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Photocatalytic Hydrogen Evolution on ZnS-CulnS,—AgInS; Solid
Solution Photocatalysts with Wide Visible Light Absorption Bands

Issei Tsujil Hideki Kato] and Akihiko Kudo*™*

Department of Applied Chemistry, Faculty of Science, Tokyadssity of Science, 1-3 Kagurazaka,
Shinjuku-ku, Tokyo 162-8601, Japan, and Core Researchdolukonal Science and Technology,
Japan Science and Technology Agency (CREST, JST), Japan

Receied December 7, 2005. Reed Manuscript Receéd January 30, 2006

Pt-loaded ZnSCulnS—AgInS; solid solutions showed photocatalytic activities faré¥olution from
aqueous solutions containing $Oand S~ as sacrificial reagents under visible light irradiatidn=
420 nm). The crystal structures of the solid solutions were either zinc blende or wurtzite, depending on
the composition. The diffuse reflectance and photoluminescence spectra of the solid solutions were shifted
monotonically to longer wavelengths as the ratio of MI(i8 = Cu and Ag) to ZnS increased, indicating
that the energy band structure of the sold solution was controllable by the change in the composition.
The ZnS-CulnS—AgInS, solid solutions exhibited absorption bands that were longer in wavelength
than those for the ZnSCulnS and ZnS-AgInS; solid solutions, which is probably due to interactions
between the Cu 3d and Ag 4d orbitals. The photocatalytic activity foewelution was much improved
by low-temperature synthesis (7873 K) and the loading of Ru cocatalysts. The Ru-loaded.&u
Ado2dnosZnNS solid solution, which had a wide absorption band (band gap, 1.77 eV) in the visible light
region, showed high activity for Hproduction, even under simulated solar irradiation (AM 1.5).

1. Introduction Most of the highly active photocatalysts for water splitting
are wide band gap semiconductors, which respond only to

have attracted attention for the development of fossil-fuel- ultraviolet light. In particular, tantalates and niobates, for

independent energy systems for hydrogen production.Takingexample’_ NaTa@la and SbeZ_O” rlave exhlt_)|ted_ex"-
the solar spectrum into account, it is indispensable to develop{feMely high apparent quantum yiefti$"Band engineering

a visible-light-driven photocatalyst. Sulfides, which have IS On€ of the strategies for.the development of visible-light-
narrow band gaps (BGs) and valence bands at relativelydriven photocatalysts for wide band gap photocatafy$tse
negative potentials compared to oxides, can be good candi-doping of foreign elements into wide band gap photocatalysts
dates for visible-light-driven photocatalysts. Sulfide photo- is often carried out. The authors have previously succeeded
catalysts such as CdS are not suitable for water splitting, in the development of visible-light-driven photocatalysts by
because photocorrosion is induced when photogeneratedhe doping of metal cations such asNf Cui**,° and PB* 1
holes oxidize the photocatalyst itséllowever, the presence  into ZnS, which is a highly active sulfide photocatalyst for
of sacrificial hole scavengers such as sulfide and sulfite ions hydrogen evolution, even without a Pt cocatalyst, under
suppresses the photocorrosion and improves the photocatadltraviolet light irradiation:! Making a solid solution between
lytic activity for H, evolution under visible light irradiation.  wide and narrow band gap semiconductors is also a powerful
Photocatalytic reactions that make use of sacrificial reagentsstrategy for band gap control. We have focused attention on
do not constitute complete water-splitting reactions but the wide band gap photocatalyst ZnS and narrow band gap
instead are water-splitting half reactions, which are often usedsemiconductors, such as Agh@hd Culn$, that are similar

as test reactions to establish whether materials are capabléo ZnS in crystal structure. The solid solutions showed higher
of reducing HO to form H. If byproducts such as hydrogen activities than metal-ion-doped ZnS photocataly3ts.

sulfide, which is emitted during the desulfurization process

at chemical pIants,_ can be turned i_nto usgful sacrificial (2) Linkous, C. A Mingo, T. E.: Muradov, N. Znt. J. Hydrogen Energy
reagents, such sacrificial photocatalytic reactions for hydro- 1993 19, 203.

gen production will become extremely interesting from the @) Mf_‘?_h'H§arﬁge?"érﬁg;gkiégzi”ﬁ?%%f'; Simarro, R.; Andujar, J. M.
viewpoint of energy and environmental issues. These con- (4) Kato, H.: Asakura, K.: Kudo, AJ. Am. Chem. So€003 125, 3082.

cepts have been reported for a hydrogen production system (5) Kato, H.; Kudo, A.Catal. Today2003 78, 561.
(6) Hwang, D. W.; Kim, H. G.; Kim, J.; Cha, K. Y.; Kim, Y. G.; Lee, J.

