
Journal of
Materials Chemistry A

PAPER

Pu
bl

is
he

d 
on

 2
5 

N
ov

em
be

r 
20

22
. D

ow
nl

oa
de

d 
on

 6
/1

/2
02

4 
1:

52
:3

4 
PM

. 

View Article Online
View Journal  | View Issue
A band-to-band
aState Key Laboratory of Catalysis, iChEM

Chinese Academy of Sciences, Dalian Natio

116023, Liaoning, China. E-mail: fxzhang@
bDepartment of Chemistry, School of Science,

2 Ookayama, Meguro-ku, Tokyo 152-8550, J
cState Key Laboratory of Molecular Reaction

for Energy and Environmental Materials, Dal

Academy of Sciences, Dalian 116023, Liaon

† Electronic supplementary informa
https://doi.org/10.1039/d2ta08076a

‡ The authors equally contributed to this

Cite this: J. Mater. Chem. A, 2023, 11,
141

Received 15th October 2022
Accepted 20th November 2022

DOI: 10.1039/d2ta08076a

rsc.li/materials-a

This journal is © The Royal Society o
transition visible-light-responsive
anatase titania photocatalyst by N,F-codoping for
water splitting and CO2 reduction†

Juhong Lian,‡a Kengo Shibata,‡b Yejun Xiao,‡c Shiwen Du,a Toshiya Tanaka,b Yu Qi,a

Osamu Ishitani, b Kazuhiko Maeda, *b Zhaochi Feng a and Fuxiang Zhang *a

To efficiently utilize solar energy and catalyze the water splitting reaction under visible-light, a novel

strategy of first nitridation and subsequent calcination post-treatment methods is developed to

prepare N,F-codoped TiO2 (TNOF) photocatalysts in this work. The prepared sample exhibits obvious

band-to-band absorption with an edge up to ca. 580 nm. After calcinating the nitrided sample at low

temperature in air, the Ti3+ defects, which could trap photo-generated electrons during photocatalysis,

would be significantly reduced. Under visible-light irradiation, the TNOF photocatalyst presents excellent

water oxidation performance in AgNO3 aqueous solution or Fe3+ reversible electron acceptor. Based on

the obtained TNOF sample, an efficient Z-scheme water overall splitting system is successfully

constructed combining with a known Ru/SrTiO3:Rh H2-evolution photocatalyst. Moreover, the TNOF

photocatalysts also show good visible-light-driven water reduction and CO2 reduction activities. This

work presents a novel strategy to prepare nitrogen-incorporated oxide photocatalysts with low defect

concentrations for photocatalytic applications.
Introduction

The utilization of solar energy to produce hydrogen (H2)
directly from water splitting and to reduce carbon dioxide
(CO2) into valuable chemicals can effectively solve the fossil
energy and environmental issues.1,2 The key to photocatalysis
is to develop efficient photocatalysts.3 Up to now, some prog-
ress has beenmade,4 among which titania (TiO2) has remained
one of the top research hot spots since the rst discovery of the
Fujishima–Honda effect in 1972.5 Meanwhile, anatase titania
has been commonly believed to have much better charge
separation efficiency with respect to the rutile one.6 However,
anatase TiO2 merely responds to the ultraviolet light that
accounts for only 4% of the solar spectrum owing to the wide
band gap (3.2 eV), severely limiting the utilization of solar
energy. Therefore, narrowing the band gap to enhance visible-
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light absorption capacity is still highly desirable for TiO2-
based photocatalysis.

Doping of foreign elements, containing metal element
doping (Fe, Cu, Rh, etc.),7–9 non-metallic element doping (such
as N, F, C, S, I, B, etc.),10–15 metal and non-metallic element
codoping (Fe + N, Ta + N, Nb + N, etc.),16–18 or non-metallic
element doping (N + F, N + C, N + S, etc.),19–21 has been widely
adopted to narrow the band gap of TiO2. For example, since
Asahi and coworkers reported nitrogen (N) doped TiO2,10

