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Mesoporous rutile TiO, photocatalysts co-doped with N and F were
synthesized via a topotactic ammonolysis approach using meso-
structured TiO, as a precursor. The co-substitution of N and F into
the rutile lattice led to substantial modulation of the Ti electronic
structure and to extension of visible-light absorption, accompanied
by local distortion of TiOg octahedra. Systematic characterization
revealed that the balance between dopant incorporation and
structural integrity of the mesoporous framework played a decisive
role in determining photocatalytic performance for half-cell O,
evolution. Although higher-temperature ammonolysis promoted
N incorporation and enhanced visible-light absorption, it also
compromised the mesostructure, reducing the overall activity.
The highest O, evolution rate under visible-light irradiation was
achieved with the sample prepared under optimal conditions that
maintained both phase-pure rutile and mesoporosity. These results
highlight the importance of controlling both chemical doping and
structural features when designing high-performance non-metal-
doped oxide photocatalysts for solar-driven water oxidation.

Introduction

Photocatalytic water splitting is a promising strategy for con-
verting abundant solar energy into clean H, fuel in an envi-
ronmentally friendly manner."™* Among the two half-reactions,
water oxidation remains a major challenge because of its
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New concepts

We report a topotactic ammonolysis strategy to synthesize mesoporous
rutile TiO, co-doped with nitrogen and fluorine, achieving simultaneous
control over crystal phase, lattice electronic structure, and mesostructural
integrity. While non-metal doping of TiO, has long been explored to
extend visible-light activity, the challenge of preserving a high-surface-
area mesoporous framework during high-temperature treatments
remains largely unsolved. Our approach uniquely balances lattice sub-
stitution with mesoporous preservation, enabling co-modulation of band-
gap and defect chemistry without sacrificing the hierarchical pore
network essential for mass transport. This synergy allows efficient separa-
tion and transfer of photogenerated charge carriers, yielding significantly
enhanced visible-light-driven O, evolution. The work provides a concep-
tual advance by demonstrating that photocatalytic performance in doped
oxides is not dictated solely by light-harvesting ability, but by a fine
interplay between electronic tuning and nanostructural stability. This
insight is broadly applicable to the design of next-generation non-metal-
doped oxides for solar energy conversion, electrocatalysis, and environ-
mental remediation, where multifunctional structural control at the
nanoscale is required.

complex four-electron transfer process, which often limits the
overall efficiency of the system.>® To overcome this bottleneck,
researchers have directed extensive efforts toward developing
visible-light-responsive photocatalysts with enhanced charge
separation and surface reactivity.

Mixed-anion compounds such as oxysulfides, oxyhalides,
and oxynitrides have attracted attention because of their
unique electronic structures and properties originating from
the incorporation of additional anionic species.”"" Among
these compounds, oxynitrides have emerged as promising
photocatalysts capable of absorbing visible light, primarily
because of the contribution of N 2p orbitals to the valence
band. However, N doping in oxides such as TiO, can induce
O vacancies, which accelerate charge recombination.'?
To address this problem, researchers have proposed co-doping
with F (via the substitution 20°~ = N° + F ) to suppress
recombination by balancing the local charge and maintaining

This journal is © The Royal Society of Chemistry 2026
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the anion framework.”>™* Indeed, N,F-co-doped TiO, has shown
enhanced activity toward photocatalytic water oxidation.'**®

Mesoporous materials often exhibit improved photocatalytic
performance because of their short charge carrier diffusion
lengths and high surface areas, which facilitate surface
chemical reactions.'”'® For example, mesoporous TiO, has
been reported to effectively photocatalyze the decomposition
of organic dye molecules such as rhodamine B and methylene
blue, as well the photoreduction of CO, to methane.'*™
Mesoporous TiO, was first synthesized via a modified sol-gel
method in the presence of phosphate surfactants by Antonelli
and Ying in 1995.%> Since then, considerable efforts have been
devoted to developing mesoporous-structured TiO,. Such mate-
rials are particularly interesting because of their ability to
interact with atoms, ions, molecules, and nanoparticles not
only on the surface but also throughout the bulk.?® Never-
theless, developing a new template-free route to synthesize
highly organized mesoporous TiO, spheres remains challen-
ging because of the limited availability of appropriate precur-
sors, poor controllability of the reactivity of transition-metal
precursors, and structural collapse during crystallization and
during grain growth upon heat treatment.>**>

This study combines two effective strategies for designing
efficient water oxidation photocatalysts: (1) the formation of
active, crystalline mesoporous TiO, via a microwave-assisted,
template-free solvothermal method and (2) bandgap narrowing
through N and F co-substitution. Although N,F-co-doped meso-
porous TiO, (meso-TiO,:N,F) has been widely investigated for
use in applications such as the photodegradation of organic
substances, its application in visible-light-driven water oxida-
tion has not yet been reported. To the best of our knowledge,
this work is the first demonstration of such a material being
applied to photocatalytic water oxidation under visible light.

