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Eu/BiVO,4 composite photocatalysts have been hydrothermally synthesized and characterized by XRD,
XPS, SEM, EDS and DRS techniques. The photocatalytic activities of these catalysts were evaluated by
the decolorization of methyl orange in aqueous solution under visible light irradiation (A >420 nm). It
proved that the enhanced activities of Eu/BiVO4 composites are mainly ascribed to the dopants for the
effective electron-hole separation effect, and the optimum content of the doped metal can be controlled
by adjusting the ratio of the rare materials in precursor.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Bismuth vanadate (BiVO,4) has recently attracted considerable
attention not only for its interesting technological properties [1,2],
but also for its strong photocatalytic effect on water splitting and
organic pollutant decomposing under visible light irradiation [3-7].
However, the low photocatalytic activity of pure BiVO,4 restricts
its widely application to the photocatalytic degradation of organic
contaminants. Then the modification technology of metal doping
has been used to enhance the activity of BiVO,4. To date, Fe [8],
Co [8-10], Cu [9,11,12], Pd [13,14], Mn [15], Ag [16-18], Ce [19],
W [20], Mo [21], V [22], Bi [23] and other metals doped in BiVOy4
have been demonstrated to be effective in the enhancement of their
photocatalytic activities. Therefore, BiVO4 doped with metal ions or
metal oxides is considered to be a feasible route for enhancing the
photodegradation of organic contaminants.

Although there have been many reports on transition metal and
noble metal doped in BiVOy, the effect of rare earth element doping
on the photocatalytic activity of BiVO4 for the organic contaminants
photodegradation has seldom been reported so far as we know.
However, other investigations showed that lanthanide ions/oxides
with 4f electron configuration were better dopants in photocata-
lysts. El-Bahy et al. [24] reported that lanthanide jons (La3*, Nd3*,
Sm3*, Eu3*, Gd3* and Yb3*) doped TiO, were synthesized by sol-gel
method, and lanthanide ions can enhance the photocatalytic activ-
ity of TiO, for photodegradation of direct blue. Xie et al. [25]
reported that doping with Eu3*, Nd3* and Ce** increased the pho-
tocatalytic activities of TiO, catalysts in aqueous azo dye (X-3B)
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solution under visible light irradiation. Therefore, using lanthanide
element doped in catalysts could be an efficient way to increase the
photocatalytic activity.

In this work, BiVO4 was doped with different content of
europium (Eu) and characterized by XRD, XPS, SEM, EDS and
DRS techniques. The influence of Eu doping on the photocatalytic
decolorization of methyl orange was studied under visible light
irradiation. The proposed mechanism of the improved activity in
Eu/BiVO4 composites was also discussed.

2. Experimental
2.1. Synthesis of Eu/BiVO,4 composite catalysts

In a typical hydrothermal processing, 0.02 mol Bi(NO3)3-5H,0
and 0.02 mol NH4VO3 were dissolved separately in 20 mL of 35%
(w/w) HNO3 and 20 mL of 6 mol/L NaOH solutions, and each stirred
for 30 min at room temperature (RT). After that, these two mix-
tures were mixed together in 1:1 molar ratio and stirred for about
30 min to get a stable, salmon pink homogeneous solution. The dif-
ferent amounts of Eu(NOs3); (0.1, 0.2, 0.5, 1.0 and 2.0 g) were then
added into these solutions individually with a continuing stirring
for 30 min to get the precursors. Mixture of each precursor were
then sealed in a 50 mL Teflon-lined stainless autoclave and heated
to 180°C for 6 h under autogenous pressure. Afterwards, the pre-
cipitate was filtered, washed with distilled water three times for
each, and dried in vacuum at RT for 12 h.

2.2. Apparatus and measurements

X-ray powder diffraction patterns (XRD, Puxi Co. LTD, model
XD-3) were recorded in the region of 260=17-55° using Cu Ka


http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:ncutalex@126.com
dx.doi.org/10.1016/j.jhazmat.2009.08.079

266 A. Zhang, ]. Zhang / Journal of Hazardous Materials 173 (2010) 265-272

radiation with a scan step of 2.0°/min at RT using a counter diffrac-
tometer. The morphologies and microstructures of as-prepared
samples were examined with scanning electron microscopy (SEM,
FEI Co., model Quanta-600). Energy dispersive spectrometry (EDS)
used with SEM was also taken for the chemical analysis of the
samples. Optical absorption spectra were obtained on a doubled-
beam UV-vis spectrophotometer (Puxi Co. LTD, model TU-1901)
equipped with an integrating sphere. UV-vis diffuse reflectance
spectra (DRS) of BiVO4 were recorded using BaSO4 as a ref-
erence and were converted from reflection to absorbance by
Kubelka-Munk method from its equipped software. X-ray pho-
toelectron spectroscopy (XPS) analysis was performed on a VG
MKII X-ray photoelectron spectrometer using the Mg Ka radia-
tion.

