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Sodium Tantalate Photocatalysts Doped with Metal
Cations: Why Are They Active for Water Splitting?

Hiroshi Onishi*®?

Sodium tantalate (NaTaOs;) is the first semiconductor photoca-
talyst that produces hydrogen-oxygen mixed bubbles in the
overall water splitting reaction, when appropriately doped
with metal cations. A series of studies are reviewed herein to
answer the question of why doping with metal cations raised
the quantum efficiency of the reaction. Infrared absorption of
band-gap-excited photocatalysts demonstrated that cation
doping reduced the electron-hole recombination rate and the
steady-state population of charge carriers accordingly in-
creased. In-depth studies are focused on Sr cations incorporat-
ed through solid-state, flux, and hydrothermal reactions. The
recombination rate was reduced when Ta cations were ex-
changed with Sr cations. Sodium cations were simultaneously

1. Introduction

Sodium tantalate (NaTaOs;) is the first semiconductor photoca-
talyst known to produce mixed hydrogen-oxygen bubbles in
the absence of any sacrificial reagent. The apparent quantum
efficiency, which is defined as the ratio of the number of elec-
trons (or holes) consumed in the reaction to the the number
of incident photons into the reaction vessel, exceeded 50%
when Kudo and co-workers modified this metal oxide by
doping it with La cations and loading NiO cocatalyst. ¥ The
H, and O, production rates over these photocatalysts were re-
ported in the unit of mmol per hour, whereas those on previ-
ously reported photocatalysts were reported in the unit of
umol per hour. The application to photocatalytic CO, reduction
has also been successfully examined.®*

Inspired by the achievements of Kudo and co-workers, a
large number of studies have since been conducted to devel-
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exchanged to balance the cationic and anionic charges with
no need for creating oxygen anion vacancies. NaTaOs-
Sr(Sr,5Ta,3)0; solid solution was formed as a result of the si-
multaneous doping. In addition to doping at the appropriate
sites, the intraparticle distribution of Sr cations played an es-
sential role to reduce the recombination rate. Strontium cat-
ions segregated to produce graded composition from the Sr-
rich surface to the Sr-poor core. The bottom of the conduction
band was raised at the Sr-rich surface and the excited elec-
trons were driven to the Sr-poor core, leaving holes at the sur-
face. However, the graded composition had a dual purpose;
the excited electron population increased and its fractional
contribution to the surface reaction decreased.

op NaTaO;-based photocatalysts that are efficient for artificial
photosynthesis, with more than 180 studies, as well as re-
views,*® reported to date.”’ Doping with lanthanoid cations,”
not limited to La’>*, and alkaline-earth metal cations"®™ im-
proved the water splitting efficiency (Table 1). These findings
suggest that La®" is not unique as a guest cation in improving
the efficiency, although it provided the best record in the
NaTaO; host. Sakata and co-workers'? developed Ga,0; photo-
catalysts that showed an even higher efficiency of 71% when

Table 1. The rate of overall water splitting on NaTaO; doped with metal
cations through a solid-state reaction.”
Doping Doping con- H, produc- O, produc- band NiO co- Ref.
cation  centration tion tion gap  catalyst

[mol %] [mmolh™"] [mmolh™"] [eV] loading

[wt %]

none - 1.7 0.8 4.0 0.05 [10]
La®* 2 19.8 9.7 41 02 [2]
Ca®* 2 4.9 24 4.1 0.2 [10]
Sr2* 2 9.5 4.7 4.1 0.2 [10]
Ba’" 2 9.3 47 41 02 [10]
Pt 1 53 26 41 0.05 [1
Nd** 1 5.2 25 41 0.05 [
Sm’t 1 53 26 41 0.05 [1
Gd** 1 43 2.1 41 0.05 [1
To** 1 43 22 41 0.05 [
Dy** 1 4.5 2.2 4.1 0.05 [1]
[a] Aqueous suspension of the photocatalyst (1 g in refs. [1 and 2], 0.5g
in ref. [10]) was irradiated in an inner irradiation vessel with a 400 W
high-pressure Hg lamp. The photocatalysts were prepared by a solid-
state reaction.
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doped with Zn*". Quite recently, Domen and co-workers"

pushed water splitting efficiency on SrTiO; up to 69% by
doping with AP". NaTaO; is not a unique host to be activated
by cation doping. It should be recognized that doping with
metal cations offers a common means of increasing water
splitting efficiency close to unity.

However, the mechanisms behind the increased efficiency
are unknown. Guest metal cations are impurities that introduce
defects to the host lattice. Impurities are thought to immobi-
lize band-gap-excited charge carriers and even catalyze elec-
tron-hole recombination. The unknown mechanisms, when re-
vealed, can be applied to a broad range of metal oxide photo-
catalysts including those sensitized to visible light, although
the host compounds quoted above require ultraviolet (UV)
light to be band-gap-excited. With an ambition to reveal the
mechanisms in mind, the author and co-workers have studied
cation doping in NaTaO; photocatalysts to determine why
quantum efficiency increases. Their results and interpretations
are presented herein, following a brief summary of crystallo-
graphic and electronic structures of pristine alkali tantalates.

