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Abstract

InggMo2TaOs (M = Mn, Fe, Co, Ni, Cu) photocatalysts crystallize in the same crystal structure: wolframite type, monoclinic crystal
structure with space group P2/c. The rate gfeolution from an aqueous methanol solution under UV irradiation significantly changed
with the variation of doping atoms, andglgNip 2TaOy showed the highest activity. Under visible light irradiatianX 420 nm), B and
O, were evolved from an aqueous methanol and silver nitrate solution, respectively, using the photocatgifdts; TaO, (M = Mn,

Fe, Co, Ni, and Cu). © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction Very recently, we found that InTafZould evolve H from
pure water under visible light irradiation, but activity is very

Since photo-induced decomposition of water on JiO low [12]. InTaQy belongs to the family of the AB@com-
electrodes was discovered [1], semiconductor-based photo{ounds with the A*B>+ 0, wolframite structure. There are
catalysis has attracted extensive interest. Most of the inves-two kinds of octahedron in a unit cell, Tg@nd InG. The
tigations have focused on TiOwhich shows relatively high  TaGOs and InGs octahedrons form the layers by sharing the
activity and chemical stability under UV light irradiation.  corner. Oxygen planes are formed in parallel with (00 1)
Therefore, there is an urgent need to develop new types ofplane. We considered that M (M- Mn, Fe, Co, Ni, and
photocatalysts that can yield high activity under visible light Cu) doping of A+ site in A*B5"0, might cause a slight
irradiation, because the attempt is aimed at producing hydro-modification of crystal structure, resulting in a change in
gen of clean-energy from water utilizing solar energy [2—4]. photocatalytic property. It is known that a slight modifica-
Extensive studies have been performed to develop photocattion of structure to semiconductor has a dramatic effect on
alysts which can split water [5,6]. Yoshimura et al. [7] found the physical properties [13]. Here we report the synthesis,
that RbPbNbsO1¢ of modified perovskite type had pho- photocatalytic and structural characterizations of these new
tocatalytic behavior and Hwas evolved from an aqueous photocatalysts, kgMo2Tals (M = Mn, Fe, Co, Ni, and
methanol solution under visible light irradiation. Inoue et al. Cu). A comparison of the photocatalytic properties of the
[8] found that the oxide with tunnel structure had much more new photocatalysts with the Ti(photocatalyst is presented.
active than the generally used H@®@r SrTiOz for photo-
catalytic water splitting. Following after, Kudo et al. [9-11]
showed that 1gO3(Zn0),, and BiVO, could produce K or
O, from methanol or silver solutions under visible light ir-
radiation.

2. Experimental

Polycrystalline samples of §risMg2TaOy (M = Mn, Fe,
 Firet Intemnational Cont Semiconductor Photochenmist Co, Ni, and Cu) were synthesized by the solid-state reaction
" Firs nternationa onterence on emiconauctor otochemistry _Ari
(SP-1), Glasgow, UK, July 23-25, 2001. m_ethod. The pre drled_ign)g, TaQO5(,) MnOs, Fe03, CoO, _
* Corresponding author. Tek:81-298-61-4410; faxs-81-298-61-6771.  NIO and CuO with purity of 99.99% were used as starting
E-mail address: h.arakawa@aist.go.jp (H. Arakawa). materials. The stoichiometric amounts of precursors were
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mixed and pressed into small columns. The columns were
reacted in an aluminum crucible in air for 2 days at 1100
The chemical composition of the samples before and after
photocatalytic reaction was determined by scanning electron
microscope—X-ray energy dispersion spectrum (SEM—EDS)
with accelerating voltage of 25kV. The crystal structure of

the samples was determined by powder X-ray diffraction & I Mﬂ oM J\InO-SNIO-ZTaO‘*’ aftet

method using Cu K radiation ¢ = 1.54178A). UV-Vis  'Z A | In, Ni_ TaO_, before

diffuse reflectance spectrum of the photocatalysts was mea- 4 :

sured by using an UV-Vis spectrometer (MPS-2000). The & l In  Co TaO,, after

surface area was determined by BET measurement (Mi- ; b *

cromeritics, Shimadzu, Flow-Prep 060). g ) Lo A M.AIHP-SCOO-ZTaO‘*’ before
Photocatalytic reaction was carried out in a closed gas 5‘5’ In Fe TaO,, after

circulation system. The gases evolved were determined with
TCD gas chromatograph, which was connected to a gas cir-
culating line. In order to obtain high activity, it is essential
to load a metal or metal oxide on the surface of photocata-
lyst. Because the addition of noble metals or metal oxides
on a surface of semiconductor can change the photocatalytic
properties by changing the semiconductor surface proper-
ties. The Pt was found to be the most effective for Fgbo-
tocatalyst. We loaded Pt onto the catalyst surface by in situ
photodeposition method in our experiments to obtain higher
activity from HoPtCk. Under light irradiation HPtCl in
solution is reduced to metallic state and deposited onto sur-
face of catalyst powder, forming Pt/catalyst.

