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F-B Co-Doped TiO, Nanosheets Bounded with Highly Active Anatase ( 001)
Facets for Improved Photocatalytic Hydrogen Evolution
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Abstract: F-B co-doped TiO, nanosheets with exposed
anatase ( 001 ) facets were synthesized via a one-pot
solvothermal method, and their photocatalytic hydrogen
evolution performance was investigated. Characterization
results confirm that this method effectively promotes the
growth of the highly active anatase ( 001 ) facets and
enhances visible and infrared light absorption while inducing
oxygen vacancies. Under optimal conditions, the hydrogen
evolution reaches 20. 57 pmol after 10 h of ultraviolet-visible
(UV-Vis) light irradiation, exceeding the commercial TiO,
nanoparticles Degussa P25 by more than 10 times. These
findings highlight the potential of F-B co-doped TiO,
nanosheets for efficient photocatalysis.
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0 Introduction

In 1972, Fujishima et al. "' first reported the
successful use of the photoelectrochemical method to
harness solar energy for water splitting on TiO,
electrodes. Since then, due to its advantages including
high stability, high electron transferability, non-toxicity
and low cost, TiO, has been widely applied as a robust
photocatalyst in various fields such as energy and
environment'>*'. However, its wide bandgap ( anatase,
3.2 eV; rutile, 3.0 eV ) limits its absorption to
ultraviolet ( UV ) light, rendering it unable to utilize
visible light in sunlight. Meanwhile, the photocatalytic
activity of TiO, is further restricted by some other factors
such as rapid recombination of photoinduced electron-hole
pairs and the hydrogen-oxygen reverse reaction.
Therefore, in order to improve the photocatalytic activity
of TiO,, it is crucial to enhance its visible light
responsiveness, and inhibit the recombination of electron-
hole pairs and the hydrogen-oxygen reverse reaction.
Current methods for this purpose are mainly focused on
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the following pathways, including morphology control,
element doping, dye sensitization and compositing with
other materials .

Morphology control mainly involves restricting the
growth of crystal facets with low catalytic activity while
exposing those with high catalytic activity'® . Due to the
high surface energy and the exposure of atoms with a low
coordination number, as well as a wide Ti—O—Ti bond
angle, anatase ( 001 ) facets exhibit higher catalytic
activity over other facets, which has been indicated by
both theoretical calculations'™ and  experimental
results' """, By using hydrofluoric acid (HF) as a crystal
growth modifier, Yang et al.'"" first synthesized anatase
single crystals with a 47% exposure ratio of anatase
(001) facets via a hydrothermal method. Inspired by this
pioneering work, researchers have continuously increased
the exposure ratio of anatase (001) facets by selecting
different crystal growth modifiers and optimizing reaction
conditions. The exposure ratio of anatase (001) facets
can reach 64% under the synergies of isopropanol and
HF'"” | while by controlling the amount of HF and the
hydrothermal reaction temperature, the exposure ratio can
further increase to 89%'™'. In a pure isopropanol
system, using diethylenetriamine ( DETA) as the crystal
growth modifier, anatase ultrathin layers with nearly
100% exposed anatase (001) facets can be obtained'"'.
Recently, the influence of precursor resource' | reaction
temperature' """ | ripening environment'"®' and synthesis
strategy """ on the controlled exposure of anatase (001)
facets has been extensively investigated. However,
almost all the samples reported in the above studies only
exhibit UV-responsive characteristics, which means that
they can only perform the photocatalytic tasks under UV
light irradiation.

Element doping can form new energy levels in the
bandgap, thereby reducing the TiO, bandgap energy,
expanding the light response range to the visible light
region, and lowering the rate of recombination of
photoinduced electron-hole pairs. It is a simple and
effective method to improve the photocatalytic activity of
TiO,*"™’. Several metal elements, especially transition
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metal elements, have been used for TiO, doping.
However, the doping of metal elements reduces the
thermal stability of TiO, and introduces additional active
centers, resulting in an elevated recombination of
photoinduced electron-hole pairs'*'. Therefore, since
Asahi et al."*" first reported in 2001 that N-doped TiO,
exhibited enhanced visible light responsiveness and
photocatalytic performance, non-metal element doping
has gradually become a hot research topic. Non-metal
element doping is difficult to affect the TiO, conduction
band structure. Instead, it is usually achieved by
reconstructing the TiO, valence band, shifting it upward
to narrow the bandgap. This can significantly reduce the
electronegativity of TiO, and greatly enhance its
absorption of visible light. Commonly used non-metal
elements for TiO, doping include carbon, nitrogen, sulfur
and others with approximate atomic radius as
oxygen . Sol-gel, hydrothermal and co-precipitation
methods can all be applied to synthesize non-metal
element-doped TiO, *'. However, these doped TiO,
materials generally exist in the morphological form of
nanoparticles or nanoparticle assemblies. Non-metal
element co-doped TiO, photocatalysts with a specific and
uniform morphology are rarely reported.

