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Abstract

Sulfur-substituted In(OH)3 [hereafter denoted as In(OH)ySz] and Zn-doped In(OH)ySz [hereafter denoted as In(OH)ySz:Zn] are synthesized
in an aqueous solution of ethylenediamine via the hydrothermal method. The photoactivities of these catalysts for H2 production are investigate
in the presence of Na2S and Na2SO3 sacrificial reagent under visible light illumination (λ > 420 nm). The absorption edge of In(OH)ySz shifted
monotonically from 240 nm for In(OH)3 to 570 nm for In(OH)ySz when the atomic ratio of S/In in the synthesis solution is increased from 0 to 2
But the absorption edge of In(OH)ySz:Zn shifted from 570 to 470 nm as the atomic ratio of Zn/In in the synthesis solution was increased from
to 1.0. The catalyst In(OH)ySz is active for H2 production, with an average rate of H2 of 0.9–1.8 µmol/h, under visible light illumination. The
photoactivity of In(OH)ySz is enhanced by doping with Zn2+. The rate of H2 production is 35.8 and 67 µmol/h on 2wt% Pt-loaded In(OH)ySz:Zn
catalyst when X= 0.2 and 0.5, respectively, corresponding to a quantum efficiency of 0.32 and 0.59% at 420± 10 nm, respectively.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Photocatalytic water splitting into H2 and O2 using semi-
conductor photocatalysts has received much attention bec
it has been considered an ideal method to address energ
environmental problems. Many effective photocatalysts in
ultraviolet (UV) region have been developed for overall wa
splitting [1–5]. Developing highly active photocatalysts with
visible light response to use solar energy is important, bec
visible light composes the major part of the solar spectrum

Over the last few years, considerable effort has been m
to increase the absorption of catalysts in the visible reg
to improve visible light response; approaches have inclu

* Corresponding authors. Fax: +81 3 5841 8838 (K. Domen), +86
84694447 (C. Li).
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single-phase oxide photocatalyst CaBi2O4 for organic conta-
minant decomposition[6] and PbBi2Nb2O9 for both isopropyl
alcohol degradation and water decomposition[7]. One effec-
tive way to narrow the band gap is to elevate the vale
band of photocatalysts into a more negative position by
ion substitution. For example, Asahi et al. reported a nitrog
doped TiO2 that shifted its optical absorption to the visib
region and enhanced the photoactivity for the degradatio
methylene blue and gaseous acetaldehyde[8]. Khan et al. re-
ported a TiO2−xCx catalyst with higher photocurrent dens
and photoconversion efficiency for water splitting[9]. Very re-
cently, N3− and S2− substituted metal–oxide catalysts, inclu
ing TaON, Ta3N4, LaTiO2N, Y2Ta2O5N2, and Sm2Ti2S2O5,
have been reported as the visible light-responsive catalyst
water reduction and/or oxidation in the presence of a sac
cial electron donor (methanol) or acceptor (Ag+) [10–14]. On
the other hand, the absorption edge of photocatalysts can
be shifted into the visible region by forming donor levels in

http://www.elsevier.com/locate/jcat
mailto:kdomen@res.titech.ac.jp
mailto:canli@dicp.ac.cn
http://dx.doi.org/10.1016/j.jcat.2005.11.022
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forbidden band. ZnS doped with Cu and Ni and ZnS co-do
with Pb and halogens show quite high activity for H2 evolution
in the visible region[15–17]. In particular, the InTaO4 doped
with Ni was found to be an active photocatalyst for overall w
ter splitting in the visible light region[18].

The polynary metal sulfides and oxysulfides are rep
edly stable photocatalysts for water reduction and/or oxida
[19–21]. The recently reported solid solution catalysts Zn
CuInS2–AgInS2 and (AgIn)xZn2(1−x)S2 showed quite high
photoactivity of H2 evolution in aqueous solution of Na2S and
K2SO3 [22,23], with apparent quantum yield as high as 20
in the visible region under optimal preparation conditions. T
high photoactivity of the (AgIn)xZn2(1−x)S2 catalyst is related
to its high potential level of the conduction band consisting
marily of Zn 4s4p. The conduction band with high poten
level provides a large thermodynamic driving force for wa
reduction.

