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Abstract: The Eu-, Gd- and Er-doped BiVO, composite photocatalysts were hydrothermal synthesized and

characterized by X-ray diffraction, X-ray photoelectron spectroscopy, scanning electron microscopy and UV-Vis

diffusion reflectance spectra techniques. Compared with the pure BiVO,, all the composite photocatalysts

exhibited the enhanced photocatalytic properties for degradation of methyl orange in aqueous solution under

visible-light irradiation. The possible mechanism of the improvement in enhanced photocatalytic activity of

composites was also discussed and schematized.
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0 Introduction

Bismuth vanadate (BiVO,), one of the non-titania
based visible-light-driven semiconductor photocatal-
yts!"4, has recently attracted considerable attention for
it’s commonly used as a photocatalyst in water splitting
and oxidative decomposition of organic contaminants
under visible-light irradiation®®. Yet the photocatalytic
activity of the pure BiVO, is not so strong due to its low
quanta yield caused by the difficult migration of
photogenerated electron-hole pairs®'". As an efficient

way to solve this problem, doping metal or metal oxide
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can always enhance the photocatalytic activities by
separating the photogenerated electrons from holes.
Recently, Ag-BiVO, composites were prepared by
Kohtani et al." through an aqueous medium technique,
and it showed superior visible-light activities than the
pure BiVO, in decomposing long-chain alkylphenols
and polycyclic aromatic hydrocarbons. Long et al.!™
reported that the Co;0,/BiVO, composite photocatalyst
exhibited enhanced photocatalytic activity on degrada-
tion of phenol under visible-light irradiation. Xu et al.!"
found that the Cu-loaded BiVO, catalyst exhibited

improved photocatalytic activity for the degradation of
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methylene blue; and the similar result had also been
obtained by Jiang et al.!™. Ge!"*'" prepared Pd/BiVO, by
the impregnation method and demonstrated that it
exhibited enhanced photocatalytic activities in decom-
position of aqueous methyl orange under visible-light
irradiation. Besides, other metals including Fe!™, Mn!*®,
Cel", WL Mo, V21 Bi® and others doped in BiVO,
had also been demonstrated to be effective in improving
the photocatalystic activities of BiVO,.

Although there have been many reports on
transition metal and noble metal doping in BiVO,, the
effect of rare earth element doping on the photocatalytic
activity of BiVO, for the organic contaminants photo-
degradation has seldom been reported so far as we
know. However, other investigations showed that lanth-
anide ions/oxides with 4f electron configuration were
better dopants in photocatalysts. El-Bahy et al. !
reported that lanthanide ions (La**, Nd**, Sm**, Eu'*,
Gd** and Yb**) doped TiO, were synthesized by sol-gel
method; and lanthanide ions can enhance the
photocatalytic activity of TiO, for photodegradation of
direct blue. Xie et al.™ indicated that doping with Eu™,
Nd** and Ce** can increase the photocatalytic degrada-
tion activities of TiO, catalysts in aqueous azo dye (X-
3B) 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, BiVO, was doped with different
lanthanide element (Ln=Eu, Gd and Er) and charac-
terized by XRD, XPS, SEM and DRS techniques. The
influence of Ln doping on the photocatalytic decoloriza-
tion of methyl orange was studied under visible-light
irradiation. And the mechanism of the enhanced
activity of Ln-BiVO, composite catalysts was also

discussed.
1 Experimental

1.1 Synthesis of Ln-doped bismuth vanadate

In a typical preparation process®, 0.02 mol
Bi(NO;);-5H,0 and 0.02 mol NH,VO; were dissolved
separately in 20 mL of a 35% (w/w) HNO; and 20 mL of
a 6 mol -L.™" NaOH solutions, individually, and each

stirred for 30 min at room temperature. After that, these

two mixtures were mixed together in a 1:1 molar ratio
and stirred for about 30 min to get a stable, salmon pink
0.5 g) of
different (including  Eu(NO3),,
Gd(NO;); and Er(NOs);) were then added into these

solutions individually with a continuing stirring for 30

homogeneous solution. The same amount

lanthanide nitrate

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 autoge-
nous pressure. Afterwards, the precipitate was filtered,
washed with distilled water three times for each, and
dried in vacuum at room temperature for 12 h.
1.2 Apparatus and measurements

