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MIn2O4 (M ) Ca, Sr, Ba) semiconductors were synthesized by a simple solid-state reaction
and characterized by X-ray diffraction (XRD), scanning electron microscope (SEM), and UV-
visible spectrometer. The substitution effects of M2+ ion on the structural and photocatalytic
properties for methylene blue (MB) dye degradation were first investigated systematically.
It was found that when M goes from Ca to Ba, the crystal structure of these materials changed
from orthorhombic to monoclinic structure, resulting in a systematic variation of the
photophysical and photocatalytic properties of these materials. Among these semiconductors,
CaIn2O4 showed the highest activity in a wide wavelength range of visible light up to 580
nm. The representative product of the MB degradation, SO4

2-, was examined and indicated
that MB was partially mineralized on MIn2O4 (M ) Ca, Sr, Ba). The pH value of MB solution
and the synthesized temperature of the photocatalyst were also found to have a significant
effect on the photocatalytic activity of these materials. The possible reaction pathway was
suggested.

1. Introduction

Photocatalytic degradation of organic compounds for
the purpose of purifying dye wastewater from industries
and households has attracted much attention in recent
years.1-5 The desired effect in this process is that
photogenerated holes in a semiconductor photocatalyst
oxidize the organic pollutant via intermediate products
to inorganic substances, such as Cl-, SO4

2-, NO3
-, and

so on. The dye wastewater contains many dyes con-
taminants.6 Among them, methylene blue (MB) is often
considered as a model dye contaminant.1,6-8 Although
there were numerous reports of photocatalytic MB
degradation over the TiO2-based photocatalysts, most
of the studies were performed under UV light irradia-

tion.6,7 Recently, Zhao et al. reported that some dyes
could be degraded under visible light irradiation on TiO2
by a self-photosensitized process;9 however, MB is
exclusive. Up to now, there were only few reports of MB
dye degradation under visible light irradiation, like that
of Asahi et al. with a reduced TiOx (TiO2-xNx) or Li et
al. with a Au-TiO2 photocatalyst.1,10 Furthermore, the
efficiency is limited by the light absorption character-
istics of the TiO2-based photocatalysts. To utilize ef-
ficiently the solar or artificial light irradiation, it is
indispensable to develop a new visible-light-driven
photocatalytic material with high activity.

So far, a number of photocatalysts containing InO6
like AgInW2O8 and InMO4 (M ) Ta, Nb, V) were
reported to show an activity for water splitting under
light irradiation,11,12 where the InO6 octahedral chains
were considered to favor a possible mobility of charge
carriers and enhance the photocatalytic activity. Very
recently, we found that MB could be degraded on
CaIn2O4 under visible light irradiation.13 Substitution
of Ca2+ with other elements, such as Sr2+ or Ba2+, might
induce a slight modification of crystal structure because
of the different ion radii, resulting in dramatic influence
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on the mobility of the charge carrier. The mobility of
the charge carrier is closely relevant to the photocata-
lytic activity of a material, because it affects the
probability of electrons reaching the reaction active
sites.14 Few reports exist on the effects of changing the
ionic radius of the materials on their photocatalytic
activity for organic decomposition and structural prop-
erties. Here, a series of MIn2O4 (M ) Ca, Sr, Ba) were
synthesized, which all contain InO6 octahedral chains.
Sato et al. found some of these materials had an activity
for water splitting under UV light irradiation.15 In the
present work, a systematic investigation on the photo-
catalytic and structural properties of MIn2O4 (M ) Ca,
Sr, Ba) was performed. Their activity to purify dye
wastewater was observed in detail under visible light
irradiation, where MB was selected as a model dye
contaminant. The effects of material preparation and
reaction condition on the photocatalytic and structural
properties of MIn2O4 (M ) Ca, Sr, Ba) were also
investigated. A possible photocatalytic pathway was
suggested on the basis of the understandings of the
photocatalytic and photophysical properties of MIn2O4
(M ) Ca, Sr, Ba).