2. Alkali Tantalates

NaTaO; possesses a perovskite-structured lattice with monova-
lent Na cations in A sites and pentavalent Ta cations in B sites.
Cations and anions are closely packed in a perovskite-
structured lattice with limited freedom to occupy interstitial
positions. The tolerance factor t is defined by Equation (1):

ry+ro

= 1) .

to quantify the degree of packing, with ionic radii of A-site
cation, B-site cation, and oxygen anion given as ry, rg and ro,
respectively. When the three hard-sphere ions are in contact,
the factor goes to unity. According to the ionic radii listed in
ref. [14], NaTaO; has a factor of 0.97, suggesting finite room
left in the lattice. By filling the room, the originally cubic lattice
is distorted to be orthorhombic (space group Pbnm; a=0.548,
b=0.552, c=0.779 nm) at room temperature (Figure 1a)." An
orthorhombic cell contains four NaTaO; 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 a unit cell in the pseudo-cubic lattice. In the effective cubic
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Na O [001]

0.389 nm

Figure 1. Perovskite-structured lattice of NaTaO,. a) A ball-and-stick view of
the lattice distorted in orthorhombic symmetry is compared with the cubic
lattice of KTaO; with a tolerance factor of 1.05. b) An effective cell of the
pseudo-cubic lattice.

unit cell (Figure 1b), Na cations at the A site are coordinated
to twelve oxygen anions, affording NaO,, cuboctahedra. Tanta-
lum cations at the B site are at the center of the TaO,
octahedra.

The distorted lattice perturbs the electronic structure. The
band gap of pristine NaTaO; is 4.0 eV with a light absorption
edge near 300 nm." Lithium tantalate (LiTaOs), a sister com-
pound with significant lattice distortion, shows a wide band
gap of 4.7 eV." Potassium tantalate (KTaO;) composed of per-
fectly cubic cells (a=0.399 nm),!"” presents a narrow band gap
of 3.6 eV."” The band gaps, in the order of LiTaO, (wide)>
NaTaO; > KTaO; (narrow), are related to the reduced symmetry
of the original cubic lattice. In this series of tantalates, TaO4 oc-
tahedra are assembled in a corner-sharing network. The cubic
sublattice of Ta cations in KTaO; enables maximum overlap of
the Ta5d orbitals to form the conduction band. In the distort-
ed lattices of NaTaO; and LiTaO; in particular, the overlaps are
less complete. The energy width of the conduction band
should be smaller according to the less complete overlaps
with the center energy intact. The bottom of the conduction
band is thus raised to widen the band gap. The water splitting
rate systematically responded to the band gap (Table 2). The
large splitting rate on tantalates with wide band gaps suggests
that the ability of band-gap-excited electrons for water reduc-
tion determines the overall splitting rate in the absence of
cocatalyst.

3. Electron-Hole Recombination Rate

The rate of photocatalytic reactions should be proportional to
the number of excited charge carriers in a simple picture. It is
hence of primary importance to identify the population of
photoexcited electrons and holes that are not yet recombined.
Optical absorption and photoluminescence spectroscopy are

1826  © 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2. The rate of overall water splitting on pristine alkali tantalates in
the absence of cocatalyst.”

H, production O, production Band gap

[mmolh~"] [mmolh~"] [eV]
LiTaO; 043 0.22 4.7
NaTaO; 0.16 0.09 4.0
KTaO; 0.03 0.01 3.6

[a] Aqueous suspension of the photocatalyst (1 g) was irradiated in an
inner irradiation vessel with a 400-W high pressure Hg lamp. The photo-
catalysts were prepared in a solid-state reaction.'®

established methods to detect excited charge carriers. In our
studies, excited electrons were quantified by infrared (IR) ab-
sorption. Figure 2a shows transient IR absorption spectra of a
pristine NaTaO; photocatalyst. Photocatalyst particles were
fixed on a CaF, disk, placed in a vacuum cell, and irradiated
with UV light pulses.'® Infrared light transmitting through the
disk was monitored in a time-resolved manner by using a gra-
ting-monochromator-based spectrometer,”® which was suffi-
ciently sensitive to detect absorbance changes as small as
107%. Band-gap excitation of the NaTaO, photocatalyst induced
changes in the IR absorbance. The induced absorption monot-
onically increased with decreasing wavenumber from 4000 to
900 cm™'. The monotonic spectrum suggested that band-gap-
excited electrons absorbed IR light.?” Actually, the absorption
weakened when the photocatalyst was exposed to an elec-
tron-consuming species (O, gas).

