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Sm2Ti2S2O5 was modified with various metal ions, and the effects on photocatalytic H2 evolution from a
Na2S–Na2SO3 solution were investigated. In particular, the catalytic enhancement effects of magnesium
and silver additives were focused on, and structural analysis and photoelectrochemical measurements
were carried out to investigate the mechanism involved. It was found that their promotion effects were
different. The addition of silver ions during the preparation of the photocatalyst resulted in the formation
of Ag2S nanoparticles and greatly promoted photooxidation of electron donors. Differently, the addition
of magnesium ions significantly inhibited such photooxidation, but led to a reduction in the defect den-
sity in Sm2Ti2S2O5. The simultaneous addition of 5% Mg and 1% Ag was found to produce the highest level
of catalytic performance. Finally, the optimal H2 evolution rate of the modified photocatalysts reached
630 lmol h�1, seven times that of an unmodified sample.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

There has recently been intense interest in the development of
photocatalysts that can split water to produce hydrogen using only
sunlight [1–4]. To date, more than 100 oxide-based photocatalysts
have been explored, with some showing significant levels of
photoactivity. However, the utilization of visible light on the oxide
photocatalysts is restricted due to their wide band gaps [5].

A considerable amount of effort has been devoted to the devel-
opment of water-splitting catalysts that are stable and sensitive to
visible light. Many non-oxide materials, including metal (oxy)ni-
trides and oxysulfides, have been shown to be good candidates
due to their stable H2/O2 half-reactions and efficient absorption
in the visible region due to the substitution of O atoms with low-
er-negativity N or S atoms [6–17]. Among these non-oxide materi-
als, the absorption edges of some compounds such as LaTiO2N [11],
Ga–Zn–In mixed oxynitride [12], Ta3N5 [13,14], and Sm2Ti2S2O5

[15–17] can reach ca. 600 nm.
In addition to the exploration of new visible light-responsive

materials, many innovative strategies have been developed to en-
hance the photocatalytic activity of existing candidate materials.
This is more important for materials that absorb at wavelengths
up to 600 nm, because the driving force on photogenerated carriers
is much lower than that in wide band gap oxides. One common
method of improving photocatalytic activity is to deposit a cocata-
ll rights reserved.

. Domen).
lyst that allows more efficient separation of photogenerated
electrons and holes [6,9,10,18–22]. Another important method of
improvement involves modifying the photocatalyst with metal ions
to adjust its local structure [23–26]. It is known that modification of
a solid material with metal ions can modulate its physicochemical
properties in a manner that depends on both the type of metal ions
and the host material. One extensively studied example of this is
the doping of TiO2 photocatalysts with certain transition metals
[27], rare earth metals [28], and noble metals [29], which results
in enhanced photocatalytic activity. To the best of our knowledge,
however, studies on metal-modified oxysulfides have been limited,
because of the difficulty in controlling the preparation conditions
for oxysulfides, especially in comparison with metal oxides.

Our earlier work revealed that Sm2Ti2S2O5 is a stable visible
light-driven photocatalyst for H2 and O2 evolution, but its photocat-
alytic activity was very low [15]. Moreover, the preparation of
Sm2Ti2S2O5 by solid state reaction not only required high tempera-
tures over long period but also made it difficult to dope metals into
the photocatalyst. To overcome these problems, we developed an
H2S gas sulfurization method for the preparation of fine Sm2Ti2S2O5

particles, which not only led to a large reduction in the preparation
temperature and time but also allowed the possibility of metal dop-
ing [16]. Recently, we attempted to introduce Ag+ ions into Sm2Ti2-

S2O5 prepared by the above-mentioned sulfurization method and
achieved a remarkably enhanced H2 evolution [17]. This result
encouraged us to engage in a more systematic investigation.

