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ABSTRACT

Confirming the dopant site of In’*-doped SrTiO; (In-STO) is essential to reveal the mechanism of its photocatalytic activity. In a previous
study, x-ray absorption spectroscopic analysis and theoretical investigations were performed to discuss the dopant site, and In*"~Ti*" substitu-
tion was proposed. However, direct confirmation of the In®* dopant site has not yet been reported. Here, we performed direct atomic-scale
imaging of In-STO crystals via analytical transmission electron microscopy and revealed the dopant site based on real-space elemental mapping.
The Ti and Sr sites in the SrTiO; crystal lattice were well identified by atomic column elemental mapping using energy dispersive x-ray spectros-
copy (EDS). The EDS signal of indium has a stronger intensity at the Ti site than at the Sr site, based on the total analysis of each Ti and Sr
atomic column. By applying principal component analysis on the raw EDS spectral imaging data cube, the indium site was clearly imaged; it

completely fit into the Ti atomic column positions. These results provide direct evidence of In-Ti substitution in In-STO photocatalysts.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0047290

Strontium titanium oxide (SrTiO3) with a cubic perovskite struc-
ture (space group Pm-3m, No. 221) is well known as a photocatalyst
for overall water splitting' ~ and is a promising candidate as a hydro-
gen generation material by ultraviolet (UV) photon energy irradiation.
Enhancement of SrTiO; photocatalyst activity has been the focus of
research for producing hydrogen by sunlight irradiation. Recently,
some specific metal cations as impurities elements that enhance the
photocatalytic activity of SrTiO; via solid-solution formation have
been reported.” To enhance the quantum yield of photocatalytic reac-
tion, the amount of these impurities usually reaches to mol% level.
Although the amount of impurities in semiconductor materials is
mostly ppm order, here we defined these metal cation impurities as
dopant, by meaning of photocatalytic research. Especially, indium cat-
jon (In*") doping, as well as Ga>" and AIP" doping, into the SrTiO;
lattice enhances the activity.”® This can be explained by the substitu-
tion of Ti** with O*~ vacancy’ as follows:

2In’*" <= 2Ti** (substitution) + O~ (vacancy). 1)

Here, O~ vacancy formation can enhance the photocatalytic activity
of water splitting via charge separation.®

Alternatively, to charge compensate, In*" substitution may also
occur

2In*" <= Sr’* (substitution) + Ti** (substitution). (2)

Here, Sr*" substitution with In®* should stabilize Ti’* defects in the
crystal lattice, decreasing photocatalytic activity.” Therefore, the substi-
tution mechanism of In*" into SrTiO; is significant for studying pho-
tocatalytic activity from the basis of the dopant engineering. To reveal
the dopant site of indium-doped SrTiO; (In-STO) crystal, we previ-
ously studied via x-ray absorption fine structure analysis and density
functional theory (DFT) calculations.” There, we concluded that
dopant-site (Ti or Sr) is a main issue of photocatalytic activities,
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because it directly affects the band structure. The Sr-In substitution
makes impurity state, originated from In-O hybridization, within the
main bandgap. It should play a role to a recombination center for pho-
togenerated electrons and holes. While the Ti-In substitution does not
make such state, and it should be suitable for effective charge separa-
tion by photon irradiation. Therefore, direct confirmation of the dop-
ant site is the main topic of photocatalytic science of In-STO
photocatalyst. From the crystal model of SrTiO; shown in Fig. 1, one
sees that Ti*" has TiOg octahedral coordination, whereas Sr** has
SrO;, cuboctahedral coordination. The oscillation feature of the
extended x-ray absorption fine structure was close to that of the InOg
octahedral coordination structure, suggesting Ti*" substitution.
Furthermore, the simulated band structure of the Ti*" -substituted the-
oretical model explained the experimental optical absorption feature
better than the Sr>* substitution model. This is because of the different
ionic radii of the dopant In** (80 pm) and Sr*" (144 pm). Therefore,
In>* would be substituted for Ti*" (61 pm), which has a relatively sim-
ilar ionic size.

