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Abstract A type of Caln,0O, particle was synthesized at
a relatively low temperature by a solution-combustion
method using calcium nitrate and indium nitrate as oxi-
dizers and glycine as a fuel, followed by a high-temperature
postannealing, during which the nanometric grains of the
as-combusted Caln,O,4 powder self-assembled into nano-
capsules, and subsequently the nano-capsules linked end to
end to form the regular Caln,O4 rods with the diameter of
300 nm and the length of about 2 pm. The Caln,O,4 rods
showed significantly higher photocatalytic activity for
methylene blue degradation and toluene oxidation under
visible-light irradiation than that of the sample synthesized
by the conventional solid-state reaction. Particularly, the Pt-
dispersed Caln,0,4 rods exhibited excellent photocatalytic
activity for water decomposition under visible-light irradi-
ation. The high crystallization degree, low impurity level
and relatively large surface area of Caln,O4 rods were
considered as the important factors for its high photocata-
lytic performance.
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1 Introduction

The development of visible-light induced photocatalyst is
of great importance for the efficient utilization of solar
energy or indoor artificial light in the photocatalytic deg-
radation of organic pollutants and splitting of water. Until
now, most of the related studies have been focused on the
modification of TiO,, an ultraviolet (UV) light photocata-
lyst, to shift its absorption band into the visible range [1-3].
A few efforts have also been carried out on the develop-
ment of new materials with intrinsic visible photocatalytic
activity, represented by the recent significant work of Zou
and Domen et al. [4-7] in which a series of new semi-
conductor oxides were developed to exhibit a strong
photocatalytic effect on water splitting and organic con-
taminant degradation under the visible-light irradiation,
such as IngoNiy TaO4 and (Ga;_,Zn,)(N;_,O,).

More recently, Inoue and Zou et al. have demonstrated
that the p-block metal oxides of MIn,04 (M = Ca, Sr, Ba)
have good photocatalytic activity for degrading organic
pollutants such as methylene blue (MB) under visible-light
irradiation or splitting of water into hydrogen and oxygen
by the dispersion of RuO, under the UV irradiation [8—14].
The p-block metal oxides are electronically composed of
octahedrally coordinated metal ions with the d'® configu-
ration. Among these oxides, the Caln,O, shows the highest
photocatalytic activity because the material has the small-
est radii of ion and similar InOg octahedra network
structure, which is beneficial for the photoelectrons trans-
fer. Solid-state reaction (SSR) is the conventional method
widely used for preparing these materials, during which the
oxides of the starting materials are mixed together followed
by being calcined at high temperature for a sufficient length
of time [15]. Due to the evaporation of In,O; above
1,273 K [16], the SSR method is difficult to synthesize
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pure phase Caln,O,4. Furthermore, the method does not mix
various components at the molecular level so that the
agglomeration may occur, which often producing an
extremely low surface area and more lattice defects.

In order to provide fundamental understanding of the
crystal chemistry of these materials and achieve improved
properties, some researchers have attempted to prepare
these materials using special processing techniques, such as
the co-precipitation or combustion [11, 15], which are
useful either in the reduction of the synthesis temperature
or to better control over the particle size. Using the co-
precipitation method Inoue et al. synthesized a kind of
Caln,0O, particles with better photocatalytic activity than
that of the sample prepared by the SSR method [11].
Combustion synthesis was found to be successful in pre-
paring many metastable phases and also conventional
materials at low temperature [17]. Esther Dali et al. [15]
prepared a kind of Caln,O4 by a combustion method using
the urea as fuel. However, the resulting Caln,O, was
impure with a small amount of CaO and In,O; still
remaining after calcination at 1,323 K for 6 h. In the
present study, a kind of pure Caln,O, particle was prepared
at a relatively low temperature by a modified solution-
combustion (SC) method. The following high-temperature
treatment made the nanometric particles grow into regular
Caln,0,4 rods. The obtained sample was characterized by
XRD, TEM, BET, UV/Vis diffuse reflectance spectra and
its photocatalytic performances for MB degradation, tolu-
ene oxidation and water decomposition under visible-light
irradiation were investigated.