Infrared absorption with similar spectra has been observed
and assigned to band-gap-excited electrons for a number of

221 (a)
= S (©)
§ 18 conduction band
S [ 20 .
] 100 IR absorption
2
<0 \ A
3000 1000 ‘\\\ [
wavenumber / cm- _._
4 trap state
2 | (b) 1
L Jps -
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= 20 @
g 100 valence band
8 500
Q
3]
<0
3000 1000

wavenumber / cm-"

Figure 2. Transient IR absorption spectra of NaTaO; photocatalysts. a) A pho-
tocatalyst without doping was irradiated with pump light pulses (wave-
length: 266 nm, pulse energy: 1 mJ). Absorbance change induced by the
pump pulses is shown as a function of IR wavenumber and time delay. b) A
photocatalyst doped with La cations (La concentration: 2 mol %) was irradi-
ated with pump light pulses (wavelength: 266 nm, pulse energy: 0.2 mJ).

c) Possible electron transitions absorbing IR photons. Reprinted with permis-
sion from ref. [18]. Copyright 2003 American Chemical Society.
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metal-oxide semiconductors including TiO,?'" SrTiO,,2

LaTiO,N,? K,Ta;B,0,,,2” Bi,WO,2" and Ga,0,.*% For further in-
formation about the electron-induced IR absorption, several re-
views are available.®>* The electron transition from a shallow
trap state, if there is any in the band gap, to the conduction
band can absorb an IR photon with the according energy.
Trapped electrons may also be thermally excited to the con-
duction band. Electrons in the conduction band absorb IR
light. The two possible transitions to present a monotonic ab-
sorption spectrum are illustrated in Figure 2c. By probing with
IR light, excited electrons not yet accommodated in deep trap
states were detected. This provides a good means of quantify-
ing electrons that are active for water reduction, that is, those
that are energetically close to the bottom of the conduction
band. Doping with La cations caused limited modification of
the spectrum. A broad absorption band at 1500-3000 cm™' is
superposed on the monotonic shape (Figure 2b). Hence, we
still ascribed the absorption to band-gap-excited electrons, al-
though the origin of the broad band was unknown.

Based on this assignment, transient absorbance changes
provide a measure to quantify the rate of electron-hole recom-
bination, the major path to deactivate excited charge carriers.
Absorbance change should be proportional to the number of
the electrons, while the absolute number cannot be deter-
mined without knowing the molar absorption coefficient of ex-
cited electrons. The recombination rate is deduced from the
decay of absorbance change. Figure 3 presents absorbance
change at 2000 cm™' as a function of time delay. Absorbance
change decreased most quickly in the pristine NaTaO;. Doping
with La, Ca, Sr or Ba cations pushed up absorbance change in
the entire range of time delay. Successful doping with these
cations reduced the rate of electron-hole recombination in
NaTaO; particles.

Electron decay kinetics were not simple, likely to be de-
scribed with stretched exponential functions. One note about
kinetics is that doping affected the recombination rate in a
time-range of 1-10 us. Decay curves of the five photocatalysts
were nearly parallel at a time delay of longer than 10 ps. It was

0.1

normalized Aabsorbance

0.01 . . .
10 103
time delay / s

Figure 3. Infrared absorbance decay in NaTaO; photocatalysts doped with
La, Ca, Sr, or Ba cations (doping concentration: 2 mol %) together with the
decay in the pristine NaTaO; photocatalyst. Absorbance change at

2000 cm™' normalized at the maximum is shown as a function of time delay.
Pump pulse wavelength: 266 nm. Pulse energy: 0.4 mJ. The photocatalysts
were prepared by a solid-state reaction. Reprinted with permission from

ref. [36]. Copyright 2009 American Chemical Society.

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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unfortunately difficult to reveal IR absorbance decay at 0.1 ps
or shorter since our time resolution was limited by the re-
sponse of IR detectors and amplifier circuits.

4, Steady-State Population of Band-Gap-
Excited Electrons

Transient IR absorption provides a good measure of the re-
combination rate in NaTaO; particles. However, excitation
strength in steady-state reactions is different from that em-
ployed in the transient spectroscopy. Assume a lamp produces
UV light with an intensity of 1 W to irradiate a photocatalyst
suspension in an inner irradiation vessel. Light flux should be
10 mWcem™2 with an effective irradiation area of 100 cm® In
transient measurements, photocatalyst particles on a disk of
1 cm? are irradiated with pump light pulses of 10 ns time
width. A large light flux of 100 Wem™ is expected with the
lowest ever reported pulse energy of 1 pJ."®

When we need to know the population of excited electrons
available in steady-state reactions, IR absorbance changes in-
duced by lamp irradiation should be determined. This is fortu-
nately easy to do by using an ordinary Fourier-transform IR
spectrometer. Absorbance spectra of a photocatalyst are re-
corded in the presence and absence of UV lamp irradiation.
The absorbance change induced by UV irradiation is deter-
mined by subtracting one spectrum from the other. Figure 4
shows a set of absorbance-change spectra observed for
NaTaO, photocatalysts doped with Sr cations.®” Monotonic
spectra ranging from 6000 to 900 cm™' appeared with a broad

Sr concentration
1.8%
02 0.9 %
g 0.5 %
€ 0.3 %
8 0.2 %
<] 0.1%
2 041 pristine
©
<
0 T .
5000 3000 1000
wavenumber / cm™’
0,
02 1.8 %
[0
(&)
c
©
S
?
2 041
©
<
il s
0 i : -

3000 1000

wavenumber / cm™’
Figure 4. Infrared absorbance change induced by steady UV light irradiation.
NaTaO; photocatalysts doped with Sr cations were irradiated with a Hg-Xe
lamp (200 W). UV light flux at wavelengths of 370 nm or shorter:
60 mW cm ™2 Photocatalysts were prepared by a solid-state reaction. Reprint-
ed with permission from ref. [37]. Copyright 2015 American Chemical
Society.
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absorption at around 2000 cm™', indicating that band-gap-

excited electrons produce the steady-state absorbance change.