The photocatalytic reaction under UV irradiation was
examined using an inner-irradiation type quartz cell
with 400W high-pressure Hg lamp and in an aque-
ous CHOH/H>O solution (0.5g powder catalyst, 50 ml
CH30H, 300 ml O and 0.1 wt.% Pt (Pt-loading instead of
a HpPtCk)). The photocatalytic reaction under visible light
irradiation was examined using a Pyrex glass cell, 300 W
Xe arc lamp and in an aqueous gBH/H,O solution (0.59g
powder catalyst, 50 ml C¢OH, 200 ml HO and 0.1 wt.%

Pt (Pt-loading instead of adfPtCk)). The 420 nm cut filter
was placed onto the window face of the Pyrex glass cell.
O evolution reaction was performed in an aqueous silver
nitrate solution (0.5g powder catalyst, 0.5 mmol AghO
250 ml HO) under visible light irradiationA( > 420 nm).

3. Results and discussion

The chemical composition of the photocatalysts before
and after photocatalytic reaction was determined using char-
acteristic X-rays of M la (M = In, Mn, Fe, Co, Ni, and
Cu) and Ta la. The composition content was determined
using theZAF (Z: element number (“Z” number) correction;

A: absorption correctionf-: fluorescence correction) quan-

tification method. The SEM—-EDS analysis showed that the
photocatalysts have a homogenous atomic distribution with
no other additional elements. The chemical composition of

these samples after reaction is also same with that of sam-

ples before reaction.
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Fig. 1. X-ray powder diffraction patterns of photocatalysts before and
after photocatalytic reaction.

The crystal structure of the photocatalysts before and after
photocatalytic reactions was investigated using X-ray pow-
der diffraction. The result is shown in Fig. 1. The data were
collected at 295 K with a step scan procedure in the range of
20 = 5-100. The step interval was 0.024ind scan speed,
1°min~1. The powder X-ray diffraction analysis showed
that all samples are the single phases. We can see that the
Bragg peak distributions of the photocatalysts remain un-
changed, indicating that the photocatalysts crystallize in the
same crystal structure. Full-profile structure refinement of
the collected powder diffraction data was performed using
the Rietveld program REITAN [14]. Positional parameters
and isotropic thermal parameters of the photocatalysts were
refined. The result of refinement shows all the photocata-
lysts crystallize in the same wolframite structural type, mon-
oclinic with space group P2/c.

The InTaQ photocatalyst has two kinds of octahedron in
a unit cell, TaQ and InG; [12]. The volume of In@ octahe-
dron in InTaQ is 13.601 8. However, the volume of Ta®
is 10.648 B. This means that the volume of Ig@ctahe-
dron was changed when In is doped by M é&MMn, Fe, Co,

Ni, and Cu) because the change of the M atomic radius, but
crystal structure could not change. The change of thg InO

volume leads to a slight change of the lattice parameters in

the doped-InTa@system. The details of the investigation on
structure was published elsewhere [15]. We confirmed that
the photocatalysts have changed neither the crystal structure
nor the chemical composition after photocatalytic reaction.
Table 1 summarizes the oHevolution rate under UV
and visible light irradiation, respectively, and catalyst
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Table 1
Rates of gas evolution and physical properties of the photocatalysts
Photocatalyst Surface area (Aig) Rate of evolution jgmolh~1)

UV irradiatior?, CH;OH/H,0O Visible light irradiatiorf, » > 420 nm

H> CcOo CHsOH/H20, Hy AgNO3/H>0, CO
InTaQ,d 1.35 270 15 1.2 0.8
|no_8Mno>2TaO4 0.95 310 25 0.5 0.3
InggFep2Taly 0.82 80 4 Non-doped Non-doped
InggCap2Taly 0.93 370 35 0.6 0.6
Ing gNig2TaOy 0.97 470 45 3.1 1.1
Ing.gCup2TaOy 0.81 100 5 Non-doped Non-doped
TiOz (P25) 53.8 550 15 Non-doped Non-doped

2Pt (0.1wt.%) was loaded on the surface of powder catalyst.

b1.0g powder catalyst under UV irradiation using 400 W high-pressure Hg lamp.

