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ABSTRACT: Electron—hole recombination always competes with desired
reactions on semiconductor photocatalysts. Reducing recombination proba-
bility is essential for increasing the quantum efficiency of the reactions.
Previous studies demonstrated that doping with lanthanoid or alkaline-earth
metal cations reduced recombination probability in NaTaO; photocatalysts
for artificial photosynthesis. The motivation behind this study was to reveal
how the guest metal cations reduced recombination probability. NaTaO;
photocatalysts were doped with Sr cations through crystallization in molten
NaCl flux to produce 50—100 nm sized particles of NaTaO;—Sr(Sr;/3Ta,,3)-
O; solid solution. Intraparticle distribution of Sr cations was sensitive to
immersion time in the hot flux with a fixed Sr concentration of 2 mol %
relative to Ta. Extended immersion for 60 h resulted in a homogeneous Sr
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distribution. Curtailed immersion for 1 h yielded particles capped with a 3 nm thick Sr-accumulated layer. The population of
electrons bandgap-excited under Hg—Xe lamp irradiation was enhanced in the 1-h immersed photocatalyst by 160 times relative
to that in a Sr-free NaTaOj photocatalyst. In the 60-h immersed photocatalyst, population enhancement was not more than 9
times. We interpreted the large population enhancement in the 1-h immersed photocatalyst with a concentration gradient of Sr
cations from the surface to bulk. The concentration gradient induced an energy gradient of conduction-band minimum.
Photoexcited electrons were driven on the energy gradient to be separated from holes. The overall water splitting reaction rate
was evaluated on the photocatalysts to show a 4-times enhancement on the 1-h immersed photocatalyst relative to the rate on
the Sr-free photocatalyst. The reaction-rate enhancement less than the electron population enhancement was ascribed to a
limited fraction of electrons overriding the energy gradient and returning back to the surface.

KEYWORDS: photocatalysis, electron—hole recombination, perovskite structure, solid solution, solar energy conversion

1. INTRODUCTION

Visible-light sensitivity and high quantum efficiency are
simultaneously required to achieve artificial photosynthesis
on a practical scale. Single-element doping has been frequently
used to sensitize wide-bandgap semiconductors to visible light.
Multielement doping facilitated by solid solution formation has
further been examined,'™® where cation and anion charges
were balanced with no need to create ion vacancies. A recent
study” demonstrated LaTaON,—La(Mg,/;Ta,,3)O; solid
solutions operable at 600 nm for photocatalytic overall water
splitting. However, quantum efficiency was still limited to
0.03% at 440 nm. Electron—hole recombination enhanced by
doping can be a major reason for the limited efficiency, since
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guest elements can result in impurities in the host semi-
conductor crystals.

Kudo and co-workers found a route to avoid doping-induced
recombination. They developed NaTaO; photocatalysts doped
with lanthanoid'®"" or alkaline-earth metal'*~"* cations.
Apparent quantum efficiency for the overall water splitting
reaction increased to 50% or more by doping with the metal
cations. Onishi and co-workers'>'® then showed electron—
hole recombination that was limited by doping La**, Ca**, Sr**,
or Ba®" cations. Their recent studies'’~'” were focused on Sr-
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doped NaTaO; to reveal formation of NaTaO;—Sr-
(Sr;/3Ta,,3) O; solid solutions. This solid solution is recognized
as NaTaO; doubly doped with one element; A-site cations
(Na*) and B-site cations (Ta%") in the perovskite-structured
lattice are simultaneously doped with Sr** cations. They further
proposed that the electron—hole recombination rate is
controlled by the Sr concentration gradient in photocatalyst
particles. A gradient from Sr-rich surface to Sr-poor core was
spontaneously created in photocatalyst preparation through
the solid-state reaction. The concentration gradient of the Sr
cations occupying the B site induced the energy gradient of
conduction-band minimum. Bandgap-excited electrons were
driven by the energy gradient to be separated from holes.

The motivation behind the present study was to test this
hypothesis for increasing excited electron population and thus
photocatalytic activity. The wide bandgap of NaTaO; (4 eV)
limits the viability of this particular compound for artificial
photosynthesis. However, an efficient scheme of doping, once
established in NaTaO;, can be applied to a broad range of
solid-solution photocatalysts intentionally equipped with
composition gradient.

