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1. & U & I

yUZNVEEF FY A (NaTaOs) & ¥ Y VA Y v
2 (KTaOs) JGfli i34 2 v 2o v A TR R,
&) DB KOEGHIISEVIGEEZRT. Lad (RE2
mol%) % F—¥ ¥ 7 L TNiOByfilt#i % il 2 72 NaTaO; 2%,
AT T IE 50% W TR % 5003 % T o S fil i
LA EIX20004FEICHE SN, TIVA ) LHEER
HFF VDR —E Y FIZEoTHLa F—E ¥ 7L
T LIRS N S (Table 1) 29,

FZUBA T YF 7L (SITIOs) et o &I
ERAFF Y Py ZINXoTHELLMEL, 20204
IZIE2WIZ96% 23 L7259, NaTaO;s * KTaOs * SrTiOs iZ v
FThiRu7ah4 MKEE LY (Fig )"&R/A T4
YR=¥ U X o TEYN LTS EEE DD, F—
¥V 73 58RIKHT IR/ L0 L W h Fo

A site %

0.389 nm

A site %

0.399 nm

Na-0 length: 0.275 nm
Ta-O length: 0.195 nm

K-O length: 0.282 nm
Ta-0 length: 0.200 nm

L AZEDEDDEOHE L, M EMHENZM LT
SR AT v ¥ =¥ ¥ 7 IO I Rz 5 E o4k
BEME72WY., ZOX) LRERTRZEED TV 581
ZOREHE L LTS e Ca> % F—Y ¥ 7 L 72 NaTaOs
& KTaOs IZDO W T OHINZ RN 5.

Table 1 NaTaOs photocatalysts doped with metal cations
through the solid-state method.

Doping cation H» production® O production® / NiO cocatalyst ref.

/ mmol h*! mmol h! loading / wt%

none 1.7 0.8 0.05 3
Mg?* (2 mol%) 1.0 0.5 0.1 3
Ca’" (2 mol%) 4.9 2.4 0.2 3
Sr?* (2 mol%) 9.5 4.7 0.2 3
Ba*" (2 mol%) 9.3 4.7 0.2 3
La* (2 mol%) 19.8 9.7 0.2 2
#Aqueous suspension of the photocatalyst (0.5 g) was irradiated in an

inner irradiation vessel with a 400 W high-pressure Hg lamp.

A site %

0.390 nm

Sr-0O length: 0.275 nm
Ti-O length: 0.195 nm

Fig.1 Perovskite-structured semiconductors, NaTaOs;, KTaO; and SrTiOs, feasible for the photocatalytic overall water splitting
reaction. NaTaOs is slightly distorted in orthorhombic symmetry (Pbnm, a =0.548, b=0.552, ¢=0.779 nm) at room tempera-
ture and an orthorhombic cell contains four NaTaOs units”. A cube with sides of 0.389 nm, the volume of which corresponds
to one fourth of the orthorhombic cell volume, is effectively assigned to one unit and illustrated in the figure.
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2. ERAFHAVR—EVIDHEE

NaTaO; \DEJ A FF+ ¥ F—¥ 7Tk (1) ERRE
W R Ben 3 2 BAHG Y, (2) FURHE A2 NaCl @l
Al 2 AT 2 EAE AR, 3) BRAREAY%
NaOH /K2 Bk U CR PN S 2 KB G A3 I H
WHENTWEY, b OREETIE, L2y 7 AfNE
P (XRD) TAMBMHEZMIMTE LD o7z LTH, F
—Y¥ U7 LHE (TAH) IHEERP T 5 /4 F)
X2 v 7 AH (EDX) 155 o il BE A3 i He Pk 1912
IoTHBIKTL, BBEISBEIEOLLZ LIS
W, NaTaOsfi I AT e v F—Y ¥ 7L H2H 4
BAE L CABRICHEH L EHEEL TS,

3. NaTaOs:-Sr(SrisTazs) Os BB {ADRZEL

&F A FF V& F—¥ ¥ 73 IE NaTaO; D FE s 71K
EPZALLTXRDE =2 Y7+ 55 ThHAH. HMAE
WE TS 2 K=y 73568, K=YV 7RE (Si/Ta
BV TS U TR SR FARRRASIERRIM I8 L 72 (Fig.
2)%. WIS A EMM R ARAIE - 72X %
B ARER 2R L TW5.