Recent studies have found that oxygen vacancies
play an important role in enhancing the catalytic activity
of TiO, in heterogeneous catalytic reactions. Nakamura
et al.”™” demonstrated that plasma-treated TiO, containing
oxygen vacancies exhibited significantly enhanced
photocatalytic degradation of NO. A similar enhancement
effect was also reported by Justicia et al."™’. In addition
to modifying the electronic structure, oxygen vacancies
can provide important reaction sites for reactant
molecules' ™. Although there are various methods to
induce the formation of oxygen vacancies, such as heat
treatment in vacuum, inert atmosphere or reducing
atmosphere'™ | these methods display many obvious
drawbacks, such as complex equipment, harsh synthesis
conditions and high cost. Therefore, it is still a very
important challenge to promote the formation of oxygen
vacancies through a simple and direct method.

In this study, F-B co-doped TiO, ( F-B-TiO, )
nanosheets with highly active anatase (001) facets, were
synthesized through a simple one-pot solvothermal
method. F-B co-doping significantly enhances the
absorption of visible light by the as-synthesized TiO, and
induces the formation of oxygen vacancies in the TiO,
matrix. Compared to non-doped TiO,, F-B-TiO,
nanosheets demonstrate significantly improved
photocatalytic performance for hydrogen evolution from
water under UV-visible (UV-Vis) light irradiation.

1 Materials and Methods

1.1 Chemical reagents
All chemical reagents are of analytical grade and

used without further purification. Hydrofluoboric acid
(HBF, ), titanium trichloride ( TiCl,) and anhydrous
ethanol were purchased from Shanghai Chemical Reagent
Co., Ltd., China. Commercial TiO, nanoparticles
Degussa P25 (P25 for short) were bought from Sigma-
Aldrich ( Shanghai) Trading Co., Ltd., China and used
as a reference material for photocatalytic hydrogen
evolution.
1.2 Synthesis of F-B-TiO, nanosheets

F-B-TiO, nanosheets were synthesized by using a
simple one-pot solvothermal method. In a typical
synthesis, a certain amount of TiCl, solution was added
dropwise into 60 mL ethanol followed by stirring for
5 min. Subsequently, different amounts of HBF, were
added, by which the volume of TiCl, was controlled to
maintain a series of volume ratios with HBF,. After
thorough mixing, the mixture was transferred into a
100 mL  Teflon-lined stainless-steel autoclave and
maintained for solvothermal treatment. The reaction was
conducted at 200 C for 12 h. After natural cooling, the
samples were successively washed with deionized water
and ethanol three times, respectively, and dried overnight
at 60 C in an oven. For simplicity, F-B-TiO,-X is used
to denote different samples synthesized at various volume
ratios of HBF, to TiCl,, where X represents the volume
ratio of HBF, to TiCl, (v(HBF,) :v(TiCl,,). If X=0, it
means there is no HBF, added during sample preparation.
1.3 Characterization

The  obtained F-B-TiO, nanosheets  were
characterized by X-ray diffraction (XRD), UV-Vis-near
Infrared ( UV-Vis-NIR) absorption spectroscopy, X-ray
photoelectron spectroscopy ( XPS ), scanning electron
microscopy ( SEM) and transmission electron microscopy
(TEM). XRD data were obtained by using a Philips X’ Pert
PRO SUPER X-ray diffractometer ( PANalytical, the
Netherlands) (Cu Ko, A =1.54056 x 107" m) with an
operating voltage and current of 40 kV and 40 mA,
respectively. XPS spectra were acquired by using an
ESCALAB 250Xi X-ray photoelectron spectrometer
( Thermo Fisher Scientific, USA ). UV-Vis-NIR
absorption spectra were measured on a UV-2600 UV-Vis
spectrophotometer ( Shimadzu, Japan). SEM images
were obtained with a SUPRATM 40 field emission
scanning electron microscope ( Carl Zeiss, Germany) and
TEM images were obtained with a JSM-2010F
transmission electron microscope (JEOL Ltd., Japan).
1.4 Photocatalytic activity testing

