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Abstract

The research on a new series of solid photocatalysts with different crystal structures was reviewed. The first sysBi@®7is A
pyrochlore-crystal type: BMNbO; (M = Al, Ga, In and Y, rare earth, and Fe), which is cubic system and space group Fd3m. The
second system is ABOstibotantalite-crystal type: BIMQ(M = Nb>*, Ta*t), in which both the triclinic system with space group
P1 in the case of M= Ta and the orthorhombic system with space group Pnna in the case-ofMb. The third system is AB®
wolframite-crystal type: InM@ (M = Nb%, Ta®t), which is monoclinic system and space group P2/a. Although these photocatalysts
crystallize in the different crystal structure, they contain the same octahedrgfallbr NbQ in the different photocatalysts. The band
structure of the photocatalysts is defined by Ta/Nb d-level for a conduction band and O 2p-level for a valence band. The band gaps of the
photocatalysts were estimated to be between 2.7 and 2.4 eV. Metal doped pti@0Ocatalysts were also investigated. Under visible light
(A > 420 nm) or ultra-violet irradiation, thednd/or Q evolutions were observed from pure water as well as aqueoyg®8HH,0 and
AgNO; solutions. The photocatalytic activity increases significantly by loading co-catalysts such as &R0, on the surface of the
photocatalysts. Finally, direct water splitting inte Bind & under visible light irradiation was firstly established using newly synthesized
NiO, (partly oxidized nickel) promoted §yNig1TaO, photocatalyst.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction oxide semiconductor photocatalysts and the photocatalytic
splitting of water may occur more effectively when suitable
Solar hydrogen production combines several attractive band gap is irradiatefll6]. In order to improve photocat-
features for energy utilization. The photocatalytic water alytic activity, we investigated the effect of substitution in
splitting into hydrogen and oxygen using oxide semicon- these photocatalysts for 3d-metal ions. Here, we report the
ductors under visible light irradiation has received much review article of our recent research on three systems of
attention because the attempt aims at not only the directsolid photocatalysts with different crystal structure. To help
production of hydrogen, a clean-energy, from water utilizing understanding more about the origin of the photocatalysts,
solar energy, but also the construction of artificial photosyn- we also report the details of the characteristics of the pho-
thetic process as green plants are carrying[bu10]. This tocatalysts such as crystal and band structures, as well as
renewable energy process utilizes absorption and conversioreffect of co-catalysts on photocatalytic activity.
of solar energy, to split water and generate a hydrogen fuel.
Extensive studies have been performed to split water under
light irradiation [11-15] but the number of photocatalyst
materials known up to now is yet limited, and the activity is
still low. Therefore, it is in an urgent need to develop new )
type of photocatalyst materials with higher activity. The polycrystallmg samples of. the photocatalysts were
Recently, we have reported an evidence that photocat_synthesued by a solid-state reaction method. The pre-dried

alytic water splitting is possible under visible light using a ©Xides with purity of 99.99% were used as starting materi-
als. The stoichiometric amounts of starting materials were

* Corresponding author. Tek:81-298-61-4410; fax+-81-298-61-4750. ~ Mixed and pressed into small columns. The columns were
E-mail address: h.arakawa@aist.go.jp (H. Arakawa). calcined and reacted in an aluminum crucible in air. This
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process was repeated for three times. At the final process,
the column samples were calcined and reacted for 2 days
at 1100°C. The chemical composition of the samples was
determined by scanning electron microscope—X-ray energy
dispersion spectrum (SEM-EDS) with accelerating voltage
of 25kV. The composition content was determined using
the ZAF (Z: element number (“Z” number) correction; A:
absorption correction; F: fluorescence correction) quanti-
tative analysis program of SEM-EDS apparatus. Oxygen
content was calculated from the EDS resulty]. The
SEM-EDS analysis showed that the photocatalysts have a
homogenous atomic distribution with no other additional
elements. The chemical composition of these samples was
confirmed to be the same before and after photocatalytic ,
reaction. In order to obtain high photocatalytic activity, it is o
essential to load a metal or metal oxide as co-catalysts on /_" ¢ )

Fig. 1. The schematic structural diagram ohbBNbO; (M = Al, Ga,

the surface of photocatalygt8]. The Pt particle was found
to be the most effective for TiDphotocatalysf18]. We

loaded Pt particle onto the catalyst surface from aqueousin and Y, rare earth). Three-dimensional network of §@acked along
methanol HPtClk solution by an in situ photodeposition [001] and separated by a unit cell translation.

method. In other case, we loaded 1wt.% partly oxidized

©
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|

O

nickel or Ru@ onto the oxide semiconductor surface from
aqueous Ni(N@)2 or RuCk solution by an impregnation

lattice constants are not yet clear. On the other hand, no
photophysical property of the BMINbO; compound has

method. The Ni-loaded photocatalysts were firstly calcined been reported so far. We considered that-Mand NIB*

at 350°C for 1h in air and reduced in Hatmosphere at
500°C for 2 h, then, treated in air atmosphere at 20For

doping of B site in A3"B,*tO; might cause an increase
in hole (carrier) concentration, and might provide a change

1h. The double-layered structure of metallic Ni and NiO in the magnetic, electrical transport, photophysical and
(denoted NiQ) was formed on the surface of photocata- photocatalytic properties.
lyst by the reduction—oxidation procedure. The Ru-loaded Fig. 1shows the crystal structure of theoRINbO7 pho-
photocatalysts were calcined at 5@for 2 h in air. tocatalyst with AB»O7 pyrochlore-crystal type. The struc-
The crystal structure was determined by powder X-ray ture consists of the three-dimensional network of octahedral
diffraction method using Cu & radiation ¢ = 1.54178 A). MOg (M = Al, Ga, In, Y, rare earth, Fe and Nb). The octa-
The surface area was determined by BET measurementhedral MQ; is connected each other into chains and the Bi
(Micrometritics, Shimadzu, Flow Prep 060, Japan). Pho- ions are located in between octahedral M®he detailed
tocatalytic reaction was carried out using the reaction cell investigations on structure found that the three-dimensional
connected to a closed gas circulation system. The gasesetwork of octahedral M@was stacked along [00 1]. This
evolved were determined with TCD gas chromatograph, is consistent with the relatively smaller resistivity in this di-
which was connected to a gas circulating line. The pho- rection from conductivity measurement.
tocatalytic reaction under UV irradiation was conducted
using an inner-irradiation type quartz cell with 400w 3.1.1. BioMNbO; (M = Al, Ga, In)
high-pressure Hg lamp. The photocatalytic reaction under The result of conductivity measurement orpIRNbO;
visible light irradiation was conducted using a Pyrex glass showed that electron—hole pairs inoBiNbO; can move
cell and 300 W Xe lamp. The 420 nm cut filter was placed easily in this direction[19]. Fig. 2 shows the electrical
onto the window face of the Pyrex glass cell. resistivity of the BjInNbO; compound in temperature
range 250-650K. The resistivity increases with decreas-
ing temperature, indicating semiconducting behavior. The
resistivity exhibits sudden increase when temperature de-
creases to about 350 K. The structure ofIBNbOy; is built
by forming infinite corner-sharing M§octahedra which
formed [MGs]« chains[38]. This suggests that charge car-
riers in BbInNbO; can move easily in this direction. The
It is known that a number of compounds with the large magnitude of the resistivity may be attributed to a
A53tB,* 07 pyrochlore structure exhibit antiferroelectric  boundary effect of crystalline grains since the present study
phases or dielectric anomalies, only a few compounds ex-was carried out using polycrystalline sample. The mobility
hibit a ferroelectric behavior. BMNbO; belongs to the  of electron—hole pairs affects the photocatalysis because
family of the AB>O; compounds, but space group and it affects the probability of electrons and holes to reach

3. Results and discussion

3.1. BioMNbO7 (M = Al, Ga, In and Y, rare earth
and Fe) system
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Fig. 2. Temperature dependence of the electrical resistivity §hRbO;.
Inset: temperature dependence of the conductivity efrBibO; in tem-
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perature range of 250-650 K.

reaction sites on the surface of photocatalys9,56,57]
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Fig. 4. Photocatalytic bl evolution on Pt/BiMNbO7; (M = Al, Ga, In)
and Pt/TiQ from CHzOH/H,0O solution. Cat.: 1g, CEDH: 50 ml, HO:
350ml, 400 W high-pressure Hg lamp.