In the present work, meso-TiO,:N,F is synthesized by a
topochemical reaction—a powerful approach previously shown
to be effective for obtaining various mixed-anion phases.*®™°
However, the potential of topochemical methods for synthesiz-
ing mesoporous mixed-anion materials has not yet been suffi-
ciently elucidated, nor have their photocatalytic properties.
In particular, this study focuses on clarifying the correlation
between the mesoporous structure and the O, evolution rate
from aqueous AgNO; by systematically comparing meso-TiO,,
meso-TiO,:N, and meso-TiO,:N,F. Our results demonstrate
that moderate N doping both preserves the mesoporous
structure and promotes photocatalytic water oxidation under
visible light.

Experimental

Materials and reagents

Rutile TiO, (Catalysis Society of Japan Reference Catalyst, JRC-
TIO-6), rutile TiO, (Wako Pure Chemicals, 99.0%), titanium(iv)
tetrabutoxide (TBOT, Wako Pure Chemicals, 95.0%), hexane
(Wako Guaranteed Reagent, >96.0%), (NH,),TiFs (Wako Pure
Chemicals, 95.0%), AgNO; (Wako Pure Chemicals, 99.8%),
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La,0; (TCI, 99.9%), HCI] (Kanto Chemicals, 35-37%), ethanol
(Wako Guaranteed Reagent, >99.5%), acetone (Wako 1st
Grade, >99.0%) were used as received.

Synthesis of meso-TiO,

TBOT (2.5 mL) was added to a mixture of hexane (25 mL) and
HCI (2.5 mL) in a pressure-tight vessel, and the mixture was
heated at 423 K for 4 h using a Mars 6 microwave reaction
system (CEM Japan). The resultant precipitate was collected by
filtration, washed several times with ethanol and distilled
water, and then dried in an oven at 353 K.

An agate mortar and pestle were used to mix the as-prepared
TiO, with (NH,),TiF, in different molar ratios in the presence
of acetone. For convenience, the molar concentration of
(NH,),TiFs in the mixture is denoted as C (mol%), calculated
using the equation

Moles of (NHy4), TiFg

€= 100(%). (1
(moles of TiO,) + (moles of (NH4),TiFs) x 100(%). (1)

The resultant precursor was loaded onto a Ni plate and
placed at the center of an alumina tube reactor to prevent
contamination from the reactor walls. After the reactor was
purged with N, gas, the sample was heated at 673 K for 15 h
under a flow of dry NH; (heating ramp: 10 K min ', flow rate:
100 mL min~") unless otherwise stated.

Synthesis of nano-TiO,:N,F

Nano-TiO,:N,F was synthesized under the optimized conditions
reported previously.'* Briefly, JRC-TIO-6 and (NH,),TiFs were
mixed in a molar ratio of 95 to 5 (i.e., C = 5) in the presence of
acetone using an agate mortar and pestle. The nitridation
conditions were identical to those used for the preparation of
meso-TiO,:N,F.

Synthesis of bulk-TiO,:N,F

Bulk-TiO,:N,F was synthesized via a previously reported
method."® Commercial rutile TiO, and (NH,),TiF, were mixed
in a molar ratio of 85 to 15 (i.e., C = 15) in the presence of
methanol using an agate mortar and pestle. The resultant
precursor was loaded onto a Ni plate and placed at the center
of an alumina tube reactor. After the reactor was purged with N,
gas, the sample was heated at 773 K for 1 h under a dry NH;
flow (ramp: 10 K min ", flow rate: 50 mL min™").

