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Abstract

Sulfur-substituted In(OH) [hereafter denoted as In(OF;] and Zn-doped In(OH)S; [hereafter denoted as In(Ok5,:Zn] are synthesized
in an aqueous solution of ethylenediamine via the hydrothermal method. The photoactivities of these catalygisdduttion are investigated
in the presence of N& and NaSQ; sacrificial reagent under visible light illuminatioh £ 420 nm). The absorption edge of In(QF, shifted
monotonically from 240 nm for In(OH)to 570 nm for In(OH) S; when the atomic ratio of 8n in the synthesis solution is increased from 0 to 2.0.
But the absorption edge of In(OF$,:Zn shifted from 570 to 470 nm as the atomic ratio of/Enin the synthesis solution was increased from 0
to 1.0. The catalyst In(ORJ; is active for B production, with an average rate optéf 0.9-1.8 umaih, under visible light illumination. The
photoactivity of In(OH),S; is enhanced by doping with 2. The rate of H production is 35.8 and 67 pumydi on 2wt% Pt-loaded In(OH;:Zn
catalyst when %= 0.2 and 0.5, respectively, corresponding to a quantum efficiency of 0.32 and 0.59%-at42@m, respectively.

0 2005 Elsevier Inc. All rights reserved.
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1. Introduction single-phase oxide photocatalyst CaB) for organic conta-
minant decompositiof6] and PbBjNb>Og for both isopropyl
Photocatalytic water splitting into Hand Q using semi-  alcohol degradation and water decompositigh One effec-
conductor photocatalysts has received much attention becausee way to narrow the band gap is to elevate the valence
it has been considered an ideal method to address energy abdnd of photocatalysts into a more negative position by an-
environmental problems. Many effective photocatalysts in theon substitution. For example, Asahi et al. reported a nitrogen-
ultraviolet (UV) region have been developed for overall waterdoped TiQ that shifted its optical absorption to the visible
splitting [1-5]. Developing highly active photocatalysts with a region and enhanced the photoactivity for the degradation of
visible light response to use solar energy is important, becausaethylene blue and gaseous acetaldetjgjleKhan et al. re-
visible light composes the major part of the solar spectrum. ported a TiQ_,C, catalyst with higher photocurrent density
Over the last few years, considerable effort has been madend photoconversion efficiency for water splittifgg. Very re-
to increase the absorption of catalysts in the visible regiorcently, N~ and $~ substituted metal-oxide catalysts, includ-
to improve visible light response; approaches have includethg TaON, TaN4, LaTiOoN, Y2TapOsN2, and SmTizSp0s,
have been reported as the visible light-responsive catalysts for
~ Coresponding authors. Fax: +81 3 5841 8838 (K. Domen), +86 411vx{ater reduction and/or oxidation in the presence of a sacrifi-
84694447 (C. Li), ' ' cial electron donor (methan_ol) or acceptor (Ad10-14] On
E-mail addresseskdomen@res.titech.ac.i. Domen),canli@dicp.ac.cn  the other hand, the absorption edge of photocatalysts can also
(C. Li). be shifted into the visible region by forming donor levels in the
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forbidden band. ZnS doped with Cu and Ni and ZnS co-dope@ppropriate amount of ethylenediamine; then double-distilled

with Pb and halogens show quite high activity fog él/olution  water was added to form an aqueous solution of ethylenedi-

in the visible regior[15-17] In particular, the INnTapdoped amine. The autoclave was maintained at 18Cor 20 h. The

with Ni was found to be an active photocatalyst for overall wa-products were collected by filtration and washed several times

ter splitting in the visible light regiofi 8]. with water and ethanol. After drying at 8C, the yellow pre-
The polynary metal sulfides and oxysulfides are reportcipitates were obtained.

edly stable photocatalysts for water reduction and/or oxidation

[19-21} The recently reported solid solution catalysts ZnS— 2 - catalyst characterization

CulnS-AgInS and (Agin)Znyi—S, showed quite high

photoactivity of k evolution in agueous solution of b8 and UV-visible light (UV-vis) diffuse reflectance spectra were

