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Abstract

Perovskite-structured NaTaO; films were epitaxially deposited on centimeter-sized SrTiO3(001)
wafers by hydrothermal and solvothermal reactions to examine the surface science for an efficient
photocatalytic water-splitting reaction. The addition of Ba cations in the starting solutions afforded Ba-
doped NaTaOs films. X-ray fluorescence holography was employed to investigate and confirm the

heteroepitaxial relationship between the Ba-doped film and substrate.



Hydrothermal and solvothermal preparation of NaTaO; heteroepitaxial films on
SrTiO3(001).
Doping with Ba®* cations up to 4 mol% relative to Ta.

Feasibility of X-ray fluorescence holography for NaTaO; film characterization.



1 Introduction

The photocatalytic splitting reaction of water demonstrates promise for the production of hydrogen
fuel. Polycrystalline particles of sodium tantalate (NaTaOs) doped with alkaline-earth metal (e.g., Ba,
Sr, or Ca) cations exhibit high quantum efficiencies for this reaction [1-4] and also the steam reforming
reaction of methane [5] when the bandgap is excited by ultraviolet light. The photocatalytic reduction
of CO, using pristine [6], metal-doped NaTaOs [7,8] and also KTaOj; [9] has been reported. Steady-state
[10] and time-resolved [11] infrared absorption studies revealed that the recombination of photoexcited
electrons and holes is restricted by the doping of alkaline-earth metals into NaTaOs. The restricted
recombination in the bulk provides an explanation for the observed increase in the quantum efficiency.
In addition, the photoexcited electrons and holes efficiently drive redox reactions at the surface to
produce hydrogen and oxygen. Therefore, surface reaction centers on NaTaOs should be investigated
for further development. A series of well-defined, crystalline NaTaOs films, either doped or undoped
with foreign metal cations, are required for surface science studies. In this study, Ba-doped and undoped
NaTaO; films were epitaxially grown on centimeter-sized SrTiO3(001) substrates to satisfy this

requirement.

2 Previously reported NaTaO; films

Thus far, polycrystalline NaTaOs films have been prepared by hydrothermal reactions [12-15],
synthesis under NaNOs flux [16, 17], and magnetron sputtering [18]. In this study, hydrothermal and
solvothermal reactions were employed to produce epitaxial films on SrTiO; substrates. Typically,
hydrothermal [19-25] and solvothermal [26, 27] reactions have been utilized to produce micrometer-
sized undoped NaTaOs particles. In addition, NaTaOs particles doped with Ca, Sr, and Ba [10], La [28,
29], Bi [30, 31], V [32], or Cu [33] cations were synthesized under hydrothermal reaction conditions.
Cubic particles with smooth facets have been reported previously, indicative of the stability of the (001)
truncation of a perovskite-structured NaTaOj lattice in the solutions.

The (001)-oriented SrTiOs; wafers can serve as a good template for the heteroepitaxial growth of
oriented NaTaOs; films. NaTaO; exhibits a perovskite structure that is slightly distorted in orthorhombic
symmetry (Pbnm, a = 0.548, b = 0.552, ¢ = 0.779 nm) at room temperature [34] and an orthorhombic
cell contains four NaTaOs units. A cube of with sides of 0.389 nm, the volume of which corresponds to
one fourth of the orthorhombic cell volume, is effectively assigned to one unit. As SrTiO; exhibits a
perfectly cubic structure with a = 0.390 nm [35], the heteroepitaxial growth of NaTaO; is expected on
SrTiO; with a small mismatch of the two cubic cells by 0.3%. Indeed, KTaO3 [36—38] with a cubic cell
with sides 0f 0.399 nm [39] and KNbO; [38, 40] have been reported to be present on the heteroepitaxial
films on a SrTiO3(001) substrate under hydrothermal reaction conditions.

