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Photocatalytic decomposition of water with Bi>2InNbO-
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We report the observation of the photocatalytic property of the BioInNbO; compound for the first time. A polycrystalline sample of
Bi>InNbO; was synthesized by the solid state reaction and characterized by powder X-ray diffraction and Rietveld structure refinement.
The H, and CO evolutions were obtained from Pt/CH3zOH/H,0O solution and O, evolution was generated from an aqueous cerium sulfate
solution. H, was evolved from pure H,O under UV irradiation. A magnetic susceptibility measurement indicated that the O, formed
from pure H,O is photoadsorbed on the surface of the Bi>InNbO; particles.
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1. Introduction

Since the discovery of the photocatalytic splitting of wa-
ter on Pt/TiO, electrodes [1], the study of photolysis of
water with a semiconductor as the catalyst has attracted
much interest. Such studies are often related to electron
transfer and energy transfer processes in photocatalytic re-
actions. To date, the research efforts mainly focused on
understanding fundamental processes and on enhancing the
photocatalytic efficiency of TiO, [2—4]. Later advances in
materials fabrication led to the discovery that metal oxide
semiconductors with tunnel or layered perovskite structures
have the possibility to decompose water with higher activ-
ity [5,6]. Recently, a number of reports have shown that
compounds consisting of three linear TaOg chains could
decompose water into H, or O, [7]. Unfortunately, most
photocatalysts need a co-catalyst to decompose water. Even
though, the number of photocatalyst materialsis yet limited.
There is an urgent need to develop new types of photocat-
alyst materials with higher activity. In addition, it is well
known that the generation of O, evolution is very difficult
in the photocatal ytic decomposition of water. However, the
origin is not so clear.

In this letter, we report the preparation and characteriza-
tion of a new photocatalyst, BioInNbO;. A comparison of
the photocatalytic property of Bi>InNbO- to that of a TiO-
photocatalyst is made.

2. Experimental
The polycrystalline sample of Bi,InNNbO; was prepared

by a solid state reaction method using high-purity grade
chemicals 1n,03, Blz(C03)3 and Nb,Os. 1n,O3 was dried
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at 700°C and Nb,Os at 600°C before use. Stoichiometric
amounts of the precursors were mixed and pressed into
small columns. The columns were reacted on an aluminum
crucible in air for three times. At the fina process, the
column samples were reacted for two days at 1100 °C.

The chemical composition of the samples before and
after reactions was determined by scanning electron micro-
scope X-ray energy dispersion spectroscopy (SEM-EDS)
with accelerating voltage of 25 kV. The crystal structure
of BiaInNbO; was decided by powder X-ray diffraction
(Rigaku RINT-2000 diffractometer using Cu Ko radiation
(A = 154178 A)). Magnetic susceptibility measurement
was performed in the temperature range 5-300 K and at
an applied field of 1.0 T using a superconducting quantum
interference device (SQUID) magnetometer. The UV-vis
diffuse reflectance spectrum of Bi,InNbO; was measured
by using an UV-vis spectrometer (MPS-2000). The con-
ductivity measurement was made using direct current and
four-probe technique. Au wires and silver electrodes were
used. The surface area was determined by BET measure-
ment (Micromeritics, Shimadzu, FlowPrep 060).

The photocatalytic reaction was examined using a gas
closed circulation system and an inner-irradiation type
quartz cell with 400 W high-pressure Hg lamp. The gases
evolved were determined with a TCD gas chromatograph,
which was connected with a circulating line. In order
to obtain high activity, it is essential to load a metal or
metal oxide on the surface of the photocatalyst. The Pt
was found to be the most effective for the TiO, photo-
catalyst [8]. The photocatalytic reaction was performed in
an agueous CH30OH/H,O solution (1.0 g powder catalyst,
50 ml CH3zOH, 350 ml H,O and 0.1 wt% Pt (Pt loading
instead of a H,PtCl,)) and in pure water (1.0 g powder
catalyst, 400 ml H,O). The O, evolution reaction was per-
formed in an agueous cerium sulfate solution (1.0 g powder
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catalyst, 1.0 m mol Ce(SO4)2, 400 ml H,O) since this so-
lution is more stable than an aqueous silver nitrate under
UV irradiation [9].

