuVO4 and V1.5Eu1Ox catalysts. The PL
spectrum of EuVO4 shows three strong emissions at 451, 592, and
Fig. 9. PL spectra of EuVO4 and V1.5Eu1Ox composite.
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. Conclusions

VEuOx composite photocatalyst which could be described as
2O5 doped EuVO4 catalyst has been synthesized from the aque-
us of solutions of Eu(NO3)3 and NH4VO3. V1.5Eu1Ox catalyst was
ound to be the best one. 98% conversion of acetone was obtained
nder visible light. The mechanism has been discussed by the calcu-

ated energy band positions and PL spectra. The enhanced activity
s attributed to the coupling effect between EuVO4 and V2O5, which
etards the recombination of photogenerated hole–electron pairs.
he composite photocatalyst is promising for air purification appli-
ation for its good activity and stability. By loading a small amount
f Pt the performance of catalyst can be further improved.
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