2. Experimental Section

2.1. Materials. MIn2O4 (M ) Ca, Sr, Ba) semiconductors
were prepared by a solid-state reaction method. MCO3 (M )
Ca, Sr, Ba) and In2O3 were purchased from Wako Pure
Chemical Industries, Ltd., and then mixed with 1:1 molar ratio
in an ethanol solution. The mixtures were dried at 353 K for
5 h and calcined at 1173 K for 12 h. Then, the calcined samples
were reground vigorously and blended. Finally, they were
sintered at 1323 K for 12 h in air. To observe the effect of
sintered temperature on the physical and photoactive proper-
ties of the material, another CaIn2O4 sample was sintered at
1273 K for 34 h in air and designated as CaIn2O4-1273.

2.2. Characterization. The crystal structure of the materi-
als was determined by a powder X-ray diffraction (XRD)
method (volt, 35 kV; current, 300 mA), where a copper target
was used (Cu ΚR radiation, λ ) 0.154 178 nm). UV-visible
diffuse reflectance spectra of the samples were measured by
UV-visible spectrometer (UV-2500, Shimadzu, Japan). The
surface area of the samples was determined by BET measure-
ment on nitrogen adsorption at 77 K (Micromeritics Automatic
Surface Area Analyzer Gemini 2360, Shimadzu, Japan) after
the pretreatment at 573 K for 2 h. Scanning electron micros-
copy (SEM) images of the samples were obtained in a JEOL
JSM 5400 operated at 15 kV.

2.3. Photocatalytic Behavior. The optical system used for
the photocatalytic reaction consisted of a 300 W Xe arc lamp,
which focused the light onto the reaction cell, a cutoff filter
(providing the visible light of different wavelength), and a
water filter (preventing from thermal catalytic effect). The
photocatalytic reaction was carried out with 0.3 g of powdered
photocatalysts suspended in 100 mL of MB solution in a Pyrex
glass cell. MB solution was prepared with MB powder and
distilled water. Its concentration was about 15.3 mg/L. Titania
was commercially available Degussa P-25. All experiments
were conducted at room temperature in air. The slurry samples
including the photocatalyst and MB solution were separated
by syringe-driven filter unit (Millex, Millipore Corp.). The
solution was analyzed by a UV-visible spectrometer (UV-2500,
Shimadzu, Japan).6,8 The product of MB degradation was
determined by an ion chromatograph with a conductivity
detector (LC-10ADsp Ion Chromatograph, Shimadzu).

3. Results and Discussion

3.1. Structural and Physical Properties. The XRD
patterns of MIn2O4 are shown in Figure 1. From the
profile simulation on the basis of the previous works,
all these oxides are basically single phases, except a
small amount of In2O3 impurity.16,17 The lattice param-
eters of these materials were refined by the least-
squares method. The results of the refinement are
represented in Table 1. With increasing the ionic radii
of M (from Ca to Sr to Ba), not only lattice parameters
but also crystal structure types of the materials changed.
XRD analysis revealed that CaIn2O4 and SrIn2O4 have
a similar crystal structure, which belongs to an ortho-
rhombic symmetry. When Ca2+ was replaced by Sr2+,
all the peaks in the XRD patterns shifted toward a
smaller degree, indicating an increase in the lattice
parameters of these materials, in agreement with the
above-mentioned refinement results. On the other hand,
BaIn2O4 has a monoclinic crystal structure.17 The
structural features of CaIn2O4 and SrIn2O4 (see Figure
2a) are the presence of two kinds of distorted InO6
octahedra.16,18 The InO6 octahedra are connected to form
the pentagonal prism tunnel by sharing corner and
edge, and Ca or Sr is located in the middle of the tunnel.
BaIn2O4 consists of several kinds of InOx polyhedra (see
Figure 2b), including the distorted InO6 octahedra. InOx
polyhedra are connected to form a network by sharing
corner, edge, and side, and Ba is located in the network.

It’s known that key factors controlling a photocatalytic
reaction involve mainly the abilities of (1) adsorption
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Figure 1. XRD patterns of MIn2O4 (M ) Ca, Sr, Ba): (a)
BaIn2O4, (b) SrIn2O4, and (c) CaIn2O4. (1): In2O3 peak.