3. Results and discussion

SEM analysis of the Bi,InNbO; compound indicated
that the crystalline grains of the sample have a maxi-
mum size of 6.0 um. The chemical composition of the
Bi>InNbO; compound was determined using characteris-
tic X-rays of In La, Bi Ma, and Nb La. The compo-
sition content was decided using the ZAF quantification
method. The SEM-EDS analysis showed that the com-
pound has a homogeneous atomic distribution with no other
additional elements. An average atomic ratio of Bi:lIn:
Nb = 2.00(1):1.95(3):1.05(2) was obtained from meas-
urements made at several different points. Oxygen content
was calculated from the EDS results [10].

X-ray powder diffraction intensity data (see figure 1)
of BizInNbO; were collected at room temperature. Full-
profile structure refinement of the collected powder diffrac-
tion data was performed using the Rietveld program REI-
TAN [11]. Thedetails of the investigations on structure will
be published elsewhere [12]. The final refinement result
revealed that the Bi,InNbO; compound has the pyrochlore
type crystal structure, cubic system with space group Fd3m
and the lattice parameter is a = 10.7793(2) A. All the
diffraction peaks could be indexed with the space group,
showing that the sample is a single phase of Bi;InNbO;.

Figure 2(a) shows the H, and CO evolutions from
Pt/CH30H/H,0O solution. The reaction stopped when the
light was turned off in this experiment, showing the ob-
vious light response. The result shows that the photocat-
alytic reaction is induced by the absorption of UV irradi-
ation. The formation rate of H, evolution was estimated
to be 170 pzmol h—1 in the first 10 h. The total amount of
Hy/catalyst (mol) was beyond 1.0 at 10 h, indicating that
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Figure 1. X-ray powder diffraction patterns of samples before and after
reactions. Inset: a comparison of patterns before and after reactions.
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the reaction seemsto occur catalytically. TheH, production
continued even after 100 h, but the formation rate of H,
evolution decreased after 10 h. Even so, the total volume
of evolved H, was attained to 12 mmol g-cat—* when this
reaction achieved 100 h, the value corresponded to 9.3 mol
ratio of H, evolution to catalyst.

The CO evolution (see figure 2(a)) was observed in
this reaction from Pt/CH3OH/H,O solution as the oxida-
tion product. The formation rate of CO evolution was esti-
mated to be 5 umol h—1. The CO evolution increases with
illumination time as does the H, evolution. However, the
formation rate of CO evolution is much lower than that of
H, evolution. The CO arises probably from decomposi-
tion of the formaldehyde, which decomposes slower than
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Figure 2. (a) Photocatalytic H, and CO evolutions on the BioInNbO;

compound from Pt/CH3OH/H,0 solution. (b) Photocatalytic H, evolution

on the Bi>InNbO; compound from pure water.
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Table 1
Rates of gas evolution and physical properties of photocatalysts.

Catalyst Type of structure Band gap  Surface area Rates of gas evolutions (zmol h—1)
(eV) (mzlg) Pt/CH30H/H,0 Ce(S04)2/H2,0  Pure H,O
Ho CcO (0]} Ho
Bi>InNbO; Pyrochlore 2.7 0.52 170 5 7 15
TiO,-P25  Anatase + rutile 32 53.8 550 15 17 1.0
methanol dehydrogenates. On the other hand, the ratios of 10x10 T T Ibef T T =
non-stationary and non-stoichiometry evolutions between Bi2InNbO7 : afm(;re
H, and CO might result from generation of CO, and other gl H=LO0T A sintered _

evolutions. It iswell known that when CH3OH isadded to a
Pt/TiO, aqueous suspension, sustained H, production is ob-
served under UV irradiation and the alcohol molecules are
oxidized to fina productions of CO,, CO, CHy, etc. [13].
The presence of oxygen vacancy defects strongly enhances
such interaction due to electron back-donation from surface
Ti®* into the 7* orbital of molecular CO [13].

