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a  b  s  t  r  a  c  t

A  series  of  metal  oxide  solid  solutions  Bi1−xDyxVO4 and  Bi0.5M0.5VO4 (M  =  La,  Sm,  Nd,  Gd, Eu, Y) were
synthesized  by solid  state  reaction  at high  temperature  and  characterized  by  XRD,  UV–vis  DRS,  BET,  SEM.
Bi1−xDyxVO4 showed  two crystal  structures  with  the  component  content.  For  0.3  ≤  x ≤1.0,  the  structure
was  tetragonal  type,  while  that  was monoclinic  when  x =  0. For  0.1  ≤ x <  0.3,  tetragonal  and  monoclinic
structures  had  been  observed.  Bi1−xDyxVO4 solid  solutions  of tetragonal  type could  split  water  into  H2 and
O2 simultaneously  when  loaded  with 0.3 wt%  Pt  and  1 wt%  Pt-Cr2O3 respectively  as  cocatalyst.  Among
i1−xDyxVO4

ater splitting
ydrogen
olid solution
ltraviolet light

these  catalysts,  Bi0.5Dy0.5VO4 showed  the  best  photocatalytic  activity  for water  splitting  under  UV  light
irradiation.  Besides,  Bi0.5M0.5VO4 (M =  La, Sm,  Nd,  Gd, Eu,  Y)  were  also  prepared  and  discovered  to  be
of  tetragonal  type  as same  as  Bi0.5Dy0.5VO4.  They  performed  high  photocatalytic  activities  of  splitting
pure  water  into  H2 and  O2 under  UV light  irradiation  when  loaded  with  1  wt%  Pt-Cr2O3. The  activities  of
Bi0.5M0.5VO4 (M =  Dy,  La, Sm,  Nd,  Gd,  Eu,  Y) solid  solutions  indicated  band-gap  engineering  of  metal  oxide
solid  solutions  was  the  feasible  method  to obtain  a photocatalyst  for overall  water  splitting.

Crown Copyright ©  2012 Published by Elsevier B.V. All rights reserved.
. Introduction

Since the evolution of hydrogen and oxygen on an electrochem-
cal cell under the irradiation of ultraviolet (UV) light was  first
eported by Fujishima et al. [1],  photocatalytic water splitting into
2 and O2 by semiconducting catalysts has received much attention

2–5]. Recently, in order to take advantage of more sunlight belong-
ng to visible light spectra, the hot topic of photocatalytic water
plitting has changed from using UV light to visible light [6,7]. Some
ew photocatalysts were discovered to have the ability to absorb
isible light. However, most of them could only produce H2 or O2
ith the help of sacrificial reagents, such as K2La2Ti3O10, BiVO4,

rW2O8, Sm2Ti2S2O5 and CuFe2O4 [8–12]. For efficient water split-
ing into H2 and O2, the conduction band (CB) and valence band
VB) of the photocatalysts should meet the potential requirements

f reduction and oxidation of H2O simultaneously. Several strate-
ies, such as metal-doping [13,14], nonmetal-doping [15,16], and
olid solution [17,18] were proposed to control CB and VB of

∗ Corresponding author.. Tel.: +86 731 8883 0875; fax: +86 731 8710 0171.
∗∗ Corresponding author. Tel: +86 21 34206020; fax: +86 21 34206372.

E-mail addresses: leolau1979@gmail.com (H. Liu), shangguan@sjtu.edu.cn,
zwang@nwnu.edu.cn (W.  Shangguan).

925-8388/$ – see front matter. Crown Copyright ©  2012 Published by Elsevier B.V. All ri
oi:10.1016/j.jallcom.2012.01.017
photocatalytic materials. Among them, band-gap engineering of
solid solution had attracted much attention since its composi-
tion could be tuned in a wide range. Recently, (Ga1−xZnx)(N1−xOx)
and (Zn1+xGe)(N2Ox) solid solutions had been found to split water
completely under visible light [6,19,20], indicating that band-gap
engineering of solid solution was  a feasible and effective method
to obtain suitable CB and VB for overall water splitting.