extensive investigations have been made to broaden the light
absorption edge of TiO2. However, most of them can only create
weak shoulder absorption at 400–550 nm wavelength rather
than strong band-to-band absorption.22,23 Recently, codoping of
two different anions has been demonstrated to favor band-to-
band visible-light absorption of TiO2. For instance, Domen
et al. reported that N,F-codoped anatase TiO2 (TiNxOyFz) has an
efficient band-to-band visible-light absorption and shows
excellent water oxidation performance compared to single N-
doped TiO2.24 Maeda and coworkers synthesized a N,F-
codoped rutile TiO2 photocatalyst (R-TiO2:N,F), which is active
for photocatalytic water oxidation in a reversible electron
acceptor.25,26 Liu et al. prepared an unusual red TiO2 photo-
catalyst (using B and N as codopants), which can harvest the full
visible light spectrum (the absorption edge up to 700 nm).27

Although the codoped TiO2 with band-to-band absorption
properties could well drive the photocatalytic or photo-
electrochemical water oxidation activities, their photocatalytic
water reduction and CO2 reduction under visible-light are
J. Mater. Chem. A, 2023, 11, 141–148 | 141
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extremely difficult. Accordingly, it is still desirable to develop
novel strategies to address their structure as well as
functionalities.

In this work, a novel strategy containing rst nitridation and
subsequent calcination post-treatment is reported to fabricate
N,F-codoped anatase TiO2 (TNOF) photocatalysts with obvious
band-to-band visible-light absorption properties and low defect
concentrations, based on which the functionalities of photo-
catalytic water oxidation, water reduction and CO2 reduction
under visible-light illumination can be observed. Moreover,
a visible-light-driven Z-scheme overall water splitting system
could be successfully constructed using RuO2/TNOF as an O2-
evolving photocatalyst, together with employing Ru/SrTiO3:Rh28

and Fe3+/Fe2+ as a H2-evolving photocatalyst and shuttle medi-
ator, respectively.
Experimental section
Synthesis of TNOF photocatalysts

Visible-light-responsive photocatalyst N,F-codoped TiO2

(TNOF) was prepared by rst nitridation and subsequent
calcination post-treatment. The starting chemical, TiF3
(Aladdin, 98%), was dried at 80 °C overnight and kept in
a desiccator prior to use. TiO2 (anatase, Beijing Yinuokai
Technology Co., Ltd, 99.9%) and TiF3 were mixed in an agate
mortar with a molar ratio of 1 : 1 using an appropriate amount
of methanol. The mixture was then placed on a Ni plate to
prevent contamination. Before starting the heat up, air was
purged with ammonia gas for 30 min, and then the mixture
was heated to 450 °C (ramp rate: 5 °C min−1) and kept at the
target temperature for 15 h under an ammonia atmosphere of
150 mL min−1. To reduce the Ti3+ defects originating from the
long-term nitridation, the obtained N,F-codoped TiO2 sample
was post-treated by calcining it in an air atmosphere at 350,
450, and 500 °C, respectively. The obtained samples are
correspondingly named TNOF-n (n represents the temperature
of post-calcination). Additionally, the N-doped TiO2 (N–TiO2)
and F-doped TiO2 (F–TiO2) samples were also prepared for
discussion. For preparation of N–TiO2, some appropriate
amount of TiO2 was nitrided at 500 °C (ramp rate: 5 °C min−1)
for 15 h under an ammonia ow of 250 mL min−1. As for
preparation of the F–TiO2 sample, the mixture of TiO2 and TiF3
was calcined at 450 °C (ramp rate: 5 °C min−1) for 15 h under
an argon ow of 150 mL min−1.
Synthesis of a SrTiO3:Rh photocatalyst

SrTiO3:Rh was obtained by the solid state reaction method
according to the previous reports.29,30 In a typical synthesis,
SrTiO3 (99.9%, Kojundo Chemical Laboratory Co., Ltd), TiO2

(99.9%, Kojundo Chemical Laboratory Co., Ltd) and Rh2O3

(99.9%, Alfa Aesar) were mixed with a small amount of meth-
anol in a ratio of Sr : Ti : Rh= 1.03 : 1 : 0.01. Aer grinding in the
agate mortar fully, the mixture was calcined in air at 1150 °C for
10 h.
142 | J. Mater. Chem. A, 2023, 11, 141–148
Modication of cocatalysts on TNOF and SrTiO3:Rh
photocatalysts

