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Abstract Y,GaSbO-, and Y,YbSbO, were synthesized by
solid state reaction method for the first time. The crystal-
linity, composition, bandgap, morphology, and grain size of
Y,GaSbO; and Y,YbSbO, were characterized by a series of
analytical techniques. The lattice parameter a for Y,GaSbO,
was found to be 10.17981(1) A, and the lattice parameters
for Y,YbSbO; were found to be a = 10.49741(9) A, b=
7.45088(3) A, ¢ = 7.47148(7) A, respectively. The values
of band gap for Y,GaSbO; and Y,YbSbO; were calculated
to be 2.245 and 2.521 eV, respectively. The photocatalytic
degradation of rhodamine B (RhB) with Y,GaSbO; or
Y,YbSbO; as photocatalyst was investigated under visible
light irradiation. The results showed that Y,GaSbO; and
Y,YbSbO, owned higher photocatalytic activity compared
with Bi,InTaO;. Moreover, Y,GaSbO; showed higher
photocatalytic activity compared with Y,YbSbO, for the
photocatalytic degradation of RhB. The photocatalytic
degradation of RhB followed the first-order reaction kinet-
ics. The first-order rate constant, k£, was 0.01817, 0.01341,
and 0.00329 min~' for Y,GaSbO,, Y,YbSbO,, and
Bi,InTa0;, respectively. Complete removal of RhB was
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realized after visible light irradiation for 220 or 240 min
with Y,GaSbO; or Y,YbSbO, as photocatalyst. The
reduction of the total organic carbon and the evolution of
CO, were also realized and these results indicated the con-
tinuous mineralization of RhB during the photocatalytic
process with Y,GaSbO- or Y,YbSbO5 as photocatalyst. The
possible photocatalytic degradation pathway of RhB was
revealed under visible light irradiation. Methylene blue and
neutral red could be degraded efficiently with Y,GaSbO; or
Y,YbSbO; as photocatalyst under visible light irradiation.

Introduction

N-containing dyes are extensively used in textile dying,
paper printing, and other industrial processes. However, the
effluent of N-containing dyes is extremely difficult to be
removed owing to their resistance to conventional waste-
water treatment processes such as biodegradation technol-
ogy. Furthermore, N-containing dyes underwent natural
reductive anaerobic degradation and potentially carcino-
genic aromatic amines [l, 2] which caused a threat to
human health were yielded. Photocatalysis is an environ-
mental friendly technique compared with the traditional
methods and dyes can be decomposed into water and car-
bon dioxide effectively by photocatalysis technique. In
recent years, photocatalytic degradation of organic com-
pounds was widely investigated in the field of environ-
mental pollution control. As a result, related researches and
developments were tremendous [3-22]. For photocatalytic
process, photocatalysts are of great importance. Currently,
most studies from researchers focused on novel photocat-
alysts and visible light response photocatalysts.

Among all kinds of N-containing dyes, rhodamine B
(RhB) is an important representative dye. RhB was widely
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used as a colorant, a photosensitizer, and an active medium
in dye lasers [23, 24]. Many researchers utilized RhB as a
probe contaminant to evaluate the activity of a photocata-
lyst both under ultraviolet light irradiation [25-29] and
under visible light irradiation [30-33].

In our published paper [34], Bi,InTaO; which crystal-
lized with the pyrochlore-type structure were found to have
photocatalytic activity under visible light irradiation and it
seemed to have potential for activity improvement upon
modification of the structure of Bi,InTaO-. Along this line, it
can be postulated that the substitution of Ta>" by Sb>*, the
substitution of In>* by Yb>* or Ga>*, and the substitution of
Bi** by Y** may lead to an increase in carrier concentration
and may result in the improvement of the photocatalytic
properties. According to our work [35] and other research-
ers’ work [36-38], the photocatalysts which contained the
element of Y, Yb, Ga, or Sb showed high photocatalytic
activity. Thus, we synthesized Y,GaSbO; and Y,YbSbO,
for the first time and their structural, photophysical, and
photocatalytic properties were investigated in detail.
Moreover, a comparison of the photocatalytic properties
among Y,GaSbO,, Y,YbSbO-, and Bi,InTaO; was carried
out to elucidate the structure—photocatalytic activity rela-
tionship in these newly synthesized compounds.

