IEESAPPLIED MATERIALS

Research Article

INTERFACES

www.acsami.org

Photocatalytic Properties of Layered Metal Oxides Substituted with
Silver by a Molten AgNO; Treatment

Hirotaka Horie,” Akihide Iwase,”* and Akihiko Kudo**

"Department of Applied Chemistry, Faculty of Science, Tokyo University of Science, 1-3 Kagurazaka, Shinjuku-ku, Tokyo 162-8601,

Japan

T'Photocatalysis international Research Center, Research Institute for Science and Technology, Tokyo University of Science, 2641

Yamazaki, Noda-shi, Chiba 278-8510, Japan

© Supporting Information

ABSTRACT: K,NbO,, (BG: 3.67 V) and Na,W,0,; (BG:
3.12 €V) layered oxide photocatalysts with wide band gaps
were treated with a molten AgNO; to substitute K" and Na*
with Ag’, resulting in red-shifts of absorption edges in diffuse
reflectance spectra. A part of Na* ions in the interlayer of
Na,W,0,; was substituted with Ag" ions by the molten
AgNO; treatment with keeping the layered structure. Both
Ag(I)-substituted K,NbO,, and Na,W,0,; showed photo-
catalytic activities for O, evolution from aqueous solutions
containing a sacrificial reagent utilizing the absorption bands

Development of a visible-light-driven photocatalyst for Oz evolution
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newly formed by the Ag(I)-substitution. Notably, the Ag(I)-substituted Na,W,0;; produced O, under visible light irradiation.
When ball-milled Na,W,0,; was treated with a molten AgNO;, the Ag(I)-substitution rate increased. The Ag(I)-substituted
Na,W,0,; with ball-milling showed higher photocatalytic activity for O, evolution than that without ball-milling. Z-schematic
water splitting proceeded under visible light irradiation by combining the Ag(I)-substituted Na,W,0;; of an O,-evolving
photocatalyst with Ru-loaded SrTiO; doped with Rh of a H,-evolving photocatalyst.
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1. INTRODUCTION

Photocatalytic water splitting using metal oxides is an attractive
reaction to address energy and environmental issues. Many
metal oxide photocatalysts for water sphttlng under UV light
irradiation have been reported so far."> Among them, metal
oxides with layered structure are a promising material group for
efficient water splitting. For example, K,NbsO,, with unique
interlayers in which reduction sites are separated from
oxidation sites splits water without a cocatalyst.> Moreover,
Na,W,0,; with 3.1 eV of a band gap shows act1v1ty for
sacrificial H, and O, evolution under UV irradiation.* However,
in order to utilize abundant solar energy, visible light response
is indispensable.

GaN—ZnO solid solution,” ZnGeN,— ZnO solid solutlon,
Rh and Sb-codoped SrTiO;,” TaON,® and
LaMg,Ta; ,O,,3N, 3.~ have been reported as a single
particulate photocatalyst for water splitting under visible light
irradiation. However, water splitting with one-step photo-
excitation under visible light irradiation is still challenging
because of limited materials and low efficiencies. In contrast,
many photocatalysts for sacrificial H, and O, evolution under
visible hght irradiation have been reported, e. s WO3,10
BivVO,,"! Tsz/Cr,Sb 12 AngO3, SrT103/Cr,Ta, SrTiO,/
Rh,"® SnNb,O4"¢ Sm,Ti,S,0,,"" and Ta;Ni.'® These photo-
catalysts can be used for Z-schematic water splitting under
visible light irradiation by employing a suitable electron

-4 ACS Publications  © 2015 American Chemical Society

14638

mediator.'”*> Thus, development of photocatalysts for
sacrificial H, and O, evolution under visible light irradiation
is still meaningful.

