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Abstract: A Ti-based oxysulfide, Sm,Ti,S;0s, was studied as a visible light-driven photocatalyst. Under
visible light (440 nm < A < 650 nm) irradiation, Sm,Ti,S,0s with a band gap of ~2 eV evolved H, or O,
from aqueous solutions containing a sacrificial electron donor (Na,S—Na,SO3; or methanol) or acceptor
(Ag™) without any noticeable degradation. This oxysulfide is, therefore, a stable photocatalyst with strong
reduction and oxidation abilities under visible-light irradiation. The electronic band structure of Sm,Ti,S,0s
was calculated using the plane-wave-based density functional theory (DFT) program. It was elucidated
that the S3p orbitals constitute the upper part of the valence band and these orbitals make an essential
contribution to the small band gap energy. The conduction and valence bands’ positions of Sm,Ti,S,0s
were also determined by electrochemical measurements. It indicated that conduction and valence bands
were found to have satisfactory potentials for the reduction of H* to H, and the oxidation of H,O to O, at
pH = 8. This is consistent with the results of the photocatalytic reactions.

Introduction form O, because the® and Sé- anions are more susceptible

) ) to oxidation than water; thus, CdS or CdSe are themselves
Some T#-, Nb°*-, and T&"-based mixed metal oxides, such oxidized56

as SITiQ, Kola;TizO1?, KaNbsO17, and NaTa@* have been In this paper, we describe the photocatalytic reactions and
successfully applied for overall water splitting. These oxides, photoelectrochemical properties of the oxysulfide ;518;0s.
however, are not effective in the visible light region£ 400 SmpTi,S,05 belongs to thé4/mmmerystallographic group and
nm) because the band gap energies of these materials exceed gas the same structure as that of the Ruddles@epper-type
eV. In these metal oxide photocatalysts, the bottoms of the |ayered perovskite oxide, represented by (AX)BXa)n (A,
conduction bands, which consist mainly of the empty transition B = metal cations, X= anions), and the layers are composed
metal d orbitals, are located at a potential slightly more negative of S—(TiO,)—O—(TiO,)—S double octahedr® It is reported
than 0 V versus NHE at pH- 0, and the tops of the valence that, under visible light irradiation &t < 650 nm, SmaTi,S,05
bands, consisting of O2p orbitals, are at a potential more positive functions as a photocatalyst for the oxidation of water @O
than~3 V. This situation causes large band gap energies. Somethe reduction of H to H, in the presence of a sacrificial electron
metal sulfides, such as CdS and CdSe, appear to be suitabl@cceptor (Ad) or donor (NaS, NgSO; or methanol), without
photocatalysts, since they have energy gaps small enough tcany noticeable degradation.

absorp yisible Iight_and their conduction and_valence bands areExperimentaI Section

at sufficient potentials for many redox reactions. These metal

chalcogenides, however, are not stable for oxidizing water to ~ Synthesis of SmaTi2$,0s. Sm:Ti:5,05 samples were obtained by
heating a mixture of Sp%; (99.999%; Soekawa Chemical Co., Ltd.),

SmOs, and TiQ (99.95%, 98.5%; Kanto Chemical Co., Inc.) (molar
ratio, SmS;:SmO3: TiO, = 2:1:6Y° in a sealed quartz tube under
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up and again heated in the vacuum-sealed tube for 7 days. The obtained
orange samples were ground into a powder. *: impurity

Characterization of Catalysts. Characterization of the prepared
samples was carried out using X-ray powder diffraction (XRD, Rigaku
Geigerflex RAD-B, Cu Kx), scanning electron microscopy (FE-SEM,
Hitachi S-4700), energy-dispersive X-ray spectroscopy (EDX, Horiba
EMAX-7000), UV—visible diffuse reflectance spectroscopy (BVis
DR spectra, Jasco V-560), and X-ray photoelectron spectroscopy (XPS,
Shimadzu ESCA 3200).