The O, evolution reaction was performed in an agueous
cerium sulfate solution and the following stoichiometric re-
action occurred: 4Ce*t +2H,0 — 4Ce®t +0O,+4H+. The
agueous Ce(S0y), solution is more stable than an aqueous
silver nitrate under UV irradiation since photodeposition
of Ce** did not occur after illumination [9]. The forma-
tion rate of O, evolution is about 7 ymol h—1. This means
that the photocatalyst has potential for O, evolution from
agueous solution.

It is known that the TiO, photocatalyst has very high
photocatalytic activity under UV light irradiation. In order
to compare Bi;InNNbOy7 to TiO, photocatalyst, the TiO, pho-
tocatalyst (TiO,-P25) was tested by the same method. The
result is shown in table 1. The formation rates of H, and
CO evolutions were estimated to be 550 and 15 ymol h—1 in
the first 10 h from Pt/CH3OH/H,O solution under UV light
irradiation, respectively. The formation rate of O, evolu-
tion is about 17 zmol h—* from an agueous cerium sulfate
solution. It is noted that the formation rate of evolutions
using Bi2INNbOy is slower than that of the TiO, photocata-
lyst (TiO,-P25). This means that the activity of BiolnNbOy
is lower than that of the TiO, photocatalyst. BET meas-
urement showed that the surface area of BioInNbO; is
0.52 m?g (see table 1). This is about 1% of the value
for the TiO, photocatalyst (53.8 m?g~1). This means that
the surface area of Bi>InNbO; is much smaller than that
of the TiO, photocatalyst. Since an efficient photocatalytic
reaction process occurs on the photocatalyst surface, the
smaller surface area of the Bi>InNbO; photocatalyst might
lead to the decrease in effective photocatalytic reaction of
the photocatalyst. The study for effects of surface area on
effective photocatalytic reaction and on photocatalytic ac-
tivity is in progress, which is believed to lead to further
understanding of the new photocatalysts.

Figure 2(b) shows the H, evolution from pure water
with photocatalyst suspension under UV irradiation. The
formation rate of H, evolution was about 1.5 pmol h=!
in the first 10 h. The total volume of evolved H, was
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Figure 3. Temperature dependence of susceptibilities of samples before
and after reactions.

attained to 40 pmol g-cat—! when this reaction achieved
50 h. The TiO, photocatalyst (TiO,-P25) was tested by the
same method. The formation rate of H, evolution was about
1.0 pmol h=* in the first 10 h. It is interesting to notice
that the TiO, photocatalyst shows lower activity than that
of Bi2InNbO;. This means that although the photocatalytic
activity of TiO, photocatalyst is very high under UV light
irradiation in an aqueous solution, its photocatalytic activity
is very small in pure water.

