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ABSTRACT Oxygen vacancy (VO) plays a vital role in
semiconductor photocatalysis. Rutile TiO2 nanomaterials with
controllable contents of VO (0–2.18%) are fabricated via an in-
situ solid-state chemical reduction strategy, with color from
white to black. The bandgap of the resultant rutile TiO2 is
reduced from 3.0 to 2.56 eV, indicating the enhanced visible
light absorption. The resultant rutile TiO2 with optimal con-
tents of VO (~2.07%) exhibits a high solar-driven photo-
catalytic hydrogen production rate of 734 μmol h−1, which is
about four times as high as that of the pristine one
(185 μmol h−1). The presence of VO elevates the apparent
Fermi level of rutile TiO2 and promotes the efficient electron-
hole separation obviously, which favor the escape of photo-
generated electrons and prolong the life-time (7.6×103 ns) of
photogenerated charge carriers, confirmed by scanning Kelvin
probe microscopy, surface photovoltage spectroscopy and
transient-state fluorescence. VO-mediated efficient photo-
generated electron-hole separation strategy may provide new
insight for fabricating other high-performance semiconductor
oxide photocatalysts.

Keywords: oxygen vacancy, rutile TiO2, surface engineering,
solar-driven photocatalysis, hydrogen evolution

INTRODUCTION
Hydrogen is considered as an environmental renewable
energy source due to its high energy density and en-
vironment friendly [1]. Hence, photocatalytic hydrogen
production attracts much more attention recently [2–4].
Since Fujishima and Honda [5–7] discovered hydrogen

production from water splitting on TiO2 for the first time,
it is considered as the most promising photocatalyst
candidate due to nontoxicity, high stability and low-cost
[8–10]. Therefore, TiO2 is widely used in photocatalytic
degradation of pollutants, photocatalytic hydrogen pro-
duction, solar cells, photoelectrochemical devices, and so
on [11–14]. It is well-known that TiO2 has three different
crystal phases, anatase, brookite and rutile [15]. Notably,
the rutile TiO2 has attracted great research interest due to
the fact that it is the most stable phase in thermo-
dynamics, compared to the other two crystalline phases
[16–18]. Rutile TiO2 is suitable for photocatalytic water
splitting due to its appropriate band energy position. The
photocatalytic activity of rutile TiO2 is usually low mainly
due to the less surface active sites and the high re-
combination rate of photogenerated electron-hole pairs
[19–21], although some researchers obtained rutile TiO2

with excellent photocatalytic performance by designing
and controlling suitable structure [19,20]. Moreover, ru-
tile TiO2 absorbs only ultraviolet light due to the wide
bandgap (~3.0 eV), which represents a small fraction of
solar energy and limits the efficiency of solar-driven
photocatalysis greatly [22].

Recent studies have shown that surface defects could
narrow the bandgap of TiO2 and promote the separation
of photogenerated charge carriers [23–25]. Moreover,
since Mao et al. [26] reported a novel strategy to syn-
thesize the high performance TiO2 with surface defects by
hydrogenation, more and more researchers are working
on TiO2 with surface defects [27–30]. Because the rutile
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TiO2 is extremely stable thermodynamically and has less
surface defects than the anatase TiO2, constructing rutile
TiO2 with surface defects is promising to have enhanced
photocatalytic activity. Surface oxygen vacancy (VO), as
one of the most important surface defects of TiO2, re-
ceives extensive attention [31–35]. Too low or high
content of VO defects are not conducive to narrowing the
bandgap and improving the separation efficiency of
photogenerated electron-hole pairs. The former could not
offer adequate surface active sites and the latter will be-
come the recombination centers of photogenerated
charge carriers. Therefore, the effective control of VO

defects for rutile TiO2 is still a challenge for further im-
proving the solar-driven photocatalytic performance.

In this paper, we demonstrate a facile route to fabricate
rutile TiO2 nanomaterials with controllable contents of
VO (0–2.18%) defects via an in-situ solid-state chemical
reduction strategy. The photoresponse of the rutile TiO2

with narrow bandgap extends to visible light region. The
obtained rutile TiO2 with optimal contents of VO

(~2.07%) exhibits the highest solar-driven photocatalytic
hydrogen production rate of 734 μmol h−1, which is about
four times as high as that of the pristine one
(185 μmol h−1). It is ascribed to the high separation effi-
ciency and long life-time of photogenerated charge car-
riers in the presence of VO. The photocatalytic
mechanism of VO-mediated efficient electron-hole se-
paration for rutile TiO2 is also proposed.

