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ABSTRACT: Conversion of materials for artificial photosynthesis is completed
in milliseconds or seconds by assembling atoms over semiconductor
photocatalysts. Band-gap-excited electrons and holes reactive on this time
scale are key for efficient atom assembly to yield the desired products. In this
study, attenuated total reflection of infrared (IR) light was applied to
characterize the electronic absorption of long-life charge carriers excited under
water. Under excitation, NaTaO; and KTaO; photocatalyst particles doped
with Sr or La cations absorbed IR light. A broad absorption band appeared with
a maximum at 1400 cm™!, which was enhanced by the addition of hole
scavengers (e.g., methanol and Na,SO;) and disappeared in the presence of
electron scavengers (e.g, FeCl;, NalO; and H,0,). This absorption
corresponded to the electronic transition of band-gap-excited electrons
accommodated in mid-gap states. In anaerobic n-decane, the electron
absorption was enhanced by the excitation light power, P, with absorbance being proportional to P/ The observed 1/2-order
power law suggested deexcitation via recombination of electrons and holes. When the excitation light was stopped, the absorbance
decreased as a function of time with a second-order rate law, as expected in the case of recombinative deexcitation. In addition, the
1/2-order power law and second-order decay rate law were observed in anaerobic water, with an accelerated decay rate, which was
possibly due to a water-related electron-consuming reaction. This study demonstrated that long-life electrons contribute to surface
redox reactions over semiconductor photocatalysts for artificial photosynthesis.
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1. INTRODUCTION

Artificial photosynthesis over semiconductor photocatalysts

light for probing, while excitation light is absorbed by
photocatalyst particles. An attenuated total reflection (ATR)

has been extensively investigated.'" However, light-energized
material conversion has not been understood completely.
Pulsed light sources and optical probing methods developed in
the recent decades have helped us to determine the initial fate
of the electrons and holes excited in semiconductors. Photon
absorption and electronic excitation are followed by exciton
formation or separation; subsequently, charge-carrier transport
occurs from the bulk to the surface.” These electron-based
steps are initiated in femtoseconds and completed in
microseconds. On the other hand, reaction products are
formed in milliseconds or even seconds via the assembly of
atoms on the surface.” Hence, excited electrons and holes still
reactive on that time scale are crucial to efficient atom
assembly for yielding the desired products. In this study,
NaTaO; and KTaO; doped with Sr or La cations were band-
gap-excited to demonstrate that excited electrons are resident
for 200 s under water and are reactive in redox reactions.
Excited electrons and holes absorb IR or visible light
according to the host semiconductors in which they are
created. As electron-induced IR absorption has been reported
for NaTaO,** and KTaO,° photocatalysts excited in vacuum,
electrons excited under water are to be probed by IR
absorption. This was a difficult task since water absorbs IR
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assembly with a diamond prism is key for guiding the
excitation light to the volume probed by IR light. Optical
absorption of TiO,,”® Fe,05° and BiVO,'’ photoexcited in
water has been characterized using a transmitted probe light,
for which the materials of interest should be prepared as films
exhibiting good optical transmission. Earlier studies'' ™' have
conducted ATR-IR spectroscopy to detect the vibrational
absorption of intermediate chemical species for photocatalytic
water splitting. In this study, attention is focused on
electronically excited states in photocatalyst particles that can
be used for overall water splitting.'”

2. METHODS AND MATERIALS

An isosceles-trapezoidal diamond prism with a circular
reflection plane 1.8 mm in diameter was assembled by Jasco
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with an light-emitting diode (LED) (M28SLS, Thorlabs).
Ultraviolet (UV) light (center wavelength: 285 nm) was
guided through the prism and focused on the reflection plane
with a quartz lens, as illustrated in the TOC graphic. The angle
of IR-light incidence 6 was fixed at 45° from the normal of the
reflection plane. The UV-light power on the plane was
calibrated to 0.8—19 W m™ using a photodiode sensor (PD-
300, Opbhir).