Oxygen evolution was not observed from pure water in
this experiment using both Bi,InNbO7 and TiO,. It is com-
monly accepted that free holesin TiO, particles can gener-
ate OH radicals either on the surface or even at the aqueous
interface [14,15]. Extensive research found that there are
both physisorbed and chemisorbed oxygen moleculesin the
TiO, surface by low-energy photon irradiation [16,17]. The
physisorbed O, molecules are produced through the neu-
tralization of chemisorbed O, species by photo-generated
holes. Amy et a. found a similar result for a TiO, pho-
tocatalyst namely that the produced oxygen can be pho-
toadsorbed on the surface of the photocatalyst [18]. Very
recently, Ishibashi et al. found that under UV light illumina-
tion O, was formed on the order of 10 cm~=2 at the TiO,
surface during photocatal ytic reaction. Thisindicates a pho-
togenerated electron is mainly trapped by adsorbed oxygen
resulting in the formation of O, [19]. The photoadsorp-
tion of oxygen in the sample after pure water decomposition
was investigated by measurements of magnetic susceptibil-
ity (x). The result is shown in figure 3. The magnetic
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susceptibility of oxygen adsorbed on a solid surface was
studied by many authors and it was shown that adsorbed
oxygen undergoes an antiferromagnetic transition around
50 K [20,21]. The susceptibility is different between two
samples before and after reaction. 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 con-
ditions revealed that the susceptibility is independent of the
applied magnetic field. The fact suggests that the origin of
this anomaly is unlikely from a spin-glass-like behavior. To
understand further the origin of this anomaly, the sample af -
ter reaction was sintered at 600 °C using an electric furnace
to deoxidation. The sintered sample showed the same result
asthat of the sample before reaction (seefigure 3), the broad
peak around 50 K was disappeared after sintering. The
anomaly seen around 50 K might arise from the anitiferro-
magnetic ordering of adsorbed oxygen in the sample. The
similar result was also observed in other compounds con-
taining niobium, such as in compounds K7Nbi4.13Ps.87060
and BaNb,Ss [22,23]. Although it is not clear whether the
O, molecules photoadsorbed on the surface of the photo-
catalysts are in physisorbed and/or chemisorbed molecule
states, we speculate that the phenomenon as in TiO, takes
place on the surface of our photocatalysts. Further study of
the photoadsorption of oxygen on these samples under UV
irradiation is in progress, which is believed to supply more
concrete information.

It is known that the photooxidation/photodissolution of
a catalyst might consume oxygen. However, the reactions
generally lead to changes of crystal structure and chemical
composition of the photocatalyst. We examined the atomic
ratio and the crystal structure of these photocatalysts be-
fore and after reactions. The chemica composition and the
crystal structure of these samples after reactions were ex-
amined. We can observe from figure 1 that these samples
after reactions have not only the same crystal structure, but
also the same lattice parameter (see figure 1 inset). The
chemical composition of these samples after reactions is
also the same as that of samples before reactions. From
these experimental results we confirmed that these samples
before and after reactions have not changed in both the
crystal structure and the chemical composition.

The UV-vis diffuse reflectance spectrum of the
Bi2INNbO; compound is shown in figure 4. The band gap
of the Bi,InNbO; compound was estimated to be about
2.7 €V. The inset shows the conductivity of the BizIn
NbO; compound in the temperature range 250-650 K.
The conductivity decreases rapidly with decreasing tem-
perature, showing semiconducting behavior. The activa-
tion energy (F,) is 2.62(5) eV, according to the func-
tion ¢ = ooexp(FEa/KT), where o is the conductivity
of the Bi,InNbO; compound. The activation energy is in
good agreement with the value estimated from UV-vis dif-
fuse reflectance spectrum measurement. This means the
Bi>INNbO; compound may be a direct gap semiconductor.
Furthermore, the value of the band gap of Bi,InNbO; sug-
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Figure 4. Diffuse reflectance spectrum of the Bi;InNbO; compound. In-
set: the conductivity in temperature range of 250-650 K.

gests that the compound has ability to generate H, evolution
from water with visible light. However, the compound does
not work under visible light irradiation to directly decom-
pose pure water, even Pt/CH3zOH/H,0 solution. It isknown
that the process for photocatalysis of semiconductorsis the
direct absorption of a photon by the band gap of the materi-
als and generates electron—hole pairs in the semiconductor
particles. The excitation of an electron from the valence
band to the conduction band is initiated by light absorption
with energy equa to or greater than the band gap of the
semiconductor. Upon excitation of the photon the separated
electron and hole can follow surface of solid. However, itis
found that direct absorption of photons by band gap oxides
can generate electron-hole pairs in the solid and, gener-
ally, this is more than twice the energy gap of the material
and such excess energy requirement is common for many
oxides [24].