The electron-induced absorption strengthened with doping
concentration from zero to 1.8 mol% and weakened at higher
concentrations. Doping with Sr cations increased the steady-
state population of excited electrons present in the particles
placed in the vacuum. The electron population was quantified
by the absorbance change integrated over each spectrum. The
maximum population with a dopant concentration of
1.8 mol % increased by 180 times relative to that in the pristine
NaTaO, photocatalyst. Doping with Ca,®”’ Ba,®” or La®® also in-
creased the steady-state populations of excited electrons by
50 times or more.

We now answer our fundamental question of why quantum
efficiency is increased by doping with metal cations. Successful
doping restricts electron-hole recombination in NaTaO; parti-
cles and hence increases the population of excited charge car-
riers under UV lamp irradiation. A revised question arises; why
is the recombination rate reduced by cation doping?

5. B-Site Substitution to Control Recombina-
tion Rates

A hint for answering the question was given in characterizing
photocatalysts prepared through a hydrothermal reaction.
Kudo and co-workers prepared their photocatalysts by a solid-
state reaction."*'>" Researchers including ourselves often fol-
lowed their method in preparing photocatalysts with different
dopants. Hydrothermal,®” solvothermal,“*” flux,"'** and sol-
gel®* reactions were additionally examined. Hydrothermal
reactions are known to yield highly cubic NaTaO; particles. An
and Onishi prepared photocatalysts doped with Sr, Ca, or Ba
by hydrothermal reaction and examined the steady-state pop-
ulation of excited electrons by using IR absorption.*” The
cubic particles that they produced exhibited negligible IR ab-
sorbance change under UV light irradiation. Metal cation
doping through the hydrothermal reaction failed to reduce the
recombination rate. They compared photocatalysts prepared
by solid-state and hydrothermal reactions to identify the key
to controlling the recombination rate. The photocatalysts pre-
pared in the two methods presented qualitatively different
Raman spectra, as shown in Figure 5. An intense band ap-
peared at 860 cm™' and was strengthened by doping through
the solid-state reaction. This band was totally absent with the
photocatalysts doped through the hydrothermal reaction. The
different Raman spectra evidenced that different compounds
had been prepared. The recombination rate was reduced in
the compound prepared by the solid-state reaction but was
not in that prepared by the hydrothermal reaction.

Raman scattering in perovskite-structured metal oxides has
been well studied. The band at 860 cm ' was assigned to the
breathing vibration of TaOg octahedra in NaTaO,. The breathing
mode of vibration, which possesses A;; symmetry, cannot con-
tribute to Raman scattering in a cubic perovskite-structured
lattice. The selection rule of Raman scattering is governed by
the symmetry of vibration mode and crystallographic lattice.
The NaTaO; lattice is slightly distorted in orthorhombic symme-

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Raman spectra of NaTaO; photocatalysts doped with Sr cations
through a) solid-state and b) hydrothermal reactions. Scanning electron mi-
crographs of particles are inserted with scale bars of 1 um. Sr concentration
of the pictured photocatalysts: 0.9 (solid-state) and 2.1 mol % (hydrother-
mal). Reprinted with permission from ref. [37]. Copyright 2015 American
Chemical Society.

try, as mentioned in section 2, but the distortion is not enough
to produce a Raman band of detectable intensity. When a Ta**
cation is replaced by a different cation (S*** in the present
case), the local cubic symmetry breaks down. The breathing vi-
bration of TaO¢ octahedra is allowed in the Raman transition.
Similar phenomena were observed in a number of B-site sub-
stituted perovskites, AB, ,B’,0;.14*

Therefore, the presence or absence of the band at 860 cm™
provided a sign of Sr cations occupying B sites in NaTaO;. We
can recognize the two photocatalysts as structural isomers
with a common composition (NaTaO; doped with Sr cations)
and different structures (doping sites). A finite fraction of Sr
cations occupied B sites when prepared in the solid-state reac-
tion and restricted electron-hole recombination. The same cat-
ions were selectively in the A sites following doping through
the hydrothermal reaction, as evidenced by the absence of the
Raman band at 860 cm™' (Figure 5b) and they did not affect
the recombination rate. B-site substitution by Sr cations was
key to controlling the recombination rate.

