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Abstract. Among various metal oxides, sodium tantalate (NaTaOs) is one of the best
semiconductors for achieving efficient photocatalytic water splitting. However, the primary
mechanism responsible for increasing the reaction rate up to an order of magnitude by specific
metal doping and surface modification with co-catalysts has not been elucidated yet. In order to
clarify the underlying mechanism, we explored the structure-dependent photoluminescence (PL)
of pristine and Sr-doped NaTaOs crystals at the (near) single-particle level using a time-resolved
deep ultraviolet fluorescence microscope. Combined with transmission electron microscope
(TEM) techniques, the PL characteristics of individual particles were directly linked to the
dopant concentrations in each particle, allowing us to unravel the complex effects of Sr-doping
on the charge carrier dynamics. Furthermore, we investigated the photocatalytic reduction
reaction for a single Sr-doped NaTaOs particle to gain critical information related to dopant-

driven electron migration, which is a key process for efficient photocatalysis.

Introduction

Heterogeneous photocatalysts have been studied for a long time as a countermeasure to
environmental and energy problems, in which sunlight is utilized to promote solar fuel reactions
such as hydrogen production and the reduction of carbon dioxide.'* Hitherto, no photocatalyst
system has reached a level that can be put to practical use. The discovery of an optimized
structure with a high photocatalytic activity has thus been a challenging issue for many
researchers. In 2000, Kudo and Kato reported that the photocatalytic activity of NaTaOs is
drastically increased by doping with La*" and modification with a NiO co-catalyst, yielding the

highest quantum yield (ca. 50% at 270 nm) for water splitting under ultraviolet light (UV)



irradiation without the use of sacrificial reagents.> This enhancement was found to be related to
the suppressed recombination of photogenerated charge carriers by specific surface
nanostructures with characteristic steps created during the doping process.® Since then NaTaOs3
photocatalysts doped with alkaline-earth metal cations (Ca, Sr, and Ba) have been developed.’”®
In addition to NaTaOs3, water splitting efficiency of SrTiO3 was enhanced up to 69% by doping
with AI**.? The perovskite-type metal oxides would be potentially good host materials for doping
with metal cations to achieve water splitting efficiency close to unity. However, mechanisms
behind the increased efficiency are still unknown.'® Because NaTaOs3 crystals have a large band
gap (approximately 4.0 eV) that responds only to UV light with a wavelength region lower than
310 nm,'! their application as the photocatalyst for solar fuel systems is impractical. However, if
the physicochemical mechanism underlying their extremely high efficiency can be clarified and
applied to other photocatalysts with visible-light response, it will be a significant breakthrough

towards realizing their practical applications.'?

The photophysical processes in photocatalysis leading to water splitting are divided as
follows: (1) generation of an electron—hole pair by photon absorption; (2) separation into free
charge carriers, followed by charge transport through the bulk; (3) charge carrier extraction at the
surface; and (4) catalytic reactions associated with mass transfer of reactants and products.'*-1*
Among these processes, significant electron—hole recombination leading to the short lifetime and
diffusion length of carriers in a catalyst remains a major barrier to achieving a high conversion
efficiency of light to chemical energy. In other words, the performance of photocatalysts is
dependent on the delivery of the photogenerated charges to the catalytic sites without significant

loss, while keeping their potential energies for subsequent reactions, i.e., oxidation and reduction

of H20. In this respect, it is plausible that the metal doping in NaTaOs changes not only the



crystal structures, including the defects, but also the electric structures, providing the driving
force for charge migration.

