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To further understand the effect of structural defects on the electrochemical and
photocatalytic properties of TiO,, two synthetic approaches based on hydrothermal
synthesis and post-synthetic chemical reduction to achieve oxygen defect-
© Tsinghua University Press implantation were developed herein. These approaches led to the formation of

et Gpuilnigeisied oy Weilln TiO, nanorods with uniformly distributed defects in either the bulk or on the

Heidelberg 2015 surface, or the combination of both, in the formed TiO, nanorods (NRs). Both
approaches utilize unique TiN nanoparticles as the reaction precursor. Electron
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microscopy and Brunauer-Emmett-Teller (BET) analyses indicate that all the
TiO,, studied samples exhibit similar morphology and similar specific surface areas.

oxygen vacancies, X-ray photoelectron spectroscopy (XPS) and electron paramagnetic resonance

photocatalytic H, (EPR) data confirm the existence of oxygen defects (Vo). The photocatalytic
FErEIEO, properties of TiO, with different types of implanted V, were evaluated based on
defects,

' photocatalytic H, production. By optimizing the concentration of Vo among the
charge separation TiO, NRs subjected to different treatments, significantly higher photocatalytic
activities than that of the stoichiometric TiO, NRs was achieved. The incident
photon-to-current efficiency (IPCE) data indicate that the enhanced photocatalytic
activity arises mainly from defect-assisted charge separation, which implies that
photo-generated electrons or holes can be captured by Vi and suppress the charge
recombination process. The results show that the defective TiO, obtained by
combining the two approaches exhibits the greatest photocatalytic activity

enhancement among all the samples.
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1 Introduction

Photocatalysis has attracted more and more interest
because of its environmentally friendly nature and its
potential applications in environmental remediation,
solar energy conversion, and artificial photosynthesis
[14]. Titanium dioxide (TiO;) is one of the most widely
studied inorganic semiconductor photocatalysts, owing
to its high photocatalytic activity, photo- and chemical
stability, non-toxicity, and ubiquity [5]. However, due
to its large band gap (3.0 eV for rutile and 3.2 eV for
anatase), TiO, only responds to UV radiation, which
constitutes less than 5% of sunlight. In addition, the
fast recombination rate of photo-generated electron-
hole pairs and the slow hot carrier diffusion hinder the
performance of TiO,and its practical application as an
efficient photocatalytic material [6]. The intentional
introduction of crystal defects (such as oxygen vacancies
or Ti*") into TiO, crystal lattices has proved to be one of
the most promising methods to address this problem,
because defects can impact the functional properties
of metal oxides, such as their electronic structure, charge
transport, and catalytic performance [7-9]. Generally,
oxygen vacancies (Vo) can be implanted in two ways:
either on the surface by a physicochemical post-
synthesis process or in the bulk by controlled reduction
of crystallization. Recently, a few groups reported
colored TiO, that possesses enhanced visible light
photocatalytic activity and high quantum efficiency
[10-15]. In most cases, the improved photocatalytic
performance can be attributed to the Vo implanted
in the bulk or on the surface. Broad visible light
absorption and improved charge separation efficiency
were achieved by introducing a defect band below
the conduction band of TiO,[5, 16, 17]. Li et al. intro-
duced V, into metal oxides through thermal hydrogen
treatment and indicated that Vo may also serve as
shallow donors and improve charge transfer at the
interface between the metal oxide and electrolyte
[18-20]. Our group also observed that there is an
optimal oxygen vacancy concentration to achieve
enhanced photocatalytic activity via hydrothermal
treatment as well as post-synthesis chemical reduction
[14, 18, 21]. However, few studies have investigated
the effect of combined defects on the surface and in
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the bulk on the performance of TiO, nanocrystals.

