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Substitution Effects of In3" by AI** and Ga3®* on the
Photocatalytic and Structural Properties of the
Bi.INnNbO; Photocatalyst
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A new series of photocatalysts, Bi,MNbO; (M = AI**, Ga3", In3"), were synthesized by
solid-state reaction and characterized by powder X-ray diffraction and Rietveld structure
refinement. The substitution effect of In®" by AI** and Ga®* on the photocatalytic and
structural properties of the Bi,InNbO-; photocatalyst was investigated. These photocatalysts
crystallize in the same pyrochlore structure, but the lattice parameters decrease with
decreasing M3H(M3* = AI¥t, Ga®", In3") ionic radii. The rates of H, and O, evolution from an
aqueous methanol and cerium sulfate solution significantly increases with decreasing M3t
ionic radii under UV irradiation. The Bi,AINbO; photocatalyst exhibits much higher
photocatalytic activity than the well-known TiO, photocatalyst.

Introduction

The processes of photocatalytic decomposition of water
with the TiO, photocatalyst were extensively studied
during the past decade.!™ Photocatalysis processes
involve the initial absorption of photons by band gap of
TiO, and generating electron/hole pairs in the TiO;
surface. However, the efficiency of the photoinduced
chemistry is limited by the light absorption character-
istics of TiO,. The search for new materials with higher
activity than that of TiO; has been one of the most active
areas in heterogeneous photocatalysis.>~" However,
until now the number of photocatalysts has been
limited.

Very recently, we reported a new photocatalyst, the
Bi>InNbO; semiconductor.® The semiconductor has a
band gap of ~2.7 eV and seems to have potential to
improve the activity by modifying the electron and
crystal structures of the photocatalyst.2 BiInNbO;
belongs to the family of the A,B,0O7 compounds with the
A3t,B*T,0; pyrochlore structure. We considered that
M3t (M3T = AIRt, Ga3*, In3") and Nb%" substitution of
the B** sites in A3*,B4*,0; might cause an increase in
hole(carrier) concentration and provide a change in
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photocatalytic and photophysical properties. In addition,
a change of M3 ionic radii in the B** site might cause
a slight modification of crystal structure, resulting in
delocalization of the charge carriers. The improvement
in mobility of the charge is important for photocatalysts.
The mobility of charge affects the photocatalytic activity
because it affects the probability of electrons reaching
reaction sites on the surface of the photocatalyst. A
slight modification of the structure of the semiconductor
has a dramatic effect on the charge mobility.® However,
the effects of modification of the structure by controlling
the ionic radius of photocatalysts in order to improve
the activity of the photolysis of water have not been
reported. Here we report the synthesis, photocatalytic,
and structural characterizations of the Bi2MNbO7
(M = AIRT, Ga®*, In®*") photocatalysts. A comparison of
the photocatalytic properties of Bi,MNbO- to that of the
TiO, photocatalyst is presented.

Experimental Section

The polycrystalline samples of the Bi,MNbO; (M = AI*,
Ga®", In®") photocatalysts were prepared by solid-state reaction
with high purity grade chemicals of Biy(COz3)s, 1n203, Nb2Os,
a-Al;,03, and Ga,0s. The stoichiometric amounts of precursors
were mixed and pressed into small pellets. The pellets were
reacted on an aluminum crucible in air three times. In the
final process, the column samples were reacted for 2 days at
1100 °C.

The chemical composition of the samples before and after
the photocatalytic reactions was determined by a scanning
electron microscope X-ray energy dispersion spectrum (SEM-
EDS) with an accelerating voltage of 25 kV. The powder X-ray
diffraction (PDX) pattern of the Bi.MNbO; photocatalysts was
measured with Cu Ka radiation (A = 1.54178 A). The UV—vis
diffuse reflectance spectrum of Bi-MNbO; was measured by
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Figure 1. A comparison of XRD patterns of Bi,MNbO; (M =
AR, Ga®t, In3t) before and after photocatalytic reactions.

with a UV—vis spectrometer (MPS-2000). The surface area was
determined by BET measurement (Micrometritics, Shimadzu,
FlowPrep 060).