Experimental

Two novel photocatalysts, Y,GaSbO,; and Y,YbSbO,,
were synthesized by solid state reaction method. Y,Os,
szOs, G3203, Yb203, Bi203, In203, and Ta205 with purity
of 99.99% (Sinopharm Group Chemical Reagent Co., Ltd,
Shanghai, China) were used as raw materials. All powders
were dried at 200 °C for 4 h before synthesis. In order to
synthesize Y,GaSbO-, the precursors were stoichiometri-
cally mixed, subsequently pressed into small columns, and
put into an alumina crucible (Shenyang Crucible Co., LTD,
China). Finally, the sample was calcined at 1320 °C for
65 h in an electric furnace (KSL 1700X, Hefei Kejing
Materials Technology CO., LTD, China). Similarly,
Y,YbSbO, was prepared by calcination at 1320 °C for
65 h, and Bi,InTaO; was prepared by calcination at
1050 °C for 46 h.

The crystal structures of the samples were analyzed by
X-ray powder diffractometer (D/MAX-RB, Rigaku Co.,
Japan) with CuKo radiation (4 = 1.54056). The par-
ticle sizes of the photocatalysts were measured by
Malvern’s mastersize-2000 particle size analyzer (Malvern
Instruments Ltd, UK). The particle morphology of the
photocatalysts was measured by transmission electron
microscope (TEM, Tecnal F20 S-Twin, FEI Corporation,
USA). The chemical composition of the photocatalysts was
determined by scanning electron microscope-X-ray energy
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dispersion spectrum (SEM-EDS, LEO 1530VP, LEO
Corporation, Germany). The O°~, Y°T, Ga’', Yb*™,
and Sb>" contents of Y,GaSbO,; and Y,YbSbO, were
determined by X-ray photoelectron spectroscopy (XPS,
ESCALABMK-2, VG Scientific Ltd, UK). The optical
absorption was examined by UV-vis spectrophotometer
(Lambda 40, Perkin-Elmer Co., USA). The surface areas
were measured by the Brunauer—-Emmett-Teller (BET)
method (MS-21, Quantachrome Instruments Co., USA)
with N, adsorption at liquid nitrogen temperature.

The photocatalytic degradation of RhB (Tianjin Kermel
Chemical Reagent Co., Ltd) was carried out by suspending
0.8 g Y,GaSbO, Y,YbSbO-, or Bi,InTaO, powder within
300 mL RhB, methylene blue (MB), or neutral red (NR)
solution of 0.0293 mM with a pyrex glass cell. Before
visible light irradiation, the suspensions were magnetically
stirred in the dark for 45 min to get the equilibrium of
adsorption and desorption. The reactor was composed of a
300 W Xe arc lamp with the main emission wavelength at
436 nm (Nanjing JYZCPST Co., LTD), a magnetic stirrer
and a cut-off filter (4 > 400 nm). The Xe arc lamp which
was surrounded by a quartz jacket was placed within the
inner part of a reactor quartz vessel (5.8 cm in diameter
and 68 cm in length), through which a suspension of RhB
and the photocatalyst was circulated. An outer recycling
water glass jacket maintained a constant reaction temper-
ature (22 °C). Throughout the experiment, the solution was
continuously stirred and aerated. pH adjustment was not
made and the initial pH value was 7.0. 2 mL aliquots were
sampled at various time intervals. The incident photon flux
I, which was measured by a radiometer (Model FZ-A,
Photoelectric Instrument Factory Beijing Normal Univer-
sity, China) was determined to be 4.76 x 10~® Ein-
stein L™! s™! under visible light irradiation (wavelength
range of 400-700 nm). The incident photon flux on the
reactor was varied by adjusting the distance between the
reactor and the Xe arc lamp. The concentration of RhB was
determined according to the absorption at 553.5 nm which
was measured by an UV-vis spectrophotometer (Lambda
40, Perkin-Elmer Corporation, USA). The concentration of
MB was determined according to the absorption at 664 nm
and the concentration of NR was determined according to
the absorption at 526 nm. The inorganic products which
were obtained from RhB degradation were analyzed by ion
chromatograph (DX-300, Dionex Corporation, USA). The
identification and the degradation intermediate products of
RhB were measured by liquid chromatograph—mass spec-
trometer (LC-MS, Thermo Quest LCQ Duo, USA, Beta
Basic-C;g HPLC column: 150 x 2.1 mm, ID of 5 pum,
Finnigan, Thermo, USA). Here, 20 uL. of post-photoca-
talysis solution was injected automatically into the LC-MS
system. The eluent contained 60% methanol and 40%
water, and the flow rate was 0.2 mL min~'. MS conditions
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contained an electrospray ionization interface, a constant
sheath gas flow rate, a capillary temperature of 27 °C with
a voltage of 19.00 V and a spray voltage of 5000 V. The
spectrum was acquired in the negative ion scan mode and
the m z ' range was swept from 50 to 600. Evolution of
CO, was analyzed with an intersmat™™ IGC120-MB gas
chromatograph which was equipped with a porapack Q
column (3 m in length and an inner diameter of 0.25 in.)
which was connected to a catharometer detector.