In the present study, the authors assume NaTaO; to be in a pseudo-cubic structure with a = 0.389
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nm as illustrated in Fig. 1. They recognize that the real-cubic NaTaOj; appears at temperatures higher
than 890 K with a = 0.393 nm [17]. However, identifying and controlling the orientation of the
orthorhombic cell is beyond their purpose here. Suzuki et al. [17] recently determined a relation of (10-
1)[010]NaTaO3//(100)[010]SrTiO; with orthorhombic NaTaOs films prepared on SrTiO3(100) through

a flux coating method.

pseudo-cubic cell

0.389 nm
Fig. 1. A pseudo-cubic unit cell of NaTaOs. (Print in a gray scale.)

3 Materials and methods

For hydrothermal synthesis, 15 mol L™ aqueous solutions of NaOH (96%, Wako) containing Ta;Os
(99.99%, Rare Metallic Co.) and BaCO; (99.99%, Wako) were sealed in a Teflon container and heated
at 473 K in an autoclave (OMlab-Tech, MR28) for 12 or 24 h. Previously, high concentrations of KOH
have been reported to be favorable for KTaOs; production instead of pyrochlore-structured KTa,Os(OH)
[36]. The solutions exhibited a Na/Ta molar ratio of 30 with Ba/Ta ratios of 0, 0.02, or 0.05. A one-side
polished SrTiO3(001) wafer of a square with sides of 10 mm and thickness of 0.5 mm (Shinko-sha) was
placed on a Teflon holder in a container (Fig. 2). The polished wafer face was faced downwards, in
contact with the solution, to avoid the falling solid particles that precipitated in the solution. The film-
covered substrates were rinsed with water and dried in air at 343 K.

In solvothermal synthesis, a 2 mol L™" ethanol solution of Ta(OC2Hs)s (99.98% trace metal basis,
Sigma-Aldrich) and a 0.2 mol L™" ethanol solution of Ba(OC:Hs), (99%, Kojundo Chemical Laboratory)
were mixed in a molar ratio of Ta(OC,Hs)s:Ba(OC,Hs), = 50:1 and then put in a 15 mol L™' aqueous
NaOH solution at 273 K to achieve a Na/Ta molar ratio of 75. The volume ratio of ethanol/water was
12/100 in the starting solution. The as-prepared solution was placed in the autoclave with a SrTiO; wafer

on the holder and heated at 473 K for 12 h.
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Fig. 2. A SrTiO3(001) wafer in the Teflon container. (Print in a gray scale.)

X-ray photoelectron spectroscopy (XPS) was employed to analyze the film composition by using a
spectrometer (Ulvac-Phi, PHI X-tool) with an Al-Ka excitation source. X-ray diffraction (XRD,
PANalytical, X'Pert Pro MPD) was employed to determine the crystallographic phases in Yeungnam
University. Scanning electron microscopy (SEM, JEOL, JSM-5510) was employed to observe the shape
and energy dispersive X-ray spectrum of the films. X-ray fluorescence holography (XFH) was utilized
to investigate the epitaxial relationship of the Ba-doped film and single-crystalline SrTiOs substrate.
This is a model-free method for determining the three-dimensional structure of the local atomic
arrangements around a specific fluorescing element [41]. A hologram of the Ta Lo fluorescent X-ray

was observed at beam line 13XU in SPring-8 synchrotron facility.

4 Results and discussion
4.1 Film composition

Fig. 3(A) shows the wide-scan XPS spectra of the substrate and films. In the spectrum (a) of the
SrTiOs substrate, major signals corresponding to Sr, Ti, O, and C were observed, while a weak emission
was observed at a binding energy of 500 eV, possibly related to contamination by Na. An undoped
NaTaOs film prepared by the hydrothermal reaction for 24 h (hereafter referred to as HTM-NTO)
exhibited signals corresponding to Na, Ta, and O with no sign of contamination other than the presence
of carbon in spectrum (b). The absence of SrTiOs-induced emissions revealed that the substrate is
completely covered by a film greater than the photoelectron escape depth, 2 nm, at the Sr 3d and Ti 2p
levels. Panels (B), (C), and (D) show separate scans for Na 1s, Ta 4f, and O 1s levels, respectively. The
binding energy of each spectrum was calibrated relative to the oxygen 1s level at 530.0 eV to compensate
for the charging of the X-ray-irradiated semiconductor wafer. The binding energy of the Ta 4f 7/2 peaks
was 25.8 eV. This energy is consistent with that of the NaTaOs particles prepared for the hydrothermal
reaction [10], revealing a +5 oxidation state for the Ta cations. Sharp, symmetric peaks were observed
in the Na 1s and Ta 4f spectra, indicating the presence of the homogeneous environment for the metal
cations in the film. The raw intensity of the two signals was corrected with the photoemission cross