Photocatalytic reactions occurring under solar illumination

aimed at byproduct utilization with a CdS photocatafyst. S.J. Catal.2000 193 40.
(7) Kudo, A.; Kato, H.; Tsuji, .Chem. Lett2004 33, 1534.
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The solid-solution-type photocatalysts have several ad-
vantages compared to the doped photocatalysts. First, the . N (R
potentials of the conduction and valence bands shift succes- 0
sively with composition. Moreover, the solid solution pho- o P A A
tocatalyst is able to absorb enough visible light via the band 51 .
gap transition, which is different from the doped photocata- € @
lyst, in which the electronic transition is from donor levels > o ~
originating from dopant metal ions to the conduction band § Ja ®
of the host material. Second, photogenerated electrons and ; (e
holes are able to move smoothly in the continuous valence S
and conduction bands, but not in the discrete donor levels £ [l P
seen in the doped photocatalysts. As a solid solution sulfide 2 __j A (c)
photocatalyst, the CdSZnS system, which showed high L ®
photocatalytic activity for H evolution, has been reported -
by Reber and Rusek and Kakuta etl® Recently, Domen _J[ A p @
et al. have succeeded in overall water splitting on a GaN: L L L1
ZnO solid solution under visible light irradiatiod = 400 % 30 35 40 45 50 %5
nm) 16,17 20 / degree

i inati imi i Figure 1. X-ray diffraction patterns of (CuAghnaZnza-29S, solid
In our previous communication, we preliminarily reported solutions. the values of were (a) 0, (by 0.01, (¢) 0.095. (d) 0.05, (&) 0.1,

that the Ru-cocatalyst-loaded ZrEuInS—AgInS; solid (f) 0.15, (g) 0.20, (h) 0.25, (i) 0.30, and (j) 0.5. The samples were synthesized
solution showed high activity for hydrogen evolution, even in a quartz ampule tube at 1123 K.

under simulated solar irradiatidfln the present work, we
prepared a series of ZrREulnS—AgInS, solid solutions
[= (CuAg)xInZXan(l,_ZX)Sz] to optim_ize th_e photocatalyst and 7400F and Hitachi S-5000).

systematically StUdleq the relathnshlp among the Cr_ystal Photocatalytic Reactions.Photocatalytic reactions were con-
structures, photophysical properties, and photocatalytic aC-qucted in a gas-closed circulation system. The photocatalyst powder

tivities. (0.3 g) was dispersed by a magnetic stirrer in an aqueous solution
(150 mL) containing KSO; and NaS as electron donors in a Pyrex
2. Experiment Section cell with a top window. The photocatalysts were irradiated with
visible light @ = 420 nm) through a cutoff filter (Hoya L42) from
a 300-W Xe lamp (ILC Technology; Cermax LX-300). The amount
of H, evolved was determined with on-line gas chromatography

Koiundo Chemical: 99.99%) with 10% " d(Shimadzu GC-8A, MS-5A column, TCD, Ar carrier). A solar
(Kojundo Chemical; 99.99%) wi 0 EXCESS amounts was purged g, |ator (Yamashita Denso YSS-80QA, AM 1.5) was also used.

with N, gas. CuCl was freshly prepared by the reduction of GuCl In this case, the amount of Hevolved was determined by a

5.'?20 (hW;lko Elur? Ch%mic?le; 99'0:/0) WI;Z rr;e.tallic :u inlbqilingA volumetric measurement. The photocatalytic powder was dispersed
|ut§ ydrochloric acid an .wast en added into t € so ution. A i a reactant solution containing an appropriate amount of)JNH

grayish Cu-Ag—In—2Zn sulfide precursor was precipitated by [RuClg] (Wako Chemicals; 29.9% as Ru) or RR@H,0 (Tanaka

bubbling with HS gas into the mixed solution. The precipitate was Kikinzoku) or IrClkenH,0 (Soekawa Rikagaku; 53% as Ir) or

St.lrr?l_?] for ab(;)ut ltf h V\(/jashed W'tlh dpF”e water, and drl'e(_j in the H,PtCk-6H,0 (Tanaka Kikinzoku; 37.55% as Pt) and was irradiated
alra h etptow tegottg;ré-elz\év?(s. seateb |rf1 a quariz am?rl: em Vticuowith visible light for about 20 min in order to photodeposit the
and heat treated a In a tube furnace to synthesize the o, ‘pn ¢, or Pt cocatalyst in situ. The apparent quantum yields

solid solution photocatalysts. The products were confirmed by X-ray (AQYs) defined by eq 1 were measured using filters combined with

diffraction (XRD; Rigaku MiniFlex). Surface areas were determined band-pass (Kenko) and cutoff (Hoya) filters and a photodiode
by the N Brunauer-Emmett-Teller (BET) method (Coulter (Ophira, PD300-UV head and Nova power monitor).
SA3100). Diffuse reflectance spectra were obtained with a-UV '