In the present study, we examine the influence of various metal
ion additives on the structure of the Sm2Ti2S2O5 phase and its H2
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evolution rate, along with the optimization of the preparation and
experimental conditions of photocatalysts for H2 evolution. Based
on the experimental results, the effects of metal ion modification
on photocatalytic activity are discussed. It was found that promo-
tion of photocatalytic oxidation and reduction in defect density on
the photocatalyst are two main factors of increasing photocatalytic
H2 evolution rate of Sm2Ti2S2O5.
2. Experimental

2.1. Preparation of photocatalysts

The synthesis of Sm2Ti2S2O5 photocatalysts with metal addi-
tives was similar to that described in our previous report [16]. Gen-
erally, it involved two steps: (i) synthesis of an amorphous oxide
precursor by a polymerized complex method and (ii) sulfurization
of the oxide precursor under an H2S flow. All of the chemicals,
which included Sm(NO3)3�6H2O (Wako Pure Chemicals Co.,
99.5%), Mg(NO3)2�6H2O (Kanto Chemicals Co., 99%), Ca(NO3)2�4H2O
(Kanto Chemicals Co., 98.5%), Sr(NO3)2 (Kanto Chemicals Co.,
99.5%), Ba(NO3)2 (Kanto Chemicals Co., 99%), AgNO3 (Kanto Chem-
icals Co., 99.8%), Cu(NO3)2�3H2O (Wako Pure Chemicals Co., 99.9%),
Zn(NO3)2�6H2O (Wako Pure Chemicals, 99%), Y(NO3)3�6H2O (Kanto
Chemicals Co., 99.99%), and La(NO3)3�6H2O (Kanto Chemicals Co.,
99%), were used without further purification.

The oxide precursor was typically synthesized as follows:
0.02 mol titanium tetraisopropoxide (Kanto Chemicals Co.) was
dissolved in 0.2 mol ethylene glycol (Kanto Chemicals Co.) at room
temperature, and 0.3 mol anhydrous citric acid (Wako Pure Chem-
icals) was then added and the mixture was heated at 333 K until it
was completely dissolved. Subsequently, 0.02 mol Sm(NO3)3�6H2O,
20 mL methanol and a calculated amount of the metal additive
precursor (the metal content was calculated according to the molar
amount of Ti atoms) were added to the solution in that order. The
mixture was stirred at 403 K until a transparent gel was formed.
The polymer was carbonized at temperatures of 523, 573, and
623 K for 1 h each and finally calcined at 773 K for 12 h to com-
pletely remove the carbon.

The resulting amorphous oxide precursor was sulfurized at dif-
ferent temperatures (1073–1273 K) for 1 h under a flow of H2S
(10 mL min�1). Post-calcination for 2 h in air at 573 K was then car-
ried out to remove any sulfur species adsorbed on the surface of
the photocatalyst [16]. A similar procedure was used to prepare
the host Sm2Ti2S2O5 photocatalysts. In this paper, the as-prepared
photocatalysts are denoted using the notation ‘‘A%M–Sm2Ti2S2O5-
T’’ (A: metal content; M: metal; T: sulfurization temperature (K)).

2.2. Characterization of catalysts

The as-prepared samples were characterized by X-ray powder
diffraction (XRD, Geiger-flex RAD-B, Rigaku; Cu Ka), field-emission
scanning electron microscopy (FE-SEM; S-4700, Hitachi), ultravio-
let–visible diffuse reflectance spectroscopy (JASCO, V-670 spectro-
photometer), and X-ray photoelectron spectroscopy (XPS; JPS-
9000, JEOL). The binding energies determined by XPS were cor-
rected by reference to the C 1s peak (285 eV) for each sample.
The Brunauer–Emmett–Teller (BET) surface area was measured at
77 K using a BELSORP-mini instrument (BEL Japan). Photolumines-
cence spectroscopy was measured at 77 K under 400 nm excitation
using an FP-6600 instrument (Jasco).

