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ABSTRACT: Alkali tantalates, NaTaO; and KTaOj3, are known as highly efficient semiconductor | Ca cation doping to KTaO, wafer
photocatalysts for the overall water-splitting reaction when properly doped with foreign metal
cations. Characterizing surface reaction sites is needed for further development. In this study,
(001)-oriented KTaO; wafers were doped with Ca cations thorough a solid-state reaction to
provide platforms for surface science studies. X-ray diffraction showed a Ca-rich perovskite-
structured surface layer that covers the Ca-poor or pristine KTaO; substrate. The lattice of the | . = doping  X-ray fluorescence
surface layer was contracted and rotated relative to the substrate lattice. The heteroepitaxial SISCIEEET S holography
junction of the surface layer on the substrate mimicked the core—shell structure that is found in hevidenced by /

real photocatalyst particles. Nanometer-scale islands spontaneously appeared on the surface to

correct the lattice mismatch across the surface—substrate junction. X-ray fluorescence holography was applied to determine the local,
atom-scale structure around Ca cations in the host lattice. Atom distributions reconstructed from Ca Kf fluorescence holograms
suggested that K and Ta cations were simultaneously exchanged with Ca cations. Local lattice deformation was quantitatively
deduced around the Ca cations occupying the two different sites. The major features of real photocatalysts—heteroepitaxial surface—
bulk junctions, surface restructuring to correct lattice mismatches, and simultaneous cation exchange—were reproduced in the
doped wafers. The ability of X-ray fluorescence holography to determine a local structure around doping cations was also
demonstrated.

1. INTRODUCTION excited electrons were driven to the Sr-poor bulk, which left

Alkali tantalates, NaTaO; and KTaO,, are highly efficient boles at the surface. Thus, electrons and holes were separated
semiconductor photocatalysts that split pure water to produce 1 space. ] ]
hydrogen—oxygen mixed bubbles. The apparent quantum In.addltlon to the hypotbesued 'charge separation, surface
yield, which is defined as the number ratio of electrons (or reaction centers on the solid—solution photocatalysts should
holes) consumed in the reaction over the number of incident b.e investigated for further development. A series of ce.ntimeter—
photons, exceeded 50% when NaTaO, was doped with La 51z§d, well—deﬁged photocatalys.t crysta.ls doped with metal
cations and modified with a NiO cocatalyst.l’z Doping with catlon.s are requlred to c}.laractérlze reaction centers. Advanc.ed
lanthanoid (Pr, Nd, Sm, Gd, Tb, or Dy)" and alkaline earth analytical metholds functu.)nal in water, for example, scanning
metal (Ca, Sr, or Ba)>~* cations improved water-splitting yield probes and nonhn.ear optical spectroscopy, should be feasible
on NaTaO, comparably. Potassium tantalate (KTaO5) photo- on photocatalysts in th.e form of centlimieter—sned crystals. "
catalysts doped or undoped with metal cations also ?rovided '.The. authors examined Ba-containing NaTaO3. films
good quantum yields for the water-splitting reaction.””"" The epitaxially grown on SrTiO;(001) wafers to satisfy the

further application of these photocatalysts was examined in requirement. In this study, commercially available, single-
CO, reduction,>™"* CH, steam reforming 1516 .19 glucose crystal KTaO; wafers were doped with Ca cations to mimic the
) )

reforming'” reactions. highly efficient alkali tantalate photocatalysts. Single-crystal

The mechanisms behind the successful cation doping of KTaO; wafers were Zazppli.ed to the electrochemical®”*" and
tantalate photocatalysts have been studied, as recently photoelectrochemical™ oxidation of water.
reviewed by Onishi.'® The infrared absorption of band gap- Pf)tassium tantalate has a Perovskite structure with a pezgfect
excited photocatalysts showed that successful doping reduced f:ublc symmetry and a unlt'cell length of 0.399 nm,™ as
the electron—hole recombination rate, and the steady-state illustrated n F lgure L. Sofilum tantalate has a perovskite
population of charge carriers accordingly increased. In-depth structure with a slightly distorted orthorhombic symmetry
studies focused on Sr doping to NaTaOj revealed that Na and

Ta cations in the host lattice were simultaneously doped to Received: October 7, 2019
produce a NaTaO;—Sr(Sr,/3Ta,,3) O, solid solution. Strontium Revised:  January 18, 2020
cations segregated in the solid—solution particles to produce Published: January 21, 2020

junctions of the Sr-rich surface and Sr-poor bulk. The bottom
of the conduction band lifted up at the Sr-rich surface, and

© 2020 American Chemical Society https://dx.doi.org/10.1021/acs.chemmater.9b04094
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0.399 nm

Figure 1. Cubic unit cell of KTaOs.

