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Abstract: BiVO,4 photocatalysts for @evolution, which work under visible light irradiation, were prepared

by an aqueous process. The Biyfhotocatalysts were obtained by the reaction of layered potassium vanadate
powder (KV50s and K3Vs014) with Bi(NOg)s for 3 days in aqueous media at room temperature. Highly
crystalline monoclinic and tetragonal Bi\(Qvere selectively synthesized by changing the ratio of vanadium

to bismuth in the starting materials. X-ray diffraction and scanning electron microscopy measurements showed
that the monoclinic BiVQwas formed via a tetragonal Bi\jntermediate. Tetragonal BiVAwith a 2.9 eV

band gap mainly possessed an ultraviolet absorption band while monoclinic,Biitda 2.4 eV band gap

had a characteristic visible light absorption band in addition to the UV band. The UV bands observed in the
tetragonal and monoclinic BiVOwere assigned to the band transition from, @ V34 whereas the visible

light absorption was due to the transition from a valence band formed dyBa hybrid orbital of Bis and

Oy, to a conduction band of 3. The photocatalytic activity for @evolution from an agqueous silver nitrate
solution under UV irradiation (306 4 < 380 nm) on the tetragonal BiVvas comparable to that on the
monoclinic BiVO,. The monoclinic BiVQ also showed the high photocatalytic activity for the &olution

under visible light irradiation A > 420 nm). When the monoclinic BiVwas calcined at 706800 K the
activity was increased. The activity of this monoclinic Biy@as much higher than that of Bi\l(prepared

by a conventional solid-state reaction. The quantum yield at 450 nm for tley@ution on the monoclinic

BiVO,4 was 9%.

Introduction

Water splitting by photocatalysts is important from the
viewpoint of artificial photosynthesis. When semiconductor

photocatalysts are used, it is thermodynamically indispensable

LayTiz010,1° NiO/TapOs5,1t RUO/NapTigO13,12 RuQy/BaTiyOg, 3
NiO/K3TasSixO13,1* some tantalates (NiO/Baf@s,>2 NiO/
NaTaQ,!? NiO/SrTa0s,15¢ NiO/Sr,Tap07,154 etc.), and NiO/

(8) (a) Sayama, K.; Arakawa, H.. Phys. Chem1993 97, 531-533.

that the conduction band level be more negative than the (b) Sayama, K.; Arakawa, Hl. Photochem. Photobiol. A: Cherh996

reduction potential of D to form H, and that the valence band
level is more positive than the oxidation potential ofCHto
form O, as shown in Figure la. The following wide band gap

photocatalysts have been reported to be highly active for splitting

water into B and Q in stoichiometric amounts under UV
irradiation: TiQ, loaded with P£=3 Rh# and NiO®> SrTiOs
loaded with RE and NiO? ZrO,,2 NiO/K4NbgO17,° NiO/K -
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Figure 1. Schemes of water splitting on semiconductor photocata-
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as alcohol and sulfide ions (electron donors) are often used as
test reactions for the photocatalytic ldvolution while those
containing oxidizing reagents such asA@lectron acceptors)
are employed for testing the photocatalytigegdolution reaction.
For example, the photocatalytic;®volution is thermodynami-
cally possible if the valence band level is more positive than
the oxidation potential of kD to form G, and the conduction
band level is more negative than the reduction potential of not
H* but Ag" as shown in Figure 1c. It can be checked by the
reaction in the presence of electron acceptors if a photocatalyst
possesses an activity for,@volution. Even in the presence of
such a sacrificial reagent, the only well-known photocatalyst
that is active for H evolution under visible light irradiation is
Pt/CdS!81°0One of the authors has reported that GZBS solid
solution photocatalysts are also active for éolution under
visible light irradiation in aqueous 460; solutions?® On the
other hand, W@i819.2-23 s g well-known photocatalyst that is
active for @ evolution under visible light irradiation in the
presence of electron acceptors such as” Agd Fé". The
authors have reported that BiV(@repared by the solid-state
reaction of NHVO3 with Bi,O3 showed photocatalytic activity
for O, evolution from an aqueous silver nitrate solution under
visible light irradiation?* The quantum yield at 450 nm was
0.5%. The band gap of the BivVi@hotocatalyst is 2:32.4 eV,
which is smaller than that of the Wi®hotocatalysts (2.8 eV).
This indicates that BiV@can absorb visible light more widely
than WQ. Therefore, BiVQ is a candidate for an £evolution
photocatalyst to construct the Z scheme.