1

6. Solid Solutions for Accommodating Dopant
Cations

Consider here the balance of cationic and anionic charges.
Single substitution of Ta®* with Sr** reduces the positive
charge. One possible way to balance is creating oxygen anion
vacancies in the doped NaTaO,. This is not the case. Instead, si-
multaneous substitution of A and B sites takes place; three
Na* are replaced with three S*** when one Ta’" is exchanged
by one Sr**. NaTaO; should be transformed into Sr(Sr;;Ta,/)0,
by repeating the simultaneous substitution. Actually, Sr(Sr,;
Ta,;;)0; has been synthesized and identified by X-ray diffrac-

ChemSusChem 2019, 12, 18251834 www.chemsuschem.org

tion.”™ The effective unit cell volume of NaTaO; increases from
0.236 nm® for one NaTaO; unit to 0.282 nm?® per one Sr(Sr,,;
Ta2,;)0; unit.®” Exchange of the small Ta®" by large Sr** indu-
ces volume expansion by 19%. Exchange of Na* and Sr** con-
tributes little to the unit cell volume, since the two cations are
of compatible radii.™

The unit cell volume of photocatalysts doped with Sr cations
was determined by XRD®”' and plotted as a function of Sr/Ta
molar ratio in Figure 6. A linear relation, which is predicted on
the NaTaO,;-Sr(Sr,,5Ta,3)05 solid solution, fitted the determined
volumes. The complete fit demonstrated evidence of the solid
solution in the photocatalysts. Rietveld analysis of the X-ray
diffraction data further supported the formation of the solid
solution to accommodate Sr cations in NaTaO,.”?

T 0.29

= 0.282 for Sr(Sr,,Ta, )0, —s—=-
o b

2 —
3027} o

9 .-

= -

o ’,’

T 025 =

=] -

g -

£ P 0.236 for NaTaO,

£ 0.23 L : .

o 0 100 200

Sr/ Ta ratio / mol%

Figure 6. The effective unit-cell volume of solid-state-prepared NaTaO; pho-
tocatalysts doped with Sr cations. The dashed line shows the linear relation
predicted in the NaTaO;-Sr(Sr,5Ta,/3)O; solid solution. Reprinted with permis-
sion from ref. [37]. Copyright 2015 American Chemical Society.

The NaTaO;-Sr(Sr,;5Ta,;5)0;5 solid solution is able to accom-
modate Sr** with no requirement for creating oxygen anion
vacancies. Since cations are nearly in contact with anions in a
perovskite-structured lattice, anion vacancies would decrease
electrostatic energy gain. The lattice free from anion vacancy is
advantageous for hole transport to increase quantum efficien-
cy. Simultaneous doping with La*" and transition metal cations
has been examined to sensitize NaTaO; to visible light.%53-5¢
The NaTaO;-Sr(Sr,5Ta,5)0; solid solution photocatalysts are
recognized as NaTaO; doped with one metal element, Sr.

The local environment of Sr cations embedded in the solid-
solution photocatalysts was characterized by using extended
X-ray absorption fine structure (EXAFS) spectroscopy.”? Two
Sr—O shells were revealed in the solid-solution as expected.
The small shell, with a short Sr—O bond length of 0.196 nm,
corresponded to SrO, octahedra embedded in the corner-
sharing network of TaOg octahedra. The other shell, with a Sr—
O bond length of 0.260 nm, corresponded to SrO,, cuboctahe-
dra with Sr cations at A sites. Figure 7a shows the k*-weighted
X-ray absorbance spectra at the Sr K-edge and Ta L;-edge for a
NaTaO; photocatalyst doped with Sr cations. The Fourier trans-
form of the Sr K-edge spectrum yielded a radial distribution
function with peaks at 0.15, 0.20 and 0.31 nm (Figure 7b). The
first peak, at 0.15 nm, corresponded to the Sr(B)—O shell with
Sr cations at the B site. The second peak, at 0.20 nm, was relat-
ed to the Sr(A)—O shell with Sr cations at the A site that Na

1829  © 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. Extended X-ray absorption fine structures at the Sr K-edge and Ta
L;-edge observed for a NaTaO; photocatalyst doped with Sr cations through
the solid-state reaction. Sr concentration: 50 mol%. a) k*>-weighted absorb-
ance spectra. b) Radial distribution functions. Reprinted with permission
from ref. [52]. Copyright 2018 American Chemical Society.

cations originally occupied. The radial distribution function
converted from the Ta L;-edge spectrum peaked at 0.16 nm.

Curve fitting was carried out to quantify the Sr—O distance
in the two shells. The radial distribution functions could have
been affected by the phase shifts in the electron scattering by
oxygen anions. Oscillations in the k*-weighted spectrum corre-
sponding to the Sr(B)—O shell were filtered by using a window
function, followed by inverse Fourier transformation to afford
the shell-related oscillations. The Fourier-filtered oscillations
were fitted by using one Sr—O shell with four adjustable pa-
rameters (shell length, coordination number, threshold energy
difference, and squared displacement). Fitting with the Sr(A)-O
shell was completed in the same manner. Table 3 summarizes
the refined parameters.

Table 3. Metal-oxygen shells deduced from the fine structures shown in
Figure 7.

shell L [nm] CN dE [eV] o* [pm?]
Sr(B)-O 0.196 1.1 —-04 65
Sr(A)—-O 0.260 6.6 —3.8 140
Ta—O 0.197 59 1.3 91

[a] L=shell length; CN = coordination number; dE=threshold energy dif-
ference; o*=Debye-Waller factor. Reprinted with permission from
ref. [52]. Copyright 2018 American Chemical Society.