This suggests that although the photocatalysts have a similar

structure, the movement of electrons may be different.
We considered that a change of®Mionic radius in
BioMNbO; might cause a slight modification of crystal

of Bi2InNbO; decreases rapidly with decreasing tempera-
ture (seeFig. 2). The activation energyly) is 2.62(5) eV,
according to function ob = ogexp(Ea/KT), whereo is

structure, resulting in delocalization of the charge carriers. the conductivity of the BilnNbO; compound. The activa-

The improvement in mobility of the charge is importan
to photocatalystsFig. 3 shows the result of UV-visible
diffuse reflectance spectra of BINbO; (M3+ = Al3t,

t tion energy is in good agreement with the value (2.7 eV)

estimated from UV-visible diffuse reflectance spectrum
measurement. This means thelBNbO; compound may

Ga&"*, In3). The onset of diffuse reflectance spectra of be a direct gap semiconductor. Furthermore, value of band
these photocatalysts showed an obvious shift to lower wave-92P 0f BeMNbO7 suggests that the compound has ability

length with decrease of the ¥ ionic radius. The value of
band gaps of BMNbO; (M3t = A3, G&*, In3t) was

to generate Bl evolution from water under visible light
irradiation. However, these compounds did not split pure

estimated from plots of the square root of Kubelka—Munk Water directly under visible light.

functions F(R) vs. photon energy20]. The band gaps of
the BbMNbO; (M3t = AI%F, G&*, In3") photocatalysts

Fig. 4 shows the H evolution from CHOH/H,O solu-
tion under UV irradiation with the BMNbO7; (M = Al,

were estimated to be about 2.9, 2.75 and 2.7 eV from onset®? In) photocatalysts. The CO evolution was also observed
of diffuse reflectance spectra, respectively. The conductivity @S the oxidation product in this reaction. The CO is formed
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by decomposition of the formaldehyde, which decomposes
slower than methanol dehydrogenation. On the other hand,
the ratios of non-stationary and non-stoichiometric evo-
lutions between KLl and CO might result from generation
of CO, and other evolutions. It is well known that when
CH3OH is added to a Pt/Tigaqueous suspension, sustained
H> production is observed under UV irradiation and the
alcohol molecules are oxidized to final productions of.CO
CO, CH; and etc.[9]. The presence of oxygen vacancy
defects strongly enhances such interaction due to electron
back-donation from surface 3 into =* orbital of molec-
ular CO[9]. The formation rate of bl increased rapidly
with decrease of the Rt ionic radii, ARt (0.574) <
Ga*t (0.62A) < In3t (0.92 A). This means that the activity

of these photocatalysts increases with decrease®dfidhic
radii. The formation rate of FHevolution was estimated to
be 0.71, 0.3, and 0.18 mmotgh~1 in the first 10h for

3 . .
and In) at room temperature. Samples were synthesized by a solid-stateAl +, Ga¥* and I, respectively. It is notable that the for-
reaction at 1100C. R¥t denotes ionic radius of M.

mation rate of H evolution with BpAINbO7 is much larger
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than that of TiQ photocatalyst (Ti@-P25). This means
that the activity of BsAINbO7 to decompose CEDOH/H,0
solution is higher than that of Ti¥Jphotocatalyst.
Although these photocatalysts did not work under visible lution, photocatalytic activity of TiQ is smaller than that
light irradiation (. > 420nm) in our experiment, it is pos-
sible to modify the catalyst surface further for increasing
the absorption range of wavelengths at which the catalystthis experiment using both BMINbO7 and TiG. It is com-
is active. BET measurement showed that the surface areasnonly accepted that free holes in TiQarticles can gener-
of BisMNbO; (M = AI®+, G&*, In3") are 0.51, 0.52 and
0.51n? g1, respectively. Since the surface area of these ous interfacg41,42] Extensive research found that there
photocatalysts is only about 1% of that of the Fi@hoto-
catalyst, it demonstrates the much higher efficiency of the TiO, surface by low-energy photon irradiatip43,44] The
new photocatalysts. It is evident that further increase in ac- physisorbed @ molecules are produced through the neu-
tivity might be expected from increasing the surface area.
Oz evolution reaction was performed in an aqueous
cerium sulfate tetrahydrate solution and the following sto-
ichiometric reaction occurred only: 4¢e + 2H,0 —
4CeT 40, +4HT. The aqueous Ce(S§ solution is more
stable than an aqueous silver nitrate under UV irradiation
since photodeposition of G& did not occur after illumina-
tion. 11) However, the reaction, 2O — 2NO,~ + Og,
might occur in an aqueous AgNGsolution under UV ir-
radiation since N@~ is unstable, excepting the reaction,
4AgT + 2H,0 — 4AgO+ O, + 4H* [23-25] The rate of
O evolution in the first 10 h increased rapidly with decrease

of M3t ionic radii.

Fig. 5 shows the H evolution from pure water by
BioMNbO; powder photocatalysts under UV irradiation.
The formation rate of Bl evolution was about 1 &mol h1
in the first 10h with B}InNbO;. The total volume of
evolved H was attained to 4@mol/catalyst (g) when this
reaction achieved 50 h. Tigphotocatalyst (Ti@-P25) was
tested by the same method. The formation rate pévblu-
tion was about 0.kmol h~1 in the first 10 h. It is interesting
to notice that the TiQ photocatalyst shows lower activity

than that of B}InNbO;. Although the photocatalytic ac-
tivity of TiO, photocatalyst is very high compared with
Bi2InNbO;7 under UV light irradiation in CHOH/H20 so-

of Bi2InNbOy in pure water.
Oxygen evolution was not observed from pure water in

ate OH radicals either on the surface or even at the aque-

are both physisorbed and chemisorbed oxygen molecules in

tralization of chemisorbed £ species by photogenerated
holes[32,33] Amy et al.[45] also found the similar result
that the produced oxygen can be photoadsorbed on the sur-
face of TiG photocatalyst. Recently, Ishibashi et al. found
that O~ was formed on the order of 3#cm~2 at the TiQ
surface during photocatalytic reaction under UV light ir-
radiation. This indicates photogenerated electron is mainly
trapped by adsorbed oxygen resulting in the formation of
O2~ [46]. The photoadsorption of oxygen over,BiNbO;

after pure water splitting reaction was investigated by mea-
surement of magnetic susceptibility)( The result is shown

in Fig. 6. The magnetic susceptibility of oxygen adsorbed
on solid surface was studied by many researchers and it
showed that adsorbed oxygen undergoes an antiferromag-
netic transition around 50 K35,47,48] The susceptibility