2.3. Photocatalytic reactions

Reactions were carried out in a Pyrex inner irradiation-type
reaction vessel connected to a glass closed gas circulation system.
A 400 mL solution of 0.01–0.05 M Na2S–Na2SO3 containing 0.2 g
photocatalyst was used for H2 evolution studies. A calculated
amount of RhCl3�xH2O (Aldrich, 38–40%) precursor was added into
the solution, which was photo-reduced into metallic Rh by the
photogenerated electrons in the initial stage of photoreaction. The
as-formed metallic Rh was well known to act as a cocatalyst for
H2 evolution in many references. The optimized 1 wt.% Rh was used
in all the experiments. Prior to reaction, the solution was evacuated
several times to completely remove any air and then irradiated
with a 450 W high-pressure Hg lamp (k > 400 nm) using a 2 M
NaNO2 solution as an optical filter. A flow of cooling water was used
to maintain the reactant solution at room temperature. The evolved
gases were analyzed by gas chromatography. Unless specifically
stated, 0.01 M Na2S–Na2SO3 was used.

2.4. Measurement of apparent quantum efficiency

The apparent quantum efficiency was measured using a Pyrex
top irradiation-type reaction vessel and a 300 W xenon lamp fitted
with a 440 nm band-pass filter. Photoreduction of H+ to H2 was
examined using an aqueous solution (200 mL) containing 0.20 g
1 wt.% Rh-loaded 1%Ag5%Mg–Sm2Ti2S2O5-1223 and 0.05 M Na2S–
Na2SO3 reagents. The number of photons reaching the solution
was measured using a Si photodiode: the total incident photon rate
at 440 nm was typically 1.71 � 1020 photons h�1. The quantum
efficiency was calculated using the following equation:

U ð%Þ ¼ ðAR=IÞ � 100 ð1Þ

where A, R, and I represent a coefficient (here, for H2 evolution,
A = 2), the H2 evolution rate, and the rate of absorption of incident
photons, respectively. Here, U corresponds to the apparent quan-
tum efficiency. It was assumed that all incident photons were ab-
sorbed by the suspension.

2.5. Photoelectrochemical measurements

Photoelectrochemical measurements were taken using elec-
trodes coated with a photocatalyst powder. The electrodes were
prepared by pasting a viscous slurry onto a piece of conducting
glass, following our previously reported procedure [17]. Typically,
a mixture of 0.1 g of as-prepared powder, 10 lL of acetylacetone
(Kanto Chemicals), 10 lL of Triton-X (Aldrich, USA), and 100 lL
of distilled water was ground in an agate mortar to prepare the vis-
cous slurry. This slurry was then pasted onto a fluorine-doped tin-
oxide glass slide to produce a 1 � 3 cm2 electrode, which was cal-
cined in air at 573 K for 1 h before measurement.

Measurements were taken using a conventional Pyrex electro-
chemical cell, with a platinum wire counter electrode and an Ag/
AgCl reference electrode under potentiostat control (HSV-100,
Hokuto Denko, Japan). Current–voltage curves were measured in
an aqueous solution of 0.01 M Na2S–Na2SO3. The electrolyte solu-
tion was purged with nitrogen prior to the measurements and
was maintained at room temperature by a flow of cooling water
during the measurements. A 300 W xenon lamp with a wavelength
of 420–800 nm was used as the light source.
3. Results and discussions

3.1. Effects of metal ion addition

Modification with 5 mol% alkaline earth metals (Mg, Ca, Sr, Ba)
and transition metals (Ag, Cu, Zn, Y, La) was used to adjust the
structure of Sm2Ti2S2O5 that was sulfurized at 1273 K for 1 h.
Fig. 1 shows XRD patterns of the as-prepared samples, all of which
indicate a single phase of Sm2Ti2S2O5 with no obvious peaks
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Fig. 1. XRD patterns of Sm2Ti2S2O5 with and without metal ion (5%) additives
sulfurized at 1273 K for 1 h: (a) none, (b) Mg, (c) Ca, (d) Sr, (e) Ba, (f) Ag, (g) Cu, (h)
Zn, (i) Y, and (j) La.

Table 1
Photocatalytic H2 evolution ratea and BET data for various photocatalysts.