Spectroscopic approaches and theoretical calculations are power-
ful tools for discussing the dopant site. However, direct information
on the dopant site in real space has not yet been obtained. An atomic-
scale imaging of the dopant element in the crystal lattice should pro-
vide clearer evidence. In this type of study, transmission electron
microscopy is one of the most effective tools. Currently, the conver-
gence of the electron beam probe in scanning transmission electron
microscopy (STEM) can reach subnanometer spatial resolution,
enabling the detection of individual single dopants with atom-by-atom
imaging.'”"'® Furthermore, STEM techniques coupled with spectro-
scopic analysis such as energy dispersive x-ray spectroscopy (EDS) can
provide atomic-scale imaging and elemental information,'” >’ which
will enable us to identify the dopant element with more reliable
images. Lu et al. reported the dopant-site analysis of samarium-doped
SrTiO; (Sm-STO) lattice via atomic-scale STEM-EDS imaging.”’
Although the atomic-scale elemental mapping demonstrated in ideal
model thin-specimens with suitable atomic concentration, confirming
the dopant element in actual powder formed samples via STEM-EDS
mapping remains difficult. Generally, specimens thickness highly

SrTiO; (Pm-3m)
a=0.3905 nm

sre*

=) r=144 pm

.J \° In3*

r=80 pm
o
r=61pm

FIG. 1. Crystal structure of SrTiO; with cubic perovskite structure rendered by
using the VESTA program.”” The lattice constant is a=0.3905 nm. Sr*™, In>*, and
Ti** cations are rendered with green, red, and blue spheres with accurate ionic
size ratio, respectively. Numbers below each sphere are the ionic radii of each cat-
ion. In®* dopant can substitute for both S*** and Ti** according to charge
compensation.
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affects delocalization of x-ray emission, which is critical for the quality
of atomistic images.””*’ From this, in particular, prepared thinning
specimens suitable for fine TEM and STEM analysis are usually used
for atomistic EDS imaging. Thus, atomic-scale EDS imaging for the
actual photocatalyst, which is a powder form sample with larger thick-
ness, still be interested. Furthermore, the amount of dopant element is
too small to obtain strong enough x-ray signals at the atomic scale.”**”
To address this matter, applying multivariate statistical analysis (MSA)
to a spectral imaging data cube is a promising approach. Principal
component analysis (PCA), which is one of the MSA procedures, can
reproduce the major spectral information existing in the tiny raw data
signal of a single spectrum.”® Here, principal component vectors,
orthogonal to each other, are determined to include more information
of various EDS spectra in the spectral imaging data cube. Vectors with
lager contribution into main data of spectra have high-order eigenval-
ues. Then, reconstructing the data cube using only the high-order
eigenvalues obtained by the PCA reduces the effects of noise.”’
Namely, thanks to the PCA, we can obtain more reliable spectrum
data even with the single pixel. In this study, we tackled the direct
atomic-scale confirmation of the indium dopant site in In-STO photo-
catalyst by using STEM-EDS elemental mapping. By applying the
PCA procedure to the data cube of the EDS spectral image, the indium
dopant site could be clearly confirmed.

The In-STO material was prepared via a solid-state reaction.
SrCO;3 (99.9%, Kanto Chemicals) and TiO, (99.9%, Kanto Chemicals)
were mixed in a Sr/Ti molar ratio of 1.0 and suspended in an
In(NOs); (Wako Chemicals) aqueous solution. Here, the ratio In/Ti
was 7.1 mol. % for this mixture. The suspension was dried by stirring
and then calcined at 1100 °C for 20 h. After calcination, the prepared
material was washed with aqueous HCl solution and with pure water
to remove any unreacted contaminants and then dried at 80 °C in air
for 24 h. Additional details of the material preparation have been
described elsewhere.” STEM-EDS imaging was performed with a
TITAN? G2 60-300 (FEI) equipped with a silicon-drift EDS detector
(Super-X, FEI) at an acceleration voltage of 300 kV and a screen cur-
rent of 0.2nA. The beam convergence angle and sample thickness of
this experiment are 21 mrad and more than 400 nm, respectively. The
sample thickness is estimated by the particle diameter and shapes of
the powder sample, which is also mentioned in previous reports.’
Elemental mapping was acquired via EDS spectral imaging using the
analytical software (Esprit, Bruker) with 128 x 128 pixel resolution at
186 us of pixel dwell time and 10 eV per channel of energy dispersion
in the 0-40keV energy region. The EDS spectral imaging data cube
was acquired by the image integration with about 150 frames (overall
acquisition time was 451 s) with drift correcting via Esprit software.
Sr-L, Ti-K, and In-L x-ray lines were selected for the reconstruction of
each elemental mapping. The STEM-EDS spectral imaging data were
converted to an applicable data format that could be treated by digital
micrograph software (GMS 2.0, GATAN). PCA was performed by
using MSA with the GMS plug-in, which was provided by HREM.**
The detail results of PCA components for each eigenvalue and exami-
nation of artifact were also supplied in Appendix of supplementary
material. The reconstruction of the data cube was carried out under
the condition of a cumulative variance of 99.2%.