It has been reported that calcium hydroxyapatite modi
with Ti(IV) can be used as a photocatalyst for albumin deco
position under UV illumination[24]. But the photoactivity of
this kind of catalyst has not been reported for water red
tion. In(OH)3 is a semiconductor with wide band gap (B.
5.17 eV) and absorption in the deep UV region. The wide b
gap is related to its deep potential level of O 2p orbital. D
to the higher energy level of S 3p compared with O 2p, s
stitution of S2− for O2− to elevate the valence band is o
potential way to narrow the band gap of metal oxides. Rece
sulfur-substituted In(OH)3 prepared by chemical bath depo
tion has shown promising applications in solar cells[25–29].
In the present work, we report the visible light-respons
In(OH)ySz photocatalyst by controlling the substitution amou
of S2− for OH− via the hydrothermal method at 180◦C. The
band structure of In(OH)ySz was tuned by Zn2+ cation dop-
ing. The photoactivity of H2 production on both In(OH)ySz and
In(OH)ySz:Zn was investigated under visible light illuminatio
in the presence of Na2S and Na2SO3 aqueous solution. It wa
found that the absorption edge of In(OH)3 is shifted monotoni-
cally from 240 nm to a longer wavelength when more OH− was
replaced by S2−. The In(OH)ySz synthesized by substitutin
OH− with S2− is active for H2 production, and its photoactivit
is further enhanced by doping with Zn2+. The factors influenc
ing photoactivity are discussed, and the possible band stru
of In(OH)ySz:Zn is described.

2. Experimental

2.1. Catalyst preparation

The photocatalysts were prepared by hydrothermal syn
sis methods. All of the reagents were analytical grade
used without further purification. The In(OH)3 was prepared
with In2(SO4)3 as the only precursor in a 30-mL Teflon-line
stainless steel autoclave. For the preparation of In(OH)ySz and
In(OH)ySz:Zn, desired amounts of thiourea and Zn(NO3)2 ·
6H2O were added. In what follows, the value ofX is used to de-
scribe the nominal atomic ratio of Zn/In for In(OH)ySz:Zn in
the synthesis solution. All of the autoclaves were filled with
d

-
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-

-
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-

,
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appropriate amount of ethylenediamine; then double-dist
water was added to form an aqueous solution of ethylen
amine. The autoclave was maintained at 180◦C for 20 h. The
products were collected by filtration and washed several ti
with water and ethanol. After drying at 80◦C, the yellow pre-
cipitates were obtained.

2.2. Catalyst characterization

UV–visible light (UV–vis) diffuse reflectance spectra we
recorded on a JASCO V-550 UV–vis spectrophotometer eq
ped with an integrating sphere. The structure and the p
of the sample were determined by X-ray diffraction (XR
with a Rigaku D/max-2500 diffractometer using Cu-Kα radi-
ation, with an operation voltage of 40 kV and an operat
current of 100 mA. The scan rate of 8◦/min was applied to
record the patterns in the range of 10–82◦ at a step size o
0.02◦. The elemental analysis was conducted on Plasam-S
II inductively coupled plasma atomic emission spectrome
Nitrogen adsorption–desorption measurements were perfo
at 77 K on a Micromeritics ASAP 2000 system to obtain
Brunauer–Emmett–Teller (BET) surface area. Before meas
ment, all samples were degassed at 150◦C overnight. Ther-
mogravimetric analysis (TGA) and differential thermal (DT
analysis were carried out under a nitrogen stream at a he
rate of 10◦C/min, using a Pyris Diamond thermogravime
ric/differential thermal analyzer.

2.3. Photocatalysis reaction

The photoactivities of the samples were examined in a clo
gas circulation and evacuation system. Typically, 0.3 g pow
of catalyst was dispersed in a Pyrex reaction cell contain
200 mL of an aqueous solution of 0.43 M Na2S and 0.5 M
Na2SO3. 2wt% Pt co-catalyst was loaded on the photocata
by in situ photochemical deposition from H2PtCl6 aqueous so
lution. The light source was a 300-W Xe lamp equipped with
optical cutoff filter (λ > 420 nm). A shutter window and a wa
ter filter were placed between the Xe lamp and the reaction
to remove infrared (IR) light illumination. The amount of th
produced H2 was analyzed using on-line gas chromatogra
(with a thermal conductivity detector and an Ar carrier). The
parent quantum efficiency was measured using filters comb
with a bandpass and a Si photodiode. The rate of total pho
reaching the solution was typically 1.49×1021 photons·h−1 at
λ = 420± 10 nm. The quantum efficiency value (Φ) was cal-
culated using the following equation:

Φ (%) = (AR/I) × 100,

whereA, R, andI represent the coefficients based on the p
toreactions (for H2 evolution,A = 2), the H2 evolution rate at
420± 10 nm (molecules h−1), and the rate of absorption of in
cident photons, respectively. HereΦ is the apparent quantum
efficiency, because we assume that all of the incident pho
are absorbed by the catalyst.
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Fig. 1. Powder X-ray diffraction patterns of In(OH)3 and In(OH)ySz with S/In
atomic ratio varied from 0.2 to 2.0 in the synthesis solution. All the catal
were synthesized in aqueous solution of ethylenediamine at 180◦C for 20 h.

3. Results and discussion

3.1. XRD pattern of In(OH)3, In(OH)ySz, and In(OH)ySz:Zn

Fig. 1A shows the XRD pattern of In(OH)3 and In(OH)ySz

synthesized in an aqueous solution of ethylenediamine
the atomic ratio of S/In of 0.2–2 in synthesis solution. In th
absence of thiourea (S/In = 0), the diffraction peaks of th
obtained sample can be readily indexed to a pure phase o
bic In(OH)3 with calculated lattice constanta = 7.959 Å, in
agreement with previously reported values (JCPDS 85-1
a = 7.979 Å). The diffraction peaks are intense and sharp
dicating that the obtained In(OH)3 is well crystallized unde
the present hydrothermal condition. When S2− is partially sub-
stituted for OH−, the obtained In(OH)ySz exhibits almost the
same XRD patterns as that of cubic In(OH)3 except the dif-
fraction peaks are slightly shifted to low angles, as show
Fig. 1B. In addition, the diffraction peaks shifted to much low
angles with the increasing S/In ratio in the synthesis solution
When the ratio of S/In exceeded 2, the diffraction peaks had
h

u-

8;
-

Fig. 2. Powder X-ray diffraction patterns of In(OH)3, In(OH)ySz and
In(OH)ySz:Zn (X denoted the atomic ratio of Zn/In in the synthesis solution
synthesized in aqueous solution of ethylenediamine at 180◦C for 20 h.

distinct shift, and a diffraction peak characteristic ofβ-In2S3

appeared. This observation suggests that S2− was homoge-
neously incorporated into the lattice of In(OH)3 and located a
OH− sites. This is a reasonable suggestion, because the
radius of S2− (1.84 Å) is larger than the thermochemical rad
of OH− (1.40 Å).

In(OH)ySz doped with Zn2+ was synthesized via the sam
hydrothermal method as for In(OH)ySz, with the atomic ratio
of S/In kept at 2 in the synthesis solution. XRD patterns
In(OH)ySz doped with different amounts of Zn2+ are shown in
Fig. 2A. The diffraction peaks also display a similar XRD pa
tern as seen for In(OH)ySz. But with the value ofX increased
from 0 to 1, the peaks of In(OH)ySz:Zn shift slightly to larger
angles, as shown inFig. 2B, suggesting that Zn2+ is homoge-
neously located at the In3+ position in the lattice of In(OH)ySz.
This is due to the slightly different ionic radius of Zn2+ (0.74 Å)
and In3+ (0.81 Å).

As a semiconductor, In(OH)3 is generally prepared by hy
drolyzing In3+ or oxidizing indium metal in NaOH aqueou
solution[30–32]. In this work, the aqueous solution of ethylen
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Fig. 3. UV–vis diffuse reflectance spectra of In(OH)3 and In(OH)ySz with S/In
atomic ratio varied from 0.2 to 2.0 in the synthesis solution.

diamine is used as a reaction medium to provide the nece
alkaline for the hydrolysis of In3+. In the presence of low sub
stitution amounts of S2−, pure-phase In(OH)ySz is obtained.
At high Zn/In ratios for the synthesis of In(OH)ySz:Zn, S2−
reacts with Zn2+ to produce ZnS. As shown inFig. 2A, the
diffraction peaks of ZnS with characteristics of wurtzite str
ture occurred with increasing values ofX. This observation
demonstrates that a minimum amount of ZnS was formed
the surface of In(OH)ySz.