€0.5g powder catalyst under visible light irradiation using 300 W Xe arc lamp.

dThe quantum vyield at 402nm was estimated to be 0.33% by using an interferencexfi@2nm, half width: 15.3 nm).

characterization for these photocatalysts. Our catalysts are T T T T T
compared with Ti@ (P25). It is noted that Ti@shows very }Ezzg’gozgg“ d
high activity under UV irradiation, but the photocatalytic In0 8Co02TaO4 P i
activity is not observed under visible light irradiation (see Ino.sNio.2TaO4 e e
Table 1). This is consistent with the bandgap of ZiGhe Ino8Cuo.2TaO4
bandgap of TiQ is 3.2 eV, which cannot respond to wave- InTaO4 e ’ 1
length range of visible light. BET measurement showed that
the surface areas of M-doped InTa@re about 0.95 Aig as
shown in Table 1. Since this is only about 2% of the surface
area of the TiQ@ photocatalyst (see Table 1), it demonstrates
the much higher efficiency of the new photocatalysts. It is
evident that further increase in activity might be expected
from increasing the surface area. Since an efficient photo-
catalytic reaction process occurs on the photocatalyst sur-
face, the increase of the surface area for the photocatalysts
might lead to the increase of their photocatalytic activity.
The photocatalytic activity significantly changed with
the variation of doping atoms (M= Mn, Fe, Co, Ni, Fig. 2. Photocatalytic b evolution on the lggMo2TaOy (M = Mn,
and Cu) in InTaQ. Fig. 2 shows the B evolution from Fe, Co, Ni, and Cu) compound from GEH/H,O solution under UV
CH3OH/H,0 solution under UV irradiation. The formation irradiation.
rates of B were estimated to be 0.31, 0.08, 0.37, 0.47 and
0.1mmolh? in the first 10h for Mn, Fe, Co, Ni and Cu, methanol dehydrogenates. On the other hand, the ratios of
respectively. The amount of evolved mol) exceeded the  non-stationary and non-stoichiometry evolutions between
amount of catalyst (about 1.38 mmol) at 24 h, indicating H, and CO might result from generation of g@nd other
that the reaction occurs catalytically. The reaction stopped evolutions. It is well known that when GJ®OH is added to a
when the light was turned off in this experiment, showing Pt/TiO, aqueous suspension, sustaineddrbduction is ob-
the obvious light response. The result shows that the photo-served under UV irradiation and the alcohol molecules are
catalytic reaction is induced by the absorption of UV irra- oxidized to final productions of C£) CO, CH;, etc. [20].
diation. The formation rate of lincreased on Mn, Co and The presence of oxygen vacancy defects strongly enhances
Ni-doped InTaQ, but decreased on the Cu and Fe-doped such interaction due to electron back-donation from surface
InTaOs photocatalysts than that of non-doped Inja®he Ti3* into 7* orbital of molecular CO [20]. The formation
formation rate of H on Ing gNig2TaOy is about 180% than  rate of CO changed with the variation of doping atoms,
that of non-doped InTa® The CO evolution was observed showing the same tendency as observeddrevblution.

N
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Amount of H2/ m mol
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o

in this reaction from CHOH/H,O solution as the oxidation Under visible light irradiation X > 420nm) B and Q
product. The result is shown in Table 1. The CO evolution were evolved using the Mn, Co and Ni-doped InTgiho-
increases with illumination time, as does, Hvolution. tocatalysts from CBOH/H,O and AgNQ/H»>0 solutions,

However, the rate of CO evolutions is much lower than respectively. The Cu and Fe-doped InTaghotocatalysts
that of H evolution. The CO is probably from decompo- cannot work at same conditions. Fig. 3 shows thg H
sition of the formaldehyde, which decomposes slower than evolution from CHOH/H,O solution under visible light
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Fig. 3. Photocatalytic K evolution from CHOH/H,O solution under
visible light irradiation,» > 420 nm.

irradiation using Mn, Co and Ni-doped InTa(hotocat-
alysts. The H evolution increases with illumination time.
The formation rate of Bl on Ni-doped InTa@ is much
higher than that of the non-doped InTaPhotocatalyst, 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 InTaOare much lower than that of
the non-doped InTapphotocatalyst. The effect of visible
light irradiation was investigated by dark experiment. The
H> evolution stopped when light irradiation was terminated,
showing the obvious visible light response. As a typical
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Fig. 4. Photocatalytic @evolution from an aqueous silver nitrate solution
under visible light irradiationp > 420 nm.