(Pbnm) at room temperature.”* An orthorhombic cell contains
four NaTaOj units. A cube with 0.389 nm sides, the volume of
which corresponds to one-fourth that of the orthorhombic cell
volume, is effectively assigned to a unit cell in the pseudo cubic
lattice. Hence, KTaOj; is analogous to NaTaO; with a lattice
expansion of 2.5%.

Metal cation doping is frequently performed to control
electric, magnetic, or optical properties of single-crystal metal
oxides. However, the a;)plications for photocatalyst modeling
are limited. Rhodium,” iridium,”® and niobium”” doping was
exploited to control the charge carrier density in SrTiOj; films.
Rutile TiO,(110) wafers were doped solely”*’ or simulta-
neously” with Cr and Sb cations to examine visible-light
sensitized TiO, photocatalyst models using scanning probe
microscopy.

The present study is focused on a semiconductor with a
band gap of 3.6 eV.’' To sensitize the wide-band gap
semiconductor to visible light, double cation doping?’z_40 has
been examined for creating mid-gap electronic states. Oxy-
nitride formation by nitrogen anion doping is achieved as
well.*'~* The methods, results, and interpretations accumu-
lated in this study are to be applied to many other materials
including visible-light sensitized tantalates.

2. EXPERIMENTAL SECTION

2.1. Materials. A one-side polished, (001)-oriented KTaO; wafer
with dimensions of 10 X 10 X 0.5 mm?® (crystal base) was used as the
substrate. Calcium carbonate (Wako, 99.5%) was suspended in water
with a concentration of 0.1 mol 1™. A droplet of the suspension with a
volume of 0.2 mL was placed on the wafer and dried. The dried wafer
was calcined in air at 1173 K for 6 h and then at 1273 K for 12 h. The
calcined wafer was washed with an aqueous HCI solution (10 wt %)
for 10 min at RT to remove Ca-containing compounds that were left
on the wafer surface, if any. These procedures followed the solid-state
preparation of NaTaO; photocatalyst particles doped with Sr cations
that are used for the X-ray absorption characterization.**

The composition of the washed wafer was determined to have a
molar ratio of Ca/K/Ta = 22:30:48 by detecting Ca Ka, K Ka, and
Ta Lo fluorescence X-rays with a laboratory-scale spectrometer
(Shimadzu, EDX-720). Another wafer without doping had a ratio of
K/Ta = 51:49. Doping with Ca cations reduced the concentration of
K cations rather than that of Ta cations. However, a simple
substitution of K cations by Ca cations cannot be confirmed because
the escape depth of the three fluorescent X-rays are not the same. The
escape depth of Ca Ka, K Ka, and Ta La emissions was estimated in
KTaO; to be 1.9, 1.4, and 11.8 um, respectively. The penetration
depth of Ca cations into the wafer is unknown and is possibly smaller
than the escape depths.

2.2. Characterization. The crystallographic phase was deter-
mined using an X-ray diffractometer (Rigaku, SmartLab) with a Cu
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Ka source at Hyogo Prefectural Institute of Technology. To
determine the short-range ordered structure around Ca cations
embedded in the KTaOj host lattice, X-ray fluorescence holograms of
Ca Kf and Ta La fluorescent X-rays were observed by using the beam
line 13XU at the SPring-8 synchrotron facility. Curved graphite
crystals*® were used to focus the fluorescent X-ray on a solid-state
detector. The obtained holograms were processed with a 3D-AIR-
IMAGE code,*° in which the short-range ordered structure around a
fluorescing element, Ca or Ta, was reconstructed using Barton’s
multiple energy algorithm.>" The doped wafer was finally coated with
osmium and observed with a scanning electron microscope (Hitachi
High-Technologies, S-4800) at Kanagawa Institute of Industrial
Science and Technology to examine the nanometer-scale topography
of the surface.