Loading of a reduction cocatalyst of Rh on TNOF samples was
carried out by photodeposition. 0.15 g TNOF photocatalyst and
a certain amount of Na3RhCl6 (Rh: 17.1%, Alfa Aesar) aqueous
solution containing 0.3 wt% of Rh to TNOF were dispersed in
triethanolamine aqueous solution (100 mL, 10 vol%), and then
irradiated with a 300W Xe lamp (full spectrum) for 5 h to obtain
Rh-loaded TNOF.

Water oxidation cocatalyst CoPi was loaded on the surface of
the TNOF-350 sample by the photodeposition method. 0.2 g
TNOF-350 powder and a certain amount of Co(NO3)2 (Co: 1 mg
mL−1) were dispersed and sonicated for 5 min in phosphate
buffer solution (100 mL, 0.1 M, PBS, pH= 6.8). A 300W Xe lamp
(I = 15 A, full spectrum) was employed to deposit cobalt phos-
phate (CoPi) for 3 h, and the resultant powder was centrifuged
and washed with deionized water 3 times.

The RuO2-modied TNOF-350 sample was prepared using
the impregnation method. TNOF-350 powder was dispersed
with stirring in RuCl3 aqueous solution (Ru: 0.5 mg mL−1),
followed by evaporation of the solvent at 80 °C and heating at
350 °C for 1 h in air.

The Ru cocatalyst (0.7 wt%) on the SrTiO3:Rh photocatalyst
was deposited by the photodeposition method. SrTiO3:Rh was
dispersed in methanol aqueous solution (100 mL, 10 vol%)
containing an appropriate amount of RuCl3 and then irradiated
with visible light (300 W Xe lamp, l > 420 nm) for 3 h to obtain
the Ru-loaded SrTiO3:Rh sample.

Modication of the TNOF-450 sample with Ag nanoparticles
and a binuclear ruthenium(II) complex (the structure shown in
Chart 1, ESI,† named RuRu′): According to previous reports, Ag
nanoparticles that work as promoters of interfacial electron
transfer from the semiconductor to RuRu′ during Z-scheme CO2

reduction were loaded onto the as-prepared TNOF-450 by an
impregnation method.31–33 An appropriate amount of TNOF-450
powder was dispersed in AgNO3 (99.8%, Kanto Chemicals Co)
aqueous solution containing 1.5 wt% Ag. Aer stirring for 2 h at
room temperature, the solution was distilled under reduced
pressure to remove H2O. Finally, the resulting sample was
subjected to heating under an H2 stream (20 mL min−1) at 200 °
C for 1 h.

RuRu′ (3.0 mmol g−1), synthesized according to the previous
report,34 was adsorbed on the as-prepared Ag/TNOF-450 as
described in the previous reports.31–33 The Ag/TNOF-450 sample
was dispersed in an acetonitrile solution of RuRu′. The
suspension was stirred at room temperature in the dark over-
night to allow for adsorption/desorption equilibrium. The ob-
tained powder RuRu′/Ag/TNOF-450 was collected by ltration,
washed with acetonitrile and used as the photocatalyst for CO2

reduction.
Photocatalytic reaction

Photocatalytic water splitting reactions were carried out in
a Pyrex top-irradiation type reaction vessel connected to a closed
gas circulation system. Before irradiation, the system was
evacuated to remove air completely, and then irradiated from
This journal is © The Royal Society of Chemistry 2023
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the top side using a 300 W Xe lamp (l > 420 nm). A ow of
cooling water was used to maintain the reaction suspension at
15 °C. The evolved gases were analyzed by gas chromatography
(Shimadzu, GC-2014, MS-5A column, TCD, Ar carrier). AgNO3