General characterization

X-ray diffraction (XRD) patterns were recorded on a Mini-
Flex600 (Rigaku) powder diffractometer. Raman spectra were
acquired using a NRS-4500 spectrometer with a 532 nm laser
(JASCO). UV-vis diffuse-reflectance spectra were obtained using
a V-670 (JASCO) spectrometer equipped with an integration
sphere. The specific surface area was calculated with the BEL-
Master software based on the Brunauer-Emmett-Teller (BET)
theory. The surface morphology was observed by field-emission
scanning electron microscopy (FE-SEM; S-5500; Hitachi High-
Tech), and the amounts of N and F were determined using an
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elemental analyzer (Elemental Analyzer-1; JM10, JM11;
J-Science). Transmission electron microscopy (TEM) and reflec-
tion electron microscopy (REM) images were acquired using a
field-emission transmission electron microscope (JEM-2100F;
JEOL) and a scanning electron microscope (JCM-7000; JEOL),
respectively. The cross section of the sample was prepared
using a cross-section polisher (CP; SM-09010; JEOL) with an
Ar-ion beam. Elemental analysis, SEM, TEM, REM, and CP were
conducted at the Core Facility Center, Institute of Science
Tokyo. Ti K-edge X-ray absorption fine structure (XAFS) mea-
surements were performed at beamline 9A of the Photon
Factory (High Energy Accelerator Research Organization, Tsu-
kuba, Japan). Time-resolved microwave conductivity (TRMC)
measurements were carried out for powdered samples prepared
on adhesive tape on a quartz substrate. All of the experiments
were conducted at room temperature in air. X-band microwave
radiation with a frequency of ~9 GHz was used. The third
harmonic (355 nm) of a Nd:YAG laser (Continuum, Surelite II,
5-8 ns pulse duration, 10 Hz) was used for carrier excitation
(incident photon density I, = 9.1 x 10"* photons cm 2 pulse ).
The photoconductivity (Ac = AP,/(AP,), where A is the sensitivity
coefficient, P; is the reflected microwave power, and AP; is the
change in P, during the irradiation) was converted into the
product of the quantum yield (¢) and the sum of the charge
carrier mobilities Ty (= u" + ) using the relational formula
eXu = Aa(eIOFtht)_l, where e and Fi;gp, are the electron charge
and a correction coefficient, respectively.

Electrochemical impedance measurements

Meso-TiO, and meso-TiO,:N,F (C = 15) electrodes were prepared
via electrophoretic deposition onto conductive glass substrates
coated with a fluorine-doped tin oxide (FTO) layer. Two FTO glasse
plates were immersed in parallel (1.6 cm apart) into an acetone
dispersion containing 50 mg of meso-TiO, or meso-TiO,:N,F
powder and 10 mg of I, in 45 mL of solution. A DC voltage of
30 V was applied for 15 s using a power supply (GW Instek PSW
80-13.5), resulting in uniform photocatalyst coatings on the FTO
surfaces. The coated area was fixed at 1.5 cm X 3.5 cm. After
deposition, the electrodes were dried under vacuum overnight.

Electrochemical impedance measurements were performed
at room temperature using a potentiostat (HZ-Pro, Hokuto Denko)
and a three-electrode electrochemical cell made of Pyrex glass.
The working electrodes were meso-TiO,/FTO and meso-TiO,:N,F
(C = 15)/FTO. An Ag/AgCl (saturated KCI) electrode and a Pt wire
were used as the reference and counter electrodes, respectively. The
electrolyte was an aqueous 0.1 M Na,SO, solution whose pH was
adjusted by the addition of H,SO, or NaOH solution as needed.
Prior to the start of the measurement, the solution was purged with
Ar gas for 30 min to remove dissolved O,. Mott-Schottky (MS) plots
were recorded at a frequency of 100 Hz. Cyclic voltammetry (CV)
was performed for 30 cycles over the potential range from —0.63 to
+0.98 V (vs. reversible hydrogen electrode (RHE)).

Photocatalytic reactions

Photocatalytic reactions were conducted in a top-irradiation-
type Pyrex reaction vessel connected to a closed gas circulation
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system.>® In each experiment, 50 mg of meso-TiO,:N,F and
200 mg of La,0; (pre-calcined at 1273 K for 2 h to serve as a pH
adjuster) were dispersed in 140 mL of a 10 mM AgNO; aqueous
solution. The system was evacuated several times to remove air,
and a small amount of Ar gas was introduced prior to irradia-
tion. A 300 W Xe lamp was used as the light source (typically
operated at 20 A), and illumination was conducted through a
water filter and an L42 cutoff filter (1 > 400 nm) in combi-
nation with a CM-1 cold mirror. Evolved gases were analyzed
using an on-line gas chromatograph (GC-84, Shimadzu)
equipped with a thermal conductivity detector and a molecular
sieve 5A column; Ar was used as the carrier gas. During
irradiation, the reaction temperature was maintained at room
temperature by cooling water circulated around the reaction
vessel.