I 7 A% S R AEG 7 52 B B T U NaTaOs (B 5 & & L CEE
HLUZHTAM026mmY) TdH O, ik MR
Sr(SrisTaxs) 05 (17 0.282 nm?) T 72, Sr(SrisTaxs) 031

0.29
% 0.282 for Sr(Sr, ;Ta, )0, —5—
= ’,”’
S 027} i
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= 025 a*
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5 < 0236 for NaTa0,
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Fig. 2 The orthorhombic unit cell volume of
solid-state-prepared NaTaOs photocatalysts doped with
Sr cations. The straight line shows the linear relation pre-
dicted in the NaTaOs-Sr (Sri3Tax3) O solid solution®.

Table 2 Effective ionic radii of the related elements ac-
cording to ref. 14.

Element Radius when 6-fold Radius when 12-fold
coordinated / nm coordinated / nm

Na* 0.10 0.14
Ta>" 0.06 not reported
Sr?* 0.12 0.14
La*" 0.10 0.14
o* 0.14 not reported
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RUTANA VBT OAY A PETEBY A bD13%
STAEAL, RV 23 % T AEAT AL Ew YT
HbH., TODL)BEBERTIHEED S REIZBWT AT
FUEMET A VEMIEINT VAT D, BMNT VAR
LDB72DIhFF IRIGRT =4 YRGS LEIT R
W,

A ZDORE LS DT AW THEBET LI L
BRI T 5N 525, Table 2R LA F ¥ B8 H»
5 tolerance factor % &t % 3 % & NaTaO; i& 0.99,
St(Sri3Tazs) 031X 0.90 TH 5. [EVER D tolerance factor 1% &
NoOHEEZ E 2006, MlTMRTTAAA4 METZ ]
BT EBLHPH (0.9~1) ITNF > TV 5.

4. R—EVIUlTHRDEHRBEE

F—¥ ¥ 72 X 2 BB DML % 14 % 72 D12 13
FRNT D LEETDH B, SEREE UG TR WIE 2 515 2 R
(5 mol%AiM) TR—¥ Y7 La&EHF+ v IiZ RNk
FERES WS XRDIZK SR EIEHELY. F—E
YT LA O R RE L e T X R S,

4.1 LI v o ARMINHMEE (EXAFS) [

KRR

W2, 20, 50 mol% TSr** % F—Y » 7 L 72NaTaO; ® Sr
KW AR 27 M VIZBEICE STRMTH - 72720, 15
SR EE A3 D K Z W 50 mol % DIl & RN L7210, &
PCHE L7z Sr KW 38 & O Ta L WIS O iy (k) A X
7 INVE, ENSE T B L B0 B CE Fig.
3WT/RT. Tad* B A7z Bh 5 A BIER 1213 0.18 nm 12 TaOe
NAROBET =F VICk ¥ —2rdbbbhiz. S2th
5 A ZEI S ACIZ 017 nm &£ 020 nm ¥ — 27 23D
LbNT, ZODRLLEREICEANI Sr OFALHED
EN. A—T 74 954 YT TROHEEHRE & BB
(Table 3@ 1LBZ) 1, NaTaO:;¥T-DBH A b % Sr2* A
LTS Sros NTHifk &, A¥ 4 b2 L CIES Sr0n 3%
FAME» L FRINEME L7

KTaOs \Z#EE 1 mol% TS % F—¥ ¥ 7 L, #EET
W Lz Sr KU AR bbb AY A4 FEBYA b
EHATA2MBEOSTERB LY. A—TT74 v T4
YT RO (Table 3D HE) 1%, R A PHSHD
KT B ANaTa0s & D 26% KE W L 2 ZE T HITRY
BiETH 5.

IOV AL —F—HERE (PLD) #Hw5 &, LaAlOs 3
W I NaTaOs i 2 T F ¥y VBRI CT X 5. Sr2 (3
10 mol%) Z F—Y ¥ 7 L72HERIKE (X 100 nm) D
St KWW A7 MV (#O63E) 25 b RSO E (Table
3DOTE) 21472,

4.2 HEITYIABKROIT ST 4 ICKD=RTTIE

SR

EXAFS (38R L 72 763K 065 O B 38 % T 3 % 5801 2 F
BeCTh DY, AL R E W) —RITOHEE R H O
ARELZL, by 7 AHAar 57 41, BRL72G
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Fig. 3 Extended X-ray absorption fine structures at the Sr K-edge and Ta Ls-edge observed for a NaTaO; photocatalyst doped
with Sr cations through the solid-state reaction. Sr concentration: 50 mol%. (a) k*-weighted absorbance spectra. (b) Radial
distribution functions. Reprinted with permission from ref. 16.

Table 3 Metal-oxygen shells deduced from extended X-ray absorption fine structures.

