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A combinatorial approach was used to systematically investigate the photocatalytic activities of different
kinds of ABOs-type oxides (A =Y, La, Nd, Sm, Eu, Gd, Dy, Yb; B = Al, In). Two novel photocatalysts,
cubic YInO; and perovskite YAIOs;, were identified rapidly. Scale-up experiments confirmed that the two
photocatalysts, especially the YInOj;, had excellent photocatalytic activity for toluene oxidation and water

splitting under visible-light irradiation.

Introduction

In the past 10 years, the development of visible-light driven
photocatalysts has attracted much attention for the efficient
utilization of solar energy or indoor artificial light in the
splitting of water and degradation of organic pollutants. Until
now, research efforts have mainly focused on the modifica-
tion of TiO,, an ultraviolet (UV) light photocatalyst, by
shifting its absorption band into the visible range.' > A few
efforts have been carried out on the development of new
materials with intrinsic visible photocatalytic activity. In this
field, recent significant work of Zou, Domen and Inoue et
al.*”7 are representative of such successful examples. They
have developed a series of new materials to exhibit a strong
photocatalytic effect on water splitting and organic contami-
nant degradation under the visible-light irradiation, such as
IngoNiyTaOy4 and (Ga;-,Zn,)(N;-,O,).

The binary oxides with the general formula ABO; have
various crystalline structures and show special physical
chemical properties, which offer a promising matrix for
the chemical substitution. Substitution in both A and B
sites can change the composition and symmetry of the
oxides and creates cations or oxygen vacancies, which
have a major influence on the band structures, as well as
the photocatalytic behavior of these materials.®>® For
example, some oxides with ABOj;-type perovskite structure,
such as SI'TIO';, ATaO'; (A = Ll, Na, K), MCO[/3Nb2/303 (M
= C(Ca, Sr, Ba), etc., have been found to show high
photocatalytic activity.'®"'* These reported materials are
mainly composed of alkali metal or alkaline-earth metal (A-
site) and transition metal (B-site) ions. Little attention has
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been paid to the photocatalytic properties of rare earth ion
substituted materials. On the other hand, there have been
limited reports about the influence of a cation in an A-site
on the properties and structures of ABOs-type photocatalysts,
since a covalent bond between B-site cation and oxygen is
believed to be a main factor in determining the electronic
structure as well as catalytic properties of photocatalysts.'> !>
In the present study, we have investigated the visible light-
induced photocatalytic activities of different kinds of ABO;-
type compounds (A =Y, La, Nd, Sm, Eu, Gd, Dy, Yb, B =
Al and In). However, such a systematic search involves a
lot of time-consuming synthesis and characterization efforts
using the traditional one-at-a-time approach. To accelerate
the search for advanced photocatalysts, here a combinatorial
strategy, by which large collections of compounds were
synthesized and screened in a materials library simulta-
neously for a particular physical or chemical property, was
adopted. For the “lead compounds” screened out from the
library, the scale-up experiments were carried out and their
structures and photocatalytic properties were studied.

Experimental Section

The materials library containing ABOs-type (A =Y, La,
Nd, Sm, Eu, Gd, Dy, Yb, B = Al and In) compounds were
synthesized by a parallel solution combustion synthesis
technique developed in our group.'® Compared with the
solid-state reactions, solution-combustion synthesized pow-
ders are generally more homogeneous, have fewer impurities,
and have higher surface area. The synthesis of library was
as follows: The precursor solutions (>99.99% purity) of 1.0
mol +L™! nitrates and 2.0 mol-L ™! glycine C,H;NO, were
dispensed into the microwells on a ceramic substrate in a
stoichiometric ratio of combustion reaction. The as-deposited
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library was placed in an ultrasonic tester for 30 min and then
left in air for more than 24 h for diffusion. After that, the
library was placed in an electrical furnace at 473 K for 30
min. The temperature was then increased to 673 K at a rate
of 3 K+-min ™. Solution combustion (SC) reactions took place
in every microwell during this period. Finally, the library
was annealed at 1373 K for 12 h. Element analysis results
indicated that no residual organic or carbon were found in
the final products. The amount of the synthesized samples
in each well was kept constant (12 mg). The yields of the
SC reactions under the present conditions were about 90%.