Entry Photocatalysts Radius of metal
ions (pm)

Surface area
(m2 g�1)

H2 rate
(lmol h�1)

1 Sm2Ti2S2O5-
1273

– 7.2 85.7

2 5%Mg–
Sm2Ti2S2O5-
1273

86 7.2 253.2

3 5%Ca–
Sm2Ti2S2O5-
1273

114 7.0 172.6

4 5%Sr–
Sm2Ti2S2O5-
1273

132 6.6 92.4

5 5%Ba–
Sm2Ti2S2O5-
1273

149 3.0 36.8

6 5%Ag–
Sm2Ti2S2O5-
1273

129 6.7 143.6

7 5%Cu–
Sm2Ti2S2O5-
1273

91 4.6 30.3

8 5%Zn–
Sm2Ti2S2O5-
1273

88 5.5 98.6

9 5%Y–
Sm2Ti2S2O5-
1273

104 8.0 117.8

10 5%La–
Sm2Ti2S2O5-
1273

117.2 6.3 112.3

a Reaction conditions: catalyst, 0.2 g (1 wt.% Rh cocatalyst); aqueous Na2S–
Na2SO3 solution (400 mL); light source, 450-W Hg lamp with an NaNO2 (2 M)
solution filter (k > 400 nm).
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associated with the metal additives. This may be due to the low
content of the metal species. Alternatively, they may form amor-
phous regions or become uniformly incorporated into the photo-
catalyst structure. The similar peak intensities and widths also
indicate that the metal ion additives did not significantly affect
the structure of the Sm2Ti2S2O5.

Fig. 2 shows that in most cases, the morphologies of the sam-
ples with and without metal additives were plate-like with smooth
surfaces, except that the particles in the samples modified with 5%
Ba or Cu were significantly larger. The primary particle size of
Sm2Ti2S2O5 was 0.1–0.4 lm, but the extent of aggregation into sec-
ondary particles depended on the additive. The Zn- or La-modified
samples exhibited much more pronounced aggregation. Compared
with the parent Sm2Ti2S2O5 sample, the increase in primary parti-
cle size and the aggregation into secondary particles were probably
responsible for the obvious decrease in the surface area of Ba-, Zn-,
La-, and Cu-modified samples.

Table 1 compares the rate of H2 evolution from 0.01 M Na2S–
Na2SO3 solution under visible light (>400 nm). Most of the metal
additives other than Ba or Cu ions promoted H2 evolution, to differ-
ent extents. For the alkaline earth metal-modified samples, the
(a) (b) (c)

(f) (g) (h)

Fig. 2. Typical SEM images and BET data for metal (5%)-modified Sm2Ti2S2O5 sample
(7.0 m2 g�1), (d) Sr (6.6 m2 g�1), (e) Ba (3.0 m2 g�1), (f) Ag (6.7 m2 g�1), (g) Cu (4.6 m2 g�
larger the ionic radius of the metal, the lower will be the H2 evolu-
tion rate. A 5%Mg-modified sample was found to show the highest
activity. As for the other samples, the optimal H2 evolution activity
was obtained from the 5%Ag–Sm2Ti2S2O5-1273 sample.

A lower surface area can lead to lower photocatalytic activity,
because of the decrease in the density of available reaction sites.
However, in the present study, although the metal modification
led to a decrease in surface area, it also promoted H2 evolution, ex-
cept for the case of Cu and Ba. This suggests that the metal addi-
tives probably affect the local surface or intrinsic structure of the
photocatalyst, thereby enhancing the H2 evolution activity. In or-
der to better understand the promotional effect of metal modifica-
tion, Mg- and Ag-modified samples, which demonstrated higher H2

evolution rate, were characterized in more detail, as discussed in
the following sections.
(d) (e) 

(i) (j) 

1 µm

s sulfurized at 1273 K for 1 h: (a) none (7.2 m2 g�1), (b) Mg (7.2 m2 g�1), (c) Ca
1), (h) Zn (5.5 m2 g�1), (i) Y (8.0 m2 g�1), and (j) La (6.3 m2 g�1).