Forming a new valence band is a useful strategy for

sensitizing a wide band &P photocatalyst to visible li 5g
Orbitals of Ag 4d in Ag * Bi 6s in Bi**,'* Cu 3d in Cu,
Sn Ss in Sn?*,'® and Pb 6s in Pb*****! form new valence bands
at higher energy levels than those of O 2p orbitals. For example,
Sn(II)-substituted K,NbsO,, and KTiNbO; with layered
structure respond to visible light.*” Visible-light responsive
AglLi, ;sM, 30, with delafossite-type structure can be synthe-
sized by treating Li,MO, (M= Ti and Sn) layered oxide with a
molten AgNO;. % Thus, the substitution of metal ions in the
interlayer to form new and shallow valence bands is an effective
strategy for layered metal oxides to develop visible-light driven
photocatalysts. Ag(I)-substituted materials of AgLaNb,O,*
and Ag,La,Ti;0 > were also prepared via a molten AgNO;
treatment of RbLaNb,O, and A,La,Ti;O0;y (A = Na, K),
respectively, although they are not photocatalysts.

In the present study, Ag(I)-substituted K,NbsO,; and
Na,W,0,; were synthesized by treating K,NbsO,; and
Na,W,0,; with a molten AgNO;, and their photocatalytic

Received: February 17, 2015
Accepted: June 23, 2015
Published: June 23, 2015

DOI: 10.1021/acsami.5b01555
ACS Appl. Mater. Interfaces 2015, 7, 14638—14643


www.acsami.org
http://dx.doi.org/10.1021/acsami.5b01555

ACS Applied Materials & Interfaces

Research Article

properties were investigated. Moreover, the Na,W,0,; was
pulverized by ball milling to increase the Ag(I)-substitution
rate. Z-Schematic water splitting under visible light irradiation
was demonstrated by employing the Ag(I)-substituted
Na,W,0,; as an O,-evolving photocatalyst.

2. EXPERIMENTAL SECTION

2.1. Preparation of Photocatalysts. Layered K,Nb,O,,*> and
Na,W,0,;* with wide band gaps were prepared from K,CO; (Kanto
Chemical; 99.5%), Nb,O; (Kojundo Chemical; 99.99%), Na,WO,:
2H,0 (Kanto; 99%), and WO; (Nacalai Tesque; 99.5%) by a solid-
state reaction, as previously reported. Staring materials were mixed in
an alumina mortar in a stoichiometric amount, and the mixtures were
calcined in air using a platinum crucible at 1723 K for 15 min for
KNbsO,; and 1023 K for 20 h for Na,W,0;. Na,W,0,; was
pulverized using a planetary ball mill (Fritsch Japan; Pulverisette), if
necessary. The ball milling for the powder (1 g) was operated using
agate balls (S g, ©3.0 mm) and pure water (7 mL) at 400 rpm for 1 h.

Ag(I)-substituted K,NbsO,; and Na,W,0,; were synthesized by
molten AgNO, treatment. The mixtures of AgNO,; (Tanaka
Kikinzoku; 99.8%) and either K,NbsO,, or Na,W,0,; in a 1:1 to
10:1 atomic ratio of Ag/alkali were heated at 523—773 K for 3—10 h in
a Pyrex glass tube. The obtained Ag(I)-substituted K,NbsO,, was
washed with water and nitric acid to remove AgNO; and metallic Ag,
respectively. The Ag(I)-substituted Na,W,0; was washed with water.

Rh(1 atm%)-doped SrTiO; of an H,-evolving photocatalyst in a Z-
scheme system was prepared by a conventional solid-state reaction, as
previously reported.'®> The starting materials of SrCO; (Kanto;
99.9%), TiO, (Soekawa; 99.9%), and Rh,0; (Wako pure chemical;
99%) were mixed in an atomic ratio of Sr/Ti/Rh = 1.07:1:0.01 in an
alumina mortar. The mixture was calcined in an alumina crucible at
1073 K for 1 h and then 1273 K for 10 h.