X-ray powder diffraction patterns (XRD, Puxi Co.
LTD, model XD-3) were recorded in the region of 26=
10°~70° using Cu Ko radiation (A=0.154 18 nm) with a
scan step of 2.0° -min~' using a counter diffractometer.
The morphologies and microstructures of as-prepared
catalysts were examined using scanning electron
microscopy (SEM, FEI Co., model Quanta-600). Energy
-dispersive X-ray analysis (EDX) in the whole SEM was
also taken for the chemical analysis of the doped
catalysts. The BET special surface area of the catalysts
was measured by N, adsorption at 77 K using a surface
area detector (Jinaipu Co. LTD, model F-Sorb2400). X-
ray photoelectron spectroscopy  (XPS) analysis was
performed on an X-ray photoelectron spectrometer (VG
LIMS, model MKII) using the Mg Ko radiation. Optical
absorbance spectra of the catalysts were obtained using
a doubled-beam UV-Vis spectrophotometer (Puxi Co.
LTD, model TU-1901) equipped with an integrating
(DRS) of

BiVO, were recorded using BaSO, as a reference and

sphere. UV-Vis diffuse reflectance spectra

were converted from reflection to absorbance by
Kubelka-Munk method.
1.3 Photocatalytic activity test

Photocatalytic activities of the catalysts were
determined by the decolorization of methyl orange (MO)
under visible-light irradiation. A 500 W Xe-illuminator
was used as a light source and set about 10 cm apart
from the reactor. The 420 nm cutoff filter was placed
reactor to

between the Xe-illuminator and the

completely remove all the incoming wavelengths shorter
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than 420 nm to provide visible-light irradiation (A >420

ambient
(0.2 g) of
photocatalyst was added into 100 mL of a 10 mg -L.~"

nm). Experiments were carried out at

temperature as follows: the same amount

MO solution. Before illumination, the solution was
stirred for 30 min in darkness in order to reach the
adsorption-desorption equilibrium for MO and dissolv-
ed oxygen. At different irradiation time intervals, about
5 mL suspensions were collected, centrifugalized to
remove the photocatalyst particles, and then used for
the absorption tests. The concentrations of the remnant
MO were monitored in the way of checking the
absorbance of solutions at 464 nm during the photode-

gradation process.
2 Results and discussion

2.1 Powder formation

Fig.1 shows the XRD patterns of the pure BiVO,
and Ln-loaded BiVO, series photocatalysts. It is
confirmed that all the photocatalysts have a single
monoclinic-scheelite structure, and no signals for any
other phases or impurities were detected from the
composite samples. The diffraction peaks of all samples
are in conformity to the standard card of monoclinic
BiVO, (PDF No.14-0688). This indicates that all the as-
prepared photocatalysts have the same crystal structure.
In addition, the obvious red shift of the peaks at about
18.6°, 18.9°, 28.9° and 30.5° corresponding to the

(110), (011), (121) and (040) planes respectively were
obtained, which may be caused by the doping of Ln**
(Eu**, Gd** and Er’*) ions in the composite catalysts. It
is reported” that the base centered monoclinic BiVO,
crystal (space group 15, C2/c) contains with the layered
structure of Bi-V-O units. Since the radius of three
lanthanide ions (r(Eu’*)=0.094 7 nm, r(Gd**)=0.093 8
nm, and r (Er**)=0.088 1 nm) are small than that of bis-
muth ion (r(Bi*)=0.111 0 nm). Therefore, the lanthanide
ions might enter into the lattice structure of BiVO, to
replace Bi** ion, and thus lead to the shift of the
diffraction peaks in their XRD patterns.

(Fig.2) was
carried out to confirm the chemical states of Ln element
in the composite catalysts. The Eu3d, Gd3d and Er3d
XPS peaks were present at 1121.5, 1164.8, 1188.7,
1218.6, 1190.2 and 1121.3 €V, respectively. According
to the literatures™ and XPS peak-splitting analysis, it
can be deduced that the Eu, Gd and Er elements in the

The high-resolution XPS analysis

photocatalysts are present as the form of their
lanthanide oxide (Eu,0;, Gd,05 and Er,03, respectively).