2.3. Photocatalytic activity test

Photocatalytic activities of the samples were determined by the
decolorization of methyl orange (MO) under a visible light irra-
diation. A 500 W Xe-illuminator was used as a light source and
set about 10 cm apart from the reactor. The 420 nm cut-off filter
was placed between the Xe-illuminator and the reactor to com-
pletely remove all incoming wavelengths shorter than 420 nm to
provide visible light (A >420 nm). Experiments were carried out at
ambient temperature as follows: the same amount (0.2 g) of pho-
tocatalyst was added into 100 mL of 10 mg/L MO solution. Before
illumination, the solutions were stirred for 30 min in dark in order
to reach the adsorption-desorption equilibrium for MO and dis-
solved oxygen. At different irradiation time intervals, about 5 mL
suspensions were collected, and centrifugalized to remove the pho-
tocatalyst particles. Then the concentrations of the remnant MO
were monitored by checking the absorption spectrum of each sam-
ple.

3. Results and discussion
3.1. Powder formation

Fig. 1A shows the XRD diffraction patterns of the pure BiVO4
and Eu/BiVO, series photocatalysts. It is confirmed that all the
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Fig. 2. XPS of (a) pure BiVO, crystallites and (b) 1.46 wt% Eu/BiVO4 composite pho-
tocatalysts.

photocatalysts have a single monoclinic-scheelite structure, and
no signal for any other phases about europium or impurities can
be detected in the composite samples for their low content of Eu
element. The diffraction peaks of all samples are in conformity to
the standard card of monoclinic BiVO4 (JCPDS cards No.: 14-0688).
Fig. 1B portrays the shift of the peaks at about 28.9 and 30.5° cor-
responded to the (121) and (040) planes, respectively. There is
a gradual shift in these peaks toward right with the increase of
Eu content, suggesting that the increased Eu dopant in the com-
posites lead to a tiny change in their local crystal structures by
degrees.

The overall XPS spectra for the pure BiVO4 crystallites and
Eu/BiVO4 composite photocatalysts are shown in Fig. 2. It is indi-
cated that the Eu 3d peak around 1120 eV can be detected obscurely
for the Eu/BiVO4 composite compared with the pure BiVO;,. Fig. 3
shows high-resolution XPS spectra of the four primary elements in
the composite. As is shown, the binding energies of Bi 4f; 5, Bi 4f5,,
V2p3p,V2pqp and O 1sare 159.2,164.3,516.9,529.9 and 529.8 eV,
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Fig. 1. (A) XRD patterns and (B) XRD peaks in (12 1) and (040) planes of different catalysts: (a) pure BiVOy, (b) 0.36 wt% Eu/BiVOy4, (c) 0.73 wt% Eu/BiVOy, (d) 1.46 wt%

Eu/BiVOy, (e) 3.65 wt% Eu/BiVO,4 and (f) 7.30 wt% Eu/BiVO4.
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Fig. 3. XPS analysis of 1.46 wt% Eu/BiVO4 composite photocatalysts: (a) Bi 4f; (b) V 2p; (c) O 1s; (d) Eu 3d.

respectively. The Eu 3d region (Fig. 3d) is displayed with the char-
acteristic peaks at 1121.5 and 1164.8 eV, ascribed to Eu 3ds;, and
Eu 3ds3);, respectively; and it has a 43 eV splitting of the Eu 3d dou-
blets, which is a character of Eu3* anion and consistent with those
of Eu in the form of Eu,03 [26,27].

3.2. Morphologies and structures performance

The SEM images of different catalysts are shown in Fig. 4. The
primary particle of the pure BiVO,4 had a spherical shape gener-
ally (Fig. 4a), and sintered with each other strongly to be a large
cluster. From Fig. 4b to f, it is clear seen that with the increase
of Eu content, the dispersive particles with few clusters and some
larger crystals with smooth surface and edged shape came into
being. This can signify that the presence of Eu in the reaction
media may influence the formation of particles via a characteristic
nucleation-dissolution-recrystallization effect in the processing
[28].

The chemical composition of each sample was determined using
EDS technique. Fig. 5 shows the average EDS signals obtained from
measuring a large scale (100 times of the whole SEM images area)
of each sample. Besides the obvious signals for O, Bi and V elements
marked in Fig. 5a, the EDS spectra shows that very weak signal of
europium with an increasing trend was detected in the Eu/BiVO,4
composites. And the obtained amount of dopant from EDS analysis
is in good agreement with the doping contents calculated from the
rare precursor, as listed in Table 1.