is different between two samples before and after reactions.
The sample after reaction shows an obvious broad peak
around 50 K. However, the sample before reaction does not
have any anomaly around 50 K. Measurements under zero
field and field cooled conditions revealed that the suscepti-
bility is independent to the applied magnetic field. This fact
suggests that the origin of this anomaly is unlikely from a
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Fig. 5. Photocatalytic blevolution on Pt/BiMNbO; (M3+ = AI®+, G&t,
In3+) and PH/TIQ (P25) from pure water. Cat.: 1g,28: 400 ml, 400 W
high-pressure Hg lamp.
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Fig. 6. Temperature dependence of magnetic susceptibilities of samples
before and after reactions.
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spin-glass-like behavior. To understand further the origin of 24F T T -
this anomaly, the sample after reaction was sintered at600 *
using an electric furnace to deoxidation. The sintered sam-

ple showed the same result as that of sample before reaction 2.3
(seeFig. 6), the broad peak around 50K was disappeared
after sintering. The anomaly seen around 50 K might arises
from the antiferromagnetic ordering of adsorbed oxygen in
the sample. The similar result was also observed in other
compounds containing niobium, such agN®1413Ps 87060

and BaNhSs [49,50] Although it is not clear whether the 21
O2 molecule photoadsobed on surface of the photocatalysts

is physisorbed or chemisorbed molecule states, we specu- + v3

late that the phenomenon takes place on the surface of our 20 ! L

photocatalysts. 1.0 1.1 1.2
rg* ionic radius (A)

2.2

Eg (eV)

3.1.2. BizMNbO7 (M = Y and rare earth) system Fig. 8. Band gap&, as a function of the R ion radiug®" in Bi,RNbO,

In order to determine the effect of ion size on the band (R =Y, rare earth). The band gap was estimated from plots of the square
structure and photocatalytic activity of oxide semiconduc- root of Kubelka—Munk function&(R) vs. photon energy.
tors, we have chosen BRNbO; (R =Y, rare earth) system
[58]. In the rare earth compounds, the strongly localized
f-shell, that is considered usually as a core-like shell, deter- which is close to that of Cef) Assuming that the cerium in
mines the similar chemical and physical properties of the Bi,RNbQ; is a mixture of C&t and Cé*, the absorption
lanthanideg29,30] The variation of their properties across edges of these compounds shift to shorter wavelength with
the lanthanides often has a monotonic charaEtgr.7 shows increase of the R ion radiug3".
the UV-visible diffuse reflectance spectra of all these com- It should be noted that the onset of the absorption edges
pounds. The spectra show an obvious change with differentof Bi,RNbO; (R = Pr and Nd) became unclear because
R ions. The onset of UV-visible diffuse reflectance spectra several absorptions overlap in the range 450-650 nm. These
shifts to shorter wavelength with increase of the R ion ra- phenomena can be attributed to internal transitions in a
diusrr3*, except for R= Ce. It is well known that cerium  partly filled 4f-shell. Actually, the spectra in this region
has both C&" and Cé+. The cerium is generally a mixture are in accord with those observed in rare earth hexahalide
of Cé* and C&* in Ce compounds. Theze3t is >ry3t: complexes and simple sesquioxides. The band gap of these
(rv3 < o < rpt < reet < ra®h), while thercett compounds can be estimated from plots of the square root
is <ry3t; (reett < 3t < - < %), The Ce com-  of Kubelka—Munk functiond(R) vs. photon energy20].
pound showed a clear absorption edge at around 580 nmJig. 8shows the estimated band gaps of all compounds. The
band gaps of BRNbO; are in the range from 2 to 2.4 eV.
Band gapEg is linearly dependent on R ion radiug®T,
assuming that the cerium is a mixture of“Ceand Cé&™.

T T T

| Visible light =~ ——La

- Pr This means that it is possible to construct the dependence of
L5 — lgld‘ Eg = f(rr®") for these oxide semiconductors. One of the
— om

most characteristic features is tigtincreases with increas-
ing rrR3T. It is interesting to notice that the photocatalysts
have ability to respond wavelength of visible light region.
Fig. 9 shows the photocatalytic activitdr3t (AR3" is
efficient evolution of H from pure water under UV irradia-
tion, Ho/wmol h™1), as a function of the R ion radiug®",
in Bio.RNbO;. The AR3* decreases with increasing3+.
The results are in good agreement with the observed absorp-
tion spectra and band characteristics of all these photocata-
lysts as shown iirigs. 7 and 8This is considered largely to
; : be a consequence of the R-4f levels, which form the narrower
0.0 L L L : band with the smaller R ion radiug3*t. Since the narrower
200 300 400 500 600 . o
band gap suggests easier excitation for an electron from the
Wavelength (nm) valence band to the conduction band in oxide semiconductor,
Fig. 7. UV-visible diffuse reflection spectra onBINbO; (R = Y, rare _this results in higher photocatalyti_c acti_vity. This_difference
earth) at room temperature. Samples were synthesized by a solid-statdN R-4f levels and the corresponding difference in the band
reaction at 1100C. r** denotes ionic radius of R. gaps lead to different photocatalytic behavior. Also, it is
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Fig. 9. Photocatalytic activityAr®+ as a function of the R ion radius .
R in non-promoted BIRNbO; (R = Y, rare earth).Ag is efficient Time/h
evolution of K from pure water under UV irradiation. Cat.: 1g®!:

400ml, 400W high-pressure Hg lamp. Fig. 11. Photocatalytic b evolution over P/BIMNbO; (M3 = Fe*t,

In3+) and Pt/TiQ (P25) from CHOH/H,0 solution under UV irradiation.
Cat.: 19, CHOH: 50 ml, HO: 350 ml, 400 W high-pressure Hg lamp.

evident that the different photocatalysts used here have very
similar surface areas; hence the differences in photocatalytiqength with Ir?+ being substituted by 3d-B&. The band
activity cannot be attributed to variations in surface area. gaps of the BIMNDbO; (M3+ = Fe3* and Ir+) photocata-
lysts were estimated to be about 2.2 and 2.7 eV from onset of
3.1.3. BizMNbO7 (M = 3d-Fe) system diffuse reflectance spectra. This means that the band gap de-
We also investigated the effect of substitution in creases with substitution of3fi by 3d-Fé+ in BizInNbO;.
A2*TB2* 07 pyrochlore structure for 3d-metal ions Fig. 11 shows the H evolution from CHOH/H,O so-
[59,60] We suggest that substitution of3th by 3d-Fé+ lution under UV irradiation with the BMNbO, (M3+ =
in Bi2InNbO7; might cause a slight modification of crys-  ped+ In3+) photocatalysts. The formation rate ob kh-
tal structure, resulting in a change in photocatalytic and creased significantly with f being substituted by 3d-Bé
photophysical properties. The change of lattice constantsgnd it was estimated to be 0.6 and 0.18 mn1di gL during
might lead to hole/electron delocalization. However, the the first 10h, respectively. The total amount of/¢atalyst
improvement in mobility of the charge is important to pho-  (mgl) for these compounds was much greater than 1 after
tocatalysts because it affects the probability of electrons to 10, indicating that the reaction occurs catalytically. The
reach reaction sites on the surface of photocatalyst. reaction stopped when the UV light was turned off in this
Fig. 10shows the UV-visible diffuse reflectance spectra experiment, showing the obvious light response. It is notable
of both BpFeNbG and BhInNbOy. The onset of spectra of  that the formation rate of fevolution for Pt/ByFeNbG is
these photocatalysts showed an obvious shift to longer wave-glightly large than that of Pt/TiQphotocatalyst (Ti@-P25).
The CO evolutions were also observed in this reaction from
CH3OH/H,O solution as the oxidation product. Further,
O2 evolution reaction was performed in an agueous cerium
sulfate solution and the following stoichiometric reaction
BizInNbO7 took place:

4CET + 2H,0 — 4CET + O, + 4HT

BFeNbO7

/

The formation rate of @evolutions in the first 5 h increased
rapidly with decrease of §t ionic radii in a similar manner

as K evolution. This means that the photocatalysts have
potentials for @ evolution from aqueous solution and the

| | | , — potential activity for Q evolutions increase with decrease
200 300 400 500 600 700 800 of M3t jonic radii. It is interesting to notice that the for-
mation rate of @ evolution on ByFeNbG is much larger
than that on the Ti@ photocatalyst. This means that the
Fig. 10. UV-visible diffuse reflectance spectra of BiNbO; activity of Bi,FeNbG is much higher than that of the THO
(M3 = Fe¥t, In®h). photocatalyst.
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The detailed investigations on structure found that the (a)
three-dimensional network of octahedral MM = Fe*T,

In3t and NIB*) in crystal structure of BMNbO; (M3 =
Fe3t, In3t) are stacked along [001]. The mobility of
electron—hole pairs affects the photocatalysis because it
affects the probability of electrons and holes to reach re-
action sites on the surface of photocatalyst. This suggests
that although both BFeNbG and BbInNbO; have similar
structure, the movement of electrons might be more easily
in BioFeNbG than that in B}InNbOy. The band structure

of oxides is generally defined by M d-level and O 2p-level.
Scaife[22] examined that the valence band energy should
be assumed by the O 2p-levels in M@nd the conduc-
tion band should be assumed by d-levels in §®hen

the compound contains octahedral ¥IQhe band gaps of
BioMNbO; (M3t = Fée*t, In3t) decreased from 2.7 eV
for BioInNbO; to 2.2 eV for BoFeNbG with In3t being
substituted by 3d-Fe&. The difference of band gaps in the
photocatalysts might result from that of conduction band.
The valence band potentials of the;BiNbO; (M3 =
Fe3t, In3t) photocatalysts should be the same because they (b)
have same crystal structure. The conduction band poten-
tials of the photocatalysts might be changed because the
difference of octahedrons in the BINbO; (M3 = Fe*,

In3+) photocatalysts. The conduction bands 05MNbO7
(M3t = Fe&*t, In3) should be slightly changed towards
positive with Irf* being substituted by P& since the band
gaps of BpMNbO7; (M3t = Fe*t, In3t) decrease with
In3t being substituted by 3d-Be.

It is known that the photooxidation/photodissolution of
catalyst might consume oxygen. However, such a reaction
generally leads to the changes in crystal structure and theFi'g- 12. The schematic structural di_agrgm of the triclinic and orthorhompic
chemical composition of photocatalyst. We examined the BiTa/NbOs; compounds: (a) the triclinic system; (b) the orthorhombic
atomic ratio and the crystal structure obBINbO; (M 3+ = system.

Fe3t, In3*) before and after photocatalytic reactions. From

our experimental results we confirmed that these samples[8,61,62] BiTaO; and BiNbQ are known to crystallize
before and after reactions have not changed in both the crys4n two forms, triclinic (high-temperatur@-type) and or-
tal structure and the chemical composition. The difference thorhombic (low-temperature-type) system. The powder
in the surface area of the photocatalysts can generally leadX-ray diffraction analysis showed that BiTaQs triclinic

to the difference in photocatalytic activity since an efficient system (high-temperatug-type) with space group P1 in
photocatalytic reaction process occurs on the photocatalystour sample. However, BiNbQis orthorhombic system
surface. However, BINNbO; and BbFeNbO have very (low-temperaturex-type) with space group Pnna. Substitu-
similar surface area; hence the difference photocatalytic ac-tion effects of T&" by Nb°t in BiTa;_Nb,O4 (0 < x < 1)
tivity cannot be attributed to variations in surface area. This on photocatalytic, photophysical and structural proper-
fact suggests the difference in the photocatalytic activity may ties were investigated. The structure of BiTaNb,O4 at

be mainly due to their different band structure. R = Nb/Bi = 0 and 0.5 is triclinic system with space
group P1. However, the structure at=R0.2, 0.8 and 1 is
3.2. BiIMO4 (M = Nb, Ta) system orthorhombic system with space group Prifig. 12shows
the schematic structural diagram of the triclinic and or-
The niobates and tantalates consisting of Rb@r thorhombic systems. Full-profile structure refinement of the

TaOs; octahedron connected by sharing corners have longcollected powder diffraction data was performed using the
been of interest in the past because of their ferroelec- Rietveld program REITAN21]. For the triclinic system,
tric, optoelectronic and efficient luminescence properties the lattice parameter is = 7.66271) A, b = 5.58752) A,
[51-54] Recently, we found that the compounds consist- ¢ = 7.78352)A, o = 90.052(2)°, B = 77.02822)°,

ing of NbGs or TaGs octahedron could decompose water y = 86.4682)°. The triclinic structure can be described
into Hy and/or G under UV or visible light irradiation as consisting of puckered sheets of formula [JpQ The
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Fig. 13. K evolution from CHOH/H,O solution with Pt/BiTa_,Nb,O4
under UV irradiation. Cat.: 1g, GOH: 50ml, HO: 350ml, 400 W
high-pressure Hg lamp.
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Fig. 14. UV-visible diffuse reflectance spectra of BiTaNb,O4
(0 < x < 1) at room temperature.

compounds with triclinic structure showed lower activity

others join each octahedron and the sheets are held togethethan those with orthorhombic structure (sEg. 12b)).
by bismuth atoms. For the orthorhombic system, the lattice The onset of diffuse reflectance spectrum shifted to longer

parameter isu = 568211 A, b = 1171602 A, ¢
4.98441) A. The orthorhombic structure can be described

wavelength means that the compound can utilize smaller

irradiation light energy. The band gap of BilaNb,O4 at

that both Bi and Nb have distorted octahedral oxygen coor- x = 0 and 0.5 was estimated to be about 2.7(4) eV. How-
dination. The Nb—O octahedra are linked over four corners ever, the band gaps of BiTa,Nb,0O4 atx = 0.2, 0.8 and 1
and thus the structure can be viewed as consisting of sheetare 2.3(1), 2.5(2) and 2.6(4) eV, respectively. The study of

of [NbO4]» units separated by bismuth atoms.

Fig. 13shows the H evolution from CHOH/H,O solu-
tion with BiTa;—,Nb,O4 under UV irradiation. The reaction
stopped when the light was turned off in this experiment,

the luminescent properties found that the luminescent prop-
erties of B-Bi(Nb/Ta)Oy and a-Bi(Nb/Ta)O, are different

since the crystal structure of the compounds are different
[26]. However, all compounds showed broad excitation and

showing the obvious light response. The result shows thatemission bands, and have low quenching temperature. This
the photocatalytic reaction is induced by the absorption of turned out that it is contrary to the result of UV-visible

UV irradiation. The rate of K evolution with orthorhom-
bic BiTa;_,Nb,O4 at x = 0.2, 0.8 and 1 appeared much
larger than that with triclinic BiTa_,Nb,O4 atx = 0 and
0.5. The BiTa_,Nb,O4 photocatalyst with orthorhombic
structure has higher activity than that with triclinic struc-
ture. The orthorhombic Bifa ,Nb,O4 at x = 0.2 showed
the highest activity. The rate ofgtvolution was estimated
to be 60Qumolh~1 in the first 10h. The total amount of
Ho/catalyst (mol) was beyond 1 at 2 h, indicating that the
reaction occur catalytically. Total volume of evolved H
was 900Qumol/catalyst (g) when this reaction was con-

diffuse reflectance spectra. It was explained that the 6s
valence band levels of bismuth lie just above the Zp-O
valence band levels ip-phase, while 6svalence band lev-

els of bismuth lie beneath the top of the 2-On «-phase.