visible/near-IR spectrometer (Jasco Ubest U-570) and were con- o _ NUmber of reacted electrons
verted from reflectance to absorbance by the KubeMank AQY (%) = number of incident photon>§ 100
method. Photoluminescence spectra were measured in vacuo at 80
K with a spectrofluorometer (Spex FluoroMax). X-ray photoelectron
spectra were measured with an X-ray photoelectron spectrometer number of incident photons
(VG Scientific ESCALAB-MKU). Binding energies were corrected

by use of the Zn 3d peak of ZnS at 10.5 E\Photocatalyst powders
were observed by scanning electron microscopy (SEM; JEOL JSM-

Preparation and Characterization of Photocatalysts. An
aqueous solution of Zn(N§p-6H,O (Wako Pure Chemicals;
99.0%), AgNQ (Tanaka Kikinzoku; 99.8%), and In(NQ-3.6H,0

number of evolved Kimoleculesx 2
= x 100 1)

3. Results and Discussion

(13) Ig;ji%é.éé(ato, H.; Kobayashi, H.; Kudo, Al. Phys. Chem. R005 3.1. (Cu,Ag)(“’]2XZ|']2(172X)S2 Solid Solutions. Crysta|
(14) Reber, J. F.; Rusek, M. Phys. Cheml986 90, 824. Structures of (CuAgklnaZnzu-29S, Solid Solutions.

(15) Kakuta, N.; Park, K. H.; Finlayson, M. F.; Ueno, A; Bard, A. J,;  (CuAgklnaZnya-29S, solid solutions with an equimolar
fgg%%“féé Fox, M. A.; Webber, S. E.; White, J. BL.Phys. Chem. 5m4unt of Cu to Ag were synthesized. Figure 1 shows X-ray
(16) Maeda, K.; Takata, T.; Hara, M.; Saito, N.; Inoue, Y.: Kobayashi, H.; diffraction patterns for the ZnS and (CuAxZNz(-29S2
Domen, K.J. Am. Chem. S0€005 127 8286. solid solutions X = 0.5-0.01) synthesized at 1123 K. The
(17) Maeda, K.; Teramura, K.; Takata, T.; Hara, M.; Saito, N.; Toda, K.;
Inoue, Y.; Kobayashi, H.; Domen, Kl. Phys. Chem. R005 109
20504. (19) Xu, J. F.; Ji, W,; Lin, J. Y.; Tang, S. H.; Du, Y. WAppl. Phys. A
(18) Tsuiji, I.; Kato, H.; Kudo, AAngew. Chem., Int. EQ005 44, 3565. 1998 66, 639.
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Figure 2. Diffuse reflectance spectra of (CuA@)aZnzu-29S: solid Figure 3. Photoluminescence spectra of (CuAg}Znu—29S solid

solutions; the values of were (a) 0, (b) 0.01, (c) 0.025, (d) 0.05, (e) 0.1, solutions at 80 K. Excitation spectra were f&F 0.025 monitored at 600

(f) 0.15, (g) 0.20, (h) 0.25, (i) 0.30, and (j) 0.5. The samples were synthesized nm, (b)x = 0.05 monitored at 640 nm, (&)= 0.10 monitored at 675 nm,

in a quartz ampule tube at 1123 K. and (d)x = 0.15 monitored at 710 nm; emission spectra were )0.025,
(f) x =10.05, (g)x = 0.10, and (h)x = 0.15, excited at 467 nm.

crystal structures of the solid solutions depended on the Table 1. Dependence of Photocatalytic Activities for i Evolution

composition. The diffraction peaks of the solid solutions from an Aqueous K,SOs; and NaS Solution over Pt (0.5 wt

shifted to lower angles as the valueolvas increased. The %)-loaded (CuAg)InaxZnzi-29S, Solid Solutions upon the

successive shift of the XRD pattern indicated that the crystals Value of x*

obtained were not mixtures of ZnS, Culn&nd AgIng rate of H evolution/
value ofx band gap (eV) umol h1

phases but the (CuAghZnyi-29S, solid solutions. The

solid solutions with small values of such asx = 0.01 801 35-56% 1512-6
possessed a zinc-blende-type structure, as well asxZasS ( 0.025 254 134
0). The wurtzite-type structure was obtained as the value of 0.05 2.24 130
x was increased. Whenwas equal to or larger than 0.1, the 8'15 i-gg ﬁg
solid solution became a single wurtzite-type phase. The solid 0.20 177 71
solutions forx = 0.025 and 0.05 were mixtures of zinc blende 0.25 1.66 43
and wurtzite. When the ratio of Culp@nd AgInS to ZnS 230 1T 22

was increased, the symmetry of the crystal structure was no - Catal 03 hesized e tube at 1123 K