The apparent quantum yield (AQY) for the water oxidation
reaction was measured using the same experimental setup, and
was calculated using eqn (2):

AQY (%) =A x R/I x 100 (2)

where A, R, and I represent a coefficient based on the reaction
(A = 4 for O, evolution), the O, evolution rate, and the rate of
incident photons, respectively.*"**> The total number of inci-
dent photons (~0.40 mW) was measured using a calibrated Si
photodiode.

Results and discussion
X-ray diffraction and elemental analyses

The as-prepared meso-TiO, was found to crystallize in a single
rutile phase, and no phase transition was observed during the
nitridation process at 673 K to yield the C = 0 sample, as
confirmed by XRD analysis (Fig. 1(A)). With increasing concen-
tration of (NH,),TiFs (i.e., increasing C value), impurities such
as anatase TiO, and TiOF, appeared, particularly at high C
values (C = 25 and 50), consistent with previous reports.'**®
The absence of impurity phases at lower C values suggests that
the impurities are caused by the direct pyrolysis of (NH,),TiFs
that had not reacted with meso-TiO,.**

Raman spectroscopy

Raman spectroscopy was employed to investigate the local
structure of the synthesized materials. The Raman spectrum
of meso-TiO, exhibits a weak peak at 235 cm ™" (multi-photon
process) and two intense peaks at 446 and 612 cm ™', corres-
ponding to the E,- and A;,-modes, respectively. These features
are consistent with rutile-phase TiO, prepared by the hydro-
thermal method.**® Peak broadening and slight frequency
shifts became more pronounced with increasing C value, except
for C = 50, which can be attributed to variations in particle size
and/or slight non-stoichiometry induced by oxygen vacancies.®”
In particular, the E, peak, sensitive to local inhomogeneity and
lattice distortion around dopants, underwent a successive shift
toward lower frequencies with increasing the C value, indicat-
ing strong influence of N doping into the rutile TiO, lattice.

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 (A) XRD patterns and (B) Raman spectra for meso-TiO, and meso-
TiO2:N,F obtained by nitriding mixtures of meso-TiO, and (NH4),TiFg with
different C values.

For C = 50, additional peaks at 155 and 517 cm ' were
observed, which are assigned to anatase TiO, and TiOF,
impurities, respectively.***® This observation is consistent with
the XRD result (Fig. 1(B)).

Elemental analysis was conducted to confirm the presence
of N and F in the doped meso-TiO, samples. Compared with
the C = 0 sample, the samples with higher C values exhibited
greater substitution of N*~ for 0>~ in the TiO, lattice (for
C > 5), indicating that F compensates for the charge imbalance
caused by N doping and thus enables the incorporation of a
greater amount of N (Table 1). As expected, the F content
increased with the addition of more (NH,),TiFe. Interestingly,
the N content showed a volcanic-type trend; increasing the
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Table 1 Results of elemental analysis and N, adsorption/desorption
measurements for meso-TiO,:N,F prepared with different C values

Amount®/wt%

Specific surface  Total pore

Entry C N F area’/m?* g~ volume®/cm® g™*
1¢ - = — 43 0.061

2 0 0.50 — 21 0.13

3 5 0.52 1.3 18 0.065

4 15 0.81 2.0 14 0.042

5 25 1.1 3.2 10 0.035

6 50 0.96 5.5 4 0.011

“ Determined by elemental analysis. ” Determined by nitrogen adsorp-
tion/desorption measurements at liquid nitrogen temperature according
to the BET method. © Determined by nitrogen adsorption/desorption
measurements at p/p® ~1. ¢ Precursor oxide.

C value from 25 to 50 led to a decrease in the N concentration.
This observation suggests that excessive (NH,),TiFs may lead to
decomposition or structural disruption that hinders further N
doping.

N, adsorption-desorption isotherms

N, adsorption-desorption experiments were performed for
meso-TiO,, meso-TiO,:N (C = 0), and meso-TiOx:N,F (C > 5)
(Fig. 2). The isotherms for meso-TiO, exhibited a Type IV profile
with an H3 hysteretic loop, in which the lower limit of the
desorption branch corresponds to the -cavitation-induced
region.?® This type of loop is typically observed in mesoporous
materials composed of non-rigid aggregates of flaky particles,
as will be discussed later. With increasing C values during the
nitridation process, the H3-type hysteresis gradually dis-
appeared, accompanied by a notable decrease in the specific
area and the total pore volume (Table 1). These results indicate
that a greater degree of nitridation, while beneficial for introdu-
cing N and F into the meso-TiO, lattice and thereby enhancing
visible-light absorption, simultaneously leads to degradation of
the mesoporous structure.