As shown inFig. 12 all the present compounds consist of
the three-dimensional network of octahedral BA® = Nb
and/or Ta). The octahedral M(s connected to each other
into chains and the Bi ions are located between octahedral
MOg. If 652 valence band levels of bismuth lie beneath the
top of the 2p-G~, then theEg would be determined by the
gap between valence band O 2p-level and the conduction

ducted for 24 h, the value corresponded to 4.3 mol ratio of band Nb 4d-level in M@ of the compounds. In such cases,

H> evolution to catalyst.

The UV-visible diffuse reflectance spectra of the
BiTa;—,Nb,O4 photocatalysts are shown fig. 14 These
spectra of triclinic BiTa_xNb,O4 (x = 0 and 0.5) are al-
most the same, while those of orthorhombic BiTaNb,O4
(x =0.2, 0.8 and 1) show an obvious shift to shorter wave-

the Eg would be 3.64eV due to the flat band potential of
O 2p-level and Nb 4d-level are 2.94 (SHE) ar@®.7 eV,
respectively in the oxide semiconductf2g]. However, ac-
cording to results of luminescence, tBgshould be 3.5 and
3.75eV for 3-BiNbO4 and a-BiNbOg4, respectively. This
fact suggests that luminescence properties are determined

length ascincreases. The onset of diffuse reflectance spectraby 2p-4d/5d charge-transfer in bgph anda-BiNbO4.

of the triclinic structure shows a shift to shorter wavelength

It is interesting to note that Bita,Nb,O, absorbs the

than that of the orthorhombic structure. This is consistent visible light (. > 420 nm), but the absorption is weak.

with the observation of photocatalytic reaction in which the

If 6s? valence band levels of bismuth lie beneath the top
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synthesized by a solid-state reaction at 1100
Fig. 16. X-ray powder diffraction patterns of the InM@M = V, Nb,

. . o Ta) photocatalysts.
of the 2p-G—, the characteristic absorption under visible

light region is impossible. This fact suggests that Bi-ésd
Nb/Ta-4d/5d determines the band gap energy of the oxide e X-ray powder diffraction patterns of the InM@om-
semiconductors. The valence band potentials of both com-pqnds. Those of the 5d and 4d-transition metal compounds,
pounds should be the same because they contain %Bi-6s InTaOs and INNbQ, appear very similar, but 3d-transition
Fig. 15 shows the suggested band structures of the com-eia) compound InV@ shows a totally different feature.
pounds. The valence band potentials of both compoundsthe fyrther investigations of structure revealed that the
should be the same because they contain Bi-Bse differ- InTa0; and INNbQ, compounds crystallize in the same
ence of band gaps might be resulted from that of the Conduc'wolframite-type structure, monoclinic system with space
tion band, coming from 5d of Tagdand 4d of Nb@. This group of P2/a, lattice parametess= 5.15521) A, b =
is consistent with the observation of photocatalytic activity, 577541 A, ¢ = 4.82641) A, B = 91.373(1)° for InTaOy
since the narrower band gap suggests easier excitation for, 4, — 5.14408) A, b = 5.77096) A, ¢ = 4.83556) A,
an electron from the valence band to the conduction band inﬁ — 91.13(1)° for INNbO,. In contrast, the 3d-metal
oxide semiconductor. However, some detailed experimentscompound INVQ belongs to the orthorhombic system,
will be necessary for clarification of the mechanism. space group Cmcmy = 5.7654) A, b = 8.5435) A and
Needless to say, knowledge of the band gap of these com-. _ g 592(4) A. Fig. 17shows the schematic structural dia-
pounds is particularly important to their use in the systems grams of the InTa@ InNbOs and InVQ, photocatalysts. In
of photocatalytic H evolution. It should be noted that these structure of InTa@ and InNbQ, there are two kinds of oc-
photocatalysts can work only under UV light irradiation tahedron, Nb@TaOs) and InGs. The InGs octahedron con-
(A < 420nm) in the experiment. Alig et gB1] have shown e 1 each others to form zigzag chains by sharing edges.
that direct absorption of photons by the band gap of oxides Tpege In@ chains are connected through N4fTals)
can generate electron—hole pairs in the solid. However, the jtahedron to form the three-dimensional network.
energy requirement is generally higher than the band gap Tp¢ NbQy(TaQs) and InQy octahedrons form the layers
of the oxides. The effective way to make the present photo- by sharing the corner as shownFig. 17a). Oxygen planes
catalysts active under visible light irradiation ¢ 420 nm) are formed in parallel with (001) plane. Although InTaO
would be to modify the catalyst surface further, such as load- 5,4 INNbQ show similar crystal structure, a change of lat-

ing other co-catalyst onto the catalyst surface. tices parameters along the all the axis was observed be-
tween InTaQ and InNNbQ. The volume of In@ octahedron
3.3. InMO4 (M = V, Nb, Ta) system seems to have little difference between InFg@3.601 &)

and InNbQ (13.607 &). However, the volume of Nb§

We extended our research from 5d metal Ta, 4d-metal Nb, and Ta@ expands slightly from 10.607%in InNbOy to
to 3d-metal V, and succeeded in synthesizing new series 0f10.648 B in InTaQ,. The expansion of the TaOvolume
photocatalysts InM@ (M = V, Nb, Ta) [6,55,63,64] The suggests leading to longer lattice parameters in InTa®

ionic radius of Ta&" is almost the same as that of Nb INVQOy4, the structure is composed of chains of the drag-
which results in the presence of isostructural InJebd tahedra linked together by the \{@etrahedrd55].
INNbOy4. However, InVQ shows different crystal structure Although the V, Nb and Ta transition metals are all be-

from InTaQy and InNbQ. The crystal structures of the longing to the 5B group in the periodic table, the 5d metal Ta
InMO4 (M = V, Nb, Ta) compounds were investigated and 4d-metal Nb are often reported to form compounds with
by the powder X-ray diffraction method:ig. 16 shows similar structures, while the 3d-transition metal V behaves
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Fig. 18. UV-visible diffuse reflectance spectra of the InyOnNbO,
and InTaQ photocatalysts. As a comparison, spectrum of ;Ti©shown
together[55].