2.2. Characterization. The crystal phase of the prepared powder
was determined using an X-ray diffractometer (Rigaku; MiniFlex).
Morphology and particle size of the powder were observed using a
scanning electron microscope (Jeol; JSM-6700F). Diffuse reflectance
spectra were obtained using a UV—vis—NIR spectrometer (Jasco;
UbestV-570) and were converted to absorbance by the Kubelka—
Munk method. The Ag(I)-substitution rates in Na,W,0,; and
K,NbsO,, were determined using an X-ray fluorescence spectrometer
(PANalytical; Epsilon S) with employing Na,WO,-2H,0 and Ag, WO,
as references of the atomic ratios of Na/W and Ag/W, respectively.
The atomic ratios of Ag(I) at the surface of Ag(I)-substituted
Na,W,0,; and the valence band spectra were analyzed using an X-ray
photoelectron spectrometer (Jeol; JSP-9010MC).

2.3. Photocatalytic Reaction. Photocatalytic reactions of
sacrificial O, evolution and Z-schematic water splitting were carried
out using a gas-closed circulation system with a top irradiation cell
with a Pyrex window. A 300 W Xe-arc lamp (PerkinElmer; Cermax
PE-300BF) was employed as a light source. The wavelength of
irradiated light was controlled by long-pass filters (L38 or L42, 4 > 380
or 420 nm). The photocatalyst powders (0.2—0.3 g) were dispersed in
aqueous solutions (120 mL) containing AgNO; (20 mmol L") and
FeCl; (2 mmol L™, pH2.4) for the sacrificial O, evolution. 0.1 g of
Ru(0.3 wt %)-loaded SrTiO; doped with Rh of a H,-evolving
photocatalyst and 0.15—0.2 g of Ag(I)-substituted Na,W,O; of an O,-
evolving photocatalyst were dispersed in 120 mL of aqueous H,SO,
(pH3.5) and FeCl; (2 mmol L™, pH2.4) solutions for Z-schematic
water splitting without and with an electrum mediator. The pH of the
aqueous FeCl; solution was adjusted with H,SO,. The amounts of
evolved H, and O, were determined by a gas chromatograph
(Shimadzu; MS-5A column, TCD, Ar carrier).

3. RESULTS AND DISCUSSION

3.1. Synthesis of Ag(l)-Substituted Layered Oxides
and Their Physicochemical Properties. Layered oxides of
K,NbgO,, and Na,W,0,; were treated with a molten AgNOj; at
573 K for 3 h to substitute K ions in K,NbsO,, and Na* ions

in Na,W,0,; with Ag" ions. Figures 1 and 2 show XRD
patterns and diffuse reflectance spectra of K,NbsO,;, and
Na,W,0,; with and without a molten AgNO; treatment,
respectively.
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Figure 1. XRD patterns of (a) K,NbOy,, (2') Ag(I)-K,NbsOy;, (b)
Na,W,0,;, (b") Ag(I)-Na,W,0,5, (c) milled-Na,W,Oy;, and (c’)
Ag(I)-milled-Na,W,0 ;. Ag(I)-K,NbsO,; was obtained by a molten
AgNO; treatment at 573 K for 3 h (Ag"/K* = 1.2:1). Ag(I)-Na,W,03
and Ag(I)-milled-Na,W,0,; were obtained by a molten AgNO,
treatment at 523 K for S h (Ag*/Na* = 2:1). PDFs 21-1297 and 21-
1167 were referred for Miller indices.
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Figure 2. Diffuse reflectance spectra of (a) K,NbsO,;, (a’) Ag(D)-
K,NbsO,;, (b) Na,W,0;, (b") Ag(l)‘N32W4013; (c) milled-
Na,W,0,;, and (c’) Ag(I)-milled-Na,W,0,;. Ag(I)-K,NbO,, was
obtained by a molten AgNOj; treatment at 573 K for 3 h (Ag+/ K =
1.2:1). Ag(I)-Na,W,0,; and Ag(I)-milled-Na,W,0,; were obtained
by a molten AgNOj; treatment at 523 K for S h (Ag"/Na* = 2:1).