Table 1. Lattice Parameters of Different Semiconductors

semicond

ionic
radii of

M2+ (nm)
crystal

structure
space
group

lattice
parameter

(nm)

cell
volume
(nm3)

CaIn2O4 0.099 orthorhombic Pnam a ) 0.9650 0.3505
b ) 1.1305
c ) 0.3213

SrIn2O4 0.113 orthorhombic Pnam a ) 0.9828 0.3685
b ) 1.1493
c ) 0.3262

BaIn2O4 0.135 monoclinic P21/a a ) 1.4432 1.6408
b ) 2.0769
c ) 0.5826
â ) 110.02°
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of the reactant on the surface of a material and (2) light
absorption by the material as well as the migration of
the light-induced electrons and holes. The former is
strongly dependent on the surface area of the material.
The latter is relevant to the electronic structure char-
acteristics of the material. Table 2 lists the BET surface
area of MIn2O4 and the most well-known TiO2 photo-
catalyst P-25. Compared to the large surface area of
P-25 (49.41 m2/g), that of these examined oxides is much
smaller (∼0.8 m2/g). Figure 3 represents the SEM
images of the samples. It is clear that the particle size
of the sample is about 1 µm, in good agreement with
their measured surface area. As a typical example, the
adsorbed amount of MB on CaIn2O4 was measured after
keeping the equilibrium for 1 h in the adsorption-
desorption process. The adsorption amount of MB over
P-25 was also measured. The former was only 0.38 mg
of MB/g of catalyst, the latter was 1.08 mg of MB/g of
catalyst. These results were consistent with the surface
areas of the two semiconductors.

The photoabsorption abilities of these materials were
detected by UV-visible diffuse reflectance spectra (UV-
vis DRS). The spectra are shown in Figure 4. All MIn2O4
presented the photoabsorption properties from UV light
region to visible light region shorter than 480 nm.
Although the fundamental aspect among them was
similar in the visible light region, there is the slight
difference of profile for MIn2O4, which was probably
decided by the structural difference due to the different
ionic radii of M2+. The color of these oxides was
yellowish, as predicted from their photoabsorption
spectra, which are correlated with their band structure.
The band structure of a transition metal oxide is
generally defined by the d level of the transition metal
and O 2p level.19 However, for the metal oxides contain-
ing a metal ion with d10 electronic configuration, the
conduction band is not formed by its d level. Theoretical
calculations showed that the band features of the
indium oxides with InO6 octahedra were dominated by
the O 2p level and the In 5s level.20,21 Therefore, the
band structures of MIn2O4 were suggested to be com-
posed of In 5s levels (conduction band, CB) and O 2p
levels (valence band, VB). The photoabsorption ability
of these photocatalysts was due to the electronic excita-
tion from the O 2p orbital to the In 5s orbital. For a
crystalline semiconductor, it was shown that the optical
absorption near the band edge follows the equation22

where a, ν, Eg, and A are absorption coefficient, light
frequency, band gap, and a constant, respectively.
Among them, n decides the characteristics of the transi-
tion in a semiconductor. According to the equation, the
values of n for these indium oxides were determined to
be 4 from the data in Figure 4. This means that the
optical transitions for these indium oxides are all
indirectly allowed.

3.2. Photocatalytic Behaviors. The MB degrada-
tion over these materials under visible light irradiation
(wavelength λ > 420 nm) was investigated first. Figure
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Figure 2. Schematic crystal structure of (a) SrIn2O4 and (b)
BaIn2O4.

Figure 3. SEM images of (a) CaIn2O4 synthesized at 1323 K,
(b) SrIn2O4 synthesized at 1323 K, and (c) CaIn2O4 synthesized
at 1273 K.

Table 2. Physical Properties of Different Semiconductors
and Their Photocatalytic Behaviors under Visible Light

Irradiation (λ > 420 nm)

semiconductor

surface
area

(m2/g)

MB adsorption
(mg of MB/

g of catalyst)

initial rate of MB
degradn per surf.
area (mg/h‚m2)

SO4
2-

concn
(mg/L)

P-25 49.41 1.08 2.75 × 10-2 0
CaIn2O4-1273 1.27 9.47
CaIn2O4 0.86 0.38 8.33 2.66
SrIn2O4 0.84 3.10 1.87
BaIn2O4 0.79 2.13 1.30

Figure 4. Diffuse reflectance spectra of (a) BaIn2O4, (b)
SrIn2O4, and (c) CaIn2O4.

a ) A
(hν - Eg)

n/2

hν
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5 represents the variation of MB concentration vs
reaction time over a series of MIn2O4. It was obvious
that MB was degraded over all photocatalysts under
visible light irradiation. However, the photocatalytic
activities of these catalysts were distinct from each
other. As shown in this figure, the most interesting
result was the complete degradation of MB over CaIn2O4
after 120 min of irradiation. SrIn2O4 showed the inter-
mediate ability and BaIn2O4 the lowest one. This
activity difference among the three photocatalysts was
possibly due to their variation of the above-mentioned
structural characteristics.