Table 2
Effect of silver or magnesium content on the photocatalytic H2 evolution rate.a

Content of Ag
(mol%)

H2 rate
(lmol h�1)

Content of Mg
(mol%)

H2 rate
(lmol h�1)

0 85.7 0 85.7
0.5 194.8 1 149.8
1 265.0 3 189.4
1.5 228.0 5 253.2
2.5 183.0 7 228.3
5 143.6 9 142.3
7.5 106.8

a Reaction conditions: catalyst, 0.2 g (1 wt.% Rh cocatalyst); aqueous Na2S–
Na2SO3 solution (400 mL); light source, 450-W Hg lamp with an NaNO2 (2 M)
solution filter (k > 400 nm). Photocatalysts were sulfurized at 1273 K for 1 h.
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Fig. 4. Typical times for H2 evolution on various photocatalysts: (a) Sm2Ti2S2O5-
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Sm2Ti2S2O5-1223. Reaction conditions: catalyst, 0.2 g (1 wt.% Rh cocatalyst);
aqueous Na2S–Na2SO3 solution (400 mL, 0.05 M); light source, 450 W Hg lamp
with an NaNO2 (2 M) solution filter (k > 400 nm).
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3.2. Magnesium- and/or silver-modified systems

3.2.1. Photocatalytic performances
The H2 evolution rates of Mg- and Ag-modified samples were

first optimized by adjusting the preparation and reaction condi-
tions. Table 2 shows the H2 evolution rates of photocatalysts with
different metal additive content. The optimal Mg and Ag contents
were found to be 5% and 1%, respectively. Based on the XRD pat-
terns shown in Fig. S1, sulfurization temperatures above 1123 K
were sufficient for the formation of single-phase Sm2Ti2S2O5. How-
ever, as shown in Fig. 3a, the optimal preparation temperature for
H2 evolution was 1223 K for both 5% Mg-doped and 1% Ag-modi-
fied samples. In contrast, the influence of the electron donor con-
centration (S2� and SO2�

3 ) on the activity of 5% Mg- or 1% Ag-
modified samples was completely the opposite, as shown in
Fig. 3b. With increasing electron donor concentration, the H2 evo-
lution rate of a 1% Ag-modified sample was enhanced, but the va-
lue decreased for a 5% Mg-modified sample. In summary, the
maximum rates of Mg- or Ag-modified photocatalysts were
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Fig. 3. Effects of preparation and reaction conditions on photocatalytic H2 evolution
over 1% Ag- or 5% Mg-modified Sm2Ti2S2O5: (a) sulfurization temperature and (b)
concentration of Na2S-Na2SO3 solution.a Reaction conditions: catalyst, 0.2 g (1 wt.%
Rh cocatalyst); aqueous Na2S–Na2SO3 solution (400 mL); light source, 450 W Hg
lamp with an NaNO2 (2 M) solution filter (k > 400 nm).a The photocatalysts were
sulfurized at 1223 K for 1 h.
obtained for 5%Mg–Sm2Ti2S2O5-1223 (275 lmol h�1) and 1%Ag–
Sm2Ti2S2O5-1223 (312 lmol h�1).

Fig. 4 exhibits the time courses of H2 evolution from a 0.05 M
Na2S–Na2SO3 solution for the optimized samples. It was found that
the rate of H2 evolution became constant after an initial induction
period. The reactions were also tested in the dark, but no reaction
occurred. The steady rates of H2 evolution over Sm2Ti2S2O5-1223,
5%Mg–Sm2Ti2S2O5-1223, and 1%Ag–Sm2Ti2S2O5-1223 were calcu-
lated to be ca. 88, 136, and 550 lmol h�1, respectively. The H2 evo-
lution rate was further improved using both 5% Mg and 1% Ag
additives (1%Ag5%Mg–Sm2Ti2S2O5-1223), which had a stable value
of 630 lmol h�1, about 7 times that of the unmodified sample.