The (040) and (060) peaks at 9.3° and 14° due to interlayer
of K,NbsO,, shifted to higher degree after a molten AgNO;
treatment (Figure 1, parts a and a’). This shift is reasonable,
judging from a smaller ionic radius for Ag* ion (1.28 A for 8
coordination) than that for K' ion (1.51 A for 8
coordination).>® Moreover, SEM observation revealed that
Ag(I)-substituted K,NbsO,, was plate shaped, which is the
same shape as the sample before a molten AgNO; treatment
(Supporting Information, SI, Figure S1). Thus, the treated
K,NbgO,; still kept a layered structure because of the high ion-
exchange capacity of K,NbgO,,>” The XRF measurement
revealed that 83% of K" ions was substituted with Ag" in the
treated K ,NbgO,;, as shown in Table 1. Moreover, the
absorption edge of K,;NbsO,, red-shifted by a molten AgNO;
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Table 1. Photocatalytic Activities of Ag(I)-Substituted K,NbsO,, and Na,W,0,; Prepared by a Molten AgNO, Treatment for O,
Evolution from Aqueous Solutions Containing Sacrificial Reagents

entry photocatalyst Ag(I)- substitution rate” EG (eV) incident light (nm) sacrificial reagent activity” (umol h™")
1 K,NbO,» 0 3.67 1> 380 A 0.9
2 K,NbO,, 0 3.67 2> 420 Ag' 0.4
3 Ag(1)-K,NbO,, 0.83 3.13 1> 380 Ag' 39
4 Ag()-K,NbO,, 0.83 3.13 J> 420 Ag* 07
S Na,W,0; 0 3.12 A > 420 Ag** trace
6 Na,W,0; 0 3.12 1> 420 Fe¥d 0
7 Ag(1)-Na,W, 0,5 031 2.88 2> 420 Ag* 0.9
8 Ag(1)-Na,W,0, 031 2.88 2> 420 Fe¥*? 43
9 Ag(1)-milled Na,W,0,, 040 282 2> 420 Ag* 3.8
10 Ag(1)-milled-Na,W,0 040 2.82 1> 420 Fe*d 11

“Atomic rate of Ag*/(Ag*+K" or Na*) estimated from XRF. bCatalyst: 0.3 g, light source: 300 W Xe-arc lamp with a long-pass filter (1 > 420 and
380 nm), solution: 120 mL, ©20 mmol L™" of AgNO; aq- %), mmol L™! of FeCl, o 2t pH 2.4.
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Figure 3. Proposed schematic mechanism of the synthesis of Ag(I)-substituted Na,W,0,; by a molten AgNO; treatment. (a) Na,W,O;, (b) Ag(I)-

Na,W,0y;, (c) milled-Na,W,0;, and (d) Ag(I)-milled-Na,W,O;.

treatment (Figure 2, parts a and a’). We have previously
reported that Ag 4d orbitals form a valence band at higher
energy level than O 2p orbitals.'>*® Therefore, the red-shift was
due to the formation of a niobate containing Ag" ions. Here,
the K,NbsO,, with the molten AgNOj; treatment was denoted
as Ag(I)-KyNbeO,.

The XRD pattern of Na,W,0,; with a molten AgNO;
treatment was the same as that without a molten AgNO,
treatment (Figure 1, parts b and b’). The shift in the XRD
pattern indicated that lattice parameters a and ¢ were shortened
and lengthened, respectively (SI Figure S2). The a axis normal
to interlayer usually became long, when Ag* ions (1.28 A for 8
coordination) were exchanged for Na* ions (1.18 A for 8
coordination) in the interlayer.’® A possible reason for this
contradictory phenomenon would be that the substituted Ag*
ion occupies different position from Na* ion, as observed for
Na,TiO0,3—Li,TisO; system.38 XPS and XRF measurements
also indicated the existence of Ag" ions in the Na,W,0; with
molten AgNOj; treatment, as shown in Table 1. Moreover, the
absorption edge of Na,W,O,; red-shifted into the visible light
region by molten AgNO; treatment, as shown in Figure 2. To
clarify if the red-shift was due to the Ag(I)-substitution, the
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valence band spectra of Na,W,O; with and without a molten
AgNO; treatment were analyzed by XPS (SI Figure S3). The
onset of a binding energy for Na,W,0,; with a molten AgNO,
treatment was smaller than that of nontreated Na,W,0;,
indicating that shallower valence bands were formed by a
molten AgNOj treatment. These characterizations revealed that
a part of Na* jons in interlayer of Na,W,0,; were substituted
with Ag* ions by a molten AgNOj; treatment with keeping the
layered structure. Therefore, Na,W,O; with a molten AgNO;
treatment was denoted as Ag(I)-Na,W,O,;. Since Ag(I)-
Na,W,0,; possessed a small absorption in visible light region,
it is expected to show photocatalytic activity under visible light
irradiation.