3.2. UV–vis diffuse reflectance spectra and thermogravime
analysis

Fig. 3 shows the UV–vis diffuse reflectance spectra
In(OH)3 and In(OH)ySz with varying S/In atomic ratios in
the synthesis solution. The onset of the absorption edg
In(OH)3 is at 240 nm, corresponding to the band gap of 5.17
This value is consistent with the band gap reported by A
et al. [33]. With increasing S/In atomic ratio in the synthe
sis solution, the absorption of In(OH)ySz increased in intensity
and its edge shifted to the visible region. The red shift of the
sorption edge with the increase of S/In ratio suggests that mor
OH− was substituted with S2−. The band gap estimated fro
the onset of absorption edge changed from 5.17 eV for In(O3
to 2.19 eV when the S/In atomic ratio increased from 0 to 2
the synthesis solution.

TGA was carried out to analyze the thermal behavior
catalyst; the profiles of In(OH)ySz are shown inFig. 4. A pro-
nounced weight loss step occurred in the temperature ran
200–500◦C. The observed weight loss for the transformat
of In(OH)3 into In2O3 was 16.1%, in good agreement with t
theoretical value of 16.3%. The slight weight loss above 550◦C
can be presumptively ascribed to the decomposition of the
sorbed ethylenediamine molecules on the surface of In(O3.
At 200–500◦C, however, the weight loss of In(OH)ySz de-
creased, and the corresponding endothermic peaks shift
higher temperatures when more OH− was substituted with S2−.
The increased decomposition temperature for In(OH)ySz with
increasing S/In ratio is possibly related to the large differen
in the standard formation enthalpy between In2S3 and In2O3
ry

n

of
.
i

-

f

of

-

to

Fig. 4. Thermogravimetric analysis of In(OH)3 and In(OH)ySz with S/In
atomic ratio varied from 0.2 to 2.0 in the synthesis solution.

Table 1
The physical parameter and the photoactivity of H2 production on In (OH)ySz

under visible light illumination (λ > 420 nm)

Atomic ratio of
S/In in synthesis
solution

Weight lossa

(%)
Possible molecular
formulab

Bang gapc

(eV)
The rate of H2
productiond

(µmol/h)

0 16.1 In(OH)3 5.17 0
0.2 15.9 In(OH)2.92S0.04 2.25 0.9
0.5 15.6 In(OH)2.87S0.06 2.23 1.8
1.0 14.2 In(OH)2.62S0.19 2.20 1.5
2.0 12.6 In(OH)2.32S0.34 2.19 1.4

a Weight loss in 200–400◦C calculated from TGA analysis.
b Molecular formula obtained by supposing the decomposition of In(OH)ySz

according to the following process: 2In(OH)3−xSx/2 → In2O3−xSx + (3 −
x)H2O.

c Band gap estimated from the onset of the absorption edge.
d The average rate in 10 h photoreaction.

(�rH
◦
m = −427 kJ/mol for In2S3 and −925.27 kJ/mol for

In2O3). The decreased weight loss at high S/In ratio can be
attributed to the substitution of S2− for more OH− in the lat-
tice of In(OH)3, if the decomposition of In(OH)ySz proceeds
according to the following process:

2In(OH)3−xSx/2 → In2O3−xSx + (3− x)H2O.

Based on the weight loss of In(OH)ySz, it is possible to estimat
the amount of S substituted and to determine the molecular
mula of In(OH)ySz. The observed weight loss, band gap, a
possible molecular formula for In(OH)ySz are summarized in
Table 1. With the S/In atomic ratio was changed from 0.2 to
the S/In ratio in the In(OH)ySz product increased, but to a muc
less degree than the S/In atomic ratio in the synthesis solutio
Despite this, the substitution of OH− with minimum S2− led
to a dramatic shift of the absorption edge into the visible
gion, as shown inFig. 3. This is reasonable, because S 3p
more negative energy than the O 2p orbital. The red shif
the absorption edge for In(OH)ySz into the visible region with
increasing S/In atomic ratio is consistent with the shift of di
fraction peaks to lower angles shown inFig. 1B.