It should be pointed out that the H2 evolution rate on the 1%Ag–
Sm2Ti2S2O5 in this study is not as high as that in our previous work
[17], because we adopted different deposition method of rhodium.
In this study, the rhodium was in situ photodeposited, while it was
impregnated and reduced by hydrogen at 573 K for 1 h in our pre-
vious work. The different metal deposition method usually affects
its size, morphology, and dispersion on the surface of photocata-
lyst, finally leading to distinct catalytic performances. The exact
reason on this point is under investigation and will be reported
elsewhere.
3.2.2. Characterization of photocatalysts
Structural characterizations were carried out on the unmodified

and metal-modified samples with optimal photocatalytic activity,
such as 1%Ag–Sm2Ti2S2O5-1223 and 5%Mg–Sm2Ti2S2O5-1223. First,
XRD patterns and SEM images of the optimized samples with and
without metal additives were compared. As shown in Figs. S2 and
S3, no noticeable difference in morphology, crystallinity, or particle
size could be identified.

The valence states of the Ag- and Mg species were investigated
by XPS. For the Ag-modified sample, earlier work using high-reso-
lution transmission electron microscopy, XPS, and X-ray absorp-
tion spectroscopy revealed that the Ag species are deposited on
Sm2Ti2S2O5 as Ag2S nanoparticles with diameters of a few tens of
nanometers [17]. Different from the clear observation of Ag2S spe-
cies on the 1%Ag–Sm2Ti2S2O5-1223 sample, no obvious particles
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assigned to any Mg species can be observed on the TEM image of
5%Mg–Sm2Ti2S2O5-1223, which is given in Fig. S4, together with
that of Sm2Ti2S2O5-1223 as comparison. Fig. 5 shows the Mg 2p
XPS spectrum of the 5%Mg–Sm2Ti2S2O5-1223 sample, along with
those of the oxide precursor, MgS, and MgO for references. The
XPS peak of the sample was relatively broad and was located at
the highest binding energy position of all samples examined,
although the peak intensity was very weak, primarily because of
the low concentration of Mg. This result indicates that the Mg spe-
cies interacts with the sulfur species in a complicated manner. The
coordination numbers of Sm3+ and Ti4+ in Sm2Ti2S2O5 are 12 and 6,
respectively, and the ionic radii are Sm3+ (109.8 pm) and Ti4+

(74.5 pm) [30]. Since it is difficult for Mg2+ ions to have a 12-coor-
dinated state and the ionic radius of Mg2+ (86 pm) is close to Ti4+

with a coordination number of 6, it is most likely that the Mg spe-
cies was incorporated into the crystal lattice of Sm2Ti2S2O5. This is,
however, inconsistent with the XRD results, which showed almost
no change in the peak positions. Presumably, the low concentra-
tion of Mg and the similar ionic size are responsible for this appar-
ent contradiction. On the other hand, as described in a previous
paper [17], Ag+ ions (129 pm, 6-coordinated state) are too large
to be incorporated, and the Ag species migrated during the sulfuri-
zation process and became deposited on the Sm2Ti2S2O5 as Ag2S
nanoparticles.

The UV–Vis spectra shown in Fig. 6 confirm that the parent
sample had an absorption edge of ca. 600 nm, but with an in-
creased background absorption at wavelengths longer than
600 nm. The former was due to the band gap transition of Sm2Ti2-

S2O5, while the latter can be ascribed to the existence of a small
amount of Ti3+ species in the sample, resulting from the reduction
in Ti4+ by exposure to H2S [16]. Compared with the parent catalyst,
samples with metal modification had a similar absorption edge but
different levels of background absorption. The absorption of 1%Ag–
Sm2Ti2S2O5-1223 below 700 nm was larger to some extent, likely
due to additional absorption from the Ag2S [17]. However, the
absorption background above 700 nm decreased, indicating that
the Ag additive prevented the formation of Ti3+ species somewhat.
For the 5%Mg–Sm2Ti2S2O5-1223 sample, an obvious decrease in
the absorption background was observed, indicating that the for-
mation of Ti3+ species was effectively inhibited. This idea was fur-
ther supported by the observation that the background absorption
of Sm2Ti2S2O5 tended to decrease with increasing Mg content
(Fig. S5). The absorption curve of a sample modified with both
1% Ag and 5% Mg showed a combination of both of the metal mod-
ification effects.