The poor visible light absorption of Ag(I)-Na,W,O; will be
due to the low Ag(I)-substitution rate as shown in Table 1. The
total Ag(I)-substitution rate in Ag(I)-Na,W,0,; was deter-
mined to be 031 by an XRF measurement. The Ag(I)-
substitution rate at the surface of Ag(I)-Na,W,0,; was
estimated to be 0.68 by an XPS measurement. Higher Ag(I)-
substitution rate at the surface than the total Ag(I)-substitution
rate would be due to the large particle of Na,W,O;, having a
size of several micrometers to several tens micrometers. The
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Na,W,0,; remained as a large particle even after the molten
AgNO; treatment (SI Figure SI, parts c and d). Since the Na*
ions should be substituted with Ag" ions from the edge of the
interlayer, as shown in Figure 3, Na' ions located inside the
interlayer was insufficiently exchanged. We have tried molten
AgNO; treatments with long time of 15 h and high ratio of Ag/
Na of 5:1 to increase the Ag(I)-substitution rate and visible
light absorption (SI Figure S4). However, XRD patterns and
diffuse reflectance spectra of both Ag(I)-Na,W,O,; samples
were almost the same as those of Ag(I)-Na,W,0,; obtained by
a molten AgNO; treatment at 523 K for S h (Ag'/Na* = 2:1).
This result indicates that a change in the molten AgNO;
treatment conditions does not increase the Ag(I)-substitution
rate at least in our method. Therefore, forming small particles
will increase the Ag(I)-substitution rate.

The particle size of Na,W,O,; decreased to from 1 ymto
several ym by ball milling (SI Figure S3e). The XRD pattern
and the absorption edge of the Na,W,0,; with ball milling
were the same as those of nontreated Na,W,0,; as shown in
Figures 1 and 2. When the milled Na,W,0,; was treated by a
molten AgNO; (Ag(I)-milled-Na,W,0,3), 0.95 and 0.40 of the
Ag(I)-substitution rate at the surface and the total Ag(I)-
substitution rate were achieved, respectively. Both rates were
higher than those of Ag(I)-Na,W,0,; without milling (0.68
and 0.31), as shown in Table 1. Thus, the Ag(I)-substitution
rate was successfully increased by forming small particles. The
increase in the Ag(I)-substitution rate improved the intensity of
the absorption due to the Ag(I)-related excitation, as shown in
Figure 2.

3.2. Photocatalytic O, Evolution over Ag(l)-Substi-
tuted Layered Oxides in the Presence of Sacrificial
Reagents. Photocatalytic activities for sacrificial O, evolution
over Ag(I)-K,NbsO,;, Ag(I)-Na,W,0,;, and Ag(I)-milled-
Na,W,0,; were evaluated not only under visible light, but
also under the light corresponding to the new absorption bands
formed by Ag(I)-substitution, as shown in Table 1. Lights with
wavelengths longer than 380 nm for Ag(I)-K,NbsO;, and 420
nm for Ag(I)-K,NbsO,,, Ag(I)-Na,W,0,;, and Ag(I)-milled-
Na,W,0,; were employed to avoid the band gap excitation of
K,NbsO,; and Na,W,O;, judging from their absorption edges
shown in Figure 2.