Photocatalysts doped with Sr cations were prepared in
molten NaCl flux. Extended immersion for 60 h in the hot flux
yielded photocatalyst particles with a homogeneous Sr
distribution. Curtailed immersion for 1 h produced particles
capped with a 3 nm thick, Sr-accumulated layer. By capping
with the accumulated layer, the electron population excited
under Hg—Xe lamp irradiation was enhanced by 160 times
relative to the population in Sr-free NaTaO; Population
enhancement remained 9 times higher in the 60-h immersed
photocatalyst with the homogeneous Sr distribution. The
population enhancement sensitive to the presence or absence
of the Sr-accumulated surface layer, which should have
produced a concentration gradient of Sr cations, as expected

on the hypothesis.

2. EXPERIMENTAL SECTION

2.1. Photocatalysts Preparation. Strontium-doped
NaTaO; photocatalysts, hereafter referred to as Sr-NTO,
were prepared in NaCl flux. Crystallization in molten flux is a
useful method for preparing particles’®™** and films***” of
NaTaOj; and related materials functional in photocatalysis.

Na,CO; (99.8%, Kanto), Ta,0s (99.99%, Rare Metallic)
and SrCO; (99.9%, Kanto) were mixed with NaCl (99.5%,
Wako). The Sr/Ta ratio in the mixture was adjusted to 2 mol
% with a Na,CO;/Ta,05 molar ratio of 1.05. A fraction of
NaCl flux was set at 50 wt % relative to the mixture. The
mixture was placed in four alumina crucibles and heated at
1423 K for 1, 10, 20, or 60 h to produce photocatalysts with
different immersion times, 1h-Sr-N'TO, 10h-Sr-NTO, and so
on. Another mixture without SrCO; was heated at 1423 K for
10 h to produce Sr-free NaTaO;, NTO. The heated mixtures
were washed with water to remove excess NaCl. Sr-NTOs
thereby prepared were chemically etched when necessary. Sr-
NTO photocatalysts to be etched (0.25 g) were stirred in an
aqueous HF solution (10 wt %, Wako) of 3 mL for 10 min at
room temperature and then washed with water until the pH of
the washing fluid was maintained at 7.

2.2. Photocatalysts Characterization. The chemical
composition and crystallographic phase of the prepared
photocatalysts were checked with an energy dispersive X-ray
fluorescence spectrometer (Shimadzu, EDX-720) and an X-ray
diffractometer (Rigaku, SmartLab). The size and shape of
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particles were evaluated by a scanning electron microscope
(Hitachi High-Technologies, S-4800). Light absorption spectra
of the photocatalysts were observed with a spectrometer
(Jasco, V-570) equipped with an integration sphere. Raman
scattering was observed in air using a spectrometer (Jasco,
NRS-7100) with an excitation wavelength of 532 nm. X-ray
absorption spectra of 10h-Sr-NTO were determined in BL-
12C of Photon Factory with a Si(111) double crystal
monochromator. An ion chamber with a half mixture of Ar
and N, was used to detect incident X-ray intensity. Sr K edge
absorption spectra were accumulated in the fluorescence mode
using a 19-element solid-state detector. Energy dispersive X-ray
mapping was conducted in a transmission electron microscope
(FEL, TITAN® G2 60—300) equipped with a Si drift detector
(FEL super-X) and imaging software (Bruker, Esprit).

Infrared light absorption induced by ultraviolet (UV) light
irradiation was observed to evaluate the steady-state
population of photoexcited electrons that had not yet
recombined. Photocatalyst particles were suspended in water
to a weight concentration of 3 g L™". 0.5 mL of the suspension
was transferred to a CaF, plate and dried at room temperature
for 20 h in air. The transmission IR absorption spectrum of the
dried plate was obtained under a vacuum of 10 Pa with a
Fourier-transform spectrometer (_]asco, FT/ IR610) in the
presence and absence of UV light irradiation provided by a
200-W Hg—Xe lamp (San-ei Electric, UVS-204S). Light power
at wavelengths of shorter than 370 nm was 60 mW cm™? in the
full spectrum of radiation. The rate of overall water splitting
reaction was determined with photocatalyst of 0.5 g suspended
in pure water and irradiated with a 400 W high-pressure Hg
lamp. Evolved H, and O, were quantified by gas chromatog-
raphy.

3. RESULTS AND DISCUSSION

3.1. Chemical Composition. Bulk composition of 1h-Sr-
NTO, 10h-Sr-NTO, 20h-Sr-NTO, and 60h-Sr-NTO was
examined. X-ray fluorescence results are summarized in Figure
1. Sr Ka spectra of the four St-NTOs were identical as shown
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Figure 1. X-ray fluorescence spectra of Sr-NTOs. Panel A shows the
Sr Ka spectra of (a): 1h-Sr-NTO, (b) 10h-Sr-NTO, (c) 20h-Sr-NTO,
and (d) 60h-Sr-NTO. Panel B presents spectra appearing in the
energy range of 2.3—3.3 keV. Spectrum e was observed on NaCl. A
Sr-free NaTaO; photocatalyst synthesized via the solid-state method
presented spectrum f. Signal intensity was normalized to that of Ta La
emission in each object other than NaCl.

in panel (A). The integrated intensity of the Sr Ka emission
was normalized to that of Ta La emission to evaluate the Sr/
Ta molar ratio. The evaluated ratio fell in a narrow range of 2.0
+ 0.1 mol % indicating that the Sr concentration was
insensitive to heating time. Strontium cations in the starting
material were fully incorporated into the calcined photo-
catalysts.