sections and photoelectron escape depths to yield a molar ratio of Na:Ta = 38:62. A Na/Ta ratio of 40:60
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was separately derived from the EDX spectrum equipped with SEM (SEM-EDS). XPS is more surface-
sensitive than SEM-EDS; hence, the similar ratios observed by the two methods revealed a uniform film
composition at different depths from the surface. The Na/Ta ratio was less than unity possibly because
Na" was partially exchanged by protons incorporated into the film during hydrothermal preparation. The
inclusion of OH species has been reported for NaTaOs [10] and KTaOs [42] particles prepared by a
hydrothermal reaction.

By the addition of BaCOj into the starting solution, Ba-containing materials were deposited on the
substrate during the hydrothermal reaction for 12 h. With a Ba concentration of 2 mol% in the solution
relative to Ta, a Ba-doped film was obtained (hereafter referred to as HTM-Ba-NTO). Ba-induced XPS
signals were observed in the wide-scan spectrum (c) with intact signals for Na, Ta, and O. A broad peak
was observed at 780.2 eV in the separately scanned Ba 3d5/2 spectrum (c) shown in panel (E). The
cation composition of the film was estimated as Na:Ta:Ba = 40:58:2 from the XPS signal intensities.
These numbers are acceptable for a NaTaOs film doped with Ba compared to the composition of the
undoped film prepared in the same manner. The Ba concentration was 4 mol% relative to Ta. According
to SEM-EDS results, a Na:Ta ratio of 45:55 and a Ba fraction was below the limit of detection because
of the limited film thickness.

With a high Ba concentration in the starting solution, i.e., 5 mol%, an undesired compound was
deposited on the substrate. In the wide-scan spectrum (d), the Na 1s emission weakened, while Sr 3d
and Ti 2p signals were observed. The composition estimated from the separate-scan spectra shifted to
the ratio of Na:Ta:Ba = 5:48:47 away from the desired ratio. A compound other than Ba-doped NaTaO;
should have incompletely covered the substrate. A longer reaction time, i.e., 24 h, was attempted,
however, a film with an undesired composition was still obtained.

Finally, the solvothermal reaction for 12 h was examined to produce a Ba-doped film, namely STM-
Ba-NTO. In the wide-scan spectrum (e), the signals of Na, Ta, O, and Ba were observed as expected.
The carbon 1s intensity was limited although the Ta and Ba sources in the starting solution comprised
ethoxide ligands. The film composition deduced from the separate-scan spectra (e) in panels (B), (D),
and (E) was Na:Ta:Ba = 47:49:4. These numbers are satisfactory for a Ba-doped NaTaOs film. The
absence of Sr 3d or Ti 2p signals revealed that the substrate is completely covered by the film. The
surface energies of NaTaOs [43] and SrTiO; [44] were estimated to be 1.6 and 2.5 J m™, respectively.
The smaller energy of NaTaOs provides a reason for the complete coverage observed for SrTiOsz on the

three films, HTM-NTO, HTM-Ba-NTO, and STM-Ba-NTO.
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Fig. 3. X-ray photoelectron spectra of the NaTaO; films on SrTiO3(001). (A) Wide scans in a binding
energy range of 0—1100 eV. Separate scans for (B) Na 1s, (C) Ta 4f, (D) O 1s, and (E) Ba 3d5/2 emissions.
Spectra of the (a) SrTiO; substrate, (b) HTM-NTO, (c) HTM-Ba-NTO, (d) the hydrothermally prepared
film with a Ba concentration of 5 mol%, and (¢) STM-Ba-NTO. The intensity of the separate spectra

was normalized relative to that of the O 1s emission. (Print in a gray scale.)

