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ABSTRACT: Aliovalent cation doping into a heterogeneous photo- 0,0, 10,0 g K.LaTa.0.N:Ga
catalyst affects several of its physicochemical properties, including its 350, 2 TETOT
morphological characteristics, optical absorption behavior, and charge AA Yovo T 4. %
carrier dynamics, causing a drastic change in its photocatalytic activity. =~ ©40,0 gy ©40,0 7 +

In the present work, we investigated the effects of aliovalent cation ofolo PEENYP ofolo o 301 +

doping on the visible-light H,-evolution photocatalytic activity of the ©.,%.° °°°° ;—: 20~ X
Ruddlesden—Popper layered perovskite oxynitride K,LaTa,O4N. The @4 = 7}6 ). € 10 g @ g T
photocatalytic activity toward H, evolution from an aqueous Nal : o g g = K,LaTa,OgN
solution was found to be enhanced by an increase in the specific ee eo . ‘0 1 2 3 4 5
surface area of the K,LaTa,O¢N photocatalyst, which could be KolaTa,ON  KolaTa,ON:M Reaction time / h

realized upon doping with lower-valence cations (e.g, Mg2+, AP, and

Ga*"). Among the dopants examined at 1 mol % doping, Ga resulted in the highest activity. The activity of the Ga-doped specimen
was further improved with increasing Ga concentration, where the maximal activity was obtained at 10 mol %, corresponding to an
apparent quantum yield of 2.7 + 0.4% at 420 nm from aqueous methanol. This number is the highest reported for a layered
oxynitride photocatalyst. In the Ga-doped K,LaTa,O4N, a trade-off was observed between the Ga concentration and the
photocatalytic activity. Although doping with Ga reduced the particle size of K,LaTa,O4N and suppressed undesirable charge
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recombination, it led to an enlarged bandgap, unsuitable for visible-light absorption.
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B INTRODUCTION

Solar-driven photocatalytic water splitting is an ideal method
for the generation of H, as clean chemical energy.' Recently,
the feasibility of overall water splitting with an external
quantum eficiency close to unity was demonstrated using Al-
doped SrTiO; further functionalized with H,/O,-evolving
cocatalysts.” However, its solar-to-hydrogen conversion
efficiency remains inevitably low (<0.8%) because of its wide
bandgap, although this is high among those reported for
photocatalysts that function under simulated sunlight. The
large bandgap exceeding 3 eV is an intrinsic issue encountered
in most metal oxide photocatalysts that are active toward
splitting pure water.” The more efficient utilization of solar
energy therefore requires the development of a visible-light-
responsive photocatalyst.

When nitride anions (N°7) are introduced into a metal
oxide, the valence-band edge is shifted negatively because the
N 2p orbital has higher energy than the O 2p orbital. This
situation results in bandgap narrowing, enabling the absorption
of visible light. For example, TaON,*™? SrTaOZN,6 BaTaO,N,’
LaTaON,,° GaN—ZnO solid solution,” and ZnGeN,—ZnO
solid solution'® have suitable band edge potentials straddling
the water reduction/oxidation potentials.

© 2025 The Authors. Published by
American Chemical Society
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Here, layered perovskite oxynitrides are promising candi-
dates for visible-light water splitting. Layered metal oxides,
especially those with a perovskite structure, are good
photocatalysts for UV-driven overall water splitting."' ™" In
general, however, layered perovskite oxynitrides are considered
metastable; thus, their synthesis is challenging.16 Moreover,
layered perovskite oxynitrides are sensitive to moisture, which
hinders their use in water-splitting systems.'® For example,
although the Ruddlesden—Popper (RP)-phase layered perov-
skite oxynitride Li,LaTa,O4N combined with a binuclear
Ru(II) complex is capable of reducing CO, into formate in a
nonaqueous environment under visible-light irradiation,'”
Li,LaTa,0O4N alone is not stable in aqueous solution. In
contrast, K,LaTa,O4N, another RP-phase layered perovskite
oxynitride, is stable even in aqueous solution and exhibits
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visible-light H, evolution activity without noticeable degrada-
tion.'"® However, its photocatalytic activity (i.e., apparent
quantum yield) is unsatisfactory.

The photocatalytic activity of 3D bulk-type perovskite
oxynitrides has been reported to be influenced by aliovalent
cation dopants."”™*® Metal-cation doping into an oxynitride
also occurs as a result of the formation of a solid solution; for
example, compared with pristine BaTaO,N, BaTaO,N-—
BaZrO; solid solutions (0 < Zr/Ta < 0.1 by mole) have
been shown to exhibit improved photocatalytic activity toward
H,/0, half-cell reactions under visible light.19 In general,
doping with lower-valence cations tends to positively affect the
photocatalytic activity of 3D perovskite oxynitrides toward
both H, and O, evolution, as exemplified by SrNbO,N,*’
SrTaOzN,Zl’22 LaTaON2,23 and BaTaO,N; 425 however,
doping higher-valence tungsten into BaTaO,N is an exception,
resulting in improved O, evolution activity.”® The formation of
Ta*" leads to lower photocatalytic activities of Ta-oxynitrides
such as Mg-doped BaTaO,N and Ga-doped SrTaO,N for O,
evolution from aqueous AgNO; with the aid of a CoO,
cocatalyst.”** The ideal oxidation state of Ta in the Ta-
oxynitrides is 5+, and reduced Ta* (and/or Ta**) was found
to be generated during its nitridation from the oxide precursor
to the corresponding oxynitride. The thus-produced reduced
Ta species act as recombination centers, lowering not only the
photocatalytic activity toward O, evolution® but also that
toward H, evolution.””*® Lower-valence cation doping has also
been shown to be effective for improving the activity of the
oxysulfide Y, Ti,0,S, toward H, evolution under visible light.29