(10 mM) and triethanolamine aqueous solution (100 mL,
10 vol%) were used as the sacricial reagents for O2 and H2

evolution reactions, respectively. The overall water splitting
reaction was performed using a Z-scheme system, which was
composed of a Ru/SrTiO3:Rh H2-evolution photocatalyst,
a RuO2/TNOF-350 O2-evolution photocatalyst, and an Fe3+/Fe2+

electron mediator.
The apparent quantum efficiency (AQE) for the O2 evolution

reaction at 420 nm was calculated using the equation AQE =

(AR/I) × 100%, where A represents a coefficient (4 for O2

evolution), R represents the evolution rate of O2 in the initial 1 h
irradiation in a proton reduction reaction and I represents the
absorption rate of incident photons. The total number of inci-
dent photons at a monochromatic wavelength of 420 nm was
measured to be 1.50× 1020 photons per h and the evolution rate
of O2 under the 420 nm wavelength was tested to be 4.54 mmol
h−1.

As for the photocatalytic CO2 reduction reaction, acetonitrile
(MeCN, >99.5%) was dehydrated using a 3 Å molecular sieve
(Kanto Chemicals Co.) and then distilled over CaH2 prior to use.
Triethanolamine (TEOA, >98%) was distilled under reduced
pressure (<1 torr) and then stored under N2 prior to use. The
RuRu′/Ag/TNOF-450 photocatalyst powder (4 mg) was sus-
pended in aMeCN/TEOAmixed solution (4 : 1 v/v, 4 mL) in a test
tube (8 mL capacity). Prior to irradiation, the reaction suspen-
sion was purged with CO2 gas (>99.9995%, Taiyo Nippon Sanso
Co.) for 20 min. A 400 W high pressure Hg lamp (SEN) with an
aqueous NaNO2 solution lter was used as the light source for
visible light irradiation. Aer 15 h of reaction, products in
liquid and gas phases were quantied by capillary electropho-
resis (Otsuka Electronics Co. Agilent 7100) and gas chroma-
tography (GL science, GC323), respectively. The amounts of
products were calculated by subtracting blank portions. The
turnover number (TON) for HCOOH generation was calculated
as:

TON = [HCOOH]/[RuRu′]

where [HCOOH] and [RuRu′] indicate the amounts of formate
produced and RuRu′ introduced in RuRu′/Ag/TNOF-450,
respectively.
Fig. 1 XRD patterns (a) and UV-vis absorption spectra (b) of the ob-
tained TNOF-n samples; and their typical HRSEM images: (c) TNOF-0,
(d) TNOF-350, and (e) TNOF-500.
Isotopic tracer experiment

RuRu′/Ag/TNOF-450 (10 mg) was suspended in MeCN/TEOA
mixed solution (4 : 1 v/v, 2 mL). The suspension was purged
with unlabelled CO2 (Taiyo Nippon Sanso Co., >99.995%, satu-
rated) or 13CO2 (Aldrich Co., >99%, 650 torr) and then irradiated
at 370–500 nm (lmax= 410 and 460 nm) using amerry-go-round-
type apparatus with an LED light (Iris-MG, CELL System Co.).
Aer irradiation for 20 h, the suspension was ltered. The
ltrate was added to MeCN-d3 (>99.9%, Kanto Chemical) and
analyzed by 1H NMR (JEOL ECA400II).
This journal is © The Royal Society of Chemistry 2023
Results and discussion
Characterization studies of photocatalysts

Fig. 1a shows X-ray diffraction (XRD) patterns of all the TNOF-n
samples with post-calcination treatment, which exhibit
a similar crystal structure to the precursor of anatase TiO2,
matching well with its standard card (JCPDS No. 21-1272). The
impurity phase of Ti3O5 (Ti3+ defects, JCPDS No. 09-0309)
resulting from the time-consuming nitridation under the
ammonia ow,35 was detected for TNOF-0 (without calcination
post-treatment), which could be reduced once the TNOF-
0 sample was calcined under air conditions, suggesting that
calcination post-treatment can lower the Ti3+ defect concen-
tration. It is worth noting that the main diffraction peak of TiO2

located at 25.4° is slightly shied towards the lower angle side
aer the N,F-codoping (Fig. 1a), which can be reasonably
ascribed to the incorporation of N atoms with a larger ionic
radius (1.32 Å) into the crystal lattice of TiO2 to substitute the O
atoms with a smaller ionic radius (1.24 Å).36