of H» evolution, leading to Kl evolution from pure water.
The photocatalytic and photophysical properties of photocat-
alysts change with crystal structure. One of the most impor-
tant key factors for InTa@and InNbQ is that there are two
kinds of octahedron, Inand NbQ(TaGs), in the crystal
structure. The difference of volume between §aDd NbQ
leads to a change of the lattice parameters between InTaO
and InNbQ. The difference of photocatalytic activity be-
tween InTaQ and InNbQ is mainly due to that conduction
Fig. 17. Schematic structures of InTaRONNbO, and InVQy [55]: (a) band levels formed by Ta 5d in Tg@nd Nb 4d in Nb@.
InTaO; and INNbQ; (b) INVO,. Dependence of the photocatalytic activity on irradiation
wavelengthsX) was measured under the light irradiation us-
in a more complicated manngs5]. It is not surprising that  ing different cut-off filters from full arc up ta. = 600 nm.
the INnMO; (M =V, Nb, Ta) compounds form in different As a comparison, dependence of FiPhotocatalyst (P25)
structures and hence exhibit different physical and chemical was also measured using the same method. The results are
propertiesFig. 18shows the UV-visible diffuse reflectance plotted in Fig. 19 All samples were loaded with Pt par-
spectra of the new photocatalysts. In contrast to the well ticle co-catalyst. Dependence of the photocatalytic activity
known TiO, whose absorption edge is about 400nm, all on irradiation wavelengths\] shows a normal photocata-
the three InNMQ compounds showed absorption in visible lyst behavior, with prolonging irradiation wavelength, the
light region. The visible light responding behavior becomes photocatalytic activity decreases rapidly. An obvious photo-
extremely clear in InV@, where the band gap was esti- catalytic activity was observed when irradiated with a visi-
mated to be 1.9eV. The band gaps of Injad INNbQ ble light (. > 420 nm) was irradiated, showing that InMO
were estimated to be 2.6 and 2.5 eV from diffuse reflectance(M = V, Nb, Ta) can evolve hydrogen from GBH/H,O
spectra. The small difference of band gaps between InNbO solution under visible light irradiation. The photocatalytic
and InTaQ might be resulted from that of the conduction activity on InVO; was also obtained when a cut-off filter of
band. This is consistent with the observation of photocat- » > 550 nm was employed. However, the activity was dis-
alytic activity. The difference between the conduction bands appeared when the irradiation wavelength was larger than
of INNbO4 and InTaQ, coming from 5d of Ta@ and 4d of 600 nm. This means that light response in photocatalytic ac-
NbOg, seems to lead to the difference of photocatalytic activ- tivity occurred only at wavelengths shorter than 600 nm. The
ity between InNbQ@ and InTaQ. The potentials of conduc-  results are in good agreement with observation of UV-visible
tion band of INNbQ and InTaQ are more negative than that diffuse reflectance spectra (sewg. 18.
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scribed as/s, (SHE) = 2.94 — Eg, where \f, is a flat band
—o— InTaO4 | potential andEy the band gap. Scaiff22] examined the
—&— InNbO4 band structure of the oxide SriDg, which contains the
—&— InVO4 NbOg octahedra, using the above rule. The valence band en-
—== TiO2 ergy is at 2.94 (SHE), and the conduction band is-at7
(SHE) detected by the empty Nb d-levels. However, for ox-
ides containing two kinds of octahedra such as NG
Scaife found that the valence band energy should be as-
sumed from both O 2p-levels of the NéGnd NbQ oc-
tahedra, and showed a value about 1 eV negative than 2.94
(SHE) of O 2p-levels. The conduction band was determined
at —0.7eV by d-levels of Nb@), the lowest empty band.
We speculate that the same case takes place in our newly
. developed InMQ@Q (M = V, Nb, Ta) compounds since all
fullarc 390 420 460 500 550 600 these compounds contain two kinds of polyhedra,¢la®d
Filter (nm) NbOg(TaGs), or VO4. From the observed parameters, it ap-
Fig. 19. Depende_nce of the photocatalytic activity of élolution fr_om lieoa;set\r;a:{r:]l'\rl]bﬁg ?/Safgnzez.k?a?]\(;' Zggr;?/ngéjlﬁzogebzgselited
CH3OH/H,0 solution over Pt/InVQ@, Pt/INNbQ,, Pt/InTaQ, and Pt/TiQ * : ]
on the wavelengthsij from full arc irradiation tox = 600 nm. to be 1.9 (SHE), about 1.1eV negative than that of the O
2p-levels. If we assume that the valence bands in the three
new photocatalysts are similar, then the band structures of
The band structure of oxides is generally defined by InMO4 (M =V, Nb, Ta) as well as Ti@ could be shown
d-level and O 2p-level, as confirmed by our theoretical cal- schematically irFig. 21 The conduction bands of INNRO
culations based on the first principles method for Jebd and InTaQ consist of Nb 4d, and Ta 5d, respectively, while
InTaQy photocatalystsFig. 20@a) and (b) show the energy that of InVOy is V 3d. The difference of band gaps among
structure and density of states (DOS) of the Fi@hotocat- INVO4, INNbO4 and InTaQ might be due to the difference
alyst in rutile structureFig. 20(c) shows the DOS of the in their conduction bands. This is consistent with the obser-
new photocatalyst InTa The electronic structures were vation of their photocatalytic activities. In any case, the po-
calculated using density functional theory (DFT) within the tentials of conduction band of INVQINNbO, and InTaQ
local density approximation (LDA) approadi34,36,37] are more negative than that of the Evolution, leading to
The common feature of the two oxide semiconductors is Hz evolution from pure water.
that the conduction band consists of mainly d orbital of the  The investigation on structure found that the M—-O-M
transition metal (3d of titanium in Ti@ and 5d of tantalum  bond angles in InTa® expands slightly from those of
in InTaQy), and the valence band is spanned dominantly by InNbO4. Xu et al.[27,28] has studied the conducting prop-
2p orbital of oxygen, which is shown with a dotted line. erty of niobate compounds consisting of chains/layers of
For oxides with partly filled d-levels, the relationship be- NbOg octahedron. They found that the formed [NHQ
tween the flat band potential and the band gap can be dechains favor the formation of a narrow conduction band
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Fig. 20. A comparison of the electronic structures of Jiéhd InTaQ [55].
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Fig. 21. Suggested band structures of InJa®NbQy, InVO,4 and TiQ, [55].

and a possible delocalization of the charge carriers. This oxides; that is in normal semiconductor the onset of absorp-
is consistent with the relatively smaller resistivity in this tion occurs at theEy + Ep(w) (Ep is the plus energy and
direction. They also found that thé 8leviation of O—Nb—-O o the vibration frequency). Considering the fact that in the
angles from the ideal 90is deleterious for conductivity. It  process of water splitting into Hand & by photocatalysis,
appears that the electrons are trapped in narrow conductiorfour holes and two electrons are necessary on surface of the
bands and must be thermally activated to transport throughphotocatalysts at least. The process of photon absorption by
the lattice. The study on influence of crystal structure on lu- photocatalyst might be imagined ig. 22 This is because
minescent properties of tantalate and niobates showed thathe lowest-energy final state with zero momentum must
the closer the bond angle of M—O—M is to the ideal 18 contain two electron—hole pairs, each pair making an equal
more the excitation energy is delocalized. This means thatand opposite contribution to the total momentum. Even so,
the bond angle of M—O-M is one of the important factors careful calculations predicted a soft rather than a sudden
affecting the photocatalytic and photophysical properties onset of absorption because zero momentum states of four
of semiconductors. This suggests that although both of particles should have a broad range of energies. This means
InTaOy and INNbQ have similar structure, photogenerated that much larger energy than the band gap seems to be nec-
electron—hole pairs might move more easily in Inja@an essary to split water into fHand G by photocatalysis. To

in INNbO4. The mobility of electron—hole pairs affects the remove the localized holes from the surface of photocata-
photocatalytic activity because it affects the probability of lysts, two ways are possible. The one is modification of the
electron and hole to reach reaction sites on the surface ofsurface of the semiconductor particles, which may assist
photocatalyst. modification of the energy levels of the trapped holes. The

O, evolution reaction was performed in an aqueous silver other is direct increase of energy of light.
nitrate solution under visible light irradiation & 420 nm)
and the following stoichiometric reaction took place: 3.4. Metal doped InTaO4 system