The UV-vis diffuse reflectance spectra (DRS) spectra of Eu/BiVOy4
composites in comparison with pure BiVO4 are shown in Fig. 6.

For the pure BiVOy, a steep absorption edge near 550 nm can be
attributed to the band-gap excitation of monoclinic BiVOy4; and it
shows no light absorption above 650 nm. Whereas, Eu-doped BiVO,4
samples exhibit red-shift of their absorption edges and significant
enhancement of absorption in the region A >650nm. According
to the EDS and XRD results, the presence of Eu dopant in BiVO,
does not modify their crystal type and the corresponding band
edges. Instead, it may introduce new energy levels of the dopants
into the band-gap of BiVO4. Therefore, the absorption edges, shift-
ing toward longer wavelengths for the composites, may come
from the electronic transition from the dopant energy level to the
energy bands of BiVO,4. Additionally, a newly appeared band cen-
tered at ca. 780nm, may be introduced by the f-f transition of
Eu3* anion or the charge transfer transition between interacting
ions.

3.3. Photocatalytic activities of the catalysts

3.3.1. UV-vis absorption spectra changes

The changes in the absorption spectra of methyl orange (MO)
aqueous solutions during the photodegradation process by the pure
and Eu-doped BiVO,4 at different irradiation time are shown in
Fig. 7. Before irradiation, it shows two distinctive bands centered
at 465 and 270 nm for MO solution. And the 465 nm band of MO
in the visible region is meaningful with respect to the nitrogen-to-
nitrogen double bond (-N=N-) of the azo dye, as the most active
site for oxidative attack. Thus, the decrease of absorption bands
at Amax =465 nm is always used to indicate the degradation of MO
molecules.
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Fig. 4. SEM images of (a) pure BiVOy, (b) 0.36 wt% Eu/BiVOy4, (c) 0.73 wt% Eu/BiVOy, (d) 1.46 wt% Eu/BiVOy, (e) 3.65 wt% Eu/BiVO,4 and (f) 7.30 wt% Eu/BiVO,.

3.3.2. Effects of Eu doping on photodegradation of MO molecules
The photodegradation rate of MO on Eu/BiVO4 composite cat-
alysts compared with that of pure BiVO4 under visible light
irradiation within 180 min are shown in Fig. 8A. For the pure BiVOyg4,
the absorbance of MO at 465 nm slowly decreased to 0.764 after
180 min irradiation, and the total photodegradation rate of MO was
13.7%, which means that only a little part of the MO molecules in the
solution had been decomposed. When using the composites with
a Eu content of 0.36, 0.73, 1.46, 3.65 and 7.30 wt%, the photodegra-
dation rates of MO had promptly reached to 54.8, 50.7, 89.8, 72.4
and 41.9% after irradiating only 90 min and reached up to 85.8, 89.9,
93.6, 89.6 and 65.2% after irradiating 180 min, which shows much

higher than that of pure BiVO,4. Though the photocatalytic activity
of Eu/BiVO4 composite was improved compared with pure BiVOy,
the enhanced activity of these composites did not increase further
for those with more Eu in the content above 1.46 wt%. As shown
in Fig. 8A, for the composites with 3.65 and 7.30 wt% europium,
their total photodegradation rates of MO after 180 min irradiation
were lower compared with the sample with 1.46 wt% europium.
In addition, the adsorption rate of the 10 mg/L MO over pure and
Eu/BiVOy4 catalysts are also shown in Fig. 8A. After a continuing
stirring for 30 min in darkness to reach the adsorption-desorption
equilibrium, the adsorption rate were 5.4,8.7,6.3,10.1,9.2 and 8.5%
for the pure BiVOy, the 0.36, 0.73, 1.46, 3.65 and 7.30 wt% Eu/BiVO,
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Fig. 5. EDS results of (a) pure BiVOy, (b) 0.36 wt% Eu/BiVOy, (¢) 0.73 wt% Eu/BiVOy, (d) 1.46 wt% Eu/BiVOy, (e) 3.65 wt% Eu/BiVO,4 and (f) 7.30 wt% Eu/BiVO4.

composites, respectively. Although the photocatalytic activities of
these composites were much high, the adsorption rate of all these
catalysts were close to each other. Thus, the high adsorption ability
of these catalysts is supposed to be only one of the reasons for the
enhanced decomposition of MO dye molecules.

3.3.3. Kinetics of photocatalytic degradation of MO molecules

Most of the heterogeneous photocatalytic degradation reactions
follow Langmuir-Hinshelwood kinetic [29] In(Cy/C;) = kt + a, where
k is the apparent reaction rate constant, Cy is the initial concentra-
tion, C¢ is the concentration at the reaction time of t, and t is the
reaction time. As is known, the concentration (C) of MO has a lin-

Table 1
Europium content in the catalysts by theoretical and EDS experiments.