The obtained Sr(B)—O bond length (0.196 nm) was compati-
ble with the Ta—O bond length in the same photocatalyst
(0.197 nm) and also with that (0.195 nm) in the effective unit
cell shown in Figure 1. SrO4 octahedra embedded in the solid
solution were compressed in the surrounding NaTaO; lattice,
when compared with SrOg octahedra in sodium chloride-
structured SrO with a Sr—O bond length of 0.257 nm. The Sr(A)
—0O bond length (0.260 nm) slightly decreased relative to the
Na—O bond length in the effective unit cell (0.275 nm).

7. Nanoscale Architectures for Driving Electron
Excitation

Our fundamental question is now updated; how do Sr cations
at B sites control recombination in the solid solution photoca-
talysts? The steady-state population of excited electrons gives
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us a suggestion. Look at Figure 4 again. The electron-induced
IR absorption was strengthened by doping up to 1.8 mol%
with a 180-fold enhancement. Integrated absorbance de-
creased beyond this concentration to a minimum at the most
Sr-rich end (Sr/Ta= 187 mol%). Yoshioka et al.*” reported that
the water splitting reaction rate was low on pristine Sr(Sr,,;
Ta2,5)0;, Sr,Ta,0, in their notation. The reduced reaction rate
can be attributed to the decreased population of electrons.
These results give a volcano-shaped response to doping con-
centration. We ask ourselves what the reason is for the volca-
no-shaped response. It is not obvious that Sr cations reduced
the recombination rate below a threshold concentration but
increased it above that threshold.

An et al.®” proposed that the recombination rate was con-
trolled by the concentration gradient of Sr cations at the B site
in the photocatalyst particles, not by the absolute concentra-
tion of Sr cations at the B site. Their hypothesis was inspired
by the volcano-shaped dependence and supported by signifi-
cant Sr segregation to the particle surface, which was detected
in X-ray photoelectron spectroscopy.”” Doping with Sr cations
creates graded Sr concentrations in NaTaO; particles that were
originally uniform in chemical composition. The gradient
should increase with Sr dosage at low dosages below a thresh-
old. With larger Sr dosages, the concentration gradient re-
duces, since Sr cations are gradually distributed in the bulk.
The gradient finally vanishes at the high-dosage extreme, ho-
mogeneous Sr(Sr;;;Ta,;)05. They chemically etched Sr-doped
photocatalysts and evaluated the steady-state population of
excited electrons in the etched photocatalysts. The observed
response to etching time supported the hypothesis.””

A more recent study further evidenced the essential role of
the graded composition.”® NaTaO, photocatalysts were doped
with Sr cations through crystallization in molten NaCl flux
maintained at 1423 K. Chemical composition and simultaneous
doping to form the NaTaO,;-Sr(Sr,,5Ta,5)O0; solid solution were
checked and confirmed. Immersion time in the hot flux was
tuned to intentionally modify the intraparticle distribution of
Sr cations with a fixed Sr concentration of 2 mol%. Curtailed
immersion for 1 h produced particles capped with a 3 nm-thick
Sr-accumulated layer. Figure 8 shows scanning transmission
electron microscope images of the 1 h-immersed photocata-
lyst. A particle with a side length of 150 nm was present in the
annular dark field image (Figure 8a). The upper corner of the
particle is magnified in Figure 8b to show well-crystallized col-
umns of Ta atoms. The principal elements—Ta, O, and Na—
presented homogeneous distributions from the bulk to the
surface in the element maps (Figure 8c). Strontium alone ex-
hibited an accumulated layer capping the surface of the parti-
cle. The thickness of the Sr-accumulated layer was 3 nm, as
deduced in the line profile (Figure 8d). Extended immersion
for 60h yielded particles with homogeneous Sr
distribution.

Figure 9 shows the change in IR absorbance induced by Hg-
Xe lamp irradiation. The steady-state population of excited
electrons was enhanced in the 1 h-immersed photocatalyst by
160 times relative to that in a Sr-free NaTaO; photocatalyst.
Doping with Sr cations in the flux increased the electron popu-

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 8. Scanning transmission electron micrographs of the photocatalyst
immersed in the NaCl flux for 1 h. a) Annular dark field image. b) Ta atom
columns in a particle. 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. [58]. Copyright 2018 American Chemical Society.

lation, which was achieved by doping through the solid-state
reaction. Integrated absorbance change decreased with ex-
tended immersion time. In the 60 h-immersed photocatalyst,
the population enhancement was no more than 9 times. The
systematic reduction demonstrates that the excited electron
population is sensitive to immersion time and thus to how Sr
cations are distributed in each particle.

The thickness of the accumulated layer was 3 nm on the
1 h-immersed photocatalyst. The single-nanometer-scale archi-
tecture on 50—100 nm-sized particles enhanced the excited
electron population by 160 times. This increase is reasonable
since the layer thickness was compatible to the penetration
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Figure 9. Infrared absorbance change induced by Hg-Xe lamp irradiation.
a) Sr-free NaTaO;; b) 1 h-, ¢) 10 h-, d) 20 h-, and e) 60 h-immersed NaTaO,
doped with Sr cations. Strontium concentration was fixed at 2 mol%. Ultra-
violet light absorption spectra of (a), (b), and (e) are shown in the inset. Re-
printed with permission from ref. [58]. Copyright 2018 American Chemical
Society.

depth of excitation light. With photon energies sufficiently
greater than the band-gap energy of a semiconductor, the ab-
sorption coefficient increases to the order of 108 m~"."% The
penetration depth of excitation light is hence limited to the
order of 10 nm. Electrons and holes were created in or near
the accumulated layer where the number of Sr cations at the B
site was reduced from the surface to the bulk.