1 i i 0,
.KZSO*” .[2.2’23]’ V\.”th apparent _quantum y|el_d as h|g_h_ as 20A)recorded on a JASCO V-550 UV-vis spectrophotometer equip-
in the visible region under optimal preparation conditions. The

. S . ped with an integrating sphere. The structure and the phase
high photoactivity of the (Agln)Znz1-.)Sp catalyst is related . ] . :
to its high potential level of the conduction band consisting pri—\?\;t;hg ;?ﬁ;pkte gigx?féggmé?;riggmisguilifr:racélo_nh(a(é_RD)
marily of Zn 4s4p. The conduction band with high potential ation Wit% an operation voltage of 40 KV andg anuo eratin
level provides a large thermodynamic driving force for water ' P 9 ) P 9
reduction. current of 100 mA. '_rhe scan rate of 8nin was appll_ed to
It has been reported that calcium hydroxyapatite modifie ecord the patterns in the range of 10282 a step size of

with Ti(IV) can be used as a photocatalyst for albumin decom—”'qz(;' Tthe (lelementlaldan;alyss W?S conducted on Plastam—St)ec-
position under UV illuminatiorj24]. But the photoactivity of inductively coupled plasma atomic emission Spectrometer.

this kind of catalyst has not been reported for water reduC[\litrogen adsorption—desorption measurements were performed
tion. In(OH); is a semiconductor with wide band gap (B.G at 77 K on a Micromeritics ASAP 2000 system to obtain the

5.17 eV) and absorption in the deep UV region. The wide ban(§3runauer—Emmett—TeIIer (BET) surface area. Before measure-

gap is related to its deep potential level of O 2p orbital. Dugment all samples were degassed at Y5@vernight. Ther-

to the higher energy level of S 3p compared with O 2p, subMogravimetric analysis (TGA) and differential thermal (DTA)
stitution of €~ for 02~ to elevate the valence band is one analysis were carried out under a nitrogen stream at a heating

potential way to narrow the band gap of metal oxides. Recentyat€ of 10°C/min, using a Pyris Diamond thermogravimet-
sulfur-substituted In(OH) prepared by chemical bath deposi- ric/differential thermal analyzer.

tion has shown promising applications in solar c§l§-29]

In the present work, we report the visible light-responsive2.3. Photocatalysis reaction

In(OH), S, photocatalyst by controlling the substitution amount

of S~ for OH~ via the hydrothermal method at 180. The The photoactivities of the samples were examined in a closed
band structure of In(OH)5, was tuned by Zfi" cation dop-  gas circulation and evacuation system. Typically, 0.3 g powder
ing. The photoactivity of H production on both In(OH)S; and  of catalyst was dispersed in a Pyrex reaction cell containing
In(OH), S;:Zn was investigated under visible light illumination 200 mL of an aqueous solution of 0.43 M §&and 0.5 M

in the presence of N® and NaSQ; aqueous solution. It was Na,SOs. 2wt% Pt co-catalyst was loaded on the photocatalyst
found that the absorption edge of In(QH$ shifted monotoni- by in situ photochemical deposition fromyPtCls aqueous so-
cally from 240 nm to a longer wavelength when more OMas  |ution. The light source was a 300-W Xe lamp equipped with an
replaced by 8. The In(OH),S; synthesized by substituting optical cutoff filter ¢. > 420 nm). A shutter window and a wa-
OH~ with $*~ is active for H production, and its photoactivity  ter filter were placed between the Xe lamp and the reaction cell
is further enhanced by doping with Zn The factors influenc-  to remove infrared (IR) light illumination. The amount of the
ing photoactivity are discussed, and the possible band structuggoduced H was analyzed using on-line gas chromatography

of In(OH), S;:Zn is described. (with a thermal conductivity detector and an Ar carrier). The ap-
parent quantum efficiency was measured using filters combined

2. Experimental with a bandpass and a Si photodiode. The rate of total photons
reaching the solution was typically40 x 10?1 photons h~! at