Preparation and Deposition of IrO, Colloid. IrO; colloid was used
as a catalyst for the oxidation of water. The colloid solution was
prepared by the hydrolysis of WNeCls.1° The diameters of the IrQ A
particles were estimated to bel—5 nm by transmission electron
microscopy (TEM) images of the colloid. While SW,S;0s, as 0 10 20 3|0 40 50 60
prepared, did not adsorb the k@olloid, the following treatment 20/ degree
resulted in the adsorption of the Iz@olloid on SmTi,S,0s. A 1.0-g Figure 1. XRD patterns for the samples prepared at 1273 K. Sample A
amount of SmTi,S,0s, 1.4 x 102 g of Ca(OH}), and 2 mL of methanol was synthesized by heating the mixture of the starting materials for 4 days.
solution were mixed in an agate mortar and ground until dry. The In the case of Sample B, a sintered sample obtained by heating for 1 week
mixture was heated at 573 K under vacuum for 10 min and then washedwas ground and again heated for a further week.
with distilled water several times to remove excess CatOA).3-g
amount of SniTi,S,0s sample loaded with Ca(Ok)Ca(OH)/Sm- The oxidation of*®0 labeled water (kt?0) by SmTi»S,0s under
Ti,S,05) and~0.1—12.8 mL of the colloid solution (Ir@2H,O ~0.3— visible light irradiation was carried out in a small Pyrex cell; O
6.0 mg) was added to vigorously stirred distilled water (50 mL). After evolution was examined in 3 mL of a mixture ob'¥D and H'¢O
the solution was stirred for 30 min, the transparent supernatant was (H2!%0/H,'#0 = 4.2) containing 0.060 g of Sffi,S;0s, 570 umol of
decanted and the sample with adsorbed;426,0 (IrO,—Ca(OH)/ AgNOs, and 0.06 g of LgOs. The time course of gas evolution under
SmpTi»$,0s) was rinsed 3 times in distilled water. The sample was Vvisible light irradiation £ > 440 nm) was analyzed by both gas
dried at 353 K in air. The amount of colloidal Is@dsorbed onto the chromatograph and quadrupole mass spectrometer.
SmTi$0s was estimated in each case by measuring the absorbance Electrochemical Analysis.The electrochemical properties of $m
over 500-700 nm of the Supernatant rinse solutions. As CO”Oidab IrO T|25205 were examined using electrodes fabricated as fO"OWSZ' Sm

(103)

(208) (11,12)

Intensity
(002)
(004)
215) (213)

has a broad absorption band in the range -5000 nm;* these Ti,S,0s powder was pressed into a disk (10 mm diameter, 1 mm
measurements revealed that 0.3 g of,Bn&;0s can adsorb 6 mg of  thickness). The disk was heated in a vacuum-sealed quartz tube at 1273
colloidal IrO; as the maximum loading. K for 1 week. The disk was cut into a square electrode<(5 x 1

Photocatalytic Reactions.The reaction was carried out in a Pyrex mm?) after calcination. Metallic indium was sputter-deposited on one
reaction vessel connected to a closed gas circulation and evacuatiorside of the electrode, and a Cu wire was attached on the deposited
system. The photoreduction offHo H, and the photooxidation of indium film using silver paste. The Cu wire side of the electrode was
H20 to G, in the presence of a sacrificial electron donor and acceptor sealed with epoxy resin to prevent current leakage. The electrode was
were examined as test photoreactions. dvolution was typically examined in an electrochemical cell made of Pyrex. A Pt wire and
examined in 200 mL of aqueous solution containing 0.20 g 0f-Sm  Ag/AgCI electrode were employed as the counter and reference
Ti2S,0s, 1.0umol of HPtCl, and sacrificial electron donors (0.01 M glectrodes, and 20 mL of 0.1 M,BO: was used as the electrolyte.

N&S—0.01 M NaSQ; ). The photooxidation of water to Owas The impedance of the electrochemical cell was measured using a
performed in 200 mL of 0.01 M AgN©solution (Ag" as sacrificial frequency response analyzer (Hz-3000, Hokutodenkou). For photo-
electron acceptor) containing 0.20 g of SiaS,0s and 0.20 g of LgOs electrochemical analysis, the cell was irradiated by a 300-W Xe lamp

powder. The photooxidation of water decreases the pH of the solution gquipped with a monochromator.
because His produced with @evolution. In the presence of k@s,
the pH of the solution during the photoreaction is buffered atspH Results and Discussion
~8—9 by the dissolution of L#s or La(OH), a basic metal oxide.
To remove air from the reactor, the solution was evacuated several XRD Pattern, SEM Image, and UV—vis Spectrum of
times and then irradiated with a 300-W Xe lamp equipped with cutoff Sm,Ti,S,05 Figure 1 shows X-ray diffraction (XRD) patterns
filters. The number of photons reaching the solution was measured with {5 the prepared samples. Sample A was synthesized by heating
a Si photodiode, and the rate of total incident photons at 44&nin  yhe miyture of the starting materials for 4 days. In the case of
< 650 nm was typically 8.6< 10?* photons h'. Quantum efficiency . . .

