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Cd,Sn04 conducting oxide was prepared via a solid state reaction method, and its photocatalytic O,
evolution performance was presented. The band gaps were estimated to be 2.3 eV for Cd,SnO4 calcined
at 1050°C, 2.4 eV for Cd,Sn04 calcined at 900°C and 800 °C. The catalysts prepared at 800 °C possessed
the largest surface area and the best catalytic activities. The band structure was calculated by a density
function theory method. The conduction band bottom was composed of Cd5s, Sn5s and Sn5p orbits, and
the valence band top of Cd4d and O2p. The high photocatalytic activities of Cd,SnO4 were attributed to
its specific band structures.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Photocatalytic hydrogen production has attracted more and
more attentions due to the increasing energetic and environmental
pressure in recent years. Many oxide photocatalysts are devel-
oped for the photocatalytic water-splitting process, including TiO-,
BaTisOg, KyLayTi3019, NaTaO3, etc. [1-3]. Despite of their high
efficiencies, these photocatalysts could only be utilized in the UV
region, whose energy sum up to only 4% of total solar energy. Fur-
thermore, it has been revealed that the bottom of conducting band
of oxides is not negative enough for H, reduction potentials, thus
possibly able to be used as catalysts for O, evolution, but unable to
be used as photocatalysts for direct water splitting into hydrogen
and oxygen [4].

However, two-photon processes (Z-scheme) have been demon-
strated to be an efficient way to achieve the overall water splitting
[5-7]. In a typical Z-scheme, the hydrogen-evolving and the
oxygen-evolving catalysts, together with the redox shuttle, coop-
erate to form a reducing and oxidizing reactions recycle. For
instance, Pt-loaded Cr and Ta co-doped SrTiO3/WOs3, and Pt-loaded
TaON/WO3 systems were showed to be able to produce H, and
0, simultaneously in a stoichiometric ratio, in which I-/I03~ or
FeZ*|Fe3* was used as redox couples [5-7]. In order to design and
manufacture the Z-scheme systems, highly active visible-light-
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driven photocatalysts for hydrogen or oxygen evolution are all
indispensable.

Up to now, there are still very few highly efficient catalysts,
except for WO3 and BiVO, [8,9]. In a view of band structures, the
visible-light absorption of those oxides was realized by overlapping
02p orbit with the V3d, W5d, or Ag5 s orbits. Actually, the 4d-orbit
of Cd other than the Ag4d orbit is another candidate for adjusting
the top of valence band. In this letter, we present a novel photocat-
alyst Cd,Sn0O4 with a visible-light response. Cd,SnO4 together with
its nominal solid solutions Cdq+xIn;_54Sny04 (0<x<0.75) is a con-
ducting oxide, and have been widely investigated in a form of bulk
ceramics and films [10-12]. But few works were reported concern-
ing its photocatalytic performances. Therefore, here we reported
the band structures and photocatalytic properties of oxygen evo-
lution in an AgNO3 aqueous solution.

2. Experimental

All agents, such as SnO; (99.5%, Shanghai Agent Co.) and CdO (99.0%, Shanghai
Agent Co.) were used as bought. Cd,SnO4 was prepared using a solid state reaction
method. 5% excess of CdO was used to evade the volatilization of Cd. Stiochiomet-
ric SnO; and CdO (5% excess) were mixed and milled in an agate mortar, and the
mixtures were calcined in an Al;03 crucible at from 1023 K to 1323 K for 6 h.

The phases were identified by powder X-ray diffraction (XRD) method with
Cu Ka radiation (Rigaku D/Max-IIIB diffractometer). The specific surface area of
the oxide was determined by BET measurement (Micromeritics-2360, Shimadzu,
Japan) of nitrogen adsorption at 77 K. The UV-vis diffuse reflectance spectra were
measured with UV-vis spectrophotometer (Shimadzu UV-2500), and transformed
from reflectance to absorbance by the Kubelka-Munk transformation method.

0.3 g catalyst powder was dispersed into an aqueous AgNOj3 solution (5 mmol/L).
Before photocatalytic reaction, the closed system was evacuated to get rid of oxygen
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Fig. 1. Unit cell of Cd,Sn0,.

and nitrogen and filled with Ar gas to 30 torr. The photocatalytic O, evolution exper-
iments were carried out under the irradiation of a 300 W Xe lamp with a 420 nm
cut-off filter. The amount of evolved O, was measured by a GC analyzer (Shimadzu
Co., GC8A) which was connected to the circulation system. The band structure was
calculated by a CASTEP package with a GGA potential function [13,14]. During the
computation, a 4 x 4 x 4 super-cell was built and the cut-off energy was selected to
be 340eV.

3. Results and discussion
3.1. Microstructure characterization
Cd,Sn0O4 possesses a space group of Pbma (No. 55) and an

orthorhombic structure [10]. Fig. 1 was the schematic unit cell of
Cd,Sn0y4,in which tetrahedra and octahedra were stacked along the
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Fig. 2. XRD patterns of Cd,SnO4 calcined at different temperatures.

(111) direction. Cd and Sn occupied the tetrahedra and octahedra,
respectively [15].

There were mainly two phases in the quasi-binary phase dia-
gram of CdO and SnO,, i.e.,, CdSnO3 and Cd;Sn0,. Fig. 2 showed
the XRD patterns of as-purchased CdO and calcined SnO, at 750°C,
800°C and 1050°C, respectively. When the calcining temperatures
were lower than 800 °C, perovskite CdSnOs first crystallized, which
corresponded well with Ref. [11]. At 800 °C, the resultant was com-
posed mainly of Cd;Sn0Oy4, and the remnant was of SnO, and CdO,
which could hardly be eliminated only through elongating calcining
duration. When heated at 1050°C for 6 h, those secondary phases
disappeared and single-phased Cd,;Sn0O4 was prepared.
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Fig. 3. SEM of Cd,Sn0y4 calcined at different temperatures (a) 800°C; (b) 900°C; (c) 1050°C.
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Fig. 4. UV-vis spectra of as-purchased CdO and calcined Cd,SnOy at different tem-
peratures.