The photocatalytic reaction was examined using a gas-closed
circulation system and an inner-irradiation type quartz cell
with a 400 W high-pressure Hg lamp. The gases evolved were
determined with a TCD gas chromatograph, which was con-
nected with a circulating line.® 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, photocatalyst, since Pt can change the surface
properties of the TiO, photocatalyst and, hence, its photocata-
lytic behavior.1®The photocatalytic reaction was performed in
an aqueous CH3OH/H,0 solution (1.0 g powder catalyst, 50
mL CH30H, 350 mL H,0, and 0.1 wt % Pt (Pt-loading instead
of a H,PtCl,)).2 O, evolution was performed in an aqueous
cerium sulfate tetrahydrate solution (1.0 g powder catalyst,
1.0 m mol Ce(SO,)2, 400 mL H;0), since that solution is more
stable than an aqueous silver nitrate under UV irradiation.'?

Results and Discussion

Powder X-ray diffraction data of Bi,MNbO7 (M = AI3T,
Gadt, In3") were collected with a step scan procedure
in the range of 26 = 5—100°. The step interval was
0.024° and scan speed was 1° min~!. In Figure 1, the
PXD patterns of the Bi,MNbO; photocatalysts show
that Bi,MNbO; (M = AIR*, Gad*, In3") are the single
phases. This is consistent with the observation from
SEM-EDS. Although the BiMNbO; photocatalysts
showed similar PXD patterns, the 20 angles of reflec-
tions shifted with variation of M (M = AI3*, Ga3", In3t).
The 26 angle change in the PXD patterns suggests that
the lattice parameter changes with In3" being substi-
tuted by AIPT and Ga3®*. Full-profile structure refine-
ment of the collected powder diffraction data was
performed with the Rietveld program RIETAN.2 Posi-
tional parameters and isotropic thermal parameters of
Bi,MNbO; (M = AI**, Ga3", In3") were refined. The
starting parameters of the refinement were based on
the pyrochlore structure, that is, which pyrochlore

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

(11) Meulenkamp, E. A.; Wrr, A. R. Electrochim. Acta 1996, 41, 109.

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

Zou et al.

Figure 2. The schematic structural diagram of Bi.MNbO;
(M3t = AT, Ga3*, In®"). Three-dimensional network of MQOg
stacked along [001] and separated by a unit cell translation.
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Figure 3. Photocatalytic H, evolutions on Bi.MNbO7; (M =
AlRF, Ga3*, In®") and TiOy(P-25) from CH3OH/H,O solution
under UV irradiation. Cat., 1.0 g; CH3;OH, 50 mL; H,0O, 350
mL; 400 W high-pressure Hg lamp.

structure was used for initial Rietveld refinement. The
detailed investigations on the structure indicated that
they form a three-dimensional corner-sharing octahe-
dral MOg (M = AI¥T, Ga3", In3" and Nb%") in the
network structure of Bi,MNbO;. Figure 2 shows the
schematic diagram of the pyrochlore type structure of
Bi,MNbO; (M3" = AI*T, Ga3", In3"). The MOg (M = AR,
Ga®", In3®" and Nb®5") are connected into chains with the
Bi ions. Although the Bi,MNbO; (M3T= AI¥*, Ga3*, In3")
photocatalysts crystallize in the same pyrochlore-type
crystal structure, (cubic, space group Fd3m), the lattice
parameters decrease with the decreasing effective ionic
radius of M3t (M3t = AI®T, Ga3*, In3"), ARt < Ga3*t <
In3* (see Table 1). All the diffraction peaks for the Bi,-
MNbO- photocatalysts could be successfully indexed
based on the lattice parameters and the space group.