The total organic carbon (TOC) concentration was
determined by a TOC analyzer (TOC-5000, Shimadzu
Corporation, Japan). The photonic efficiency was calcu-
lated according to the following equation [39, 40]:

(p:R/Io

where ¢ is the photonic efficiency (%), and R is the deg-
radation rate of RhB (mol L! s_l), and I, is the incident
photon flux (Einstein L™" s™').

Results and discussion
Characterization

TEM images (Fig. 1) show the typical texture and mor-
phology of Y,GaSbO; and Y,YbSbO;. The mean particle
size was 276 nm for Y,GaSbO; and 312 nm for
Y,YbSbO,. The X-ray diffraction patterns of Y,GaSbO,
and Y,YbSbO; are shown in Figs. 2 and 3, respectively. It
could be seen from Figs. 2 and 3 that the full-profile
structure refinements of the collected data were also
obtained by the RIETAN™ [41] program which was based
on Rietveld analysis. The X-ray diffraction patterns indi-
cated that Y,GaSbO; and Y,YbSbO,; were both single
phases. As to Y,GaSbO, the refinement results indicated a
good agreement between the observed and calculated
intensities for the pyrochlore-type structure and a cubic
crystal system with a space group Fd3m (O atoms were
included in the model). At the same time, the crystal
structure of the orthorhombic fluorite-related compound
Y,YbSbO, with a space group C222, (O atoms were
included in the model) had been determined according to
the refinement results. Sm3SbO- [42] was also found to be
orthorhombic fluorite-related compound with a space group
C222,. The lattice parameter a for Y,GaSbO; was found
to be 10.17981(1) A and the lattice parameters for
Y,YbSbO,; were found to be a = 10.49741(9) A b=
7.45088(3) A, ¢ = 7.47148(7) A, respectively. All the
diffraction peaks for Y,GaSbO; and Y,YbSbO; could be
successfully indexed according to the lattice constant and
above refinement results. The atomic coordinates and
structural parameters of Y,GaSbO; and Y,YbSbO, are
listed in Tables 1 and 2, respectively. It could be seen from
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Fig. 1 TEM images of a Y,GaSbO; and b Y,YbSbO,
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Fig. 2 X-ray powder diffraction patterns and Rietveld refinements of
Y,GaSbO,. A difference (observed-calculated) profile is shown
beneath. The tick marks represent reflection positions

the XRD results that 2 theta angles of each reflection of
Y,GaSbO, changed with Ga®* being substituted by Yb**.
The lattice parameter increased from a = 10.17981(1) A
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Fig. 3 X-ray powder diffraction patterns and Rietveld refinements
of Y,YbSbO;. A difference (observed-calculated) profile is shown
beneath. The tick marks represent reflection positions

Table 1 Structural parameters of Y,GaSbO,

Atom X y z Occupancy
Y 0.0000000 0.0000000 0.0000000 1.0
Ga 0.5000000 0.5000000 0.5000000 0.5
Sb 0.5000000 0.5000000 0.5000000 0.5
O(1) —0.1867380 0.1250000 0.1250000 1.0
0(2) 0.1250000 0.1250000 0.1250000 1.0

Table 2 Structural parameters of Y,YbSbO,

Atom X y z Occupancy
Y 0.2397110 0.2518870 0.0080500 1.0
Yb 0.0000000 0.5327660 0.2500000 1.0
Sb 0.0000000 0.0012715 0.2500000 1.0
O(1) 0.1729340 0.2109000 0.2311260 1.0
0(2) 0.1744140 0.7481370 0.2835330 1.0
0Q3) 0.0358980 0.5000000 0.0000000 1.0
04) 0.0829680 0.5000000 0.5000000 1.0
O(5) 0.0919565 0.0000000 0.0000000 1.0

for Y,GaSbO; to a = 10.49741(9) A for Y,YbSbOs,
which indicated a decrease for lattice parameter a of the
photocatalyst with decrease of the ionic radii, Ga’"
(0.62 A) < Yb** (0.985 A).