In the NaTaO;-Sr(Sr,;Ta,;;)O; solid solution, SrOg octahedra
are embedded in the network of TaO4 octahedra. The embed-
ded SrOg octahedra hinder the overlap of the Ta5d orbitals,
which narrows the conduction band with the upward shift of
the band minimum. Hence, the graded concentration of the Sr
cations induces the graded energy of the conduction band
minimum. Band-gap-excited electrons are driven by the
energy gradient to be separated from holes (Figure 10). The
upward shift of the conduction band minimum was estimated
to be 0.1 eV or less. Absorption edge shifts induced by doping
with Sr cations were 5-10 nm according to the UV absorption
spectra shown in the inset of Figure 9. An absorption edge
shift by 10 nm at 300 nm corresponded to a band gap broad-
ened by 0.1 eV.

The Sr-accumulated layer, a nanometer-scale architecture on
top of the photocatalyst particles, enhanced electron-hole sep-
aration to increase the steady population of the excited charge
carriers by more than two orders of magnitude. The conduc-

conduction band

4eV

valence band
bulk NaTaO,
- - h*

surface
uv

<< light

Sr?* accumulation
3 nm

-—UV light penetration, 10 nm—
Figure 10. Band-gap-excited electrons driven away from holes on the

energy gradient of the conduction band minimum. Reprinted with permis-
sion from ref. [58]. Copyright 2018 American Chemical Society.
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tion-band structure depicted in Figure 10 resembles that of a
graded junction in semiconductor devices. Doping NaTaO,
with Sr cations through solid-state or flux preparation methods
unintentionally created graded junctions on the particle sur-
face where excitation light was absorbed. This scheme pro-
vides a deductive interpretation about the volcano-shaped de-
pendence of the recombination rate.

8. Water Splitting Rate Compared with Photo-
excited Electron Population

In the preceding sections, we asked ourselves how Sr cations
control recombination in NaTaO; photocatalysts and deter-
mined that uneven Sr distributions drive excited electrons
away from holes. The steady-state population of charge carri-
ers increases according to the recombination rate. In this sec-
tion, we will find a relationship between the water splitting
rate and the photoexcited electron population.

The water splitting rate was examined over the four Sr-
containing photocatalysts (Sr concentration=2 mol%) pre-
pared in the NaCl flux.”® H, and O, production rates are plot-
ted in Figure 11 as a function of integrated absorbance change
evaluated with the spectra shown in Figure 9 (i.e., the photo-
excited electron population). Two Sr-containing photocatalysts
immersed in the flux for 60 and 20 h exhibited production
rates nearly proportional to the integrated absorbance change,
suggesting a constant efficiency of electron-to-H, and hole-to-
0O, conversion. The proportional relation broke down with the
other two photocatalysts immersed for 10 and 1 h. These two
photocatalysts with significant concentration gradients pro-
duced less H, and O, than expected on the proportional rela-
tion. Sr-accumulated layers capping the photocatalyst particles
increased the charge carrier concentrations, but did not neces-
sarily lead to higher water splitting rates. When the upward
shift of the bottom of the conduction band is large enough
relative to the thermal energy at RT (25 meV), only a limited
fraction of electrons override the gradient to contribute to re-
actions at the surface. Here we learned that creating the
graded composition had a dual purpose; the electron popula-

= 20h

IS ,’ H,

E01F ...«

~ pristine/

2 /

o ‘ le) 10h

c L/60h m 2 e 1h
S o - .
B f =

R % - .
o L L

a 0 60 120 180

integrated absorbance change

Figure 11. The water splitting reaction rate over the flux-prepared photoca-
talysts. H, (circles) and O, (squares) production rates were determined in the
absence of cocatalyst and plotted as a function of integrated IR absorbance
change, which was evaluated from the spectra depicted in Figure 9. The
dashed lines are for eye guidance. Aqueous suspension of the photocata-
lysts was irradiated in an inner irradiation vessel with a 400 W high-pressure
Hg lamp. Reprinted with permission from ref. [58]. Copyright 2018 American
Chemical Society.
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tion increased and its fraction contributed to the reaction
decreased.