Cation doping to improve photocatalytic activity is much
more common in metal oxides than in oxynitrides, and not
only electronic effects such as valence/defect control’”’' but
also morphological effects have been reported.”"** For
example, in SrTiO;, the formation of the reduced Ti species
(i.e, Ti**), which acts as a recombination center, was found to
be suppressed by the intentional introduction of oxygen
vacancies accompanied by AI*" doping, resulting in an
enhancement of the photocatalytic activity.”” However, the
particle size of La-doped NaTaO; was observably smaller
(approximately 0.1—0.7 ym) than that of undoped NaTaO,
(approximately 2—3 ym).* In addition, doping of Bi** into the
Ta sites of NaTaO; has been reported to change the crystal
phase and reduce the bandgap, leading to enhanced H,
evolution activity.”*

Thus, doping of aliovalent cations into photocatalysts
induces several effects, including changing the valence state
of the parent cations as well as the morphology and crystal
structure of the photocatalyst. However, how the cation doping
influences such physicochemical properties and the photo-
catalytic activity of layered perovskite oxynitrides remains
unclear. In the present study, we doped several aliovalent metal
cations into K,LaTa,O¢N to understand how its photocatalytic
activity is influenced by cation doping. The photocatalytic
activity of K,LaTa,O¢N toward H, evolution has been
reported to be improved by temperature control during the
synthesis of the precursor oxide™® as well as by interlayer
modification of organic molecules.”

Here, we demonstrate that doping of metal cations into
K,LaTa,0O¢N is not only another effective strategy for
improving its photocatalytic activity but also imparts the
doped K,LaTa,O4N with physicochemical properties that
differ from those of doped bulk-type oxynitrides. A unique
relationship between the physicochemical properties of the
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doped K,LaTa,O¢N and their photocatalytic activities, which
is distinct from those already reported in 3D-bulk perovskite
oxynitride photocatalysts, is reported.

B EXPERIMENTAL SECTION

Materials. Cs,CO; (>99.5%; Kanto Chemical), La(NO,);
6H,0 (>99.0%; Kanto Chemical), Ta,0; (>99.9%; Wako
Pure Chemicals), MgO (>98.0%; Wako Pure Chemicals),
ALO; (>99.0%; Soekawa Rikagaku), Ga,0; (>99.99%;
Kojundo Chemical Lab.), ZrO, (>99.0%; Kanto Chemical),
MoO; (>99.5%; Kanto Chemical), WO; (>99.99%; Kojundo
Chemical Lab.), methanol (>99.8%; Kanto Chemical), KNO,
(>99.0%; Wako Pure Chemicals), K,CO; (>99.5%; Kanto
Chemical), Nal (>99.5%; Kanto Chemical), H,SO, (>96.0%;
Kanto Chemical), and [Pt(NH;),]CL-H,0 (99% (99.95% Pt);
Wako Pure Chemicals) were used as received.

Synthesis of Cation-Doped K,LaTa,O¢N. CsLaTa,0,
was synthesized by a flux method. Cs,CO;, La(NO;);-6H,0,
and Ta,O; were mixed in a Cs/La/Ta molar ratio of 10/1/2 in
an agate mortar using a small amount of methanol. The 10-fold
excess amount of Cs was used as a flux and to compensate for
losses of Cs due to volatilization. For CsLaTa,0, doped with
the aliovalent metal cations (M), the corresponding metal
oxides were added to the mixture such that the Cs/La/Ta/M
molar ratio was 10/1/2—0.02x/0.02x (x = 1, 5, 10, 20). The
precursor mixture containing Cs, La, Ta, and M was transferred
to an alumina crucible and then heated at 973 K for 24 h
(ramp: 2 K min™") under air in a furnace. The resultant solid
was washed thoroughly with water to remove residues and
then dried at 343 K in an oven. The obtained powder samples
are abbreviated as CsLaTa,0,:M, where the x value (i.e., the
dopant concentration parameter) is 1 unless otherwise stated.

KLaTa,0,:M was prepared from CsLaTa,O,:M in molten
KNO; via a K'/Cs" ion-exchange reaction. The obtained
CsLaTa2,0,:M (4.3 mmol) was mixed with KNO; (43 mmol),
and the resultant mixture was heated at 673 K for 48 h in air.
The obtained powder was washed with water repeatedly to
remove remaining KNOj, then dried at 343 K in an oven.

Finally, the KLaTa,O,:M samples were nitridated to
K,LaTa,04N:M. Each of the resultant KLaTa,O,:M (1.5
mmol) samples was mixed with K,CO; (1.1 mmol), and the
mixtures were heated at 1173 K for 3 h under a 50 mL min™"
NH, gas flow (>99.9995%; Sumitomo Seika Chemicals). The
overall synthesis route is depicted in Scheme 1.

Scheme 1. Synthesis of CsLaTa,0,:M, KLaTa,0,:M, and
K,LaTa,O(N:M

[[[Cs,C0;, La(NO,),-6H,0, Ta,05, M,0,
Cs/LalTa/M=10/1/2-0.02x/0.02x

Flux method 4

[Heating at 973K, 24 h |

CsLaTa,0,:M

1000 mol% KNO,
[Heating at 673 K, 48 h |

L KLaTa,0,:M
75 mol% K,CO,4

Heating at 1173 K, 3 h
With NH; flow 50 mL min-"

L K,LaTa,OgN:M
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Loading Pt Cocatalyst. Pt was loaded as a water-
reduction cocatalyst onto the K,LaTa,O4N:M via an
impregnation—H, reduction method. The nominal amount
of Pt was fixed to be 1 wt % to exclude any factor other than Pt
loading amount. K,LaTa,O¢N:M was dispersed in an aqueous
solution containing the required amount of [Pt(NHj;),]Cl, to
obtain 1 wt % of Pt on K,LaTa,O4N:M. The solution was
evaporated to dryness in air, and the resultant solid mixture
was heated at 473 K for 1 h under 20 mL min~"' H, gas flow.