+ 0 +
AAgT +2H0 — 4AGT+ Oz + 4H In order to improve photocatalytic activity of InTaQwe
The G evolutions in the first 40 h increased rapidly. The investigated the effect of substitution by 3d-metal (M) ions
formation rates of @ evolution were about gmolg-1h—1 in InTaQy. The significant effect of 3d M (M= Mn-3d®,
for INMO4 (M = Nb, Ta). This means that the photocatalysts Fe-3&, Co-3d, Ni-3d®, Cu-3d) ions in In,_ M, TaO4 pho-
have potentials for @to evolve from aqueous solution and tocatalyst on the water splitting performance was observed
the photocatalytic activity for @ evolutions is almost the  [39,65,66] The InTaQ photocatalyst has two kinds of oc-
same. tahedron in a unit cell, Tagand InG. The volume of In@

Alig et al. [45] have shown that direct absorption of octahedron in InTa@is 13.601 8. However, the volume of
photons by band gap of oxides can generate electron—holeTaQO; is 10.648 &. This means that the volume of Ig@cta-
pairs in the solid. However, the energy of requirement to hedron was changed when with In being doped by M=£M
separate electron and hole in both conduction band andMn, Fe, Co, Ni, Cu) because the change of the M atomic
valence band is generally higher than the band gap of theradius, but crystal structure could not change. The change
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Fig. 22. The speculated process of absorption of a photon by photocatalyst.

of the InGs volume suggests leading to a slight change of speed was“imin—1. The powder X-ray diffraction analysis
the lattice parameters in the doped InfaYstem. We con-  showed that all samples are the single phases. We could see
sidered that M (M= Mn, Fe, Co, Ni, Cu) doping of InTap that the Bragg peak distributions of the photocatalysts re-
might cause a slight modification of crystal structure, that is, main unchanged, indicating that the photocatalysts crystal-
changes of lattice parameters such as bond lengths and bontize in the same crystal structure. Positional parameters and
angles, resulting in a change in photocatalytic property. isotropic thermal parameters of the photocatalysts were re-
The crystal structure of the photocatalysts before and afterfined. The result of refinement shows all the photocatalysts
photocatalytic reactions was investigated using X-ray pow- crystallize in the same wolframite structural type, mono-
der diffraction. The result is shown Fig. 23 The datawere  clinic with space group P2/a.
collected at 295K with a step scan procedure in the range The photocatalytic activity significantly changed with the
of 20 = 5-100. The step interval was 0.024and scan variation of doping 3d M (M= Mn-3d®, Fe-3¢, Co-3d,
Ni-3d8, Cu-3d) ions in InTaQ. Fig. 24shows the H evolu-
tion from CHgOH/H,O solution under UV irradiation. The

' ' ' ' formation rates of Kl were estimated to be 0.31, 0.08, 0.37,
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Fig. 24. Photocatalytic §evolution on the Pt/lpgMo2Ta0s (M = Mn,
Fig. 23. X-ray powder diffraction patterns of photocatalysts before and Fe, Co, Ni, Cu) compound from G®H/H,O solution under UV irradi-
after photocatalytic reaction. ation. Conditions: 0.5g powder catalyst, 50 ml £H, 300 ml HO.
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Fig. 25. Photocatalytic § evolution using Pt/Mn-, Co- and Ni-doped
InNTaOy photocatalysts from CEOH/H,O solution under visible light
irradiation, Conditions > 420nm, a Pyrex glass cell, 300 W Xe arc
lamp, 0.59g powder catalyst, 50 ml G&H, 200 ml HO0.

0.47 and 0.1 mmoltt in the first 10 h for Mn, Fe, Co, Ni and
Cu, respectively. The amount of evolved tinol) exceeded
the amount of catalyst (about 1.38 mmol) at 24 h, indicating
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H> evolution stopped when light irradiation was terminated,
showing the obvious visible light response.

O2 evolution reaction was performed in an aqueous silver
nitrate solution under visible light irradiation & 420 nm).
The rate of Q evolution increased with In being doped by
Niin the InTaQ, photocatalyst. However, the rate o &vo-
lution decreased with In being doped by Mn and Co in the
InTaQy photocatalyst, as does,Hevolution under visible
light irradiation. The rate of @evolution on I gNig2TaOy
is 1.1umol h~1. The activity increased by about 140% than
that of non-doped InTa® It is often observed that doping
transition metals into photocatalysts such as;li@creases
significantly the photocatalytic activities. However, such a
suppression effect by doping was not predominant in the
Ni-doped InTaQ photocatalyst. The activity of Ni-doped
InTaQy increased under both UV and visible light irradia-
tion, respectively.

Dependence of the photocatalytic activity on irradiation
wavelengths X) was also measured under the light irradia-
tion from full arc up tol = 550 nm using different cut-off
filters. It shows a normal photocatalyst behavior such as
that the photocatalytic activity decreases rapidly, since the
number of incident photon was decreased when a cut-off
filter was used. An obvious photocatalytic activity was ob-
served when irradiated with a visible light (= 420 nm)

that the reaction occurs catalytically. The reaction stopped was irradiated, showing that Mn, Co and Ni-doped InJaO

when the light was turned off in this experiment, showing

photocatalysts can respond visible light irradiation. The

the obvious light response. The result shows that the photo-photocatalytic activity was also obtained when a cut-off

catalytic reaction is induced by the absorption of UV irra-
diation. The formation rate of Hincreased on Mn, Co and
Ni-doped InTaQ, but decreased on the Cu and Fe-doped
InTaOy photocatalysts compared with that of non-doped
InTaQy. The formation rate of Hon Ing gNig 2 TaQy is about
180% than that of non-doped InTaOrhe CO evolution as
the oxidation product was observed in this reaction from
CH30H/H>0O solution and it increases with illumination
time, as does Kevolution. However, the rate of CO evolu-
tions is much lower than that of Hevolution. The forma-
tion rate of CO changed with the variation of doping atoms,
showing the same tendency as observed dretblution.
Under visible light irradiation X > 420nm) B and Q
evolved from CHOH/H,O and AgNQ/H,O solutions,
respectively, using the Mn, Co and Ni-doped InTa@ho-
tocatalysts. The Cu and Fe-doped InFa@hotocatalysts
cannot work at same condition&ig. 25 shows the H
evolution from CHOH/H>O solution under visible light
irradiation using Mn, Co and Ni-doped InTa(hotocat-
alysts. The H evolution increased with illumination time.
The formation rate of Bl on Ni-doped InTa@ is much
higher than that of the non-doped InTa@hotocatalyst, as
does H evolution under UV irradiation. The CO evolution
was observed in this reaction from @BIH/H,O solution as
the oxidation product. However, the formation rates of H
on Mn and Co-doped InTafare much lower than that of
the non-doped InTapphotocatalyst. The effect of visible
light irradiation was investigated by dark experiment. The

filter of A > 460 nm was employed. However, the activ-
ity was disappeared when of light irradiation was larger
than 540 nm. This means that light response occurred only
at wavelengths shorter than 540 nm. The surface area of
these photocatalysts is similar. Therefore, the difference
between the band structures of doping atoms might lead to
the different photocatalytic activity.