4.2 Crystal structure

The XRD results confirmed the presence of crystallized NaTaOs; films on the substrate. The
diffraction pattern (a) in Fig. 4(A) was observed for the naked substrate. Diffraction peaks indexed to
(001), (002), and (003) were observed at 26 = 23, 47, and 73°, respectively. Note that the indexes are
defined in the pseudo-cubic cell described in Section 2. These peaks were observed in the conventional

Bragg—Brentano geometry, where the X-ray source and detector are placed symmetrically relative to the
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surface normal of the SrTiO3; wafer. The symmetric geometry was modified by a 1° offset, where o= "
x 26+ offset, for observing the diffraction peaks of the HTM-NTO, HTM-Ba-NTO, and STM-Ba-NTO
films. The intense diffraction of the substrate decreased in the asymmetric geometry to recognize
diffraction in the films. Three films exhibited peaks at 23° and 47°, corresponding to the (001) and (002)
diffractions of NaTaO3, respectively. A diffraction other than a (00n) type was not observed for the films
although a number of peaks at 26 = 40-80° were observed for the NaTaOs; powder. The selected
appearance of the (00n) diffraction was related to the crystalline NaTaOs; domains oriented toward the
[001] axis parallel to the [001] axis of the substrate.

Attempts were made to further detect the shifts of the (001) peak generated in the films and substrate.
The (001) peaks were observed at 22.7 and 22.8° for the substrate and HTM-NTO film, respectively, as
shown in panel (B). A positive shift by 0.1° revealed the contraction in the distance of the (001) layer
by 0.4%. The contracted distance is in agreement with the lattice sizes described in Section 2. The (001)
peak corresponding to HTM-Ba-NTO was observed at 22.7°. Doping with barium led to a shift to a
lower angle; thus, the layer distance in the NaTaOj film increases. Previously [6], Ba** has been reported
to occupy the A sites in the NaTaOs lattice when doped via the hydrothermal reaction. Assume simple
A-site substitution and compare ionic radius of the cations. The layer distance should naturally increase
with the substitution of Na" with Ba*". The radii of 12-fold coordinated Na* and Ba*" are 0.14 and 0.16
nm, respectively [45]. On the other hand, the lattice spacing can also be sensitive to the fraction of
Na'/proton exchange in the films. When doping with Ba** decreased Na'/proton exchange fraction,
HTM-Ba-NTO with less protons may have presented a larger spacing than that of HTM-NTO.

In STM-Ba-NTO, the (001) peak shifted back to 22.7°. The reason for this backwards shift is not
clear. The lattice spacing can be sensitive to Na'/proton exchange fraction, as mentioned above.
However, the volume ratio of ethanol/water was 12/100 in the solvothermal environment for STM-Ba-
NTO film preparation. Since the ratio was far less than unity, the authors expect that the exchange

fraction in the films was insensitive to hydrothermal or solvothermal environments.
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Fig. 4. X-ray diffraction patterns of NaTaO; films on SrTiO3(001). Peaks observed at 26 = 7-80° are
shown in (A). Shifts of the (001) peak are shown in (B). (a) The SrTiOs substrate observed in the
symmetric geometry. (b) HTM-NTO, (c) HTM-Ba-NTO, and (d) STM-Ba-NTO were observed in the
asymmetric geometry. The diffraction intensity was normalized. Peaks with the highest intensity for

each pattern are shown with equal heights. (Print in a gray scale.)

4.3 Film morphology

Square-shaped domains were observed in the top-view SEM image of the undoped film HTM-NTO
(Fig. 5(A)). Domain boundaries were parallel to the [100] and [010] directions of the SrTiO3(001)
substrate. The oriented boundaries suggested an epitaxial relationship between the deposited domains
and substrate. The lateral dimension of the domains was greater than or equal to 0.3 pum. The averaged
thickness of the film was 0.2 um according to a cross-sectional SEM image shown in panel (A'). Square-
shaped domains were observed with reduced lateral lengths for HTM-Ba-NTO (panel (B)). A cross-
sectional image in (B') indicated a reduced thickness of the Ba-doped film.