As we known, BiVO4 was  an excellent photocatalyst for pro-
ducing O2 from AgNO3 aqueous solution [9,21],  but it was unable
to reduce H2O to H2 because of the redox potential of its CB lower
than that of H2O/H2. So BiVO4 could be selected as one candidate for
solid solution preparation. Recently, we  reported in communica-
tions that BiYWO6, Bi0.5Dy0.5VO4 and Bi–Y–V oxide solid solutions
providing new stable valence band to make band gap narrow acted
as the photocatalyst for overall water splitting into H2 and O2
[22–24].  In this paper, in order to adjust the band structure and
photocatalytic property, a series of solid solution photocatalysts
Bi1−xDyxVO4(BDV) were synthesized by partial substitution of Dy3+

for Bi3+ in BiVO4 and discovered to have photocatalytic activities
when BDV were loaded with cocatalyst. BDV (x = 0.3, 0.5) were dis-

covered to split water into H2 and O2. Furthermore, Bi0.5M0.5VO4
(M = La, Sm,  Nd, Gd, Eu, Y) with tetragonal structure were syn-
thesized and their photocatalytic activities were discussed and
compared with the photocatalytic property of Bi0.5Dy0.5VO4.

ghts reserved.

dx.doi.org/10.1016/j.jallcom.2012.01.017
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Fig. 1. X-ray diffraction (XRD) pattern for Bi1−xDyxVO4 (x = 0–1.0) measured over
(A)  a wide range and (B) a narrow range.
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.  Experimental

.1. Preparation and characterization

All the chemical reagents were of analytical-grade purity and were used without
urther purification. Samples of Bi1−xDyxVO4 with x = 0, 0.1, 0.2, 0.3, 0.5, 0.7, 0.9 and
.0  were prepared by solid-state reaction. Bi2O3, Dy2O3 and NH4VO3 were used as
aw materials and blended with stoichiometric proportions. BDV were prepared
y  calcining the mixture at 1073 K in air for 12 h and then at 1123 K for 12 h with
n  intermadiate regrinding process. The same method was applied to synthesize
i0.5M0.5VO4 (M = La, Sm,  Nd, Gd, Eu, Y) with Bi2O3, La2O3, Sm2O3, Nd2O3, Gd2O3,
u2O3, Y2O3 and NH4VO3 as raw materials. For loading cocatalyst Pt-Cr2O3, the
amples were impregnated into the aqueous solution dissolving H2PtCl6·2H2O and
r(NO3)3, followed by evaporation-to-dryness at 353 K and then calcination at 623 K

or  2 h to load 1.0 wt% Pt-Cr2O3. Other cocatalysts were loaded onto samples in the
ame method.

X-ray diffraction patterns (XRD) of the metal oxides prepared were recorded
n a Rigaku X-ray diffractometer D/MAX-2200/PC equipped with Cu K� radiation
40 kV, 20 mA). SEM image was obtained using JSM-6460. The BET surface areas of
DV powders were determined from N2 adsorption–desorption isotherm on Quan-
achrome NOVA 1000-TS. UV–vis diffuse reflectance spectra were measured using
himadzu UV-3100 spectrophotometer. The reflectance spectra were transformed
o  absorption intensity by using Kubelka–Munk method.

.2. Measurement of photocatalytic activity

The photocatalytic reactions were carried out in a Pyrex photoreactor
�  > 300 nm)  equipped with cooling water. About 0.2 g of photocatalyst powders
ere dispersed and suspended in an aqueous solution in the reactor under the ver-

ical  irradiation of a 300 W Xe lamp. The amounts of H2 and O2 evolution were
easured by using a gas chromatography (QC-9101, 5 Å-coloum) with thermal

onductivity detector (TCD) and Ar as carrier gas.

. Results and discussion

.1. Characterization of the BDV solid solutions

Fig. 1 showed the X-ray diffraction patterns of Bi1−xDyxVO4.
ig. 1A indicated the BDV solid solutions had two kinds of crystal
tructures with the different Dy3+ content: monoclinic structure
nd tetragonal structure. As x = 0 and x = 1.0, BDV were BiVO4 and
yVO4, which were well crystallized with the monoclinic and

etragonal, respectively. When 0 < x < 1.0, BDV changed from mon-
clinic structure to tetragonal structure. As 0.3 ≤ x < 1.0, BDV were
olid solutions and were the tetragonal type as DyVO4, but BDV
x = 0.1, 0.2) were mixture of tetragonal and monoclinic structures.
urthermore, as shown in Fig. 1B from x = 0.3 to x = 1.0, each peak
hifted to a higher angle nearly in proportion to x.