. . . . . H atal ysts: o0, synt esized In quartz ampulie tube at ; reactant
longer ma|_nta|ned, resul_tmg in the formation of the wurtzite ) o720/ (0.5 mol £ K>S0s + 0.1 mol L NaS): light source,
phase, which was confirmed around= 0.05. The XRD 300-W Xe lamp with a cutoff filter { = 420 nm).

pattern of (CuAg)ing(x = 0.5) nearly corresponded to the trolled by the composition as well as those of the previously

chalcopyrite structures of Culgand Aging. reported (MIN)Znxa-xS; (M = Cu or Ag) solid solution3?13
Photophysical Properties of (CUAQ)IN »ZN 229, Solid We previously reported that the Cu 3d (Ag 4d) and In 5s5p
Solutions. Figure 2 shows diffuse reflectance spectra of ZnS grpitals contributed to the formation of the valence and
and (CuAg)inaZnzu-29S solid solutions X = 0.01~0.5).  conduction bands, respectively. Therefore, the (Cyihg)
The solid solutions had intense absorption bands with steepzn,,_,,S; solid solutions consisting of Cu and Ag should
edges in the visible light region, in contrast to ZnS, with its 3150 have the same characteristic energy bands that contribute
ultraviolet light absorption band. The steep shapes of theto a visible light response. The conduction band should
edges indicate that the visible light absorption was due to consist of Zn 4s4p and In 5s5p, while the valence band
band gap transition not to the transition from impurity levels should be composed of S 3p, Cu 3d, and Ag 4d. The
to the conduction band of ZnS, as observed for the metal- proposed band structure of the (CUAGLZNy—29S; solid
ion-doped Zn$S photocatalysts'® The absorption edges of  sojution was reasonable, judging from the fact that the diffuse
the solid solutions were shifted monotonically to longer reflectance and photoluminescence spectra were monotoni-
wavelengths as the ratio of MIagM = Cu and Ag) to ZnS  cally shifted to longer wavelengths as the ratio of MInS
was increased. The band gaps of the solid solutions were(M = Cu and Ag) to ZnS was increased.
estimated to be 2.681.57 eV & = 0.01~0.3) from the Photocatalytic Activities of (CUAQ)IN 2ZN2a-29S, Solid
onsets of the absorption edges. Solutions. Table 1 shows the effect of composition on the
The (CuAglna,Znyi-29S, solid solutionsX = 0.025~0.1) photocatalytic activities of Pt cocatalyst (0.5 wt %)-loaded
showed broad photoluminescence spectra at 80 K, as showrfCuAgklnaZnyi-29S, solid solutions for H evolution from
in Figure 3. The onset positions of the excitation spectra werean aqueous solution containing $0 and S~ ions as
almost the same as those of the diffuse reflectance spectraacrificial reagents. The solid solutions showed relatively
(Figure 2), indicating that the emission was derived from high activities for B evolution under visible light irradiation
the band gap excitation. The excitation and emission spectra(A = 420 nm), although ZnSx(= 0) and (CuAgysinS; (x
of the photoluminescence were shifted successively with the= 0.5) showed little activity. The photocatalytic activities
changing composition, as were those of the diffuse reflec- of the solid solutions depended on the composition as well
tance spectra. These properties of photoabsorption andas the photophysical properties. The photocatalytic activity
photoluminescence suggest that the energy band structuréncreased gradually when the compositional parametets
of the (CuAg)nxZnyi-20S, solid solutions could be con-  decreased from 0.5 to 0.1. The change in the activity for H
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Figure 4. X-ray diffraction patterns of GuAgyIno.sZnzu-—x-yS solid Figure 5. Diffuse reflectance spectra of @\g,Ing.Znxa-x—ySe solid

solutions; the values of andy were (a) 0 and 0.4, (b) 0.1 and 0.3, (¢) 0.2 gqytions; the values of andy were (a) 0 and 0.4, (b) 0.1 and 0.3, (c) 0.2
and 0.2, (d) 0.3 and 0.1, and (e) 0.4 and 0. The samples were synthesizedynq 0.2, (d) 0.3 and 0.1, and (€) 0.4 and 0. The samples were synthesized
in a quartz ampule tube at 1123 K. in a quartz ampule tube at 1123 K.

evolution was due to the conduction band level of the solid
solutions. In other words, the photocatalytic activity increased
with the formation of the conduction band, which was high
enough to reduce # to form H, as the ratio of ZnS was
increased. The activities of the solid solution photocatalysts
(x=0.01~0.1) were almost the same as each other, because
they might be affected not only by the conduction band level
but also other factors. One negative factor for the photo-
catalytic performance is that the number of available photons
decreases with the widening of the band gap. Another