The main subject of this study is to elucidate the impacts of metal doping on the charge carrier
dynamics in perovskite-type metal oxides. Sr-doped NaTaOs; was selected as a model
photocatalyst because of its relatively well-characterized structures.!>!” For this purpose, we
have constructed a deep UV fluorescence microscope (DUV-FM) with a 266 nm laser as an
excitation source for single NaTaOs particles. Photoluminescence (PL) microspectroscopy is a
powerful method for defining the nature and dynamics of excitons or charge carriers through the
observation of emission spectra and lifetimes at high temporal and spatial resolutions.'®?! The
PL properties are closely associated with the band structures of semiconductors, the types of
internal/surface defects, and the chemisorbed species.?? Furthermore, in-site observation of
emission from single particles or single molecules can provide useful information on the
structural heterogeneity, fluctuation in reactivity among the catalyst particles, and the intrinsic
correlation between variables.”>? The relationship between the PL and the structural
characteristics of the same Sr-doped NaTaO3 particles was directly examined by combining the
DUV-FM with transmission electron microscope (TEM) techniques. Furthermore, in-site
observation of the photocatalytic reduction reaction of a fluorogenic probe over a single Sr-
doped NaTaOs particle was performed to reveal the involvement of long-range electron
migration driven by spatially and energetically-controlled doping, uncovering the mystery of

metal-doped NaTaOs.

Results and Discussion



The pristine and Sr-doped NaTaOs; samples were synthesized by solid-state methods,
(hereinafter referred to as NTO-SS and Sr-NTO-SS, respectively (Figure 1a).!> As visualized in
scanning electron microscope (SEM) images of Figure 1b, NTO-SS particles are spherical cubes
with sizes of 2—6 um in diameter. After doping with Sr at 5 mol%, the particle size was reduced
to 0.5-1 um due to the lattice mismatch in a particle comprising a Sr-rich solid-solution shell
over a Sr-poor core. !’

To achieve (near) single-particle observations, an isolated single particle or a small aggregate
with a size of below a few micrometers was selected from optical transmission and emission
images acquired with a spatial resolution of ~270 nm per pixel (Figure 1c). In addition, only
NaTaOs PL over an area of ~2 um? was passed through a pinhole and detected by a CCD camera
with a spectrograph or a single-photon avalanche diode for spectral or lifetime measurements,
respectively (Figure S1). The experiments were performed in ambient air, since no significant
effects of moisture and gaseous oxygen on the PL characteristics were observed. The low
reactivity toward oxygen is probably due to slower electron transfer on the microsecond time

scale.?¢
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Figure 1. (a) Perovskite structure of NaTaOs. The Sr cations are doped into the Ta and Na sites
via solid-state synthesis.'> (b) SEM images of NTO-SS and Sr-NTO-SS particles. Scale bars are
2 um. (c) Optical transmission and PL images of a single NTO-SS particle. Scale bars are 5 pm.
(d) Normalized PL spectra of NTO-SS and Sr-NTO-SS particles. Bold lines represent the results
by modified Gaussian fitting based on eq 1. The w values are 0.17 eV and 0.19 eV, and the u
values are 0.15 eV and 0.14 eV for NTO-SS and Sr-NTO-SS, respectively. See eq 1 and main
text for details. The broken line indicates the peak wavelength (4p) and energy (£p) for NTO-SS.

Figure 1d shows the normalized PL spectra of typical particles under 266 nm laser irradiation.
Both samples have a broad structureless luminescence band centered at 440—450 nm with a large
Stokes shift, while Sr-NTO-SS exhibits a much weaker PL intensity by a tenth as compared with
those of NTO-SS (Table 1). According to the literature,?’-* the observed PL band is ascribed to a

self-trapped exciton (STE) (or a small polaron in its own lattice distortion field),*® such as the



Ta*'-O" state in TaOs octahedral, or bound-exciton states at impurities or defects. The observed

spectra match well with an exponentially modified Gaussian distribution, which is defined by the

following convolution integral:3!-3

A 1 2 E-E|;z 1 _
(0= o0le 0 55 e

where A is the amplitude of the emission,  is the peak width of the Gaussian component, x is
the modification or skewness factor, which determines the amplitude of the asymmetry in the
line shape, £ and E. are the photon and center energies, respectively, and x is the dummy
variable of integration. Z is given by
)
The w and u values, which provide information regarding the population of the carriers, are
determined as given in the caption of Figure 1. No significant difference was observed between
two samples, suggesting that a similar number of phonon levels were involved in the transition.