General Characterization. X-ray diffraction (XRD)
patterns were acquired using a powder X-ray diffractometer
(Rigaku MiniFlex600) equipped with a Cu Ka radiation source
operating at 40 kV and 15 mA. In this work, the position of the
XRD peak may vary by ~0.2° due to an experimental error,
even for the same sample. The surface morphology of the
samples was observed by field-emission scanning electron
microscopy (FE-SEM; Hitachi S-5500). The chemical
composition of the K,LaTa,O4N:M samples were analyzed
by X-ray fluorescence (XRF) spectroscopy and scanning
electron microscopy (SEM; JEOL JSMIT100LA) in con-
junction with energy-dispersive X-ray spectroscopy (EDS).
UV-—visible diffuse-reflectance spectra of the K,LaTa,O¢N:M
samples were acquired using a spectrophotometer (JASCO V-
770) equipped with an integrating sphere; BaSO, was used as a
reference. The Brunauer—Emmett—Teller (BET) surface area
was estimated using a BELSORP max II (MicrotracBEL) at
liquid-N, temperature (77 K). X-ray absorption spectroscopy
measurements were conducted at the BL-9C beamline of the
Photon Factory (Proposal No. 2022G676),”® where the Ta L-
edge and Ga K-edge absorption of K,LaTa,O¢N:M specimens
and reference samples were recorded at room temperature.
The analysis of the obtained X-ray absorption fine structure
(XAFS) was conducted using the Athena software package.36
X-ray photoelectron spectroscopy (XPS) was performed using
ESCA-3400 and ESCA-3200 X-ray photoelectron spectrom-
eters (Shimadzu). The obtained binding-energy values were
calibrated for each sample by the C 1s peak (285.0 eV) as a
reference. Scanning transmission electron microscopy (STEM)
observations were conducted in a manner similar to those in
previous works with almost identical conditions using a
Themis Z transmission electron microscope (Thermo Fisher
Scientific).>®

Time-Resolved Microwave Conductivity (TRMC)
Measurements. TRMC measurements of the prepared
samples were performed at room temperature in air according
to the method described previously.”” The powdered
K,LaTa,O¢N:M samples were fixed onto quartz substrates by
transparent adhesive tape, which does not interfere with any
TRMC signals. The microwave power and frequency were ~3
mW and ~9 GHz, respectively. The light source for the
excitation was the third harmonic generation (355 nm) of a
Nd:YAG laser (Continuum Surelite II, S—8 ns pulse duration,
10 Hz). The photoconductivity Ac was calculated using

Ao =AT'ARR™! (1)
where A, AP, and P, are the sensitivity factor, the transient
power change of the reflected microwaves, and the power of
the reflected microwaves, respectively. The obtained Ac was
converted into the product of the quantum yield (¢) and the
sum of the charge carrier mobilities Xy (= u, + p_) using

@Zu = Ao(elFyg,)™ )
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where ¢, I, and Fyg, are the elementary charge (1.6 x 107"
C), incident photon density, and filling factor, respectively.
Here, I, was 9.1 X 10" photons cm™> pulse™".

Transient Absorption Spectroscopy. Transient absorp-
tion was observed using a custom-made spectrometer
described in a previous report.”® The details of the procedure
are given elsewhere.”” K,LaTa,04N samples (1.5 mg cm™2)
were loaded onto a CaF, plate that transmits. The samples
were photoexcited using 355 nm pulses from a Nd:YAG laser
(Continuum Surelite; duration, 6 ns; power, 0.5 mJ; repetition
rate, S Hz) The observations were conducted in a 20 Torr N,
atmosphere.

Photocatalytic Reactions. The photocatalytic activity of
Pt/K,LaTa,O4N:M was evaluated at room temperature using a
conventional closed circulation gas system, where 50 mg of the
obtained Pt/K,LaTa,O4N:M was suspended in a $ mM Nal
aqueous solution (140 mL, pH 2.5). After the gas in the
reaction cell was withdrawn, a small amount (~3 kPa) of Ar
was introduced. The suspension was exposed to the radiation
of a 300 W xenon lamp equipped with both a mirror (CM-1)
and a cutoff filter (L42). The evolved gases were quantitated
by gas chromatography (Shimadzu GC-8A equipped with a
TCD detector and an MS-5A column).

The apparent quantum yield (AQY) for H, evolution was
measured in an aqueous methanol solution (10 vol%) or Nal
solution (5 mM) using a previously reported method® to
minimize any adverse effect of backward reactions involving
oxidized donor species; the AQY was calculated using the
equation:

AQY(%) = (2 X R/I) X 100 (3)

where R and I represent the rate of H, evolution and the rate
of incident photons, respectively. Here, the light source was a
300 W xenon lamp with monochromatic visible light (4 = 420
nm) whose total intensity ranged from 22 to 25 mW.

B RESULTS AND DISCUSSION

Structural Characterization of K,LaTa,O4N:M. The
synthesized K,LaTa,O¢N:M samples with 1 mol % dopant
were investigated by XRD measurements. Figure 1 shows XRD

1M1

g 2
Py (‘,8‘_8 ‘Sg . J‘U
5 ° B SFEE |3 j \\j\—*
= Mo =
2 — 2 z
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Figure 1. XRD patterns for K,LaTa,O4N and K,LaTa,O4N:M(1 mol
%). The right panel is a magnified image of the 26 region from 30° to
34°.

patterns for K,LaTa,O4N and K,LaTa,O4N:M. The reflections
from the undoped K,LaTa,O¢N were assigned using the
crystallographic data reported elsewhere.'” The XRD patterns
for all of the K,LaTa,O4N:M samples match that for
K,LaTa,O¢N, indicating that doping with metal cations at 1
mol % did not affect the crystal structure of the resultant

https://doi.org/10.1021/acsaem.4c03131
ACS Appl. Energy Mater. 2025, 8, 3541—3552
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Table 1. Bulk and Surface Atomic Compositions in K,LaTa,OsN:M(1 mol %)

Bulk” Surface”

Dopant in K,LaTa,ON K/La Ta/La K/La Ta/La N/La Ta*/Ta%*
Nominal 2 2 2 2 1 0
Nominal (doped) 2 1.98 2 1.98 - 0
None 1.67 + 0.1 1.94 + 0.07 5.4 2.3 1.7 2.0
Mg 111 + 0.06 1.98 + 0.08 15.6 2.0 13 3.4
Al 148 + 0.1 1.75 + 0.09 43 2.3 13 0.5
Ga 1.63 + 0.01 1.93 + 0.03 6.0 22 12 1.7
Zr 1.50 + 0.1 1.76 + 0.07 152 2.3 15 0.9
Mo 1.5S + 0.08 1.80 + 0.07 5.0 1.7 14 3.0
w 1.58 + 0.07 191 + 0.04 5.7 1.8 15 1.9

“Determined by SEM-EDS. The atomic ratios were calculated from the average values for each sample by measuring at least six different points.