2.1. Catalyst preparation A =420+ 10 nm. The quantum efficiency value) was cal-

culated using the following equation:
The photocatalysts were prepared by hydrothermal synthe-

sis methods. All of the reagents were analytical grade ang (o6 — (AR/1) x 100,

used without further purification. The In(Oklvas prepared

with In2(SQy)3 as the only precursor in a 30-mL Teflon-lined whereA, R, and! represent the coefficients based on the pho-
stainless steel autoclave. For the preparation of In(@Hand  toreactions (for i evolution, A = 2), the H evolution rate at
In(OH), S,:Zn, desired amounts of thiourea and Zn@®)© 420+ 10 nm (moleculesht), and the rate of absorption of in-
6H,0 were added. In what follows, the valueXfis used to de- cident photons, respectively. Hege is the apparent quantum
scribe the nominal atomic ratio of Zm for In(OH),S;:Zn in  efficiency, because we assume that all of the incident photons
the synthesis solution. All of the autoclaves were filled with anare absorbed by the catalyst.
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Fig. 2. Powder X-ray diffraction patterns of In(Of) In(OH),S, and
Fig. 1. Powder X-ray diffraction patterns of In(Og#and In(OH), S, with S/In In(OH), S;:Zn (X denoted the atomic ratio of Zin in the synthesis solution)
atomic ratio varied from 0.2 to 2.0 in the synthesis solution. All the catalystssynthesized in aqueous solution of ethylenediamine af C8@r 20 h.
were synthesized in aqueous solution of ethylenediamine &t@86r 20 h.
distinct shift, and a diffraction peak characteristicf1n,S3
3. Resultsand discussion appeared. This observation suggests that %as homoge-
neously incorporated into the lattice of In(QHnd located at
3.1. XRD pattern of In(OH) In(OH),S;, and In(OH),§;:Zn OH~ sites. This is a reasonable suggestion, because the ionic

. radius of $~ (1.84 A) is larger than the thermochemical radius
Fig. 1A shows the XRD pattern of In(OH)and In(OH) S, of OH™ (1.40 A).

synthesized in an aqueous solution of ethylenediamine with
the atomic ratio of gln of 0.2—2 in synthesis solution. In the
absence of thiourea (8 = 0), the diffraction peaks of the

obtained sample can be readily indexed to a pure phase of CVﬁ(OH) S. doped with different amounts of 2h are shown in
Yz

bic In(OH); with calculated lattice constamat= 7.959 A, in . : . : L
agreement with previously reported values (JCPDS 85—133é:;'g' 2A. The diffraction peaks algo display a S|m|lgr XRD pat-
tern as seen for In(OHB;. But with the value ofX increased

a =7.979 A). The diffraction peaks are intense and sharp, in- o
dicating that the obtained In(Oll)s well crystallized under rom 0 to 1, the peaks of In(OKi$.:Zn shift slightly to larger
the present hydrothermal condition. Whett Ss partially sub- ~ @ngles, as shown iRig. 2B, suggesting that Zi is homoge-
stituted for OH-, the obtained In(OH)S, exhibits almost the neously located at the ¥ position in the lattice of In(OH)S;.
same XRD patterns as that of cubic In(QHixcept the dif-  Thisis due to the slightly differentionic radius ofZn(0.74 A)
fraction peaks are slightly shifted to low angles, as shown irand I+ (0.81 A).

Fig. 1B. In addition, the diffraction peaks shifted to much lower ~ As a semiconductor, In(OR)is generally prepared by hy-
angles with the increasing/8 ratio in the synthesis solution. drolyzing Ir** or oxidizing indium metal in NaOH aqueous
When the ratio of gIn exceeded 2, the diffraction peaks had nosolution[30-32] In this work, the aqueous solution of ethylene-

In(OH), S; doped with Zi’t was synthesized via the same
hydrothermal method as for In(Ok,, with the atomic ratio
of S/In kept at 2 in the synthesis solution. XRD patterns of
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Fig. 3. UV-vis diffuse reflectance spectra of In(Qtnd In(OH), S; with S/In - Fig. 4. Thermogravimetric analysis of In(Off)and In(OH),S, with S/In
atomic ratio varied from 0.2 to 2.0 in the synthesis solution. atomic ratio varied from 0.2 to 2.0 in the synthesis solution.

diamine is used as a reaction medium to provide the necessatype 1
alkaline for the hydrolysis of Bi. In the presence of low sub- The physical parameter and the photoactivity efgioduction on In (OH)S;
stitution amounts of %, pure-phase In(OH}, is obtained. under visible light illumination > 420 nm)

