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ABSTRACT: A mixed-valence tin oxide, (Sn**),(Sn*)0,, was synthe-
sized via a hydrothermal route. The Sn;O, material consisted of highly
crystalline {110} flexes. The Sn;O, material, when pure platinum (Pt) was
used as a co-catalyst, significantly catalyzed water-splitting in aqueous
solution under illumination of visible light (4 > 400 nm), whereas neither
Sn**O nor Sn**O, was active toward the reaction. Theoretical calculations
have demonstrated that the co-existence of Sn** and Sn*" in Sn;O, leads
to a desirable band structure for photocatalytic hydrogen evolution from

~6 U — Sn?*

3 sn**

%]

Q

st —0

2

02

(o]

a

54321012 3 435

Energy (eV)

water solution. Sn;O, has great potential as an abundant, cheap, and

environmentally benign solar-energy conversion catalyst.
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B INTRODUCTION

The increasing interest in renewable energies has highlighted
the centrality of sustainable energy-conversion technologies
including photocatalytic water splitting.l_6 In particular,
catalytic water splitting in visible light by visible-light-sensitive
photocatalysts is of confocal interest because this will realize
efficient conversion of the solar energy to hydrogen fuels for
sustainable energy managements.”® Metal-doped SrTiO,
(dopants: Ta, Rh or Ni) and metal oxides, RbPb,Nb;O,, and
SnNb,Oq, can catalyze water splitting under illumination of
visible light in the presence of sacrificial agents.”~"> Oxynitrides
of transition metals or lanthanides such as TaON and LaTiO,N
can promote hydrogen evolution from water solution in visible
light."*'* However, such transition-metal oxides and oxy-
nitrides may be not practical catalysts for large-scale solar-
energy conversion, because they contain environmentally toxic
heavy metals (Pb) or expensive transition metals (Rh, Nb, Ta,
or La), which are much less produced than abundant metals
such as iron.

Herein, we report that an oxide of abundantly available and
environmentally non-toxic tin, Sn;O,, can efliciently catalyze
the targeted water splitting in aqueous solution under
irradiation of visible light. Sn;O, was reported as a first
identified mixed-valence tin oxide'> and has been investigated
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in terms of the crystal structure.">~"7 Sn;0, belongs to a series
of layered tin oxides such as SnO and Sn,0;, of which crystal
structure consists of stacking of alternating atomic layers of tin
and oxygen, but the refined structure of Sn;O, has not been
fully elucidated.'” Recent studies have demonstrated the
photoelectric properties'® and photocatalytic performance of
dye degradation of Sn;0O,,"” but none has ever shed light to its
potential as a photocatalyst for water splitting. We prepared
nanocrystals of Sn;O, by hydrothermal synthesis using sodium
citrate as a ligand. Scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) have shown that the
Sn;0, material consisted of thin, highly crystalline flexes (500
X 500 X 10 nm?), which were predominantly surrounded by
the {110} facets. The Sn;O, material was orange in color and
more efficiently absorbed visible light than the control SnO,.
Hydrogen (H,)-evolution tests in aqueous solution under
irradiation of visible light (4 > 400 nm) have demonstrated that
Sn;0, can promote water splitting at a significant efficiency (S
umol h™!), whereas neither SnO nor SnQ, is active toward the
reaction. Theoretical calculations have elucidated that the
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enhanced photocatalytic activity of Sn;O, is attributed to the
desirable band structure for photocatalytic H, evolution from
water solution, which originates from the co-existence of Sn*
and Sn*" in Sn,O,: the conduction-band minimum of Sn,0, is
higher than the reduction potential for water, and the band gap
matches the photon energy of visible light. Sn;O, has great
potential as a practical solar-energy conversion catalyst, in terms
of low impacts to the environment, abundance of mineral
resource, and catalytic performance for the H, generation from
water solution.

B RESULTS AND DISCUSSION

Figure la shows the powder X-ray diffraction (pXRD) profile
for the prepared SnyO, material (see Experimental Section for
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Figure 1. (a) pXRD profile for the prepared Sn;0,, together with the
reported pXRD pattern (red bars) and the structural model.'®"” The
red spheres and the blue polyhedra depict the Sn** cations and the
Sn**Og octahedra, respectively. (b) HX-PES profiles in the Sn 3d
region for Sn (black), SnO, (blue), and Sn;0, (red).