The spatial distribution of the elements in In-STO was imaged
by STEM-EDS elemental mapping, as summarized in Fig. 2. The spa-
tial distribution of the indium dopant was clearly observed in the low-
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FIG. 2. STEM-EDS spectral imaging of the In-STO sample observed from the (100) zone axis. (a) ADF and elemental mapping images. High-resolution atomic-scale imaging
was performed in the square region denoted by the black solid line marked in the low-magnification elemental mapping overwrapped with Ti (blue) and In (red). Atomic column
images of Sr-L, Ti-K, and In-L x-ray line intensities are displayed at green, blue, and red colors, respectively. (b) Total EDS spectra extracted from all the Ti sites (blue) and Sr
sites (green) in the EDS image with corresponding color. The inset figure is an enlarged In-L spectrum.

magnification elemental mapping, which was acquired from the
square region of the inset annular dark-field (ADF) image, as shown
in Fig. 2(a). Atomic-resolved STEM-EDS elemental mapping was per-
formed in the square region of the image as high-magnification scan-
ning along the SrTiO; (100) zone axis. The ADF image shows clear
atomic column contrast. Elemental mapping of Sr-L and Ti-K x-ray
intensities also exhibited clear contrast of each Sr and Ti atomic col-
umn, which are displayed in green and blue, respectively. The Sr and
Ti overlay images exhibited alternating features of each atomic col-
umn, meaning that Sr- and Ti-site columns can be individually imaged
in this elemental mapping. The In-L x-ray intensity image (displayed
in red) exhibited no typical atomistic contrast, at least in this mapping.
This is because only a small amount of In*" dopant exists in this sam-
ple; therefore, the x-ray count was too small to image a dopant column
using the raw STEM-EDS spectral data. Although the In-L x-ray inten-
sity mapping cannot define the dopant site, the total EDS spectra
extracted from each Sr site and each Ti site exhibited a clear In-L spec-
trum, as shown in Fig. 2(b). The details of the spectrum-extracted area
are shown in the supplementary material, Fig. S1. The enlarged spectra
shown in the inset of Fig. 2(b) show that a stronger In-L spectrum
intensity was more clearly observed at the Ti-site columns than at the
Sr-site columns; that is, the In®* dopant preferentially exists at the Ti
site. Although the total EDS spectrum analysis indicates that the In>*
dopant prefers substitution into Ti*" rather than Sr**, its substitution
by Sr cannot be ruled out. The x-ray delocalization between Sr- and
Ti-sites, clearly observed in the spectra, should affect In-L spectrum.
Namely, we cannot conclude that In dopant site is Ti-site only.
Therefore, imaging of the spatial distribution feature of the In** dop-
ant in the SrTiO; lattice is needed. To obtain the atomic-scale elemen-
tal mapping from the In-L x-ray intensity, we performed PCA on the
raw STEM-EDS spectral imaging data cube; the reconstructed map-
ping is summarized in Fig. 3(a). The detailed EDS spectrum after PCA
is provided in the supplementary material Fig. S2. The integral x-ray
signal intensities were extracted from the EDS spectrum in the energy
regions of 1.74-1.94keV for Sr-L, 3.20-3.40keV for In-L, and
4.43-4.63 keV for Ti-K. In these elemental mappings, the minimal sig-
nal counts were set to zero; that is, the images show the intensity

variation corresponding to each atomic column. Sr-L, Ti-K, and their
overlay images clearly show the separation of Sr and Ti atomic col-
umns, as shown in Fig. 2. In addition, the In-L x-ray intensity map, as
well as the Sr-L and Ti-K images, clearly shows the atomistic contrast.
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cps cps cps
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FIG. 3. EDS elemental mapping reconstructed from the spectral imaging data cube
processed by using PCA. (a) Sr-L, Ti-K, and In-L x-ray intensity mappings are
reconstructed by using integral EDS signal intensities extracted from the 200 eV
width energy region for each x-ray peak. (b) X-ray intensity profiles of lines A and B
in the Sr and In overlay mapping. Sr-L, Ti-K, and In-L intensity profiles are shown in
green, blue, and red solid lines, respectively.