At high Zn/In ratios for the synthesis of In(OK$,:Zn, $~ Atomic ratio of Weight los& Possible moleculaBang gaf§ The rate of b
reacts with ZA™ to produce ZnS. As shown iRig. 2A, the  S/Inin synthesis(%) formula (eV) productiorf
diffraction peaks of ZnS with characteristics of wurtzite struc-S°ution (umoV/h)
ture occurred with increasing values &f. This observation © 161 In(OH) 5.17 0
demonstrates that a minimum amount of ZnS was formed o@'g 122 ::Egﬂi-gzgg-o“ ;;g (112
the surface of In(OH)S.. 10 142 INOHpesSons 220 15
20 126 In(OH) 350,34 219 14
3.2. UV-vis diffuse reflectance spectra and thermogravimetric a yyeight loss in 200-400C calculated from TGA analysis.
analysis b Molecular formula obtained by supposing the decomposition of In¢@H)
according to the following process: 2I0H)3_ S, /2 — IN203_, Sy + (3 —

. L\ . x)H>0.
Fig. 3 shows the UV-vis diffuse reflectance spectra of ¢ Band gap estimated from the onset of the absorption edge.

In(OH)s and In(OH),S; with varying §In atomic ratios in  d 1y, average rate in 10 h photoreaction.
the synthesis solution. The onset of the absorption edge of

In(QH)g is a.t 240 nm, corre;ponding to the band gap of 5.17 ?Y(ArH,% — —427 kJmol for InySg and —925.27 kJmol for
This value is consistent with the bapd gap rgported by AVIVIanOB)_ The decreased weight loss at higfiiSratio can be
et al. [33]. With increasing Bin atomic ratio in the synthe- attributed to the substitution of2S for more OH" in the lat-

sis solution, the absorption of In(OF; increased in intensity, tice of In(OHY, if the decomposition of In(OH)S. proceeds
and its edge shifted to the visible region. The red shift of the abéccording to the following process: '

sorption edge with the increase ofl8 ratio suggests that more
OH~ was substituted with%. The band gap estimated from 2IN(OH)3—xSy/2 — IN203_ S, + (3— x)H20.

the onset of absorption edge changed from 5.17 eV for InfOH) Based on the weight loss of In(OF8,, it is possible to estimate
to 2.19 eV when the 8n atomic ratio increased from 0 to 2in  the amount of S substituted and to determine the molecular for-
the synthesis solution. mula of In(OH),S;. The observed weight loss, band gap, and
TGA was carried out to analyze the thermal behavior ofpossible molecular formula for In(Ok$, are summarized in
catalyst; the profiles of In(OH}, are shown irFig. 4 A pro-  Table 1 With the §In atomic ratio was changed from 0.2 to 2,
nounced weight loss step occurred in the temperature range tfe SIn ratio in the In(OH) S, product increased, butto a much
200-500C. The observed weight loss for the transformationless degree than the/® atomic ratio in the synthesis solution.
of In(OH)3 into In,O3 was 16.1%, in good agreement with the Despite this, the substitution of OHwith minimum £~ led
theoretical value of 16.3%. The slight weight loss above®50 to a dramatic shift of the absorption edge into the visible re-
can be presumptively ascribed to the decomposition of the algion, as shown irFig. 3. This is reasonable, because S 3p has
sorbed ethylenediamine molecules on the surface of In§OH) more negative energy than the O 2p orbital. The red shift of
At 200-500°C, however, the weight loss of In(OF, de-  the absorption edge for In(OK;, into the visible region with
creased, and the corresponding endothermic peaks shifted iticreasing $In atomic ratio is consistent with the shift of dif-
higher temperatures when more OMas substituted withs.  fraction peaks to lower angles shownfiiy. 1B.
The increased decomposition temperature for In(&Hwith Fig. 5 shows the UV-vis diffuse reflectance spectra of ZnS
increasing $In ratio is possibly related to the large difference and In(OH),S, doped with varying amounts of 2h. The ab-
in the standard formation enthalpy betweeaSmand InO3  sorption edge of In(OH)S;:Zn is located between that of ZnS
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Table 2
0.8 The physical parameter of In(OF$,:Zn (S/In = 2.0) and the photoactivity of
5 ’ H» production under visible light illuminatiom(> 420 nm)
‘j 0.6 The value ICP result Bang gaB BET surface area The rate of b
> INOH)yS2219 &V of x2 (atomic ratio  (eV) (m2/g) productior¥
- x=0.05 225eV
@ 04 X014 236V of Zn/In) (umol/h)
g . x=02 243eV
£ x=04 254eV 0 0 219 368 14
= 0.2 o 2oy 0.05 004 225 466 47
x=10 2640V 0.1 0.08 234 381 266
0.0 o 0.2 0.18 243 324 358
el T T T T T
200 300 400 500 600 700 800 8;‘ 822 ;gg gfg 238
Wavelength / nm ’ ‘ :
9 0.7 0.62 257 786 403
1.0 0.89 264 975 149