BiVO, has attracted attention as a ferroelastic matétia?.
Its acoustooptical-22and ion conductiv& properties have also
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and Q evolution in the presence of electron acceptors.
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water!®® ZrO, also shows very high activities in aqueous
NaHCGQ; solutions® However, these photocatalysts are active
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visible light irradiation have to be developed to use solar light.
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(Z scheme) as shown in Figure 1b have also been sttidied
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been studied. These properties strongly depend on the crystal g 700
form. The main crystal forms of BiV&are monoclinic (distorted 3 600
sheelite structure, fergusonite structurg), (etragonal (zircon B 500
type structure) Z), and tetragonal (sheelite structurg).{6:30 § 400
The phase transition fron2) to (1) irreversibly occurs at 670 o

770 K. The phase transition is also observed at room temperature o 800
by crushing the powdé¥. The phase transition betweet) and 2 200
(3) reversibly occurs at 528 K. The transition between ferro- g 100
elastic and paraelastic is induced by the phase transition. The £ o

transition has extensively been studied in detail by EPR, NMR,
Raman, XRD, neutron diffraction, e¥¢-3° Thus, BiVQ, is an
interesting material and is expected to be applied for uses suchFigure 2. Photocatalytic @evolution from aqueous AgN§olutions
as catalysts. Moreover, studying the relationship of some of the (0-05 mol/L, 300 mL) under visible light irradiatior (- 420 nm) on
properties between monoclinic and tetragonal BiVi® of (@) BiVO, synthesized from K/5014 and (b) WQ.

interest.

Some synthesis methods for BiV(have been reported.
Monoclinic BiVO, is obtained by solid state and melting
reactions at high temperatud@?-41 Tetragonal BiVQ (2) is
prepared by a precipitation method from a Bi(§j$hitric acid

Time /h

reactions. K\MOg and K;3VsO14 were obtained by the calcination obK
CGO; (Kanto Chemical, purity; 99.5%) and:@s (Wako Pure Chemical,
purity; 99.0%) in air at 730 K for 10 h and 720 K for 5 h, respectively.
CsV;05 and CsV,0,:1 were prepared by the calcination of C€s
(Kanto Chemical, purity; 99.99%) and,¥s in air at 600 K for 10 h.

solution and an aqueous NYAO3 solution at room tempera-
ture3442 Thus, monoclinic BiVQ is usually obtained by the
high-temperature process while tetragonal Biw@th a zircon-

BiVO, Syntheses by Aqueous PprocesseBiVO, powder was
synthesized by merely stirring vanadate powder and Biji&H,O
powder (Kanto Chemical, purity; 99.9%, Bi(NJ5H,0 reacts with

type structure is prepared in aqueous media by the low- water to form slightly soluble BiON®) as a dispers?on in water. (ca.
temperature process. Monoclinic BiV@ also prepared by an 50 mL) at room temperature for 3 days. The ratio of vanadium to
alkoxide method at 400 R Thus, the obtained crystal form bismuth in the starting materials was varied and the samples were
depends on the preparation method. It will be of interest if the C2lCined in air at various temperatures for 10 h.

reparation method controlling the crvstal forms under mild Characterization. Products were identified by X-ray diffraction
prepar . 9 y (Rigaku, RINT-1400) and scanning electron microscopy (Hitachi,
conditions is developed.

. g . S-5000). Surface areas were determined by BET measurement (Coulter,
Environmentally friendly aqueous processes have received SA3100). Diffuse reflection spectra were obtained using a-Ué—
much attentiort? This is the process in which materials are NIR spectrometer (JASCO, Ubest-570) and were converted from
synthesized under mild conditions in nonharmful solvents such reflection to absorbance by the Kubetdslunk method. Luminescence
as water. Biocomposites such as bone and shells are producedpectra were measured using a fluorospectrometer (Spex, Fluoromax).
by this proces$? This process is applied to the syntheses of Photocatalytic ReactionsThe photocatalytic @evolution from an
metastable compounds in aqueous solutions and the fabricatiorRqueous silver nitrate solution was carried out in a closed gas circulation
of thin films of various single-crystal compountfs#? Layered system. The photocatal_ytlc activity (_)f BiViQvas cor_npa_red with that
compounds can produce various hegtest compounds by of WO; powder (Nacalai tesque, purity; 99.5%) which is a well-known