The photocatalysts were suspended in the CH3;OH/
H,0 and Ce(S0O,),/H,0 solutions, respectively. H;, evolu-
tion was generated from the CH3OH/H0O solution under
UV irradiation and the results are shown in Figure 3.
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Table 1. Rates of Gas Evolution and Physical Properties of the Photocatalysts

rate of gas evolutions

(« mol h=1)2
CHgoH/Hzob CE(SO4)2/H20
photocatalyst type of structure lattice parameter a ( A) surface area m?/g H; CO 0O,
Bi2AINbO7 pyrochlore 10.7171(2) 0.51 710 32 25
Bi.GaNbO7 pyrochlore 10.7342(2) 0.52 300 7 10
Bi,INNbO7 pyrochlore 10.7793(2) 0.51 180 5 7
TiO, (P25)° anatase + rutile 53.80 550 15 17

a Light source: 400 W high-pressure Hg lamp. Cat., 1.0 g. 0.1 wt % Pt instead of a H,PtClg was loaded on the surface of the powder

catalysts.

The formation rate of H, evolution increased signifi-
cantly with decreasing M3" ionic radii. This means that
the activity of these photocatalysts increases with
decreasing M3* ionic radii. The formation rates of H,
evolution was estimated to be 0.71, 0.3, and 0.18 mmol
gt h=1in the first 10 h for AI¥*, Ga3*, In3", respectively.
The total amount of Hy/catalyst(mol) for these photo-
catalysts was much greater than 1.0 at 10 h, indicating
that the reaction occurs catalytically. It is noted that
the formation rate of H, evolution with Bi2AINbO; is
much larger than that of the well-known TiO, photo-
catalyst (TiO,—P25, see Table 1). This means that the
activity of Bi,AINbOy is higher than that of the TiO,
photocatalyst. The CO evolution was observed as the
oxidation product in this reaction (see Table 1). How-
ever, the formation rate of CO evolution is much lower
than that of H, evolution. The ratios of nonstationary
and nonstoichiometric evolutions between H, and CO
might result from generation of CO, and other gases.
It is well-known that when CH3OH is added to a Pt/
TiO, aqueous suspension, sustained H, production is
observed under UV irradiation and the alcohol mol-
ecules are oxidized to final products of CO;, CO, CHy,
etc.® The presence of oxygen vacancy defects strongly
enhances such interaction due to electron back-donation
from surface Ti3" into z* orbitals of molecular CO.8 The
CO evolution increases with illumination time as does
H; evolution. The formation rate of CO increased with
decreasing M (M = AIR*, Ga3*, In3%), showing the same
tendency as observed in H; evolutions. The rate of CO
evolution in Bi,AINbOy is also much larger than that
in the TiO, photocatalyst.

The O, evolution reaction was performed in an
aqueous cerium sulfate tetrahydrate solution and only
the following stoichiometric reaction occurred: 4Ce**
+ 2H,0 — 4Ce3" + O, + 4H™. The aqueous Ce(SOy),
solution is more stable than aqueous silver nitrate under
UV irradiation since photodeposition of Ce®* did not
occur after illumination.* However, the reaction, 2NO3~
— 2NO;~ + O, might occur in an agueous AgNO3
solution under UV irradiation since NO3~ is unstable,
excepting the reaction, 4Ag™ + 2H,0 — 4Ag® + O, +
4H*13 The rate of O, evolution in the first 10 h
increased rapidly with decreasing M3+ ionic radii. The
results are shown in Table 1. This means that the
photocatalysts have potential for O, evolution from
aqueous solution and the activity for O, evolution
increases with decreasing M3" ionic radii. The rate of
O, and H; evolution for Bi,AINbO- is larger than that
of the TiO, photocatalyst from CH3;OH/H,O solution.

(13) Tada, H.; Hattori, A.; Tokihisa, Y.; Imai, K.; Tohee, N.; Ito, S.
J. Phys. Chem. B 2000, 104, 4585.

It is known that the photooxidation/photodissolution
of a catalyst might consume oxygen. However, such
reactions generally lead to changes of crystal structure
and the chemical composition of photocatalyst. We
examined the atomic ratio and the crystal structure of
these photocatalysts before and after reactions. The
chemical composition of the photocatalysts was deter-
mined using characteristic X-rays of Al Lo, Ga La, In
La, Nb Lo, and Bi Ma. The composition content was
decided using the ZAF quantification method. The SEM-
EDS analysis showed that the compounds have a
homogeneous atomic distribution. The crystalline grains
of the samples have a maximum size of about 6.0 um.
The atomic ratio of these photocatalysts was confirmed
by XRFS (X-ray fluorescence spectrometer) measure-
ment. The observation is in agreement with results of
SEM-EDS analysis. Oxygen content was calculated from
the EDS results.® All samples before and after the
reactions have similar chemical composition according
to the observation of SEM-EDS and XRFS analyses.
There is no chemical reaction between the samples and
the containing crucibles. There are no changes of Bis-
MNbO; (M = AI¥T, Ga3*, In3") before or after photo-
catytic reactions from PXD patterns as shown in Figure
1. From these experimental results we confirmed that
the photocatalysts before and after photocatalytic reac-
tions have not changed in either crystal structure or
chemical composition.