3. RESULTS AND DISCUSSION

3.1. Crystallographic Phase. The crystallographic phase
and orientation of the doped wafer were checked by X-ray
diffraction. Figure 2 shows the observed diffraction patterns
with a definition of measurement angles in the inset of panel
(a). With y = 0° and ¢ = 0°, four peaks appeared at 26 = 22,
45, 71, and 101°, which were assigned to (00n) diffractions of
KTaO; with n = 1—4, respectively. The presence of (00n)
peaks together with the absence of other diffraction peaks
indicated that (001) planes were stacked parallel to the wafer
surface with a plane distance of 0.40 nm. The surface layer of
the wafer, the thickness of which is given by the penetration
depth of Cu Ka X-ray, remained (001)-oriented KTaOj even
doped with Ca cations.

Diffraction patterns were further observed at y = 45° to
obtain additional surface-sensitive information. At ¢ = 0°, a
sharp peak was present at 26 = 31.6° that was assigned to the
(011) diffraction of the bulk KTaO; with a lattice constant of
0.400 nm. By rotating the wafer to have a finite ¢, —0.9 or
+1.0°, a diffraction peak at 20 = 33.0° appeared, as shown in
Figure 2b. Because the contribution of bulk KTaOy; is reduced
by the finite ¢ deviations from the Bragg—Brentano condition,
the diffraction in a thin surface layer affected by doping was
recognized. By assuming that the thin surface layer is epitaxial
to the bulk KTaO,, the (011) diffraction at 33.0° predicted a
lattice constant of 0.383 nm with a contraction of 4% relative
to that of the bulk KTaO;. The possible reason for the lattice
contraction will be described in 3.3.

The epitaxial relation in in-plane directions was checked and
confirmed in Figure 2c by scanning ¢ from —45 to +315° at y
= 45° The diffraction pattern obtained with 26 = 31.6°
exhibited four peaks at 0, 90, 180, and 270°, which represent
the four-fold symmetry of the bulk KTaO;. Another ¢ scan
with 20 = 33.0° presented an identical, four-fold diffraction
pattern to confirm the epitaxial relation of the surface layer
affected by doping, which should be rich in Ca concentration,
on the KTaOj substrate. However, the distance of neighboring
(011) planes decreased by 4% in the surface layer, as described
in the preceding paragraph. A mismatch should be present
across the boundary of the surface layer and bulk substrate.
The surface layer may rotate on the substrate to reduce strain
energy. This was the case here. Two ¢ scans with 20 = 31.6
and 33.0° were conducted around ¢ = 0° and are shown in
Figure 2d. Diffraction with 26 = 31.6°, which represented the
in-plane orientation of the KTaO; substrate, exhibited one
sharp peak at 0°. With 26 = 33.0°, where the contribution of
the surface layer was dominant, two broad peaks appeared at
+1.0° with equal intensities. The Ca-rich surface layer

https://dx.doi.org/10.1021/acs.chemmater.9b04094
Chem. Mater. 2020, 32, 1439—1447
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Figure 2. X-ray diffraction patterns of the KTaO; wafer doped with
Ca cations. (a) Diffraction observed in a 26 scan with y = 0° and ¢ =
0°. The definition of the angles is illustrated in the inset. The wafer
surface was perpendicular to the ¢ axis when y = 0°. (b) Diffraction
patterns observed in 26 scans with y = 45°. ¢ was set to 0 (green
curve), —0.9 (red curve), and +1.0° (blue curve). (c) Diffraction
observed in ¢ scans with y = 45°. 26 was set to 31.6 (green curve)
and 33.0° (red curve). (d) Diffraction observed in ¢ scans around ¢ =
0° with y = 45°. 20 was set to 31.6 (green curve) and 33.0° (red
curve). ¢ = 0° is defined to be at the peak of the green curve. The
intensity was normalized to the most intense peak in each diffraction
pattern.

provided crystalline domains rotated by +1.0° when covering
the bulk lattice.