In summary, we have presented the evidence for pho-
tocatalytic decomposition of an agueous solution and pure
water on the Bi,InNbO; photocatalyst. Our experimental
results show that the Bi2InNbO; compound is sensitive to
UV irradiation and that it is possible to obtain H, from
both Pt/CH30OH/H,O solution and pure water. Although
Bi2INNbO; has a suitable band, the compound does not
work under visible light irradiation to directly decompose
pure water, even Pt/CH30H/H,0 solution. Modification of
the surface of the compound may be needed to increase the
responding wavelength range.

Acknowledgement

The authors would like to thank Dr. K. Sayama for his
valuable discussion and appreciate the contributions of Dr.
K. Kawaguchi, and K. Hara.

References

[1] K. Honda and A. Fujishima, Nature 238 (1972) 37.
[2] K. Tomoji and S. Tadayoshi, Nature 286 (1980) 474.



(3]
(4

(5]
(6l

(7]
(8]

(9
(10

(11]
[12]
(13]

Z. Zou et al. / Photocatalytic decomposition of water

B.S. Geoffrey and E.M. Thomas, J. Phys. Chem. B 101 (1997) 2508.
K. Yeong, S. Samer, JH. Munir and E.M. Thomas, J. Am. Chem.
Soc. 113 (1991) 9561.

K. Sayama, K. Yase, H. Arakawa, K. Asakura, K. Tanaka, K. Domen
and T. Onishi, J. Photochem. Photobiol. A 114 (1998) 125.

T. Takata, A. Tanaka, M. Hara, J. Kodo and K. Domen, Catal. Today
44 (1998) 17.

A. Kudo and H. Kato, Chem. Lett. (1997) 867.

H.G. Kim, D.W. Hwang, J. Kim, Y.G. Kim and J. Lee, J. Chem.
Soc. Chem. Commun. (1999) 1077.

E.A. Meulenkamp and A.R. Wrr, Electrochim. Acta 41 (1996) 109.
Z.Zou, J. Ye, K. Oka and Y. Nishihara, Phys. Rev. Lett. 80 (1998)
1074.

F. Izumi, J. Crystallogr. Assoc. Jpn. 27 (1985) 23.

Z. Zou, J. Ye and H. Arakawa, to be published.

L.L. Amy, L. Guanggan, T. John and J.T. Yates, J., Chem. Rev. 95
(1995) 735.

(14
[19]
[16]
[17]
(18]
[19]
[20]
[21]
(22
(23]

[24]

239

D. Lawless, N. Serpone and D. Meisdl, J. Phys. Chem. 95 (1991)
5166.

S. Goldstein, G. Czapski and J. Rabani, J. Phys. Chem. 98 (1994)
6586.

Y. Yanagisawa and Y. Ota, Surf. Sci. 254 (1991) L433.

G.Lu, L. Amy and J.T. Yates, Jr., J. Chem. Phys. 102 (1995) 3005.
L.L. Amy, L. Guanggan, T. John and J.T. Yates, J., Chem. Rev. 95
(1995) 435.

K.-I. Ishibashi, A. Fijishima, T. Watanabe and K. Hashimoto, J. Phys.
Chem. B 104 (2000) 4934.

S. Gregory, Phys. Rev. Lett. 40 (1978) 723.

V. Cannella and JA. Mydosh, Phys. Rev. B 6 (1972) 4220.

J. Xu, T. Emge, V.K. Ramanujachary, P. Hohn and M. Greenblatt,
J. Solid State Chem. 125 (1996) 192.

K. Matsuura, T. Wada, T. Nakamizo, H. Yamauchi and S. Tanaka,
J. Solid State Chem. 94 (1991) 294.

R.C. Alig and SW. Bloom, Phys. Rev. B 22 (1980) 5565.