The effect of UV illumination was also investigated.
Figure 4 shows the results for response to UV illumina-
tion for Bi,AINbO-. The reaction stopped when the light
was turned off, showing the obvious light response. This
result shows that the photocatalytic reaction is induced
by the absorption of UV irradiation. The reaction was
stopped after 30 h for the first time, and the reacted
solution was deflated again, then re-reacted. The activ-
ity did not exhibit obvious decrease with reaction time.
This suggests that the photocatalytic activity of Bi,-
AINDbOy is stable under UV irradiation.

We investigated the light absorption properties of
Bi,MNbO; (M = AI®*, Ga3*, In3*) photocatalysts. Figure
5 shows the result of diffuse reflection spectra. The onset
of diffuse reflection spectra of these photocatalysts
showed an obvious shift to lower wavelength with
decreasing M3* ionic radii. The band gaps of the Bi,-
MNDbO7 photocatalysts were estimated to be about 2.9,
2.75, and 2.7 eV, respectively, from the onset of diffuse
reflection spectra (Figure 5). Thus, the band gaps of
these photocatalysts increase with decreasing M3* ionic
radii. The band structure of oxides is generally defined
by d-level and O 2p-level. Scaife examined that the
valence band energy should be assumed by the O
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Figure 4. Response of UV light and reappearing reaction for
BiAINbO7 in CH30OH/H;0 solution. Cat., 1.0 g; CH3;OH, 50
mL; H,O, 350 mL; 400 W high-pressure Hg lamp.
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Figure 5. Diffuse reflectance spectrums of Bi,MNbO; (M =
ARt Ga®*, In®") synthesized by a solid-state reaction at 1100
°C.

2p-levels in MOg and the conduction band assumed by
d-levels in MOg when the compound contains octahedral
MOg.2* The process for photocatalysis of semiconductors
is the direct absorption of photons by the band gap of
the materials and generation of electron—hole pairs in
the semiconductor particles. The excitation of an elec-
tron from the valence band to the conduction band is
initiated by light absorption with energy equal to or
greater than the band gap of the semiconductor. Upon
photon excitation the separated electron and hole can
follow along the surface of the solid. If the conduction
band potential level of semiconductor is more negative
than that of hydrogen evolution, and the valence band
potential level is more positive than that of oxygen
evolution, decomposition of water can occur even with-
out applying electric power. The potentials of the
conduction band of Bi,MNbO; (M = AR, Ga3*, In3)
should be more negative than that of hydrogen evolution
and the potentials of the valence band should be more
positive than that of oxygen evolution, leading to H, and
O, evolutions from aqueous solutions. The valence band
potentials of the photocatalysts should be the same

(14) Scaife, D. E. Sol. Energy 1980, 25, 41.
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because Bi,MNbO; (M = AI**, Ga3*, In3t) have the same
crystal structure. The little difference of band gaps in
the photocatalysts might result from that of conduction
band. The conduction band of Bi,MNbO; (M=AI3*, Ga3*,
In3+) should be slightly changed toward negative since
the band gaps of Bi,MNbO- increase with decreasing
M3+ ionic radii. The surface areas of the photocatalysts
are the same as shown in Table 1. It is hard to consider
that the differences of the surface areas led to the
observed differences of the photocatalytic activity. Thus
the difference in the photocatalytic activity of the
photocatalysts may be mainly due to the differences of
conduction bands. This hypothesis is consistent with
Figure 3 where the photocatalytic activity increases
with the increasing band gaps (Figure 5).