) . o Sample B, a sintered sample obtained by heating for 1 week
(®) values were calculated using the following equation: . . .

was ground and again heated for 1 week. Diffraction peaks

corresponding to those of Sii,S,0s’ appear even in the XRD
pattern of Sample A obtained with the short heating time. The
A R and | represent the coefficients based on the reactions (H Intensities of the diffraction peaks increase with increasing
evolution= 2, O, evolution= 4), the H, or O, evolution rate (molecules ~heating time, accompanied by a decrease in the impurity phase,
h~1), and the rate of absorption of incident photons, respectively. Here, as shown in the XRD pattern of Sample B. Energy-dispersive
® is the apparent quantum efficiency because we assume that allX-ray spectroscopy (EDX) revealed the composition of Sample

@ (%) = (AR/]) x 100

incident photons are absorbed by the suspension. B to be Sm:Ti:S= 1.0:1.0:0.9 (atomic), an S content slightly
lower than the stoichiometric amount. From the scanning

© Soga, m-&ggg@%iv R.; Ksenofontov, V.7tEh, P.; Tremel, W.Chem. electron microscopy (SEM) image of Sample B, shown in Figure

(10) %a?rrimar{, A.; Thomas, J. M.; Millward, G. Rlew J. Chem1987, 11, 2, the diameters of S#i,S,05 particles were estimated to be

(11) Har'riman, A.; Pickering, I. J.; Thomas, J. M.; Christensen, Rl. £&hem. 2—4;4m. The Iarg_e SIZ_e of the Sfi>S,0s Pam(_:les is ascribed
Soc., Faraday Trans. 198§ 84, 2795. to the long-duration high-temperature sintering.
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Figure 2. Scanning electron microscopy (SEM) image of :3mS,05
(Sample B).
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Figure 4. Band dispersion and density of states for,$i55,0s.

The calculated band dispersion relation and density of states
are shown in Figure 4. In Figure 4, the top of the valence band
corresponds to the orbital #98, and the bottom of conduction
Sm,Ti,07 \ Sm,Ti;S;0s band, to the orbital #99. The contents of each band are shown
in the figure. For example, orbitals from #47 to #88 are
composed of O2p and S3p orbitals. The band gap, which is
apparently very small, lies between the orbitals #88 and #89.
The occupied energy bands obtained in this calculation, in
Figure 3. _UV—vis diffuse reflectance (U¥vis DR) spectra for SgTi,07 increasing order of energy, are Ti3s, Sm5s, Ti3p, ®Bm5p,
and SnaTizS,05 (Sample B). S3s, 02p+ S3p, and Sm4f (part). The unoccupied bands are
Smdf (part) and Ti3d. The valence band is made up of the O2p
and S3p hybridized orbitals and the localized Sm4f orbitals.
The conduction band consists of the Ti3d and localized Sm4f
orbitals. Although the patrtially filled Sm4f orbitals appear both
at the top of valence band and at the bottom of conduction band,

Absorbance / arb. unit

300 400 500 600 700 800
Wavelength /nm

Figure 3 shows UVvis diffuse reflectance (U¥vis DR)
spectra for SpTi,07 and SmTi,S,0s (Sample B). In the UV
Vvis spectra, the absorption band edge o, Ba%,0s is at 600
nm with a shoulder up to 650 nm, being shifted about 250 nm
from that of SmaTi>Oy, and the band gap energy is estimated their highly localized nature makes them less effective in