. . . - hotocatalyst working under visible light irradiation. The catalyst
intercalation reaction®49 Such a hostguest compound is P ) i
obtained under mild conditions in aqugous medig when ion- powder (1 g) was dispersed by a magnetic stirrer in an aqueous AgNO

solution (0.05 mol/L, 300 mL) in a reaction cell made of a Pyrex glass.

exchangeable layered compounds are employed. For exampleyhe light source was an ozone-free 300 W Xe illuminator (CERMAX,

the epitaxial growth of thin films of layered compounds has |x300). Cutoff and band pass filters (Kenko, L42 ¢ 420 nm) and

been studied®>5 Thus, layered compounds are expected to be U34 (280 < 4 < 380 nm)) were employed for the visible and UV

important starting materials for the aqueous process. irradiations, respectively. The quantum yield at 450 nm was determined
In the present paper, the preparation of visible-light-driven using a band path filter (half width: 11.5 nm) by chemical actinometry

BiVO, photocatalysts with high activities by the aqueous process €mploying ammonium ferrioxalate.

using layered compounds was explored. The photophysical and

photocatalytic properties of tetragonal and monoclinic BivO —quantum yield (%)= (number of Q molecules evolveck 4) x

prepared by the aqueous process were discussed based on the 100/(amount of incident photons) (1)

band structure.
The amount of evolved £wvas determined using a gas chromatograph

Experimental Section (Shimadzu, GC-8A, TCD, Ar carrier).

Preparation of Layered Alkali Vanadates>?56 Layered alkali
vanadates used as starting materials were prepared by solid-statdResults and Discussion

(40) Roth, R. S.; Waring, J. LAm. Mineral.1963 48, 1348-1356.

(41) Sleight, A. W.; Chen, H.-y.; Ferretti, AMater. Res. Bull.1979
14, 1571-1581.

(42) Nat. Bur. STDS. (U. S.) Mond964 25, Sec. 314—15.

(43) Yoshimura, MJ. Mater. Res1998 13, 796-802.

(44) Aksay, I. A.; Trau, M.; Manne, S.; Honma, |.; Yao, N.; Zhou, L.;
Fenter, P.; Eisenberger, P. M.; Gruner, S.9diencel996 273 892-898.

(45) Gogotsi, Y. G.; Yoshimura, MNature (London}1994 367, 628~
630.

(46) Lange, F. FSciencel996 273 903-9009.

(47) Ollivier, P. J.; Mallouk, T. EChem. Mater1998 10, 2585-2587.

(48) Whittingham, M. S.; Jacobson, A. Intercalation Chemistry
Academic Press: New York, 1982.

(49) Ogawa, M.; Kuroda, KChem. Re. 1995 95, 399-438.

(50) Keller, S. W.; Kim, H. N.; Mallouk, T. EJ. Am. Chem. S0d.994
116, 8817-8818.

(51) Kleinfield, E. R.; Ferguson, G. Sciencel994 265 370-372.

Crystal Forms and Photocatalytic Activities of BiVO,
Prepared from Various Vanadates at Different Ratios of
Vanadium to Bismuth in the Starting Material. Figure 2
shows typical time courses for the photocatalytice®olution
from aqueous silver nitrate solutions under visible light irradia-
tion on monoclinic BiVvQ and commercial W@ In this

(52) Bystrom, A. M.; Howard T.; Evans, Acta Chem. Scandl959
13, 377-394.

(53) Block, S.Nature (London)196Q 186, 540-541.

(54) (a) Kelmers, A. DJ. Inorg. Nucl. Chem1961 21, 45-48. (b)
Kelmers, A. D.J. Inorg. Nucl. Chem1961, 23, 279-283.

(55) Howard T.; Evans, J.; Block, $1org. Chem1966 5, 1808-1814.