*Determined by XPS.

oxynitride. Upon metal-cation doping, a somewhat compli-
cated peak shift was observed. Although the 111 reflections for
the various K,LaTa,0,N:M (M = Mg, Al, Ga, Zr, Mo, W)
samples are located at approximately the same position (26 =
32.7°), the 103 reflections (except that for K,LaTa,O4N:Ga)
are shifted toward lower 26 angles compared with those for the
undoped K,LaTa,O¢N, indicating an expansion of the crystal
lattice according to Bragg’s law (2dsin @ = nd). A lower-angle
shift similar to that observed for the 103 reflections was also
observed for the 110 reflections, although the magnitude of the
shift was not as pronounced as that for the 103 reflections.
Given the ionic radii of the doped cations (Table S1), shifts to
lower angles are expected in the patterns for K,LaTa,O¢N:Mg
and K,LaTa,O4N:Zr, whereas shifts to higher angles are
expected in the patterns for the other samples. One possible
explanation for the observed peak shifts showing peculiar
behavior for each crystal face is that the doped cation species in
the K,LaTa,O4N host are somewhat unevenly distributed in
the crystal for each cation species; of course, the experimental
error as mentioned in the experimental section should be taken
into account. In addition, if the size of the cation species
substituted as a result of doping is similar to that of the dopant
and/or if the doping concentration is low, the diffraction peak
shift may not be observable.*”

The atomic concentrations of K, La, and Ta in the
K,LaTa,0O¢N:M samples were determined by EDS analysis.
As listed in Table 1, the Ta/La atomic ratios were close to the
ideal value; however, the K/La ratios were obviously smaller
than expected, indicating that interlayer protonation may have
occurred for charge compensation.'® The Ta/La and K/La
ratios obtained from XRF measurement were close to those
measured by EDS analysis (Table S2).

The morphology of K,LaTa,O¢N:M was observed by SEM.
As shown in Figure 2, all the samples are composed of well-

Figure 2. SEM images of K,LaTa,O¢N and K,LaTa,04N:M (1 mol
%).
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crystallized lamellar particles, reflecting their layered structure.
The lateral sizes of the Mg- and Ga-doped specimens were
obviously smaller than those of the other specimens; this
observation is further supported by the results of specific
surface area measurements. The specific surface areas of the
Mg- and Ga-doped specimens were 4.1 and 5.4 m* ¢!, which
are larger than those of the other specimens. The Al-doped
specimen also exhibited a larger specific surface area (3.5 m’
g~') compared with that of the undoped material (2.4 m* g™").
By contrast, doping with Zr, Mo, or W did not result in an
increase of the specific surface area.

Thus, metal-cation doping into K,LaTa,O¢N caused a
morphological change despite the low nominal dopant
concentration (1 mol %); in particular, doping with lower-
valence cations was found to reduce the particle size of
K,LaTa,O¢N. It is empirically known that doping of lower
valence cations leads to particle size reduction of the host
material, as exemplified by Zr-doped Ta,Os," Zr-doped
BaTaO,N*' and Mg-doped BaTaO,N.”* It has been also
pointed out that cation doping does not always result in the
particle size reduction, especially when higher valence cations
are doped. For example, the average particle size of CaTiO;:La
synthesized by a flux method depended on the concentration
of the La dopant; the La concentration smaller than 1 mol %
contributed to an increase in the average particle size."” The
characteristic crystal growth depending on the dopant
concentration has been reported for SrTiO;:M (M =Y, La,
Nd, Ho, Nb and Sb),*** and is known as an anomaly of grain
growth of donor-doped perovskite materials, so-called “donor
anomaly”. "

Based on these previous results, the fact that the particle size
of K,LaTa,O4N was reduced upon lower valence cations could
be explained by the crystal growth suppression effect by the
dopant. On the other hand, the particle growth observed in the
Mo- and W-doped K,LaTa,O4N may be related to the donor
anomaly effect.

Valence State and Optical Properties of
K,LaTa,0¢N:M. We acquired X-ray absorption near edge
structure (XANES) spectra to investigate the local structure
and bulk valence of Ta in the K,LaTa,O¢N:M samples. Figure
S1 shows Ta L;-edge XANES spectra of K,LaTa,O¢N:M. All of
the K,LaTa,O4N:M spectra well match that of K,LaTa,O¢N.
This result demonstrates that the local structures around Ta
atoms in these samples are identical to each other even after
doping, consistent with the XRD analysis results (Figure 1).

We acquired K 2p, La 3d, Ta 4f, and N 1s XPS spectra of the
K,LaTa,04N:M samples (Figure 3) to investigate the surface
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Figure 3. K 2p, La 3d, N 1s, and Ta 4f XPS spectra of K,LaTa,0O4N
and K,LaTa,O4N:M(1 mol %).

valence states of consistent elements. All of the spectra were
calibrated on the basis of the C 1s peak at 285.0 eV. The peak
positions of K 2p, La 3d, and N 1s are approximately the same
irrespective of the doped cations. By contrast, the Ta 4f peak
positions clearly change depending on the dopant. The Ta 4f
XPS spectrum essentially §ives two distinct peaks due to 4f;/,
and 4f,/, photoelectrons.*® However, the presence of reduced
Ta species such as Ta** or Ta®* obscures the two peaks.”®
Curve-fitting analysis of the Ta 4f XPS spectra reveals that the
surface Ta*"/Ta®" atomic ratio was relatively small in the Al
and Zr samples (Figure S2 and Table 1). By contrast, the
surface Ta*"/Ta>" ratios for the Mg and Mo analogues were
larger than that for the undoped sample. Thus, the metal-
cation doping affected the surface atomic Ta*'/Ta" ratio,
which is associated with the photocatalytic activity of undoped
K,LaTa,O4N toward H, evolution.*®