EXPERIMENTAL SECTION

Synthesis of rutile TiO2 with different contents of oxygen
vacancy
In a typical, 4 g of commercial rutile TiO2 (denoted as i,
98.8%) was mixed with 1.5 g of NaBH4 (98%, Aladdin
Reagent Company). After thoroughly ground for 30 min,
the mixture was heated from room temperature (RT) to
250, 300, and 350°C (denoted as ii, iii and iv) for 1 h
under nitrogen atmosphere with a heating rate of
5°C min−1, respectively. After naturally cooling to RT, the
obtained product was dispersed into water with vigorous
stirring for 30 min and then aged for 24 h. The powder
was washed with ethanol and deionized water for several
times to remove unreacted NaBH4, and dried at 60°C
overnight, and finally the rutile TiO2 with different con-
tents of oxygen vacancy were obtained. Deionized water
was used for all experiments.

Characterization
The crystal structure of rutile TiO2 was characterized

using X-ray diffraction (XRD, Bruker D8 Advance) with
Cu Kα (λ = 1.5406 Å) radiation. The morphologies of
these samples were detected by scanning electron mi-
croscope (SEM, Hitachi S-4800) with a Philips XL-30-
ESEM-FEG instrument operated at 20 kV. Transmission
electron microscopy (TEM) and high-resolution TEM
(HRTEM) measurements at an accelerating voltage of
200 kV were carried out on a JEM-2100 microscope. X-
ray photoelectron spectroscopy (XPS, Kratos, ULTRA
AXIS DLD) was carried out with monochrome Al Kα (hν
= 1,486.6 eV) radiation. All binding energies were cali-
brated by referencing to the C 1s peak at 284.6 eV. Dif-
fuse reflectance spectroscopy (DRS) was conducted on a
UV/vis spectrophotometer (Shimadzu UV-2550). The
bandgaps were estimated by extrapolating a linear part of
the plots to (αhν)2 = 0. Nitrogen adsorption-desorption
isotherms at 77 K were collected on an AUTOSORB-1
(Quantachrome Instruments) nitrogen adsorption appa-
ratus. The Brunauer-Emmett-Teller (BET) equation was
used to calculate the specific surface area. Raman mea-
surements were performed with a Jobin Yvon HR 800
micro-Raman spectrometer in the range of 100–
1,000 cm−1 at 457.9 nm. Scanning Kelvin probe (SKP) test
(SKP5050 system, Scotland) was executed to evaluate the
work function at ambient atmosphere. The photo-
luminescence (PL) spectra were measured by a PE LS 55
spectrofluoro-photometer with excitation wavelength of
332 nm. Surface photovoltage spectroscopy (SPS) mea-
surements were carried out with a homebuilt apparatus
equipped with a lock-in amplifier (SR830) synchronized
with a light chopper (SR540). The powders were sand-
wiched between two indium tin oxide (ITO)-coated glass
electrodes, and monochromatic light was passed from a
500 W xenon lamp through a double prism mono-
chromator (SBP300).

Photocatalytic hydrogen generation
Photocatalytic hydrogen generation was measured using
an online photocatalytic hydrogen generation system
(AuLight, Beijing, CEL-SPH2N) at ambient temperature
(20°C). During the photocatalytic hydrogen evolution
reaction, 100 mg photocatalysts loaded with 0.2 wt% Pt
were dispersed into an aqueous solution containing
25 vol% of methanol. Before irradiation, the reactor and
the whole gas circulating system were fully degassed to
remove air using a vacuum pump for 30 min. Before the
light reaction, the sample were dispersed with ultrasonic
for 5–10 min. An AM 1.5 solar power system (solar si-
mulator (Oriel, USA) equipped with an AM 1.5G filter
(Oriel, USA)) was used as the light irradiation source. The
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photocatalytic H2 evolution was analyzed using a gas
chromatograph (SP7800, TCD, molecular sieves 5 Å, N2

carrier, Beijing Keruida Limited). The apparent quantum
efficiency for hydrogen generation was determined using
the same system under illumination of a 300 W Xe lamp
with a filter (365, 420 and 520 nm) system.

Photoelectrochemical properties
The photoelectrochemical properties of the samples were
investigated using an electrochemical workstation (Prin-
ceton Versa STAT) with a platinum counter electrode
and standard calomel reference electrode. The electro-
chemical properties were analyzed at RT. An aqueous
solution of NaOH (1 mol L−1) was used as the electrolyte.
In detail, 0.1 g of the powder was dispersed into 3 mL
ethanol under magnetic stirring, and then sprayed onto
the 2 cm2 ITO substrate at 70°C. The electrochemical
impedance spectroscopic (EIS) measurements were car-
ried out at 10 mV oscillation amplitude in the frequency
range from 0.05 Hz to 10 kHz.