In this work, TiN nanoparticles were selected as
a reaction precursor. The present results show that
when TiN nanoparticles are used as the precursor,
the morphology of the synthesized materials can
be maintained under different treatments so that the
impact of the differences in the surface area and
morphology of the synthesized materials on the
photocatalytic activities can be minimized. In this study,
four types of TiO, nanorods (NRs) are prepared: (1)
stoichiometric nanorods, denoted as TiO,; (2) nanorods
with implanted oxygen vacancies obtained by surface
reduction treatment (Vspo), denoted as S-TiO,.,; (3)
nanorods with bulk oxygen vacancies obtained by the
hydrothermal crystallization process (Vgo), denoted as
B-TiO,.,, and (4) nanorods produced by a combination
of the hydrothermal and surface reduction treatment
processes (Viso), denoted as S-B-TiO,.,. The effect of
different oxygen vacancies introduced via the different
synthetic approaches on the structural characteristics,
electrochemical, and photocatalytic performance of
TiO, are systematically studied. The present results
show that by optimizing the defect concentrations,
among all four types of TiO,, the best H, evolution
performance is achieved with the S-B-TiO,., sample
under both simulated solar light and visible light.

2 Experimental section

2.1 Chemicals and materials

TiN (99.8%, 25 nm), rutile TiO, (99.8%, 25 nm) nano-
particles, and NaBH, (98%) were purchased from
Aladdin Reagent Company. Concentrated hydrochloric
acid (37% by weight), concentrated nitric acid (65%
by weight), ethanol (AR), and methanol (AR) were
purchased from Beijing Chemical Reagent Company
and used as-received without any further purification.

2.2 Preparation of rutile TiO, nanorods

In a typical reaction, 0.5 g TiN was digested in 30 mL of
4 M HNO; aqueous solution for 30 min. The dispersion
was then transferred into a 50 mL Teflon-lined stainless
steel autoclave. The sealed autoclave was heated to
180 °C in an electric oven and kept at 180 °C for 24 h.
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Subsequently, the reaction autoclave was naturally
cooled to room temperature. The final product was
collected by filtration, washed with distilled water to
neutral pH, and then dried at 70 °C.

2.3 Preparation of rutile TiO, nanorods with Vjg
(B-TiO,_, NRs)

In a typical reaction, 0.5 g TiN was digested in 30 mL
of 4 M HCl aqueous solution for 30 min. The dispersion
was then transferred into a 50 mL Teflon-lined stainless
steel autoclave. The sealed autoclave was heated to
180 °C in an electric oven and kept at 180 °C for 2 h.
Subsequently, the reaction autoclave was naturally
cooled to room temperature. The final product was
collected by filtration, washed with distilled water to
neutral pH, and then dried at 70 “C. Other samples were
prepared similarly with reaction times of 4, 6, 12, and
24 h, respectively.

2.4 Preparation of rutile TiO, nanorods with Vg
(S-TiO,_, NRs)

At room temperature, 2 g of the TiO, NRs was mixed
with 1.5 g of NaBH, and then thoroughly ground for
30 min. The mixture was transferred into a porcelain
boat and placed in a tubular furnace, heated from room
temperature to 300 °C under Ar atmosphere at a heating
rate of 10 °C/min, and then held at the designated
temperature for 5-60 min. After naturally cooling to
room temperature, the final product was simply washed
with deionized water and ethanol several times to
remove unreacted NaBH, and dried at 70 °C.

2.5 Preparation of rutile TiO, nanorods with Vjsg
(S-B-TiO,_, NRs)

At room temperature, 2 g of B-TiO,_, NRs was mixed
with 1.5 g of NaBH, and then ground thoroughly for
30 min. The mixture was transferred to a porcelain
boat and placed in a tubular furnace, heated from
room temperature to 300 °C under Ar atmosphere at
a heating rate of 10°C/min, and then held at the
designated temperature for 5-60 min. After naturally
cooling to room temperature, the final product was
simply washed with deionized water and ethanol
several times to remove unreacted NaBH, and dried
at70°C.
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2.6 Photocatalytic activity measurements