The photocatalytic activity of F-B-TiO, samples was
evaluated through photocatalytic hydrogen evolution
experiments. The experiments were conducted in a closed
system (500 mL) connected to a gas chromatography,
with a 150 W xenon lamp as the light source ( irradiation
from the top). F-B-TiO, (0.1 g) was dispersed in a
100 mL mixture of water and methanol (a volume ratio
of 9:1). The amount of hydrogen evolution was directly
detected online by gas chromatography.
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2 Results and Discussion

2.1 Crystal structure analyses

Figure 1 shows the XRD patterns of some as-
prepared F-B-TiO, samples in this experiment. Three
samples were selected for XRD test: F-B-TiO,-0 (a),
F-B-TiO,-0.50 (b) and F-B-TiO,-0.75 (c¢).It can be seen
that all the samples synthesized under different conditions
exhibit pure anatase phase (JCPDS card No.21-1272),
since all the identified peaks can be perfectly indexed to
representative anatase crystal facets. The sharp and strong
diffraction peaks indicate good crystallinity of the F-B-
TiO, samples.
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Fig. 1  XRD patterns of F-B-TiO, samples obtained at different
volume ratios of HBF, to TiCl,

2.2 Morphology characterization

The microscopic morphology, particle size and
exposed crystal facets of F-B-TiO, samples were
characterized by SEM and TEM. In the absence of
HBF,, the apparent color of the obtained sample is pure
white as illustrated in the inset of Fig. 2(a). Its typical
microscopic morphology is spherical aggregates composed
with irregular building blocks, of which the exposed
crystal facets are almost all anatase (101) facets with low

activity (red arrows in Fig. 2 (a)). When a small
amount of HBF, was added ( where the volume ratio of
HBF, to TiCl, is 0.25), the apparent color of the final
sample becomes slight grey. The microscopic structure
changes from spherical to a flower-like structure
composed of nanoplates with a thickness of about 150 nm
(Fig.2(b) ). The exposure percentage of anatase (101)
facets decreases significantly (red arrows in Fig.2(b) ),
while some exposed anatase ( 001 ) facets can be
identified ( blue arrows in Fig.2(b))'"'. With an
increased addition of HBF, to a volume ratio of HBF, to
TiCl, of 0. 50, the apparent color of the sample changes
into blue-gray as shown in the inset of Fig. 2(c). The
obtained flower-like structures separate from each other
(Fig.2(c)) instead of agglomerating together like the
samples synthesized at a lower HBF, to TiCl, volume
ratio (Fig.2(b)). From the magnified SEM image, it
can be found that the building blocks exhibit a more
pronounced sheet-like structure ( Fig. 2(d)). Although
the diameters of the nanosheets vary slightly from each
other, their thicknesses are quite uniform at around
70 nm. Compare with previous reports ' | the edges of
the nanosheets comprising the building blocks exhibit a
relatively smooth and round surface, instead of displaying
clear intersection lines of (101) and (001) facets or two
(101) facets. Additionally, the exposed anatase (001 )
facets are not very smooth and intact but exhibit many
recesses and pore structures as shown in Fig. 2(d). This
phenomenon is further verified by the TEM image
(Fig.2(e)), in which the defects can be easily
recognized by lower contrast in the sample sheet. Since
the lengths of F-B-TiO, nanosheets are located between
0.5 and 1.5 pm, the exposure percentage of anatase
(001) facets is estimated to be between 75% and 90% ,
which can be calculated by using ideal anatase single
crystal as a model system. Further increasing HBF, to a
volume ratio of HBF, to TiCl, of 0.75, it can be
observed that the total amount of nanosheet-like structures
decreases, and many nanometer-sized particles appear on
the flower-like aggregates ( Fig.2(f)).
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Fig.2 SEM and TEM images of F-B-TiO, samples obtained at different volume ratios of HBF, to TiCly: (a) SEM image of F-B-TiO,-0;
(b) SEM image of F-B-TiO,-0.25; (c¢)—(d) SEM images of F-B-TiO,-0. 50; (e) TEM image of F-B-TiO,-0. 50; (f) SEM image