Photocatalyst Shell Shell length Coordination ref.
/nm number

NaTaOj particles doped Sr (B site)-O  0.196 1.1 16
with Sr** (50 mol%) Sr (Asite) -0 0.260 6.6

Ta—O 0.197 59
KTaOj particles doped ~ Sr (B site)-O  0.224 1.3 17
with St** (1 mol%) Sr (Asite) -0 0.273 8.2

Ta-O 0.198 33
NaTaOj film doped with Sr (B site)-O  0.216 2.1 18
Sr** (10 mol%) deposited Sr (A site) -0  0.266 7.1

on LaAlOs wafer

HEORPIAHLET BT v 7 AREGEAD ZRoen i 2 €7
V7)) —ICRETELTETHHY. Pt LTAHL
T2y 7 ZAME, FE XIS & o THELS N BRM A H 2
o P2RAEW DR T AZBE LTt v 7 2AME Bl S &
% (Fig. 4). EFEPBEIZFEPEOAGMHE 0L¢) 12
B UTEALL, EAEPRE B L mED#ET v 7 2
WOPHAT B, ABAEEEZ LB SHET v 7 AMHRE
ZUELIMDOFABR T T2 2HL. ATy 7 AHT RV
F—ORLIBBOF T2 ZREL, 7)) TEHIS
B L 70T 2 i3 & WOELE - X O 2R fi 2 14 % 2 &
BTE5.

B A A S BB L 72 5 T Ca?t (R EE 15 mol%) %
KTaO: (100) i 5 12 K — ¥ > &7 L 7= Gl it & 7 u % 1R
LCCaKBMIC X BAT T T A% RATEIRTIE L7
RO% Fig. SITRT. HEKTH S TS BAH T v 7 A}
OWELZ LR % EWE LT, ZRILHAICH HDIBE
BRI Ca WD TS TH A EMNT 5. Cat* wamtez=
0D Vi . Tld4Ml o5 — T HETa> 2% (x, y) =(£046
nm, 0) & (0, £046nm) ICHEHLEL. TS DD B IE
I DT Ca2* HLE L, Ca2*-Ta>* Wil A KTaOs D
TRERRICENZ &, T Z2EBELTBYHA b2 AT 5
Ca*DFAEZR LTS, THITMAT, z=02 nmDF
MTIZAMMOE LT A% (£0.18 nm, *=0.18 nm) I
hobhi C*PK ZEBLTATA PE2HEATH
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Fig. 4 X-ray fluorescence induced by the X-ray standing
wave.

X, COMBEBRET*PHFELTE Y. 2OLHITLT
KTaO: 2 F—¥ Y 7 L72Ca2* DAY A FEBHYA b 2RI
BT S L RERTE

5. Sr* R—EVIICKDINY RF¥v v THik

St F— ¥ ¥ 712 X o TNaTaOs & KTaOs DN ¥ FF v



Vol. 63 No.2 2021

5 I NVEBEAND S FF =Y T 111

¢=0°

)
~
L

ﬂﬁr

R S

N

i e .0\

CO- N | ']

s \ A Nt 14
b

: s pu @é
o r
SOF @1
- B \ /
0 4: ‘\\ s /,'
-0.8F _
-08-04 0 04 0.8

x/nm

08-04 0 04 08
X /nm

o

0

1

Fig. 5 Ca KB fluorescence holography applied to the KTaO3 wafer doped with Ca. (a) Orthographic projection of the hologram
with an incident X-ray energy of 8.0 keV. Intense and weak fluorescence are shown as bright and dark blue colors. The scale
bar shows hologram intensity relative to the background intensity. The (8, ¢) coordinate in the orthographic projection is illus-
trated. The spatial distribution of X-ray scattering atoms reconstructed with eight holograms (incident X-ray energies of 6.0~
9.5 keV) are presented on a plane of z= (b) 0 and (c) 0.2 nm. The fluorescing Ca cation is located at (0, 0, 0) and labeled as
“Ca”. The first- and second-nearest Ta cations are marked with numbered circles in (b) and (c). Reprinted with permission

from ref. 20.

v 713201 eVRREIRDSY, NY FE v v TS 2%
B RIZ1I0mIZEERERE Y 7 b9 59, BET=F
YO2p BRI L CTHES i E T IE AT+ ¥ F—¥ ¥
FOWEREZIFIZ WV, TS OSdMBIZE > THRIKE R
AR, Ta " DSSrP ICE &b B T EITK o THET
LT BRHD5APEDF — N —F v THRE B 5372
DIZTANF—IEIRL b, TANTF—EIIRL b L
fREWG FImOIANF =I5 & LiFohbs. Thbb,
S*ABY A PEEMRT B0 Y FEy v THPET
5.