Electron microscopy

The microwave-assisted solvothermal method allowed for the
formation of monodispersed TiO, particles, although some
irregularly shaped particles were also observed (Fig. 3(A)). Some
of the particles are spherical, with an average diameter of
~3 pum (Fig. 3(B)). They were composed of nanoparticles
ranging from several tens of nanometers in size (Fig. 3(C)).
The aggregation of these nanoparticles likely contributed to the
observed porous structure, as supported by the N, adsorption-
desorption isotherms (Fig. 2).

Precise control over the mesostructure and morphology in
TiO, synthesis remains challenging because of the rapid hydro-
lysis and peptization of Ti precursors.’’ Although various
synthetic strategies such as sol-gel, template-assisted, and
hydrothermal methods have been developed, they often involve
time-consuming procedures and harsh reaction conditions.*' ¢
Moreover, mesoporous TiO, materials synthesized via self-
assembly approaches typically consist of anatase nanocrystals
because the formation of the rutile phase generally requires
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Fig. 2 N, adsorption—desorption isotherms of (A) as-prepared meso-TiO, and (B)—(F) meso-TiO,:N,F with different C values.
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Fig. 3 SEM images of (A)—(C) as-prepared meso-TiO, and (D)-(F) meso-TiO,:N,F with C = 15.

higher crystallization temperatures that can collapse the meso-
structure as a result of thermal instability.*’

In our microwave-assisted solvothermal method, the use of
an organic solvent and HCI effectively moderated the hydrolysis
of the Ti precursor, allowing a balance between rapid hydrolysis
and controlled self-assembly while also suppressing excessive

502 | Nanoscale Horiz., 2026, 11, 498-507

crystal growth. Microwave heating further reduced the tem-
perature required for rutile phase formation and enabled
the rapid construction of mesoporous TiO, microspheres
with a well-defined rutile phase. This synthesis was achieved
via micelle-assisted assembly in a sealed autoclave within a
remarkably short reaction time.

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 TEM images of (A) the as-prepared meso-TiO, and (B) the C = 15
sample.

After the nitridation with (NH,),TiFs (C = 15), the spherical
morphology of meso-TiO, was largely retained, although some
surface roughening and particle growth were observed (Fig. 3(D)
and (E)). These changes are attributed to the growth of smaller
primary particles upon N/F co-substitution (Fig. 3(F)), which also
contributed to the reduced pore volume discussed in the previous
section. The thermal ammonolysis of meso-TiO, with (NH,),TiF
was accompanied by inevitable particle growth and the formation
of anatase and TiOF, impurities, the latter becoming more
prominent at higher initial concentrations of (NH,),TiFs.

TEM images of the meso-TiO, and the C = 15 sample (Fig. 4)
revealed distinct lattice fringes with spacings of 0.26-0.27 nm,
consistent with the (101) facet of rutile TiO,. Given the similar
ionic radii of N*~, F~, and O°7, the preservation of the lattice
spacing is reasonable. These results demonstrate successful
topochemical conversion of meso-TiO, into TiO,:N,F (here, C = 15)
while retaining crystallinity, although partial degradation of
the original mesoporous structure was observed.

Optical properties and bandgap structures

UV-vis diffuse-reflectance spectroscopy (DRS) measurements
were performed on meso-TiO,:N (C = 0) and meso-TiO,:N,F
(C = 5) samples to investigate their optical properties (Fig. 5).
The spectra of both the meso-TiO,:N (C = 0) and meso-TiO,:N,F
(C = 5) samples exhibited a new absorption band in the visible
range (400-700 nm), in addition to the original absorption edge
of meso-TiO, at ~400 nm. The N,F co-doped samples exhibited
substantially stronger visible-light absorption than the N-doped
sample, primarily because of enhanced N incorporation facili-
tated by F co-doping. The absorption extending beyond 600 nm
is attributable to reduced Ti species, which may form under
high-temperature ammonolysis with NH; gas acting as a
reductant.'®*®

As reported by Asahi et al, N doping introduces N 2p
orbitals above the O 2p valence band, effectively narrowing the
bandgap.*’ F doping, by contrast, has been reported to primarily
modify the electronic structure around the conduction-band edge
of Ti0,.>® Therefore, the co-substitution of N and F is expected to
synergistically narrow the bandgap of meso-TiO,, enhancing its
visible-light absorption.