of F-B-TiO,-0. 75

2.3 Photo-responsive properties

The UV-Vis-NIR spectroscopy was utilized to
analyze the photo-responsive properties of F-B-TiO,
samples synthesized at different volume ratios of HBF, to
TiCl,. P25 was chosen as a reference material here. The
UV-Vis-NIR results shown in Fig. 3(a) indicate that both
P25 and all F-B-TiO, samples have nearly overlapping
absorption spectra below 400 nm, which mainly reflects
the intrinsic absorption of anatase TiO, materials' ™ . The
sample synthesized without adding HBF, exhibits a
similar absorption spectrum to P25, with absorption
mainly concentrated in the UV region and no absorption
in the visible and infrared regions. When HBF, is added
into the synthesis system, the absorption spectra undergo
significant changes, exhibiting strong absorption above
400 nm up to the infrared region. This absorption is

mainly caused by the excitation of electrons localized in
the defect structure states which are below the conduction
band edge of anatase TiO,, induced by low-energy
photon or thermal excitation™'. It can also be easily
observed that the absorbance of F-B-TiO, samples reaches
the maximum when the volume ratio of HBF, to TiCl, is
0. 50.

According to previous studies' , bandgap
energies of the obtained samples were determined by

ahv = A(hv - E,)", (1)

where «, hv, A and E, represent the adsorption
coefficient, photon energy, proportionality constant and
bandgap energy, respectively; p is the bandgap scaling
exponent, with p=1/2 for the direct bandgap and p =2
for the indirect bandgap. Since anatase is an indirect
bandgap semiconductor, the bandgap energy can be

35-36]
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2.4 Photoelectrochemical and surface chemical
analyses

versus hv plot in Fig. 3(b). It is found that the co-doping
of F and B can reduce the bandgap energy of the samples
compared to P25. The lowest bandgap energy with a
value of 2.87 eV is achieved for F-B-TiO,-0. 50, which
is consistent with UV-Vis-NIR results.
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Fig.3 Photo-responsive properties of P25 and four F-B-TiO,

samples obtained at different volume ratios of HBF, to
TiCl,: (a) UV-Vis-NIR spectra; (b) corresponding

bandgap energies; (c¢) transient photocurrent response

Transient photocurrent measurements under chopped
light irradiation were conducted on P25 and four
F-B-TiO, samples by using a xenon lamp as the light
source. The results shown in Fig. 3(c) indicate that the
photocurrent rapidly rises and falls with the light being
switched on and off, indicating a higher charge separation
rate under light irradiation. The F-B-TiO,-0.50 sample
displays the maximum photocurrent response for all the
tested samples. This significant enhancement illustrates
higher separation efficiency of the photogenerated
electron-hole pairs, which benefits from the lower
reaction barrier and higher photocatalytic activity.

The composition and element state of the F-B-TiO,-
0.50 sample were characterized by using the XPS
analysis. The elements presented in the sample mainly
include Ti, O, F, B and C as shown in the survey scan
in Fig. 4 (a). The binding energy of O 1s is located at
528.4 eV (Fig.4(b)). It is in good agreement with the
typical value of lattice oxygen in anatase reported in
previous studies'™. The XPS spectrum of Ti 2p
displays two peaks at binding energies of 462.9 and
457.1 eV (Fig. 4 (c)), which could be assigned to
Ti 2p,,, and Ti 2p, ,, respectively. It is worth noting that
these values are slightly lower than those of unmodified
TiO, (465.0 eV for Ti 2p,,, and 459. 5 eV for Ti 2p,,, ).
This result is probably led by the increase in the electron
density with the expected decrease in the oxidation state
of Ti atoms, which implies the existence of Ti*" ions.
Considering the experimental process, the appearance of
Ti*" ions is mainly due to the substitution of F and the
generation of oxygen vacancies. Similar process has been
reported in a fluorinated TiO, system by Czoska et al."*”.
The XPS spectrum of F 1s has a peak centered at around
682.9 eV (Fig.4(d)), which is originated from the F
species in the form of TiOF, and/or = Ti—F on the
crystal surface of anatase'"" "', There is only one weak
peak centered at 192.4 eV in B 1s spectrum
(Fig.4(e) ). Two possible reasons have been proposed
to explain such a phenomenon in B modified TiO,
systems, including a low concentration of doped B'*
and poor XPS measurement sensitivity for B'*''. The
presence of C is also confirmed by XPS ( Fig. 4(f)),
which is possibly led by the contamination during the
synthesis process.
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Fig.4 XPS spectra of F-B-TiO,-0. 50; (a) survey spectrum; (b) O 1s; (c) Ti2p; (d) F 1s; (e) B 1s