An and Onishi determined that NaTaO; photocatalysts
doped with Sr cations through a solid-state reaction®> or
crystallization in NaCl flux’® are composed of a NaTaO;—
Sr(Sry3Ta,,3)O;5 solid solution. They further proposed””
core—shell structured particles with Sr-rich shells covering
Sr-poor cores and evidenced” with element mapping by
scanning transmission electron microscopy. The two phases
described here, the KTaOj; substrate and the Ca-containing
surface layer covering the substrate in a heteroepitaxial manner,
mimicked the core—shell structured NaTaO; photocatalysts.
Calcium-cation incorporation can occur in our KTaOj;
substrate as well as the surface layer, though we found no
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sign of lattice contraction or expansion in the substrate.
Diffraction peaks are not sensitive to a small amount of
incorporated Ca cations.

3.2. Nanometer-Scale Topography. The lattice mis-
match with the rotational displacements across the boundary
of the two phases can modify the nanometer-scale topography
of the Ca-containing surface layer. A crystalline domain of the
surface layer rotated clockwise by 1° on the KTaOj; substrate is
illustrated in Figure 3a. The black-colored meshes represent
the substrate lattice. The shrunken and rotated lattice of the
surface layer is shown with red-colored meshes. The two
square meshes interfere to produce a moiré, which is
recognized as bright squares rotated clockwise by 24° relative
to the substrate lattice. The side length of the moiré lattice is
8.6 nm. The degree of mismatch is periodically modulated
according to the moiré. The two crystalline lattices are out-of-
phase at the center of the bright squares and in-phase at the
corner of the squares. We assume that the periodically
modulated mismatch generates steps running parallel to the
sides of the moiré lattice on the wafer surface, thereby
correcting the mismatch at the boundary of the surface layer
and substrate. To verify the assumption, scanning electron
micrographs of the doped wafer were compared with the moire
lattice. A typical micrograph is shown in Figure 3b where step
edges are enhanced by differentiating the raw image. Round-
square shaped islands of 50—100 nm side length appeared. The
edges of the islands were not parallel to the [100] or [010]
directions. Then, the micrograph was overlaid with 100 nm
meshes, which represent the moiré lattice rotated clockwise or
counterclockwise. Most edges are parallel to the meshes, which
supports the assumption. The lattice mismatch of the two
crystalline phases produced round-square shaped islands on
the wafer surface. The micrograph depicted in Figure 3b is
shown in Figure S1 in the Supporting Information with blue
colored bars to mark island edges parallel to the rotated
meshes.

Regularly separated step-like structures provided a common
and characteristic feature on real photocatalyst particles of
NaTaO; doped with Ca, Sr, Ba,”™> or La cations"* and KTaO,
doped with Sr cations."" The solid solutions of NaTaO; with
LalrO;°* LaCrO;,* and LaFeO;” prepared for visible-light
harvesting also exhibited surface restructuring with 10 nm-long
steps. These steps were proposed to spontaneously appear to
correct the lattice mismatch at the core—shell interfaces.”” The
island formation driven by the crystalline moiré, which was
observed in this study, mimics the nanometer-scale restructur-
ing that occurs on the real photocatalyst particles.

3.3. Local Structure Around Ta and Ca Cations. The
long-range ordered structure of the doped wafer was
characterized with X-ray diffraction to indicate lattice
contraction by 4%, as described in 3.1. In this subsection,
the local structures around Ta and Ca cations are determined
by using X-ray fluorescence holography. This is a model-free
method for determining the three-dimensional (3D) structure
of the local atomic arrangements around a specific fluorescing
element.>® A crystalline wafer is irradiated with a plane-wave X-
ray of wavelength A (Figure 4). Atom B that is adjacent to the
fluorescing atom A scatters the incident X-ray. The scattered
wave superimposed on the incident wave creates a standing
wave to excite atom A. The fluorescent X-ray intensity I() is
proportional to the standing wave intensity on atom A and is
expressed as follows