As a comparison, MB degradation over P-25 and MB
photolysis without any photocatalyst (namely, the
photobleaching of MB) were also observed under the
same condition. The results are shown in Figure 6. It
could be seen that the variation of MB concentration
over P-25 was similar to that in MB photolysis. This
suggested that P-25 was inactive to MB photocatalytic
degradation under visible light irradiation, which was
consistent with the results of Asahi et al.1 Altogether,
MB degradation over the MIn2O4 photocatalysts was
remarkable, whereas the photobleaching of MB and MB
degradation over TiO2 were negligible under visible light
irradiation (Table 2), although alizarion red dye, orange
II, and rhodamine B dye were reported to be degraded
over TiO2 under visible light based on a dye-photosen-
sitized process.9,23,24 The color of the MB solution was

also observed during the photocatalytic reaction (Figure
7). After irradiation for 120 min, the color changed from
deep blue to colorless for CaIn2O4 and changed a little
for P-25. The results were in good agreement with the
activities of the photocatalysts.

The anion SO4
2- is one of the main products of MB

mineralization. It can be used to distinguish if MB was
degraded. The SO4

2- ion concentration in the solution
was determined by ion chromatography and is listed in
Table 2. It was 2.66 mg/L after the 120 min photocata-
lytic reaction over CaIn2O4 (namely, nearly 60% of MB
was mineralized), 1.87 mg/L over SrIn2O4 (nearly 42%
of MB was mineralized), 1.30 mg/L over BaIn2O4 (nearly
30% of MB was mineralized), and 0 mg/L over P-25.
These results indicated that MB was degraded over
MIn2O4 rather than bleached under visible light ir-
radiation.

To examine the photocatalytic stability of the semi-
conductors, the used CaIn2O4 photocatalyst was em-
ployed again to degrade MB under visible light (λ > 420
nm). It was found that the used CaIn2O4 photocatalyst
showed an activity similar to that of the fresh one,
implying that the photocatalytic activity of CaIn2O4 was
repeatable. XRD patterns analysis of MIn2O4 before and
after photocatalytic reaction also showed that the crystal
structure of the semiconductor did not change, suggest-
ing that MIn2O4 were stable in the photocatalytic
reaction.

3.3. Effects of Reaction Condition and Material
Preparation. The pH value is a complex parameter,
since it is related to the state of the material surface,
which affects the adsorption of MB on the material.6 The
effect of pH value on the photoreaction was investigated
over BaIn2O4, and the results are represented in Figure
8. In the alkaline solution (pH was nearly 10), the
activity of BaIn2O4 was higher than that in the neutral

(23) Liu, G.; Wu, T.; Zhao, J.; Hidaka, H.; Serpone, N. Environ. Sci.
Technol. 1999, 33, 2081.

(24) Qu, P.; Zhao, J.; Shen, T.; Hidaka, H. J. Mol. Catal. A: Chem.
1998, 129, 257.

Figure 5. MB degradation over MIn2O4 (M ) Ca, Sr, Ba)
semiconductors under visible light (λ > 420 nm) at room
temperature in air: 9, BaIn2O4; 2, SrIn2O4; and [, CaIn2O4.

Figure 6. MB photolysis (O) and MB degradation over P-25
(b) under visible light (λ > 420 nm) at room temperature in
air.