2 Experimental
2.1 Catalysts Preparation

Caln,0,4 sample was synthesized by the combustion of an
aqueous redox mixture of stoichiometric amounts of cal-
cium nitrate, indium nitrate and glycine, followed by a
high temperature postannealing. The detailed procedure
was as follows: 0.945 g Ca(NOs), - 4H,O, 3.055 ¢
In(NO3);3 - 9/2H,0 and 1.334 g C,HsNO, were dissolved
in 20 ml deionized water. The mixed solution was kept at
473 K for 30 min, and then slowly heated to 573 K in
30 min. During this period, a spontaneous combustion
took place and a fluffy powder was formed. The chemical
reaction in the combustion can be represented by the
following equation:

40
Ca(NO3), + 2In(NO3); + -5-CoHsNO,
100 80 56

= Caln,O4 + —H,0 + —CO, + —N
aln, O4 + 9 2 +9 2+9 2
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The fluffer was annealed at 1,373 K for 12 h in air. An
intermediate sample for TEM investigation was annealed at
the same temperature for 2 h. For comparison, a Caln,Oy4
sample was synthesized by the conventional SSR method
as reported in literature [8—10, 18]. The sample was finally
calcined at 1,373 K for 24 h in air.

2.2 Characterization Methods

X-ray diffraction (XRD) patterns were measured with a
Rigaku D/max-yA rotation anode diffractometer with Cuy,,
radiation (4 = 0.15418 nm). The BET surface area was
determined by an adsorption method (Micromeritics ASAP
2000) with N, as the adsorbent. Transmission electron
microscopy (TEM) images were taken on a HitachiH-800
TEM operating at 200 kV. The UV/Vis diffuse reflectance
spectrum was measured on a UV/Vis spectrometer (Sol-
idSpec-3700, Shimadzu, Japan).

2.3 Measurement of Photocatalytic Activity

The photocatalytic activity of the prepared Caln,O4 for MB
degradation, toluene oxidation and water decomposition
under visible-light irradiation was investigated. For the MB
degradation, 0.36 g Caln,0, synthesized either from SSR
or SC methods (as combusted or annealed) was suspended
in 120 ml MB solution with a concentration of 20.1
pmol L™" in a Pyrex glass cell. The initial pH value of the
solution was near 7. The optical system used for the pho-
tocatalytic reaction consisted of a 300 W Xe arc lamp
(PLS-SXE300, ChangTuo Ltd, China), a wavelength-
selective beamsplitter (infrared transmission, visible/UV
reflection) and an UV cut-off filter. The effective output
power of the Xe arc lamp is 47 W. The light of the lamp
was first reflected by the beamsplitter, and then passed
through the filter before entering the Pyrex glass cell. To
eliminate the thermal effect, a water jacket was used to
keep the solution’s temperature constant at room temper-
ature by flowing cooling water. Before the reaction, the
prepared suspension was magnetically stirred for about
30 min in the dark to eliminate the adsorption effect. The
concentration changes of MB were monitored by measur-
ing the absorbance at A = 665 nm with a portable fiber
spectrometer (Model SD2000, Ocean Optics). The
absorption spectrum of the solution before and after reac-
tion was measured on a UV/Vis spectrometer (SolidSpec-
3700, Shimadzu, Japan). The concentration of SO42*
anion, one of the main products of MB degradation, was
measured by an ion chromatograph with a conductivity
detector (IC1010, Techcomp).

The toluene oxidation and water splitting experiments
were performed using a closed gas circulation system and
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an outside-irradiation type reactor. The same optical sys-
tem and water jacket mentioned above were employed. The
photocatalytic decomposition of toluene was performed
with 0.35 g of the photocatalyst powder placed at the
bottom of a Petri dish inside the reactor; the reaction gas
mixture consisted of 175 ppm toluene, 22% O, and N,
balance gas and 23% relative humidity. The CO, and tol-
uene concentrations in the effluent gas were measured with
a gas chromatograph (Kexiao GC-1690) equipped with a
thermal conductivity detector (TCD), a flame ionization
detector (FID) and a methane converter. The splitting of
water was carried out with 0.35 g photocatalyst powder
suspended in 120 mL pure water of CH;0H aqueous
solution (CH;OH: 20 mL; H,O: 100 mL). The H, evolved
was analyzed on a TCD gas chromatograph (Shimadzu
GC-14C, TCD sensitivity >5,000 mV mL mg_1 (ben-
zene), equipped with a carboxen 1000 column). The
apparent quantum efficiency was measured using a band-
pass filter (A = 420 nm, half-width: 12 nm). The calcula-
tion equation is shown as follows:

D) = No. of reacted electrons

= X
No. of indicent photons
_ No. of evolved H, molecules x 2

x 100

No.of incident photons

Here, @ is the apparent quantum efficiency, where it is
assumed that all incident photons are absorbed by the
photocatalyst.