(56) Oka, Y.; Yao, T.; Yamamoto, NMater. Res. Bull1997 32, 1201~
1209.
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Table 1. Photocatalytic @ Evolution from Aqueous AgN®

Solutions (0.05 mol/L, 300 mL) under Visible Light Irradiatioh ( 2
> 420 nm) and the Crystal Form of BiV/(ynthesized by the 5
Aqueous Process at Room Temperature from Vanadates o
]
starting V:Biin rate of @ °
materials of V preparation crystal form evol,umol/h §
K3VsOr4 3:3 monoclinic 421 £
K3VsO1a 34 tetragonal 8.4 & @
KV 30g 31 monoclinic+ 10 < |
tetragonah- KV 30g 300 400 500 600 700
KV 40g 3:2 monoclinic 46 Wavelength / nm
KV30g 33 monoclinic 382 Figure 3. Diffuse reflectance spectra of BiViOsynthesized from
Ex388 2‘51 tgggggﬂg: 1;5 KV3Os at different ratios of vanadium to bismuth in the starting
3Ug . . : . ‘Ri— - . . . .
CsViOs 33 monoclinic 145 E]rcl)atenals. V:Bi=3:1 (a), 3:2 (b), 3:3(c), 3:4 (d), 3:5 (e), and KO
CsV4011 33 tetragonal 16 ’
V205 3:3 monoclinic 97

The same UV bands were observed in tetragonal and
reaction, the rate of Pevolution decreased with the reaction monoclinic BiVO,. Therefore, the photocatalytic activities for
time because metallic silver was deposited on the surface tothe G evolution under UV irradiation (306< A < 380 nm)
shield incident light by the reaction, although induction periods were tested. The activity of tetragonal BiY@as similar to
were observed during the initial stage. Therefore, the fastestthat of monoclinic BivVQ (ca. 50umol/h), suggesting that their
O evolution rate was regarded as the activity. The activity of UV bands are due to the same transition.
the monoclinic BiVQ was much higher than that of the Scanning electron microscope photographs of Bi@pared
commercial W@, which is a well-known photocatalyst for the  from KV3Os at different ratios of vanadium to bismuth in the
O, evolution reaction under visible light irradiation. This is due starting material are shown in Figure 4. K& of the starting
to the smaller band gap of monoclinic Bi@&nd the high material was a layered crystal with more than aub® particle
quantum yield as mentioned below. Table 1 shows the photo- size (Figure 4a). When BiVRwas prepared at a 3:3 ratio, highly
catalytic activities for @ evolution from aqueous silver nitrate  crystalline monoclinic BiVQ powder with a plate form was
solutions under visible light irradiation and the crystal forms obtained (Figure 4b). The high crystallinity was also confirmed
of BiVO4 prepared by the reactions of some vanadates with by the XRD measurements. The particle size (ea2 km) was
Bi(NOg3); at different ratios of vanadium to bismuth in the much smaller than that of the starting material. Crystal growth
starting material in aqueous media at room temperature. BiVO in which a small plate dug in a base plate was also observed.
powder was formed from the dispersion of the starting materials On the other hand, highly crystalline tetragonal BiMawder
by such a simple procedure. When the ratio of vanadium to (ca. 500 nm) was formed (Figure 4c) when the ratio was 3:4.
bismuth in the starting material was 3:3, only Biyf@repared Similar SEM images were also observed when tetragonal and
from CsV 4011 was tetragonal (hereafter, tetragonal represents monoclinic BiVO, were prepared from §/5014. These particles
a tetragonal phase2) with a zircon-type structure). Other seemed to be close to single crystals. Although monoclinic
prepared BiVQ had monoclinic forms. BiVO,4 with a plate form was formed even from,®s, the
Next, the BiVQ powders prepared from KiDs and KzVs5014 photocatalytic activity was lower than that from K®s and
were examined in detail. When the ratio was 3:3, monoclinic K3Vs014 as shown in Table 1. Many defect cracks which can
phases were formed in both cases. The monoclinic BiVO be recombination centers between photogenerated electrons and
possessed a high photocatalytic activity under visible light holes were observed on the BiV@articles prepared fromDs
irradiation as shown in Table 1. Although the monoclinic BWO by SEM and seemed to decrease the photocatalytic activity.
was also obtained at a 3:2 ratio for K&, the activity was not As mentioned above, it was found that tetragonal and
very high. On the other hand, tetragonal phases were obtainedmnonoclinic BiVO, were selectively prepared by changing the
when excess amounts of bismuth (3:4 and 3:5) were used. Theratio of vanadium to bismuth in the starting material in the
photocatalytic activity of the tetragonal BiVjGvas low. When present aqueous process at room temperature. The high crystal-

the amount of bismuth was too small (3:1 for K3), the linity of the BiVO,4 powder was confirmed by SEM and XRD.