The photocatalytic activities of the samples were
evaluated by photocatalytic H, generation. A photo-
catalyst sample (50 mg) loaded with 1 wt.% Pt was
added to aqueous methanol (30 vol.%, 120 mL) in the
cell and then magnetically stirred for the duration of
the photocatalytic test. A 300 W Xe lamp (Beijing
Perfectlight Technology Co., Ltd.) was used as the
visible light source with an optical filter (UVIR-420, CE
Aulight Inc.) to cut off the short wavelength com-
ponent (<420 nm). An AM 1.5 simulated solar power
system (CE Aulight Inc.) was used as a natural light
irradiation source. The evolved gas was detected in situ
by using an online gas chromatograph (GC-2014C,
Shimadzu) equipped with a thermal conductivity
detector (TCD).

2.7 Photoelectrochemical measurements

Photocurrents were measured by using an electro-
chemical analyzer (CHI 660C Instruments) in a standard
three-electrode system with the as-prepared powders
coated on F-doped SnO,-coated glass (FTO glass) as
the working electrode, a platinum minigrid electrode
as the counter electrode, and a saturated calomel
electrode (SCE) as the reference electrode. A 1.0 M
NaOH aqueous solution was used as the electrolyte.
A solar simulator (AM1.5) with a power of 100 mW/cm?
was used as the illumination source.

2.8 Characterizations

X-ray diffraction (XRD) patterns of the crystalline
samples were recorded by using an X-ray diffractometer
(Bruker AXS D8 Focus), with Cu-Ka radiation (4=
1.54056 A). Transmission electron microscope (TEM)
images were acquired by using an FEI Tecnai G2
instrument operated at 200 kV. Scanning electron
microscope (SEM) images were acquired on a JEOL
JSM 4800F instrument. UV-Vis absorption spectra
were recorded on a UV-3600 UV-Vis-NIR scanning
spectrophotometer (Shimadzu). X-ray photoelectron
spectra were acquired on a Thermo Scientific ESCALAB
250 Multitechnique Surface Analysis instrument.
Electron paramagnetic resonance (EPR) spectra were
recorded at 100 K on a Bruker A-200 EPR spectrometer.
The Brunauer-Emmett-Teller (BET) specific surface
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area was measured using a Micromeritics ASAP 2010
system.

3 Results and discussion

Figure 1(a) shows a schematic of the route used to
prepare TiO,, TiO, with bulk defects (B-TiO,.,), TiO,
with surface defects (5-TiO,_,), and TiO, with both bulk
and surface defects (5-B-TiO,.,). All the prepared
samples have nanorod morphology. Firstly, two types
of TiO, NRs, stoichiometric and non-stoichiometric,
with similar morphology were prepared from the TiN
precursor. The stoichiometric TiO, NRs (white powder)
were obtained from the HNO; reaction media (Fig. S1
in the Electronic Material Supplementary (ESM)).
During this process, the Vo cannot be maintained
because of the strong oxidizing ability of HNO;. Non-
stoichiometric B-TiO,., NRs (blue powder) were pre-
pared in HCI aqueous solution, where the V,, (or Ti*")
were uniformly dispersed in the bulk phase [22]. The
sample color gradually changed from dark blue to
light blue (Fig.S52 in the ESM) with an increase in
the hydrothermal treatment time from 2 to 24 h. The
XRD results (Fig.S3 in the ESM) indicate that the
characteristic diffraction peaks of TiN gradually
decreased and disappeared after 4 h of reaction time.
When the hydrothermal reaction time exceeded 6 h,
rutile TiO, was the only product. This observation
indicates that TiN is gradually decomposed and
oxidized during the reaction, which is consistent with
the disappearance of the peak in the N 1s X-ray
photoelectron spectroscopy (XPS) spectrum (Fig. S4
in the ESM). The rutile TiO, and B-TiO,_, nanorods were
further treated with solid NaBH, at 300 °C for different
times, thereby yielding S-TiO,., and S-B-TiO,, with
variable oxygen vacancy concentrations [21]. The color
of the samples gradually deepened (Figs. S5 and S6
in the ESM) with an increase of the reduction time.
Figure 1(b) and Fig. S7 in the ESM show typical SEM
images of the as-synthesized samples. All four types
of samples have similar morphologies comprising
tetragonal crystals with a pyramid-like end and lengths
and widths of ~200 and ~20 nm, respectively. The shape
and morphology were not changed after the chemical
reduction treatments based on SEM analysis. This
was further confirmed by the N, adsorption experiments
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Figure 1 (a) Strategies for synthesis of TiO, nanorods: TiO, with
bulk oxygen vacancy (B-TiO,_,), TiO, from surface reduction
treatment (S-TiO,_,), and TiO, from combination of two processes
(S-B-TiO;.,). (b) Typical scanning electron microscopy images
of S-B-TiO,,, (c) XRD patterns of TiO,, B-TiO;, S-TiO,_,,
and S-B-TiO,_,.