Photocatalyst particles were placed on the reflection plane
and covered with a liquid droplet (typical volume: 0.25 mL).
The prism assembly was set in an Fourier-transform infrared
spectroscopy (FTIR) spectrometer (FT/IR-6600, Jasco)
capable of rapid interferometer scans (acquisition time: SO
ms per spectrum). The reflection plane was irradiated with
He—Ne laser light (wavelength: 633 nm) for interferometer
calibration, which was unable to excite the photocatalysts. The
prism assembly inside the spectrometer was exposed to air or
N, gas to make the droplet anaerobic when necessary. Figure
S1 in the Supporting Information shows the IR transmittance
spectrum of the prism assembly with a water droplet on the
reflection plane. At 2500—1800 and 900—350 cm™!, trans-
mittance decreased to less than 30% because of the absorption
in diamond and water. Hence, absorbance spectra of the
photocatalyst particles are shown herein in the wavenumber
ranges of 6000—2500 and 1800—900 cm™'. Figure S2 shows
the absorbance spectra of water and other liquids examined
using the ATR assembly. The acquisition time was 19 s per
spectrum with a wavenumber resolution of 8 cm™".

The depth of IR light (wavelength: 1 ym) penetration into
water, d, was estimated at 0.15 pm according to the formula

A

2 2 2 1/2
2'77'-(ndiamoncl sin” 0 — n ) (1)

water

with 0 = 45°, refractive index of diamond #4j,,0nqg = 2.38, and
refractive index of water n,,,, = 1.32. The refractive index of
water—photocatalyst mixtures should be greater than n,, to
increase d accordingly, although the index of NaTaO; is
unknown. LiTaO; exhibits an index of 2.14."®

NaTaO; and KTaOj; photocatalysts were prepared and
doped with Sr cations by a solid-state method according to
studies reported earlier.”® The atom number ratio of Na/Ta or
K/Ta was set at 1.05 in the starting material to compensate for
the possible sublimation of the alkali-metal elements during
calcination. Excess alkali metals and doping metals (Sr or La)
were removed by washing calcined particles with a dilute HCI
solution (I mol L7'). The Sr concentrations of washed
NaTaO; and washed KTaO; were determined to be 3.7 and
1.8 mol %, respectively, relative to the Ta cation concen-
trations using an X-ray fluorescence spectrometer (EDX-720,
Shimadzu). Another NaTaOj; photocatalyst was doped with La
cations (La concentration: 2.7 mol %) in a similar manner.
Their perovskite structures were examined and confirmed
(Figure S3). The washed particles provided cubes with side
lengths less than 1 ym (Figure S4). The NaTaO; (KTaO;)
photocatalysts doped with Sr or La cations exhibited a band
gap of 4.1 (3.6) eV."” The Supporting Information lists the
reagents used in preparing the photocatalysts and liquid
droplets.

3. RESULTS AND DISCUSSION

3.1. Steady UV Irradiation under Water. NaTaO;
particles doped with Sr cations (3.7 mol %) were placed on

a reflection plane, which was covered with air-exposed water
and irradiated with UV light. Spectrum a in Figure 1 shows the
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Figure 1. Absorbance change (Aabsorbance) of photocatalyst
particles excited under water. Strontium-doped NaTaO; (Sr
concentration: 3.7 mol %) exhibited spectrum a in H,O and
spectrum b in D,0. Lanthanum-doped NaTaO; (La concentration:
2.7 mol %) exhibited spectrum c in H,O. Spectrum d was observed
for Sr-doped KTaO; (Sr concentration: 1.8 mol %) in H,O. UV-light
power: 19 W m™> The water droplets were exposed to air.

absorbance change (Aabsorbance) induced by steady irradi-
ation (UV-light power: 19 W m™2). An asymmetric absorption
band with a maximum at 1400 cm™" appeared in the nearly full
wavenumber window of S000—900 cm™'. This absorption
corresponds to the optical transition of photoexcited electrons,
as described in Section 3.2. Negative peaks superimposed at
3700—3000 and 1600 cm™ correspond to the vibrational
absorption of water breached by UV irradiation. The breach
peaks shifted to 2700—2500 and 1300 cm™" as expected, in
spectrum b recorded in D,O.