The water splitting rate was also related to the electron-
hole recombination rate in the pristine and seven photocata-
lysts doped with Ca, Ba or La.*® With four of the eight photo-
catalysts, the recombination rate was observed and already de-
picted as IR absorbance change in Figure 3. Absorbance
change at a time delay of 10 ps relative to that at zero delay,
Aabs(10 ps)/Aabs(0), provided a measure of the recombination
rate. A large Aabs(10 us)/Aabs(0) indicated slow recombina-
tion. Cation doping examined here increased Aabs(10 ps)/
Aabs(0). The H, production rate over the four photocatalysts is
plotted in Figure 12 as a function of Aabs(10 us)/Aabs(0), to-
gether with the other four photocatalysts evaluated in the
same manner.

|
= 1F Sr, 0.5%
©
€
€
o
2 G
© Ba, 2%,6
s S 2%e”
) 7
E la, 2% e ®B31%
o) 7/
I ot
= Ca, 2%.® ®Ca, 5%
pristine
1
0 0.5

Aabs(10 us) / Aabs(0)

Figure 12. H, production rate over eight solid-state-prepared photocatalysts.
H, production rate was determined in the absence of cocatalyst and plotted
as a function of Aabs(10 ps)/Aabs(0), which was evaluated from the absorb-
ance decay given in Figure 3. The dashed line is for eye guidance. Aqueous
suspension of the photocatalysts was irradiated in an inner irradiation vessel
with a 400 W high-pressure Hg lamp. Reprinted with permission from

ref. [36]. Copyright 2009 American Chemical Society.

In Figure 12, six of the photocatalysts (blue circles) present-
ed a linear relation along the dashed line, suggesting that a
common fraction of excited electrons contribute to H, produc-
tion. The other two photocatalysts (red squares), the pristine
one and the one doped with Sr (0.5 mol%), exhibited a higher
electron-to-H, conversion efficiency than the other six. Cation
doping of 2-5mol% induced surface restructuring with
10 nm-length steps and decreased the conversion efficiency si-
multaneously. The restructured surfaces were possibly poor
catalysts for the hydrogen evolution reaction in the absence of
a cocatalyst. Double edges of cation doping were again
demonstrated.

9. Summary and Perspectives

This Minireview is devoted to the consideration of why doping
with metal cations increased the quantum efficiency of water
splitting reactions over NaTaO; photocatalysts. Infrared absorp-
tion of band-gap-excited photocatalysts evidenced that suc-
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cessful doping reduced the electron-hole recombination rate
and the steady-state population of charge carriers accordingly
increased. In-depth studies using Raman spectroscopy, X-ray
diffraction, extended X-ray absorption fine structure and scan-
ning transmission electron microscopy were focused on Sr cat-
ions incorporated thorough solid-state, flux, and hydrothermal
reactions. The recombination rate was found to be reduced
when Ta cations in the host lattice were exchanged with Sr cat-
ions. Sodium cations were simultaneously exchanged to bal-
ance the cationic and anionic charges with no need for creat-
ing oxygen anion vacancies. NaTaO;-Sr(Sr,;3Ta,5)O; solid solu-
tion was formed as a product of the simultaneous doping with
one element. In addition to doping the proper sites, the intra-
particle distribution of Sr cations played an essential role to
reduce the recombination rate. Strontium cations segregated
to produce graded composition from the Sr-rich surface to Sr-
poor core. The bottom of the conduction band was raised at
the Sr-rich surface and excited electrons were driven to the Sr-
poor core, leaving holes at the surface. However, the excessive-
ly graded composition decreased the fraction of charge carriers
to contribute to the surface reaction. This hypothesis has been
mostly evidenced with experimental results and supplemented
with a limited number of assumptions.

Charge carrier separation at step or graded junctions is
widely known in semiconductor devices. The hypothesis claim-
ed that graded junctions spontaneously appeared at the sur-
face of NaTaO;-5Sr(Sr,;5Ta,;)O; particles and enhanced the
water splitting reaction rate. The hypothesis, once received, in-
spired us to design graded junctions at the surface of photoca-
talyst particles or thin films. Actually, photoexcited electron
population in KTaO; photocatalysts was enhanced by Sr
doping and interpreted with similar graded junctions.”” The
thickness of surface layers to be designed is in the order of
10 nm, characterized by the light penetration depth for band-
gap excitation. In addition to the hypothesized charge separa-
tion at graded junctions, surface reaction centers on NaTaO,
should be investigated in coming studies.®”

Finally, I would like to address extension to other doping el-
ements. The studies reviewed herein were focused on doping
with Sr cations. Doping with Ca or Ba cations are also effective
to increase quantum efficiency (Table 1). NaTaO;-M(M,5Ta,/;)O5
solid solutions with graded distribution of M cations (M=Ca or
Ba) are probably present and responsible for the increased effi-
ciencies. The additional Raman band at 860 cm™' was found as
expected and assigned to B-site substitution as an indicator of
the increased electron population, in photocatalysts doped
with Ca or Ba cations.®” Simultaneous doping with Ca cations
in KTaO; was further evidenced by X-ray fluorescence hologra-
phy.®? An interesting issue to consider is the doping sites of
La cations, although simple A-site substitution is thought to
occur and supported by an EXAFS study.®@ Onishi and co-
workers® recently recognized a Raman band at 840-860 cm ™
on solid-state-prepared photocatalysts doped with La cations.
The Raman band provided a sign of the cubic symmetry locally
broken down around some TaOg octahedra. It should be con-
sidered whether the locally broken symmetry does or does not
suggest B-site substitution by La cations.
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