(Fig. S8 in the ESM). The BET surface area of the TiO,
NRs, B-TiO,_, NRs, S-TiO,_, NRs, and S-B-TiO,_, NRs
were 13.7,19.6, 14.1, and 16.4 m?/g, respectively. The
powder X-ray diffraction patterns of all as-prepared
samples were indexed in accordance with the rutile
phase (Fig. 1(c)).

TEM images of the as-prepared TiO, NRs are shown
in Fig.2. The TEM images further confirm that the
morphology of all samples remained visibly unchanged
before and after the reduction treatment (inset: low-
magnification TEM images). The high resolution TEM
(HR-TEM) image shows a well-ordered lattice structure
and clear 0.32 nm lattice fringes, corresponding to the
fringe spacing between the (110) lattice planes of rutile
TiO,. The measured angle between the edges of the
prismatic and pyramidal facets is 135° (Fig. 2(b)),
which closely matches the theoretical angle between
the (110) and (111) planes. Based on the above results,
we can propose that the rutile TiO, NRs consist of a
(110) tetragonal prism and a (111) tetragonal bipyramid,
with preferentially developed (110) prismatic faces,
and the elongated crystals are parallel to the c-axis.
These features are similar to those of previously
reported bulk Ti*-doped TiO, with active facets [23].
The stoichiometric TiO, NRs and the B-TiO,., NRs
(Figs. 2(a) and 2(b)) both have similar morphology.
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Figure 2 HR-TEM images of TiO, (a), B-TiO;,, (b), S-TiO; ,
(c), and S-B-TiO, , (d). The insets are corresponding low
magnification TEM images.

The HR-TEM images show that a disordered layer
is formed after the chemical reduction treatment.
Figures 2(c) and 2(d) show the HR-TEM images of the
S-TiO,, NRs and S-B-TiO,_, NRs after the chemical
reduction treatment, which indicate a highly crystalline
core with a clear, disordered shell of 1-2 nm [11, 24, 25].
The longer surface reduction treatment time (Fig. S9
in the ESM) results in increased crystalline lattice
deformation and a thicker amorphous layer [26].

It is well known that the introduction of oxygen
vacancies into TiO, can change white TiO, into a blue
or black material (as shown in Figs. 53, S5, and 56),
the color variation indicates enhanced visible light
absorption by defective TiO,[27]. The diffuse reflectance
UV-Vis spectra of different defective TiO, nanorods
formed by using different reaction times are shown
in Fig. 3. The absorption band edge near 400 nm
corresponds to the intrinsic optical absorption band-
edge of rutile TiO,. Compared with white TiO, nanorods,
the surface-implanted oxygen vacancy S-TiO,, nanorods
and bulk-oxygen vacancy B-TiO,., nanorods exhibit
significant absorption in the visible and near infrared
ranges, which could contribute to the photocatalytic
activity in the visible light range [28]. With prolonged
reaction time, the intensity of this absorption band
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Figure 3 Diffuse reflectance UV-Vis spectra of (a) B-TiO;
nanorods prepared with different reaction times (2-24 h);
(b) S-TiO,_, nanorods reduced for different times (5—60 min);
(¢) S-B-Ti0O,_, nanorods reduced for different times (5—60 min).

