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A clear understanding of the electron energy structure of TiO,(B)/anatase is needed to study the related
catalytic reactions and design new composite photocatalysts. In this study, the electron energy
structures of TiO,(B) and anatase were estimated by analyzing the energy-resolved distribution of
electron traps measured by reversed double-beam photoacoustic spectroscopy. In the mixture of
TiO,(B) and anatase, interfacial charge-transfer excitation from anatase to electron traps of TiO,(B) was
suggested. By analyzing this for TiO,(B), the electron level with a relatively high density of states was
found to be located ~0.07 eV deeper than that for anatase. Furthermore, a similar electron energy
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Introduction

In recent years, photocatalysis technology has been considered
a promising solution to the problems of fossil fuel depletion
and environmental pollution."” Especially, titanium dioxide
(TiO,) is widely applied in many fields** because of its favorable
characteristics such as low cost, stability, amphiphilicity, super
hydrophilicity, and nontoxicity.>” To achieve highly efficient
photocatalysis, many researchers have combined different
phases of TiO, such as anatase/rutile to form composites.® So
far, the conduction band bottom (CBB), the valence band top
(VBT), and the band gap of photocatalysts are often estimated
experimentally in order to infer the energy structure,’ which in
turn is used to discuss the excitation process of photocatalysts
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structure was suggested for a composite photocatalyst having a mixed phase of TiO,(B) and anatase.

and improve their activity by forming composites. However, the
electron energy structure of those mixed phase photocatalysts is
still largely ambiguous.

We have previously reported the method of reversed double-
beam photoacoustic spectroscopy (RDB-PAS)'**? to measure the
energy-resolved distribution of electron traps (ERDT) within
oxide semiconductors. This technique enables analysis with
higher energy resolution and detection of deeper electron traps
than conventional photochemical methods.' By using a more
detailed ERDT information obtained by RDB-PAS, the electron
energy structure of an anatase/rutile mixed phase photocatalyst
could be discussed.™'* In this study, we further apply the ERDT
analysis to investigate the electron energy structure of mixed
phase anatase/TiO,(B) mixture and composite photocatalyst.

TiO,(B) is a monoclinic metastable phase of TiO,. While
there are fewer basic and applied studies of it than those of the
anatase and rutile phases, it has attracted growing attention in
recent years as a material for lithium ion batteries.”*" In
addition, TiO,(B) has been applied as a photocatalyst for
hydrogen generation and pollutant decomposition. Especially,
the TiO,(B)/anatase composite was reported to have higher
photocatalytic activity than either of its components.**>* Our
research group had prepared anatase/TiO,(B) nanotubes with
higher activity than the raw material of P25.*" In that paper, we
used several characterization methods to estimate the band
structure model of anatase/TiO,(B). However, there has been no
report on the experimentally measured electron energy struc-
ture of TiO,(B)/anatase. Although the band structure and
density of states (DOS) of TiO,(B) were theoretically calcu-
lated,>** the theoretical and actual experimental results often
differ. Therefore, experimental evaluation of the detailed

This journal is © The Royal Society of Chemistry 2020
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electron energy structure of TiO,(B) should be useful in not only
designing highly efficient composite photocatalysts but also
identifying the reaction mechanism and excitation process.

Experimental
Materials and synthesis

TiO, nanotubes were synthesized by the same method in our
previous research.”* TiO, powder (Degussa P25, 8.46 g) was
mixed with 80 mL of 10 M NaOH solution. The mixture was
transferred into a Teflon-lined stainless steel autoclave and
heated at 130 °C for 36 h. Afterwards, the autoclave was left to
cool to room temperature. The intermediate product was
collected and washed several times with deionized water, until
the pH value of the solution was about 7. Then, 80 mL of 15 M
KOH solution was added, and the mixture was reacted in the
autoclave at 200 °C for 24 h. The system was cooled to 150 °C at
a rate of 1 °C min~" and held at 150 °C for 12 h. The autoclave
was quenched to room temperature. The white product was
collected, washed several times with deionized water, and
neutralized using 0.1 M HCI solution. It was then washed again
with deionized water in order to remove any remaining traces of
NaCl and KCI. The obtained white product was filtered and
dried at 70 °C for 4 h in air, and gently ground in a mortar.
Finally, the powders were calcined in air at 350 °C, 450 °C, and
700 °C for 2 h. For brevity, these samples are labelled as NT350,
NT450, and NT700, respectively.