Another issue to be examined is possible contamination of
Cl from the flux. Cl Ko emission would appear at 2.6 keV, if

DOI: 10.1021/acscatal.80b02437
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contaminated. As recognized in two representative spectra of
1h-Sr-NTO and 60h-Sr-NTO, which are shown in panel B,
weak signals appeared at 2.70, 2.83, and 2.95 keV. The triple-
peaked spectrum disagreed with Cl Ko emission of NaCl with
one major peak at 2.62 keV. Hence the absence of Cl was
concluded in our photocatalysts. A Sr-free NaTaO; prepared
through the solid-state method, where NaCOj; and Ta,O; were
heated at 1173 K for 1 h and then 1423 K for 10 h in the
absence of the flux, presented the triple-peaked spectrum. This
supports Cl-free composition of St-NTOs, since the solid-state
prepared NaTaO; has no chance of Cl contamination.

3.2. Crystallographic Phase. A single perovskite-struc-
tured phase was checked and confirmed by X-ray diffraction.
Figure 2A shows diffraction patterns of the flux-prepared Sr-
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Figure 2. X-ray diffraction patterns of (a) NTO, (b) 1h-Sr-NTO, (c)
10h-Sr-NTO, (d) 20h-Sr-NTO, and (e) 60h-Sr-NTO. Panel A shows
peaks in the range 10—80° and panel B presents shifts of the peak at
32.4—32.5°. Diffraction patterns in parts A and B are normalized to
that peak.

NTOs and NTO. The peak position and relative intensity of
diffraction peaks were similar on the five photocatalysts and
consistent with the diffraction patterns of perovskite-structured
NaTaO; observed in earlier studies.””

Shifts of the peak at 26 = 32.4—32.5° are shown in panel B.
1h-Sr-NTO presented a broadened peak with no shift from the
peak of NTO. The broadened diffraction suggests a reduced
size of the photocatalyst particles, which is confirmed with
scanning electron micrographs in the following subsection.
Uneven Sr distribution in the particles should also have
induced inhomogeneous lattice spacings to broaden diffraction.
By extending immersion time to 10, 20, and 60 h, the peak
became less broadened. It is natural that extended immersion
induced more homogenized composition and homogeneous
lattice spacings in each particle.

The center of the peak slightly shifted to low angles in peaks
¢, d, and e, suggesting lattice expansion. Lattice expansion
induced by doping with Sr cations is not surprising. Our earlier
study'” evidenced NaTaO;—Sr(Sr,/3Ta,/3)O; solid solutions
formed by doping thorough the solid-state method. In the solid
solutions, a finite fraction of Ta>" at B sites in the perovskite-
structured lattice was doped with Sr** in spite of their different
ionic radii, 0.06 nm of Ta%" and 0.12 nm of Sr**.*’ Doping
small Ta®>" with large Sr** caused the lattice to expand.

3.3. Particle Shape. Figure 3 shows scanning electron
micrographs of the flux-prepared photocatalysts. Micrometer-
sized cubic primary particles with round corners were
produced in the absence of Sr (image a). The size of the
primary particles was reduced to 50—100 nm by doping at 2
mol % while insensitive to immersion time (images b—e).

One characteristic feature is the smooth surface of Sr-NTO
particles. When NaTaO; was doped with Sr cations through
the solid-state reaction, regularly separated ten-nanometer-
length steps appeared over the particle surface.'* The surface
restructuring with regular steps was later interpreted with
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Figure 3. Scanning electron micrographs of (a) NTO, (b) 1h-Sr-
NTO, (c) 10h-Sr-NTO, (d) 20h-Sr-NTO, and (e) 60h-Sr-NTO.

core—shell structured solid solution."” A Sr-rich shell formed in
a heteroepitaxial manner over a Sr-poor core. The regularly
separated steps spontaneously appeared to correct the lattice
mismatch at core—shell boundaries. The smoothly truncated
particles suggested lattice mismatch insufficient to induce
surface restructuring on the flux-prepared Sr-NTO particles.