reaction was not completed and the mixture was obtained.  Monoclinic BiVO, prepared at a 3:3 ratio possessed a steep
Diffuse reflectance spectra of BiVrepared from K\¥Og absorption edge and showed a high photocatalytic activity under

at different ratios of vanadium to bismuth in the starting material visible light irradiation.

are shown in Figure 3. Tetragonal Bi\{(@as pale yellow and The Formation Process of Monoclinic BiVQ, with a High

the band gap was estimated to be 2.9 eV from the absorptionPhotocatalytic Activity. The X-ray diffraction of products
edge (Figures 3d and 3e). The band gap of monoclinic BiVO obtained after different reaction times was measured as shown
was 2.4 eV and the color was vivid yellow (Figures 3b and in Figure 5 to investigate the formation process. ¥ was

3c). In the spectrum of monoclinic BiVA a characteristic used as the starting material. An XRD pattern of Bigyo
absorption band was observed in a visible light region in addition 5H,O treated with water was also shown because B{NO

to the UV band observed in tetragonal Bi¥.('he absorption 5H,0 was hydrolyzed to form slightly soluble BiO(NPD Only
edge of monoclinic BiVQ prepared at a 3:3 ratio of vanadium  patterns of K\dOg and Bi(NQ)3-5H,0 treated with water of

to bismuth was more distinct than that at 3:2. Although;RY the starting materials were observed after 5 h. The pattern of
also possessed an absorption band in the visible region, it didtetragonal BiVQ became visible after 15 h. The pattern had
not show any photocatalytic activity. The high photocatalytic grown after 24 h. The intensities of the patterns of the starting
activity of monoclinic BiVQ, as shown in Table 1 was attributed materials began to decrease and monoclinic Biw@s observed

to the characteristic absorption band in the visible light region. in addition to tetragonal BiVQ after 36 h. The pattern of
When KsVs0:4 Was used as a starting material, similar results monoclinic BiVO, became predominant and the patterns of the
on the effects of the V:Bi ratio were obtained. starting materials disappeared after 40 h. Only the pattern of
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Figure 5. XRD patterns of products prepared from k3% and Bi-
(NOs); at different preparation times under preparation conditions of
the monoclinic BivVQ (V:Bi = 1:1): (a) KV;0s, (b) Bi(NOs); treated

with water, (c) after 5, (d) 15, (e) 24, (f) 36, (g) 40, and (h) 72 h.
Circles and squares indicate the representative peaks of the tetragonal
and monoclinic forms of BiVQ respectively.

starting material was the layered crystal as shown in Figure 4a.
KV30g crystals with the large particle size of the starting
material and fine crystals were observed after 24 h (Figure 6a).
Fine crystals attached on the external surface of the layered
crystal were observed after 36 h (Figure 6b). The reaction of
KV 30z with Bi(NOg3)3 (or BiO™) seemed to also proceed at the
interlayers because the layers of ¥ were divided into
sections. The shapes of the fine crystals observed in Figures 6a
and 6b were the same as that of tetragonal Bj\4®shown in
Figure 4c. Only fine crystals were observed after 40 h (Figure
6c¢). Most fine crystals were monoclinic with a plate structure.
A small amount of tetragonal BiVQwas observed in addition

to the monoclinic BiVQ crystals in the aggregations. The
aggregations finally came apart to form the grown monoclinic
BiVO, crystals as shown in Figure 4b. These SEM observations
agreed well with the results of the XRD measurements.

Next, let us consider the factors affecting the selectivity of
the tetragonal and monoclinic Bi\j@ormation. The XRD and
SEM results raise the question that tetragonal Bj\p&pared
at a 3:4 ratio may also be converted to the monoclinic form if
the preparation time was prolonged. Moreover, the phase
transition from tetragonal to monoclinic occurs by mechanical
stirring as has been previously reporféddowever, the tet-
ragonal BiVQ did not convert to monoclinic even after two
weeks, indicating that the effects of the preparation time and
stirring were neglected for the monoclinic BifGormation.
Under the condition in which the tetragonal Biy@as formed,
insufficient vanadium was provided for the stoichiometric
conversion to BiVQ. The insufficient amount of layered
potassium vanadate was added to the reactant in which
tetragonal BiVQ and excess Bi(Ng); were present. However,
the reaction did not lead to the monoclinic Biy@rmation.
Thus, layered potassium vanadates and Biy®ave to be
monoclinic BiVO, was finally obtained after 72 h. Thus, added at the beginning in a 1:1 ratio to obtain the monoclinic
tetragonal BiVQ was unexpectedly formed during the first stage BiVO,4 powder. The effects of the preparation temperature of
and then it was converted to the monoclinic phase. Next, this BiVO4 on the crystal form and the preparation time were also
process was investigated by SEM as shown in Figure 6. The examined. When the preparation was carried out at 340 K for