As seen in Fig. 1c–e, similarly aggregated morphology with
particle sizes of 50–100 nm can be observed in the typical
HRSEM images of TNOF-0, TNOF-350 and TNOF-500 samples,
demonstrating that the post-treatment has a minor or no
obvious effect on their morphology. Furthermore, elemental
analysis of different selected regions in TNOF-0 was performed
to validate the distribution form of doped N and F elements in
the synthesized sample. As shown in Fig. S1,† all elements of
Ti, N, O, and F in TNOF-0 can be detected, and the doping
amounts of N and F elements in the selected regions are almost
identical (Table S1†), revealing the similar distribution of N and
F elements in the TNOF-0 sample.

The TNOF-n samples display remarkable band-to-band
transition visible-light absorption (Fig. 1b). In contrast, single
N-doping or F-doping does not change the intrinsic band-edge
of TiO2, except that only shoulder absorption within the
visible-light region can be observed (Fig. S2†), similar to
previous reports.35,37 The red shi of the absorption edge should
be primarily ascribed to the enhanced content of the N dopant
due to the F codoping to compensate for the charge imbalance
J. Mater. Chem. A, 2023, 11, 141–148 | 143
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Table 1 The amounts of N element in TNOF and N–TiO2 samples
after unexecuted/executed calcination post-treatment (350 °C)

Unexecuted Executed Dmol%

TNOF (N% m m−1) 5.98% 5.22% 12.7%
N–TiO2 (N% m m−1) 1.17% 0.06% 94.9%
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between N3− and O2− ions. The proposal can be veried by the N
element analysis (Table 1), where the N,F-codoped TNOF-
0 shows ve times the N element amount with respect to the
single N-doped TiO2 (N–TiO2). Moreover, the amount of the N
dopant decreased by 12.7% for the TNOF-350 sample under air
conditions, while a 94.9% amount loss was observed for N–TiO2

with the same post-treatment. This phenomenon demonstrates
that the N, F co-doping not only increases the amount of the N
dopant, but also stabilizes the doped N atoms, consistent with
previous theoretical calculations.38 However, the N,F-codoped
sample oppositely increases the mass amount of Ti3+ defects
according to the increased absorption at 600–800 nm on the
TNOF-0 sample. Noteworthily, the presence of these defects is
normally detrimental to the photocatalytic activity. Fortunately,
when the TNOF-0 sample is calcined in air, the characteristic
absorption of Ti3+ will be continuously decreased by an increase
in temperature, indicating the positive effects of the post-
treatment. It's worth noting that the absorption edge of TiO2

would reappear when the calcination temperature was higher
than 450 °C, which may be derived from the partial decompo-
sition of the TNOF sample.

The chemical forms of doped N and F elements in the TNOF-
0, N–TiO2 and F–TiO2 samples were investigated by X-ray
photoelectron spectroscopy (XPS). The binding energies of F
1s centered at 684.4 eV and 686.9 eV for the F–TiO2 sample
(Fig. 2a) can be attributed to surface substitutional (or isolated
surface terminal) Ti–F species and interstitial F insertion,
respectively.37,39,40 In this work, only the former Ti–F species is
present in the TNOF-0 sample. Fig. 2b presents two peaks
located at 399.7 eV and 395.8 eV for N 1s in the N–TiO2 sample.
The former can be assigned to surface-doped or interstitial N
species,41 which contributes less to visible-light absorption. The
latter is generally considered as the evidence for the presence of
Ti–N bonds (bulk doping) formed when N atoms replace the O
atoms in the TiO2 crystal lattice.42 The N 1s spectrum of TNOF-
0 only exhibits one bulk-doped N peak, indicating that the F
Fig. 2 XPS spectra of (a) F 1s and (b) N 1s for TNOF-0, N–TiO2, and F–
TiO2 samples.