The XRD patterns showed that the pyrochlore-type
structure of Y,GaSbO; was the same with the structure of
Bi,InTaO;. The cubic system structure with space group
Fd3m for Bi,InTaO; kept unchanged with Ta’* being
substituted by Sb>", In** being substituted by Ga’* and
Bi®" being substituted by Y**. However, the cubic system
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structure with space group Fd3m for Bi,InTaO; was turned
to the orthorhombic fluorite-related compound Y,YbSbO,
which owned a space group (222, with Ta’" being
substituted by Sb>*, In*" being substituted by Yb** and
Bi*" being substituted by Y. The refinement outcome for
Y,GaSbO; generated the unweighted R factors and Rp was
equal to 12.36%. Similarly, the unweighted Rp factor for
Y,YbSbO; was equal to 8.22%. Zou et al. [43] refined the
crystal structure of Bi,InNbO; and obtained a large R fac-
tor for Bi,InNbO;, which was due to a slightly modified
structure model for Bi,InNbO,. According to the high
purity of the precursors that we used, it was unlikely that
the observed space groups originated from the presence of
impurities. Therefore, it could be concluded that the
slightly high R factors for Y,GaSbO; or Y,YbSbO, were
owing to a slightly modified structure model of Y,GaSbO,
or Y,YbSbO;. It should be emphasized that the defects or
the disorder/order of a fraction of the atoms could result in
the change of the structures such as different bond-distance
distributions, thermal displacement parameters, and/or
occupancy for some of the atoms.

The XPS spectra of Y,GaSbO, and Y,YbSbO; were
measured. Various elemental peaks which are corre-
sponding to specific binding energies are provided in
Table 3. The results further suggested that the oxidation
states of Y, Ga, Yb, Sb, and O ions from Y,GaSbO-, or
Y,YbSbO; were +3, +3, +3, +5, and —2, respectively.
According to our XPS and SEM-EDS results, the average
atomic ratios of Y:Ga:Sb:O were 2.00:0.96:1.03:6.97 for
Y,GaSbO; and the average atomic ratios of Y:Yb:Sb:O
were 2.00:1.02:0.96:6.98 for Y,YbSbO,. Thus, it could be
deduced that Y,GaSbO,; and Y,YbSbO; were of high
purity under our preparation conditions. It was noteworthy
that neither shoulders nor widening of any XPS peaks of
Y,GaSbO; or Y,YbSbO, were observed, suggesting (albeit
not proving) the absence of any other phases.

The absorption spectra of Y,GaSbO- and Y,YbSbO- are
shown in Fig. 4. The results suggested that the absorption
edges of Y,GaSbO; and Y,YbSbO; were at 576 and
442 nm, respectively. It was noteworthy that the apparent
absorption (defined hereby as 1-transmission) could not
take into consideration about reflection and scattering. As a
consequence, the apparent absorbance at sub-bandgap
wavelengths (376-800 nm for Y,GaSbO-, and 428—-800 nm
for Y,YbSbO,) was higher than zero. For a crystalline
semiconductor, the optical absorption near the band edge
follows the equation: [44, 45]

ahv = A(hv — E,)"