For comparison, two other TiO, nanotube samples were
prepared using the method reported by Brutti et al.'” TiO,(B)
nanotubes were synthesized by adding anatase powder (6 g,
Aldrich) to a 15 M solution of NaOH in distilled water (28 mL).
The mixture was heated to 150 °C for 72 h in a 40 mL autoclave.
After the hydrothermal reaction, the product was washed with
0.05 M HCl (aq), dried under vacuum at 80 °C, calcined at 350 °C
and 700 °C for 2 h under dry air flow, and then stored under Ar.
These samples are denoted as thick-NT350 (t-NT350) and thick-
NT700 (t-NT700).

The phase composition of the samples was calculated from
XRD measurements.”® NT350 was determined to be pure
TiO,(B), whereas NT450 had a mixed phase of anatase and
TiO,(B), and NT700 was pure anatase phase. The characteriza-
tion of the prepared thick samples was conducted using X-ray
diffraction (XRD; Cu Ko at a scan rate of 5° min™", 2 = 0.1542
A, 40 kv, 100 mA, Rigaku D/max - 2500, Tokyo, Japan) and
diffuse reflection spectroscopy (DRS; U-3900/3900H spectro-
photometer, Hitachi High-Tech Science, Tokyo, Japan). XRD
results (Fig. S1 and S2) showed that t-NT350 was pure TiO,(B)
phase (ICDD 046-1237), whereas t-NT700 was pure anatase
phase (ICDD 21-1272). The CBB positions of these samples were
calculated from UV-vis DRS measurements (Fig. S3 and S4t).

RDB-PAS measurement

The procedure for measuring the ERDT/CBB patterns was re-
ported previously.'**> A powder sample of 40-80 mg (depending
on the apparent bulk density) was spread out as a 1.0 mm layer
in a stainless steel sample holder with a glass bottom. The
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sample holder was placed in a laboratory-made RDB-PAS cell
(the upper part was made of aluminum, and the bottom and
light guide port parts were made of stainless steel) equipped
with a microphone (MEMS, SWITCH SCIENCE) and a quartz
window on the upper part.**

For the RDB-PAS measurements, ambient-temperature
nitrogen gas saturated with methanol was passed at ca. 30
mL min~" through the loaded RDB-PAS cell, and then the cell
was tightly closed. Methanol was used for scavenging positive
holes left by the photoexcitation of valence band (VB) electrons to
the electron traps (ETs). The RDB-PAS cell was placed in an
acrylic box (Unico UN650F) under a nitrogen atmosphere. Two
light beams were combined and introduced to the RDB-PAS cell
using a UV quartz combiner light guide (Moritex MWS5-1000S-
UV3). One beam was the probe light from a 625 nm light-
emitting diode (LED; Luxeon LXHL-ND98), whose intensity was
modulated at 35 Hz by a digital function generator (NF Corpo-
ration DF-1906). The other light beam was the wavelength-
scanned continuous monochromatic light from a grating
monochromator with a xenon lamp (Bunkokeiki, Tokyo, Japan).
The photoacoustic signal was detected using a digital lock-in
amplifier (NF Corporation LI5630) by scanning the continuous
light from 650 to 300 nm with a 5 nm step. The standard waiting
and acquisition times at each wavelength were 160 and 20 s,
respectively. The observed signal intensity was plotted against the
energy of the continuous light, and the RDB-PA spectrum was
differentiated from the lower energy side to the higher energy
side. The obtained value was converted to ET density in the unit
of umol g~' eV ' with the conversion coefficient. The thus-
obtained ERDT was a function of energy from the VBT, and it
was replotted in a bar graph with a pitch of 0.05 eV.