144 | J. Mater. Chem. A, 2023, 11, 141–148
incorporation can assist N atoms in replacing the O atoms in
the crystal lattice of TiO2 by compensating for the overall charge
balance. The Ti3+ defects in TNOF-0 can be observed directly
from the XPS analysis of Ti 2p3/2 as shown in Fig. S3a,† which
can be deconvoluted into two peaks centered at around 458.7 eV
(Ti4+ species) and 457.6 eV (Ti3+ species), respectively. When
TNOF-0 is calcined in air, the peak ascribed to Ti3+ species will
be gradually decreased, in accordance with the UV-vis absorp-
tion analysis mentioned above. However, the calcination post-
treatment should be executed moderately, as it can also result
in the loss of doped N and F elements and the reappearance of
the lost lattice oxygen in TiO2 (Fig. S3b–d†). Additionally,
compared with those of TNOF-0, the XPS peaks (e.g., N, O, etc.)
of TNOF-n move to lower binding energies slightly, which may
be originated from the decreased content of codoped F ions
with the highest electronegativity. Shortly, the XPS results well
reveal that the F cooping can facilitate the incorporation of N
atoms into the lattice of TiO2, leading to improved visible-light
absorption.

In order to estimate band potentials of the TNOF photo-
catalysts, Mott–Schottky plots of TNOF-350 were selectively
measured in Na2SO4 aqueous solution. As shown in Fig. 3a, N,F-
codoping does not change the intrinsic characterization of the
n-type semiconductor of TiO2. The at band potential of TNOF-
350 is deduced to be ca. 0.07 V vs. RHE under the test condi-
tions, based on which the conduction band minimum (CBM) of
TNOF-350 is estimated to be −0.13 eV according to the fact that
the bottom of the conduction band (CB) of an n-type semi-
conductor is more negative by ca. 0.2 eV than at band poten-
tial.43 Combining with the band gap value of 2.16 eV in Fig. 3b,
the valence band maximum (VBM) of TNOF-350 should be
located at 2.03 eV. Therefore, the schematic diagram of the CB
and valence band (VB) positions of TNOF can be described as
Fig. 3 Band characterization studies of TNOF-350: (a) Mott–Schottky
plots, electrolyte: 0.5 M Na2SO4 aqueous solution (pH = 8.5, adjusted
by NaOH); frequency: 1 kHz; (b) Tauc plots, (c) the estimated band
positions of the referenced TiO2 and TNOF-350 samples; (d) partial
density of states (PDOS) for TNOF (the Fermi level is set to zero).

This journal is © The Royal Society of Chemistry 2023
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shown in Fig. 3c, where TNOF-350 shows a remarkable upward
shi in the VBM compared with pristine TiO2. To clarify the
underlying reasons for the upward shi, partial density of states
(DOS) calculations were implemented. As shown in Fig. 3d, the
CBM of TNOF-350 is constituted by the Ti 3d orbital, while the
top of the VB is sufficiently overlapped by N 2p and O 2p
orbitals, which should be responsible for the shi of the VBM in
TNOF-350 in consideration of the lower electronegativity of the
N element with respect to the O element. It should be pointed
out that both the CB and VB of TNOF-350 possess sufficient
potentials for the reduction of water/carbon dioxide and
oxidation, respectively.
Photocatalytic water splitting and CO2 reduction

Encouraged by the appropriate thermodynamic CB and VB
positions of TNOF samples, the photocatalytic performances of
TNOF for water reduction or oxidation reactions were rst
examined under visible-light irradiation in the presence of
triethanolamine or AgNO3 sacricial agent. Rh was loaded as
the reduction cocatalyst using the photodeposition method and
the amount of the Rh cocatalyst was optimized at 0.3 wt%
(Fig. S4a†). No obvious H2 can be detected on the TNOF-
0 sample without post-calcination, as this should be greatly
affected by the existence of massive Ti3+ defects to trap the
photo-generated electrons, resulting in charge recombination
or few photogenerated electrons could transfer to the surface of
TNOF-0 to take part in the water reduction reactions. This
deduction can be conrmed by our experimental results which
show that the inhibition of Ti3+ defects by post-calcination can
obviously promote the H2 evolution rate. Similar phenomena
are observed for the O2 evolution on the TNOF-n samples.
However, it should be mentioned that the optimized sample is
Table 2 The activities of water splitting half-reactions over TNOF samp

Reaction N–TiO2 TNOF-0

H2 evolution (mmol h−1) 0.8 0.0
O2 evolution (mmol h−1) 2.9 (9.4a) 5.0

H2 evolution reaction conditions: 150 mg 0.3 wt%-Rh/TNOF photocatalys
O2 evolution reaction conditions: 100 mg TNOF photocatalysts, 150 mg La
300 W xenon lamp (l > 420 nm).
a Photocatalysts: 100 mg sample modied with 1 wt%-CoPi.