to be 1.9 9r 2.1ev. ) photoconductivity or photocatalysis and their contribution
Electronic Structure Calcu_latlon. In contrast to the case of should, therefore, be ignored when considering photocatalytic
the large energy gap of S;O; (~3.6 eV), the small band  5nq photoelectrochemical phenomena. The apparent electronic
gap energy of SgTi>S,0s is attributable to the incorporation  strycture is like a metal, as shown in Figure 4. However, this is
of §~. Because S3p orbitals have higher potential energies thangaysed by the isolated atom-like Sm4f orbitals, and these orbitals
those of O2p orbitals, the top of the valence band 0§ B8,05 do not contribute to the band gap property. Thus, the band gap
may consist predominantly of S3p orbitals, resulting in the small g reasonably estimated to be 1.4 eV, as the energy difference
energy gap. To verify this explanation, the band structure of panween the top of the O2p S3p band and the bottom of the
SmyTi>S,0s was calculated using the plane-wave-based density Ti3q pand. This value is just two-thirds of our experimental
functional theory (DFT) program, CASTEPThe core orbitals  yajue (1.9 or 2.1 eV). The major reason for this discrepancy is
were replaced by the ultrasoft core potentféland the 025 ascribed to underestimation of the character of the band gap in
2p*, S343pf, Ti3s3pP3cP4<, and Sm5%HPA6S electrons were  ¢yrrent DFT.
treated ex_plicitly. The kinetic energy cutoff was set to 280 €V. 1o DET calculation indicates that the energy gap of the f
The atomic coordinates of $ifi>S,0s measured by Boyer transition of Sri* is smaller than the band gap. In contrast, the
Candalen et al. were used in the DFT calculafiorhe unit DRS indicates that the band gap is much smaller than-tffie f
cell includes (SniTi,$,0s). structure, and the total number of .o hsition energy, which is mainly observed-a#00 nm for
valence electrons is 196. Because the Sm4f orbitals have agm,1j,0,. The f—f transition energy is evaluated not only from
smaller overlap and lower ionization potential, the SCF con- yhe gitference of occupied and vacant 4f orbital energies but
vergence is not good. We employed the fractional occupation 4154 from the electron repulsion term related to the occupied
technique, which allows the withdrawal and accumulation of a 44 vacant orbitals. The transition energy for band calculations
small amount of electron density, respectlvgly, in the top of ¢ solids is usually approximated by only the orbital energy
the valence band and the bottom of conduction band. difference if the orbitals are widely extending (i.e., band picture).
However, the extension of Sm4f orbitals is rather corelike, and
(12) Payne, M. C.; Teter, M. P; Allan, D. C.; Arias, T. A.; Joannopoulos, J. D.  the hand picture shown in Figure 4 does not correctly represent

Rev. Mod. Phys1992 64, 1045. ” . !
(13) Vanderbilt, D:Phys. Re. 1990 B41, 7892. the ff transition energy. The aim of our study is not to evaluate
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Figure 5. Time courses of @evolution from SmTi,S,0s and CdS under
visible-light irradiation £ > 440 nm). (A) SmTi».S;0s (Sample B). (B)
SmpTi,S,05 (Sample A). (C) CdS. (D) Ca(OWBmpTi»S:0s. (E) IrO, (0.25

wt %)—Ca(OH}/SmpTi,S;0s, catalyst (0.2 g), 0.01 M AgNgsolution (200
mL), LaxOs (0.2 g).

the f—f transition energy but to estimate the contents of realistic
photoexcitation. This is not due to the-ff transition but the
transition from the O2pt S3p orbitals to the Ti3d orbitals.
Photocatalytic Reactions of Srgli,S,0s. 1. O, Evolution
in AgNO3 Solution. Time courses of @evolution on Srg
Ti»S,0s samples as well as on CdS in Agh®olution under
visible-light irradiation £ > 440 nm) are shown in Figure 5.
For the as-prepared Sii,S,0s sample, @ was evolved with
irradiation (curves A and B) after a short induction period.(
h). No reaction took place in the dark. The XRD patterns of
SmTi,S,0s samples before and after the reaction were es-
sentially identical except for the emergence, after the reaction,
of a diffraction pattern attributable to metallic Ag. The oxidation
of 180 labeled water (k+80) by SmTi,S,05 under visible light
irradiation was performed in an aqueous AgNe6olution
(H21%0/H,0 = 4.2, AgNG; 0.19 M), and it was confirmed
that the ratio of%0/180 in evolved Q (10,, 15080, and!®0,)
was always~4.2 during reaction (10 h). Apparently, evolved
O, is derived from water. It was confirmed thap ®volution
from SmpTi»S,05 depends largely on pH. Levolution was
examined in a basic solution-pH = 8) buffered by LaO3, as

the same experimental conditions is also shown in Figure 5
(curve C). CdS in the AgN&xsolution turned black immediately
because of the decomposition of CdS with the formation of
Ag,S, and no @ evolution was observed.