gradually decreased and the color of TiO, also changed
to light blue (Fig. S2 in the ESM). These observations
indicated that the oxygen vacancies or Ti** concen-
trations could be tuned by changing the reaction time
[14]. The electron paramagnetic resonance spectra
(Fig. S10 in the ESM) showed a decrease in the intensity
of the peaks with an increase of the reaction time,
which further supports the aforementioned results. In
addition, the samples prepared with reaction times of
less than 4 h have higher absorption in the visible
region due to the partial existence of residual TiN,
which agrees with the XRD (Fig. S3 in the ESM) data.
Figures 3(b) and 3(c) show the UV-Vis spectra of the
samples treated with NaBH, at 300 ‘C for different
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time periods. The results show significantly enhanced
absorption from ~400 nm into the near-infrared region
with increased reaction time. Again, the results can be
correlated to the increased oxygen vacancies on the
surface of the nanorods [14]. The improved optical
absorption could contribute positively to the photo-
catalytic activity of the materials [29].

The valence state and composition of the samples
were investigated by XPS (Fig. 4(a)). For the pristine
stoichiometric TiO, NRs, a strong peak at 458.4 eV and
a weak peak at 464.1 eV were apparent in the high
resolution XPS spectrum, which can be attributed to
Ti 2p 3/2 and Ti 2p 1/2. These are characteristic peaks
of the Ti*-O bonds in TiO, as reported [30]. In the
case of the B-TiO, ,NRs, the Ti 2p peaks shift to low
binding energies of 458.0 and 463.8 eV, respectively.
These shifts indicate the formation of Ti** or oxygen
vacancies in the nanocrystals [31]. In the case of the
S-TiO,., NRs and S-B-TiO,_, NRs, after the chemical
reduction treatment, these peaks are further shifted
to 457.7 and 463.5 eV, respectively. These results may
indicate an increase in the surface defect species.
However, with increasing chemical reduction treatment
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time, the characteristic Ti peaks shift back (Fig. S11 in
the ESM) and the Ti*" peaks of TiO appear at 456.2
(Ti** 2p 3/2), 458.2, and 459.7 eV (Ti** 2p 1/2). These
results may indicate that the increased concentration
of oxygen vacancies or the existence of lower valence
Ti species like Ti** in the disordered layer lead to a
decrease of the Ti* species [14, 32].

EPR spectra recorded at 100 K were used to verify
the presence of Ti*" and single electron trapped oxygen
vacancies in the as-prepared samples. Not surprisingly,
as shown in Fig. 4(b), no signals were detected for the
pristine stoichiometric TiO, NRs. On the other hand,
all of the TiO, NRs with defects showed unambiguously
intense EPR signals. In the case of the B-TiO,, NR
sample, only a prominent signal at ¢ = 1.96 was detected,
which could be attributed to Ti* species present in
the bulk of the material [15, 33]. In this case, oxygen
vacancies generated on the surface of TiO, tend to be
oxidized in air atmosphere. The structure on the
surface may act as a passivation layer to protect the
bulk oxygen vacancies from further oxidation [34, 35].
The intensity of the EPR signal of the B-TiO,, NRs
decreased with treatment times ranging from 4 to

(b)
3 gl —
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=
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3
=
TiO, NRs
2800 3000 3200 3400 3600 3,800
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(d) 71 —s— TiO, NRs
64 —es— B-TiO,_, NRs
54 —&— S-TiO,_, NRs
;\3 44 —v— S-B-TiO,_, NRs
L .
W 3
o 5]
14
04
300 350 400 450 500

Wavelength (nm)