https://dx.doi.org/10.1021/acs.chemmater.9b04094
Chem. Mater. 2020, 32, 1439—1447
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Figure 3. Mismatched lattices on the KTaO; (001) wafer doped with Ca cations. (a) KTaOj; substrate and the Ca-containing surface layer are
presented as black and red meshes, respectively. The red mesh length is contracted by 4% relative to the black mesh length, and the red meshes are
rotated clockwise by 1° relative to the black meshes. (b) Scanning electron micrograph of the doped wafer was overlaid with 100 nm meshes

rotated clockwise or counterclockwise by 24°.
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with the X-ray scattering factor of the atom B f(a), A-to-B
distance d, and electron radius . The second term is sensitive
to the local structure around the fluorescing atom and creates a
hologram, while its amplitude is on the order of 107> relative to
the first term, which produces background. The 3D
distribution of X-ray scattering atoms is reconstructed around
the fluorescing atom A by the application of Barton’s
algorithm®' to holograms that were determined with incident
X-ray of different wavelengths.

By tuning the X-ray energy for excitation and detection, one
particular element is selectively characterized in an object that
includes multiple elements. The feasibility of element-specific
characterization of materials has been demonstrated in
superconductors,” alloys,”’ ™ and topological insulators.””
The local structure around metal cations in perovskite-
structured metal oxides, SrTiO;°" and Pb(Mg;,;Nb,/;)0;,°%
were analyzed. The application to guest-element atoms in a
host lattice was examined in a numerical simulation of
magnetic ions in wurtzite GaN.*> The application to
photocatalyst materials is experimentally examined in this
study.

When guest cations are located in a host lattice to present a
long-range order, X-ray diffraction provides an eflicient method
for determining their local structure. However, the long-range
order of guest cations is often lost, as was the case in the doped
wafer examined in this study. In the absence of the long-range
order, the diffraction-based methods provide only the size and
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orientation of unit cells as was conducted in 3.1. By analyzing
X-ray absorption fine structure, the distance from a guest
cation to host atoms is given with the corresponding
coordination number, even in the absence of long-range
order. X-ray fluorescence holography further provides three-
dimensional coordinates of the guest cation relative to host
atoms. Two occupation sites accidentally possessing similar
guest-to-host atom distances can be separated in X-ray
fluorescence holography, not in X-ray absorption fine structure.

3.3.1. Tantalum La Holograms. During the measurement
of the KTaO; wafer doped with Ca cations, I(§) was observed
using a solid-state detector in a 6 range of 0—75° in 1° steps at
one azimuth angle, ¢. Similar @ scans were repeated at different
¢ values of 0—360° in steps of 0.25° to complete one
hologram, I(6,¢). A typical acquisition time with Ta La
fluorescence was 1 h per hologram. Eight holograms were
acquired in the incident X-ray energy range of 10.0—13.5 keV
with 0.5 keV steps. The background was subtracted from the
raw 1(6,¢p) according to a previous study.”* A hologram
observed with an incident X-ray of 10.0 keV is shown in Figure
Sa.

The 3D distribution of X-ray scattering atoms was
reconstructed in a cubic volume of (0.9 nm)’ centered at
the fluorescing Ta cation, where x-, y-, and z-axes are parallel to
the [100], [010], and [001] directions of the KTaOj lattice,
respectively. The positions of reconstructed atoms were
consistent with that of the Ta cation sublattice in KTaO;.
Two-dimensional slices were extracted from the volume to
quantitatively examine the reconstructed atom distribution.
The fluorescing Ta cation is placed at the center of the slice at
z = 0, as shown in Figure 5b. Four first-nearest Ta cations
appeared at (+0.40 nm, 0) and (0, +0.40 nm), as predicted for
the KTaO; lattice. Four second-nearest Ta cations were at
(£0.40, £0.40 nm). Together with third-, fourth-, and fifth-
nearest Ta cations, square meshes with a unit cell length of
0.40 nm were recognized on the Ta cation sublattice. The
other reconstructed objects with weak scattering intensity were
ascribed to artifacts produced during the numerical process of
reconstruction.