STE luminescence has been reported for many metal oxides such as TiO2 and SrTiOs, and its
intensity is known to be highly suppressed by the increase in temperature due to the electron-
hole dissociation.>***> For orthorhombic NaTaO3, however, the thermal activation energy of the
STE band was reported to be 86 meV,”® which is higher than the thermal energy at room
temperature (26 meV). This suggests that 94% of excitons cannot be dissociated to become free
carriers (i.e., electrons and holes) according to the Boltzmann distribution under the present
conditions and would thus hinder the photocatalytic activity.

It should be noted here that the peak position is strongly dependent on the synthesis methods.
The samples prepared by the hydrothermal method (HTM) exhibit a peak at approximately 550
nm (Figure S2). KTaOs shows the similar PL band at approximately 590 nm, which was

proposed to originate from the O vacancies.’® These results imply that several types of defects



are involved in the photophysical processes of NaTaOs synthesized by HTM; this probably
lowers the efficiency of the photocatalytic reactions via trap-mediated recombination.!> 3’
Although the PL peak wavelength allows us to inspect the electronic state of charge carriers,
the difference (~0.03 eV on average) between non- and Sr-doped NaTaO3 samples is too small to
be statistically analyzed by ensemble experiments because of structural heterogeneities among
the particles (Table 1). We thus attempted to clarify the relationship between the PL
characteristics and Sr concentration in individual doped NaTaOs particles by utilizing the
combined DUV-FM and TEM, which was capable of conducting quantitative elemental analysis
with an energy dispersive X-ray spectrometer (EDS). For this purpose, Sr-NTO-SS particles
were spin-coated on a TEM grid with windows covered by 40-nm silicon oxide film (Figure S3).
To avoid any structural modification of the sample by the electron beam, the PL measurements
were first performed, followed by the TEM-EDS analysis. The relative concentration of Sr
contained in each particle was estimated from the peak intensities of the Na-Ko, Ta-La, and Sr-

Ka lines in the EDS spectrum, and the exact Sr concentration was then determined using a

calibration curve generated from the data of the mixtures of Ta20Os and SrTiO3 with known ratios

(Figure S4,5).
Table 1. Structural and PL Characteristics of the Samples ¢
sample d, um I, au.’ Ap, nm (Ep, €V) ? T, ns
NTO-SS 2-6 1810 + 700 453 +£9(2.74£0.05) 99+22
Sr-NTO-SS 0.5-1 188 109 447 +9 (2.77 £0.06) 3.8+1.1

“ The errors represent the standard deviation of the data.

b The mean values of peak wavelengths and energies.



The dark-field TEM images shown in Figure 2a were obtained for two different Sr-NTO-SS
particles in the same window, together with their PL and EDS spectra (Figure 2b). Particle A has
a single crystal-like structure with a nearly flat surface, while particle B has an irregular shape
and a step-terrace structure on the surface. Notably, there is a substantial (approximately three
times) difference in the PL intensity between them even though their size is almost the same. In
the EDS spectra, there is a clear difference in the intensity of the Sr signal in which particle B
exhibits a much higher intensity than that of particle A. According to the previous study,'® Sr-
doped NaTaOs particles have no obvious step-terrace structure on the surface when the dopant
concentrations are less than 1.0 mol%. The step-terrace structure on particle B seems to originate
from the formation of an Sr shell by doping an excess amount of Sr.!>'® The Sr concentrations of
particles A and B are estimated to be 0.4 mol% and 1.5 mol%, respectively, suggesting that the
formation of the Sr shell lowers the PL intensity and thus suppresses the radiative recombination.
The direct comparison of PL and the structural characteristics between NTO-SS and Sr-NTO-SS
not only supports our speculation based on the averaged data, but also reveals an interesting
tendency that is masked by the sample heterogeneities, as demonstrated below.