Fig. 2 showed the results of UV–vis diffuse reflectance spectrum
DRS) of BDV with different values for x. According to the absorption
dges of BDV, the band gaps of BDV estimated from the onset were
resented in Table 1. The band gap of BiVO4 and DyVO4 were esti-
ated to be 2.31 and 3.44 eV, respectively. The steep absorption

dge of the BDV (x = 0.3–0.9) were located in a position between
hose of BiVO4 and DyVO4, and the absorption spectra were blue-

hifted gradually with the increasing of x. Furthermore, there were
wo kinds of absorption mechanism for light absorption in the BDV
x = 0.3–0.7). The strong and extensive absorption was  the major
ransition and regarded as band gap. The right-side absorption in

able 1
and gaps, energy gaps and BET surface area of BDV (0≤ x ≤1).

Samples Band gap (eV) Energy gap (eV) BET (m2/g)

BiVO4 2.31 – 0.60
Bi0.9Dy0.1VO4 2.31 – 0.32
Bi0.8Dy0.2VO4 2.34 – 0.25
Bi0.7Dy0.3VO4 2.95 2.53 0.31
Bi0.5Dy0.5VO4 3.01 2.61 0.26
Bi0.3Dy0.7VO4 3.06 2.69 0.18
Bi0.1Dy0.9VO4 3.26 – 0.20
DyVO4 3.44 – 0.17
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Fig. 2. UV–vis diffuse reflectance spectra of BDV.



Q. Wang et al. / Journal of Alloys and Compounds 522 (2012) 19– 24 21

Fig. 3. SEM images of Bi0.7Dy0.3VO4 (A) and Bi0.5Dy0.5VO4 (B).
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ig. 4. Photocatalytic activity of BDV (0 ≤ x ≤ 1) for water splitting under UV
�  > 300 nm)  light irradiation. Catalyst 0.2 g; 300 W Xe lamp as light source; deter-

ining and vacuumizing at the interval of 2 h.

he low energy area should originate from the transition of energy

evel of Bi6s because Bi6s orbital cannot form band in tetragonal
ype structure. As shown in Figs. 1 and 2, BDV (x = 0.3, 0.5) solid solu-
ions were single-crystal structures with tetragonal and capable of
esponding to visible light.
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n  the period of 28 h; (B) after the reaction of 10 h under UV light irradiation. Catalyst
.2  g; H2O: 80 ml;  300 W Xe lamp as light source.
Fig. 6. Position of valence and conduction bands of BDV.

Table 1 showed the specific surface areas (SSA) of BDV ranged
from 0.17 to 0.60 m2/g, which were small because all the BDV  were
prepared by solid state reaction at high temperature, it was  sug-
gested that SSA should make no different effect on the activities of

BDV. Fig. 3 showed the SEM photographs of BDV (x = 0.3, 0.5) solid
solutions. Irregular-shaped particles with smooth surfaces were
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Fig. 7. X-ray diffraction (XRD) pattern for Bi0.5M0.5VO4 (M = La, Sm, Nd, Gd, Eu, Y).
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Fig. 8. SEM images of Bi0.5M

bserved for BDV (x = 0.3, 0.5) and the average particle size was
stimated as 1–3 �m in diameter.

.2. Photocatalytic activity of the BDV solid solutions

Photocatalytic reactions indicated that the BDV without cocata-
yst were unable to split pure water into H2 and O2. When cocatalyst
uch as Pt was loaded onto BDV, the samples worked as photocata-
ysts for hydrogen evolution from water under UV light irradiation.
ig. 4 showed H2 and O2 production from water on 0.3 wt%  Pt/BDV
s a function of x under Xe lamp irradiation. For x = 0, O2 was
nly produced, and for 0 < x ≤ 1.0, the amounts of H2 and O2 pro-
uced by BDV firstly increased and then decreased. Among them,

i0.5Dy0.5VO4 showed the best photocatalytic activity for water
plitting under UV light irradiation.