Fig. 5. UV-vis diffuse reflectance spectra of ZnS, In(Q8) and
In(OH), S;:Zn catalysts with differenX value (X denotes the atomic ratio of 2 X denoted the atomic ratio of Zin in the synthesis solution.
Zn/In in the synthesis solution). The In(O§8; and In(OH),S;:Zn were ob- b Band gap estimated from the onset of the absorption edge.
tained with atomic ratio of 8n = 2.0. ¢ The average rate in 10 h photoreaction.

and In(OH),S, and shifts monotonously from 566 to 470 nm S03*” +Hz0 + 2h" — SOp*~ + 2H+} Valence band
with an increase irX from 0 to 1.0, corresponding to the in- SO32~ + 2% + 2ht — S,032

crease in band gap from 2.19 to 2.64 eV. Withchanged (The oxidation of the sacrificial regents

from 0 to 1, the band of In(OH},:Zn displays two types of
absorption characters. No absorption ascribed to the ZnS is o
served at low Zn dopingX < 0.5), confirming that the Z#1 is
homogeneously doped in the lattice of In(QB). Moreover,

i the initial stage, the pPtCk in the solution is reduced to
PC on surface of In(OH)S; as the H evolution promoter.
After the induction period, bl is produced with the reduc-

. ; ; o tion of water molecules by the photogenerated electrons on the
IN(OH), S,:Zn with low Zn dopin < 0.5) exhibits stee i il .
(OH), ping & ) P gonduction band. Sacrificial regents $0 and $~ are oxi-

edges and strong absorption in the visible light region, suggest:;

ing that the absorption is due to the transitions between the v -'ngzPy ;r;eggmisnﬁn thﬁ ¥r?lenc:e b e;nd to p(;OdECQZ.SGInd

lence band to the conduction band. At high Zn dopikig= 0.7 3°" [37,38] oug e rate of b production 15 Tow

and 1.0), In(OH)S;:Zn displays an absorption edge similar to (0.9-1.8 umalh), all In(OH),S; catalyst with varying Jin
o ] ratios are active for bl production under visible light illumi-

that of ZnS. Absorption bands with shoulders in the visible “ghtnation. The low activity suggests that a very low thermody-

region are also observed. These absorption §ho_u|ders are Ch&n‘zraimic potential for the water reduction on In(QI9) catalyst
a.ctenst-lc of doped photocatalys[&4—36] and |n_d|cate tha’? a consistent with the result of density functional theory calcula-
discontinuous level is formed by the dopants in the forblddeqions[zz]

band. Table 2lists the physical parameters and photoactivities of

In(OH), S;:Zn catalysts in 0.43 M Ng5—0.5 M NaSGQ; aque-
3.3. Photoactivity of In(OH)S; and In(OH),S;:Zn ous solution under visible light illumination. Witki increasing

from 0 to 1.0, the band gap increased from 2.19 to 2.64 eV. The

Table 1lists the photocatalytic Hproduction on In(OH)S, Zn/In atomic ratio by inductively coupled plasma elemental