Oxygen anions located on the z = 0 plane were missing. The
first-nearest anions are present at (0.20 nm, 0) and equivalent
positions, if they were recognized. The limited X-ray scattering
power of oxygen is the reason for the missing anions. The
reconstructed scattering intensity should be proportional to the
X-ray scattering factor and to the atomic number of the

https://dx.doi.org/10.1021/acs.chemmater.9b04094
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Figure S. Ta La fluorescence holography applied to the KTaO; wafer
doped with Ca. (a) Orthographic projection of the hologram with an
incident X-ray energy of 10.0 keV. Intense and weak fluorescence are
shown as bright and dark blue colors. The scale bar shows hologram
intensity relative to the background intensity. The (6, ¢) coordinate
in the orthographic projection is illustrated. The spatial distribution of
X-ray scattering atoms reconstructed with eight holograms are
presented on a plane of z = (b) 0 and (c) 0.2 nm. Intense and
weak scattering are represented by a red-to-yellow color scale. The
scale bar at the bottom shows scattering intensity normalized to 0—1.
The fluorescing Ta cation is located at (0, 0, 0) and is labeled as “Ta”.
Each first-, second-, third-, fourth-, and fifth-nearest Ta cation is
marked with numbered circles in (b).

scattering cation or anion. This relation allows for the
assumption of the dominant role of Ta cations over O anions.
The contribution of first-nearest K cations was also missing on
the slice at z = 0.20 nm shown in Figure Sc; these cations
would be present at (+0.20, +0.20 nm). The missing K cations
supported the assumption of the dominant X-ray scattering by
Ta cations in KTaO; The holograms obtained with Ca
fluorescence X-ray will be interpreted based on this
assumption. Weak scattering at (0.60, 0.20 nm) and equivalent
positions in Figure Sc were attributed to artifacts.

The two phases detected in X-ray diffraction should
contribute to the holograms and thereby to the reconstructed
atom distribution. However, the lattice contraction by 4% and
rotation by +1° relative to the substrate was not sufficient to
be recognized in the reconstructed distributions.

3.3.2. Calcium Kp Holograms. The holograms of calcium
fluorescence were recorded and analyzed in a similar manner.
Unfortunately, the most intense Ka, , fluorescence of calcium
at 3692—3688 eV overlapped with the Kf fluorescence of
potassium at 3590 eV. The energy resolution of the solid-state
detector was not sufficient to separate calcium and potassium
emissions. To avoid the undesired contribution of potassium
fluorescence, the energy window of the detector was tuned to
calcium Kp fluorescence at 4013 eV. The limited yield of Ca
Kp fluorescence, 9% relative to that of Ca Ko ﬂuorescence,65
required a long acquisition time—typically 4 h per hologram.
Eight holograms were acquired in an incident X-ray energy
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range of 6.0—9.5 keV with 0.5 keV steps. A background-
subtracted hologram at 8.0 keV is shown in Figure 6a.
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Figure 6. Ca K fluorescence holography applied to the KTaO; wafer
doped with Ca. (a) Orthographic projection of the hologram with an
incident X-ray energy of 8.0 keV. The spatial distribution of X-ray
scattering atoms reconstructed with the eight holograms are presented
on a plane of z = (b) 0 and (c) 0.2 nm. The fluorescing Ca cation is
located at (0, 0, 0) and labeled as “Ca”. The first- and second-nearest
Ta cations are marked with numbered circles in (b,c).

The spatial distribution of X-ray scattering atoms was
reconstructed in a cubic volume with the fluorescing Ca cation
placed at the cube center. The reconstructed distribution was
partially similar to and partially different from the distribution
deduced from the Ta La holograms. Two slices were extracted
from the volume to examine the similar and different features.

In the slice at z = 0, four first-nearest atoms appeared on a
square lattice at (0.46 nm, 0) and three equivalent positions, as
shown in Figure 6b. Second-nearest atoms were recognized at
(0.50, 0.50 nm) and at equivalent positions. We assigned these
eight atoms to Ta cations according to our assumption that Ta
cations dominate X-ray scattering in KTaOj;. The third-,
fourth-, and fifth-nearest cations, which appeared in Figure Sb,
are missing in Figure 6b. The missing cations suggest less
ordered atom positions around the Ca cation than those
around the Ta cation in the same wafer.