2.5 Photocatalytic hydrogen evolution performance
The photocatalytic performance of F-B-TiO, samples
synthesized under different conditions was evaluated
through the photocatalytic hydrogen evolution reaction,
where methanol was employed as a sacrificial reductant,
and P25 as a reference material. As shown in Fig.5(a),
the non-doped TiO, sample synthesized without additives
exhibits the lowest photocatalytic activity. However, the
photocatalytic activity of F-B-TiO, samples is enhanced
due to F-B co-doping, reaching the highest point at a
volume ratio of HBF, to TiCl, of 0.50. After 10 h of
UV-Vis light irradiation, the hydrogen evolution of P25
is 1.86 wmol, while the hydrogen evolution of F-B-
TiO,-0. 50 reaches 20. 57 wmol, more than 10 times that

5 (f) C s

of P25. The photocatalytic activity of F-B-TiO, samples
synthesized at other volume ratios is significantly lower
than that of F-B-Ti0,-0. 50. These results are coincident
with the UV-Vis absorption properties shown in Fig. 3.
The photocatalytic activity of F-B-TiO, does not linearly
increase with the added amount of HBF,, which needs
further and deeper exploration. In general, the long-
term stability and reusability of photocatalysts is a crucial
value for their practical applications. Therefore,
corresponding experiments were performed. The cyclic
test results are shown in Fig. 5(b). F-B-TiO,-0. 50
possesses excellent photostability, and there is no

obvious decrease in the hydrogen evolution after three
cycles.
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Oxygen vacancies and defect structures also play an
important role in enhancing the photocatalytic hydrogen
evolution performance of F-B-TiO, nanosheets. These
vacancies introduce mid-gap states that narrow the
bandgap, extending absorption into the visible region, as
confirmed by UV-Vis-NIR spectra. The mid-gap states
act as shallow electron traps, facilitating charge
separation and suppressing recombination, which is
further supported by the presence of Ti’* species in the
XPS analysis. Additionally, oxygen vacancies serve as
active sites for proton adsorption and reduction,
lowering the activation energy for hydrogen evolution.

The significant enhancement in hydrogen evolution, over
25
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10 times that of P25, suggests their crucial role in
boosting the photocatalytic activity. The correlation
between the vacancy concentration and hydrogen
evolution, peaking at a volume ratio of HBF, to TiCl, of
0.50, highlights the need for optimal defect
engineering. Furthermore, SEM and TEM analyses
reveal porous structures on the anatase ( 001 ) facets,
providing additional charge trapping sites and enhancing
surface reaction kinetics. The synergistic effects of
oxygen vacancies, defect structures and F-B co-doping
collectively improve charge transfer and hydrogen
evolution, demonstrating the importance of defect
engineering in optimizing TiO,-based photocatalysts.
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Fig.5 Photocatalytic hydrogen evolution by different photocatalysts; (a) comparison of P25 and F-B-TiO, obtained at different volume ratios of

HBF, to TiCl,; (b) three repeated cycles of F-B-TiO,-0. 50

3 Conclusions

Using TiCl, and HBF, as precursors, F-B co-doped
TiO, (F-B-TiO,) nanosheets were successfully synthesized
through a simple one-pot solvothermal method. The
addition of HBF, significantly suppressed the growth of
the less active anatase (101) facets and greatly promoted
the exposure of the more active anatase (001) facets,
ultimately forming a flower-like structure assembled from
F-B-TiO, nanosheets bounded with dominant anatase
(001 ) facets. Additionally, F-B co-doping led to the
formation of oxygen vacancies and defect structures on
the TiO, crystal surface, inducing the surface
reconstruction of anatase nanosheets. This reconstruction,
coupled with the exposed highly active anatase ( 001 )
facets and the presence of defect structures, significantly
enhanced the photocatalytic performance of F-B-TiO,,
with the hydrogen evolution in photocatalytic water
splitting exceeding that of P25 by more than 10 times.
These results indicate that F-B-TiO, has great potential
values in photocatalysis and other related fields such as
the photodegradation of organic pollutants, dye-sensitized
solar cells and optoelectronic devices.
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