Fig. 5 shows the UV–vis diffuse reflectance spectra of Z
and In(OH)ySz doped with varying amounts of Zn2+. The ab-
sorption edge of In(OH)ySz:Zn is located between that of Zn
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Fig. 5. UV–vis diffuse reflectance spectra of ZnS, In(OH)ySz and
In(OH)ySz:Zn catalysts with differentX value (X denotes the atomic ratio o
Zn/In in the synthesis solution). The In(OH)ySz and In(OH)ySz:Zn were ob-
tained with atomic ratio of S/In = 2.0.

and In(OH)ySz and shifts monotonously from 566 to 470 n
with an increase inX from 0 to 1.0, corresponding to the in
crease in band gap from 2.19 to 2.64 eV. WithX changed
from 0 to 1, the band of In(OH)ySz:Zn displays two types o
absorption characters. No absorption ascribed to the ZnS i
served at low Zn doping (X � 0.5), confirming that the Zn2+ is
homogeneously doped in the lattice of In(OH)ySz. Moreover,
In(OH)ySz:Zn with low Zn doping (X � 0.5) exhibits steep
edges and strong absorption in the visible light region, sugg
ing that the absorption is due to the transitions between the
lence band to the conduction band. At high Zn doping (X = 0.7
and 1.0), In(OH)ySz:Zn displays an absorption edge similar
that of ZnS. Absorption bands with shoulders in the visible li
region are also observed. These absorption shoulders are
acteristic of doped photocatalysts[34–36] and indicate that a
discontinuous level is formed by the dopants in the forbid
band.

3.3. Photoactivity of In(OH)ySz and In(OH)ySz:Zn

Table 1lists the photocatalytic H2 production on In(OH)ySz

loaded with 2wt% Pt. Both the weight loss seen on TGA
the band gap estimated from the absorption edge decrease
increasing S/In in the synthesis solution. The decreased b
gap is ascribed to the more negative energy level of S 3p in
trast to O 2p. In(OH)3 with a wide band gap (5.17 eV) show
no photoactivity even under UV illumination. This is becau
the Xe lamp that we used irradiates photons with wavelen
>300 nm, too little energy to excite the electron transition fr
the valence band to the conduction band of In(OH)3. In con-
trast, In(OH)ySz can be excited by visible light because of
narrowed band gap. The photocatalytic reaction on In(OH)ySz

can be described as follows[37,38]:

photocatalyst+ hv→ e−(CB) + h+(VB) (photoexcitation);
2H+ + 2e− → H2

PtCl62− + 4e− → Pt+ 6Cl−

}
Conduction band

(Cocatalyst Pt deposition and water reduction);
b-

t-
a-

t
ar-

ith
d
n-

s

Table 2
The physical parameter of In(OH)ySz:Zn (S/In = 2.0) and the photoactivity o
H2 production under visible light illumination (λ > 420 nm)

The value
of Xa

ICP result
(atomic ratio
of Zn/In)

Bang gapb

(eV)
BET surface area
(m2/g)

The rate of H2
productionc

(µmol/h)

0 0 2.19 36.8 1.4
0.05 0.04 2.25 46.6 4.7
0.1 0.08 2.34 38.1 26.6
0.2 0.18 2.43 32.4 35.8
0.4 0.39 2.54 68.9 49.0
0.5 0.48 2.58 91.8 67.0
0.7 0.62 2.57 78.6 40.3
1.0 0.89 2.64 97.5 14.9

a X denoted the atomic ratio of Zn/In in the synthesis solution.
b Band gap estimated from the onset of the absorption edge.
c The average rate in 10 h photoreaction.

SO3
2− + H2O+ 2h+ → SO4

2− + 2H+

SO3
2− + 2S2− + 2h+ → S2O3

2−

}
Valence band

(The oxidation of the sacrificial regents).

In the initial stage, the H2PtCl6 in the solution is reduced t
Pt0 on surface of In(OH)ySz as the H2 evolution promoter.
After the induction period, H2 is produced with the reduc
tion of water molecules by the photogenerated electrons o
conduction band. Sacrificial regents SO3

2− and S2− are oxi-
dized by the holes on the valence band to produce SO4

2− and
S2O3

2− [37,38]. Although the rate of H2 production is low
(0.9–1.8 µmol/h), all In(OH)ySz catalyst with varying S/In
ratios are active for H2 production under visible light illumi-
nation. The low activity suggests that a very low thermo
namic potential for the water reduction on In(OH)ySz catalyst,
consistent with the result of density functional theory calcu
tions[22].