Fig. 4 Transient absorption spectra of (a) TNOF-350 and (b) TNOF-
500 with a 400 nm laser pulse.

This journal is © The Royal Society of Chemistry 2023
different for the H2 and O2 evolutions, primarily because of the
different amounts of Ti3+ defects in different samples. It is
worth noting that the O2 evolution rate of TNOF-350 is pretty
good (69.9 mmol h−1), which can be promoted to 234.8 mmol h−1

aer modifying the CoPi cocatalyst with an apparent quantum
efficiency (AQE) of 7.2% at 420 ± 10 nm. Additionally, although
many visible-light-responsive TiO2 have been reported for
extended visible-light utilization,19,27,44 most of them, especially
the N,X-codoped (X = other non-metallic elements) ones,
cannot drive the water reduction to produce H2 under visible
light irradiation, and their O2 evolution rates are not as good as
that of TNOF here (Table S2†), either.

To gain insight into the effect of defect levels in TNOF
samples, transient absorption spectroscopy was conducted. As
displayed in Fig. 4, the TNOF-350 sample shows a typical
absorption band from 420 nm to 665 nm while the TNOF-500
sample does not. Generally, the transient absorption spectra
in the wavelength region of 3000 nm to 10 000 nm are assigned
to free electrons or shallowly trapped electrons in the CB, while
those in the region of 500–3000 nm are attributed to the deeply
trapped electrons in the mid-gap.17,45 Therefore, the strong
absorption within 420–665 nm for TNOF-350 can be assigned to
the deeply trapped electrons, indicating that few photo-
generated electrons could be transferred to the surface of the
photocatalysts to take part in the reduction reaction. This can
be proved by themoderate H2 evolution activity of the TNOF-350
sample. Meanwhile, TNOF-350 shows superior O2 evolution
activity to other samples as shown in Table 2, which should
result from the deeply trapped electrons prolonging the life of
photo-generated holes.46 By further increasing the post-
calcination temperature to 500 °C, although the deeply trapped
defects can be eliminated (Fig. 4b), the N dopant will be lost
voluminously and lead to the weaker visible-light absorption of
TNOF samples, which is not conducive to the efficient utiliza-
tion of solar energy.

Encouraged by its excellent water oxidation activity, the
TNOF-350 sample was employed for assembly of Z-scheme
overall water splitting (OWS) under visible-light irradiation
without any sacricial agent combined with Ru/SrTiO3:Rh as
the H2-evolving photocatalyst,25,47 and Fe3+/Fe2+ as the redox
electron mediator. Fig. S5† shows that the TNOF-350 sample
modied with RuO2 can well drive the water oxidation by using
Fe3+ as an electron acceptor under visible-light irradiation.
Fig. 5 shows the time course of gas evolution from the Z-scheme
OWS system under visible-light irradiation, in which the
les

TNOF-350 TNOF-450 TNOF-500

0.6 2.9 3.7
69.9 (234.8a) 10.0 2.3

ts, 100 mL 10 vol% triethanolamine aqueous solution.
2O3, 150 mL 10 mM AgNO3 aqueous solution. Pyrex top irradiation type,
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Fig. 5 Time courses of gas evolution from the Z-scheme water
splitting system using RuO2/TNOF-350 as the O2-evolving photo-
catalyst. Reaction conditions: 25 mg O2-evolution photocatalyst
(RuO2/TNOF-350), 100 mg H2-evolution photocatalyst (Ru/SrTiO3:-
Rh), 100 mL 0.5 mM Fe(NO3)3 aqueous solution; light source: 300 W
Xe lamp (l > 420 nm).
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stoichiometric H2 and O2 gases can be detected without
noticeable degradation even aer 24 h of irradiation. It should
be mentioned that no obvious H2 and O2 will be detected if the
photocatalytic system is operated without RuO2/TNOF-350, Ru/
SrTiO3:Rh, Fe(NO3)3 or light. These results indicate that the
OWS reaction occurs via photocatalysis instead of a possible
dark reaction.