The surface atomic compositions of the K,LaTa,O¢N:M
particles were calculated on the basis of the corresponding XPS
peak areas (Table 1). Although the bulk K concentration was
lower than the ideal value, the surface K concentration was
much larger. The surface N/La atomic ratio was also estimated
from the corresponding XPS peak areas, which showed that the
surface N/La values were larger than the ideal value in all
cases. These results suggest that K and N species are
segregated near the surface of K,LaTa,O¢N:M. We also
observed that, among the doped samples, the N/La atomic
ratios in the K,LaTa,O¢N:M samples were low when lower-
valence cations (e.g., Mg, Al, and Ga) were used but were large
(e.g, Zr, Mo, and W) for higher-valence cations.

The optical properties of the K,LaTa,O4N:M samples were
evaluated by UV—visible DRS (Figure 4). All of the prepared
samples except for K,LaTa,O¢N:Ga absorb visible light at
wavelengths as long as ~600 nm. However, the absorption
edge of K,LaTa,O4N:Ga was blue-shifted by ~S50 nm
compared with the absorption edges of the other samples.
This shift is likely attributable to K,LaTa,O¢N:Ga having the
lowest N content among the investigated samples (Table 1)
because the valence-band maximum for the K,LaTa,O¢N host
is formed by N 2p orbitals.
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Figure 4. UV-—visible DRS spectra of K,LaTa,O¢N and
K,LaTa,O¢N:M(1 mol %).

Photocatalytic Activity of K,LaTa,O¢N:M. The H,-
evolution activity of K,LaTa,O¢N:M with a Pt cocatalyst was
evaluated in an aqueous solution containing Nal. The time
courses of H, evolution are shown in Figure 5. All of the
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Figure S. Time courses of H, evolution over Pt/K,LaTa,OsN:M(1
mol %) under visible light (A > 400 nm). Reaction conditions:
catalyst, SO mg; reactant solution, S mM aqueous Nal solution (pH
2.5, 140 mL); light source, 300 W xenon lamp with a cutoff filter
(L42).

K,LaTa,O¢N:M samples exhibited activity under visible-light
irradiation; however, the trend varied depending on the
dopant. Doping with lower-valence cations (i.e., Mg, Al, and
Ga) resulted in enhanced activity relative to that of the
undoped analogue, whereas doping with Zr did not affect the
activity. Among the investigated dopants, Ga was found to
result in the photocatalyst with the highest activity. By
contrast, doping with higher-valence cations (ie, Mo and
W) resulted in lower activity.

Effects of Ga Doping Concentration. Given the
enhanced activity of K,LaTa,0¢N:Ga (1 mol %), we further
investigated the effect of Ga doping by varying the nominal Ga
concentration. XRD patterns for K,LaTa,O¢N:Ga with
different Ga concentrations are presented in Figure 6a. The
reflections for the K,LaTa,O¢N:Ga samples were assigned to
single-phase K,LaTa,O4N, indicating that the crystal structure
of the products remained unchanged upon doping with Ga at
nominal concentrations as high as 20 mol %. Similar to the
XRD data for K,LaTa,O4N:M (1 mol %) samples (Figure 1),
peculiar peak shifts for each crystal face were seen (the right
panel of Figure 6a). It should be noted that the ionic radius of
Ga*" (0.62 A) is very similar to that of Ta>* (0.64 A). As will
be discussed later, the actual concentration of doped Ga** was
less than the nominal value. Thus, it was difficult to discuss the
XRD peak position of K,LaTa,O¢N:Ga with different Ga
concentrations. The phenomenon of no XRD peak shift
despite aliovalent cation doping has also been reported in Mg-
doped BaTaO,N."’
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Figure 6. (a) XRD patterns for K,LaTa,0¢N:Ga (0, 1, 5, 10, 20 mol
%). The right panel shows a magnified image of the 20 range from 30°
to 34°. (b) SEM images of the same samples.

SEM images of the same samples are shown in Figure 6b.
The K,LaTa,O4N:Ga samples exhibit a smaller particle size
than the undoped specimen; however, little difference is
observed among the different Ga-doped specimens. Never-
theless, the specific surface areas tended to increase with
increasing Ga concentration: from 5.4 m? g_1 for the 1 mol %
sample to 6—7 m* g~ for the >S5 mol % samples.

High-angle annular dark-field (HAADF) STEM images
taken along the [100] and [001] directions of K,LaTa,O¢N:Ga
(10 mol %) are shown in Figure 7a. Here, the signal intensity

in a HAADF-STEM image is approximately proportional to Z?,
where Z represents the atomic number of the elements.*”
Thus, heavier atoms such as ¥La and ’Ta in the HAADF
images are observed as brighter dots. The arrangement of these
brighter dots in the HAADF images is consistent with that
expected from the crystal structure of K,LaTa,O¢N. To
investigate the location of the Ga dopant atoms, we conducted
a STEM-EDS mapping analysis (Figure 7b,c). The results
revealed that the location of Ga was overlapped with that of
Ta, strongly suggesting the successful substitution of Ga for Ta
in the perovskite block.

The atomic compositions of the K,LaTa,O4N:Ga samples
are listed in Table 2. EDS measurements revealed that the K
concentration was lower than that expected from the
stoichiometry, irrespective of the level of Ga doping, and
tended to decrease with increasing doping level. By contrast,
the Ta concentration was close to the ideal value. We
determined the actual Ga concentration by conducting XRF
measurements (Figure S3). The concentration of Ga dopant in
K,LaTa,O¢N:Ga was 20—40% of the nominal concentration,
although it increased with increasing nominal concentration.
XRF measurements also revealed that the Ga concentration
was already lower in the oxide precursor of CsLaTa,0,:Ga and
remained unchanged upon K*/Cs" exchange and subsequent
topochemical nitridation (Figure S4).