6. R—EVIUlSrrroXREREHR

FAHE K - ERIE AR - KRBEERWThoFETERL
TH F—E ¥ 7 L72Sr? 1E NaTa0;'? & KTaOs ki ¥ D 3%
WIS 5. v 7 AFHEE T8 (XPS) THlE L7z

Sr2* DR IXEDX TR D725V 7 PEED 2 7 L35
WET 5. EAERERE HME (STEM) 2 Hw il
L72BMERETF— Y LMk fox#E~y ey s
(Fig. 6) I2X 5 &, HEE100 nm DM D FKNE (F
E3nm) 2SR LT, H72H D core-shell Hi i & &
STWVAERDEHITHRZ B0,

7. KERTHERENT DB S UMD

C D& BEMRTZ b ORIt E A Lz &
EMASRE H725 907 BHLGNE 23 GA I o WIS 1%
BLY)H0EWEAIE (ZO5BEEKRSUT 26 E
T5EEEVT D) BOLREATK & W -DIZEA0I00
R DK T RTINS LS. NaTaOs DWOGAREIZ
ARHZEDBTIONIZ R 55 TI08 m™! EHEE T 5 L RIED
RERIIZIOmBEELE 2 5.
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Fig. 6 Scanning transmission electron micrographs of the
photocatalyst immersed in the NaCl flux for 1 h. (a) An-
nular dark field image. (b) Ta atom columns in a parti-
cle. (¢c) Element maps obtained with Ta M, O K, Na K,
and Sr K emissions. The analyzed portion is marked with
a white square in (a). (d) X-ray count profiles along line
X-Y. Reprinted with permission from ref. 10.

S5THBR7ZEIIC, SPHICLBBHY A4 MEWIZE - TH
BT OER T & LIPS 55, St EEm
FHIIB U TRESF PO T AV ¥ — 13 % (Fig. 7).
BIOLISNC X o TS iR SN E I, B8 T
U D & IE AN TRFNEANBEI T 5. =4 L F— 1R}
22 B AR L2 IEFLIZBE L 2w T, i

Es L S

4 eV

valence band
bulk NaTaO, or KTaO
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Fig.7 Photoexcited electrons driven away from the com-
plementary holes in NaTaOs; or KTaO; photocatalysts
doped with Sr>* cations.
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Fig. 7CRELZLL AL TFHEIND LHIC, TUA
Ve )E AT+ v (Cat, Sr2*, Ba?*) % NaTaOs;lZ F
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E IR WIS 2 2RI L72EHICH 5.

BLE Ol 5OE % Bl 5 72012, KSUT 2k E §
B G T CTHE L 72 R A X 27 V2 % Fig. 8
RS, S =Y U 7 OREZHL T L L b IR
AL 2D, PR 1.8 mol% DGl B D W IURE (XX 2
FVORIRERE) 1, F—tY 7L TwhRWGlllEo 180
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—Y U7X o TEEFEAN80EIC 2 /-2 L itk b

SR S SIC RIS EWIGREEIIC T L, iR
B (40 mol% ) Tt F—V¥ ¥ 27 LT AWwbfilt & s
LWLENPITIC G o 7, B FRIE O S+ i A Bt i 5
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5.

9. & b b [C

INFTTHRRTE 2L HIZ, NaTaOs & KTaOs e filt i 12
Sr** e K=Y 7 L7z & & ARMWICTEET % KT 25 &
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Fig. 8 Infrared absorbance change induced by steady UV
light irradiation. Thirteen NaTaO; photocatalysts doped
with Sr?* were irradiated in a vacuum with a Hg-Xe
lamp (200 W). UV light flux at wavelengths of 370 nm
or shorter: 60 mW cm ~2. Photocatalysts were prepared
in a solid-state reaction. Reprinted with permission from
ref. 9.
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Es L S

Alkali Tantalate Photocatalysts: How Are They Activated by
Doping with Metal Cations. Hiroshi ONISHI (School of Sci-
ence, Kobe University, Rokko-dai, Nada-ku, Kobe, Hyogo 657-
8501, Japan)

A number of perovskite-structured metal oxides are feasible
for highly efficient overall splitting of water. Doping with hetero
metal cations always provides the key to enhance quantum yield
of the splitting reaction. The present review is focused on
NaTaOs and KTaOs doped with alkali earth metal cations to
show how bandgap-excited electrons and holes are well separat-
ed in photocatalyst particles.

Key-words: Photocatalysis, Semiconductor, Doping, Per-
ovskite structure, Short-range ordered structure
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