Appl. Phys. Lett. 118, 153901 (2021); doi: 10.1063/5.0047290
Published under license by AIP Publishing

118, 153901-3


https://www.scitation.org/doi/suppl/10.1063/5.0047290
https://www.scitation.org/doi/suppl/10.1063/5.0047290
https://scitation.org/journal/apl

Applied Physics Letters

Therefore, the dopant site of the In-STO sample can be directly con-
firmed based on these images. Here, the Ti and In overlay images
exhibit a single atomistic contrast with a thorough overlap, whereas
the atomistic variations in the Sr and In overlay images, as well as
those in the Ti and Sr overlay images, have alternating character.
These results demonstrate that the dopant site of In** should be Ti**.
The x-ray intensity profiles of the A-B lines in the Sr and In overlay
images, displayed in Fig. 3(b), show the above-mentioned results more
clearly. The atomistic features of the Ti-K (blue) and In-L (red) x-ray
profiles are identical. However, the Sr-L (green) and In-L x-ray inten-
sity curves are throughly separated, and no atomistic characteristics of
In-L x-ray intensities were observed at any Sr site. These results
strongly support the In*" substitution model of Eq. (1) rather than Eq.
(2), which is in good agreement with previous research.” As explained
in the Appendix of the supplementary material, by through the PCA
procedure, the spatial information of In-L signals is interpreted to the
side of Ti-site, which was clearly separated from Sr-site. This is a rea-
son for clear reconstructed of In atomic column as Ti-site. The In
atoms can be seen at every Ti atomic column of provided EDS map-
ping. This should not be caused by the particularly concentrating of In
in observed area, but the large sample thickness. Namely, dopant sites
are more averaged toward the atomic column direction and can be
observed every Ti atomic columns. Indeed, the signal intensities of In
against Ti or Sr as shown in the line profiles of Fig. 3(b) are consider-
ably small, and the intensity ratio is simply estimated as 4-5%. Thus,
the remarkable concentrating of dopant should be negligible. Based on
the ionic radius of each cation, In>™ (80 pm) and Ti*" (61 pm) substi-
tution should be better than In*" and Sr*" (144 pm) substitution.
Here, we provide direct information on In*>" and Ti*" substitution
from atomic-scale imaging, verifying the O®~ vacancy formation
model as a doping mechanism of In-STO. This should contribute to
further studies on metal-cation-doped photocatalysts.

In conclusion, we confirmed the doping mechanism of the
In-STO photocatalyst by direct atomic-scale imaging of STEM-EDS ele-
mental mapping. The as-prepared In-STO sample doped at In/
Ti=7.1mol. % was observed by STEM-EDS spectral imaging, and a
clear atomistic contrast of Sr and Ti was obtained. The total EDS spec-
trum extracted from all the Ti-site columns and Sr-sites columns in the
EDS image exhibited a higher In-L x-ray spectrum intensity at the Ti
site than at the Sr site. By applying PCA to the STEM-EDS spectral
imaging data cube, the indium dopant site was directly imaged by In-L
x-ray intensity mapping. The indium site thoroughly overlapped with
the Ti site and was completely separated from the Sr site. This imaging
feature provides direct evidence of the doping mechanism of In-STO as
Ti*"-In*" substitution with O~ vacancy formation. The direct imaging
of dopant elements by atomic-scale STEM-EDS spectral imaging cou-
pled with PCA should significantly contribute to various fields of
research in metal-cation doping materials as well as photocatalysts.

See the supplementary material Appendix of PCA, details of total
Ti- and Sr-site spectra extraction, and comparison of EDS spectrum
before and after PCA are available in the supplementary material.
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