The substitution of Ga atoms at the six-coordinated Ta site
in the perovskite block was supported by XANES measure-
ments. Figure S5 shows Ga K-edge XANES spectra of
K,LaTa,04N:Ga (10 mol %) and KLaTa,0-,:Ga (10 mol
%). The XANES spectrum of $-Ga,O; is also shown for
reference. In the XANES spectrum of f-Ga,0;, two peaks
attributed to tetrahedrally and octahedrally coordinated Ga
sites” appear at ~10375 and ~10379 eV, respectively.
However, the XANES spectra of both K,LaTa,O¢N:Ga (10
mol %) and KLaTa,0,:Ga (10 mol %) show only a single

Ta

7\ |La

Position / nm

Figure 7. (a) HAADF-STEM images of K,LaTa,O¢N:Ga (10 mol %). Color code: K*, purple; La**, green; Ta**, yellow. (b) Magnified HAADF-
STEM image and EDS mapping images. (c) Line mapping along the direction indicated by the orange arrow in panel b.
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Table 2. Bulk and Surface Atomic Compositions in K,LaTa,0¢N:Ga (0, 1, 5, 10, 20 mol %)

Bulk Surface”
Ga/mol % K/La® Ta/La” Ga/La“ K/La Ta/La Ga/La N/La Ta*/Ta%*

x 2 2—0.02x 0.02x 2 2—0.02x 0.02x - -

0 1.67 = 0.1 1.94 + 0.07 0 54 2.3 0 1.7 2.0
1 1.32 + 0.07 1.87 £ 0.1 0.0078 6.0 2.2 <0.01 1.2 1.7
S 1.13 £+ 0.0 2.01 + 0.06 0.026 3.3 2.1 0.01 1.0 0.6
10 1.05 + 0.05 1.88 + 0.06 0.043 S.1 2.0 0.01 1.1 0.8
20 0.80 + 0.05 1.56 + 0.08 0.16 2.7 1.3 0.37 0.5 0.4

“Determined by XPS. “Determined by SEM-EDS. The atomic ratios were calculated from the average values for each sample by measuring at least

six different points. “Determined by XRF.

component, indicating that the Ga atoms have octahedral
coordination. The results therefore suggest that Ga was
successfully substituted at Ta sites in both the oxynitride and
the oxide precursor, consistent with the HAADF/STEM
observations (Figure 7).

The surface atomic compositions of the K,LaTa,O4N:M
particles determined by XPS analysis are listed in Table 2. The
surface K concentration was larger, similar to the
K,LaTa,O¢N:M(1 mol %) series. The surface Ta/La atomic
ratio for K,LaTa,O¢N:Ga was slightly higher than expected
from the stoichiometry, indicating a Ta-rich environment at
the material surface. However, K,LaTa,O4N:Ga(20 mol %)
gave a Ta/La ratio of 1.3, which is lower than the expected
value. K,LaTa,O4N:Ga(20 mol %) exhibited the highest Ga/
La surface concentration (0.37) among the investigated
samples, which was much higher than the expected value,
indicative of the segregation of Ga species in the surface
region. This is also clear from the fact that the surface Ga/La
ratio was much higher than the bulk Ga/La ratio. The trend of
the surface N/La atomic ratio was similar to that of the surface
Ta/La ratio.

Ga doping into K,LaTa,O¢N altered the valence state of
surface Ta species, although no significant change was
observed for the XPS peak positions in the K 2p, La 3d, and
N 1s spectra (Figures 8, S6 and S7). The Ta 4f;,, and 4f,/,

S [ Ta 4f Ga 2p
©
oy S ,"/ \
2 20mol% ® i N
o = ——| 20 mol%
£ 10 mol% = (x 1/10)
3 Smot 5§ [~ | 10mol%
N €
g 1mol% ~ 5 mol%
E \\\ 1 mol%
> none . none
T T
32 28 24 20 1120 1112

Binding energy / eV Binding energy / eV

Figure 8. Ta 4f and Ga 2p XPS spectra of K,LaTa,0¢N:Ga (0, 1, S,
10, 20 mol %).

peaks tended to become sharper with increasing Ga
concentration, accompanied by a decrease in the Ta*"/Ta®
surface atomic ratio (Figure S8). Although no photoelectron
signal from Ga could be detected for the 1 mol % doped
sample, a clear Ga signal was observed in the spectra of
samples with higher Ga concentrations. The binding energy for
the Ga 2p;, peak for K,LaTa,O4N:Ga with higher Ga
concentrations was 1118.0—1118.2 eV, which is lower than
that for Ga,0; (1118.9 eV)*>*' but higher than that for GaN
(1117.1 éV>* and 1117.6 €V°"). These results indicate that the
Ga dopant was coordinated by both O*~ and N>~ ions.
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UV—visible DRS spectra of K,LaTa,O4N:Ga with different
Ga concentrations are shown in Figure 9. As already
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Figure 9. UV—visible DRS spectra of K,LaTa,O4N:Ga (0, 1, S, 10, 20
mol %).

mentioned for the spectra of the 1 mol % sample, the spectra
of the samples with >5 mol % doping showed a clear blueshift
of the absorption edge. The absorption edges for the samples
with 1, 5, and 10 mol % were almost the same (i.e,, S00 nm).
However, K,LaTa,O4N:Ga (20 mol %) showed a more
pronounced blueshift of the absorption edge. These results
indicate that the bandgap of K,LaTa,O¢N was enlarged by
heavy doping with Ga.

The enlarged bandgap of K,LaTa,O4N as a result of Ga
doping is attributed to the reduced concentration of N (Table
2), which weakens the contribution to the formation of the
upper part of the valence band. Another possible explanation
for the enlarged bandgap is a size effect. The results of our
previous study suggested that K,LaTa,O4N exhibits a bandgap
reduction with increasin§ particle size even though the N
concentration decreases.”” This can be explained by orbital—
orbital overlap within large 2D polyanion LaTa,04N>" sheets,
which increases the bandwidth, thereby leading to a smaller
bandgap. As displayed in Figure 6b, doping K,LaTa,O4N with
Ga caused a reduction of the particle size. Therefore, the
substantial blueshift of the absorption edge for K,LaTa,O4N
upon Ga doping may be associated with the reduced particle
size to a certain extent.