The Ta cation sublattice is cubic, with a side length of 0.40
nm in pristine KTaO;. Notably, the square lattice with this side
length was recognized in the atom positions reconstructed
around the fluorescing Ta cation (Figure Sb). The eight atoms
reconstructed in Figure 6b were located along the identical
symmetry with small outward displacements. The identical
symmetry allowed us to claim that the fluorescing Ca cation
was embedded in the KTaO; lattice by settling at the position
originally occupied by a Ta cation.

The first-nearest Ta cations shifted outward, away from the
fluorescing Ca cation, by 0.06 nm compared with those
reconstructed around the fluorescing Ta cation. The second-
nearest Ta cations shifted away by 0.14 nm relative to those
around the fluorescing Ta cation. Doping with Ca cations
induced a local expansion of the B-site cation sublattice. The
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outward displacement of the first-nearest cations was as large
as 15% relative to the unperturbed Ta—Ta distance, 0.399 nm.
The cation radii of six-fold coordinated Ca®** and Ta®* are
defined to be 0.100 and 0.064 nm, respectively.”® The
difference in the radii of 0.034 nm may be the reason for the
local expansion of the B-site cation sublattice.

The slice at z = 0.2 nm in Figure 6¢ showed a feature
different from what was reconstructed from the Ta holograms
(Figure Sc). Four atoms appeared at (+0.18, +0.18 nm),
which were absent in the atom distribution reconstructed
around the fluorescing Ta cation. We assigned the four atoms
to Ta cations on the basis of the X-ray scattering factor
governed by atomic numbers. The fluorescing calcium cation,
when settled in the B site of the KTaO; lattice, cannot be
accompanied by Ta cations on the plane of z = 0.2 nm. When
the fluorescing Ca cation occupies the A site by exchanging a
potassium cation, four Ta cations at the neighboring B sites are
present at (+0.20, +£0.20 nm) on the plane of z = 0.2 nm.
Hence, the reconstructed distribution in Figure 6¢ indicates
the Ca cation placed at the A site. An inward displacement by
0.03 nm relative to the theoretical position was additionally
revealed.

The Ta cation distribution reconstructed on the plane at z =
0 indicated a fluorescing Ca cation settling in the B site.
However, the distribution on the plane at z = 0.2 nm indicated
a Ca cation placed at the A site. We can accept the two
statements only when Ca cations exchanged A-site and B-site
cations simultaneously. Calcium cations occupying A sites
generated one hologram at one incident X-ray energy. Those at
the B sites produced another hologram. The intensities of the
two holograms were simply summed®” and recorded by the
detector. The atom distribution reconstructed from a set of the
summed holograms presented the superposition of the atom
distributions around the Ca cations at the A and B sites.

The site-sensitive occupation probability of Ca cations was
further estimated. Let us assume a virtual compound, CaTaOj,
in which every potassium cation in KTaO; is replaced with a
Ca cation. The balance of ionic charges and lattice deformation
induced by cation replacement are ignored. A spherical particle
of the virtual compound with a radius of 5 nm, which
contained 41,309 atoms, was generated in silico. Eight Ca Kj
holograms of the particle were simulated with incident X-ray
energies of 6.0—9.5 keV with 0.5 keV steps. The tantalum
cation distribution was reconstructed using simulated holo-
grams: this procedure is the same as the one used for the real
holograms. The atom distribution reconstructed on the
simulated holograms is available in Figure S2a. The first-
nearest Ta cation to the Ca cation exhibited a scattering
intensity 20 times larger in the reconstructed atom distribution
of the virtual compound than that in the atom distribution
shown in Figure 6¢. Thus, the Ca occupation at the A site was
estimated to be 5%.