Fig.3 shows the scanning electron microscopy
(SEM) images of different catalysts; and their BET
surface area data are listed in Table 1. In Fig.3a, the
primary particle of the pure BiVO, showed small size
(ca. 1~2 pm) and sintered significantly to each other to
form the larger aggregates. In contrast, the dispersion of

the composite catalysts was much higher than that of
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a: Pure BiVO,, b: Eu-BiVO,, ¢: Gd-BiVO,, d: Er-BiVO,

Fig. 1

XRD patterns of different catalysts
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Fig.2  High-resolution XPS analysis of the doping element in different photocatalysts

a: Pure BiVO, b: Eu-BiVO,

d: Er-BiVO,

c: Gd-BiVO,

Fig.3 SEM images of different catalysts

Table 1 Theoretical and experimental content of lanthanide element, BET surface areas of catalysts,

MO equilibrium adsorption rate before irradiation and the total decolorize rate of dyes

after 180 min irradation

Catalyst Pure BiVO, Eu-BiVO, Gd-BiVO, Er-BiVO,
Theoretical content / % 0.00 1.46 1.49 1.13
Experimental content / % 0.00 1.21 1.16 0.98
Aper / (m?-g™) 1.95 4.56 2.34 3.67
Adsorption rate / % 5.6 9.8 13.1 18.0
Total decolorize rate / % 13.7 98.1 88.7 99.4

the pure BiVO,; and the composite catalysts showed
high crystalline with smooth surface and plate form,
which may lead to the improved photocatalytic
activities. This is because the photocatalytic activity
always gets higher with the increase of the catalyst
crystallinity due to the suppressed recombination
between photogenerated electrons and holes in highly
crystalline photocatalysts!"™. The energy-dispersive X-
(EDX) studies (Fig.4) obtained from

measurements at the whole SEM-micrograph, and it

ray analysis

revealed that all the Ln-BiVO, composite catalysts had
a homogenous atomic distribution with no other impure
elements. This agrees well with the XRD and XPS
(Table 1)

showed a little lower compared with the theoretical

results, and their EDX experimental data

doping contents.

Fig.5 depicts UV-Vis diffuse reflectance spectra
of different catalysts. As can be seen, the diffuse
reflectance spectra of the composite catalysts have
extended obvious red shifts in their edges and
absorbance intensily increase in the visible range.
These may be attributed to a charge transfer transition
between the lanthanide ion and the energy bands of

[29]

semiconductor For the yield of photogenerated
electron-hole pair first depends on the intensity of
incident photons with energy exceeding or equaling to
the photocatalyst band gap energy, it thus indicated
that the visible-light-responses of these Ln-BiVO,
composite catalysts may be significantly improved
by the lanthanide ion doping, and they should
exhibit enhanced photoactivities than the pure BiVO,

catalyst.
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Fig.4 EDX spectra of different catalysts
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Fig.5 UV-Vis diffuse reflectance spectra of different
catalysts

2.2 Photocatalyis activities

The changes in the absorption spectra of methyl
orange (MO) aqueous solution during the photocatalytic
process by the as-prepared catalysts at different
irradiation time are shown in the inset of Fig.6. The
decrease of absorption peaks at A,,,=465 nm in these
figures indicates a degradation of MO molecules. For
the pure BiVO, catalyst, the absorbance of MO at 465

nm decreased slowly after 180 min irradiation, and the

total decolorize rate  (including adsorption and
photodegradation) of MO reached to 13.7%. This means
that only a little part of the MO molecules in the
solution had been decomposed. For the catalysts doped
with Eu, Gd and Er, the photodegradation rates of MO
had promptly reached 59.2%, 55.6% and 85.8% after
only irradiating 90 min and reached up to 98.1%
88.7% and 99.4% after irradiating 180 min, showing
much higher activities than the pure BiVO, catalyst. In
addition, the adsorption rates of the 10 mg-L™" MO over
pure BiVO, and Ln-doped BiVO, catalysts are also
shown in Fig.6. After a stirring for 30 min in darkness
to reach the adsorption-desorption equilibrium, the
adsorption rate were 5.6%, 9.8%, 13.1% and 18.0% for
the pure BiVO,, Eu-, Gd- and Er-doped BiVO,,
respectively. Although the interfacial adsorption rate of
Gd-doped BiVO, catalyst was higher than that of Eu-
doped catalyst, the Gd-doped catalyst exhibited less
decolorize rate than the Eu-doped BiVO,. Thus, the
interfacial abilities of the

improved adsorption
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UV-Vis spectra profile changes of photocatalytic degradation of 10 mg- " methyl orange by different catalysts at different irradiation times:

(a) pure BiVOy, (b) Eu-BiVO,, (c) Gd-BiVO,, (d) Er-BiVO,

Fig.6 Comparison of the photocatalytic activities of different catalysts

composite catalysts were supposed to be only one of the
but the

decomposition of dye molecules in these conditions.

reasons, not critical factor, for faster
2.3 Effects of Ln-doping on improved
photocatalytic activities
As discussed above, the possible reasons for the
enhanced photocatalytic of composite catalysts may be

existed in the larger BET surface area for smaller

particles with high dispersion and enhanced interfacial
ability, the

between photogenerated electrons and holes in highly

adsorption suppressed recombination

crystalline catalysts and the enhanced light absorption
in the visible region, et al.