We next evaluated the H, evolution activity of
K,LaTa,O4N:Ga. As shown in Figure 10, all of the
K,LaTa,0O4N:Ga samples exhibited higher H, evolution
activity than undoped K,LaTa,O4N; however, the activity
varied with the Ga concentration. The photocatalytic activity
was enhanced as the Ga concentration was increased to 10 mol
%. However, the activity decreased for Ga doping at 20 mol %.
The AQY for the optimized K,LaTa,O¢N:Ga (10 mol %)
sample was 2.7 & 0.4% at 420 nm (Figure S9). We previously
reported that the photocatalytic activity of K,LaTa,O4N for
visible-light H, evolution could be improved via an appropriate
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Figure 10. Time courses of H, evolution over Pt/K,LaTa,O¢N:Ga
under visible light (4 > 400 nm). Reaction conditions: catalyst, S0 mg;
reactant solution, S mM aqueous Nal solution (pH 2.5, 140 mL);
light source, 300 W xenon lamp with cutoff filter (L42).

interlayer modification, giving an AQY of 2.0% at 420 nm with
aqueous methanol.”> We also emphasize that most of the
visible-light-responsive semiconductors, which include Rh-
doped SrTiO;,>* ZrO,-modified TaON,>> ATaO,N (A = Ca,
Sr, Ba)*® and polymeric carbon nitride,”” themselves have not
given a measurable AQY for H, evolution in aqueous Nal, due
primarily to the undesirable backward reactions involving
oxidized I” species (e.g, 10;” and I;7). By contrast, the
K,LaTa,O¢N:Ga (10 mol %) exhibited a maximum AQY of
1.3% at 420 nm from an aqueous Nal solution. Thus, the
present metal-cation doping approach is an effective strategy
for improving the visible-light H, evolution activity of
K,LaTa,O(N.

In heterogeneous (photo)catalysis, turnover number (ie.,
the number of product molecules divided by that of catalytic
sites) should be used as an indicator of stability." As
K,LaTa,O¢N:M alone did not produce H,, the active site for
H, evolution was Pt. Therefore, the turnover number can be
calculated based on Pt. Because the amount of Pt loaded in the
1 wt % Pt/K,LaTa,0¢N:Ga (10 mol %) was approximately 2.6
umol, the turnover number for H, evolution was calculated to
be 18.

Factors Affecting Photocatalytic Activity of Metal-
Cation-Doped K,LaTa,O¢N. The photocatalytic activity of
the K,LaTa,O4N:M depended not only on the dopant element
but also on the concentration of the dopant. From the results
of specific surface area measurements, we found a good
correlation between the specific surface area and the H,
evolution rate for K,LaTa,O4N:M samples (Table 3 and
Figure 11); that is, increasing the specific surface area leads to
a higher H, evolution rate.
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FI.C

g 154 Ga(10 mol%)
=3

2 10 Ga(20 mol%
c Ga(5 mol%) B
S

E] none Mg

S 5 i

> Ga(1 mol%)
2 i Al

I

o
1

30 40 50 6.0 7.0
Specific surface area / m’ g’1

Figure 11. Relationship between specific surface area and H,
evolution rate for K,LaTa,O4N:M.

The presence of reduced Ta species such as Ta* and Ta* is
known to adversely affect the photocatalytic activity of Ta-
based oxynitrides for H, evolution.”***”*>°* A similar
situation is observed for undoped K,LaTa,O¢N.”® In the
present work, the Ta*'/Ta’" ratios for K,LaTa,O4N:M
calculated by XPS analysis are listed in Table 3. As shown in
Figure S10a, no strong relation was found between the Ta*"/
Ta® ratio (more specifically, its inverse value) and the H,
evolution activity (R* = 0.27). However, the product of the
inverse of the Ta*/Ta’" ratio and the specific surface area
shows a stronger correlation with the rate of H, evolution
(Figure S10b), giving a correlation coefficient of R* = 0.50.
However, this value is much lower than that between the
specific surface area and the H, evolution rate (R* = 0.83, see
Figure 11). The R’ values were analytically determined
numbers of correlations between photocatalytic activity and
certain parameters and had no further meaning. Nevertheless,
the relative strength of the respective activity-parameter
correlations can be compared. Anyway, the existence of the
reduced Ta species appears to be a secondary factor that may
affect the H, yield.

For layered mixed-anion compounds such as Sillen—
Aurivillius oxyhalides, charge-carrier photoconductivity in the
material bulk should play important roles in determining the
photocatalytic activity.””®" Therefore, we evaluated the
photogenerated charge carrier dynamics in K,LaTa,O¢N:M
using TRMC measurements. Figure S11 shows the TRMC
transient decay profiles for K,LaTa,O¢N:M. The signal
intensity of @Zy represents the photoconductivity of the
K,LaTa,O¢N:M, and the decay reflects the lifetime of charge
carriers. Undoped K,LaTa,O¢N exhibited a ¢Xp,,,, value of
3.0 X 1077 m* V™' s7! and a halflifetime (7,,,) of 0.68 us.