the synthetic details). The peak positions and intensities were
consistent with the reported pXRD pattern for Sn;O,, showing
the material comprised a single-phase Sn;O, (PDF#20-1293;
see the inset for the structural model: P2,/¢, a = 0.821 nm, b =
0.493 nm, ¢ = 0.585 nm, # = 94.7°).'%"” Figure 1b shows the
hard X-ray photoemission spectrum (HX-PES) in the Sn 3d
region for the Sn;O, material, together with those for metal Sn
and Sn0,.***' The Sn 3ds/,- and 3d;/, emissions from the
Sn;0, material (486.93+0.20 and 495.33+0.20 V) are similar
in peak positions to the Sn 3dy/,- and 3d;/, emissions from
SnO, (486.83 + 0.20 and 495.23 + 0.20 eV), each of which is
1.9 eV higher than the corresponding emission peaks for Sn
(484.95 + 0.20 and 493.40 + 0.20 V). The Sn;O, material
contained no zero-valence Sn° impurities.

Images a and b in Figure 2 show scanning-electron
microscope (SEM) images of the Sn;O, material. The Sn;O,
material was an aggregate of thin, rectangular flexes with an
approximate dimension of 500X500x10 nm® (see S5 in the
Supporting Information). The sharp reflection spots observed
in the selected-area electron diffraction (SAED) pattern, which
corresponds to the (110) zone axis of Sn;O, (the inset of
Figure 2c), indicate that the individual flexes were single-
domain and of high crystallinity. High-resolution TEM
observation has also demonstrated that the constituent atoms
of the Sn;O, material were highly ordered to form the
extremely extended {110} plane (see a structural model as the
inset).

Figure 3a shows the absorption spectra of SnO, SnO,, and
Sn;0, in the ultraviolet/visible (UV/vis) region. The SnO
material exhibited no distinct structure in the absorption
spectrum in the UV/vis range, suggesting that SnO is either a
narrow-gap semiconductor or a semimetal. The SnO, material
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Figure 2. (ab) SEM and (c,d) TEM images of the Sn;O, material.
The insets of (c) and (d) present the corresponding SAED pattern
and structural model, respectively. The red spheres and blue polyhedra
in the structural model depict the Sn** cations and the Sn**Oj
octahedra, respectively.
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Figure 3. (a) UV—vis absorption spectra of SnO (black), SnO, (blue)
and Sn;0, (red). The corresponding extinction spectra for SnO, and
Sn;0, are presented as an inset. (b) Photocatalytic H, evolution from
the aqueous methanol solution over SnO (black triangles), SnO, (blue
triangles) and Sn;0, (red squares) with 0.5 wt % Pt loading under the
irradiation visible light (300 mg catalyst, A > 400 nm).

had a steep absorption edge in the UV region, corresponding to
an interband transition of SnO,, whereas the Sn;O, material
exhibited a broad range of absorption of visible light. From the
corresponding extinction spectra (Inset of Figure 3a), we
conclude that Sn;O,, which is orange in color, has a narrower
band gap (2.4 eV) than does the visible-light translucent SnO,
(3.5 eV).

Figure 3b shows the time courses of hydrogen (H,)
evolution over the SnO-, SnO,-, and Sn;O, materials under
irradiation of visible light (4 > 400 nm). Neither the SnO- nor
SnO, materials exhibited finite H, evolution. The Sn;0,
material, however, continuously promoted the H,-evolution
over 96 h. Importantly, the H, evolution rate in the first 12 h
was more than 5 umol h™', which is competitive to the
performance of reported visible-light-sensitive photocata-
lysts.'>*> Moreover, the H, evolution rate for the SnjO,
material under irradiation of a Xe lump (UV + visible light, 4
> 300 nm) was more than 40 ymol h™" (see Figure S9 in the
Supporting Information), whereas neither the SnO- nor SnO,
materials yielded H, . It is worth noting that the Sn;O, material,
when containing no Pt co-catalyst, poorly promotes the H,
evolution under illumination of visible light (see Figure S10 in
the Supporting Information). We surmise that the H, evolution
undergoes over the surface of the Pt co-catalyst and/or at the
interface between Pt co-catalyst and Sn;0,.
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The band edge positions of three kinds of tin oxides are
theoretically calculated with respect to those of rutile-type TiO,
(Figure 4, see also Table S2 in the Supporting Informa-
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Figure 4. Band alignment of, SnO,, SnO, and Sn;0,, with respect to
the band edge positions of rutile-type TiO,, which are based on the
computational calculations on the work functions and band gaps (see
Table S1 in Supporting Information). The reduction potential of water
is denoted as a horizontal dotted line with a label (H*/H,). The band
gaps are in eV.

tion).”> > The reduction potential of water is known to be
situated right below the conduction band minimum of TiO,,
and the band alignment shown in Figure 4 is, therefore, useful
to understand the capability of tin oxides for H, evolution. The
calculated band gap of Sn;0, is, as expected from the optical
measurements (Figure 3a), in an absorption range of visible
light. Note that the reduction potential for water is situated
below the conduction band minimum of Sn;0,, indicating that
this material has great potential for H, evolution from water
under irradiation of visible light (Figure 3b).