Here, A, o, Eg, and v are proportional constant, absorption
coefficient, band gap, and light frequency, respectively.
Within this equation, n determines the character of the
transition in a semiconductor. According to the equation,
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Table 3 Binding energies (BE) for key elements
Compound Gay,3, BE (eV) Sbsus, BE (eV) Y3452 BE (eV) Yby,s2 BE (eV) Oy, BE (eV)
Y,YbSbO, 530.92 156.88 346.52 529.95
Y,GaSbO, 1117.52 530.86 156.75 530.22
—Y,GaSbO, —— Y,GaSbO,
----Y,YbSbO, - - - - Y,YbSbO,
3 .
8 .
g g '
5 £
<
200 460 660 800 é
Wavelength (nm) hv (eV)
Fig. 4 UV-vis absorption spectra of Y,GaSbO; and Y,YbSbO, Fig. 5 Plot of (achv)z versus hv for Y,GaSbO, and Y,YbSbO,
the plot (Fig. 5) of (cxhv)”” which is a function of Av for
Y,GaSbO,; and Y,YbSbO, is made. The n values of
Y,GaSbO- and Y,YbSbO, were calculated to be 0.54 and
0.62, respectively. The values of E, for Y,GaSbO; and
Y,YbSbO, were calculated to be 2.245 and 2.521 eV, - Y,GaSbO, o min
respectively, indicating that Y,GaSbO; possessed narrower 3 10 min
band gap than Y,YbSbO, and the optical transition for “:’ ig m::
Y,YbSbO; or Y,GaSbO; was directly allowed. e 60 min
8 80 min
Photocatalytic activity o 118 i
2 170 min
The temporal spectral changes of aqueous RhB solutions 200 min
p P g q
under visible light (4 > 400 nm) irradiation in the presence
of Y,GaSbO; or Y,YbSbO; are presented in Fig. 6. The
measurements were performed under oxygen-saturation
conditions ([Oy]see = 1.02 x 107> M). Under the condi- - Y .YbSbO 0 min
tion of darkness, the degradation of RhB did not occur with ;; 2 7 ;g m::
the photocatalysts or without the photocatalysts. As pre- 8 40 min
sented in Fig. 6, the reduction of typical RhB showed a 5 60 min
. . . o 80 min
maximum adsorption peak at 553.5 nm. The absorption 5 110 min
peaks decreased to a low value with Y,GaSbO,; or 2 140 min
Y,YbSbO; as photocatalyst after 200 min, indicating the < ;gg m::
voluminous degradation of RhB.
The changes of RhB concentration which are deduced
from the UV-vis spectra are presented in Fig. 7. After T T T T T T T T T
400 450 500 550 600 650

visible light irradiation for 200 min, 97.3%, 90.2%, or
45.1% of RhB was removed with Y,GaSbO-, Y,YbSbO,
or Bi,InTaO; as photocatalyst, respectively. The degrada-
tion rate of RhB was about 2.376 x 10~° mol L™! s™! and

Wavelength (nm)

Fig. 6 Temporal spectral changes of aqueous solutions of RhB due to
visible light irradiation in the presence of Y,GaSbO; or Y,YbSbO,
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Fig. 7 Photocatalytic degradation of RhB under visible light irradi-
ation in the presence of Y,GaSbO-, Y,YbSbO,, Bi,InTaO; as well as
in the absence of photocatalysts

the initial photonic efficiency was estimated to be 0.0499%
(4 = 420 nm) with Y,GaSbO; as photocatalyst. Similarly,
the degradation rate of RhB was about 2.202 x
107° mol L™! s™! and the initial photonic efficiency was
estimated to be 0.0463% (4 = 420 nm) with Y,YbSbO- as
photocatalyst. In contrast, the photocatalytic efficiency
with Bi,InTaO; as photocatalyst was inferior to the pho-
tocatalytic efficiency with Y,GaSbO; or Y,YbSbO; as
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Fig. 8 First-order kinetic plots for the photocatalytic degradation of
RhB with Y,GaSbO;, Y,YbSbO5, and Bi,InTaO; as photocatalysts

photocatalyst. For example, the RhB concentration
decreased only from 0.0293 mM to 0.0161 mM with
Bi,InTa0O; as photocatalyst within 200 min and the degra-
dation rate of RhB was less than 1.1 x 107° mol L™' s,
The initial photonic efficiency was estimated to be 0.0231%
(2 = 420 nm) with Bi,InTaO; as photocatalyst. Based on
above results, fast degradation rate was observed with
Y,GaSbO; or Y,YbSbO, as photocatalyst. Moreover, the
photocatalytic degradation activity of Y,GaSbO; or
Y, YbSbO, was higher than that of Bi,InTaO;. Furthermore,
the photocatalytic degradation activity of Y,GaSbO, was
higher than that of Y,YbSbO,. As expected, the reduction of
RhB concentration was pimping in the absence of the pho-
tocatalyst. The degradation rate of RhB was about 0.0708 x
107 mol L' s™' and the photonic efficiency was
0.00149% (4 = 420 nm) after visible light irradiation of
200 min in the absence of the photocatalyst and it was sug-
gested that the observed disappearance of RhB was owing to
direct dye-sensitization and the results were similar to the
observations from Zhao and co-workers [46] who studied
alizarin red and X3B dyes.