Normalized Intensity / arb. units

negative factor is that the energy bands consisting of Cu, (b)
Ag, and In became discontinuous as the valua bécame P T
small. This would result in a decrease in the mobility of the Binding Energy / eV

photogenerated carriers, vx_/h_|ch is an important factor aff_ect— Figure 6. X-ray photoelectron spectra of GAgGyINo ZnaxySz solid

ing the photocatalytic activity. The crystal structure, zinc solutions; the values of andy were (a) 0 and 0.4, (b) 0.4 and 0, and (c)
blende and wurtzite, which depended upon the Composition,O.Z and 0.2. The samples were synthesized in a quartz ampule tube at 1123
would also affect the charge separation and migration of K.

photogenerated carriers. that of Ag 4d and S 3p hybrid orbitals. Therefore, it would
3.2. CUAg,Ino.4Zn1,5, Solid Solutions. Crystal Struc-  pe expected that the absorption edges ofA@yng 42N 55,
tures of CuAgyIno.4ZNn:1.S, Solid Solutions. CuAg,INo .+ solid solutions, consisting of both Cu and Ag, would have
Zm, 7S, solid solutions for which the composition+ ywas  shifted to longer wavelengths as the ratio of Cu to Ag had
fixed at 0.4 were synthesized. Figure 4 shows the X-ray peen increased. However, contrary to the expectation, the
diffraction patterns of the G#Ag,Ine.4Zn; S, solid solutions absorption edges for GAig,Ino.Zn,,S, were at longer
synthesized at 1123 K. The solid solution ¢l s+Zn; 2S,, wavelengths than that of Gung4Zn; ;S;. The unexpected
containing only Ag as a monovalent element, had a single- yoq shift should be due to a widening of the valence band
phase wurtzite structure. On the other hand, the solid solutionpy the interaction between the Cu 3d and Ag 4d orbitals.
Clo.dnosZn 7S, containing only Cu as the monovalent Another possible reason is that the crystal fields around the
element, had a single-phase zinc blende structure. The crystajnonovalent Cti and Ag" ions changed when these ions
structures of C$hAGo dNo.sZ1 55, CloAGodNoZM 25, and  existed in the solid solutions consisting of Cu and Ag. The
Clo.sAdo.lNo.sZM: 25, solid solutions depended on the ratio  energetically stable crystal phase of the solid solution
of Cu to Ag. The diffraction peaks were shifted to higher containing either Cu or Ag is zinc blende or wurtzite. On
angles as the ratio of Cu was increased, indicating that thethe contrary, in the solid solutions containing both Cu and
crystals obtained were not mixtures of ZnS, Culn&nd  Ag, these monovalent ions must exist in a crystal phase that

AgInS, phases but were the @Agylno.«Zn. ;S solid solu- s ynstable, and thus, the crystal fields around the monovalent
tions. The shift was reasonable, because the lonic radius ofions could be different from those in the stable crystal phase.
Cu* (0.74 A) is smaller than that of Ag(1.14 A): The changes in the crystal fields should affect the energy

Photophysical Properties of CyAgylngsZn1,S, Solid states of the Cu 3d and Ag 4d orbitals, which contribute to
Solutions.Figure 5 shows diffuse reflectance spectra for the the valence band formation.
CuAgylIne.4Zn 2S; solid solutions. CellngsZn 2S; has an The X-ray photoelectron spectra of Bg,INo 2ZN xS
absorption band at a longer wavelength thag A%.»Zn. 2%, solid solutions were measured in order to examine their
because the valence band composed of the Cu 3d and S 3Ralence band states (Figure 6). The solid solution of Ag
hybrld orbitals was formed at a more negative level than |r]0_4an_ZS2 has a distinctive peak at around 5.7 eV, which
is assigned to Ag 4d, and a small shoulder on the lower-
(20) Shannon, RActa Crystallogr., Sect. A976 32, 751. energy side. The solid solution of €4ing 4+Zn; »S, showed
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Figure 7. Photocatalytic H evolution under visible light irradiation over . ) .
the (a) Pt (0.5 wt %)/(CuAgxdno.sZn; S, (b) Pt (0.5 Wt %)/Ctl1Ago.s Figure 8. Action spectrum of I-Jev_olutlon from an aqueous;®O0;—NaS
INo.aZn S, (C) Pt (0.5 wt %)/(AginyeZnosS, and (d) Pt (0.5 wt (0.25 mol L"1/0.35 mol L™1) solution (150 mL) over the Pt (5 wt %)
%)/(Culny 4Zn; 5, photocatalysts. Reactant solution:30;—NaS (0.5 mol (CuAg).dno.sZm.S, photocatalyst; catalyst, 0.3 g; light source, 300-W
L=%0.1 mol L-1) aqueous solution (150 mL); catalyst, 0.3 g; light source, Xe lamp with cutoff and band-pass filters; reaction cell, Pyrex cell with a
300-W Xe lamp with a cutoff filter{ = 420 nm); reaction cell, Pyrex cell top window.