Figure 2d plots the peak energies of the PL spectra against the Sr concentrations for each
particle. Although the Sr concentration for each particle varies, the average concentration is close
to the statistical value of approximately 5 mol%, determined by X-ray fluorescence spectroscopy.
When the doping amount of Sr increases, the peak energy tends to increase from 2.75 to 2.85 eV
and then decrease in the range of 3—9 mol%. This concentration dependence is similar to the one
that electron population in Sr-NTO-SS increased with increasing Sr concentration and then
decreased at Sr concentrations above 1.8 mol%.!> 8 It should be noted that the blue shift of

approximately 0.1 eV in the lower concentration region is comparable to the increase of the band



gap energy (~0.1 eV) by Sr-doping.!* *® Meanwhile, the higher doping amount (> 3 mol%)
results in the red shift of the PL peak, possibly due to delocalization of the excited states and/or
involvement of deeper trap states caused by crystal deformations and surface reconstructions.

39 Tt was suggested that excess K-doping (> 5 mol%) creates defect states in K-doped NaTaOs3,

thus lowering the photocatalytic activity.*
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Figure 2. (a) Dark-field TEM images of different Sr-NTO-SS particles synthesized in the same
batch. Scale bars are 200 nm. (b) EDX spectra of particles A and B in panel a. The bold lines
indicate the spectra after smoothing. (c¢) PL spectra of particles A and B in panel a. Bold lines
represent the results by modified Gaussian fitting based on eq 1. (d) Relationship between the Sr
concentrations and PL peak energies observed for individual Sr-NTO-SS particles (red circles).
The average PL peak energy obtained for NTO-SS is also shown as a black square. The blue

lines are linear fits to the data in the Sr concentration ranges of 0—3 mol% and >3 mol%.
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To investigate the impact of Sr-doping on the charge carrier dynamics in NaTaOs, the PL
lifetime measurements were performed with a 266-nm pulsed laser (pulse width; 1.0-ns FWHM).
Figure 3a shows examples of decay profiles obtained for single NTO-SS and Sr-NTO-SS
particles. Each decay curve was fitted by a multi-exponential function with three components.
The results are summarized in Table S1 along with the intensity-weighted average lifetimes ((T))
calculated from the equation: (t) = (a,7# + a,75 + a;73)/(a,;7; + a,T, + ast3), where ; and
a; are the lifetime and amplitude of each component (i = 1, 2, or 3), respectively. The () values
of 11 ns and 4.2 ns were determined for NTO-SS and Sr-NTO-SS in Figure 3a, respectively. As
shown in Figure 3b, the different particles exhibit widely varying lifetimes, which will be
discussed later. The mean values (7) of the (t) values obtained for individual particles show an

obvious difference between these two samples (Table 1). According to the fact that the mean PL
peak intensity (E) decreased by Sr-doping, the shortened lifetime of Sr-NTO-SS suggests an

additional non-radiative decay pathway. The rate of PL quenching (kq) by the dopant-induced

dissociation of the STEs can thus be calculated as 1.5 x 10% s™' from the equation kq =

——1 ——1
Tsr—NTO-ss — InTo-ss (Table 1).
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Figure 3. (a) Normalized PL decay profiles of NTO-SS (black) and Sr-NTO-SS (red) particles.
Solid lines indicate triple exponential decay fit to the data. (b) The relationship between the PL
peak energy and lifetimes obtained for individual NTO-SS (black squares) and Sr-NTO-SS (red
circles) particles. Solid lines represent linear fitting of the data. (c) Proposed mechanism of the

charge recombination and separation in Sr-doped NaTaOs.

The pristine NaTaOs crystals synthesized by solid-state method have an orthorhombic Pcmn
phase, which is a direct semiconductor.!>?° It was reported, however, that the direct band gap is
changed into an indirect band gap when NaTaOs is doped with La.*!"** The recombination of
electron—hole pairs is usually much slower in the systems with an indirect band gap. The results