Apart from photocatalytic water splitting, photocatalytic CO2

reduction into valuable chemicals has also attracted much
attention.48 Considering that the TNOF sample has excellent
activity for photocatalytic water reduction, it is expected that it
can photo-reduce CO2 to more valuable chemicals with high
activity and high selectivity. Based on this speculation, a CO2

xation system was constructed with TNOF-450 and a binuclear
Ru(II) complex (named RuRu′, the details are presented in the
ESI†), which works via a two-step photoexcitation mechanism49

(Fig. S6†). The reaction was conducted in a mixed acetonitrile
(MeCN)/triethanolamine (TEOA) solution (4 : 1, v/v), in which
TEOA worked as a sacricial electron donor. Table 3 shows that
the RuRu′/Ag/TNOF-450 catalyst has excellent CO2 reduction
activity towards HCOOH with a turnover number (TONHCOOH)
of 220 evaluated based on the amount of RuRu′. Moreover,
TNOF showed a high HCOOH selectivity of up to 97.2% with
negligible production of other products such as CO. These
values for TONHCOOH and selectivityHCOOH are superior (or
Table 3 Photocatalytic products of CO2 reduction over the TNOF-
450 samplea

Sample HCOOH/mmol CO/mmol H2/mmol TONHCOOH

TNOF-450 2.6 � 0.2 N.d. 0.15 � 0.01 2.2 × 102

a Reaction conditions: catalyst: 4 mg RuRu′ (3 mmol g−1)/Ag (1.5 wt%)/
TNOF-450, solvent: MeCN/TEOA (4 : 1, 4 mL), lamp: 400 W high pressure
Hg lamp with a NaNO2 solution lter (l > 400 nm), 15 h.
Ru= [Ru(dmb)2{bpy(CH2PO3H2)2}]

2+,Ru′= [Ru{bpy(CH2PO3H2)2}(CO)2Cl2].

146 | J. Mater. Chem. A, 2023, 11, 141–148
comparable) to those for most visible-light-responsive photo-
catalysts, such as foreign atom-doped TiO2 and g-C3N4, etc.
(Table S3†). To investigate the origin of the HCOOH produced
during the reaction, isotope-labelling experiments with 13CO2

were conducted subsequently. As shown in Fig. S7,† a singlet
peak appears at 8.42 ppm in the 1H NMR spectrum in the case
when unlabelled CO2 was used as a reactant, while a doublet
peak (J13CH = 188 Hz) appears separately at 8.67 and 8.20 ppm
in the case when 13CO2 was used. This signal is attributed to
protons bound to 13C in formate.50,51 Considering the fact that
RuRu′ cannot induce the reduction of CO2 without a photo-
catalyst,52,53 the above results indicate the visible-light-
responsive TNOF-450 can drive the photoreduction of CO2 to
produce HCOOH.
Conclusions

In summary, a band-to-band visible-light-responsive N,F-
codoped TiO2 (TNOF) photocatalyst was prepared by a novel
nitridation combined with a calcination post-treatment
method. The resultant TNOF photocatalyst shows an extended
visible-light absorption edge of 580 nm, which is ascribed to the
doped N content increase caused by F codoping to compensate
for the charge imbalance between N3− and O2− anions. Mean-
while, the codoped F element can stabilize the doped N element
to prevent its loss during calcination post-treatment in air.
Moreover, the Ti3+ defects caused by doping could be decreased
signicantly aer calcination post-treatment at low tempera-
tures. Finally, the photocatalysts demonstrate excellent water
splitting and CO2 reduction to produce HCOOH. Application of
this novel strategy developed here would be expected to moti-
vate the development of other visible-light-responsive (oxy)
nitrides with low defect concentrations for photocatalytic
applications.
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