The photocatalytic degradation of methylene blue (MB)
was used as the model reaction to screen the photocatalysts
library. Because the powders in the ceramic library are hard
to characterize, additional steps were adopted to transfer the
powders to a poly(tetra-flouro-ethylene) (PTFE) library. The
microwells in the PTFE library were 10 mm in diameter and
5 mm in depth. The amount of the photocatalyst in the each
well was about 12 mg. Then 0.2 mL MB solution with a
concentration of 20.1 umol-L~! was dispensed into each
well. The initial pH values of the solutions in the microwells
were nearly 7. The library was exposed to sunlight for
photocatalytic reaction. Because of the photolysis of MB
itself in the visible region, the fading rate of MB cannot
represent the true performance of the photocatalyst. But as
all the samples in the library were measured under the same
conditions, the photocatalysts library can be screened rapidly
in a parallel mode by comparing the fading rates of MB
solution in each well.

For the “leads” screened out from the library, the bulk
samples were synthesized, and their photocatalytic activity
for gaseous toluene oxidation and water splitting under
visible-light irradiation was investigated. The experiments
were performed using a closed gas circulation system and
an outside-irradiation type reactor. The optical system used
for the photocatalytic 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 cutoff 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 it entered the reactor cell. To
eliminate any thermal effect, a water jacket was used to keep
the temperature of the solution constant at room temperature
by flowing cooling water. For the toluene oxidation, 0.35 g
photocatalyst powder was placed at the bottom of a Petri
dish inside the reactor. The reaction gas mixture consisted
of 175 ppmV toluene, 22% O, and N, balance gas and 23%
relative humidity. The CO, and toluene 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
aqueous solution containing 0.25 mol-L~! Na,S and 0.25
mol+L~! Na,SO; as the sacrificial agents. The H, evolved
was analyzed on a TCD gas chromatograph (Shimadzu GC-
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Figure 1. Photos of the library containing MB solution before (a)
and after being exposed to the sunlight for about 150 min (b).

14C, TCD sensitivity =5000 mVmL/mg (benzene), equipped
with a carboxen 1000 column).

Results and Discussion

Figure 1 presents the photograph of the library before and
after the photocatalytic reaction. After irradiation under
sunlight for about 150 min, the color of the solutions
containing YInO; and YAIO; changed from deep blue to
colorless, while that of the others showed no significant
change. The result indicated that the YInO; and YAIO; had
a much higher photofading activity for MB solution than
that of the others. The high-throughput method introduced
here provides a low-cost, easy to handle, and powerful tool
to screen for better photocatalysts.

X-ray diffraction (XRD) results showed that the compound
of composition YInO; in the library crystallized in pure cubic
structure, while the YAIO; in the library was impure and
contained two other compounds Y3Al50,, and Y4Al,Oy. For
further study, the scale-up experiments were performed. The
bulk samples YInO;, Y;Als0,, and Y4Al,Oy were synthe-
sized by the combustion of aqueous redox mixtures compris-
ing stoichiometric amounts of nitrates and fuel C,HsNO,.
Taking YInOj; as an example: 0.958 g Y(NO3); * 6H,0, 0.955
g In(NO;)3+9/2H,0 and 0.625 g C,HsNO, were dissolved
in 20 mL deionized water. The solution was left in air more
than 24 h for diffusion. After that, the mixed solution was
placed in an electrical furnace at 473 K for 30 min, and then
slowly heated to 673 K within 30 min. During this time, a
spontaneous combustion process took place and a fluffy
powder was formed. The chemical reaction in the combustion
can be represented by the following equation.

3Y(NO,), + 3In(NO,), + 10C,H,NO, = 3YInO, +
25H,0 + 20C0O, + 14N,
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Figure 2. XRD patterns of the synthesized bulk samples: (a) YInOs,
(b) YAIOs;, (¢) Y4AL O, (d) Y3Al5012.

Finally, the powders were annealed at 1373 K for 12 h.
The synthesis of bulk YAIO; was slightly different from the
above samples. The pure phase YAIO; can be obtained by
the SC method with a 25% of stoichiometric excess of
nitrates.

Figure 2 presents the XRD patterns of these synthesized
bulk samples. The bulk YInO; had a cubic structure, same
as that of the sample in the library. The YAIO; had an
orthorhombic perovskite structure, while the Y;Als0,, and
Y,4ALOq structures were cubic and monoclinic, respectively.