with a top window.
the ratio of ZnS increased, as seen in Table 1. Therefore,

a broad peak at lower energy compared to that of /g + the Cuw1sAgo1dNo.ZMm .S, solid solution, which has a
Zn.2S;, because the Cu 3d orbitals tend to contribute near comparatively high conduction band level because of the
the valence band maximum (highest occupied molecular |arge ratio of Zn, could show a high photocatalytic activity.
orbital). Our previous studies for ZrAgINS; and ZnS- On the other hand, the crystal structure is also another
Culng solid solutions revealed that Ag 48 S 3p and Cu  possible factor affecting the band gap. In some sulfides, such
3d + S 3p hybrid orbitals make up of the valence bands. as znS, CdS, and AglnSwhich have a crystal structure
The photoelectron spectrum of £#4go.zno.sZn 2, com-  similar to that of the present solid solution, the band gaps of
bining Cu and Ag, has a peak assigned to Ag 4d, as §xAg  the high-temperature phase (wurtzite-type) are ca. 0.1 eV
INo.sZny 25, and a comparatively broad shoulder on the low- \ider than that of the low-temperature phase (zinc blende
energy side, similar to that of Guno.sZm 2S,. This result  or chalcopyrite-type3?23 Therefore, it can be expected that
suggests that the valence band of the 2o 2Nno.sZn: 2, the conduction band level of wurtzite-type GAgo.dno.+
solid solution is composed of both Cu 3d and Ag 4d orbitals. zp, ,S, might be higher than that of zinc-blende-type,Gu
The spectrum of C4pAgo.2lNo.4ZN1 25, in the valence region  |n, 7n, ,S,, even though the In/Zn ratios are the same, with
is wider than those of Gulng +Zn; S, and Ag 4lng.4Zny 2S;. the result that the GuAgo alNo.sZny 5S; solid solution shows
Inoue et al. reported that the Zn&x photocatalyst has a  high photocatalytic activity. The valence bands of the Gu
narrower band gap than Sré&a, because of the interaction  Ag, ;dng sZn; 4S, and Cu.1AgosiNo.sZn: S, solid solutions
of energy bands composing the valence béritherefore,  should be located at higher energies than those gfiBau-
the Zn 3d energy band may also widen the valence band inzp, .S, and Ag dnoeZnesS,, due either to the interaction
addition to the interaction between Cu 3d and Ag 4d energy petween the Cu 3d and Ag 4d orbitals or changes in the
bands, resulting in raising the valence band maximum and crystal fields around these metals, as discussed above. The
the red shift of the absorption band, as shown in Figure 5. jncrease in the mobility of photogenerated holes that would

Photocatalytic Activities of CuAgyINxyZN2ax—y)S result from the extension of the valence band will also be a
Solid Solutions. The red shift of the absorption band that positive factor.
results from the combination of Cu and Ag in the series of  Figyre 8 shows an action spectrum fos évolution from
solid solutions is a useful property for the utilization of the  an aqueous solution containing bothSO; and NaS over
solar spectrum. Figure 7 shows the photocatalytic hydrogenipe pt (5 wt %)-loaded GuUsAdo.19NosZny 4 solid solution
evolution results for the solid solutions with similar narrow photocatalyst, together with its diffuse reflectance spectrum.
band gaps (1.81.9 eV). PUAgénoeZnosS,; (BG: 1.84€V)  The |atter was measured for a sample mixed with barium
and P/Cy4nosZn ;S (BG: 1.84 eV) showed low activities  syifate, because the absorption otherwise saturated. The
for H, evolution. In contrast, Pt/GUsAgo.19N0.3ZN1.4S, action spectrum clearly rose at the edge of the absorption
(BG: 1.90 eV) and PY/GliAgo.dNo.Zn oS, (BG: 1.82€V)  pand, indicating that the visible light response for hydrogen
showed relatively high activities, even though their band gaps evolution is attributable to the band gap transition between
were as narrow as those of fgno.eZnosS; and Cu.alNo.+ the valence and conduction bands, which is controllable with
Zn S, The differences in the activities among these solid 3 change in the composition ,tévolved even through the
solutions can be ascribed to the band structures. Thegpsorption tail in the region around 65850 nm. This
conduction band level depends on the ratio of In to Zn whose response was probably due to transitions between the energy
orbitals, Zn 4s4p and In 5s5p, contribute to the conduction pands of the solid solution and defect or impurity levels.
band formation. The photocatalytic activity tended to increase 3 3. Optimization of Photocatalytic Activity. To optimize

with the formation of the conduction band of which the the photocatalytic activity, the effect of metal cocatalysts
energy level was high enough to reducgoHo form H, as