3 Results and Discussion

The XRD patterns of the as-combusted fluffer, the post-
annealed powder and the sample synthesized by the
conventional SSR method are shown in Fig. 1. Basically,
they showed almost the same diffraction peaks, all of
which can be indexed into the orthorhombic phase of
Caln,0,4 (PDF No. 17-0643). Further comparison showed
that the XRD patterns of the as-combusted fluffer and the
postannealed powder were smoother than that of the SSR
method derived sample, indicating a better crystallization.
The results showed that the pure phase of Caln,O, can be
synthesized at a relatively low temperature by the modified
SC method.

The microstructure of these samples was investigated
using the TEM technique. As shown in Fig. 2a, the Caln,0,
synthesized by the conventional SSR method had an irreg-
ular shape with size of ~600 nm while the as-combusted
Caln,0, fluffer showed a fine spherical shape with size of
~90 nm (Fig. 2b). After calcination, the Caln,0O, particles
had a regular shape of rod, as shown in Fig. 2c. The average

Intensity / a.u

20 30 40 50 60 70
20 / degree

Fig. 1 XRD patterns of the samples. (a) synthesized by the SSR
method; (b) as-combusted and (c¢) postannealed at 1,373 K for 12 h

b,é"

4
- -

600nm 200nm

c d
i! 500nm Z’S()nm\

Fig. 2 TEM images of Caln,0y,. a synthesized by the SSR method; b
as-combusted; ¢ postannealed at 1,373 K for 12h and d an
intermediate in the postannealing (1,373 K for 2 h)
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diameter and length of the rods was about 300 nm and 2 pm,
respectively. To reveal the formation of the rods, TEM
image of an intermediate that was postannealed at the same
temperature for only 2 h was taken and shown in Fig. 2d.
This image clearly demonstrated that the nanometric grains
of the as-combusted fluffer self-assembled into nano-cap-
sules first, then the nano-capsules linked end to end to form
the final rods during the postannealing. Similar self-
assembling behavior has been reported in solution synthesis
but was rarely observed, to our best knowledge, in the
postannealing of solid powders. The asymmetric crystal
structure of Caln,O,4 and the instantaneous high temperature
in the combustion may play an important role in the for-
mation of the rods. Further studies are undergoing on the
growth mechanism of the rods. The BET surface area of the
SSR sample, the as-combusted Caln,O, fluffer, and the
Caln,0O4 rods were 0.95, 10.9 and 2.14 m?> g_l, respec-
tively. The Caln,O4 derived from SSR method had the
lowest surface area. The as-combusted Caln,O, fluffer, as
expected, showed the largest surface area. After high-tem-
perature postannealing, the surface area of the obtained
Caln,O, rods decreased significantly.

Figure 3 shows the UV/Vis diffuse reflectance spectra of
the SSR derived Caln,O, powder, the as-combusted fluffer
and the postannealed Caln,O, rods. The SSR derived
Caln,0,4 had the similar absorption characteristics with that
of the literature’s sample prepared by the SSR or co-pre-
cipitation methods, in which two absorption edges were
clearly identified [8, 11]. For the as-combusted Caln,O4
fluffer, only a broad and smooth absorption band was
observed in the region of 290450 nm. After calcination,
the absorption edge of Caln,O4 rods became steeper. The
steep absorption edge suggested that the Caln,O4 rods had
a low impurity level. Compared with the SSR derived

Absorbance / a.u.

n 1 n 1 1 1 1 1 n 1 L
200 300 400 500 600 700 800
Wavelength /nm

Fig. 3 UV/Vis diffuse reflectance spectra of the SSR derived
Caln,0, powder (dotted line), the as-combusted fluffer (dash line)
and the postannealed Caln,O,4 rods (solid line)