Figure 4. SEM photographs of (a) KdDs and (b) monoclinic and (c)
tetragonal BiVQ synthesized at different ratios of vanadium to bismuth
in the starting materials: V:B+ 3:3 (b) and 3:4 (c).
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Figure 6. SEM photographs of products prepared from &K¥ and
Bi(NOs); at different preparation times under preparation conditions
of the monoclinic BiVQ (V:Bi = 1:1): (a) 24, (b) 36, and (c) 40 h.

Table 2. Effects of Calcination Temperature on the BET Surface

Kudo et al.

Areas, the Crystal Forms, and the Photocatalytic Activities of
Originally Tetragonal and Monoclinic BiVEOSynthesized from

K3VsO14
surface area, crystal form mon./ rate of Q evol?
calcination m?/g (tetr.+ mon.}) umol/h
temp, K tetr.  mon. tetr. tetr. mon.
298 6.3 2.4 0 4.4 344
373 2.2 350
473 2.3 288
623 45 1.9 0.02 9.7 397
673 3.2 1.9 0.02 7.6 478
723 2.4 1.7 0.92 25 471
748 2.0 1.00 31
773 1.6 1.4 1.00 21 461
873 1.0 250
973 0.5 56

aDetermined from the intensity of XRD patterfscrom aqueous
AgNO; solutions (0.05 mol/L, 300 mL) under visible light irradiation
(A > 420 nm).

temperature. The monoclinic formation seems to be suppressed
by an increase in the BiOconcentration with an increase in
temperature. The highly crystalline monoclinic BiyQs
produced under a low concentration of BiOrhese effects of
temperature and the ratio of starting material suggest that the
concentration of BiO is an important factor for the selectivity.
The excess Bi® might suppress the conversion to monoclinic
by the adsorption on the tetragonal Biy@ystals. On the other
hand, the pH of the solution for the tetragonal and monoclinic
BiVO, preparation was 0-70.8 due to the hydrolyses of Bi-
(NOs)s in both cases, suggesting that pH was not a major factor
for the selectivity in the present system.

It is considered as a formation process that vanadate layers
with negative charges react with BiGlightly dissolved in water
to form BiVO,. The interaction of the Bi®cation with vanadate
sheets of KOs and K3Vs014 must be stronger than that with
V,0s because of the electrostatic force. This is probably the
reason the crystallinity of BiV@Qprepared from the layered
vanadates was higher than that frorpO¥.

Effects of Calcination Temperature on the Photocatalytic
Activity, Crystal Form, and Surface Area of BiVO 4 Prepared
from K3VsO14. Table 2 shows the effect of calcination
temperature on the BET surface areas, the crystal forms, and
photocatalytic activities of the tetragonal and monoclinic BiVvO
prepared from KVsO;4. The surface areas were monotonically
decreased with an increase in the calcination temperature. The
surface area of monoclinic BiV{Qdried at 330 K was lower
than that of the tetragonal BiVOThis is reasonable because
the particle size of the tetragonal Bi\{@vas smaller than that
of the monoclinic BiVQ as shown in Figure 4. The surface
area of the tetragonal BiVfsuddenly decreased near phase
transition temperature (around 700 K) and became similar to
that of the monoclinic BiVQ. This suggests that the particles
of the tetragonal BiVQ@ were sintered and grown during the
phase transition from the tetragonal to monoclinic forms.

The phase transition of the tetragonal Biy@as also
confirmed by the diffuse reflection spectra as shown in Figure
7, as well as the XRD measurements. The absorption spectra
of the originally tetragonal BiV@calcined at 770 and 1170 K
consisted of a characteristic absorption band in the visible light
region indicating the monoclinic formation. The spectrum of

4 days under the conditions of the monoclinic formation, a pure monoclinic BiVO, calcined at the high temperature of 1170 K
monoclinic phase was not obtained. Moreover, the preparationhad a tail at the absorption edge. This tailing was also observed

time for the BiVQ, formation was not shortened by increasing

for BiVO4 prepared by a solid-state reaction at 97G4Kt

the temperature. Thus, the selectivity was sensitive to the suggests the formation of surface states and impurity levels.
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Figure 7. Diffuse reflectance spectra of Biv/{originally tetragonal
form synthesized from ¥/s50,4) calcined at different temperatures: (a)
330, (b) 770, and (c) 1170 K.