The kinetic curves which represent the photocatalytic
degradation results of RhB with Y,GaSbO-, Y,YbSbO; and
Bi,InTa0O; as photocatalysts are demonstrated in Fig. 8. A
good linear correlation between In (C/C,) and the irradia-
tion time could be seen from Fig. 8 and it suggested that the
reaction kinetics followed a pseudo-first-order rate law. As
to In (C/C,), C represents the RhB concentration at time ¢,
and C, represents the initial RhB concentration. According
to the relationship between In (C/C,) and the irradiation
time, the apparent first-order rate constant, k, was estimated
to be 0.01817 min~" with Y,GaSbO, as photocatalyst,
0.01341 min~' with Y,YbSbO, as photocatalyst, and
0.00329 min~" with Bi,InTaO; as photocatalyst, indicating
that Y,GaSbO; or Y,YbSbO,; was more suitable than
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Bi,InTaO; for the photocatalytic degradation of RhB under
visible light irradiation. At the same time, Y,GaSbO; was
more suitable than Y,YbSbO; for the photocatalytic deg-
radation of RhB under visible light irradiation.

The photodegradation intermediate products of RhB
in our experiment were identified as 3-nitrobenzoic acid
(m/z:167), phthalic anhydride (m/z:148), pentanedioic
acid, phthalic acid (m/z:166), and 2-hydroxypentanedioic
(m/z:132). A possible degradation pathway of RhB is
proposed in Fig. 9 according to the detected intermediate
products. This degradation pathway for RhB was similar
but not the same with the degradation pathway which was
proposed by Horikoshi et al. [47]. According to the
research results from Zhang and co-workers [33], the
photodegradation of RhB occurred via two competitive
processes: the first process was N-demethylation, and the
second process was the destruction of the conjugated
structure. Thus, we considered that chromophore cleavage,
opening-ring, and mineralization would be the main

Fig. 9 Suggested
photocatalytic degradation
pathway scheme for RhB under
visible light irradiation (dotted
line: deduced intermediates)

COOH

degradation pathway of RhB in our experiment. RhB was
converted into smaller organic species and ultimately
mineralized into inorganic products such as CO, and H,O.
The yield of CO, during the photocatalytic degradation
process of RhB is shown in Fig. 10. The results showed
that the yield of CO, increased with increasing irradiation
time. In addition, the production rate of CO, with
Y,GaSbO; or Y,YbSbO; as photocatalyst was higher than
that with Bi,InTaO; as photocatalyst and above results
were in line with the absorption curves of Y,GaSbO; or
Y,YbSbO, (Fig. 4). For example, the yield of CO, was
0.2334, 0.2099, or 0.1080 mmol with Y,GaSbO-,
Y,YbSbO,, or BiyInTaO; as photocatalyst under visible
light irradiation of 200 min.

The total organic carbon (TOC) changes of the RhB
solution are shown in Fig. 11. The results showed that
94.87% or 85.32% of TOC decrease was obtained
after visible light irradiation of 200 min with Y,GaSbO; or
Y,YbSbO, as photocatalyst, indicating that abundant
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Fig. 10 The yield of CO, during the photocatalytic degradation of
RhB under visible light irradiation with Y,GaSbO, Y,YbSbO, and
Bi,InTaO; as photocatalysts

mineralization of RhB was achieved. Moreover, only
43.98% of TOC decrease was obtained with Bi,InTaO, as
photocatalyst after visible light irradiation of 200 min.

The photocatalytic activities of Y,GaSbO; and
Y,YbSbO, were remarkable under visible light irradiation.
This superior quality could be more significant if we con-
sidered the fact that the specific surface area of Y,GaSbO,
or Y,YbSbO; was much smaller than that of degussa P25.
In our experiment, the specific surface area which
was detected by the BET isotherm measurements was
3.84, 3.52, or 1.26 m* g~ ! for Y,GaSbO,, Y,YbSbO,, or
Bi,InTa0-, respectively. It could be seen that the surface
area of Y,GaSbO; or Y,YbSbO, was about 14 times
smaller than that of P25 which was measured to be
50 m* g~ .

The first reason that Y,GaSbO; and Y,YbSbO, showed
good photocatalytic activity under visible light irradiation
could be attributed to the effect of photosensitization by
RhB itself in the visible light region (Scheme I).