3.4. Elemental Mapping. Figure 4 shows a set of scanning
transmission electron microscope (STEM) images of 1h-Sr-
NTO. A particle with a side length of 150 nm was present in
the center of the annular dark field image shown in panel a.
The upper corner of the particle is zoomed to recognize Ta
atom columns in panel b. Lattice distortion with twins or
dislocations is absent to indicate a well-crystallized character of
the particle even doped with Sr cations.

A set of element maps were acquired in a portion marked
with the square in image a. The principal elements, Ta, O and
Na, presented homogeneous distributions from the bulk to the
surface of the particle, as depicted in the four panels in part c.
Strontium exhibited an inhomogeneous distribution with an
accumulated layer capping the surface, in contrast to the
principal elements. The thickness of the Sr-accumulated layer
was 3 nm as deduced in the line profiles d. Energy dispersive
X-ray spectra observed in and out of the accumulated layer are
available in Supporting Information (Figure S1).

The extensively immersed photocatalyst, 60h-Sr-NTO, was
similarly characterized, and it presented a homogeneous Sr
distribution. A set of element maps with line profiles are shown
in Figure S2. The Sr-accumulated layer was present on 1h-Sr-
NTO and absent on 60h-Sr-NTO. This set of results indicates
that the homogeneous distribution is thermodynamically
favorable, while surface accumulation of Sr cations is kinetically
favorable. When Na,O (produced from NaCO;), Ta,0s, and
SrO are completely dissolved in NaCl flux at 1423 K, and Sr-
containing NaTaOj is crystallized during cooling, we find no
reason to produce 1h-Sr-NTO and 60h-Sr-NTO with different
Sr distributions. It is suspect that SrO solid particles remain in
the hot flux, while the other two oxides are dissolved and
produce Sr-free NaTaOj; particles. This is a reasonable
conclusion since the melting point of SrO (2804 K)™ is
higher than those of Na,O (1407 K),* Ta,O; (2148 K),”" and
NaTaO; (2083 K).>' Strontium cations then transport from
solid SrO to NaTaOj; particles through the flux. The Sr-
accumulated layer was thereby produced on the surface of 1h-
Sr-NTO particles. When SrO solid is exhausted in the crucible,
the one-way transport of Sr cations is complete, and Sr
distribution starts to be homogenized in each particle. In a
similar manner, Sr cations are expected to be accumulated on

DOI: 10.1021/acscatal.80b02437
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http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b02437/suppl_file/cs8b02437_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b02437/suppl_file/cs8b02437_si_001.pdf
http://dx.doi.org/10.1021/acscatal.8b02437

ACS Catalysis

Research Article

@,
€| oTg 3nm
£|eom
o - Yo
'~
N
©
£
=
o
z L] T
0 5 10 15 20 25
X Distance / nm Y

Figure 4. Scanning transmission electron micrographs of 1h-Sr-NTO.
(a) Annular dark field image of particles. (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 the white square in
part a. (d) X-ray count profiles along line X—Y.

the surface of 10h-Sr-NTO and 20h-Sr-NTO according to the
immersion time between the two extremes, 1 and 60 h.

3.5. Raman Scattering. We interpreted the low-angle
shifts of the diffraction peak with B-site doping in 3.2. Raman
spectra of the photocatalysts are shown in Figure 5 to support
B-site doping in Sr-NTOs. Three bands at 450, 500, and 620
cm™! are attributed to Raman-active lattice vibration of the
NaTaO; host lattice.®* The four Sr-NTOs exhibited an
additional band at 860 cm™'. In our earlier study,'” the 860
cm™! band was assigned to the breathing vibration of TaOjq
octahedra in NaTaO;—Sr(Sr;/3Ta,/3)O; solid solution. This
mode of vibration possesses A;, symmetry and cannot
contribute to Raman scattering in a cubic, perovskite-
structured lattice because of symmetry restriction. In the
solid solution, TaO4 octahedra lose the cubic symmetry to
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Figure S. Raman spectra of the flux-prepared photocatalysts: (a)
NTO, (b) 1h-Sr-NTO, (c) 10h-Sr-NTO, (d) 20h-Sr-NTO, and (e)
60h-Sr-NTO. Intensity was normalized at 620 cm ™.

produce the 860 cm™' band when neighbored by SrOg
octahedra. Hence the 860 cm™'-band in spectra a—d was
evidence of B-site doping in Sr-NTOs.