(22) Shionoya, S.; Yen, W. MPhosphor HandbogkCRC: New York,
(21) Ikarashi, K.; Sato, J.; Kobayashi, H.; Saito, N.; Nishiyama, H.; Inoue, 1999.
Y. J. Phys. Chem. B002 106, 9048. (23) Shay, J. L.; Tell, B.; Schiavone, L. NPhys. Re. B 1974 9, 1719.
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Table 2. Effects of Reaction and Preparation Conditions on
Photocatalytic Activities of (CuAg)o.19Nn0.3ZNn1.4S, Solid Solutior? (e)
preparation  BET/ rate of H evolution/ %
condition m2gt cocatalyst umol h1 5 (d)
Qo
1123 K/5h 0.2 none 30 ©
1123K/5h 0.2 Ru  (0.5wt%) 660 > Nd
1123K/5h 0.2 Rh  (0.5wt %) 720 @ (b)
1123 K/5h 0.2 Ir (0.5 wt %) 40 *2 v
1123K/5h 0.2 Pt (1.0wt%) 340 =
1123K/5h 0.2 Ru  (0.5wt%) 660 _U\ . w9
923 K/5h 2.0 Ru  (0.5wt%) 1160 N —m— *?—/.L
773K/5h 5.7 Ru  (0.5wt%) 2320
673K/5h 7.9 Ru  (0.5wt%) 1080 26/ degree
. Figure 9. X-ray diffraction patterns of (CuAghdno sZn 45, solid solutions
2 Catalyst, 0.3 g; reactant solutions, 150 mL (0.25 mot K,SO; + synthesized at (a) 673 K, (b) 773 K, (c) 873 K, (d) 923 K, and (e) 1123 K
0.35 mol ! N&S); light source, 300-W Xe lamp with a cutoff filtet & in a quartz ampule tube. Triangles indicate AginS
420 nm).

773 K. The solid solution synthesized at 1123 K possessed
%Nell-crystallized large particles in the size range of ca- 10
€30 um, as shown in Figure 10a. On the other hand,
nanoparticles were obtained by the low-temperature synthesis
at 773 K, as shown in Figure 10b. Most small particles had
sharp edges and clear planes, showing that they were well-
crystallized. Even though the low-temperature synthesis was
carried out, a certain degree of crystallinity was confirmed
by the SEM image and the intensity of the X-ray diffraction.
Therefore, the small, well-crystallized particles contributed
to the high photocatalytic activity. The photocatalytic activi-
ties of previously reported (MIgIny1-»S, (M = Cu or Ag)
solid solutions consisting of Ag or Cu were never improved
n by synthesis temperatures lower than 873 K. Therefore, the

improvement of photocatalytic activity by the low-temper-
Yiure synthesis is a characteristic behavior of the GutnS
AgInS,—ZnS solid solution system.

When the efficient use of visible light is taken into account,
the (CuAg)..dnosZnS solid solution, which had an absorp-

other than Pt and the effect of the synthesis temperature wer
investigated, as shown in Table 2. Ru, Rh, and Ir wer
photodeposited as cocatalysts. The (CwAdho.ZM S,
solid solution showed photocatalytic activity fog Elvolution
even without a cocatalyst (36mol h™1). The photocatalytic
activity was much improved by Ru and Rh loading, just as
with Pt loading. The Rh-loaded photocatalyst showed the
highest activity, although a deactivation was observed during
the photocatalytic reaction. The Ru-loaded photocatalyst
showed higher photocatalytic activity than the Pt-loaded
photocatalyst, and comparatively steady activity was ob-
tained. On the contrary, the Ir loading was not effective for
the photocatalytic reaction. Iridium does not possess a
excellent ability to act as a catalytically active site foy H
evolution because the hydrogen overvoltage is largest amon
the metals employed as cocataly®tdt has also been
reported that the effect of the deposition of Ir on the
photocatalytic H evolution activity of TiQ from an aqueous

solution containing 2-propanol was smaller than those of Pt, tion band at a wavelength longer than that of the (CuAg)

Ru, and Rh metal cocatalysts. ) ) Ino.3ZNny sS; solid solution, was synthesized. The (Cugs@nos