Table 3. Specific Surface Areas, X, ., 7,5, and Initial H, Evolution Rates for K,LaTa,O,N:M

Sample Specific surface area/m? g™* PZ s
K,LaTa,O4N 2.4
K,LaTa,04N:Mg (1 mol %) 4.1
K,LaTa,O(N:Al (1 mol %) 3.5
K,LaTa,04N:Ga (1 mol %) S4
K,LaTa,O4N:Zr (1 mol %) 2.7
K,LaTa,04N:Mo (1 mol %) 2.1
K,LaTa,O4N:W (1 mol %) 2.5
K,LaTa,0O4N:Ga (S mol %) 6.1
K,LaTa,0N:Ga (10 mol %) 6.6
K,LaTa,O4N:Ga (20 mol %) 6.7

“m? vlsT! x 1077 7y, /s Ta*t/Ta%*? H, evolution rate®/umol h™*
3.0 0.68 2.0 4.0 + 0.7
2.0 0.56 3.4 5.2
32 0.33 0.5 5.0
2.6 0.37 1.7 6.6 + 09
2.7 0.42 0.9 4.4
1.7 0.62 3.0 3.1
0.8 0.28 1.9 2.6
1.2 0.61 0.6 9.0 +£ 0.1
1.6 0.35 0.8 15.1 + 34
1.1 0.24 0.4 11.3 £ 0.3

“From TRMC measurements. "Estimated by XPS (Figures S2 and S8). “The reaction conditions were the same as that in Figures S and 10.
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Compared with the @y, .. value for the undoped material,
that for K,LaTa,O4N:Al was slightly higher; by contrast, those
for the other doped samples were lower. In particular,
K,LaTa,0O¢N:W exhibited the lowest ¢Xu,, value among
the tested samples. The ¢y, ., and 7,/, values are summarized
in Table 3. We found that cation doping tended to negatively
affect the photoconductivity and that the magnitude of the
effect was greater for higher-valence cations (e.g, W).
Similarly, K,LaTa,04N:Ga (1, S, 10, 20 mol %) samples
were measured (Figure S11b). As a general trend, the @Xp,,,,
value decreased with increasing Ga concentration, indicating
that doping K,LaTa,O¢N with Ga lowered the photo-
conductivity. More importantly, no strong correlation was
found between the @Zp, ., X 7, value and the H, evolution
rate for K,LaTa,0¢N:M (Figure S12).

It is known that the particle size of cocatalyst has an impact
on photocatalytic H, evolution activity.””” As shown in Figure
S13, the deposition of Pt on the K,LaTa,O4N:M occurred in
the form of ~5 nm nanoparticles with some aggregations that
formed larger secondary particles. Compared to Ga- and Mo-
doped specimens that showed higher and lower photocatalytic
activity, the average particle size of Pt in the former was 5.3
nm, which was larger than that in the latter (4.3 nm), as shown
in Figure S14. In general, smaller Pt particle performs better as
a H, evolution cocatalyst, compared to larger ones.”’ However,
this was not the case in the doped K,LaTa,O¢N.

Thus, we concluded that the enlarged specific surface area is
the primary contributor to the improved photocatalytic activity
of K,LaTa,O¢N:M for visible-light H, evolution. However, we
note that, despite a similar specific surface area, the
K,LaTa,O¢N:Ga (20 mol %) sample showed lower activity
than the 10 mol % sample (Table 3). This negative effect of
the excess Ga dopant could be explained in terms of the
absorption edge; as shown in Figure 9, increasing the Ga
concentration from 10 to 20 mol % resulted in a substantial
blueshift of the absorption edge, which is unfavorable for
visible-light absorption. Nevertheless, transient absorption
spectroscopy indicated that increasing the Ga concentration
prolonged the lifetime of trapped charge carriers; that is,
charge separation could be realized upon Ga doping (Figure
S15).

In the bulk-type oxynitride photocatalysts, high surface area
hardly contributes to high activity for H, evolution, because
other factors govern the activity (in most cases, formation of
reduced metal species and the concomitant generation of
anionic defects).”***7*>*"5% n this respect, the present result
showing a positive correlation between specific surface area
and H, evolution activity of 2D K,LaTa,O¢N:M is peculiar. A
characteristic feature of K,LaTa,O¢N is the low nitrogen
concentration in their chemical composition (i.e. only one
nitrogen in the total of seven anions). On the other hand, the
nitrogen concentration in the bulk-type perovskite oxynitrides
(e.g, BaTaO,N and LaTaON,) is relatively high. In other
words, the Ta atoms in the perovskite block layer of
K,LaTa,0O¢N interact more with oxygen rather than with
nitrogen. This situation may suppress an excess reduction of
Ta in K,LaTa,O¢N during the topochemical nitridation
synthesis, similar to ZrO,-modified TaON,**’ although the
absolute concentration of the reduced Ta species in the whole
material could not be quantified due to the lack of a suitable
technique. The fact that there is no correlation between the
concentration of reduced Ta species estimated from XPS and
photocatalytic activity of K,LaTa,O4N:M strongly suggests

that the concentration of reduced Ta species in the material is
low enough not to affect the activity.

B CONCLUSIONS

The effects of metal cations doping into a Ruddlesden—
Popper-type layered oxynitride K,LaTa,O4N were examined as
a potential method for improving its photocatalytic activity
toward visible-light H, evolution. Doping with low-valence
metal cations (e.g, Mg**, AP’", and Ga’') enhanced the
photocatalytic activity of K,LaTa,O¢N. In the case of Ga
doping, increasing the amount of dopant reduced the particle
size of K,LaTa,O¢N and improved charge separation.
However, excessive doping adversely affected the photo-
catalytic activity by increasing the bandgap, which is
disadvantageous in terms of visible-light absorption. The H,
evolution AQY achieved with the optimized K,LaTa,O4N:Ga
(10 mol %) photocatalyst was 2.7 # 0.4% at 420 nm, which is
the highest AQY reported to date for a layered oxynitride
photocatalyst.

For the Ta-based oxynitride photocatalysts reported thus far,
suppressing the generation of reduced Ta species (e.g., Ta*"
and Ta*") produced during the synthesis has been considered
critical for achieving high photocatalytic activity for H,
evolution.*"”*>*73% Although reduced Ta species have also
been noted as a factor that adversely affects the H, evolution
photocatalytic activity of undoped K,LaTa,04N,”® the negative
effect of reduced Ta species on the activity was much smaller
in the cation-doped K,LaTa,O4¢N. This finding provides a
useful guide for the further development of not only Ta-based
layered oxynitrides but also Nb-based ones as photocatalysts
for visible-light H, evolution.
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