Samples Theoretical (wt%) Experimental (wt%)
Pure BiVO4 0.00 0.00
Eu/BiVO4 composite 0.36 0.32
Eu/BiVO4 composite 0.73 0.69
Eu/BiVO4 composite 1.46 1.28
Eu/BiVO4 composite 3.56 3.22
Eu/BiVO4 composite 7.30 6.58
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Fig. 6. UV-vis diffuses reflectance spectra of pure and Eu/BiVOy series catalysts.

ear relation with the absorbance (A), thus, In(Cy/C;) =In(Ag/A¢); and
the above can be approximated to In(Ag/A¢) =kt +a, which belong
to the first-order kinetics. This is confirmed by a nearly linear plot
of In(Cy/C;) with ¢, as shown in Fig. 8B. And the kinetic parameters
for each catalyst can be calculated and have listed in the inset table
of Fig. 8B.

3.3.4. Effects of Eu dopant on the activity of BiVO4 catalysts

The increased activity of catalyst was proposed to occur via the
trapping of photogenerated electrons in the catalyst by Eu dopant,
thereby reducing the extent of deleterious electron-hole recombi-
nation [30,31]. From the DRS results, it indicated that the Eu doping
lead to the enhanced absorbance and a new absorption band in the
visible light region. That is to say, the doped europium may provide
a shallow trap for photogenerated electron and hole so as to inhibit
the recombination and extend the lifetime of charge carrier. There-
fore, the photodegradation rate could be enhanced consequently
because more charge carriers are available. Yang et al. [32] thought
dye molecules interact simultaneously with the dopant and main
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component yielding an intermediate species, which play an impor-
tantrole in the photocatalytic degradation mechanism or Eu oxides,
may act as receptors or transmitters of the photogenerated elec-
trons. Xu et al. [33] suggested that a Eu3* ion has an unfilled 4f
shell and the reduction of Eu3* is thermodynamically feasible, it is
valid to assume that electron can be trapped by Eu3* on the sur-
face of catalyst. As a result of the electron trapping by Eu3*, the
rate of the electron-hole recombination reaction is slowed down
and more holes are available for the redox reactions. Wu et al. [34]
also reported that surface electrons can be trapped by the Eu3* ion
to form a reduction species Eu%* ion; and if oxygen is present in
the system, the EuZ* could be oxidized back to Eu3*. As a result of
the recycle reactions, the electron hole recombination rate could
be reduced.

However, these explanations seem to explain the enhance-
ment at low Eu content but do not account for the negative effect
observed with further increasing the Eu content. As shown in
Fig. 8A, the 1.46 wt% Eu/BiVO,4 represented the highest activity,
and the photodegradation rate of MO was found to decrease when
using those with higher Eu content. A plausible explanation for
this phenomenon may be due to the short-circuiting mechanism
of the coupled reaction, which occurs only at Eu3* content above a
certain level. At high doping of europium, since the Eu3* was con-
fined on the surface of catalysts, there is a high possibility for the
trapped electrons to recombine with the holes. The reduction of
Eu3* to Eu* by the photogenerated electrons is expected to be
faster than the photocatalytic oxidation reaction by oxygen, since
the former is simply a direct transfer of the trapped electron from
Eu3* to the valence band hole. In that case the excess Eu species
may act as a recombination center or may cover the active sites
on the BiVOy4 surface and thereby reduce the efficiency of charge
separation.

4. Conclusion

The Eu/BiVO4 composite photocatalysts were hydrothermal
synthesized and characterized using many state-of-the-art tech-
niques. XRD and SEM analysis showed that the Eu doping is good
for the compounds to form monoclinic BiVO, structure and can
influence the crystallinity of the compounds a little. The light
absorption edges of Eu/BiVO4 composites had extended a red-shift
compared with that of pure BiVO,4. The low content of Eu doping can
significantly increase the photocatalytic activity, however, the pho-
tocatalytic activity was found to decrease with the further increase
of the Eu dopant. The photodegradation reactions of methyl orange
by BiVO4 and Eu-doped BiVO4 follow the first-order kinetics. Thus,
possible reasons for Eu/BiVO4 composites showed higher activity
than pure BiVO,4 are mostly in (1) the enhanced absorption in the
visible region, (2) the suppressed recombination between photo-
generated electrons and holes in composite samples, (3) the new
absorption band corresponded to new energy levels and (4) the
improved adsorption ability of dye molecules over the catalyst sur-
faces.
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