The 860 cm™ band gradually weakened with immersion
time from 1 to 60 h. This suggests a reduced number of Sr
cations at B sites with immersion time, since 860 cm™' band
intensity was nearly proportional to Sr concentration in Sr-
doped NaTaOj prepared through the solid-state method."” We
assumed that extended immersion produced a homogeneous
and stoichiometric NaTaO;—Sr(Sr,/3Ta,;,3)O; solid solution.
The 860 cm™" band strengthened in 1h-Sr-NTO suggested a
larger number of Sr cations occupying the B site than expected
in the stoichiometric solid solution. Strontium concentration
averaged over particles remained as 2.0 #+ 0.1 mol % regardless
of immersion time as described in 3.1. To accommodate more
Sr cations at the B site, the composition of the solid solution
should deviate from the stoichiometry.

3.6. X-ray Absorption. The local environment of Sr
cations accommodated in 10h-Sr-NTO was examined with
extended X-ray absorption fine structure (EXAFS) at the Sr K
edge. The k*>-weighted absorption spectrum observed at 3—11
A~'is shown in Figure 6a. For reference, the spectrum of a Sr-
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Figure 6. Extended X-ray absorption fine structure at Sr K edge. (A)
k*-weighted absorption spectrum and (B) radial distribution function.
(a) 10h-Sr-NTO and (b) Sr-doped NaTaO; photocatalyst prepared
through the solid-state method." Distribution peaking at 1.4 and 2.0
A is marked with broken lines. The k range in Fourier transform was
3-11 A7

doped NaTaO; photocatalyst (Sr concentration: 2.1 mol %)
prepared through the solid-state reaction is shown together,
which the authors previously reported.'” The two k*-weighted
spectra were identical. The radial distribution functions, which
were given by Fourier transform of the k*-weighted spectra,
were hence identical. These results indicate the local
environment of Sr cations were identical in the two
photocatalysts prepared in the different methods.

In the solid-state prepared pl’lotocatalyst,19 two Sr—O shells
were observed. One small shell with a Sr—O length of 1.96 A
corresponds to SrOg4 octahedra with Sr cations occupying the B
site, Sr(B). The other large shell with a Sr—O length of 2.60 A
corresponds to SrO,, cuboctahedra with Sr cations at the A

DOI: 10.1021/acscatal.80b02437
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site, Sr(A). The radial distribution functions shown in Figure
6B peaked at 1.4 and 2.0 A corresponding to the small and
large shells, respectively. The apparently reduced Sr—O lengths
were caused by phase shifts in electron scattering. This
assignment of Sr—O shells confirmed the formation of a
NaTaO;—Sr(Sry/3Ta,,3)O; solid solution in 10h-Sr-NTO.
Additional peaks at 2.5—3.5 A in the radial distribution
functions were ascribed to Sr(A)—Ta and Sr(B)—Na shells.

The near-edge structure (XANES) of 10h-Sr-NTO and the
solid-state prepared photocatalyst are shown in Figure S3.
They are identical with each other being consistent with the
EXAFS results.

3.7. Photoexcited Electron Population. The steady-
state population of photoexcited electrons was enhanced by
doping with Sr cations. Figure 7(A) shows the change in the IR
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Figure 7. IR absorption change induced by UV light irradiation: (a)
NTO, (b) 1h-Sr-NTO, (c) 10h-Sr-NTO, (d) 20h-Sr-NTO, and (e)
60h-Sr-NTO. UV light absorption spectra of parts a, b, and e are
shown in the inset.

absorbance spectra induced by UV light irradiation. The four
Sr-NTOs and NTO presented positive absorbance-changes
increased monotonically with decreasing wavenumber from
6000 to 900 cm™'. This monotonic IR absorption spectrum
was assigned to excitation of bandgap-excited electrons not yet
recombined, following earlier studies conducted on Ta-
containing photocatalysts, NaTaO;"*~"” and K;Ta;B,0,,.”’

Absorbance change was integrated in the range of 6000—900
cm™ to quantify the steady-state population of photoexcited
electrons. Absorbance change was most enhanced on 1h-Sr-
NTO. The enhancement relative to the absorbance change of
NTO was 160 times. Electron—hole recombination was limited
in 1h-Sr-NTO accordingly. Infrared absorption was observed
on photocatalysts placed in the vacuum, where surface
reactions consuming photoexcited electrons or holes were
absent. The rate of electron—hole recombination was balanced
with the rate of electron—hole excitation. In the weak
excitation extreme, where one electron and one hole are
excited in one particle, the recombination rate is proportional
to the population of electrons not yet recombined. The first-
order rate constant of recombination is inversely proportional
to the steady-state population of excited electrons detected by
IR absorption.