@ Springer

Fig. 11 Disappearance of the TOC during the photocatalytic degra-
dation of RhB under visible light irradiation with Y,GaSbO,,
Y,YbSbO,, and Bi,InTaO; as photocatalysts

Visible light %

Scheme I: RhB 4 —  RhB( (1)

RhB(,,) + Y2GaSbO7/Y,YbSbO,
— Y,GaSb0O7/Y,YbSbO;(e) + RhBE:ds) (2)

Y2GaSbO7/Y2YbSbO7 (e) + 02
— Y,GaSbO;/Y,YbSbO;+0; (3)

According to this mechanism, RhB which was adsorbed on
Y,GaSbO; or Y,YbSbO,; was excited by visible light
irradiation. Subsequently, an electron was injected from the
excited RhB to the conduction band of Y,GaSbO; or
Y,YbSbO; where the electron was scavenged by molecular
oxygen. Scheme I explained the results which were
obtained with Y,GaSbO; or Y,YbSbO, as photocatalyst
under visible light irradiation, where Y,GaSbO,; or
Y,YbSbO,; might serve to reduce recombination via the
scavenging of electrons [48]. The second reason that
Y,GaSbO; and Y,YbSbO; showed good photocatalytic
activity under visible light irradiation could be attributed to
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the band gap excitation of Y,GaSbO; or Y,YbSbO; because
the absorption edges of Y,GaSbO; and Y,YbSbO, were 576
and 442 nm (Scheme II). Within visible light region, the
mechanism which was responsible for the photodegradation
of RhB went through band gap excitation of Y,GaSbO; or
Y,YbSbO;. Although detailed experiments about the effect
of oxygen and water on the degradation mechanism were not
performed, it was sensible to assume that the mechanism
in this step was similar to the mechanism which was
observed for Y,GaSbO; or Y, YbSbO; under supra-bandgap
irradiation, namely Scheme II:

Scheme 11 : Y2GaSbhO7/Y2YbSbO; s ™" p+ 4 o
(4)

e”+0,— 0, (5)

h" + OH™ — 'OH (6)

Previous luminescent studies had shown that the closer
the M—O-M bond angle was to 180°, the more easily the
excited state could delocalize [49], the more easily the
charge carriers could move in the matrix. The mobility of
the photoinduced electrons and holes influenced the
photocatalytic activity because high diffusivity indicated
the improvement of the probability that the photogenerated
electrons and holes would reach the reactive sites of the
photocatalyst surface quickly. As to Y, YbSbO7, the Yb-O-
Sb bond angle was 111.422°. Meanwhile, as to Y,GaSbO5,
the Ga—O-Sb bond angle was 125.458°. Above results
indicated that the Yb—O-Sb or Ga—O-Sb bond angle of
Y,YbSbO; or Y,GaSbO,; was close to 180°, thus the
photocatalytic activity of Y,GaSbO; or Y,YbSbO; was
consequently high. In addition, the Ga—O-Sb bond angle
of Y,GaSbO; was larger than the Yb—O-Sb bond angle
of Y,YbSbO,;, which resulted in an increase of the
photocatalytic activity of Y,GaSbO; compared with that of
Y,YbSbO;. The crystal structure of Y,GaSbO; was the same
as Bi,InTaO,, but the crystal structure of Y,YbSbO; was
different from that of Bi,InTaO,. In addition, the electronic
structures of Y,GaSbO- and Y,YbSbO, were different from
that of Bi,InTaO;. As to Y,GaSbO, and Y,YbSbO,, Y was
4d-block rare earth metal element, and Ga was 4p-block
metal element, and Yb was 4f-block metal element, and Sb
was 5p-block metal element. But as to Bi,InTaO-, Ta was
5d-block metal element, and In was 5p-block metal element,
and Bi was 6p-block metal element, indicating that the
photocatalytic activity of the photocatalyst might be affected
by not only the crystal structure of the photocatalyst but also
the electronic structure of the photocatalyst. According to
above analysis, the difference of RhB photodegradation
effect among Y,GaSbO,, Y,YbSbO-, and Bi,InTaO; could
be attributed mainly to the difference of their crystalline
structure and electronic structure.

0.0301 , Y,GaSbO,
0.025

0.020 -
0.015 4

0.010

0.005 - \

0.000 - The——

T T T
0 50 100 150 200
Time (min)

Methylene blue (mmol L")

00307 Y,YbSbO,
0.025 -
0.020 ]
0.015 ]
0.010 ]
0.005 ] T~

\O\M\O—e—e—e—o

Methylene blue (mmol L)

0.000 -

T T T
0 50 100 150 200
Time (min)

Fig. 12 Photocatalytic degradation of MB under visible light irradi-
ation in the presence of Y,GaSbO; and Y,YbSbO,