La-doped NaTaO; and Sr-doped KTaO; photocatalysts
exhibited Aabsorbance spectra ¢ and d, respectively. The
asymmetric spectrum was a feature typical of metal-doped
alkali-metal tantalates photoexcited under water. It was difficult
to regulate the amount of photocatalyst particles placed in the
volume probed with evanescent IR light. Hence, the absolute
value of Aabsorbance is not compared for different photo-
catalysts.

3.2, Effect of an Electron or a Hole Scavenger. UV-
light-induced absorbance change was further examined in the
presence of reagents capable of scavenging excited electrons
(e.g,, FeCly, NalO;, and H,0,) or holes (e.g., methanol and
Na,SO;) as summarized in Figure 2. In a droplet of methanol—
water mixture (50 vol %) exposed to air, the asymmetric band
(spectrum a in Figure 2) was enhanced by a factor of 2.7
compared with that observed in pristine water (spectrum c).
The significant enhancement was ascribed to the hole-
scavenging reaction by methanol, in spite of the unregulated
amount of particles in the probed volume.

The enhanced absorption indicated that band-gap-excited
electrons induce the asymmetric band. Under steady UV
irradiation, the number of excited electrons and holes are
regulated in their recombination. When holes are transferred to
methanol,'® the number of electrons should increase in the
particles. Another hole scavenger, SO;*~ (0.1 mol L7'),

https://doi.org/10.1021/acs.jpcc.1c06618
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Figure 2. Absorbance change of Sr-doped NaTaO; (Sr concentration:
3.7 mol %) induced by UV-light irradiation. The particles were
covered with air-exposed aqueous solutions of a: methanol, b:
Na,SO;, c: water, d: FeCl;, e: NalOj;, and f: H,0,. UV-light power:
19 W m™2 Spectrum a in Figure 1 was reproduced by spectrum c in
this figure.

enhanced the absorbance change by a factor of 1.5 (spectrum
b) to support the assignment to excited electrons.

On the other hand, the absorption disappeared in the case of
solutions of FeCl; (0.05 mol L™) and NalO, (0.05 mol L),
as shown by spectra d and e, respectively. Excited electrons
were transferred to Fe>*”* or 10;7' in the solution. In
addition, the absorption for a 15 vol % aqueous H,O, solution
disappeared (spectrum f). Hydrogen peroxide receives two
electrons to produce water. The negative bands observed at
1300, 1600, 2800, and 3200 cm™' corresponded to the
vibrational absorption of H,0, breached during the electron
scavenging reaction.

According to the above-described results and interpretation,
the UV-light-induced band at 5000—900 cm™' corresponded
to the excited electrons that have not yet recombined with
holes. The electrons and holes were transferred to oxidative
and reductive reagents across the particle—solution interface to
modify their population in the particles.

3.3. Electron Decay Kinetics in Anaerobic Decane.
The photoexcited electrons lived sufficiently long in the
particles to produce their signature in the steady-state spectra.
Thereafter, the decay kinetics of the electrons in the Sr-doped
NaTaOj; particles was examined by UV-light power depend-
ence and time-resolved traces of deexcitation.

The Sr-doped NaTaOj; particles were placed on the prism
and covered with a droplet of n-decane. The spectrometer was
then purged with N, to provide the least reactive liquid
environment to the excited charge carriers, i.e., anaerobic
decane. Figure 3a shows the Aabsorbance spectra recorded
under UV light in the power range of 0.81—19 W m™2, which
corresponded to 1.2—27 photons s™' nm™2 The asymmetric
spectrum at S000—900 cm ™' was identical to that observed in
water; hence, this spectrum is attributed to excited electrons.
The absorption disappeared when I, (0.9 mmol L™') was
dissolved in decane (Figure 3b). The removed absorption
supports assignment to excited electrons due to iodine being a
hole scavenger. The negative peaks at 3000—2800 and 1500—
1300 cm™" were breached vibrational bands of decane.

The inset plot shows a log—log plot of Aabsorbance at 1400

cm™' as a function of light power, P. A straight line

(a)

0.30

0.25 0.1

0.20 +

AAbsorbance

Po.s/,-"’

0.15

0.10 1 1 10
LED Light Intensity / pWmm™?