Figure 4 (a) Ti2p XPS spectra, (b) EPR spectra, (c) transient photocurrent responses, (d) IPCE at an applied potential of 0.3 V versus
Ag/AgCl for TiO, nanorods and TiO, nanorods with different kinds of V. The electrolyte was 1 M aqueous KOH.
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24 h (Fig. S12(a) in the ESM), indicating that the Ti*
in the bulk of the sample undergoes slow oxidation
with prolonged reaction time. Both the color (Fig. S2 in
the ESM) and photo-absorption (Fig. 3(a) in the ESM)
of the samples reflect this change. The concentration of
Ti*" was determined by numerical double integration
of the EPR spectra and comparison with the spectrum
of a frozen aqueous solution of Cu*. The concentration
of Ti* in the B-TiO, , NRs prepared by hydrothermal
reaction for 6 h was estimated to be 5.15 umol/g,
with an absolute accuracy of about 20% [36]. The
concentration of Ti*" decreased to 3.05 umol/g for the
B-TiO,_, sample prepared over 24 h. In the case of the
S-TiO,, and S-B-TiO,, NR samples, the disordered
shell structure formed on the surface via chemical
reduction may stabilize defects against air oxidation,
and the surface oxygen vacancies may be able to trap
electrons (O;) from air [37, 38]. Both factors could
contribute to the broad EPR signals observed for the
S-TiO,., and S-B-TiO, . NRs samples [39, 40]. In addition,
oxygen vacancies and other lower valence Ti species
formed on the disordered surface of the samples
may act as heterogeneities, which could result in the
anomalous near-isotropic shape [41]. Broadened and
more intense EPR signals were observed with longer
reduction time, as shown in Fig. S12(b) (in the ESM),
indicating that the concentration of oxygen vacancies
in the samples increased with increasing reduction
reaction time.

In order to investigate the effect of different defects
on the photoelectrochemical properties, TiO, NP,
TiO, NR, B-TiO,, NR (6 h), 5-TiO,, NR (15 min),
and S-B-TiO,, NR (5 min) films were prepared by
the electrophoretic deposition method. Generally, to
increase the interconnection between the deposited
films and the substrates and obtain better photocurrent,
deposited films are subjected to TiCl, treatment and
high temperature calcination [42]. However, in order
to preserve the oxygen vacancy distribution in the
samples, the electrochemical properties of the films
were measured directly without further treatment
herein. A set of photocurrent spectra of these films was
recorded in the dark and under illumination from an
AM 1.5 solar spectrum simulator with chopped linear-
sweeps, as shown in Fig. 4(c). All the TiO, NRs with
defects showed significantly enhanced performance
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in comparison with the pristine stoichiometric TiO,
photoanodes. Under the same measurement conditions,
the sample with oxygen vacancies implanted by the
combination of two processes (S-B-TiO,_, NRs) showed
the highest electrochemical performance among all
the samples. The photocurrent increased from 4.3 uA
for the TiO, NRs to 8.2 pA for the S-B-TiO,_, NRs. The
higher photocurrents of the B-TiO, . NRs, S-TiO,_, NRs,
and S-B-TiO,., NRs relative to that of pristine TiO,
are an indication of more efficient charge separation
and transport in the samples with oxygen defects.

In order to investigate the interplay between the
photo-absorption and the photocatalytic activity, the
incident photon-to-current conversion efficiencies
(IPCEs) were measured at 0.3V versus Ag/AgCl
(Fig. 4(d)). In comparison with the pristine TiO, NRs,
both the bulk-defective TiO,_, NRs and the surface-
reduced TiO, NRs showed greatly enhanced IPCEs
over the entire UV region. Moreover, the 5-B-TiO,_,
NR sample prepared by the two-step reduction process
exhibited the highest conversion efficiency over the
entire UV region. All the samples have an adsorption
edge around 420 nm, which is consistent with the
intrinsic optical absorption band-edge of rutile TiO,
shown in Fig. 3. However, only low photoactivity in
the visible light region was observed for the three
nonstoichiometric TiO, samples and the IPCE was
negligible for stoichiometric TiO, in the same region.
As previously reported [43], these observations imply
that the enhanced electron mobility and improved
charge separation achieved via the introduction of
oxygen vacancies mainly originate from the UV region.