As we known from above research, we can conclude that
i0.5Dy0.5VO4 solid solutions were single phase with tetragonal
4 (M = La, Sm,  Nd, Gd, Eu, Y).

structure. Furthermore, Bi0.5Dy0.5VO4 was  found to act as a photo-
catalyst for overall water splitting under UV light irradiation when
loaded with 1 wt%  Pt-Cr2O3. Fig. 5A showed the time course of H2
and O2 evolution from pure water on 1 wt%  Pt-Cr2O3-coloaded BDV
(0.5) (Pt-Cr2O3/BDV (0.5)) under UV light irradiation. As shown in
Fig. 5A, the evolution of O2 and H2 was observed after the beginning
of the reaction, but the rate of H2 evolution increased gradually. The
reason was  that part of Cr (III) was  oxidized into Cr (VI) when Cr2O3
was loaded on BDV (0.5). Therefore in the beginning of the reaction
electrons were used to reduce Cr (VI) to Cr (III) and leaded to nonsto-
ichiometrical H2 and O2. After 10 h reaction, the ratio of the mount
of evolved H2 to O2 was about 2: 1, which meant BDV  (0.5) can
act as a photocatalyst for overall water splitting. Fig. 5B showed H2

and O2 production from pure water on 1 wt% Pt-Cr2O3/BDV (0.5)
in the period after the reaction of 10 h under UV light irradiation
[23]. As shown in Fig. 5B, 1 wt%  Pt-Cr2O3/BDV (0.5) gave off stoi-
chiometrical H2 and O2 from water under UV light irradiation. For
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Table 2
Photocatalytic activity of BDV (0.5) loaded with 1 wt% Pt-Cr2O3 in the sacrificial
reagent solutions. Catalyst 0.2 g; 300 W Xe lamp as light source; determining and
vacuumizing at the interval of 2 h.

Catalyst Wavelength (nm) Sacrificial reagenta H2
b O2

b

Bi0.5Dy0.5VO4 >300 Na2SO3 197.37 0
AgNO3 0 147.48

1
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2
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a Concentration of sacrificial reagent = 0.1 mol/L.
b Unit was  �mol.

 wt% Pt-Cr2O3/BDV (0.5), the amounts of the produced hydrogen
nd oxygen from water were about 67.46 �mol  and 35.29 �mol  for

 h, respectively.
Sacrificial reagent solutions were often used to improve the

hotocatalytic ability of material. In order to avoid the effect of
hotolysis of sacrificial reagents in this study, sacrificial reagents of
a2SO3 solution and AgNO3 solution were used to improve the H2-
roducing and O2-producing abilities of 1 wt% Pt-Cr2O3/BDV (0.5),
espectively. Table 2 showed the amounts of H2 and O2 from sac-
ificial reagent Na2SO3 solution and AgNO3 solution. The evolution
ate of H2 and O2 on 1 wt% Pt-Cr2O3/BDV (0.5) was  more higher
han that for overall water splitting from water under UV light,
espectively.

We know that the band structure of a photocatalyst, which can
fficiently split water into H2 and O2 under UV light, should meet
he potential requirements of reduction and oxidation of H2O. As
hown in Fig. 4, BiVO4 loaded with 0.3 wt% Pt produced only O2
nder UV irradiation, but BDV (0.3, 0.5, 0.7, 0.9, 1.0) loaded 0.3 wt%
t could split water into H2 and O2. Based on observed results of
2 and O2 evolution from pure water shown in Fig. 4, it can be
oncluded that the CB bottom level of BiVO4 is more positive than
hat of H2 evolution while the VB top level is more positive than
hat of O2 evolution. But according to the BDV (0.3, 0.5, 0.7, 0.9,
.0), the CB bottom level is more negative than that of H2 evolution
hile the VB top level is more positive than that of O2 evolution.

On the other hand, we think the band structure of BDV is
imilar to InMO4 (M = V, Nb and Ta) [25] and BiVO4. The CB of BDV
hould be composed of hybrid orbital of V 3d and Dy 4f, and the
ontribution of Dy 4f orbital to the conduction band might increase
ith the increasing content of Dy ions in the solid solutions. As

eported by Scaife [26], the top of the valence band should be
t 2.94 V versus NHE in the case of oxides without partly filled
lectrons. Therefore, the conduction band minimum of BDV (0.5)
ith 3.01 eV band gap should be around 0.08 V. This position is
igher than H2/H2O potential and suggests that BDV (0.5) has
he potential to reduce H2O toH2. Other BDV (x = 0.1, 0.2, 0.3, 0.7,
.9) solid solutions and DyVO4 should also have the potential to
ecompose H2O to H2 and O2 by using the same deduction. As for