AAbsorbance

0.05

s

0.00
6000 5000 4000 3000 2000 1000

Wavenumber / cm™

—~
(on
N

®  0.04
o
[
3
5 0.02+
(%)
Ne)
< 0.001

6000 5000 4000 3000 2000 1000
Wavenumber / cm”

(c)

80

AAbsorbance™

0.06 +

0 50 100 150 200

AAbsorbance

0.044 Time / s

0.02 A

0.00 . ; . ; . ; . .
0 50 100 150 200

Time / s

Figure 3. UV-light-induced IR absorption of Sr-doped NaTaO; (St
concentration: 3.7 mol %) immersed in N,-exposed decane. (a)
Aabsorbance Spectra observed with UV-light powers of 0.81, 1.6, 2.9,
5.4,9.6,13, 16, and 19 W m 2. The inset plots Aabsorbance at 1400
cm™ as a function of light power. Broken lines show P** and P*® laws
fitted to the observations. (b) Aabsorbance Spectrum observed under
UV irradiation (19 W m™) in L-containing decane. (c) Decay of
Aabsorbance at 1400 cm™ with excitation light (19 W m™2) stopped
at time zero. The inset shows the fitting to the second-order rate law
to yield a gradient k of 0.16 + 0.0 57",

representing P%S fitted the results observed with P greater
than 5 W m™2 The 1/2-order power law suggested
deexcitation through recombination of electrons and holes.
The number of excitation per second was proportional to P,
while the deexcitation rate was expressed in terms of the
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collision frequency of electrons and holes randomly migrating
in the particle. The rates of excitation and deexcitation were
balanced in the steady state

P « electron excitation rate = electron deexcitation rate

= kylelectron][hole] (2)

with electron population [electron], hole population [hole],
and deexcitation rate constant k;. In the absence of a redox
reaction on the particle surface, which should be the case in
anaerobic decane, an equivalent number of electrons and holes
were present in the particle, leading to the 1/2-order power
law

P x kd[electron]2 o Aabsorbance® (3)

With the decrease in P to 1 W m™2 the power law order
gradually increased to 0.8. The increased order can be
explained by the partial contribution of weak excitation, in
which a limited number of electron—hole pairs, not excitons in
the time scale examined in this study, were created in a
particle. When neighboring electron—hole pairs were separated
in space, the electron—hole collision frequency was propor-
tional to the number of pairs [electron—hole pair], leading to
the first-order power law

P « k'4[electron — hole pair] « Aabsorbance (4)

The deexcitation rate was then traced with a time resolution of
50 ms by the rapid scanning of the interferometer. When UV-
light irradiation was stopped at time zero, Aabsorbance at
1400 cm™' gradually decreased over 200 s (Figure 3c). The
inset plot revealed that reciprocal Aabsorbance linearly
increases as a function of time with a gradient k of 0.16 +
0.01 s!

! - ! 4kt
[Aabsorbance(t)]  [Aabsorbance(t = 0)] (5)

The linear relationship exhibited a second-order decay rate law
according to the formula below, which is consistent with
deexcitation via recombination observed in the UV-light power
dependence.

d[electron] 2
—————— = —kgy[electron
& dl ] ©)
The rate constant ky is expressed as mol™ s™', when the

number of electrons in the probed volume is quantified in mol.
In this study, the number of excited electrons was quantified by
IR light absorbance. As absorbance is dimensionless, the rate
constant k in eq S is expressed in s'. The molar absorption
coeflicient for excited electrons is not known and k4 cannot be
determined.

One may suppose that deexcitation rate should deviate from
the second-order rate law with charge-carrier density decreased
enough since steady Aabsorbance was proportional to P*® with
small light powers. The authors assume that the second-order
deexcitation occurs even when the carrier density decreases to
a number with which the first-order, pair recombination would
take place under steady light irradiation. This is because the
spatial distribution of electrons and holes should be
randomized during the second-order deexcitation. The first-
order, pair recombination requires collision of an electron and
a hole that were created by one same photon. This
requirement is not filled in deexcitation initiated with a large
number of electrons and holes.