Because rutile TiO, is considered an indirect-bandgap
semiconductor, we estimated the bandgaps of meso-TiO, and

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 UV-vis diffuse-reflectance spectra of as-prepared meso-TiO, and
meso-TiO,:N,F with different C values.

meso-TiO,:N,F (C = 15) from Tauc plots using the square root
of the Kubelka-Munk function (Fig. $1).>**"*?> The bandgap
decreased substantially from 3.03 eV (meso-TiO,) to 2.25 eV
(C = 15), consistent with the green coloration of the doped
sample (Fig. S2).

The electrochemical properties were further examined by CV
and MS analyses. The C = 15 sample displayed stable redox
behavior under both anodic and cathodic polarization across
multiple CV cycles (Fig. S3), indicating good electrochemical
stability. The band edge potential could be estimated from
electrochemical impedance measurements. MS plots showed a
positive slope, confirming the n-type semiconductor character
of the as-prepared materials (Fig. S4). The flat-band potentials
were estimated to be —0.86 V and —0.62 V vs. Ag/AgCl at pH 6.4
for meso-TiO, and the C = 15 sample, respectively.

On the basis of previous reports,"®>* we assumed a 0.2 V
difference between the conduction-band potential and the flat-
band potential. Under this assumption, in conjunction with the
bandgaps and the flat-band potentials estimated from DRS and
MS plots, we can depict the bandgap structure (Fig. S5). The
conduction-band potential for TiO,:N,F is approximately the
same as that for undoped rutile TiO,.'® In the present study,
we confirmed this trend for the C = 15 sample, supporting the
validity of this assumption.

X-ray absorption spectroscopy

The effect of co-substitution of N and F into rutile TiO, on the
electronic state of Ti was also confirmed by Ti-K edge X-ray
absorption near edge structure (XANES) spectra. The pre-edge
structure at the Ti-K edge for TiO, features three peaks: A1, A2,
and A3 (Fig. 6(A)). The A; peak is assigned to the quadrupole
transition from 1s to t,, of the local Ti absorber. The A, peak
originates from the overlap of two transitions, which are the
quadrupole transition from 1s to e; of the local Ti absorber and
the dipole transition from 1s to t,; of neighboring Ti atoms.
The A; peak is attributed to the dipole transition from 1s to e,
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Fig. 6 Ti K-edge XANES spectra of as-prepared meso-TiO, and meso-
TiO2:N,F with different C values. (A) Entire XANES spectrum and (B) pre-
edge and (C) white-line regions.

of the neighboring Ti atoms.’">> The XANES spectra of the
meso-TiO,:N,F samples resemble that of rutile TiO,. However,
the relative intensity of A2 increased with increasing C value
(Fig. 6(B)), indicating increased distortion of the octahedral
TiOg unit.>® In addition, the post-edge features also provide
information on the local structure of Ti. The main peak in the
post-edge region resembles that for rutile TiO,; however, the
edge crest of the white line peak at ~4984 eV is substantially
broadened with increasing C value, indicating the loss of long-
and medium-range order (Fig. 6(C)).>’

Photogenerated charge carrier dynamics

The photogenerated charge carrier dynamics of the as-prepared
meso-TiO,:N,F samples were evaluated by time-resolved micro-
wave conductivity (TRMC) measurements. TRMC is a powerful
technique for probing the dynamic behavior of charge carriers
in semiconductor materials, with numerous examples being
reported in mixed-anion compounds.®®®* Although the literature
includes TRMC studies for TiO,,°>"®* no such studies have yet
been reported for TiO,:N,F.

Fig. 7 shows the time-dependent TRMC signals for meso-
TiO, and meso-TiO,:N,F samples with different C values. The
corresponding values of X, and 74, are summarized in
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Fig. 7 TRMC transient decay profiles of as-prepared meso-TiO, and
meso-TiO,:N,F samples with different C values.

Table S1. In general, aliovalent substitution of an element into
a host material causes a charge imbalance, which promotes
charge carrier recombination.'>®®> The reduced @Zfimax
(i.e., photoconductivity) for the C = 0 sample compared with
that for pristine meso-TiO, is attributed to the detrimental
effects of N°~/O*> substitution on carrier mobility. Interest-
ingly, this attenuation in photoconductivity was not observed
in the C = 15 sample, suggesting that an optimal level of N/F
co-doping does not exacerbate charge recombination. Instead,
it may enhance carrier transport dynamics relative to those in
the undoped meso-TiO,. However, increasing the C value to 25
led to a noticeable decrease in photoconductivity, likely due to
the introduction of additional recombination centers asso-
ciated with excessive doping. The TRMC profile for the C = 50
sample appears more complex, which is attributable to the
higher concentration of impurity phases, including anatase
TiO, (or TiO,:N,F) and TiOF, (Fig. 1).