and Sekizawa [16] found also similar phenomenon [17]. The
photocatalytic activity on Ni-doped ZnS was much higher
than non-doped ZnS, while that on Cu-doped ZnS was lower
[17]. Although the origin is unknown yet, the band struc-
ture of NiO has been investigated [18]. The band structure
of oxides is generally defined by d-level and O 2p-level of
the oxides. However, the band structure of NiO is assigned
to Ni 3c® and Ni 3d [18]. This means that the Ni 3d level

in the Ni-doped InTa® photocatalyst may form a new en-
ergy level in the band structure of InTaOThe light ab-
sorption properties of the InTaCand Irp gNig2TaOy pho-
tocatalysts were investigated. The onset of diffuse reflection

example, we examined the quantum yielded for non-doped spectra showed an obvious shift to high wavelength with In
InTaOy photocatalyst as shown in Table 1. The quantum being doped by Ni in InTa@ The bandgaps of InTefand
yield at 402nm was estimated to be 0.33% by using an InggNig2TaOs were estimated to be 2.6 and 2.4eV from

interference filter {: 402 nm, half width: 15.3 nm).

the diffuse reflection spectra. This means that the Ni-doped

O, evolution reaction was performed in an aqueous silver InTaOy photocatalyst can utilize a wider spectral region of

nitrate solution under visible light irradiation & 420 nm)
and the following stoichiometric reaction takes place;
4AgH + 2H,0 — 4AdC + O, + 4H [19]. Fig. 4 shows
the @ evolution under visible light irradiation. This re-
sult shows that these photocatalysts have potential for O
evolution from aqueous solution. The rate of &volution
increases with In being doped by Ni in the InTaghoto-
catalyst. However, the rate of,CGevolution decreases with
In being doped by Mn and Co in the InTa@hotocatalyst,
as does H evolution under visible light irradiation. The
rate of @ evolution on I gNig,TaOy is 1.1umol h~1. The

light irradiation than non-doped InTaO

The difference in the surface area of the photocatalysts
can generally lead to the difference in photocatalytic activity
since an efficient photocatalytic reaction process occurs on
the photocatalyst surface. However, the surface area of the
photocatalysts is similar as shown in Table 1. It is hard to
consider that the differences in the surface area of the photo-
catalysts led to the differences in the photocatalytic activity.
In order to make clear the origin of different photocatalytic
activity between the different doping atoms, further band
structure analysis seem to be necessary.

activity increased by about 140% than that of non-doped The wavelengthsi) dependence of the photocatalytic

InTaOy (see Table 1).

It is often observed that doping transition metals into pho-

tocatalysts such as TiOdecreases significantly the photo-

activity under the light irradiation from full arc up to =
550nm was measured using different cut-off filters. The
photocatalytic reaction was examined using a Pyrex glass

catalytic activities [16]. However, such a suppression effect cell, 300W Xe arc lamp and in an aqueous 4CHH/H,O

by doping was not predominant in the Ni-doped Injgbo-
tocatalyst. The activity of Ni-doped InTaOncreased un-
der both UV and visible light irradiation, respectively. Kudo

solution. These results are plotted in Fig. 5. The photocat-
alytic activity dependence df of light irradiation displays
a normal photocatalyst behavior, with increasingf light
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4, Conclusion

[ InosNio2TaO4 A new series of M-doped InTaOM = Mn, Fe, Co, Ni
and Cu) photocatalysts were synthesized by a solid-state
reaction. We have presented the evidence for photocatalytic
decomposition of an aqueous solution on these photocata-
lysts. Our experimental results show that the photocatalysts
are sensitive to UV irradiation and that it is possible to
20 obtain H from an aqueous solution. Under visible light ir-
radiation ¢ > 420nm) ki and & were evolved using Mn,
Co and Ni-doped and non-doped InTgghotocatalyst from
oL — CH30OH/H,0 and AgNQ/H,0 solutions, respectively. The
fullarc 390 420 460 500 530 Ino.gNio2TaOy photocatalyst showed much higher activity
Filter/nm than that of the non-doped InTa@hotocatalyst. Ni-doped
Fig. 5. The photocatalytic activity dependence of the wavelengths (  INTaQs has been developed as a new visible light photo-
from full arc irradiation toax = 550 nm; the amount of evolved oHat catalysts for HH and & evolutions from aqueous solutions.
24h; using a Pyrex glass cell, 300W Xe arc lamp and in an aqueous The study of doping effects on structural and photocatalytic
CHOH/H,0 solution (0.5g powder catalyst, 50 ml G&iH, 200 ml HO properties of InTa@ solid oxide photocatalyst will provide
and 0.1wt.% Pt (Pt-loading instead of aPChk)). . . .
useful information on the mechanism of the photocatalysts
and also on making the stable photocatalysts with high

iradiation, the photocatalytic activity decreases rapidly, activity under visible light irradiation.
since the number of incident photons was decreased when
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