~ The photocatalyst was synthesized at various temperaturess, solid solution synthesized at 873 K was a mixture of
in order to improve the photocatalytic activity. A lower zinc plende and wurtzite structures. A small amount of
synthesis temperature improved the photocatalytic activity, AgInS, impurity was observed. The BET surface area was
as shown in Table 2. The maximum activity was obtained 1 g ¢ g~L. The absorption edge of the solid solution was
at 773 K. The initial rate of bievolu_tion was more thap 2 observed at ca. 700 nm (band gap, 1.77 eV). Figure 11 shows
mmol h. T.he surface areas were mcreased by Iowen.ng of the dependence of the rate of evolution upon the amount
the synthess temperature, as seen in Table 2, suggesting thajs r, cocatalyst loaded on the £Ago.2dNosZNS, photo-

the particle size became small. Figure 9 shows X-ray catalyst and the time course of Evolution on the Ru (1 wt
diffraction patterns of (CuA@hdno.sZn. «; solid solutions — o4).j0aded photocatalyst. The photocatalytic activity of the
synthesized at different temperature. The solid solution honl0aded photocatalyst was low (ol h™%). On the
synthe§|z_ed_ at 773 K possess_ed a certain degree of goo%ontrary, the photocatalytic activity was much improved by
crystallinity judging from the diffraction peaks. However, jncreasing the amount of Ru below 1 wt %. The photocata-
the solid solution had a small amount of liberated AgInS  |ytic activity of the Ru (1.5 wt %)-loaded photocatalyst was
indicating the incompletion of solid solution formation. The quite high at the initial stage (2.8 mmol}, but a
formation of the Aging impurity was more noticeable in  comparatively large deactivation was observed during the

the synthesis carried out at 673 K. The Aginpurity reaction, probably because of a shielding effect of the Ru
shielded incident light and acted as a recombination site for cocatalyst. On the other hand, the Ru (1 wt %)-loaded

photogenerated carriers, resulting in a drastic decrease in the,nstocatalyst showed high activity with only a slight
photocatalytic activity. Figure 10 shows SEM images of the geactivation. Even under simulated solar irradiation (AM
(CuAQ).19N0.sZN: 45, solid solution synthesized at 1123 and 1 5) the solid solution photocatalyst showed high activity
for H; evolution: the initial rate of Hevolution was 7.9 L

(24) Bockris, J. O.; Drazic, D. MElectro-Chemical Scienc&aylor and m—2 hL.
Francis: London, 1972. . _
(25) Teratani, S.; Nakamichi, J.; Taya, K.; Tanaka,Bull. Chem. Soc. The eIectronS|s of an aquec'usZm N&S (0-25 mol

Jpn. 1982 55, 1688. L~1/0.35 mol L) solution (100 mL) with a polycrystalline



Photocatalytic Hydrogen &blution

Chem. Mater., Vol. 18, No. 7, 2008975

200nm

F
A

;\ “

-

(b)

Figure 10. Scanning electron microscope images of the (CyAdo.sZm 4S; solid solution synthesized in a quartz ampule tube at (a) 1123 K and (b) 773
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Figure 11. Dependence of the rate ofzHvolution upon the amount of
Ru cocatalyst loaded on the £14Ado.29N0.5ZnS; solid solution and (inset)
the time course of blevolution over the Ru (1 wt %)-loaded €1Ago.25
Ino.sZnS; photocatalyst; reactant solutionp80;—NaS (0.5 mol L%0.1

mol L~1) aqueous solution (150 mL); catalyst, 0.3 g; light source, 300-W
Xe lamp with a cutoff filter £ = 420 nm); reaction cell, Pyrex cell with a
top window.

silicon solar cell (Toei, 47 cA Vo, 1.7 V; s, 450 mA) and
Pt electrodes (X 1 cn?) was investigated under simulated
solar irradiation (AM 1.5) to comparehbroduction on the
solid solution photocatalyst with that by electrolysis.d#s

mA) after 60 min. This rate was considerably lower than
the photocatalytic KHevolution obtained for the solid solution
photocatalyst (7.9 L m? h™1).

Conclusions

The authors have previously reported that the series of
ZnS—MInS; (M = Cu or Ag) solid solutions were active
photocatalysts for Hevolution under visible light irradiation.

In the present study, ZrSCulnS—AgInS, solid solutions
that were able to respond to a wide range of visible light
wavelengths were developed. The crystal structure and the
energy band structure of the solid solution depended upon
the composition. The narrower band gap of the 2ZnS
CulnS—AgInS; solid solution compared with those of ZrS
MInS, (M = Cu or Ag) solid solutions was probably due to
the interaction between Cu 3d and Ag 4d orbitals in the
valence band. The photocatalytic activity of the 2ZnS
CulnS—AgInS; solid solution was higher than those of the
previously reported ZnSMInS, (M = Cu or Ag) solid
solutions. The Ru-loaded @sAgo 29N0 sZNS, photocatalyst,
with the narrow band gap of 1.77 eV, efficiently produced
Hz gas (7.9 L m? h™1) even under simulated solar irradiation.
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