Doping with Sr** cations in NaCl flux effectively increased
electron population as has been achieved by doping through
the solid-state reaction. With the solid-state reaction, a
maximum enhancement of 180 times was observed at a Sr
concentration of 1.8 mol %.'” Doping in the flux as well as in
the solid-state reaction provided population enhancements by
more than 2 orders of magnitude. Doping via the hydrothermal
reaction, by contrast, caused no population enhancement."”
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The important issue here is IR absorbance-change sensitivity
to immersion time in the flux. Integrated absorbance change
decreased from 160 on 1h-Sr-NTO to 75 on 10h-Sr-NTO, 43
on 20h-Sr-NTO, and eventually 9 on 60h-Sr-NTO, in the unit
of the absorbance change on NTO. Absorbance change in 60h-
Sr-NTO was smaller by 17 times than that in 1h-Sr-NTO. This
systematic reduction demonstrates excited electron population
sensitive to immersion time, i.e., sensitive to how Sr cations are
distributed in each particle. Particle-averaged Sr concentration
was insensitive to immersion time (Figure 1). Single
perovskite-structured phase was always present (Figure 2)
with B-site doping with Sr cations (Figures S and 6). The size
of the particles was unchanged with extended immersion
(Figure 3). As shown in the inset of Figure 7, 1h-Sr-NTO and
60h-Sr-NTO presented almost identical UV absorption spectra
indicating a fixed rate of excitation under lamp irradiation.
These properties cannot contribute to the electron population
sensitive to immersion time. Instead, elemental mapping with
STEM revealed a Sr-accumulated layer capping 1h-Sr-NTO
particles (Figure 4), which was absent on 60h-Sr-NTO.

The thickness of the accumulated layer was 3 nm. It may be
surprising that the single-nanometer scale architecture on 50—
100 nm sized particles enhanced the excited electron
population by more than 2 orders of magnitude. However,
the layer thickness was compatible to the penetration depth of
excitation light. The light source, a Hg—Xe lamp, provided
intense radiation at 254 nm. This wavelength is in the
absorption spectrum of bandgap excitation away from the
absorption edge. With photon energies sufficiently greater than
the bandgap energy of a semiconductor, electrons are directly
excited from the valence band to the conduction band with no
change in momentum. Absorption coeflicient increases to the
order of 10° m™" at these photon energies.”* The penetration
depth at 254 nm is hence estimated to be on the order of 10
nm, though the absolute number of the absorption coeflicient
is unknown on NaTaOQ;. Electrons and holes were created in
or near the accumulated layer where the number of Sr cations
occupying the B site was reduced from the surface to bulk.

In the NaTaO;—Sr(Sr;/;Ta,,;)O;5 solid solution, SrOg
octahedra are embedded in the network of the TaOg4 octahedra
by doping. The embedded SrOg octahedra hinder the overlap
of the Ta 5d orbitals, which narrows the conduction band with
the upward shift of the band minimum. The concentration
gradient of the Sr cations induces the energy gradient of the
conduction band minimum. Bandgap-excited electrons are
driven by the energy gradient to be separated from the
complementary holes. We now apply this hypothesis to the Sr-
accumulated layer on 1h-Sr-NTO as illustrated in the TOC
graphic. The hypothesized upward shift of the conduction
band minimum was estimated to be 0.1 eV or less. The
absorption edge shifted by 5—10 nm on Sr-NTOs relative to
Sr-free NTO according to the UV absorption spectra as shown
in the inset of Figure 7. An absorption edge shift by 10 at 300
nm represents a bandgap broadened by 0.1 eV.

3.8. Response to HF Etching. Two photocatalysts, 1h-Sr-
NTO and 60h-Sr-NTO, were chemically etched in the HF
solution for 10 min at room temperature to further support the
key role of the Sr-accumulated layer. The 3 nm thick layer of
1h-Sr-NTO should have been removed by etching, whereas
60h-Sr-NTO with the homogeneous Sr distribution experi-
enced no change other than reducing particle size. Photo-
excited electron population are expected to be sensitive to
etching on 1h-Sr-NTO and insensitive on 60-Sr-NTO.
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Etched 1h-Sr-NTO is characterized as shown in Figure 8. Sr
Ka fluorescent X-ray intensity decreased by 6% and the 860
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Figure 8. 1h-Sr-NTO etched with the HF solution. (A) X-ray
fluorescence spectra of (a) unetched and (b) etched photocatalysts.
Intensity was normalized to that of Ta La emission. (B) Raman
spectra of (a) unetched and (b) etched photocatalysts. Intensity was
normalized at 620 cm™. (C) Scanning electron micrograph of the
etched photocatalyst. (D) IR absorbance change induced by UV-light
irradiation on (a) unetched and (b) etched photocatalysts.