A particle of virtual KCaO; was assumed, and eight Ca Kf
holograms were simulated in a similar manner. The atom
distribution reconstructed on the simulated holograms is in
Figure S2b. By comparing the scattering intensity in the virtual
and real compounds, a Ca occupation of 6% at the B site was
required. A composition of (Kgg5Cags) (Tag95Cags) 0494 Was
expected by balancing the ionic charges with no cation
vacancy. The occupation probability of the doping element was
nearly even at the two cation sites. The Ca concentration
estimated here was smaller than the composition of the wafer
separately determined in 2.1, Ca/K/Ta = 22:30:48. In the
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second paragraph of this subsection, the authors suggested less
ordered atom positions around the Ca cation than those
around the Ta cation. The less ordered atom positions can
decrease the scattering intensity in the reconstructed atom
distribution. This decrease can be the reason for the Ca
concentration underestimated in the reconstructed distribu-
tion. Thermal vibration in the real KTaO; should further
decrease the intensity in the reconstructed atom distribution
leading to underestimated Ca occupations. However, the
extent of underestimation was not more than 7% with the
Debye temperature of 449 K* of the pristine KTaO,.

The simultaneous cation exchange hypothesized here is
consistent with previous findings in real photocatalysts. In
NaTaO;”* and KTaO;'' photocatalyst particles, Na or K
cations at the A site and Ta cations at the B site were
simultaneously doped with Ca, Sr, or Ba cations. In the present
study, we are modeling the real photocatalyst particles with
KTaO; wafers doped with Ca cations. As desired, the atom-
scale structure of the photocatalysts and the simultaneous A-
and B-site cation doping were successfully simulated in the
wafers.

Finally, consider the possible origin of the lattice contraction
by 4% determined by X-ray diffraction. The ionic radius of Ca
cation is 0.134 nm when it is 12-fold coordinated.”® When a
Ca cation occupies the A site instead of a potassium cation, the
12-fold coordinated radius of which is 0.164 nm,*® the
perovskite-structured lattice should contract locally. Accord-
ingly, an inward displacement of 0.03 nm was observed for the
Ta cations first-nearest to the fluorescing Ca cation in Figure
6¢c. However, the Ca cation occupying the B site induced a
local lattice expansion compared with the atom distribution on
the plane of z = 0 in Figure Sb. The lattice size of the
simultaneously exchanged compound is determined on the
balance of the opposite contributions. The lattice contraction
found in diffraction suggested a major role of Ca cations at the
A site in reducing the lattice volume. This finding is consistent
with the received picture of perovskite-structured compounds;
the lattice volume is sensitive to the A-site cation radius.”’

4. CONCLUSIONS

(001)-oriented KTaO; wafers were doped with Ca cations
thorough the solid-state reaction to mimic KTaO; and
NaTaO; photocatalysts. A wafer doped at a Ca/Ta molar
ratio of 46% was characterized. X-ray diffraction showed a Ca-
containing, perovskite-structured surface layer covering the
substrate. The lattice of the surface layer was contracted by 4%
and rotated by +1° relative to the substrate lattice. The
heteroepitaxial junction of the Ca-containing surface layer and
the substrate simulated the core—shell structure found in real
photocatalyst particles doped with alkaline earth metal cations.
Round-square-shaped islands with 50—100 nm side lengths
spontaneously appeared on the wafer surface to correct the
lattice mismatch across the surface—substrate junction. The
atom-scale structure around the Ta and Ca cations was
determined with X-ray fluorescence holography. The first-,
second-, third-, fourth-, and fifth-nearest Ta cations were
recognized around the Ta cation emitting La fluorescence,
whereas the neighboring K cations and O anions were not. The
element-specific recognition allowed us to assume dominant X-
ray scattering by Ta cations over the other light elements in
KTaO;. Holograms obtained with Ca Kf fluorescence were
analyzed based on this assumption to evidence a simultaneous
exchange of A-site (K) and B-site (Ta) cations with Ca cations,
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which was observed in real photocatalysts. Local lattice
contraction and expansion were quantitatively determined
around the Ca cations occupying the A and B sites,
respectively.

The major features of the real photocatalysts—heteroepitax-
ial surface—bulk junctions, surface restructuring to correct
mismatched lattices, and simultaneous cation exchange—were
successfully reproduced in the wafer characterized in this
study. KTaO; wafers that were doped in a similar manner
should provide a promising class of photocatalyst models to
study surface reaction centers for the water-splitting reaction.
The ability of X-ray fluorescence holography to determine a
local structure around doping cations in their host lattice was
also demonstrated.
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