Figure 7. Photos of the solution before and after the photo-
catalytic reactions: (a) MB solution before the reaction, (b) MB
solution after the reaction over CaIn2O4, (c) MB solution before
the reaction, and (d) MB solution after the reaction over P-25.
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solution (pH was nearly 7), which was consistent with
the results obtained by Houas et al. under UV light
irradiation,6 indicating that the pH value of the solution
obviously affected the activity of the photocatalyst.
Because MB dye is in its cationic form in the solution,
an alkaline solution is beneficial to MB adsorption on
the material surface. Therefore, it is reasonable that the
activity of the semiconductor was enhanced in the
alkaline media. Similar results were reported by Zhang
et al. for the photocatalytic decomposition of eosin.25

The effects of the synthesis temperature of CaIn2O4
on its activity are shown in Figure 9. The results
revealed that the temperature during the synthesis of
the material clearly affected its photocatalytic activity.
The surface area and SEM images of CaIn2O4 synthe-
sized at different temperature were observed and are
listed in Table 2 and Figure 3, respectively. The particle
size of the two samples looks to be similar, while the
surface area of CaIn2O4 synthesized at 1273 K (CaIn2O4-
1273) was 1.27 m2/g and that synthesized at 1323 K was
only 0.86 m2/g. Hence, the synthesis temperature of the
material obviously affected its surface area and then its
photocatalytic activity (See the initial reaction rate in
Table 2). The surface area of the present material was
nearly 1 m2/g, which was 2% of the surface area of P-25.

Considering the great effect of the surface area of the
sample on its activity, the nanosized materials with the
very large surface area are being investigated further.

3.4. Wavelength Dependence and Reaction Path-
way. The wavelength dependence of the photocatalytic
activity of a semiconductor is often used to distinguish
if the reaction is really driven by light. Here, the light
wavelength (λ) dependence of MB degradation was
observed from full arc (without filter) to λ g 580 nm
using different cutoff filters (Figure 10). If a reaction is
driven by light, the variation of the light wavelength
will affect directly the amount of photons entering the
reaction system and then the photocatalytic properties.
In the present work, it is obvious that the variation of
the photocatalytic properties over CaIn2O4 was closely
relevant to that of light wavelength, suggesting that MB
catalytic degradation over CaIn2O4 was truly driven by
light. Meanwhile, the photocatalyst showed a very high
photocatalytic activity both in the UV light region
(nearly 100% MB degradation) and in the visible light
region (nearly 80% MB degradation, λ > 420). Even
when the cutoff filter of 580 nm was employed, the
photocatalyst still kept a high activity, while Asahi et
al. found that TiO2-xNx lost its activity when the light
wavelength was longer than 500 nm.1 These results
indicated that the photocatalyst had a novel photocata-
lytic performance under the wide visible light region.
The SO4

2- concentration in the solution was determined
when changing the visible light wavelength. The results
are listed in Table 3. The data were basically consistent
with the results in Figure 10, which suggested that MB
was mineralized clearly under visible light irradiation.
Similar phenomena were also observed on the other
samples in addition to CaIn2O4. However, their activity
was much lower than that of CaIn2O4.

The photocatalytic reaction involves (1) the adsorption
of the reactants, (2) the generation of photoelectrons and
photoholes in the photocatalyst, and (3) the transfer of
photogenerated charge carriers (including holes and
electrons) and the utilization of the charge carriers by
the reactants.2,15 MIn2O4 showed the action of adsorbing

(25) Zhang, F.; Zhao, J.; Shen, T. Hidaka, H.; Pelizzetti, E.; Serpone,
N. Appl. Catal. B 1998, 15, 147.

Figure 8. MB degradation with different pH value over
BaIn2O4 under visible light irradiation (λ > 420 nm); 9, pH
value approximately 7; 0, pH value approximately 10.

Figure 9. MB degradation over CaIn2O4 synthesized at ([)
1323 K and (]) 1273 K under visible light irradiation (λ >
420 nm).

Figure 10. Wavelength dependence of MB conversion with
different cutoff filters after light irradiation for 70 min over
CaIn2O4 at room temperature in air.

Table 3. SO4
2- Ion Concentration in the Solution after

MB Degradation over CaIn2O4 with Different Cutoff
Filters

filter (nm) 420 480 540 580
SO4

2- (mg/L) 2.66 2.20 1.65 1.10
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MB and the ability of absorbing visible light, which
could cause the transition of the electrons from VB
(O 2p) to CB (In 5s) in the photocatalysts. So it can be
visualized that MB was degraded within a certain
wavelength range of visible light over MIn2O4. Figure
4 showed that the light absorption by the oxides
occurred dominantly when λ < 480 nm. Namely, MB
can be photocatalytically degraded when the wavelength
is shorter than 480 nm (process 1 in Figure 11).