The authors attempted to fit the Aabsorbance decay to
straight lines in a semi-log or log—log plot but failed (Figure
SS). Hence, a single exponential or polynomial function does
not represent decay kinetics. Fitting to stretched exponential

p
functions proportional to e with f < 1 was not examined

since this class of functions cannot predict the steady-state
electron population. When excited electrons decay as

[electron(t)] = [electron(t = 0)]-e_ktﬂ (7)
its time derivative is expressed as follows
—kﬂ-[electron(t)]~tﬂ_1 (8)

In the steady state, the time derivative should be balanced with
the number of excitation per second. However, the formulated
derivative explicitly involves variable ¢ in addition to [electron-
(t)]. This failure indicates that stretched exponential functions
are beneficial for describing transient kinetics, not steady-state
kinetics. The electron population traced in Figure 3¢ was in the
steady state until excitation light was turned off. Hence, the
deexcitation kinetics should be formulated to be consistent
with the steady-state population. This requirement was not
satisfied with stretched exponential functions although the
functions were established in the recombination rate controlled
by the defect trapping of excited charge carriers.

3.4. Electron Decay Kinetics in Anaerobic Water.
Finally, excited-electron decay was examined in water, where
overall water splitting would contribute to electron decay. The
spectrometer was purged with N, to minimize the concen-
tration of O,, an electron scavenger in the water droplet.

Figure 4a shows the light-power dependence of Aabsorb-
ance at 1400 cm™'. Again, it was proportional to P° in the
entire power range of 0.8—19 W m™> (shown in the inset),
whereas the absorption strength was less than that observed in
decane. The reduced strength suggested that electrons are
consumed in water-related reactions. However, the amount of
particles in the probed volume might have been different in the
two series of measurements (Figures 3 and 4). Light
penetration depth was controlled by the refractive index of
the liquid—particle mixture, which was not necessarily identical
in decane and water.

Hence, the electron decay rate is evaluated by the time-
resolved trace of Aabsorbance. Panel (b) shows the
Aabsorbance at 1400 cm™" as a function of time observed in
anaerobic water. Reciprocal Aabsorbance observed at 50—200
s was fitted to a linear line to indicate a second-order decay
rate law, which was consistent with the 1/2-order power law of
the light-power dependence. The gradient in the linear
reciprocal plot was 0.35 + 0.10 s™" greater than that in decane
by a factor of 2. Single exponential and polynomial functions
failed to fit the observed Aabsorbance (Figure S6). Another
Aabsorbance trace observed on a different day is available in
Figure S7 to certify experimental reproducibility. The reason of
the greater gradient in water, which suggested accelerated
recombination, is not known.

The observations at 0—50 s deviated from the linear relation,
making the trace convex upward. The convex trace indicates
that the electron number decreases more rapidly than that
predicted by the second-order decay rate law. One possible
reason for decay acceleration at 0—50 s is the consumption of
electrons in the water-splitting reaction on the particles.

The apparent quantum yield of the water-splitting reaction,
which is defined as the ratio of the number of electrons

https://doi.org/10.1021/acs.jpcc.1c06618
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Figure 4. UV-light-induced IR absorption of Sr-doped NaTaO; (Sr
concentration: 3.7 mol %) immersed in N,-exposed water. (a)
Aabsorbance spectra observed with UV-light powers of 0.81, 1.6, 2.9,
5.4, 9.6, 13, 16, and 19 W m™2. The inset plots Aabsorbance at 1400
cm~! as a function of light power. The broken line shows a 1/2-order
power law fitted to the observations. (b) Decay of Aabsorbance at
1400 cm™" when excitation light (19 W m™2) was turned off at time
zero. The inset shows fitting to a second-order rate law to yield a
gradient of 0.35 + 0.10 s~