cm™! band in Raman scattering weakened, as shown in panels
A and B. Fluorescent X-ray and Raman scattering are bulk-
sensitive probes to quantify particle-averaged concentration of
total Sr cations and Sr cations placed at B sites, respectively.
The decreased signals provide a sign of the Sr-accumulated
layer removed by etching. Size change of photocatalyst
particles was not recognized in the scanning electron
micrograph (panel C). Steady-state population of electrons
excited by lamp irradiation was reduced as expected. Panel D
presents UV-induced IR absorbance change before and after
etching. Integrated absorbance change decreased from 160
(unetched) to 65 (etched), in the unit of the absorbance
change on NTO, to demonstrate that photoexcited electron
population was reduced by 60%.

60h-Sr-NTO was etched and characterized for reference. X-
ray fluorescence, Raman scattering and scanning electron
micrograph (Figure 9) were unchanged by etching. This is
because Sr cations were homogeneously distributed in
particles. Etching produced particles slightly smaller (not
detectable in the micrograph) than the originals with Sr
distribution unchanged. The steady-state population of photo-
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Figure 9. 60h-Sr-NTO etched with the HF solution. (A) X-ray
fluorescence spectra of (a) unetched and (b) etched photocatalysts.
Intensity was normalized to that of Ta-La emission. (B) Raman
spectra of (a) unetched and (b) etched photocatalysts. Intensity was
normalized at 620 cm™". (C) Scanning electron micrograph of etched
photocatalyst. (D) IR absorbance change induced by UV-light
irradiation on (a) unetched and (b) etched photocatalysts.
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excited electrons, which was quantified by integrated IR
absorbance change, changed only slightly from 9 (unetched) to
17 (etched). The absolute decrease from 160 to 65 on etched
1h-Sr-NTO was much larger than the absolute increase on
etched 60h-Sr-NTO. These observations support the scheme
of electron population controlled by the presence or absence of
the Sr-accumulated layer on photocatalyst particles.

3.9. Water Splitting Activity. Water splitting activity was
finally evaluated by detecting H, and O, produced under UV
light irradiation from a Hg-lamp of 400 W in the absence of
cocatalyst. The amount of gas production is plotted in Figure
S4 as a function of irradiation time up to 16 h. The gas-
production rate was deduced from the figures and summarized
in Table 1. Sr-free NTO showed the lowest production rates.

Table 1. H, and O, Production of the Flux-Prepared
Photocatalysts”

Production rate/umol h™!

Photocatalyst H, 0, H,/0, ratio
NTO 11 2.8 39
1h-Sr-NTO 39 13 3.0
10h-Sr-NTO S5 22 2.5
20h-Sr-NTO 123 52 2.4
60h-Sr-NTO 44 16 2.8
La-doped NaTaO, 392 183 2.1

“Cocatalyst was not loaded. The rates on a solid-state prepared
NaTaO; doped with La cations at 2 mol % are shown for reference.

Rates on Sr-NTOs increased with immersion time in the order
of 1, 10, 20 h and decreased on 60h-Sr-NTO. 20h-Sr-NTO was
most active H, and O, production rates enhanced by 11 and
19 times relative to those on the Sr-free NTO. The absolute
rate on 20h-Sr-NTO was 31% (H,) and 28% (O,) of that
observed on a solid-state prepared NaTaO; doped with La
cations at 2 mol % as a reference.

Here we consider the relationship of gas production rates
and photoexcited electron population. Electron population was
quantified in a vacuum by integrating IR absorbance change
(Figure 7). An equal number of holes should have been
present in the photocatalyst, though the holes were invisible in
IR absorption. Figure 10 shows gas production rates of the five
flux-prepared photocatalysts as a function of integrated IR
absorbance change, i.e., the population of electrons or holes.
Two Sr-containing photocatalysts (60h-Sr-NTO and 20h-St-
NTO) exhibited production rates nearly proportional to
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Figure 10. H, and O, production rate of the flux-prepared
photocatalysts. H, (circles) and O, (squares) production rates are
plotted as a function of integrated IR absorbance change in the unit of
the absorbance change on Sr-free NTO: (a) Sr-free NTO, (b) 1h-Sr-
NTO, (c) 10h-Sr-NTO, (d) 20h-Sr-NTO, and (e) 60h-Sr-NTO. The
broken lines are for eye guidance.
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integrated absorbance change, as depicted with broken lines in
the figure. The proportional relation suggests electron-to-H,
conversion efficiency and hole-to-O, conversion efficiency
insensitive to immersion time in the range of 20—60 h. 20h-Sr-
NTO split more water than 60h-Sr-NTO, simply because more
electrons and holes were present in the former than in the
latter.