On the other hand, round-shaped domains partially covering the substrate (panel (C)) were observed
for the film prepared by the hydrothermal method with a Ba concentration of 5 mol% in the solution,
the composition of which shifted away from the desired Ba-doped NaTaOs. The absence of an epitaxial
relationship is natural when the deposited materials are assumed to be different from NaTaOs.

Square-shaped pits were observed for STM-Ba-NTO (panel (D)). The regulated orientation of the pit
boundaries suggested an epitaxial relationship between the solvothermally prepared film and substrate.
A mosaic-like pseudo epitaxial relationship may also be present, where the in-plane direction of square

domains rotates slightly to create low angle domain boundaries.



Fig. 5. Scanning electron microscopy images of the NaTaOs films on SrTiO3(001). Top views of (A)
HTM-NTO, (B) HTM-Ba-NTO, (C) the film prepared by a hydrothermal reaction with 5 mol% Ba, and
(D) STM-Ba-NTO. Scale bars with a length of 1 um are inserted in each image. Cross-sectional images
of (A") HTM-NTO and (B') HTM-Ba-NTO are shown with 1 um scale bars. Incident electron energy:
20 keV. (Print in a gray scale.)

4.4 X-ray fluorescence holography

The XPS results described in Subsection 4.1 confirmed the desired composition of the HTM-NTO,
HTM-Ba-NTO, and STM-Ba-NTO films comprising undoped and Ba-doped NaTaOs. The XRD results
in Subsection 4.2 indicated that the NaTaO3(001) layers are stacked parallel to the surface of the
SrTiO3(001) substrate. The square-shaped domains shown in Subsection 4.3 suggested an epitaxial
relationship in the lateral directions. In this Subsection, HTM-Ba-NTO was further examined using the
holography of Ta La fluorescent X-ray to confirm the heteroepitaxial relationship to the substrate.

The principle of holography is briefly described here according to a recent review [41]. The HTM-
Ba-NTO film is irradiated by an intense, plane-wave X-ray of wavelength A (Fig. 6(A)). Atom A adjacent
to the fluorescing Ta atom scatters the incident X-ray. The scattered wave superposed on the incident
wave affords a standing wave. The Ta atom is excited by the standing wave and emits Lo fluorescent
X-ray. The fluorescent X-ray intensity 1(6) is proportional to the standing wave intensity and is
expressed as follows,

1(6) = 1-2Re (%ezmd(cosa—l)/l)’
with the X-ray scattering factor of A atom f(«), Ta-to-A distance d and the electron radius re. Angle a is
defined in Fig. 6(A). The amplitude of the second term creating a hologram is often in the order of 10~
relative to the first term giving the background.

In the measurement of HTM-Ba-NTO, I(6) was observed using a solid-state detector in a frange of

0-75° by 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, 1(8, ¢). Panel (B) shows a Ta La hologram thereby
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constructed with an incident X-ray of 11.4 keV. The background was subtracted from the raw (6, ¢) to
deduce the hologram following an earlier report [46]. X-ray standing wave lines were recognized in the
hologram. The presence of the standing wave lines evidenced the epitaxial nature of the Ta-containing
film. The three-dimensional distribution of X-ray scattering atoms was reconstructed in an actual space
around the Ta atom by the application of the Barton’s multiple energy algorithm [47] to the hologram.
The hologram was created by interference of the incident and scattered X-rays. Hence the length along
X, Yy and z axes was calibrated by monochromatized X-ray wavelengths.