Meanwhile, CaIn2O4 also showed the activity when
the light wavelength was much longer than 480 nm,
where it absorbed poorly the light radiation. It is well-
known that MB dye can absorb the whole range of
visible light, which is attributed to the ground state and
the excited state of the dye.26 So the materials absorbing
light irradiation should be MB and MIn2O4 together in
the present work. Among them, MB was the main
material absorbing light irradiation when λ g 480 nm.
MB photolysis results (in Figure 6) have revealed that
MB without any photocatalysts was not degraded
greatly under visible light irradiation. Therefore, the
existence of MIn2O4 was indispensable for the photo-
catalytic degradation of MB, even if the light wavelength
was longer than 480 nm. When λ g 480 nm, the
photocatalytic origin was attributed to the photocataly-
sis of MIn2O4 assisted by MB dye adsorbed on the
MIn2O4 surface. The detail of the origin was that MB
dye absorbed the incident photon flux. Then the pho-
togenerated electrons were transferred to the excited
state of the dye owing to the intramolecular π-π*
transition and the dyes were oxidized. The photoelec-
trons of the excited state were immediately injected into
CB (In 5s level) of MIn2O4. Then, the photoelectrons in
CB were captured by O2 and the oxidized dyes were
degraded via several intermediates (process 2 in Figure
11). The process might be similar to the surface sensi-
tization of semiconductor via adsorbed dyes.7,26,27 Alto-
gether, process 1 (dotted line, the direct photocatalytic
action of the photocatalysts) and process 2 (solid line,
the photocatalytic action of the photocatalysts assisted
by adsorbed MB dye) in Figure 11 would work when

the light wavelength was shorter than 480 nm, while
only process 2 worked when the light wavelength was
longer than 480 nm.

In the present work, the variation of photocatalytic
properties of MIn2O4 might be due to the radii difference
of the M2+ ion (M ) Ca, Sr, Ba), which influenced the
crystal structures and the potential levels of the pho-
tocatalysts.15 Alternatively, Kudo et al. found that
substitution of M+5 (M ) Ta, Nb) in Sr2M2O7 greatly
affected the mobility of the charge carrier.28 Zou et al.
also reported that the mobility of the electrons increased
upon decreasing the ionic radii of M in Bi2MNbO7 (M
) Al, Ga, In). Meanwhile, the photocatalytic activity of
Bi2MNbO7 (M ) Al, Ga, In) for H2 evolution increased
when decreasing the ionic radii of M.14 In the present
work, similar results were found for MB degradation
on MIn2O4 (M ) Ca, Sr, Ba). This means that the
variation of photocatalytic properties of MIn2O4 might
also be attributed to the effect of the mobility of the
charge carriers caused by the radii difference of the M2+

ion (M ) Ca, Sr, Ba). So, this research provided an
understanding of the relationship between the ionic
radii of M2+ and the photocatalytic activity of the
semiconductor. Research of the intermediates in the
process of MB dye degradation over these materials is
in progress.

4. Conclusions

MIn2O4 (M ) Ca, Sr, Ba) semiconductors were syn-
thesized as the photoactive materials containing InO6
octahedral structure. The crystal structure of these
materials changed upon increasing of M2+ ionic radius,
which resulted in a systematic variation of their pho-
tophysical and photochemical behaviors for MB dye
degradation. Product analysis during MB degradation
revealed that synthesized MIn2O4 were very active
photocatalysts for MB mineralization under visible light
irradiation, while MB photolysis and P-25 photocataly-
sis were negligible under the same condition. Especially,
MB was degraded completely on CaIn2O4 after irradiat-
ing for 120 min over at a wide range of visible light
irradiation up to 580 nm. A possible pathway of the
photocatalytic reaction was suggested that involved the
direct photocatalytic action of the semiconductors and
the photocatalytic action of the semiconductors assisted
by adsorbed MB dye. Altogether, the present work
provides useful information on the pathway of photo-
catalytic dye degradation and synthesizing a promising
photocatalytic material with high activity for dye waste-
water treatment under visible light irradiation.
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Figure 11. Possible pathway of the photoelectrons transfer
excited by visible light irradiation, including process 1 (dotted
line) and process 2 (solid line).
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