As understood from the calculated local density of states
(DOS) for SnO (see Figure Slla in the Supporting
Information), in which all the Sn cations are divalent (Sn*),
the occupied band of SnO consists of the Sn s, p states and the
O p state, resulting in a very small band gap. By contrast, the
valence-band maximum is purely composed of the O p state in
SnO,, of which all the Sn cations are tetravalent (Sn*"), and the
band gap is widely opened (see Figure S11b in the Supporting
Information). It is clear that the Sn®" cations are responsible for
the upshift of the valence-band maximum and the band-gap
narrowing in SnO, in comparison to SnO, (Figure 4). Unlike
either SnO or SnO,, two different kinds of cation, Sn** and
Sn*, co-exist in Sn;O, (two Sn®* and one Sn** per formula
unit, see Table S3 in the Supporting Information). The band
structure of Sn;Oy, is expected to be in between those of SnO
and SnO,. This expectation is supported by the calculated local
DOS of Sn;O, (see Figures Sllc, d in the Supporting
Information), which exhibits the appearance of the Sn**-related
states at the top of the valence band while retaining a moderate
band gap, 2.5 eV. We also found that the band structure of
Sn;O, possesses a great advantage on efficient optical
absorption and carrier separation under visible-light irradiation
(see Figures S12 and S13 in the Supporting Information). The
significant photocatalytic performance of Sn;O, originates from
synergetic effects of appropriate band-edge position for H,
evolution and the desirable band structures for visible light
absorption and carrier separation.
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B CONCLUSION

In conclusion, we have demonstrated that a mixed-valence
Sn;0, material, which was prepared by hydrothermal synthesis
and characterized with pXRD, HX-PES, SEM, and TEM,
exhibits significant photocatalytic performance for water
splitting under irradiation of visible light (4 > 400 nm),
whereas none of the stable tin oxides, SnO and SnO,, was
active toward the reaction. Theoretical calculations have
elucidated that the enhanced activity of Sn;O, is attributed to
the coexistence of Sn>* and Sn*, resulting in a desirable band
gap and band-edge position for the reduction of water in visible
light. The discovery of Sn;O, will prompt the further
exploration for visible-light-sensitive photocatalysts composed
of abundant, cheap and environmentally benign metal oxides,
which will meet the energy/environmental challenges we face.

B EXPERIMENTAL SECTION

Synthesis of Sn;0,. The Sn;O, material was prepared by a
hydrothermal method. SnCL,-2H,0 (0.90 g, 4.0 mmol) and
Na;C¢H;0,-2H,0 (2.94 g, 10 mmol) were dissolved in 10 mL
of Milli-Q water and stirred for S min. An aliquot of 10 mL of
0.2 M NaOH aqueous solution was added to the above solution
while continuously stirring to obtain a homogeneous solution,
which was then transferred to a 40 mL Teflon-lined stainless
steel autoclave. After heating in an electric furnace at 180 °C for
12 h, the autoclave was cooled to room temperature. The
obtained precipitate was separated by centrifugation and
washed several times using Milli-Q water and acetone. Finally,
the product was dried under vacuum at room temperature. The
yield was 50%.

Photocatalytic Tests. The H, evolution experiments were
carried out in a gas-closed circulation system. In a typical
reaction, the catalyst powder (0.3 g) was dispersed by using a
magnetic stirrer in CH;OH aqueous solution (220 mL of
distilled water + 50 mL of CH;OH) in Pyrex cell with a side
window. The 0.5 wt % Pt co-catalyst was photo-deposited on
the Sn;O, catalyst by adding a calculated amount of H,PtCl
solution into the reaction solution. The light source was a 300
W of Xe arc lamp with an L42 cut-off filter (1 > 400 nm). The
H, evolution was measured with an on-line gas chromatograph
(GC-8A, Shimadzu) with a thermal conductivity detector
(TCD) according to the standard curve.

B ASSOCIATED CONTENT

© Supporting Information

Materials, characterization (pXRD, HX-PES, SEM, and TEM),
the results of photocatalytic tests, and computational DOS
calculations. This material is available free of charge via the
Internet at http://pubs.acs.org/.
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