According to the Scherrer’s formula, the broadening of diffrac-
tion peaks between 40° and 50° indicated that the granular size
became larger and larger with increasing of calcining temperatures.
This fact also corresponded well with the surface areas measure-
ments. The specific surface areas of the Cd,Sn0,4 were 8.76 m?/g
for Cd,Sn0y4 calcined at 800°C, 6.34m?/g for Cd,Sn0Oy4 calcined at
900 °C and 4.24 m?/g for Cd,Sn0y4 calcined at 1050°C.

The SEM photographs of catalysts were shown in Fig. 3. More
particles in Fig. 3(c) agglomerated together than those in Fig. 3(a)
and (b), which might be the cause of smaller surface areas.

3.2. Photophysical properties

Fig. 4 showed the UV-vis absorption spectra of as-purchased
CdO and calcined Cd,;Sn0y4 at different temperatures for 6 h. The
band gaps of those compounds were estimated by the following
formula [16]:

ahv = A(hy — Eg)"

in which «, v, A, and Eg are absorption coefficient, light frequency,
proportionality constant, and band gap, respectively.

The values of n, often taken as a sign of the characteristics of
electron transition in semiconductors, was 1.5 for Cd,;SnQy, indi-
cating the transition in Cd,Sn0O4 was indirectly allowed. The band
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Fig. 5. Amount of evolved O, over CdO and calcined Cd,SnO4 at different tempera-
tures in the course of irradiation.
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Fig. 6. Band structure (a) and DOS (b) of Cd;Sn04.

gaps were, in turn, 2.3 eV for Cd,Sn0O4 calcined at 1050°C, 2.4 eV for
Cd,Sn0y4 calcined at 900 °C and 800 °C, and 2.0 eV for as-purchased
CdO. The larger band gaps of Cd;Sn0Oy4 calcined at 900 °C and 800 °C
should be ascribed to the blue-shift induced by relative smaller
granular size. The tailing of Cd,;Sn0O4 calcined at 800°C should be
derived from the presence of CdO.

3.3. Photocatalytic performance of O, evolution

Both photocatalytic evolution experiments of O, and H, were
carried out, but no H, was evolved over 0.5 wt% Pt-loaded Cd,Sn0O4
after 10 h irradiation in a methanol solution, indicative of that the
conduction band bottom was not high enough for H, evolution.
The photocatalytic experiment results were plotted in Fig. 5. All
three catalysts reached to the highest oxygen rate at their first reac-
tion hour, i.e., about 19.6 pmol/h for Cd;Sn0O4 calcined at 800°C,
8.6 pmol/h for Cd;Sn0y4 calcined at 900 °C, 2.5 wmol/h for Cd;Sn0O4
calcined at 1050°C. Therefore, Cd,Sn0O4 possessed high visible-
light-driven photocatalytic performance and would be a promising
candidates materials for building the Z-scheme.

As mentioned above, Cd,Sn0O4 powder calcined at 800°C was
composed of two phases. In order to exclude the influence of CdO,
photocatalytic oxygen evolution experiment over CdO was carried
out under the same conditions and the experimental results were
showninFig.5 as well. Although the as-purchased CdO catalyst pos-
sessed a largest specific surface area 12.53 m?/g, the photocatalytic
evolution rate was 2.1 wmol/h. Therefore, the highest activities of
Cd,Sn0y4 calcined at 800 °C should not be ascribed to the existence
of CdO, but to the larger specific surface areas.
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3.4. Band structures

Like many other photocatalysts, the high catalytic performance
of Cd,Sn04 was closely related to its band structures. The band
structure and density of states (DOS) of Cd,Sn0O4 were shown in
Fig. 6(a) and (b), respectively. In Fig. 6(a), the valence band max-
imum and conduction band minimum did no share the same k
values, indicating that the transition in Cd,SnO4 was indirectly
allowed. The calculated result agreed well with the results of
curve-fitting to the onset in Fig. 4. The DOS in Fig. 6(b) illus-
trated the composition of the conduction band and the valence
band. The conduction band was mainly composed of Cd5s, Sn5s
and Sn5p orbits, and the overlapping of Cd4d with O2p pushed
up the valence band top and thus Cd,;Sn0O,4 could absorb visible
light.

It was worthy to note that DOS of the conduction band in Fig. 6(a)
varied violently with the variation of k. The velocity of electron in
the k-space is proportional to the slope of the DOS, so the photo-
excited electrons in the conduction band of Cd,Sn0O,4 possessed a
large velocity. Such a large velocity could help the photo-excited
carriers be separated and transferred easily to the surface of the
photocatalysts [17]. This might be to the reason why Cd,;Sn0Oy4
possessed high O, evolution activities under the visible-light irra-
diation.

4. Conclusions

Cd,Sn04 was prepared by a solid state reaction method and its
photocatalytic oxygen evolution activities under the irradiation of
visible light were presented. Cd,SnOg4 calcined at 800 °C showed
good oxygen evolution activities under visible light. The photocat-
alytic performance was discussed together with its band structures.
The experimental and calculation results showed that Cd4d over-
lapped with O2p brought about a narrowed band gap. The band

structure adjustment via overlapping of Cd4d with O2p could be
anther feasible way to develop and design oxide photocatalysts
working in the visible light.
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