It is noteworthy that the @evolution rate increased when
we modified the catalyst by the adsorption of jr€lloid, that
is, IrO,—Ca(OH)/ SmyTi,S;0s. Figure 5 also shows time
courses of @ evolution from Ca(OHYSmTi,S,0s and IrG,
(0.25 wt %)-Ca(OHY/SmTi,S,0s. While Ca(OHYSmy-
Ti»S,0s had a lower activity for @evolution than that of Sga
Ti»S,0s, the rate of @ evolution increased with increasing the
amount of adsorbed Ir{xolloid, reaching a maximum at 0.25
wt %. Further adsorption beyond 0.25 wt % decreased the rate
of O, evolution. The quantum efficiency at 0.25 wt % adsorption
was 1.1%, more than 5 times that of the as-prepareg- Sm
Ti,$0s. These results indicate that the pr€olloid functions
as an effective @evolution promoter for SaTi,S,0s.

2. SmTi,S,05 Surface before and after @ Evolution
under Visible-Light (4 = 440 nm) Irradiation. To evaluate
the stability of SmTi,S,0s during the photooxidation of water
in visible light, the surface of the SMi,S,05 was examined
by XPS. Figure 6 shows the XPS spectra. After reaction for 20
h, the filtrated mixture of SaTi,.5,05 and LaO3 was stirred in
100 mL of 1 M HCI solution for 30 min in order to dissolve
the LaOs, and the Sl ,S,05 was filtered out for XPS analysis.
The total turnover number based on the number of O atoms in
SmpTi,S,0s for O, evolution (20 h) was 0.1. While the amount
of O atoms in Snli,S;05 (0.2 g) was 1.9 mmol, that of evolved
O, in 20 h was 0.10 mmol. Note that the amount of surface O
atoms estimated from a BET surface area of 0.5@rand the
(100) face structure of Sfi,S;0s is 3.8 nmol. Therefore, the
turnover number based on the number of surface O atoms was
estimated to be-1.3 x 10% Even if $ is oxidized to 8 species
during the reaction, it is known thaf Species are stable in the
HCI solution. There was no significant difference in the binding
energies of the Sm3d, Ti2p, S2p, and O1s peaks before and
after the reaction. In Figure 6A, the intensity of the Sg3d
peak after reaction was smaller than that before the reaction,
and the Ols peak (Figure 6B) assigned to OH (532.4 eV)
became slightly larger after the reaction. The surface atomic
ratios of Sm/Ti, S/Ti, and O/Ti are summarized in Table 1. The
surface atomic ratios of O/Ti were estimated from O1s peaks

described above. However, when the reaction was carried outat 530 eV. Table 1 shows that the proportions of surface Ti, S,

in acidic conditions (pH< ~6), O, did not evolve with
irradiation. This implies that alkaline conditions are favorable
for O, evolution on SnTi,S,0s. It is suggested, from the

and O did not change during reaction, whereas a considerable
amount of Sm disappeared from the surface of the sample after
the reaction and HCI treatment. The decrease in surface Sm is

electrochemical analysis shown below, that the valence bandnot attributed to the photooxidation of water but to the

of SmTi,S,05 does not have the satisfactory potential for the

dissolution of Sr" into the concentrated HCI solution during

oxidation of water to @in acidic conditions with the band gap  HCl treatment. As can be seen in Table 1, after a similar HCI
irradiation. Sample A, which was not completely crystallized treatment, surface Sm also decreased in a sample mixture of
in comparison with the case of Sample B, had a slower rate of SMeTi250s and LaOs powders that did not undergo photore-
02 evolution than that of Sampie B, indicating that the |mpur|ty action. These XPS and XRD results indicate that the surface
phase lowers the activity of Sifi.S,0s. Sample B was, and bulk of SmTi»S,05 are essentially unchanged during the
therefore, used in all subsequent experiments. Despite thereaction and that Sifii.S;0s functions as a stable photocatalyst
impurity phase, the rate of Qevolution on Sample A reaches for the oxidation of HO to G, in AgNOs solution.
approximately one-half of that of Sample B. This suggests that XPS spectra for CdS before and after reaction were also
there still remains a considerable amount of defects, althoughshown in Figure 6B-F. A 0.20-g amount of CdS was irradiated
sample B shows relatively high peak intensities in XRD. The with visible light 1 = 440 nm) for 6 h in araqueous AgN@®
qguantum efficiency for @evolution in Sample B was estimated  solution containing LgO; powder, as in the case of SipS,0s.