The photocatalytic activity of the tetragonal BiyYQvas
drastically increased with the phase transition. The temperaturel,
dependence on the photocatalytic activity of the tetragonal
BiVO,4 was different from that on the surface area. It indicated
that the crystal phase predominantly affects the photocatalytic i
activity rather than the surface area. However, the activity of b ]
the monoclinic BiVQ obtained by the phase transition from |&
the tetragonal form was low (280 umol/h) and almost the
same as that of the monoclinic Bi\i@btained by a solid-state
reaction?*

Although the monoclinic BiV@showed a high photocatalytic
activity even without calcination, the activity was slightly
increased by the calcination around 6700 K as shown in
Table 2. This is probably due to a decrease in the defects by §
the annealing. This monoclinic BiV efficiently produced @
from an aqueous silver nitrate solution even using monochro- #
matic light at 450 nm (ca. 10@mol/h). The quantum yield was
9% which was much higher than that of BiV@repared by a
solid-state reaction (0.5%]j. The activity was drastically
decreased by the calcination at temperatures higher than 87(§
K. The melting point of BiVQ is around 1213 K° Moreover,
the vanadium and bismuth oxides are easily volatilized at high
temperatures resulting in the formation of defects. The defect
formation suggested by the tailing in the diffuse reflectance
spectra as shown in Figure 7 decreased the photocatalyticFigure 8. SEM photographs of monoclinic BiVfbtained from (a)
activity because the defects work as recombination sites of tetragonal and (b) monoclinic Bivi&Xfrom KsVsO14) by calcination
photogenerated electrons with holes. The decrease in the surfac8t 770 K.
area was another factor decreasing the photocatalytic activity.

The calcination temperature dependence of the photocatalytic
activity of the tetragonal and monoclinic Bi\i@repared from
KV 30g was similar to that from KVsO14.

The activity of the monoclinic BiVQ® obtained from the
monoclinic form by calcination at 770 K was 1 order of
magnitude higher than that obtained from similar calcination
of the Fetragonal BiVQ@Q SEM measurements were carried out | ' | |
to clarify thg factor as shown in Figure 8. In the monocl_lnlc 200 500 800 700 800
BiVO, obtained from the tetragonal form by calcination, Wavelength / nm
a!tth_Jgh the primary particles still ha‘?' small SIzes, they were Figure 9. (a) Excitation and (b) emission spectra at 77 K of tetragonal
significantly sintered to each other (Figure 8a). This was also gjyo, synthesized from K/sO14 at room temperature.
suggested by a sharp decrease in the BET surface area as shown
in Table 2. In contrast, the crystallinity of the monoclinic BlyO  surface area by the aqueous process at room temperature led to
calcined at 770 K (Figure 8b) was still as high as that of the the development of a highly active photocatalyst working under
noncalcined monoclinic BiVEY(Figure 4b). Significant sintering  visible light irradiation. It was shown that the aqueous process
was not observed. In general, the higher the crystallinity, the is especially advantageous for the preparation of materials in
higher the photocatalytic activity, because recombination be- which defects are easily formed by volatilization at high
tween photogenerated electrons and holes is suppressed in highljfemperatures.

PL-intensity / arb. units

crystalline photocatalysts. The low crystallinity of the mono- Energy Structure of Tetragonal and Monoclinic BiVO,.
clinic BiVO4 obtained from the tetragonal form by calcination Tetragonal BiVQ showed photoluminescence at 77 K as shown
is the reason its photocatalytic activity was low. in Figure 9. The excitation spectrum agreed with the diffuse

It is noteworthy that obtaining the highly crystalline powder reflectance spectrum. In contrast, monoclinic Biv@d not
without the significant formation of defects and decreasing the show luminescence at 77 K even if the UV and VIS bands were
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Figure 10. Band structures of the tetragonal and monoclinic BiVO

excited. It was concluded from the photocatalytic activity that UV band excitation in the monoclinic BiVQis the same as
the transition of the UV band of the tetragonal Biy€&hould that in the tetragonal BiVg a photoluminescence similar to
be the same as that of the monoclinic Biy®espite this, the the tetragonal BiV®Q would be observed for the monoclinic
emission property of the monoclinic Bi\jQvas different from BiVO4. However, it was not observed. This result suggests that

that of the tetragonal BiVQ the excitation energy (electretihole pairs) transfers to the
The transition of 6s electrons of Bi often contributes to  quenching centers. The energy transfer process probably occurs

luminescence of the phosphor consisting of bisnfditR? as follows: the hole formed in thespband by photoexcitation