Since lanthanide element has partially-filled
atomic f shell, the electrons at Ln* (Eu*, Gd*" and Er*)
4f  orbits electron-excitation and

could conduct
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electron-transition to build up lanthanide ions with a
higher valence state by absorbing proper photons
energy™. Consequently, surrounding Ln** ions may
mutually bond due to self-sensitization and form
positively-charged lanthanide ions cluster. This ions
cluster had discrete empty multi-energy levels below
the conduction band of crystalline BiVO,. And their
presence allowed a new electronic transition from the
BiVO, valence band to the empty lanthanide ions
cluster energy levels known as a sub-band gap with less
energy than semiconductor valence-conduction band

transition®, as illustrated in Scheme 1.

""" e
E,(BiVO)=-1.19V
. =
o | ey L 2
& | | L) SEEZZZ) 2
b = BS
T 0, 2 -
z z ] --__mo
2] —_
z e (0,/0,)
1T £ E*(0,/0,)=+0.41 V
. E*(Eu*/Eu)=-035V
@ E,(BiVO)=121V | F5(Gd*/Gd)=-0.34 V
E°(Er*/Er)=-0.24 V
Scheme 1  Schematic illustration of valence and conduction

band potentials of BiVO, along with the
lanthanide ion pairs in the composite catalysts

On the other hand, the lanthanide ions doped in
BiVO, particles could act as good scavengers to trap
photoelectrons, leading to the separation of the photo-
generated electrons from holes. According to the stand-
ard redox potentials of E<(0,/0,)=+0.41 V, E(Eu’*/
Eu?)=0.35 V®, E9(Gd*/Gd)=0.34 V, ES(Er**/Er)=0.24
V¥ and E,,(BiVO,)=1.21 V versus NHE™#, the prese-
nce of Ln** ion on the BiVO, surface may promote the
following reactions:

Ln*+3e”— Ln or Ln**+e — Ln* 1)

Ln+30, — Ln*+30,” or Ln*+0,— Ln*+0," (2)

It is generally believed that MO dye molecules can
be excited under the visible-light illumination. The dye
cationic radical (MO™) produced by electron injection is
less stable than the probe molecule in ground state. The
excited state of dye molecule can inject electrons into
the conduction band (CB) of BiVO, and may be trapped
by the electron scavengers of surrounding oxygen

molecule. In the meantime, it is also extremely

susceptible for the recombination between cationic
radicals and the electrons if the injection electrons
accumulate in the CB of BiVO,. So, the electrons
trapping (Eq.(1)) and electrons transferring (Eq. (2))
reactions become two key steps to inhibit electron-
cationic radical recombination. As a result, unstable
dye cationic radicals can be directly degraded into its
products by reacting with super-oxidizing anionic radials
or other active oxygen'”. In particular, the lanthanide
ion doped in BiVO, plays an important role in promot-
ing the electron trapping and electron transferring
significantly in the dye/Ln-BiVO, system. The photose-
nsitization reaction mechanisms in these systems can

be illustrated in Scheme 2.

Ln3+

Ln/Ln**

{visible light
Oz Transferr?g_ MO
A [ \Trapping
Q 0,70,

Scheme 2 Proposed photosensitization mechanism of

Visible light

VB—

dye/Ln-BiVO, systems under visible-light

irradation

3 Conclusion

With attempts to improve the photocatalytic
activity of BiVO, catalysts, three types of lanthanide
ion-doped BiVOj, catalysts (Ln-BiVO,, Ln=Eu, Gd and
Er) were prepared by hydrothermal method. The
microstructures and morphologies of Ln-BiVO, catalysts
were characterized by X-ray diffraction, X-ray
photoelectron spectroscopy, scanning electron micros-
copy and UV-Vis diffusion reflectance spectra. It
showed that the composite catalysts had better crystals
and interfacial adsorption abilities than the pure BiVO,
catalyst. The photocatalytic degradation of methyl
orange (MO) in Ln-BiVO, reaction systems were studied
to determine photocatalytic activities of the crystallized
composite catalysts. And they all exhibited higher
photocatalytic reactivities than the pure BiVO, catalyst
significantly. Considering the electron-scavenging effect

by Ln** ion, the mechanism of improved activities for
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the composite catalysts was discussed and illustrated.
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