Fig. 7 shows photoluminescene spectra of the same samples.
Unmodified Sm2Ti2S2O5 generated luminescence centered at
827 nm upon excitation with 400 nm photons. Modification of
Sm2Ti2S2O5 with either Ag or Mg resulted in a reduction in photo-
luminescence intensity without changing the maximum wave-
length. It is interesting that the photoluminescence intensity at
827 nm was further reduced in the 1%Ag5%Mg–Sm2Ti2S2O5-1223
sample. This reduced photoluminescence intensity suggests that
Ag and Mg modification effectively suppresses the generation of
defect sites that act as electron-hole recombination centers and
that the Mg doping leads to a more pronounced reduction in
photoluminescene intensity.
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Based on the photocatalyic results shown in Table 2 and Figs. 3
and 4, we can draw the following conclusions: (i) 1% Ag or 5% Mg
modification can efficiently promote H2 evolution and (ii) the H2

evolution rate is strongly related to both the concentration of the
Na2S–Na2SO3 electron donor solution and the preparation temper-
ature. With a low concentration of electron donors (0.01 M), the H2

evolution rate on both 5% Mg and 1% Ag-modified photocatalysts
was approximately three times that of an unmodified sample (Ta-
ble 2). On the other hand, using highly concentrated electron do-
nors (0.05 M), the stable H2 activities of the 5% Mg and 1% Ag-
modified powders became 1.5 and 6 times that of the unmodified
sample, respectively (Fig. 4).

The photocatalytic performance of a given material can be influ-
enced by various factors, such as crystallinity, morphology, particle
size, and specific surface area [3,4]. The similar crystallinity, mor-
phology, and particle size (specific surface area) of the unmodified
and the metal-modified samples, as indicated by the XRD and SEM
results (Figs. S2 and S3), suggest that another explanation is re-
quired for the remarkable promotion of H2 evolution rate. The
reduction in the defect density in the Ag- or Mg-modified samples,
as demonstrated by the UV–Vis and photoluminescene spectra,
might be regarded as evidence of their enhanced photocatalytic
activity. However, this cannot explain the variation of the effects
of Ag and Mg modification on the activity under different electron
donor concentrations.

Since photocatalytic H2 evolution is initiated by the oxidation of
electron donors by photogenerated holes in the valence band of the
photocatalyst, the H2 evolution rate in the half-reaction is usually
limited by the hole-scavenging rate. Sm2Ti2S2O5 is an n-type semi-
conductor, so it is possible to monitor the photooxidation reaction
occurring on its surface using a photoelectrochemical technique.
Photoelectrochemical measurements were taken using Sm2Ti2-

S2O5-1223, 1%Ag–Sm2Ti2S2O5-1223, 5%Mg–Sm2Ti2S2O5-1223, and
1%Ag5%Mg–Sm2Ti2S2O5-1223 photoanodes under intermittent
irradiation by visible light in a 0.01 M Na2S–Na2SO3 solution.
Fig. 8 shows the resulting current–voltage curves, in which all elec-
trodes generated anodic photocurrents based on the oxidation of
S2� and SO2�

3 ions. However, Mg and Ag additives had opposing
influences on the photocurrent. Compared with an Sm2Ti2S2O5

electrode, the Ag-modified electrode demonstrated a significantly
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Fig. 8. Current–voltage curves of various electrodes under intermittent visible
irradiation in an Na2S–Na2SO3 solution: (a) 5%Mg–Sm2Ti2S2O5-1223, (b)
Sm2Ti2S2O5-1223, (c) 1%Ag5%Mg–Sm2Ti2S2O5-1223, and (d) 1% Ag–Sm2Ti2S2O5-
1223.
increased photocurrent, while the photocurrent was greatly sup-
pressed in the Mg-doped electrode. The photocurrent generated
from the 1%Ag5%Mg–Sm2Ti2S2O5-1223 electrode was between
those of the unmodified and Ag-modified electrodes. Therefore,
the oxidation efficiency of S2� and SO2�

3 ions on the surfaces of
these electrodes decreased in the order: 1%Ag–Sm2Ti2-

S2O5 > 1%Ag5%Mg–Sm2Ti2S2O5 > Sm2Ti2S2O5 > 5%Mg–Sm2Ti2S2O5.
Concerning the different influence of concentration of electron

donors on the Mg- or Ag-modified sample observed in Fig. 3b,
the main reason can be attributed to their distinct photooxidation
efficiency and the flat band potential of Sm2Ti2S2O5, which was
found to be independent on pH values in our previous work [15].
The band positions of Sm2Ti2S2O5 as a function of pH values are de-
scribed in Fig. S6, from which we can deduce that the position of
the conduction band becomes close to water reduction potential
with increasing pH. It means that the increased pH environment
is unfavorable for the reduction of proton due to the decreased
driving force. In this work, the pH values of reaction solutions were
increased from ca.12.42 to 13.26, when the concentration of Na2S–
Na2SO3 was increased from 0.01 to 0.05 M. Together with the inhi-
bition of photooxidation efficiency on the Mg-modified sample
indicated in Fig. 8, the photocatalytic H2 performance was thus de-
creased with increased concentration of electron donors. Ag mod-
ification, however, can enhance the photooxidation efficiency.
Highly concentrated electron donors will provide more opportu-
nity for the adsorption and activation of S2� and SO2�

3 anions and
result in more efficient photooxidation. Thus the rate of H2 evolu-
tion on the Ag-modified sample was integrally enhanced with
increasing concentration of electron donors, although which de-
creased the driving force of carriers.

The rate of H2 evolution in this study was mainly determined by
two factors: the defect density of catalyst and the photooxidation
efficiency of the electron donors. The addition of 5% Mg to Sm2Ti2-

S2O5 can effectively reduce the density of defects, thereby enhanc-
ing the number of photogenerated carriers available for surface
chemical reactions. However, this addition has a negative effect
on the photooxidation of electron donors. In contrast, 1% Ag addi-
tive reduced the density of defects, but promoted photooxidation.
The density of defects can be further reduced by co-modification
with 1% Ag and 5% Mg. Overall, the order of H2 evolution rate was
as follows: 1%Ag5%Mg–Sm2Ti2S2O5 > 1%Ag–Sm2Ti2S2O5 > 5%Mg–
Sm2Ti2S2O5 > Sm2Ti2S2O5.

Finally, the apparent quantum efficiency on the 1%Ag5%Mg–
Sm2Ti2S2O5-1223 sample with an in situ photo-deposited Rh as
cocatalyst was measured in a 0.05 M Na2S–Na2SO3 solution. It
was calculated as 5.8% at 440 nm.
4. Conclusions

Modification with metal additives was shown to be an effective
approach for improving the photocatalytic H2 evolution rate of
oxysulfide Sm2Ti2S2O5 under visible light irradiation. The influence
of Ag or Mg additives on the structure of the photocatalyst and the
mechanism of H2 evolution rate promotion were determined on
the basis of detailed characterization and photoelectrochemical
measurements of the photocatalysts. The addition of silver ions
led to the formation of Ag2S nanoparticles that were intimately
coupled with the Sm2Ti2S2O5 and promoted oxidation by valance
band holes. The heterojunction formed between Ag2S and Sm2Ti2-

S2O5 and promotion of oxidation by hole scavengers were the pri-
mary reasons for the enhanced photocatalytic activity of the Ag–
Sm2Ti2S2O5 powder. On the other hand, magnesium ions were
mainly incorporated into the photocatalyst, preventing the forma-
tion of Ti3+ species as defects, and the oxidation process was signif-
icantly inhibited. The apparent quantum efficiency on the optimal
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sample was measured as 5.8% at 440 nm. Enhanced H2 evolution
activity may be expected from co-modification with Ag and an-
other metal that can reduce the density of defects without hinder-
ing the oxidation ability. Possible alternatives to magnesium for
this purpose are currently under investigation.
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