Table 2lists the physical parameters and photoactivities
In(OH)ySz:Zn catalysts in 0.43 M Na2S–0.5 M Na2SO3 aque-
ous solution under visible light illumination. WithX increasing
from 0 to 1.0, the band gap increased from 2.19 to 2.64 eV.
Zn/In atomic ratio by inductively coupled plasma elemen
analysis was close to, but slightly lower than that in the syn
sis solution. The In(OH)ySz:Zn with low Zn2+ doping had no
efficient increase in BET surface area. The high doping of Z2+
increased the surface area of the In(OH)ySz:Zn. The photoac-
tivity of H2 production was more effective on In(OH)ySz:Zn
than on In(OH)ySz. The average rate of H2 production on
In(OH)ySz:Zn increased with increasingX and reached th
maximum rate of 67 µmol/h whenX = 0.5, and then declined
to 40.3 and 14.9 µmol/h with X = 0.7 and 1.0, respectively
Fig. 6 shows the time course of H2 production on 2wt% Pt
loaded In(OH)ySz and In(OH)ySz:Zn (x = 0.2 and 0.5) un-
der visible light illumination. Photocatalytic H2 production
increased steadily with increasing illumination time on b
In(OH)ySz and In(OH)ySz:Zn. The average rates were 35.8 a
67 µmol/h atX = 0.2 and 0.5, respectively. XRD analysis r
vealed no observable difference between the sample befor
after photoreaction, suggesting that In(OH)ySz:Zn is a stable
photocatalyst for the reduction of water in the presence of N2S
and Na2SO3.
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Fig. 6. Time courses of photocatalytic H2 production from 0.43 M Na2S–0.5 M
Na2SO3 aqueous solution under visible light illumination on 2wt% Pt load
In(OH)ySz (S/In = 2) and In(OH)ySz:Zn (x = 0.2 and 0.5 with S/In = 2).
Catalyst, 0.3 g; light source, 300 W Xe lamp with cutoff filter (λ > 420 nm).

Fig. 7. Dependence of the rate of photocatalytic H2 production on
In(OH)ySz:Zn (x = 0.5) on the cutoff wavelength of incident light.

The dependence of the rate of H2 on the cutoff wavelength o
incident light on In(OH)ySz:Zn (X = 0.5) catalyst was investi
gated, as shown inFig. 7. The rate of H2 production decrease
with increasing cutoff wavelength. H2 could be photocatalyt
ically produced even when a cutoff filter of 510 nm was us
This wavelength corresponds to the onset of the absorption
of In(OH)ySz:Zn. However, when the illumination waveleng
was>550 nm, H2 production ceased. This finding is in acco
dance with the absorption edge as shown inFig. 5.

4. Discussion

It is well known that the light absorption capability of sem
conductors and the position of the conduction band are cru
factors influencing the photoactivity of H2 production. For pho-
tocatalytic H2 production from water, it is thermodynamical
indispensable that the level of conduction band be more n
tive than the reduction potential of H+/H2. The band structure
of a transition metal oxide is generally defined by the d-orb
of metal cation with a d0 electronic configuration or the sp
orbital of metal cation with a d10 electronic configuration[39].
But for metal sulfide containing a metal ion with a d10 elec-
tronic configuration, the conduction band and valence b
are determined mainly by the s- and p-orbitals of the m
cations and the S 3p orbital. The lower rate of H2 production on
.
ge

al

a-

l

d
l

In(OH)ySz is due to the slightly higher energy level of In 5s
over the reduction potential of H+/H2 [22]. The improved pho-
toactivity of In(OH)ySz:Zn cannot be ascribed exclusively
the increased surface area. The surface area of In(OH)ySz:Zn
(X = 0.2) is slightly less than that of In(OH)ySz, but the rate
of H2 production on In(OH)ySz:Zn (X = 0.2) is 35.8 µmol/h,
25 times higher than that on In(OH)ySz (0.9–1.8 µmol/h). With
X = 0.5, the surface area of In(OH)ySz:Zn is 91.8 m2/g, three
times larger than that of In(OH)ySz; however, the average ra
of H2 production on In(OH)ySz:Zn (x = 0.5) is 48 times highe
than that on In(OH)ySz. Thus, it can be confirmed that the i
crease in surface area after Zn2+ doping is not the crucial facto
leading to improved photoactivity.