consumed in the desired photocatalytic reaction to the number
of incident photons, was not quantified for the photocatalysts
examined herein. Iwase et al.”” have reported that a similarly
prepared Sr-doped NaTaO; photocatalyst (Sr concentration: 5
mol %) produces 0.6 mmol h™' of H,. The same research
group has reported a H, production rate of 19.8 mmol h™" on a
La-doped photocatalyst modified with a NiO cocatalyst, which
afforded a yield of 56%.” Hence, the authors estimate yield in
the order of 1% on our Sr-doped NaTaOj; photocatalyst. The
estimated yield suggests active water splitting on the particles.
Often, hydrogen and oxygen bubbles were visible on the water-
splitting photocatalysts with a yield greater than 10%. Actually,
UV-light-induced Aabsorbance of metal-doped NaTaOj,
photocatalysts exhibited a linear relation with the rate of
photocatalytic H, production in an earlier study.”* Hence, the
authors suggest a principal role of the electrons detected by IR
absorption in the water splitting reaction.

When the authors ascribe Aabsorbance decay accelerated at
0—50 s to electron consumption in the water splitting reaction,
they should further infer that the probability for an electron to
react with water decreased as electron density decreased below
a threshold density quantified with Aabsorbance at 50 s.
Though the reason of decreased probability is not known in
the Sr-doped NaTaO; photocatalyst, reaction probability
sensitive to charge-carrier density has been found on a number
of metal oxide semiconductors. A first-order reaction at low
hole densities switched to a faster, third-order reaction at
higher hole densities in photoelectrochemical oxidation of
water on TiO,, BiVO,, Fe,0;, and WO,.*® Transition from the
first-order reaction to third-order reaction was related to the
quasi-Fermi level of excited holes. In photocatalytic water
oxidation on SrTiO; doped with Al cations,*® the photocatalyst
was inactive for O, evolution when excitation light was turned
on. Charge carriers produced by first absorbed photons were
consumed for activating the photocatalyst and then latter
photons drove steady O, evolution on the activated photo-
catalyst. The electron-induced, H, evolution reaction on Sr-
doped NaTaO; may provide another case of reaction
probability sensitive to charge-carrier density.

3.5. Comparison with Aabsorbance in Vacuum. In an
earlier paper,” the authors investigated the IR absorption of Sr-
doped NaTaOj particles excited in vacuum, where UV-light-
induced absorbance change was recorded with the IR light
transmitted through the particles. The Aabsorbance spectra
observed in vacuum exhibited a gradual rise at S000 cm™" to a
plateau at 3000—1400 cm ™' and terminated with a sharp peak
at 1000 cm™'. A Aabsorbance spectrum observed on Sr-doped
NaTaO; (Sr concentration: 4.7 mol %) placed in vacuum is
quoted from ref 4 and reproduced in Figure 5 (spectrum a) to
compare with those observed under water and decane in the
present study (spectra b and c, respectively).

In ref 4, the authors assigned the Aabsorbance spectrum as a
whole to electrons excited and not yet recombined based on
the response to O, (an electron scavenger) or methanol vapor
(a hole scavenger). The three spectra compared in Figure S led
us to revisit the assignment; the spectrum in vacuum revealed
two absorption bands as depicted in the inset figure. Broad
absorption with a maximum at 1400 cm™' was observed in
vacuum (spectrum a) and also in liquid (spectra b and c). The
full width at half-maximum (FWHM) was estimated at 2500
cm™, though the low-wavenumber end of the spectra was out
of the wavenumber window. Another feature, peaked
absorption at 1000 cm™, solely appeared in vacuum but
absent in liquid. Its FWHM was about 300 cm™". The revisited
assignment indicates two types of excited electrons in the
photocatalyst particles, one sensitive and the other insensitive
to the presence of liquid over the particles.

Here, the authors hypothesize the origin of the Aabsorbance
induced by UV-light irradiation. When an electron is excited
across the band gap and then accommodated in a spatially
confined, mid-gap state, its photoexcitation to the conduction
band affords an asymmetric absorption band. The low-energy
threshold for the optical transition is determined by the energy
gap between the mid-gap state and conduction-band minimum
according to the Franck—Condon principle.