This proportional relation broke down with 10h-Sr-NTO
and especially with 1h-Sr-NTO. These two photocatalysts
produced H, and O, less than expected on the broken lines.
Electron-to-H, and hole-to-O, conversion efficiency decreased
by reducing immersion time in the order of 20, 10, and 1 h.
The decreased conversion efficiency should be ascribed to
surface accumulation of Sr cations caused by curtailed heating.

The Sr-accumulated layer capping the photocatalyst particles
increased charge carrier concentration, but not necessarily
leading to higher water splitting rates. The highest rates were
achieved on 20h-Sr-NTO with a moderate gradient of Sr
concentration.

A possible band diagram of 1h-, 20h- and 60h-Sr-NTO
under the reaction condition is drawn in Figure 11. In 1h-Sr-

1h-Sr-NTO 20h-Sr-NTO 60h-Sr-NTO
thermal diffusion | water
CB ¢ —=> e'—/ e
slow less fast

N

fast l
recombination

h*

recombinati
VB

recombination

h+

o
surface

UV light penetration
depth, 10 nm

Figure 11. Band diagram of the Sr-NTO photocatalysts in water. CB:
conduction band. VB: valence band.

NTO, photoexcited electrons are driven into the bulk by
energy gradient of the conduction-band minimum. They are,
on the other hand, required to return to the surface to
contribute to the desired reaction. When the upward shift of
the conduction band is large enough relative to thermal energy
at room temperature, 25 meV, a major portion of electrons
remain in the bulk so as not to contribute to the reaction on
the surface.

In 20h-Sr-NTO with a small but finite gradient, excited
electrons are still driven to be separated from holes. The
upward conduction-band shift is not enough to repel the
electrons from the surface, nevertheless. The number of
electrons at the surface is consequently maximized in the series
of St-NTO photocatalysts examined in this study.

In 60h-Sr-NTO, the homogeneous Sr distribution provides
no energy gradient of the conduction-band minimum. Excited
electrons quickly recombine with complementary holes.

On the flux-prepared Sr-NTO photocatalyst, H,/O, molar
ratio, which should be 2 in the stoichiometric splitting reaction,
was 3.0—2.4 as summarized in Table 1. Consider origins of the
observed deviations from the stoichiometry, less O, production
than expected. Hole-consuming reactions to oxidize organic
compounds contaminating the photocatalyst surface is always
possible. The contribution of the undesired side reactions can
be relatively enhanced when the rate of water splitting reaction
is limited on 1h- and 60h-Sr-NTO as was observed. Partial
oxidation of water to produce hydrogen peroxide provides
another explanation. Water oxidation to O, requires four holes.
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A limited number of available holes is favorable for the partial
oxidation rather than the full oxidation to O,. The Sr-rich
surface of the photocatalysts may be a poor catalyst for the full
oxidation of water.

4. CONCLUSIONS

NaTaO; photocatalysts were doped with Sr cations through
crystallization in NaCl flux heated at 1423 K. Particles of
NaTaO;—Sr(Sr;,3Ta,,3)O0; solid solution were obtained.
Intraparticle distribution of Sr cations was sensitive to
immersion time in the hot flux with a fixed Sr concentration
of 2 mol % relative to Ta. Extended immersion for 60 h
resulted in the homogeneous Sr distribution in each particle.
Curtailed immersion for 1 h produced a 3 nm thick Sr-
accumulated layer capping the particles. The population of
bandgap-excited electrons under Hg—Xe lamp irradiation
increased with decreasing immersion time, ie., the largest
population (160 times enhancement relative to the population
in Sr-free NaTaOj,) in the 1-h immersed photocatalyst and the
smallest population (9 times enhancement) in the 60-h
immersed photocatalyst. We proposed an explanation for the
significant population enhancement in the 1-h immersed
photocatalyst with the concentration gradient of Sr cations
from the surface to bulk. The concentration gradient induced
an energy gradient of conduction-band minimum. Photo-
excited electrons were driven along the energy gradient to be
separated from holes. The overall water splitting reaction rate
was enhanced by 4 times on the 1-h immersed photocatalyst
relative to the rate on the Sr-free NaTaO;. The reaction-rate
enhancement less than the electron population enhancement
was ascribed to a limited fraction of electrons overriding the
energy gradient returning on the surface. Here we learned that
creating Sr concentration gradient in photocatalyst particles
had a double purpose: the total electron population increased,
and their fraction to contribute surface reactions decreased.
Optimizing the double edges of doping is required for rational
design of semiconductor photocatalysts highly efficient for
artificial photosynthesis.
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