To compare the measured and simulated ERDT patterns,
their similarity was quantified by the degree of coincidence in
their shape ({(a))."® For two ERDT spectra f(1) and f{2) (ERDT
pattern profiles as a function of energy from the VBT; the
integrated fis equal to the density of ETs (D), and D(1) < D(2)),
¢(a) was evaluated as

@ =1- [ - s /)
with « chosen to minimize

[(f(l) o))

Detail of the summation simulation

In order to investigate the electron energy structure of anatase/
TiO,(B), results from the summation simulation were compared
with the measured ERDT pattern of the NT350/NT700 mixture.
For preparation of the mixture of NT350 and NT700 powder
samples, samples according to weight ratio were put in an agate
mortar and were mixed with a pestle for 15 min. The simulation
was performed by shifting the original ERDT pattern of NT350
to the lower energy side with a pitch of 0.01 eV to maximize {(a),
and then {(a) with the mixture sample pattern was calculated.
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Fig. 1 Representative ERDT patterns of NT350, NT700, their 1:1
mixture, the simple summation simulation, and the simulation
assuming a —0.07 eV shift of the VBT in NT350.

Results and discussion

Electron energy structure of TiO,(B)/anatase from ERDT
patterns

The ERDT/CBB patterns of the prepared NT350 (TiO,(B) phase)
and NT700 (anatase phase) are shown in Fig. 1. The total density
of ETs in NT350 is higher than that in NT700, and the ETs in
NT350 are distributed at higher energies (3.7 eV). While in
previous studies the ETs were presumed to have a lower energy
position than the CBB,**** in this case they were distributed
around the CBB. This may be because the excitation to the ETs
is not all from the VBT, but rather from the relatively high DOS
states in the VB as previously reported.*

In order to estimate the electron energy structures of TiO,(B)
and anatase, the ERDT of a mixed sample of NT350 and NT700
was measured (Fig. 1). Moreover, Table 1 compares the measured
pattern of the mixture with those from the summation simulation

Table 1 Relationship between the shifting energy for the VBT of
NT350 and the ¢(a) value of the mixture and simulation pairs

Mixture (1 : 1) samples

Shifting energy/eV NT350 + NT700 t-NT350 + t-NT700
0 0.766 0.762
0.01 0.793 0.781
0.02 0.819 0.799
0.03 0.843 0.813
0.04 0.865 0.823
0.05 0.883 0.831
0.06 0.897 0.835
0.07 0.900 0.836
0.08 0.895 0.835
0.09 0.885 0.831
0.10 0.870 0.825
0.11 0.849 0.817
0.12 0.826 0.808
0.13 0.801 0.796
0.14 0.778 0.784
0.15 0.754 0.768
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for NT350 and NT700. When the position of the NT350 VBT was
shifted to the lower energy side by 0.01 eV, the {(a) value increased.
A maximum {(a) value was obtained at AE = 0.07 eV, and then it
decreased with further shifts. The simulated ERDT patterns at AE
= 0 and 0.07 eV are shown in Fig. 1. At AE = 0.07 eV, the overall
distribution was shifted to the low energy side, and the peak
position matched the measured ERDT pattern of the mixture. The
values of {(a) without and with the energy shift were 0.766 and
0.900, respectively, confirming that they have a very high degree of
coincidence after a shift of 0.07 eV.

Similar analysis was performed for t-NT350 (TiO,(B) phase)
and t-NT700 (anatase phase) fabricated by a different method.
In Fig. 2, it is confirmed that the ERDT pattern of t-NT350 is
distributed at a higher energy than that of t-NT700, similar to
the trend observed in the NT samples. The relationship between
the energy shift and {(a) value of the mixture and summation
simulation results are listed in Table 1. The value of {(a) has an
identical trend to that in the NT samples: the maximum value
was obtained at AE = 0.07. The ERDT patterns obtained from
the mixture of t-NT350 and t-NT700 and the corresponding
simulation results at AE = 0 and 0.07 eV are shown in Fig. 2.
With a VBT shift of 0.07 eV, the positions of maximum {(a) for
the mixture and simulation are similar, and so are the ERDT
patterns. While {(a) = 0.762 from the simple summation result,
it increased to 0.836 at AE = 0.07 eV.