The two-dimensional distribution on a plane of z = 0 was sliced out of the reconstructed three-
dimensional distribution and shown in panel (C). The plane of z= 0 represented a (001) plane of NaTaO;
involving the fluorescing Ta atom, where the X and y axes are parallel to the [100] and [010] directions
of the SrTiO; substrate, respectively. Intense and weak scattering was represented by dark and bright
colors. Intense scattering was observed at the four corners of the figure. Each scattering at the corners
was split into two spots, probably corresponding to the artifacts induced in the reconstruction. The center
of the outer spots was assumed to represent the coordinates of the scattering atom. Based on this
assumption, four scattering atoms were recognized at X = +0.39 and y = +0.39 nm, corresponding to the
second-nearest Ta atoms placed at (1, =1, 0) around the fluorescing Ta atom at (0, 0, 0) in the pseudo-
cubic NaTaO:s lattice. The four first-nearest Ta atoms at (1, 0, 0), (-1, 0, 0), (0, 1, 0) and (0, -1, 0) were
weakly recognized. The intensity in the reconstructed distributions is proportional to X-ray scattering
factor and hence the atomic number of scattering atoms. This relation permits an assumption of the
dominant role of Ta over Na or O in the reconstructed distributions. Barium is the other heavy element
in the film, but the Ba concentration is not sufficient to contribute the hologram.

A two-dimensional distribution on a plane of z = 0.39 nm. Four intense spots were observed on the
X and y axes away from the origin by a distance of 0.39 nm. These spots corresponded to the second-
nearest Ta atoms placed at (1, 0, 1), (-1, 0, 1), (0, 1, 1) and (0, -1, 1) in the NaTaOs film heteroepitaxial
to the SrTiOs substrate. Scattering by the third-nearest Ta atoms at (1, 1, 1) and equivalent positions was
not recognized probably due to long distances of fluorescing and scattering atoms. The reconstructed
three-dimensional atom distribution was successfully interpreted on the perovskite-structured NaTaO;
lattice; the epitaxial relationship of NaTaOs deposited on the SrTiOj; substrate is shown.

The authors assume that Ta fluorescence X-ray came from the film, not the underlying substrate. The
substrate was Ta free prior to film preparation. If SrTiO; dissolved and co-precipitated with NaTaOs in
the hydrothermal environment, the substrate might involve Ta atoms. However, the cross-sectional
views in Figs. 5(A") and 5(B') presented flat film-substrate interfaces with no sign of SrTiO3 dissolution.
Thermal diffusion of Ta atoms from the film into the substrate is not probable at our reaction temperature,

473 K.
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The feasibility of XFH for recognizing three-dimensional atomic structures, which was demonstrated
in this study by scattering Ta atoms around a fluorescing Ta atom, will further be applied in the
determination of the atomic structures around the fluorescing dopant cations of interest, i.e. Ba, Sr, or
Ca in NaTaOs;. Artifacts induced in the reconstruction can decrease via the accumulation of the
holograms with different incident X-ray energies and averaging reconstructed distributions [41, 47].
This technique can be applied to neutrons instead of X-ray photons for visualizing light element atoms.

A recent development using white neutrons with time-of-flight detection has been reported [48].
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Fig. 6. X-ray fluorescence holography of HTM-Ba-NTO. (A) Definition of angles #and ¢. (B) An
orthographic projection of the Ta Lo hologram with an incident X-ray energy of 11.4 keV. A scale bar
presents hologram amplitude of +0.5% relative to the background. Reconstructed distribution of
scattering atoms on a plane of z=(C) 0 and (D) 0.4 nm. A scale bar shows scattering intensity normalized
to 0—1. The fluorescing Ta atom is on the plane of z =0 and marked in the distribution (C). Eight circles
in (C) and nine circles in (D) represent the coordinates of the first-, second-, and third-nearest Ta atoms
placed in a crystalline NaTaOs film heteroepitaxial on the SrTiO3(001) substrate. Atom coordinates are

mentioned in the figures. (Print in a gray scale.)
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5 Conclusions

Perovskite-structured NaTaO; films were deposited on centimeter-sized SrTiO3(001) wafers by a
hydrothermal or solvothermal reaction. The addition of Ba in the starting solutions afforded Ba-doped
NaTaO:s films. The heteroepitaxial relationship of the films and substrates was investigated by XRD and
SEM analysis. X-ray fluorescence holography was applied to a Ba-doped film to further provide

evidence for the epitaxial relationship suggested by the two other methods.
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