@ Springer

sample, the absorption onset of Caln,O,4 rods shifted to
shorter wavelength, which may be attributed to the quan-
tum-size effect because of the smaller particle size [19].
The photocatalytic activities of the three kinds of
Caln,O,4 for the MB degradation under visible-light irra-
diation were tested under the same conditions. Figure 4
shows the MB concentration as the function of visible-light
irradiation time for the three photocatalysts. A dark
experiment without light irradiation was carried out (not
shown) and no degradation of MB was observed without
light irradiation. The MB photolysis, namely without the
photocatalyst, was also performed under the same condi-
tions. It was obvious that the photolysis rate of MB was
much lower than that of the MB degradation over the
Caln,0,4 samples, proving that the prepared materials were
active for MB photocatalytic degradation under visible-
light irradiation. The as-combusted Caln,0,4 fluffer showed
a higher activity than that of the Caln,O, derived from the
SSR method. The Caln,O4 rods, although their surface
areas decreased remarkably, exhibited the best perfor-
mance for MB degradation. It took only 90 min to
decompose the MB dye in the solution under visible-light
irradiation. The effects of calcination temperature and time
on the photocatalytic activities of the SC method derived
Caln,0,4 were investigated. Figures 5 and 6 show the MB
concentration of the solution after 90 min irradiation on the
Caln,0,4 with different calcination temperature and time,

MB concentration /umol/L

Time /min

Fig. 4 Concentration of MB dye as functions of the visible light
irradiation time. () MB photolysis; (A) synthesized by the SSR
method; (O) as-combusted Caln,0, and (@) Caln,0,4 rods
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MB concentration /umol/L

Calcination temperature

Fig. 5 MB concentration of the solution after 90 min irradiation on
the Caln,O,4 calcined at different temperature. (a) original solution;
(b) as-combusted fluffer; (¢) 973 K for 12 h; (d) 1,073 K for 12 h; (e)
1,173 K for 12 h; (f) 1,273 K for 12 h; (g) 1,373 K for 12 h; (h)
1,473 K for 12 h; (i) 1,573 K for 12 h

20

15+

10 -

MB concentration /pmol/L

e i
Fig. 6 MB concentration of the solution after 90 min irradiation on
the Caln,O,4 calcined at 1,373 K with different time. (a) original

solution; (b) 1,373 K for 2 h; (¢) 1,373 K for 6 h; (d) 1,373 K for
12 h; (e) 1,373 K for 24 h; (f) 1,373 K for 48 h

b
c
. d

Calcination time

respectively. It can be seen that when increasing the cal-
cination temperature or time, the photocatalytic activities
of the Caln,O, for MB degradation increased initially,
followed by a rapid decrease. The optimal calcination
conditions were 1,373 K for 12 h. The results can be
attributed to the joint effect of surface area and crystalli-
zation of particles [11]. The high-temperature treatment
produced a low surface area, but meanwhile, through
crystallization, eliminated the impurities and structural
imperfections that act as recombination sites for photoex-
cited charges. The absorbances of the MB solution before
and after the photocatalytic reaction of Caln,O,4 rods were
analyzed by a UV/Vis spectrometer. As shown in Fig. 7, all
the absorption peaks of MB disappeared and no new peak
was observed in the solution after reaction, indicating that

Absorbance / a. u.

ol . .
200 300 400 50 600 700 800
Wavelength / nm

Fig. 7 The absorption spectra of MB solution before (solid line) and
after the photocatalytic reaction (dotted line)

the aromatic rings and conjugated n-system in MB did not
exist [8]. The solutions before and after the photocatalytic
reaction of Caln,O,4 rods were also analyzed using the ion
chromatography. The concentration of SO4>~ anion, one of
the main mineralization products of MB degradation, was
detected to be 0 and 9.65 pmol L™ in the solution before
and after the photocatalytic reaction, respectively. This
result indicates that 48% of the sulfur in MB was converted
into sulfate, which is in good agreement with the result
reported in references [8, 20]. These findings clarify that
the MB was decomposed rather than absorbed over the
Caln,0,4 rods under visible-light irradiation. Subsequently,
the Caln,0,4 photocatalysts were employed to decompose
the gaseous toluene under visible-light irradiation. During
the photocatalytic degradation, toluene was first oxidized to
intermediate compounds such as benzaldehyde and benzoic
acid, which was further decomposed to become final
products CO, and H,O [21, 22]. In the present study, the
toluene removal ratio and mineralization ratio of three
kinds of Caln,O4 photocatalysts were measured and pre-
sented in Fig. 8. The Caln,0O4 rods showed much higher
activity than other two samples. Its toluene removal ratio
and mineralization ratio were 74 and 66%, respectively,
more than four times than that of the SSR derived sample.
The discrepancy between the removal ratio and minerali-
zation ratio is due to the fact that some of the reaction
intermediates are stable and hardly oxidized compared with
toluene [23].