Absorption coeflicient decreases with photon energy over
the threshold to make a peak at wavenumbers close to the
threshold. This is because the initial state is confined in real
space and thus limited in momentum space. The probability of
optical transition decreases with electron momentum required
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Figure 5. UV-light-induced IR absorption on Sr-doped NaTaO,
particles observed in different environments. a: Sr-doped NaTaO;
(Sr concentration: 4.7 mol %) were placed in vacuum and irradiated
with a Hg—Xe lamp. b and c: Sr-doped NaTaO; (Sr concentration:
3.8 mol %) were irradiated in air-exposed water and N,-exposed
decane, respectively. The three spectra were normalized at 1400 cm™
and depicted by vertical offsets for comparison. Spectrum h in Figure
7 in ref 4 is reproduced as spectrum a in this figure. Spectra b and c in
this figure reproduce spectrum a in Figure 1 and the most intense
spectrum in Figure 3 in this paper, respectively. The inset depicts two
absorptions revealed in spectrum a.

in the final state, i.e., electron energy in the final state. Shallow
donor/acceptor states in covalent semiconductors provide
well-known examples of state-to-band transition. Boron-doped
Si exhibited asymmetric absorption peaked at 400 cm™" with
an FWHM of 400 cm™, according to Figures 3—30 in ref 27.

The Aabsorbance of Sr-doped NaTaO; peaked at 1000
cm™!, which was observed solely in vacuum, is fully consistent
to the features described in the preceding paragraph including
the peak wavenumber and peak width. The absorption is
therefore assigned to electron transition from a spatially
confined, mid-gap state to the conduction band. Furthermore,
the initial state should have been localized on the surface of
photocatalyst particles to make the absorption sensitive to the
environment. As a surface electronic state is partially
distributed in vacuum, its spatial distribution and eigenenergy
can be modified or even quenched by the surrounding liquid.

On the other hand, the broad absorption with a maximum at
1400 cm™ appeared in vacuum and liquid. Electron transition
causing the absorption occurred in the particles away from the
environment. Aabsorbance decreased with wavenumber above
1400 cm™' as expected in state-to-band transition. However,
the FWHM of this absorption, 2500 cm™!, was definitely larger
than that of the peaked absorption. The large bandwidth
suggests a different character, possibly different extent of
confinement, of the mid-gap state for the broad absorption
from that for the peaked absorption.

Currently, the nature of the two mid-gap states hypothesized
herein is not known; electron trapping in intrinsic unoccupied
states in the band gap and self-trapping in an otherwise perfect
lattice are equally possible. In the latter form of trapping, the
ionic semiconductor lattice is deformed around an excited
electron to create a polaron; the excess electron is self-trapped
in a Coulombic potential well, which is produced by the
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shifting of ions from their equilibrium positions.”® Theoretical
studies have emphasized the role of polarons in the control of
the carrier transport rate in the bulk””~** and modification of
the overpotentials of surface redox reactions.”> > A limited
number of experimental studies have focused on polarons in
binary metal oxides for photocatalyst models, e.g., TiO,,* >’
Zn0," and Fe,05.*""** Future study is required to reveal the
identity and role of the mid-gap states in alkali-metal tantalate
photocatalysts modified with metal doping.

4. CONCLUSIONS

Long-life electrons band-gap-excited in alkali-metal tantalate
photocatalysts feasible for overall water splitting were
investigated. NaTaO; and KTaO; photocatalysts doped with
Sr or La cations exhibited IR absorption when the band gap
was excited under water and decane. The broad, asymmetric
absorption with a maximum at 1400 cm™' corresponded to
excited electrons according to the response to the scavenging
reagents. The excited electrons were accommodated in mid-
gap states, and the photoexcitation of the accommodated
electrons afforded a broad absorption band. The mid-gap states
were supposed to be present in the bulk particles as the IR
absorption spectrum was insensitive to the environment,
vacuum or liquid, surrounding the particles. The electron
population decayed through recombination of electrons and
holes along a second-order rate law. The population decay was
accelerated in water; this is possibly related to a water-related
electron-consuming reaction. The ATR-based method dem-
onstrated in this study is applicable to several other
photofunctional materials in liquid.
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