In the mixture, if excitation occurs from the VBT to ETs in
each phase particle, the ERDT pattern of the mixture should
match the simple summation result since it uses energy from
each VBT. Why does the energy shift described above occur in
the simulation? This is considered to be due to the interfacial
charge-transfer excitation between TiO,(B) and anatase. In our
previous study, the energy shift obtained by simulation sug-
gested that interfacial charge-transfer excitation occurs between
anatase and rutile” and will be reported using various anatase—
rutile mixtures in detail.** In the RDB-PAS measurement, since
the excitation light was changed from a long wavelength to
a short wavelength, electrons first occupied the low-energy ETs.
Therefore, when excitation occurs from the high DOS level of

simulation simulation

energy from valence-band top / eV

mixture 350+700 1:1 | 350+700 1:1
t-NT350 t-NT700 3504700 1:1 | AE=0eV [AE=0.07eV
<231> <84> <149> {(a)=0.762 | {(a)=0.836
2.0
0 10 20 30 10 20 30 10 20 30 10 20 30 10 20 30

electron-trap density / pmol g

Fig. 2 Representative ERDT patterns of t-NT350, t-NT700, their 1: 1
mixture, the simple summation simulation, and the simulation
assuming a —0.07 eV shift of the VBT in NT350.
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the rutile sample with higher energy to the ETs of the anatase
sample with lower energy levels, the obtained ERDT pattern is
lower than when excitation occurs in each phase. From this
phenomenon, it was confirmed that the high DOS level of rutile
is about 0.2 eV higher than that of anatase. A schematic diagram
of the relationship between the high DOS levels in the TiO,(B)/
anatase combination here is shown in Fig. 3. In the electron
energy structure of mixed phase TiO,(B)/anatase, interfacial
charge-transfer excitation from the high DOS level of anatase to
the ETs of TiO,(B) occurred first when the photocatalyst was
irradiated at a long wavelength. Therefore, in the ERDT pattern
of the mixture, the energy was shifted to lower than that
required to excite to ETs from the high DOS level of TiO,(B).
From the simulation results, it can be estimated that the high
DOS level of anatase is 0.07 eV higher than that of TiO,(B),
because the {(a) is maximized when the ERDT pattern of NT350
is shifted by —0.07 eV. This energy positional relationship
shows the same tendency as that of VBT obtained in an earlier
study and reinforces the previous theory.*

Validation of energy shift at different mixing ratios measured
by ERDT

The interfacial charge-transfer excitation requires not only light
absorption but also overlap between the bonding orbital and
the ET orbital. Therefore, it requires that the TiO,(B) and
anatase phases are thoroughly mixed in all particles. For iso-
lated particles in the mixture, interfacial charge-transfer exci-
tation does not occur, which would reduce the shift of the ERDT
pattern. In order to correctly estimate the relative position of the
high DOS level, the shift of the ERDT pattern was analyzed using
NT350 and NT700 mixtures in different ratios.

Fig. 4 shows the ERDT pattern and the result of summation
simulation for a mixture of NT350 : NT700 = 1: 3. The rela-
tionships between the energy shift and {(a) value of this mixture
and the results from summation simulation are shown in Table
S1.t The maximum value of {(a) was obtained at AE = 0.08 eV

anatase CBB

TiO,(B) CBB

anatase ETs

TiO,(B) ETs

Energy

interfacial charge
transfer excitation

AE = 0.07~0.08 eV

Fig. 3 Schematic of the electron energy structure of TiO,(B)/anatase
mixed phase photocatalyst.
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simulation simulation
350+700 1:3 | 350+700 1:3

energy from valence-band top / eV

350+7001:3 | AE=0eV |AE=0.08eV
<166> (a)=0.801 | Z(a)=0.907

2.0
0 10 20 30 10 20 30 10 20 30

electron-trap density / pmol g*!

Fig.4 Representative ERDT patterns of the 1 : 3 mixture of NT350 and
NT700, simple summation simulation, and simulation assuming
a —0.08 eV shift of the VBT in NT350.

and showed almost the same tendency as the case of 1 : 1 mix.
The shifted ERDT pattern was consistent with that from the
mixture in the peak position, and the value of {(a) was 0.907
(Fig. 4). On the other hand, when NT350 and NT700 were mixed
at a ratio of 3 : 1, the change of {(a) was different (Fig. 5 and
Table S17). The maximum value of {(a) was at AE = 0.03 eV, and
the shift was smaller than those of the 1: 1 and 1 : 3 mixtures.
The likely reason for this is the different contact ratios on the
surface of TiO,(B) and anatase particles. Our previous study**
showed that NT350 consists of entangled one-dimensional
nanostructures and their diameters were ca. 10 nm. The t-
NT350 also showed one-dimensional nanostructure and their
diameters were ca. 15 nm."” The length of these nanotubes
ranged from several hundred nanometers to several microme-
ters, but the morphology of NT700 collapsed into small rods of
several tens of nanometers. When there are more smaller