loaded with 2wt% Pt. Both the weight loss seen on TGA andanalysis was close to, but slightly lower than that in the synthe-
the band gap estimated from the absorption edge decrease wii$ solution. The In(OH)S;:Zn with low Zr** doping had no
increasing $In in the synthesis solution. The decreased bancfficient increase in BET surface area. The high doping 6fZn
gap is ascribed to the more negative energy level of S 3p in corltcreased the surface area of the In(QB!)Zn. The photoac-
trast to O 2p. In(OH) with a wide band gap (5.17 eV) shows tivity of H, production was more effective on In(O;TBZ:Zn
no photoactivity even under UV illumination. This is becauseth@an on In(OH)S;. The average rate of Hproduction on
the Xe lamp that we used irradiates photons with wavelength$(OH)yS;:Zn increased with increasing and reached the
=300 nm, too little energy to excite the electron transition fromMaximum rate of 67 pmgh whenX = 0.5, and then declined
the valence band to the conduction band of In(@Hiy con-  © 40.3 and 14.9 pmgh with X = 0.7 and 1.0, respectively.
trast, In(OH),S. can be excited by visible light because of its 719- 6 shows the time course ofz-production on 2wt% Pt-

narrowed band gap. The photocatalytic reaction on In(@H) '0aded _'rl‘(ol'_")hsz_l"limd.'”(QH}Sz%Z” (x :I 0.2 and 0.5) un-
can be described as folloia7,38] der visible light illumination. Photocatalytic Hproduction

increased steadily with increasing illumination time on both
In(OH), S; and In(OH),S;:Zn. The average rates were 35.8 and
67 umolh at X = 0.2 and 0.5, respectively. XRD analysis re-
2HT 426" — H;y vealed no observable difference between the sample before and
after photoreaction, suggesting that In(QB).Zn is a stable

PtCk? +4e — Pt+6CI~ _ (
. i photocatalyst for the reduction of water in the presence gBNa
(Cocatalyst Pt deposition and water reduction and NaSO.

photocatalyst- hv — € (CB) + h* (VB) (photoexcitatioi

} Conduction band
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1800 In(OH), S, is due to the slightly higher energy level of In 5s5p
— 15004 over the reduction potential ofH{H; [22]. The improved pho-
g toactivity of In(OH),S;:Zn cannot be ascribed exclusively to
3 12004 the increased surface area. The surface area of In@tn
..:EN 900- (X =0.2) is slightly less than that of In(OK$¥,, but the rate
° of Hz production on In(OH)S;:Zn (X = 0.2) is 35.8 umolh,
S 6004 25 times higher than that on In(O}$8; (0.9-1.8 pmath). With
2 X = 0.5, the surface area of In(Ok5,:Zn is 91.8 n?/g, three
g 300- : :
x= imes larger than that of In(OH$,; however, the average rate
0« = A - - - of Hz production on In(OH)S;:Zn (x = 0.5) is 48 times higher
0 5 10 15 20 25 than that on In(OH)S;. Thus, it can be confirmed that the in-
Irradiation time / h crease in surface area after’Zrdoping is not the crucial factor

Fig. 6. Time courses of photocatalytia ldroduction from 0.43 M NgS—-0.5 M leading to improved photoactivity.
NapSO3 aqueous solution under visible light illumination on 2wt% Pt loaded It has been reported that the energy level of Zn 4s4p
IN(OH),S; (S/In = 2) and In(OHYS;:Zn (x = 0.2 and 0.5 with $In = 2). is more negative than that of In 5s§@2]. Solid solution

Catalyst, 0.3 g; light source, 300 W Xe lamp with cutoff filter£ 420 nm). (Ag|n)xZn2(l_x)Sz photocatalysts, the conduction bands of
which comprise Zn 4s4p hybridized with In 5s5p, show high
350] & activity for Hy production in the visible region. In our work,
300 < the In 5s5p of lower energy level hybridizes with Zn 4s4p
% 250 of higher energy and constitutes the new conduction band of
5 ¢ In(OH), S;:Zn. The conduction band of In(OK$,:Zn, con-
= 2001 £ sisting of hybridized In 5s5p with Zn 4s4p, has more negative
'g 150+ - energy level than the conduction band of In(Q8), consist-
g 1004 jf ing of In 5s5p. This is in accordance with the blue shift of
£ 50l = @‘if & the absorption edge, as shown kig. 5. The elevated con-
0] gy f duction band increases the thermodynamic driving force for
250 300 350 400 450 500 550 600 water reduction. So the elevated conduction band level after