Photocatalytic degradation of organic compounds is an
important branch of the broader subject of photocatalysis.'” '
Toluene is a typical volatile organic compound (VOC) and
a major indoor and industrial air pollutant. Under the action
of photocatalyst, toluene was first oxidized to intermediate
compounds such as benzaldehyde and benzoic acid, which
was further decomposed to final products CO, and H,0.%%!
A schematic of the possible degradation path of toluene is
shown?'
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In the present study, the photocatalytic activity of the
synthesized bulk samples for toluene oxidation was measured
under visible-light irradiation and the results were illustrated
in Figure 3. The removal ratio and mineralization ratio of
toluene was calculated from the toluene and CO, concentra-
tions in the effluent gas, respectively. The cubic YInO;
showed excellent activity for toluene oxidation. Its toluene
removal ratio and mineralization ratio were 71% and 41%,
respectively. The discrepancy between the removal ratio and
mineralization ratio is due to the fact that some of the reaction
intermediates are stable and hardly oxidized compared with
toluene.” The perovskite structure YAIO; exhibited con-
siderable activity, whereas other two Y—AI—O samples:
Y;Als0p, and Y4AlLOy showed negligible photocatalytic
activity.

The water decomposition on the synthesized bulk YInO;
and YAIOj; under visible-light irradiation was also measured.
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Figure 3. Removal ratio and mineralization ratio of the toluene
after 360 min irradiation on the photocatalysts.
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Figure 4. Photocatalytic activities of 0.5 wt % Pt-dispersed
photocatalysts for water splitting under visible-light irradiation.
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Figure 5. UV—vis diffuse reflectance spectra of the YInOj; (solid
line) and YAIO; (dash line).

Pt was used as a promoter to modify the photocatalysts by
an incipient impregnation method using chloroplatinic acid
as metal precursor. After impregnation, the samples were
dried at 383 K for 24 h, and then reduced at 573 K in pure
H, flow for 2 h. Figure 4 shows the photocatalytic activities
of 0.5 wt % Pt-dispersed catalysts for water decomposition
under visible-light irradiation. The YInOj; exhibited excellent
activity for water splitting with the dispersion of Pt. Its
formation rate of H, evolution was 18.88 umol-h'g~ ...
In contrast, the activity of the Pt-dispersed YAIO; was
relatively low. The stability of the YInO; and YAIO; was
tested by recycling the photocatalysts two times in the toluene
oxidation and water splitting, respectively. No significant loss
of activity was observed. Furthermore, XRD analysis dem-
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onstrated that the crystal structure of the photocatalysts did
not change after reactions (not shown). The apparent quantum
efficiency for H, evolution over the 0.5 wt % Pt/YInO; was
measured using a band-pass filter (1 = 420 nm, half-width:
12 nm). The measured value was estimated to be ~0.65%.
These results indicated that the screened two samples,
especially the YInOs, were stable and effective photocatalysts.

The UV —vis diffuse reflectance spectra of the YInO; and
YAIO; are presented in Figure 5. The YInOs, with significant
photocatalytic activity, has weak light absorption ability in
visible region. This suggested that the YInO; may have low
recombination probability of photoexcited electron and hole
and excellent charge transfer ability to the surface of the
photocatalyst. For YAIO;, no absorption edge was observed
in the diffuse reflectance spectra with 4 > 200 nm. Previous
studies also reported that the band gap of YAIO; single
crystal is about 7 eV.?* This indicated that the YAIO; is not
a typical semiconductor material. Its photocatalytic activity
may be due to the fact that the material has strong absorption
in visible region, as shown in Figure 5. Further studies on
the geometric and electronic structures of the photocatalysts
are in progress and will be reported elsewhere.

Conclusion

In a summary, the photocatalytic activities of different
kinds of ABOs-type compounds (A =Y, La, Nd, Sm, Eu,
Gd, Dy, Yb, B = Al and In) were studied by a combinatorial
method. Among these compounds, two novel photocatalysts:
cubic YInO; and perovskite YAIO; were identified rapidly,
which showed high activities for toluene oxidation and water
splitting under visible-light irradiation. Furthermore, the
photocatalysts had stable crystal structure and photocatalytic
performance. The work gives some insight into the study of
new visible-light-driven photocatalysts. The combinatorial
method also provides a low-cost, easy to handle, and
powerful tool for screening better photocatalysts.
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