The water decomposition on the synthesized Caln,Oy4
rods under visible-light irradiation was also measured.
Previous studies have demonstrated that the Caln,Oy4
combined with RuO, can split water under UV irradiation
[11, 14]. In the present study, the Pt was used as the
promoter to modify the Caln,O4 and the photocatalytic
activity for water decomposition under visible-light
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Fig. 8 Removal ratio and mineralization ratio of the toluene after
360 min irradiation on the Caln,O,4
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Fig. 9 Photocatalytic activities of 0.5 wt% Pt-dispersed Caln,O,
catalysts for water decomposition under visible-light irradiation

irradiation was investigated. The Pt-dispersed Caln,O4 was
prepared by an incipient impregnation method using chlo-
roplatinic acid as metal precursor. After impregnation, the
sample was dried at 383 K for 24 h, and then reduced at
573 K in pure H, flow for 2 h. Figure 9 shows the photo-
catalytic activities of 0.5 wt% Pt/Caln,O, catalysts for
water decomposition under visible-light irradiation. The
combustion derived catalysts, especially the Caln,O, rods,
exhibited excellent activity for water decomposition with
the dispersion of Pt. The formation rate of H, evolution over
the Pt-dispersed Caln,O4 rods were 1.23 pumol h! gc_a{,
approximately 24 times higher than that of the SSR derived
Caln,0,. The presence of methanol further increased the H,
production rate up to 6.92 umol h™'gz,. The changes in the
photocatalytic activity with the amount of Pt dispersed on
Caln,O, rods are presented in Fig. 10. In the absence of Pt,
the photocatalytic activity was negligible. The addition of Pt
significantly promoted the H, production. The activity
increased with increasing the Pt loading and reached the
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Fig. 10 Photocatalytic activities of Pt-dispersed Caln,O, rods as a
function of Pt amount

maximum at Pt loading of 0.5 wt%. Further increase
resulted in a remarkable activity fall. The apparent quantum
efficiency for H, evolution over the 0.5 wt% Pt/Caln,O,4
rods was estimated to be ca. 0.24%. The Caln,0, rods were
recycled two times in the above photocatalytic reactions and
no significant loss of activity was observed. The crystal
structure and color of the photocatalyst also did not change
after reactions. These results indicated that the Caln,O, rods
synthesized by SC method were a stable and effective
photocatalyst.

Zou and Ye et al. [9] investigated a series of MIn,Oy4
(M = Ca, Sr, Ba) visible-light response photocatalysts and
found that the Caln,O,4 showed the highest activity although
its light absorption ability was weak. The reason was that the
Caln,0,4 had excellent photoelectrons transfer ability due to
its distorted InOg octahedra structure. Sato and Inoue et al.
[12] reported the distorted InOg octahedra had a significant
dipole moment which can promote the charge separation.
The materials composed of the uniform InOg octahedra
network are beneficial to the charge transfer to surface of the
materials. Furthermore, the same authors reported that the
well-crystallized Caln,O4 led to high photocatalytic per-
formance due to the elimination, through crystallization, of
impurities and structural imperfections that act as recom-
bination sites for photoexcited charges [11]. For the
presented Caln,O, photocatalyst, the regular rod shape of
particles, as well as the XRD and diffuse reflectance spectra
results, demonstrated that the synthesized Caln,O4 had a
high crystallization degree and low impurity level, which
can decrease the recombination probability of photoexcited
electron and hole and improve the charge transfer ability to
the surface of the photocatalyst. Beside that, the relatively
large surface area of Caln,O,4 rods was also the important
factor for its high photocatalytic activity. Further studies on
electronic and crystal structures of the Caln,O,4 rods are in
progress and will be reported elsewhere.
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4 Conclusion

In this study, a solution-combustion method was developed
to prepare a kind of Caln,O4 nano-particle at low tem-
perature followed by a high-temperature treatment which
made the nanometric particle grow into regular Caln,Oy4
rods with the diameter of 300 nm and length of 2 um
through a self-assembling behavior. Due to the high crys-
tallization, low impurity level and large surface area, the
Caln,04 rods showed significantly higher photocatalytic
activity for MB degradation and toluene oxidation under
visible-light irradiation compared with the sample synthe-
sized by the conventional SSR method. Furthermore, with
the dispersion of Pt, the Caln,O,4 rods exhibited an excel-
lent photocatalytic activity for water decomposition under
visible-light irradiation.
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