The water splitting H, production, illustrated in Fig. 5
and Figs. 513 and S14 (in the ESM) was used to
evaluate the photocatalytic activity of the TiO, NRs,
B-TiO,., NRs, S-TiO,_, NRs, and S-B-TiO,_, NRs. Under
solar-light irradiation, the S-B-TiO,_, NRs (B-TiO,_, NRs
(6 h) reduced for 5 min) steadily produced hydrogen
gas at a rate of up to 106.98 pmol/h, which is notably
higher than that of the B-TiO,.,NRs (56.58 pmol/h)
and S-TiO,, NRs (48.94 umol/h) under the same
conditions. The prepared rutile TiO, NRs are more
active than the commercial TiO, NPs (8.49 pmol/h vs.
minimal H, production). The samples prepared using
different reaction times show different H, evolution
rates where the maximum H, production rate was
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Figure 5 Time courses of H, production from as-prepared samples loaded with 1% Pt in 30% methanol/water (a) under simulated
sunlight and (b) under illumination with Xeon lamp (300 W) with UV-420 cut-off filter.

achieved at the mid-range of the reaction time. This
indicates that an optimal concentration of oxygen
vacancies exists for the different series of samples,
as shown in Fig. S13 (in the ESM). The visible-light
photocatalytic hydrogen generation performance is
also shown in Figs. 5(b) and Fig. 514 (in the ESM),
demonstrating trends similar to those of the samples
measured under 300 W Xe lamp irradiation with an
UV 420 cutoff optical filter (4 > 420 nm). The photo-
catalytic activity of the S-B-TiO,, NRs remained
unchanged after five cycles without any noticeable
decrease, demonstrating the excellent stability of this
sample (Fig. 6(a)). All these investigations demonstrate
that the S-B-TiO,., samples with oxygen vacancies
present in the bulk and on the surface, prepared via
the two-step reduction process, exhibited the best
photocatalytic activity among the evaluated samples.
Based on the above analysis, a possible mechanism
may involve introduction of an inter-band-gap state
by the oxygen vacancies, leading to the visible light
response [8]. Furthermore, the oxygen vacancies served
as shallow donors that may increase the carrier density
and improve the electrical conductivity. The optimized
oxygen vacancy concentration may also improve the
separation and transfer properties of the charge carriers,
as schematically illustrated in Fig. 6. However, excessive
oxygen vacancies could serve as recombination centers,
leading to decreased photocatalytic activity [44].
Although the current analytical technique is not effective
for quantifying or identifying the distribution of oxygen
vacancies, the present results show that optimization
of the oxygen vacancies implanted in the bulk and

on the sample surface may enhance the optical and
electronic properties of metal oxide semiconductors.

4 Conclusions

In conclusion, we have developed a simple two-step
approach for the production of controllable oxygen
vacancies implanted on the surface or in the bulk of
one-dimensional rutile TiO, NRs with defined facets.
Self-doped TiO, NRs were synthesized via the
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Figure 6 (a) Evaluation of visible light-driven photocatalytic
activity of S-B-TiO, , NRs via cycling tests. (b) Illustration of
oxygen vacancies that facilitate rapid charge transfer and
separation.
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hydrothermal route. Surface-implanted defects were
subsequently introduced by subsequent solid-state
reaction with NaBH,. All TiO, samples containing
oxygen vacancies exhibit remarkably higher photo-
catalytic performance than the original pristine TiO,
NRs. The significantly improved photocatalytic activity
and photocurrent response of the prepared samples
can be attributed to the enhanced donor density,
higher electronic conductivity, and improved charge
separation, which is attributed to the introduction
of oxygen vacancies by various defect-implantation
methods. An optimum concentration of both bulk and
surface introduced oxygen vacancies is required to
maximize the improvement of the photocatalytic
performance. This study should shed light on the
future development of photocatalytic materials based
on TiO,.
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