In order to show the photocatalytic degradation results
of other dyes with Y,GaSbO, or Y,YbSbO as photocata-
lyst, MB and NR were degraded under visible light irra-
diation in the presence of Y,GaSbO; or Y,YbSbO-.
Figure 12 shows the photocatalytic degradation results of
MB under visible light irradiation in the presence of
Y,GaSbO; and Y,YbSbO,. After visible light irradiation of
200 min, 99.97% or 99.91% of MB was removed with
Y,GaSbO; or Y,YbSbO; as photocatalyst. The degradation
rate of MB was about 2.441 x 107° mol L™' 5! and the
initial photonic efficiency was estimated to be 0.0513%
(4 = 420 nm) with Y,GaSbO; as photocatalyst. Similarly,
the degradation rate of MB was about 2.439 x 10~°
mol L™' s™" and the initial photonic efficiency was esti-
mated to be 0.0512% (A = 420 nm) with Y,YbSbO, as
photocatalyst. Figure 13 shows the photocatalytic degra-
dation results of NR under visible light irradiation in the
presence of Y,GaSbO, and Y,YbSbO;. After visible light
irradiation of 200 min, 99.83% or 99.64% of NR was
removed with Y,GaSbO; or Y,YbSbO, as photocatalyst.
The degradation rate of NR was about 2.437 x
107" mol L™' s™" and the initial photonic efficiency was

@ Springer
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Fig. 13 Photocatalytic degradation of NR under visible light irradi-
ation in the presence of Y,GaSbO; and Y,YbSbO,

estimated to be 0.0512% (A = 420 nm) with Y,GaSbO- as
photocatalyst. Similarly, the degradation rate of NR was
about 2.433 x 107° mol L™" s™' and the initial photonic
efficiency was estimated to be 0.0511% (4 = 420 nm) with
Y,YbSbO; as photocatalyst.

The suggested band structures of Y,GaSbO; and
Y,YbSbO; are shown in Fig. 14. Recently, the electronic
structures of InMO4 (M = V, Nb, and Ta) and BiVO, were
reported by Oshikiri et al. [50] according to the first prin-
ciples calculations. The conduction band of InMO,
(M = V, Nb, and Ta) was mainly composed of a dominant
d-orbital component of V 3d, Nb 4d, or Ta 5d orbital,
respectively. The valence band of BiVO, was composed of
a small Bi 6s orbital component and a dominant O
2p orbital component. The band structures of Y,GaSbO,
and Y,YbSbO; should be similar to those of InMOy4
(M = V, Nb, and Ta) and BiVO,. Therefore, we concluded
that the conduction band of Y,GaSbO, was composed of Y
4d, Ga 4p and Sb 5p orbitals, and the valence band of
Y,GaSbO; was composed of a small dominant O 2p orbital
component. Similarly, the conduction band of Y,YbSbO,

@ Springer

Conclusions

Y,GaSbO; and Y,YbSbO; were prepared by solid state
reaction method for the first time. The structural, optical
absorption and photocatalytic properties of Y,GaSbO;, and
Y,YbSbO, were investigated and compared with those of
Bi,InTa0;. XRD results indicated that Y,GaSbO; crystal-
lized with the pyrochlore-type structure, cubic crystal sys-
tem and space group Fd3m. XRD results indicated that the
orthorhombic fluorite-related compound Y,YbSbO; with a
space group C222; was obtained. The lattice parameter
a for Y,GaSbO, was found to be 10.17981(1) A, and the
lattice parameters for Y,YbSbO,; were found to be
a=10.49741(9) A, b = 7.45088(3) A, ¢ = 7.47148(7) A,
respectively. The band gaps of Y,GaSbO; and Y,YbSbO,
were estimated to be about 2.245 and 2.521 eV. Fast pho-
tocatalytic decomposition rate of aqueous RhB solutions
was observed under visible light irradiation in the presence
of Y,GaSbO, or Y,YbSbO; accompanied with the forma-
tion of end products such as carbon dioxide and water.
Entire mineralization of RhB was obtained as indicated
from TOC measurements. Thus the Y,GaSbO-/Y,YbSbO--
visible light system might be regarded as an effective way to
remove organic dyes from the textile industry wastewater.
Y,GaSbO; or Y, YbSbO; also showed higher photocatalytic
activity than BiyInTaO; for RhB degradation. The
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photocatalytic degradation of RhB followed the first-order
reaction Kinetics and the first-order rate constant, k, was
0.01817, 0.01341, or 0.00329 min~' with Y,GaSbO,,
Y,YbSbO, or Bi,InTaO; as photocatalyst. The possible
photocatalytic degradation pathway of RhB was revealed
under visible light irradiation. MB and NR could be
degraded efficiently with Y,GaSbO; or Y,YbSbO; as
photocatalyst under visible light irradiation.
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