Nontreated K,NbsO;, evolved a small amount of O, in the
presence of AgNOj; under irradiation of light longer than 380
and 420 nm (Entries 1 and 2) in spite of the fact that it cannot
absorb the photons at those wavelength ranges (Figure 2). This
is probably because K" ions in K,NbsO,, were exchanged for
Ag" jons in an aqueous AgNO; solution due to the high ion-
exchange capacity of K,NbgO,,.*” In fact, the absorption edge
shifted to a longer wavelength at around 380 nm by just stirring
K NbsO,; powder into an aqueous AgNOj; solution (SI Figure
S5). The Ag(I)-K,NbsO,, showed higher activity under
irradiation of light longer than 380 nm than that of nontreated
K,NbsO,, (Entries 1 and 3). This indicates the priority of
Ag(I)-substitution by a molten AgNO; treatment compared to
Ag(I)-exchange by stirring in an aqueous AgNO; solution in
the sensitization of the K,NbsO,, photocatalyst to longer
wavelength. Characteristic XRD peaks at around 5.3°, 10.5°,
and 15.7° due to the interlayer still remained even after
photocatalytic O, evolution (SI Figure S6A), indicating that the
Ag(I)-K,NbsO,, worked steadily as a photocatalyst.

Na,W,0,; showed negligible activities for O, evolution from
aqueous AgNO; and FeCl; solutions under visible light
irradiation (Entries S and 6). In contrast, Ag(I)-Na,W,O;

and Ag(I)-milled-Na,W,0,; produced O, under visible light
irradiation (Entries 7—10). The activities in an aqueous FeCly
solution were higher than those in an aqueous AgNOj solution.
Ag(1)-Na,W,0,; after photocatalytic O, evolution from an
aqueous FeCl, solution also possessed a similar XRD pattern to
that before the reaction (SI Figure S6B), indicating the stability
of Ag(I)-Na,W,0;;. Ag(I)-milled-Na,W,O,; showed higher
activities than Ag(1)-Na,W,O,; under visible light irradiation.
This enhancement was due to the increase in the absorption
intensity at the visible light region by the increase in the Ag(I)-
substitution rate as well as the decrease in the distance that
photogenerated electrons and holes have to migrate by the
decrease in the particle size. Thus, the visible-light-responsive
Ag(I)-Na,W,0,; and Ag(I)-milled-Na,W,0,; were developed
by Ag(I)-substitution.

Figure 4 shows the time courses of O, evolution over Ag(I)-
milled-Na,W,0,; in the presence and absence of Fe** ions

30
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e
0 «
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Figure 4. Photocatalytic O, evolution over Ag(I)-milled-Na,W,0,
under visible light irradiation from (a) water and (b) an aqueous FeCl,
solution (2 mmol L™"). Catalyst: 0.3 g, solution; 120 mL, light source:
300 W Xe-arc lamp with a long-pass filter (4 > 420 nm).

under visible light irradiation. Ag(I)-milled-Na,W,O; steadily
produced O, from an aqueous FeCl; solution without any
noticeable degradation. A small amount of O, evolved even in
the absence of Fe®* ions, indicating that a part of Ag® ions in
Ag(I)-milled-Na,W,0,; were reduced by photogenerated
electrons. However, the rate of O, evolution in the presence
of Fe** ions was much faster than that in the absence of Fe*'.
This indicates that most of the Ag" ions stably remained in the
interlayer and that mainly O, evolved, accompanied by
consuming Fe®* of an electron acceptor.

Figure S shows an action spectrum for O, evolution over
Ag(I)-milled-Na,W,0,; from an aqueous FeCl; solution.
Ag(1)-milled-Na,W,O,; responded to visible light up to 440
nm. The onset of the action spectrum agreed well with the edge
of the absorption band formed by Ag(I)-substitution. This
agreement indicates that the O, evolution proceeded
accompanied by the transition from the new valence band
consisting of Ag 4d orbitals to the conduction band consisting
of W 5d orbitals as observed for some Ag-containing metal
oxide photocatalysts.'>