in Figure 3b obviously oppose this tendency.
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Furthermore, the Ta—O-Ta bond angle (~157° for orthorhombic NaTaOs3*) affects the
delocalization of the photogenerated electrons and thus the photocatalytic activity, i.e. the closer
the bond angle is to the ideal 180°, the higher is the mobility of the charge carriers in tantalates
and hence the higher is the activity.!:* For instance, Hu et al. attributed the lower PL intensity
of a monoclinic NaTaO3 than an orthorhombic one to the enhanced charge separation due to the
increase of the Ta—O-Ta bond angle.?® It was further suggested that the photocatalytic activity of
NaTaOs is improved by replacing some Na ions with larger K ions to produce Nai-KiTaOs3
photocatalysts (x = 0.05) with a pseudo-cubic phase in which the 180° bond angle of Ta—O-Ta in
the pseudo-cubic phase facilitates the separation of photogenerated charges for effective water
splitting.** Further K-doping (with x > 0.05) leads to impurity formation, which bends the Ta-O—
Ta linkage and creates defect states, thus lowering the photocatalytic activity of Nai—KTa03.%°

A larger amount of delocalization implies that the electron—hole pairs easily separate and
migrate to active sites for photocatalysis, while a few electron—hole pairs have recombined. As
already shown in Figure 3b, the lifetime of NTO-SS became shorter at lower emission photon
energies. This is probably due to separations of the electrons and holes from the STEs at more
delocalized states resulting in the free carriers and/or trapping of the charge carriers at the
intrinsic surface states. On the other hand, Sr-NTO-SS particles possessing peaks at higher
energies (i.e., shorter wavelengths) have much shorter lifetimes compared with ones with peaks
at lower energies (i.e., longer wavelengths). This result cannot be explained by the
aforementioned mechanism related to the increased Ta—O-Ta bond angle leading to
delocalization.

Recently, Onishi and co-workers proposed an alternative mechanism for the enhanced

photocatalytic activity of Sr-doped NaTaOs3.!> 3 The conduction band (CB) of pristine NaTaO3
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mainly comprises Ta 5d orbitals.***> By replacing the Ta sites with Sr cations, StOs octahedra
are formed in the corner-shared network of the TaOs octahedra.!” The embedded SrOs octahedra
hinder the overlap of the Ta 5d orbitals, which shifts the CB minimum to higher energy by ~0.1
eV, as is also evident from the result in Figure 2d. The concentration gradient of the Sr cations
doped at the Ta sites induces the energy gradient of the CB minimum. Hence, the photogenerated
electrons in the CB or at shallow sites, which are dissociated from the STEs, diffuse from the
surface to the bulk along the energy gradient, leaving the holes. In Figure 3b, the decrease in the
PL lifetime for the higher PL peak energy implies the accelerated STE dissociation by the
increase in this energy gradient. This hypothesis is a promising mechanism for the enhancement
of the quantum efficiency induced by metal-doping® and is compatible with our findings (Figure
3c).

In order to confirm the reactivity of photogenerated charges, PL quenching tests were
performed. As shown in Figure S6, no significant change in the PL intensity was observed for
Sr-NTO-SS particles by dropping methanol as a hole scavenger onto the cover glass,® whereas
the intensity was considerably reduced by the addition of IO3™ as an electron scavenger;* this
result is in accordance with the above proposed electron-transfer mechanism using the energy
gradient in Figure 3c. Considering that most surface-trapped holes in TiO2 are captured by
adsorbed alcohols within several hundred picoseconds,*’ the photogenerated holes in Sr-NTO-SS
may have poor mobility due to the higher effective masses*' or trapping in bulk. A similar
interpretation was adopted to explain the fact that the STE luminescence from TiO: at
approximately 420-440 nm does not respond to exposures to ethanol solvent.** According to the
density functional theory (DFT) calculations,** O vacancy states close to the CB minimum are

presumed to be the primary shallow traps for mobile electrons. For the trap site of the hole, there
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are defects with different formation energies.** Among them, Na antisite (Nara) and Ta vacancy
(Vra) have the lowest formation energies and their states are close to the valence-band (VB)
maximum. The deep hole-trap characteristic is consistent with the £, energy, which is much
smaller than the bandgap, assuming that the electron in the STE resides at the energy level closed
to the CB. Longo et al. reported that the symmetry break induces the localized electronic levels
in the VB, leading to the visible emission in perovskite-type compounds.*’ The presence of deep
hole traps is not clear yet for NaTaOs3, but these states should be involved in the photophysical
processes in photocatalysis.