to be 0.2%. For comparison, the time course with CdS under After the reaction, intense peaks of Ag3d appeared and

13550 J. AM. CHEM. SOC. = VOL. 124, NO. 45, 2002
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Figure 6. XPS spectra for Sm3g (A), O1s (B), Ti2p (C), and S2p (D) of Sihi,S,0s before and after @evolution under visible light{ = 440 nm). The
XPS spectra of Cd3d (E), Ag3d (F), and S2p(G) of CdS are also shown. (a) represents before the reaction, and (b), after the reaction.

Table 1. Surface Atomic Ratios of Sm/Ti, S/Ti, and O/Ti of 400
Sm,Ti2S,0s5 before (a) and after (b) O, Evolution in Visible Light (4
> 440 nm) -
o 350
sample SmATi S o E
a 0.7 1.2 3 o 300
b2 0.23 1.2 29 p—
& 0.31 12 26 g 250
°
a After the reaction for 20 h, the filtrated mixture of ShibS;0s and o 200
LayO3 was stirred in 100 mL o1 M HCI solution for 30 min in order to ‘S
dissolve LaOs, and SmaTi,S,0s was filtered out for XPS analysi8.Sample v 150
¢ was obtained by treating the mixture of SMS,0s5 and LaOs; powders 3
without photoreaction by HCI solution in a similar manner as that above. £ 100
<
simultaneously Cd3d decreased. The formation ofSAwas 50
also confirmed by XRD after the reaction. There was no
noticeable difference in XPS spectra and XRD patterns for CdS 0 d
in dark and under visible-light irradiation for 6 h. These results 0 10 20
indicate that, in the presence of A¢CdS surface is transformed Time/h

to AgzS with the dissolution of Cd cations. This confirms Figure 7. Time courses of kWevolution from 1.0 wt % PtSmpTi»S,0s5

that CdS is not stable against oxidation by'Agven in a dark  under visible-light irradiationA = 440 nm). O) Pt=SmyTi>$,0s (0.2 g),
0.01 M Nas$S, and 0.01 M Nz50; solution (200 mL); &) Pt-deposited

condition. . ) )~
. . . SmpTi2S;05 (0.2 g) and 200 mL of methanol solution (distilled water 180
In contrast to the case of CdS, ShpS0s is stable in dark nfeth;n(m zé’)mL)_ (

and under visible-light irradiation, although the valence band
partially consists of S3p. SMi,S,0s has a layered perovskite- evolution promoter on the Sfi,S,0s surface. After the
like structure that may be more stable than that of CdS. The j,qction period, H evolves steadily, indicating that excited
formation of TiSQ octahedra results in the hybridization of electrons in the oxysulfide can reduce kb Hy. The quantum
S3p and O2p orbitals forming thg valence band. It is presumably efficiency for Hy evolution at a steady state was 0.1%. XRD
m%rel-tlhaEnv:)TS:igr: ?:r;esggrgglr:?f.of Sacrificial Electron and XPS analyses confirmed that, févolution proceeded
Doriors? Figure 7 shows the time courses of Elvolution on without any degradation of SiMizS,0s. This indicates that Sga
10wt 0/' P?—S Ti,S,05 in the presence of N§—NaSOs and Ti»S,0s also functions as a stable photocatalyst for the reduction
0 WE 0 FLTSIE 1129905 1N NS Prese & of H' to H, under visible-light irradiationX > 440 nm).
methanol under visible-light irradiatioi & 440 nm). The pHs _ _ o
of the aqueous N&—NaSO; and methanol solutions for H Figure 7 also displays Hevolution in the presence of
evolution were 13.0 and 5.6, respectively. In the case of the methanol. The reaction was performed in an agueous solution
NaxS—Na,SO; solution, the fastest rate ofsHevolution was (200 mL) containing 0.20 g of the sample loaded with 1.0 wt
obtained by a Pt loading of 1.0 wt %. In the early stage of the % Ptand 20 mL of methanol. Pt was loaded by the impregnation
reaction ¢3 h), the BPtCk added is reduced to Pas an H method from [Pt(NH)4]Cl,, followed by a reduction in Kat
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Figure 8. Dependence of the rates of ldr O, evolution on the cutoff
wavelength of incident light and the UWis diffuse DR spectrum of Sgn
Ti2S,0s. () H2 evolution from Pt (1.0 wt %)} SmpTi»S,0s (0.2 g)-0.01
M NagS and a 0.01 M NgO; solution system.{) O, evolution from
SmpTi2S:05 (0.2 g-Lax0s (0.2 g)-0.01 M AgNG; solution system.