he monoclinic BiVO4, with 2.31 eV band gap, the top of valence
and is not located at 2.94 eV versus NHE because the valence band

ncludes the attribution of Bi6s orbital. As reported by A. Kudo

able 3
hotocatalytic activities of 1 wt% Pt-Cr2O3/Bi0.5M0.5VO4 solid solutions for water
plitting under UV light irradiation. Catalyst 0.2 g; 300 W Xe lamp as light source;
etermining and vacuumizing at the interval of 2 h.

Sample � > 300 nm

H2 (�mol) O2 (�mol)

Bi0.5Y0.5VO4 86.56 44.25
Bi0.5La0.5VO4 61.93 31.08
Bi0.5Nd0.5VO4 22.13 11.26
Bi0.5Sm0.5VO4 75.30 38.16
Bi0.5Eu0.5VO4 10.35 5.6
Bi0.5Gd0.5VO4 26.56 12.89
Bi0.5Dy0.5VO4 67.46 35.29
Wavelength/n m

Fig. 9. UV–vis diffuse reflection spectra of Bi0.5M0.5VO4 (M = La, Sm,  Nd, Gd, Eu, Y).

[21], the valence band is located at 2.40 eV, lower than the H2/H2O
potential, so that it has no ability to produce H2 from H2O.  Based
on the observed results about photocatalytic activities of splitting
water and the above reasons, a possible band structure of the BDV
(0, 0.3, 0.5, 1.0) were shown in Fig. 6. In another paper, the band
structure of Bi-based solid solutions was discussed in detail [24].

3.3. Photocatalytic activities of Bi0.5M0.5VO4 (M = La, Sm,  Nd, Gd,
Eu, Y)

Besides Dy, Y and Lanthanide (La, Sm,  Nd, Gd, Eu) also can sub-
stitute Bi for forming Bi1−xMxVO4 solid solutions because of their
same charge and similar ion radius. In our study, Bi0.5M0.5VO4
(M = La, Sm,  Nd, Gd, Eu, Y) were prepared by solid state reaction.
Their structures, the same as Bi0.5Dy0.5VO4, were tetragonal struc-
ture (Fig. 7). The SEM photographs of Bi0.5M0.5VO4 (M = La, Sm,
Nd, Gd, Eu, Y) solid solutions shown in Fig. 8 indicated these solid
solutions were to be irregular-shaped particles and their average
particle sizes were about 1–4 �m in diameter. DRS (Fig. 9) indicated
Bi0.5M0.5VO4 can absorb a small amount of visible light, and their
corresponding absorption edge was about 420 nm.  Bi0.5M0.5VO4
(M = La, Sm,  Nd, Gd, Eu, Y) also had the photocatalytic activity
to split water under UV light when loaded with cocatalyst. The
amounts of H2 and O2 under UV light irradiation by using 1.0 wt%
Pt-Cr2O3 loaded Bi0.5M0.5VO4 were shown in Table 3. All of these
solid solutions can decompose pure water to the stoichiometrical
H2 and O2. Among them, Bi0.5M0.5VO4 (M = Dy, Sm, Y) had the best
photocatalytic activities. The results indicated that Bi0.5Y0.5VO4 and
Bi0.5Dy0.5VO4 had the better photocatalytic activities for overall
water splitting, which was  probably attributed to the adverse effect
of 4f electrons and the ability to absorb visible light, because all of
the M elements have 4f electrons or vacant orbit except for Y3+.
Bi0.5M0.5VO4 (M = Nd, Gd, Eu) had photocatalytic activities of split-
ting water, but it could not split water into stoichiometrical H2
and O2. This behavior was likely due to the poorer photocatalytic
activities which leading to the presence of oxygen in the air.

4. Conclusions

The Bi1−xDyxVO4 samples were prepared by solid-state reac-

tion method. The structural and photocatalytic properties of the
Bi1−xDyxVO4 solid solutions were investigated. The BDV (0.5), the
solid solution with an appropriate band gap energy ca.3.01 eV,
was discovered to have the best photocatalytic activity to
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