Photocatalytic water oxidation

A volcano-like trend was observed between the O, generation rate
and the C value (Fig. 8(A)), with the highest photocatalytic activity
being obtained at C = 15, which gave an AQY of 5.2% at 365 nm.
The time course of O, evolution over the optimal meso-TiO,:N,F
composition is shown in Fig. 8(B). The full time-course data for

A T B —= 80
< [}
312 g
§«10 = "
3 §% r
g 8 3 .
.5 6 %40 M
3 o B
o —
& 220{ »
& 2 3 n
) £
5 0 <0
OmesoTiO,0 5 15 25 50 012345678910
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Fig. 8 Photocatalytic activity of meso-TiO,:N,F with different C values for
O, evolution under visible-light irradiation in AgQNOz aqueous solution.
Reaction conditions: photocatalyst, 50 mg; La,Os, 200 mg; 10 mM AgNOs
aqueous solution, 140 mL; light source, 300 W Xe lamp fitted with a CM-1
mirror and an L42 cutoff filter (1 > 400 nm).
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the other specimens are compared with those for C = 15 in Fig. Sé.
As the reaction proceeds, the reaction rate gradually decreases
from 10.6 pmol h™* during the first hour to 3.6 pmol h™" after
10 h. This decrease is attributed to the reduction of Ag' ions in
the solution to metallic Ag on the surface of the photocatalyst;
the metallic Ag not only occupies the active sites but also inter-
feres with light absorption, ultimately leading to a decrease in
the reaction rate.®® The optimized meso-TiO,:N,F exhibited
greater activity than previously reported nano-TiO,:N,F and
bulk-TiO,:N,F (Fig. S7).

Factors influencing the photocatalytic activity

The results of the photocatalytic reactions indicated that the
photocatalytic activity of meso-TiO,:N,F was strongly dependent
on the C value in the synthesis and that the highest activity was
obtained with the C = 15 sample. Here, morphology (or porosity),
visible-light absorption capability, and photoconductivity are fac-
tors considered to affect the photocatalytic activity of meso-
TiO,:N,F. A porous structure may be beneficial for charge carrier
migration from the bulk to the surface and for mass transport of
reactants. Materials with more pronounced visible-light absorp-
tion can, in principle, generate more photogenerated charge
carriers, which may participate in surface chemical reactions,
depending on the photoconductivity of the material.

Meso-TiO, did not show activity under visible light because
it did not exhibit visible-light absorption (Fig. 5). The C = 0 and
5 samples exhibited more pronounced visible-light absorption
than meso-TiO, because of the N/F incorporation. Therefore,
meso-TiO, doped with N or co-doped with N/F at C = 0 or 5
showed photocatalytic activity under visible-light irradiation,
although the photoconductivity was lower than that of meso-
TiO, (Fig. 7 and 8). The decrease in photoconductivity is not
favorable for improving photocatalytic activity. Nevertheless,
the fact that the C = 0 and 5 samples showed photocatalytic
activity under visible-light irradiation strongly suggests that the
visible-light absorption capacity is a major factor influencing
the photocatalytic activity. However, the visible-light absorption
of the C = 0 and 5 samples is not sufficient because of their
lower N content (Table 1 and Fig. 5), which may lead to lower
photocatalytic activity than for the C = 15 sample, although the
mesoporous structure could be maintained.

Although the C = 25 sample had the highest N content
among the synthesized meso-TiO,:N,F samples and a morpho-
logical character similar to that for the C = 15 sample, its O,
evolution rate was lower than that for the C = 15 sample. One
possible explanation for the decrease in activity is that the
excess N/F doping increased the density of electron-hole
recombination centers.*® This idea is consistent with the TRMC
measurement results, which indicated that the photoconduc-
tivity was attenuated from C = 15 to C = 25 (Fig. 7). A correlation
between photocatalytic O, evolution rate and photoconductivity
has been reported previously. For example, the photocatalytic
O, evolution rate over the oxyhalides Bi,TaOgCl and PbBiO,Cl
has been reported to be correlated with the product of
the maximum TRMC signal (¢Zpimax) and the half-lifetime of
charge carriers (t4,).°>"*°