573 K. Again, B was evolved steadily, indicating that methanol
also works as a sacrificial electron donor on FipS,0s.

Although SmTi,S,05 and Pt-deposited Sii,S,05 were
irradiated with visible light in distilled water, no gas evolution
was observed. There was no difference between XPS and XRD
for the samples before and after the light irradiation. Therefore,
it is obvious for photocatalytic overall water splitting in visible
light to modify the oxysulfide surface appropriately.

4. Wavelength Dependencerigure 8 shows the dependence
of the steady rate of Hevolution and the initial rate of ©
evolution on the cutoff wavelength of incident light. The filters
were used in order to cut off the light with shorter wavelengths
than those of the indicated numbers. The-ts DR spectrum
of SmTi,S;05 is also shown in the figure to indicate the
absorption edge of the oxysulfide. The rates ofe@olution
were measured using $SMi,S;0Os without IrO; colloid. Although

both rates decrease with increasing cutoff wavelength due to™ ™+ -
the linear M-S plots on used frequency can be attributed to

the polycrystalline SaTi,S,0s5 electrode. In the case of poly-

the reduction in the number of absorbed photons, the evolution
of H, and Q was observed up te600—-650 nm, corresponding
to the band gap transition of $ii,S,0s. These photoreactions
are, therefore, confirmed to proceed via band gap transition.
Electrochemical Analysis. To study the electrochemical
properties of SpVi,S,0s, the electrode was examined under
various electrochemical conditions. Figure 9 correlates the
current and potential of the Sifi,S,05 electrode under anodic
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Figure 9. Photocurrent vs potential curve for the SiyS,0s electrode §

> 440 nm). Counter electrode: Pt. Reference electrode: Ag/AgCl.
Electrolyte: 0.1 M KSOs (20 mL) at pH= 12.7. The solid line is the
photoanodic current, and the dashed line is the dark current.
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Figure 10. Mott—Schottky plots for the SpTi,S,0s electrode. &) pH =
13.2; ©) pH = 4.1. Counter electrode: Pt. Reference electrode: Ag/AgCI.
Electrolyte: 0.1 M KSOy (20 mL). Frequency: 1 kHz.

of the SmTi»S,05 electrode was, therefore, estimated to be
~—=1.4 V versus Ag/AgCl (—1.2 V versus NHE) which is
independent of pH. This is consistent with the photocurrent
potential curve in Figure 9: the photocurrent is observed at
—1.2 V versus Ag/AgCl. The dependence of the slopes of

crystalline electrodes, the slopes of the linear $1plots depend
on the frequency in MS analysis because of various surface

states.

From the measurement of the relative permittivity of the
oxysulfide, the difference between the bottom of conduction
band and the Fermi level was estimated to-e-0.1 eV14 It

polarization (pH= 12.7), measured in dark and under intermit-
tent visible-light irradiation{ = 440 nm). A photocurrent with
the oxidation of water is established-at-—1.2 V versus Ag/
AgCl, indicating that Snil'i,S,05 has am-type semiconductor
character and that the flat band potentiats1.2 V.

Figure 10 shows MottSchottky (M-S) plots, 1C? versus
E, for the SmTi»,S,0s electrode at pH= 13.2 and 4.1. The
M-S plots were obtained at the frequency of 1 kHz. The
intersection point of the potential and linea€4 potential curves
gives a flat band potential, which in this case is approximately
—1.4 V versus Ag/AgCl 1.2 V vs NHE) and almost
independent of pH. When the B analysis was performed at
1, 2, 5, 10, and 20 kHz, the slopes of the plots increased with
increasing frequency. However, no dependence of the intersec-
tion points on frequency was observed. The flat band potential

13552 J. AM. CHEM. SOC. = VOL. 124, NO. 45, 2002

(14) The slope of M-S plots ((1C?)/V) is expressed by the following equation:

15(1/C?)IV = 2/(gereoNp), Whereq, €, €0, andNp represent the elementary
electric charge (1.6& 10719 C), relative permittivity, vacuum permittivity
(8.85 x 1071 F cnrt), and concentration of donor impurities in bulk,
respectivelye, was estimated to be 23 by an impedance analyzer. Because
(1/C?)IV increased from 2.5 10'to 4.0 x 10 cm* V-1 with increasing
measurement frequency~<20 kHz) as mentioned abovep was estimated

to be~1.5 x 10t"—2.5 x 10'7 cm2. The difference between the conduction
band and Fermi levelsAE = Ec — Eg) is given b%/ the following
equation: ng = Nc exp(AE/KT), Nc = 2.5 x 10'9(mc/mo)>4(T/3002. As a

first approximationng (total concentration of donor impurities in bulk and
on surface) is equal thp. mc andmy are the effective mass of the electron
in the conduction band and the effective mass of the electron (9.1

kg), respectively. In the band structure analysis for metal oxides such as
TiO, (6 = 173,Np = 3 x 10?°cm3), SnQ, (¢ = 23.4,Np = 3 x 108
cm3), KTaGs (er = 243,Np = 1 x 108 cm3), and KTa 7/Nbo 2403 (e =
243,Np = 2 x 10 cm~3), mc/my can be approximated as 1.0. In the case
of GaN = 7,Np = 6 x 10" cm~3), me/my has been estimated to be 0.2.
It is difficult to determine a correatnc of SmyTi,S,05 because prepared
SmTi,S,0s is polycrystal. However, assuming thattmg is 0.2~1.0 in
SmpTi,S,0s which has high electron density and low resistance, we can
estimateAE to be~0—-0.1 eV.
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Figure 11. Estimated band positions of $m,S,0s at pH= 0 and 8.

is generally known that the bottom of the conduction bands in
manyn-type semiconductors is more negativeby 0.1 V than

the flat band potentidf 1’ The estimated band structure of $m
Ti»S,0s is illustrated in Figure 11. The conduction and valence
bands have enough potentials for the reduction 6ftel H,
and the oxidation of water to £at pH= 8 with the band gap
irradiation, and this is consistent with the results of the
photocatalytic reactions.

Interestingly, the flat band potential of $M,S;0s is almost
independent of pH. In metal oxide photocatalysts such ag, TiO
the flat band potential shifts to more negative potentials with
increasing pH because of the dissociation of surface hydroxyl
groups. As shown in the XPS spectra, SinS,05 has surface

(15) Bolts, J. M.; Wrighton, M. SJ. Phy. Chem1976 80, 2641.

(16) Matsumoto, Y.J. Solid State Chen1996 126, 227.

(17) Matsumoto, Y.; Omae, K.; Watanabe, |.; Sato) EElectrochem. S04986
133 711.

hydroxyl groups, while the flat band potential is unchanged for
pH. A possible explanation for that is the small acid dissociation
constant of hydroxyl groups on Sii;S;0s. S in S—(TiO2)—
O—(TiO2)—S or Sm might give rise to this feature of the
hydroxyl groups.

In the case of SaTi,S,0s, the difference between the
oxidation potential of water and the valence band level is small,
so that the oxidation of water is not efficient. Such an
appropriate surface modification as the deposition of an O
evolution catalyst or synthesis of oxysulfides with valence band
levels suitable for the oxidation of water might result in the
efficient oxidation of water under visible-light irradiation. These
possibilities are currently under investigation.

Conclusion

SmpTi,S,0s, a T*"-based oxysulfide, was confirmed to be a
stable visible light-driven photocatalyst for the oxidation of
water to Q or the reduction of H to H, without the oxidation
of S~ or the decomposition of the structure. The bottom of the
conduction band and the top of the valence band are sufficient
for the reduction of Ff and the oxidation of water, respectively.
As such, this oxysulfide performs as a stable photocatalyst for
H, or O, evolution from an aqueous solution containing a
sacrificial electron donor or acceptor under visible light<
650 nm).

The deposition of an Ir@colloid on SmTi,S,05 as an Q
evolution promoter enhanced the photooxidation activity 5-fold,
demonstrating that such a surface modification can improve the
photocatalytic activity of SaTi,S;0s.
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