3.3. Z-Schematic Water Splitting in Visible Light
Using Ag(l)-Milled Na,W,0,; as an O,-Evolving Photo-
catalyst. The Ag(I)-milled-Na,W,0;; of an O,-evolving
photocatalyst was applied to the Z-schematic water splitting
with Fe**/** of a redox couple and Ru-loaded SrTiO; doped
with Rh (Ru/SrTiO;/Rh) of a H-evolving photocatalyst as
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Figure S. Action spectrum of O, evolution over Ag(I)-milled-
Na,W,0,; from an aqueous FeCl; solution and diffuse reflectance
spectra of (a) Na,W,0,; and (b) Ag(I)-milled-Na,W,O,;.

shown in Figure 6. O, evolved dominantly with deviation from
the stoichiometric water splitting until 15 h of irradiation time

70
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Figure 6. Z-Schematic water splitting into H, and O, using (Ru/
StTiO;/Rh)-(Ag(I)-milled-Na,W,0,;)-(Fe**/*") under visible light
irradiation. Catalyst: 0.1 g of Ru/SrTiO3/Rh, 0.15 g of Ag(I)-milled-
Na,W,0;, solution: 120 mL of 2 mmol L™ of FeCly,q (pH 2.4), light
source: 300 W Xe-arc lamp with a long-pass filter (4 > 420 nm).

because of the use of an aqueous FeCl; solution as a reactant
solution (first run in Figure 6). Fe’* ions were consumed
accompanied by O, evolution over Ag(I)-milled-Na,W,0;
until a certain amount of Fe** ions were accumulated in the
reactant solution. After 29 h of irradiation time, H, and O,
evolved in a stoichiometric amount under visible light
irradiation (second run in Figure 6). Water splitting proceeded
even in the absence of Fe>*/** of a redox couple accompanied
by interparticle electron transfer as shown in Figure 7, as
previously reported.*>*° The activity was lower than that in the
presence of Fe>*/>*. No water splitting proceeded employing
either Ru/SrTiO;/Rh or Ag(I)-milled-Na,W,0,; alone under
visible light irradiation, indicating that both photocatalysts were
necessary for the water splitting. Thus, the Ag(I)-milled-
Na,W,0,; has arisen as a new and useful O,-evolving
photocatalyst in Z-scheme systems for water splitting under
visible light irradiation.

4. CONCLUSIONS

Parts of K* ions in K,NbsO;; and Na* ions in Na,W,0; were
substituted with Ag" ions keeping the layered structures using a
molten AgNO; treatment (Ag(I)-K,NbsO;; and Ag(I)-

Amounts of H, and O, evioved / umol

0 4 8 12 16 20 24
Time/h

Figure 7. Z-Schematic water splitting into H, and O, using (Ru/
SrTiO;/Rh)-(Ag(I)-milled-Na,W,0,;) without electron mediator
under visible light irradiation. Catalyst: 0.1 g of Ru/SrTiO3;/Rh and
0.2 g of Ag(I)-milled-Na,W,O,3, solution: 120 mL of an aqueous
H,SO, solution (pH3.5), light source: 300 W Xe-arc lamp with a long-
pass filter (4 > 420 nm).

Na,W,0,;). The Ag(I)-K,NbsO,, and Ag(1)-Na,W,O,
showed photocatalytic activities for O, evolution in the
presence of sacrificial reagents utilizing the new absorption
bands formed by the Ag(I)-substitution. The Ag(I)-Na,W,O,
produced O, under visible light irradiation. When the
Na,W,0,; pulverized by ball milling was treated by a molten
AgNO; (Ag(I)-milled-Na,W,0,;), the Ag(I)-substitution rate
increased compared to Ag(I)-Na,W,O,;, giving the improved
activity for O, evolution. Z-schematic water splitting under
visible light irradiation was achieved by employing Ag(I)-
milled-Na,W,0,; of an O,-evolving photocatalyst, Ru/SrTiO;/
Rh of a H,-evolving photocatalyst. Thus, we successfully
demonstrated that the Ag(I)-substitution by a molten AgNO,
treatment was useful for development of visible-light-driven
layered tungstate and niobate photocatalysts.
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