Zn?t doping is considered the key factor for enhancing pho-
toactivity. It should be noted that although the thermodynamic
Fig. 7. Dependence of the rate of photocatalytie Kroduction on driVing force for water reduction is increased, the rate of H

IN(OH)y'S;:Zn (x = 0.5) on the cutoff wavelength of incident light. at high Zr#*+ doping (X > 0.5) is decreased. This decreased
activity is partially related to the reduced number of photons

The dependence of the rate of bh the cutoff wavelength of available for the electron excitation because the band gap of
incident light on In(OH)S.:Zn (X = 0.5) catalyst was investi- In(OH),S.:Zn increases at high 2h doping. Furthermore, the
gated, as shown iRig. 7. The rate of H production decreased doping of Zrf™ with high amount into the crystal lattice of
with increasing cutoff wavelength. 4tould be photocatalyt- IN(OH),S; induces greater distortion of its crystal lattice. This
ically produced even when a cutoff filter of 510 nm was usedis evident from the large shift of the diffraction peaks toward
This wavelength corresponds to the onset of the absorption eddégher angles at high values &fin Fig. 2 The distorted crystal
of In(OH), S.:Zn. However, when the illumination wavelength structure has a negative influence on the mobility of the charge
was>550 nm, b production ceased. This finding is in accor- carrier[40], leading to a decreased number of photogenerated

Cutoff wavelength / nm

dance with the absorption edge as showFim 5. electrons in the reduction reaction of water molecules.
According to the foregoing results, the possible band struc-
4. Discussion ture of In(OH),S;:Zn is suggested and illustratedfig. 8 The

narrowed band gap of In(OK, is attributed to the substitu-

It is well known that the light absorption capability of semi- tion of OH~ with S?~. Theoretical calculations indicate that
conductors and the position of the conduction band are crucidhe band structure of indium oxide is dominated by O 2p and
factors influencing the photoactivity ofdproduction. For pho- In 5s [41,42] Thus, the conduction band and valence band
tocatalytic B production from water, it is thermodynamically of In(OH),S; consist predominately of In 5s5p and O 2p hy-
indispensable that the level of conduction band be more negdridized with S 3p, respectively. With increasgdthe absorp-
tive than the reduction potential oftHH,. The band structure tion of In(OH), S, shifts to the UV region, suggesting that the
of a transition metal oxide is generally defined by the d-orbitaldoped Z®3* elevates the conduction band of In(QI8):Zn be-
of metal cation with a & electronic configuration or the sp- cause of the greater negative energy level of Zn 4s4p compared
orbital of metal cation with atf electronic configuratiof89].  with In 5s5p. This change leads to a shift in the conduction band
But for metal sulfide containing a metal ion with &cklec-  of In(OH), S;:Zn to a more negative position and a widening of
tronic configuration, the conduction band and valence banthe band gap. The elevated conduction band of In¢@HYn
are determined mainly by the s- and p-orbitals of the metaincreases the thermodynamic driving force for water reduction
cations and the S 3p orbital. The lower rate ofgdoduction on  at low X (<0.5). The decreased number of photons and the
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A {0 < X< 1.0)
2Z4s4p In5s5p(+Znasdp) Insssp
A A CB
— ] — +*
el e e et H*/H
s 3.37 eV
-g 2.19~2.64 oV 2.19 ~{5.17eV
T T T USRI, UERMSRREUMFRISERVISRRE NI T 0,/H,0
—— 5.17 eV
] I L1
— VB
“ 02p+83p —
Y |
+ 0<8/In<2 02p
Zns In(OH),S,:Zn In(OH), S, In{OH),

Fig. 8. The proposed band structure of In(@QHN(OH), S; and In(OH),S;:Zn.

greater distortion of crystal lattice at high(>0.5) are respon- thank Dr. Yungi Qian, Institute of Chemistry for Functional-
sible for the low photoactivity. ized Materials, Liaoning Normal University, for the English

revision.
5. Conclusions
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