3.5. NiO,/In1_,Ni, TaO4 system

Very recently, we have reported a new series of pho-
tocatalysts, NiQ or RuG-loaded oxide semiconductors,
In1_;Ni,TaOy (x 0-02), which induces direct split-
ting of pure water into stoichiometric amounts of oxygen
and hydrogen under visible light irradiatidn6,39] The
photocatalytic activity changed with the variation fin
In1_,Ni,TaOs and the photocatalyst at= 0.1 showed the
highest activity.Fig. 26 shows the H and & stoichiomet-
ric evolution from pure water with the Ni@ing gNig.1TaOy
photocatalyst suspension under visible light irradiation-(

420 nm). The rates of Hand & evolution were about 16.6
and 8.3umolh~1, respectively. The gas evolution stopped
when the light was turned off, showing that the reaction
is induced by the absorption of visible light. It is worth
indicating that after evacuating the system, almost the same
rate was reproduced in the second run. Since the reaction
of photocatalysis occurs on the surface of photocatalyst,
parameters in ruling conversion efficiency of solar water
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Fig. 26. Photocatalytic H and @ evolutions from pure water on
NiO,/In;_,Ni, TaO; and RuQ@/In;_,Ni, TaQs (x = 0-02). Conditions:
0.5g photocatalysts powder sample, 250 ml pure water in a Pyrex glass
cell, visible light irradiation § > 420 nm), light source= 300 W Xe lamp.

splitting should include surface characteristics of photocat-
alyst. We examined the crystal structure and the characteris-
tics of the surfaces of both semiconductor dNig 1 TaOy,

and NiQ;-loaded I gNig 1 TaOy photocatalyst.

XRD analysis showed that the change of the samples
before and after reaction was unobservable. Full-profile
structure refinement of XRD data was performed using the
Rietveld program REITAN. The result shows all samples
crystallize in the same wolframite structure, monoclinic
with space group P2/a, but the lattice parameters decrease
with increasing Ni along all the three axes in< 0.15.

Fig. 27shows the change &fZ with doping content, where
V and Z are cell volume and the number of formulas per has a small expansion when the Ni contentris- 0.15.
cell, respectively. The inset shows Ni dependence afis, The structural stability of metal oxide consisting of octa-
as an example of lattice parameter change. There is a lineafedron, such as AB§) can be estimated by calculating

decrease o¥/Z as the Ni content inc < 0.15, while V/Z the tolerance factor defined as= (ra + ro)/v/2(rs + ro),
wherera, rg andrg are the radii of the respective ions.

The Q79 < r < 1.1 would be the ideal cubic structure.
In this caseya is a maximum for radii of In and Ni. The
t-value decreases with increasin@Ni content), thet-value
is <0.79 whenx > 0.15, this suggests that the geometrical
arrangement in the oxide governs the structural stability.
TEM-EDAX analysis shows that §ryNig1TaOs has a
homogenous atomic distribution. The chemical composition
is close to the starting stoichiometric amount of precursors.

21 200.0KV  X23K 2088ne

Fig. 28. TEM micrograph of the ypNig1TaOs particles.
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Fig. 28shows the TEM micrograph of §ryNig1TaOy. The

fine particles with high crystallinity were observed. The

particles with size in the range of 300-500 nm are domi-
nant. It is known that the surface area affects the number

71.65 - . of active sites in photocatalytic reaction of water splitting,
and the particle size influences the distance that photogen-
- ; : ; ; erated electrons and holes have to migrate in the bulk of the
0.00 005 010 015 020 025 9

Fig. 27. The change o¥/Z with doping contentx, whereV and Z are
the cell volume and the number of formulas per cell, respectively. The
inset shows Ni dependence ofaxis, as an example of lattice parameter

change.

Ni doping content

semiconductor particle to reach the active sites. However,
suppression of the recombination of the separated electron
and hole excited by absorption of photon seems more im-
portant rather than both an increase in the surface area and a
decrease in particle size. The high crystallinity and fineness
of semiconductor particles might be efficient to suppress the
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Fig. 30. UV-visible diffuse reflectance spectra of IpNi, Ta0, (x = 0 and
0.1) at room temperature. The inset shows UV-visible diffuse reflectance
spectra ofA from 420 to 600 nm.

functions F(R) vs. photon energy20]. One of the most
characteristic features is that titg is narrowed with Ni
doping. The band gap is changed from 2.6 eV (non-doped)
to 2.3eV (0.1 Ni-doped). This is considered largely to be a
consequence of the Ni-3d levlO]. The band structure of
NiO might be assigned to Ni-8dand Ni-3¢. This suggests

— that the Ni-3d level forms a new energy level below the
— 3 208.8KU X300K 28ns conduction band of InTa® This is consistent with the ob-
_ _ _ ) servation from UV-visible spectra, which showed a broad
Fig. 29. TEM micrograph of NiQ¥InooNio1TaQy photocatalyst. absorption at 420-520 nm because of overlapping with an-

other absorption. The phenomena might be attributed to
internal transitions in a partly filled Ni-d shell. The nar-
rower band gap suggests easier excitation for an electron
from the valence band to the conduction band in oxide
semiconductor. This results in higher photocatalytic activity.
Fig. 31 shows the speculated reaction mechanism.
The surface of NiQ is the cathode and the surface of
Ing.gNig.1 TaQy is the anode. Band gap excitation in the bulk
of the InygNig1TaOy semiconductor injects electrons into
the NiO, particles and positively charged holes into the sur-
face of the I gNig1TaOy particles. Trapped electrons on
the surface of NiQ reduce water to hydrogen and the holes

recombination, resulting in an increase of conversion
efficiency.

It is interesting to note that growth steps formed in the
process of crystallization were observed clearly in the par-
ticle surface (se&ig. 28. The stage of the steps is about
3-5nm. The step structure on the surface might contribute
to yielding photocatalysis efficiency. But further investiga-
tion is necessary. In order to obtain higher photocatalytic
activity, it is essential to load a metal or metal oxide on
the surface of the semiconductor. We loaded 1wt.% partly
oxidized nickel as electron trap ang ldvolution sites onto
the I gNig1TaOy surface.Fig. 29 shows the TEM mi-
crograph of the Ni@/InggNip 1TaO photocatalyst. Nearly

spherical NiQ particles are distributed on the surface of Potential /eV vs. SHE (pH=0) NiO,
Ing.gNig.1TaOy. EDAX analysis of the NiQ/Ing gNig.1TaOy + H,O
photocatalysts indicated that NiGs localized on the sur- %’ -
face of the semiconductor dgNig1TaQy. The NIO, parti- H*/H, \
cles with size of about 15 nm were localized on the surface (00ev) | — H,

of Ing.gNig 1 TaQy. This system behaves as a short-circuited
micro-photoelectrochemical cell. 0,/H,0
The light absorption properties of 1n.Ni, TaOy were (123eV) I p0
investigated as shown iRig. 30 The visible absorption ?
spectra of these compounds are extremely characteristic. 2
This means that the photocatalysts have ability to respond
to visible light. The band gap of these compounds can be rig. 31. speculated reaction mechanism for the water splitiing using
estimated from plots of the square root of Kubelka—Munk NiO,/InggNig1TaQ, photocatalyst.

Ing oNig,  TaO,4
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on the surface of IfgNig.1TaOy oxidize water to oxygen.
The presence of NiQsignificantly enhances thesband G
production.

4. Conclusion

We have presented the review of our research on photocat-

alytic splitting of water on newly synthesized photocatalysts.
Our experimental results show thatoBINbO; (M = Al,

Ga, In, Y, rare earth) are sensitive to UV irradiation and that
it is possible to obtain bifrom both CHBOH/H2O solution
and pure water. Although BMNbO7 photocatalysts have

a suitable band, the photocatalysts did not split pure water,
even CHOH/H,0 solution under visible light irradiation to
directly. Modification of the surface of the photocatalysts
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