Here, a question arises: can the escaped electrons move to the surface again and react with the
substrates (e.g., H" during water splitting)? To answer this question, we directly observed the
photocatalytic reduction reaction on a single particle using a fluorogenic probe MS-DN-
BODIPY (Figure 4a).>° Prior to the single-particle observation, the bulk experiments were
performed (Figure S7). As depicted in Figure 4b, a much higher reactivity was observed for Sr-
NTO-SS than for NTO-SS, confirming the positive effect of Sr-doping. Figure 4c shows typical
fluorescence images captured during the 488 nm laser irradiation of a single Sr-NTO-SS particle
on the cover glass in Ar-saturated MS-DN-BODIPY (1 uM) aqueous methanol solution before
and after 265-nm light irradiation from the top (Figure 4a). A sudden increase in intensity upon
UV irradiation corresponds to the generation of the fluorescent product (i.e., MS-HN-BODIPY)
at the bottom surface of the crystal, which was sufficiently excited by an evanescent field (Figure
4a). According to the fact that only the top surface of Sr-NTO-SS was excited by UV light
because of a light penetration depth of ~10 nm,*® it can be suggested that some mobile electrons
arrived at the bottom surface of the crystal over the barrier of ~0.1 eV by thermal energy, and

eventually reduced the probe molecules within their lifetimes. On the other hand, much weaker
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fluorescence signals were observed on the lateral surfaces of NTO-SS particles, again confirming
that the photocatalytic performance can be greatly improved by Sr-doping (Figure S8).
Interestingly, some Sr-NTO-SS particles exhibited single-molecule-like fluorescence bursts or
fluctuation®® and a gradual increase in fluorescence intensity upon UV irradiation (Figure S9).
These results imply a significant difference in the concentration of arriving electrons in

individual particles with differing compositions and structures, as evidenced by Figure 3c.
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Figure 4. (a) Illustration of photocatalytic generation of fluorescent MS-HN-BODIPY from non-
fluorescent MS-DN-BODIPY over a particle. Only the bottom surface of the crystal was excited
by evanescent light. (b) UV irradiation time dependence of fluorescence intensity observed at
515 nm for Ar-saturated aqueous methanol solutions of MS-DN-BODIPY (5 puM) in the

presence and absence of photocatalysts. (¢) Fluorescence images of a single Sr-NTO-SS particle
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or aggregate on the cover glass in Ar-saturated aqueous methanol solution of MS-DN-BODIPY
(1 uM) under 488 nm laser and 266 nm LED light irradiation. In the left image, the location of

the particle is surrounded by a broken line. Scale bars are 1 um.

Conclusion

We have developed a time-resolved DUV-FM system for the observation of PL from pristine and
Sr-doped NaTaOs crystals at the single-particle level. For Sr-NTO-SS, combined measurements
of DUV-FM and TEM-EDS revealed that a certain amount of doped Sr (< 3 mol%) increases the
energy level of STEs in NaTaOs3 by ~0.1 eV because of the hybridization of Ta 5d and Sr states,
and further doping (> 3 mol%) leads to the trapping of excitons or charge carriers at the
accompanying deeper states. The Sr-NTO-SS particles exhibited significantly lower PL intensity
and shorter lifetime than NTO-SS, suggesting that charge separation was facilitated by the Sr-
induced energy gradient near the surface to overcome the trap depth in the exciton. Furthermore,
in-situ observation of the photocatalytic reduction reaction over a single Sr-NTO-SS particle
revealed that electrons that escaped from the photoexcited surface where the holes are located
arrived at the opposite surface to reduce the adsorbed substrates. Our single-particle approach
provided strong evidence for the dopant-driven enhancement of charge separation, which will be

a promising strategy to improve the efficiency of solar fuel production systems.
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