This journal is © The Royal Society of Chemistry 2026
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For rutile TiO,, the rate of O, evolution from aqueous AgNO;
tends to increase with increasing particle size of rutile TiO,
(i.e., with increasing crystallinity of rutile Ti0,).*”°® The higher
activity of the bulk TiO,:N,F compared with that of the nano-
TiO,:N,F (Fig. S7) is subject to this trend, although the weaker
visible-light absorption of nano-TiO,:N,F may contribute to the
lower activity to a certain extent (Fig. S8). Interestingly, the
meso-TiO,:N,F exhibited even higher activity than the bulk
TiO,:N,F. Although the specific surface areas of the meso-
TiO,:N,F and the bulk-TiO,:N,F are similar, their morphologi-
cal characteristics differ.'® This observation again suggests that
the mesoporous structure may contribute to the higher activity
of the TiO,:N,F.

Meanwhile, a comparison of the photoconductivity and half-
lifetime of the C = 15 sample with those of bulk-TiO,:N,F is
intriguing. The photoconductivity (¢Zfimax) of the C = 15
sample was lower than that of bulk TiO,:N,F, whereas its
half-lifetime was much longer. As a result, the product of
QX Umax and 14/, for the C = 15 sample was greater than that
for bulk-TiO,:N,F, which may be another explanation for the
higher activity of the C = 15 sample. Notably, N and F co-
substitution led to a pronounced attenuation of the TRMC
signals in both nano- and bulk-TiO,, whereas an enhancement
was observed exclusively in the meso-TiO, (Fig. S9). This result
suggests that co-doping of N and F introduces additional
defects into the nano and bulk forms, thereby hindering the
transport of photogenerated carriers. By contrast, the unique
structure of the mesoporous TiO, presumably promotes effi-
cient transport of photogenerated charge carriers within the
nanochannels, leading to improved charge carrier mobility.

The importance of retaining a mesoporous structure was
further underscored using another set of meso-TiO,:N,F sam-
ples synthesized with a fixed C value of 15 but subjected to
different ammonolysis temperatures. Thermal ammonolysis at
623 K failed to yield single-phase rutile TiO,:N,F, and tempera-
tures above 673 K were required to achieve phase purity
(Fig. S10). However, N, adsorption-desorption measurements
revealed that such a high-temperature treatment led to collapse
of the mesoporous structure (Fig. S11), despite the concomitant
enhancement in visible-light absorption (Fig. S12). Conse-
quently, the sample that simultaneously retained the meso-
porous texture derived from the meso-TiO, precursor and
exhibited no impurity phases showed the highest photocataly-
tic activity (Fig. S13). These results clearly demonstrate that
maximizing the O, evolution activity in rutile TiO,:N,F requires
a delicate balance between enhancing visible-light absorption
and preserving the mesoporous architecture.

Conclusions

We successfully synthesized mesoporous rutile TiO,:N,F photo-
catalysts via a topotactic ammonolysis approach using meso-
porous rutile-type TiO, (meso-TiO,) as a precursor. Notably,
the synthesis of rutile-type meso-TiO, without a template—
previously considered difficult—was achieved under mild
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conditions (low temperature and short reaction time) with
the aid of microwaves, representing a significant advance in
inorganic synthesis.®®’® Co-substitution of N and F into the
rutile lattice modulated the electronic structure of Ti and
extended visible-light absorption while simultaneously indu-
cing local distortion of the TiO octahedra. Systematic studies
revealed that the visible-light-driven O, evolution activity was
governed by a delicate balance between doping-induced light
absorption and retention of the mesoporous framework.
Although high-temperature ammonolysis enhanced visible-
light absorption by promoting N incorporation, it also dis-
rupted the mesostructure, resulting in decreased photocatalytic
performance. The best-performing sample was obtained under
conditions that allowed for both phase-pure rutile formation
and preservation of the mesoporous texture, enabling efficient
separation of photogenerated charge carriers. These findings
underscore the critical importance of structural control in
designing non-metal-doped oxide photocatalysts for solar
energy conversion. While the optimized meso-TiO,:N,F does
not yet match the activity of state-of-the-art photocatalysts such
as BiVO,, further improvement is expected through the intro-
duction of suitable O, evolution cocatalysts. Moreover, the high
surface area of TiO,-based mesostructures suggests broader
potential as adsorbents or catalyst supports for capturing harm-
ful gases such as NO, and volatile organic compounds.”"”>
Ongoing work in our group is directed toward these applications.
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