Ghamri and co-workers have investigated the absorption spectrdransfers to the Bi valence band in which recombination

of BiyLn1—,VO, (Ln = Eu and Gd) in detaft® Bi,Ln;—VO4 between electrons and holes does not give luminescence at 77

possesses a tetragonal form in the case sf¥ < 0.60 while K (Figure 10c).

it is monoclinic for 0.94< x < 1. In this system, the absorption In oxide semiconductors, the conduction band levels of small

of the monoclinic form is observed at longer wavelengths than band gap semiconductors are usually low because the deep

that of the tetragonal one as well as in the present Bis{@tem. valence bands are formed by,5! This is a major problem

The absorption of the tetragonal one is due to the charge-transfeffor developing visible-light-driven and stable oxide photocata-

transition between vanadium and oxygen in O In the lysts. To find a breakthrough, it is indispensable to control the

monoclinic phase, the transition of the 6s electrons &f Bd valence band with orbitals of some elements instead gf O

the empty 3d orbitals of % becomes possible. Such a transition Bismuth is a candidate for such a valence-band-control element.
has been also observed in the BiNjed BiTaQ phosphors? Bismuth usually exists as 8i in BiVO4. When the Bi* ions

This transition due to the 6s electrons usually occurs at a lower form a valence band, holes formed by photoexcitation are
energy than the charge-transfer transition in,#OTherefore, regarded as Bi (or Bi*"). Although a redox potential in an

the characteristic absorption band observed for the monoclinic aqueous solution is different from that in solids, a standard redox
BiVO, is assigned to the band transition from a 6s valence band potential of ByO4/BiO™ (BiV/Bi"') (E° =+1.59 V at pH 0§?

of bismuth to a 3d conduction band of vanadium. Based on the could make sense for a rough estimation of the oxidation
facts mentioned above, the band structures of the tetragonal angbotential of holes (Bi*) photogenerated in the BiV/ photo-
monoclinic BiVO, are described as shown in Figure 10. The catalyst. In monoclinic BiVQ the potential of the valence band
valence bands may be formed by not onlysBiut also Q,, of Bigs is more negative than that of,Qand, moreover, is
namely a hybrid orbital of Biand Q. In the tetragonal BiVQ sufficient to oxidize water to form ©judging from the

only the UV absorption band due to the-D transition was experimental results. It is reasonable because the standard redox
observed, and it contributed to the photoluminescence at 77 K potential of B¥/Bi' is more positive than that of #/H,0 (+1.23

and the photocatalytic property (Figure 10a). In contrast, V at pH 0). The valence band control by thes8or hybrid
monoclinic BiVO, possesses at least two absorption bands in Biss—Oz, orbitals is expected to provide information for the
the UV and VIS regions. The absorption band in the visible development of visible-light-driven photocatalysts.

light region contributed to the photocatalytic activity (Figure

10b). However, photoluminescence was not observed by theConclusion

VIS band excitation even at 77 K. On the other hand, the UV
band transition in the monoclinic BiVQs similar to that in

the tetragonal BiV@because the shape of the diffuse reflectance
spectra in the UV region (Figures 3 and 7) and photocatalytic
activity under UV irradiation of the monoclinic BiVare
similar to those of the tetragonal BiV@Figures 10a and 10c).

If the relaxation process of the excitation state formed by the

A simple aqueous process at room temperature was developed
for the BiVO, synthesis. Tetragonal and monoclinic Biy@®ere
selectively obtained only by changing the ratio of vanadium to
bismuth in the starting materials. It was shown by the results
of the calcination temperature dependence on the photocatalytic
activity and the comparison with BiV{Qprepared by a solid
state reaction at high temperature that the aqueous process is
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obtained by high-temperature processes, was able to be examdriven photocatalysts seems to be indicated by applying the Bi
ined from room temperature to high temperature. This examina- transition.

tion led us to the development of photocatalysts which showed
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