Xu et al.’®19 have studied the electronic conductivity
of niobate compounds consisting of chains/layers of
NbOs octahedron. They found that the [NbOgs]y chains
favor the formation of a narrow conduction band and a
possible delocalization of the charge carriers. Conductiv-
ity measurements suggest that photogenerated electron—
hole pairs in Bi,InNbO; can move easily in this direc-
tion.8 The mobility of electron—hole pairs affects the
photocatalytic activity, because it affects the probability
of electrons and holes reaching reaction sites on the
surface of the photocatalysts. This suggests that al-
though the photocatalysts have similar structures, the
movement of electrons may be easier in the bond of
M—0O—M in Bi;AINbO; than in Bi.GaNbO; and Bis-
INNbO-, due to differences in M—O—M bond angles.
Kudo et al.?® found similar results of the photocatalytic
activity in layered perovskite structures Sr,Ta,O; and
Sr,Nb,O7 consisting of MOg (M = Nb°*, Ta%") octahe-
dron. They found that the bond angles of M—O—M in
Sr,Ta,O; are close to an ideal pervoskite structure,
while the M—O—M bond angles in Sr,Nb,O- are twisted.
The photocatalytic activity of Sr,Ta,O- is higher than
that of SroNb,O7 because the photogenerated electron—
hole pairs in Sr,Ta,07; can move more easily than in
SroNb,O7. The study of the influence of crystal structure
on luminescent properties of tantalates and niobates
showed that the closer the bond angle of M—O—M is to
the the ideal 180° the more the excitation energy is
delocalized.2°=22 This means that the bond angle of
M—0O—M is one of the most important factors affecting
the photocatalytic and photophysical properties of semi-
conductors.

It is interesting to note that Bi,MNbO7 show photo-
absorption in the visible light region (1 > 420 nm), but
the photoabsorption is weak. This means that the
photocatalysts have the ability to respond to wave-
lengths in the visible light region. However, these
photocatalysts do not work under visible light irradia-
tion (A > 420 nm) in our experiment. Alig et al. have
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shown that direct absorption of photons by the band gap
of oxides can generate electron—hole pairs in the
solid.16.17 However, the energy of requirement is gener-
ally higher than the band gap of the oxides, due to the
fact that in the process of splitting water into H, and
O, by photocatalysis at least 4 holes and 2 electrons are
necessary on the surface of the photocatalysts. This
suggests that much larger energy than the band gap is
necessary for splitting water into H, and O, by photo-
catalysis. To remove the separated electrons and holes
from the photocatalysts to the surface, two ways are
possible: One is modification of the surface of the
photocatalysts, which may assist modification of the
energy levels of the electron and hole. The other is direct
increase of the energy of light. BET measurement
showed that the surface areas of Bi,MNbO7 (M = AI3*,
Ga®t, In3") are 0.51(3), 0.52(1), and 0.51(5) m?g, re-
spectively. This is about 1% of that of the TiO, photo-
catalyst (53.80(2)) m?/g. On the other hand, the SEM
analysis showed that the powder particle size is so large,
a maximum size of about 6.0 um. Since an efficient
photocatalytic reaction process occurs on the photocata-
lyst surface, the smaller surface area of the Bi,MNbO;
(M = AR, Ga3*, In3") photocatalysts might lead to the
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decrease of effective photocatalytic reaction. The study
of the effects of surface area on the photocatalytic
reaction and on the range of responding wavelength is
in progress.

In summary, the change of M3* ionic radii in Biy-
MNDbO; (M = AI3T, Ga3", In3") pyrochlore could cause
the change of carrier concentration and a slight modi-
fication of structure. It might cause change of conduction
band of the photocatalysts and delocalization/localiza-
tion of the carriers. The lattice parameters decrease
with decreasing M3* ionic radii. However, the activity
of the Bi,MNbO; (M = AlI**, Ga3", In3") photocatalysts
strongly increased with decreasing M3* ionic radii. The
study of modification of structure by controlling the ionic
radius in photocatalysts for improving the activity will
provide useful information on the mechanism of pho-
tocatalysts and also on making photocatalysts with high
activity.
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