energy from valence-band top / eV

simulation simulation
350+700 3:1 | 350+700 3:1
350+700 3:1 AE=0eV | AE=0.03eV
<214> {(a)=0.855 | {(a)=0.921
2.0
0 10 20 30 10 20 30 10 20 30

electron-trap density / pmol g

Fig.5 Representative ERDT patterns of the 3 : 1 mixture of NT350 and
NT700, simple summation simulation, and simulation assuming
a —0.03 eV shift of the VBT in NT350.
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particles (i.e., NT700) than the larger ones (NT350), the contact
ratio between the two types of particles is high because the voids
near the larger ones are filled. On the other hand, if there are
more larger particles than the smaller ones, the mixture
becomes more porous, and so the contact area between the two
types of particles will decrease. Therefore, in the NT350 : NT700
=1:1and 1 : 3 mixtures, the shift value is large due to the large
contact area between the two types of TiO, particles, and the
shift value is considered to be close to the actual energy
difference between the high DOS levels of TiO,(B) and anatase.
However, in the 3 : 1 mixture, the contact area between TiO,(B)
and anatase is small, the interfacial charge-transfer excitation is
insufficient, and the energy shift is smaller.

Interfacial charge-transfer excitation in NT450

Previous research found that NT450 with mixed phases of
TiO,(B) and anatase (ca. 1 : 1) have an interface within the same
nanotube and the highest photocatalytic activity.* Does inter-
facial charge-transfer also occur in this system? Fig. 6 shows the
ERDT patterns of NT450, mixed NT350 and NT700 (1 : 1), and
the simple summation simulation result. The NT450 sample
and the NT350/NT700 mixture showed higher {(a) values than
the simulation. This fact makes it impossible to prove that
NT450 shows higher activity or that spatial electron transfer
occurs between TiO,(B) and anatase. However, the NT450
powder may have an electron energy structure as shown in
Fig. 3. In addition, interfacial charge-transfer excitation from
the high DOS level of anatase to the ETs of TiO,(B) probably
occurred in both the NT450 powder and the mixture. Further-
more, we hypothesize that when interfacial charge-transfer
excitation occurs between two phases, there should be
a contact for spatial charge transfer from the CB of anatase to
the CB of TiO,(B).

From all the above discussion, it was confirmed that the
interfacial charge-transfer excitation between two kinds of oxide
photocatalysts can be estimated by analyzing the ERDT patterns
obtained by RDB-PAS. The electron energy structure of mixed

4.0

3.5

energy from valence-band top / eV

3.0
2 simulation
-5 mixture | 350+700 1:1
350+700 1:11 | AE=0eV
2@)=0.929 | ¢@)=0.820

2.0
0 10 20 30 10 20 30 10 20 30

electron-trap density / umol g

Fig. 6 Representative ERDT patterns of NT450, NT350 and NT700 in
1: 1 mixture, and simple summation simulation of the mixture.
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phase TiO, can be investigated by calculating the energy shift
caused by the interfacial charge-transfer excitation. Further-
more, this technique is applicable to not only mixed photo-
catalysts but also the composite ones. Since the energy structure
obtained by theoretical calculation often disagrees with that
measured experimentally, this experimental method is expected
to be useful for discussing the actual photocatalytic reaction.

Conclusions

In this study, the electron energy structures of TiO,(B) and
anatase were estimated through analysis of ERDT measured by
RDB-PAS. A comparison between the mixture of NT350 (TiO,(B)
phase) and NT700 (anatase phase) with the summation simu-
lation results suggested the existence of interfacial charge-
transfer excitation from the high DOS level of anatase to the
ETs of TiO,(B). Moreover, the shift value of the ERDT pattern
obtained from simulation indicated that the high DOS level of
anatase lies approximately 0.07 eV above that of TiO,(B). This is
consistent with the information of VBT location obtained in
previous studies.”* Moreover, the ERDT method is applicable to
not only mixtures of two photocatalysts having different phases,
but also composite photocatalysts having two types of phases,
and the mixed phase and composite photocatalysts are
presumed to have similar electron energy structures. The elec-
tron energy structure obtained in this study and the evidence for
interfacial charge-transfer excitation can help researchers
understand the detailed mechanism of photocatalytic reactions
and construct highly active composite photocatalysts in the
future.
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