It has been reported that the energy level of Zn 4
is more negative than that of In 5s5p[22]. Solid solution
(AgIn)xZn2(1−x)S2 photocatalysts, the conduction bands
which comprise Zn 4s4p hybridized with In 5s5p, show h
activity for H2 production in the visible region. In our work
the In 5s5p of lower energy level hybridizes with Zn 4s
of higher energy and constitutes the new conduction ban
In(OH)ySz:Zn. The conduction band of In(OH)ySz:Zn, con-
sisting of hybridized In 5s5p with Zn 4s4p, has more nega
energy level than the conduction band of In(OH)ySz, consist-
ing of In 5s5p. This is in accordance with the blue shift
the absorption edge, as shown inFig. 5. The elevated con
duction band increases the thermodynamic driving force
water reduction. So the elevated conduction band level a
Zn2+ doping is considered the key factor for enhancing p
toactivity. It should be noted that although the thermodyna
driving force for water reduction is increased, the rate of2
at high Zn2+ doping (X > 0.5) is decreased. This decreas
activity is partially related to the reduced number of phot
available for the electron excitation because the band ga
In(OH)ySz:Zn increases at high Zn2+ doping. Furthermore, th
doping of Zn2+ with high amount into the crystal lattice o
In(OH)ySz induces greater distortion of its crystal lattice. Th
is evident from the large shift of the diffraction peaks towa
higher angles at high values ofX in Fig. 2. The distorted crysta
structure has a negative influence on the mobility of the ch
carrier[40], leading to a decreased number of photogener
electrons in the reduction reaction of water molecules.

According to the foregoing results, the possible band st
ture of In(OH)ySz:Zn is suggested and illustrated inFig. 8. The
narrowed band gap of In(OH)ySz is attributed to the substitu
tion of OH− with S2−. Theoretical calculations indicate th
the band structure of indium oxide is dominated by O 2p
In 5s [41,42]. Thus, the conduction band and valence b
of In(OH)ySz consist predominately of In 5s5p and O 2p h
bridized with S 3p, respectively. With increasedX, the absorp-
tion of In(OH)ySz shifts to the UV region, suggesting that t
doped Zn2+ elevates the conduction band of In(OH)ySz:Zn be-
cause of the greater negative energy level of Zn 4s4p comp
with In 5s5p. This change leads to a shift in the conduction b
of In(OH)ySz:Zn to a more negative position and a widening
the band gap. The elevated conduction band of In(OH)ySz:Zn
increases the thermodynamic driving force for water reduc
at low X (�0.5). The decreased number of photons and
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Fig. 8. The proposed band structure of In(OH)3, In(OH)ySz and In(OH)ySz:Zn.
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greater distortion of crystal lattice at highX (>0.5) are respon
sible for the low photoactivity.

5. Conclusions

Visible light-driven In(OH)ySz and In(OH)ySz:Zn photo-
catalyst were successfully synthesized via the hydrothe
method at 180◦C in an aqueous solution of ethylenediami
The band gap of In(OH)3 was narrowed by the substitutio
of S2− for OH−, and the absorption edge of In(OH)ySz was
dependent on the amount of S2− substituted. The absorptio
edge of In(OH)ySz:Zn monotonously shifted to the UV regio
with an increasing amounts of Zn2+ doped. In(OH)ySz cata-
lyst was active for H2 production from Na2S–Na2SO3 solution
under visible light illumination, and its photoactivity was fu
ther enhanced by doping with Zn2+. According to the variation
in absorption and photoactivity of the catalysts, a band st
ture of In(OH)ySz:Zn is proposed in which the valence band
composed mainly of S 3p hybridized with O 2p orbits, with t
conduction band composed of In 5s5p orbits hybridized w
Zn 4s4p. The more negative conduction band level consis
of In 5s5p and Zn 4s4p provides a large thermodynamic driv
force for the reduction of water to produce H2.

In(OH)ySz:Zn represents a new class of visible light-resp
sive metal hydroxide photocatalyst with d10 electronic config-
uration. The method outlined in this paper also provides s
useful ideas for the design of other new types of metal hyd
ide photocatalysts working in the visible region by combin
anion substitution and cation doping.
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