RESULTS AND DISCUSSION
XRD patterns were employed to analyze the crystal phase
of the four TiO2 samples (Fig. 1a). All samples exhibit
typical diffraction peaks at around 2θ = 27.4°, 36.1°, 39.2°,
41.2°, 44.1°, 54.3° and 56.6o, corresponding to the (110),
(101), (200), (111), (210), (211) and (220) planes of rutile
TiO2 (PDF#21-1276). In addition, with increasing calci-
nation temperature, the diffraction peaks becomes weak
and broad gradually, combined with the refined lattice
parameter c from 2.959 to 2.958 Å, which may be at-
tributed to the formation of surface oxygen vacancy de-
creasing the crystallinity of rutile TiO2 and the distortion
of the crystal structure [36]. Raman spectra of the four
samples determined the crystalline structure of the sam-

ples, as shown in Fig. 1b. The peaks at 142, 446 and
610 cm−1 are correlated well with typical rutile Raman
bands of B1g, Eg and A1g, respectively [37]. The peak at
239 cm−1 is attributed to the multi-proton scattering
process [38]. Moreover, compared with sample i, the
broadening of these peaks for sample ii-iv further de-
monstrates that surface oxygen vacancies break down the
symmetry of rutile TiO2 lattice after the in-situ solid-state
chemical reduction process [39,40], consistent well with
the XRD results.

Fig. 2a–c show the SEM, TEM and HRTEM images of
the hydrogenated rutile TiO2 (sample iii), which has an
average size of approximately 100 nm. The lattice spacing
of 0.325 nm corresponds to the (110) plane of rutile TiO2.
Obviously, a disordered thin layer is formed on the
sample surface after hydrogenation, which proved that
the reduction reaction occurred on the surface of TiO2.

Figure 1 Typical XRD patterns (a) and Raman spectra (b) of pristine rutile TiO2 (i) and hydrogenated rutile TiO2 under 250°C (ii), 300°C (iii), and
350°C (iv), respectively.

Figure 2 SEM (a), TEM (b), HRTEM images (c) and the corresponding
selected-area electron diffraction pattern (d) of the hydrogenated rutile
TiO2 (300°C).
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The selected area electron diffraction (SAED) pattern
(Fig. 2d) presents well-resolved diffraction rings and
many diffraction spots, indicating the high crystallinity of
phase-pure rutile. Compared to the pristine rutile TiO2,
the similar SAED pattern in Fig. S1 implies that the hy-
drogenated rutile TiO2 remains the morphology and
crystal bulk phase composition, although the surface
phase is modified, which is consistent with the XRD and
Raman results.

The UV/vis diffuse reflectance spectra are shown in Fig.
3a. A sharp increase in absorption at wavelengths shorter
than 400 nm can be attributed to the inherent band gap
absorption of crystalline rutile TiO2. Obviously, the ab-
sorption edges extend to visible light region for sample ii-
iv after reduction, with the color from white to black (the
inset of Fig. 3a). The absorption in visible light region
increases with increasing calcination temperature, due to
the formation of surface oxygen vacancy. The surface
disordered layers of the black rutile TiO2 can form mid-
gap states, which favor the visible light absorption [30].
The bandgap energies for sample i–iv are 3.0, 3.0, 2.74
and 2.56 eV, respectively (Fig. 3b), with the increase of
calcining temperature, illustrating more surface oxygen
vacancy. The narrowed bandgap is beneficial for visible
light photocatalysis. Fig. 3c shows the N2 adsorption-
desorption isotherms of the four as-prepared samples are

type IV according to the IUPAC classification and in-
dicate the existence of mesopores within the interparticles
[41]. The BET specific surface areas of the four samples
are slightly changed, indicating no changed in the struc-
ture, as shown in the inset of Fig. 3c. Fig. 3d shows the
typical XPS valence band (VB) characteristic curves of the
four different rutile TiO2 samples. The edge of the max-
imum energy for the pristine TiO2 is about 2.01 eV, while
the VB maximum energy for hydrogenated TiO2 displays
blue-shifts. The edges of the VB maximum energy for
sample ii, iii and iv are about 1.85, 1.77 and 1.56 eV,
respectively, which are lower than that of the pristine
TiO2, further indicating the efficient surface reduction.
The elevation of VB for black rutile TiO2 results in nar-
row bandgaps. In order to reveal the change of chemical
bonds on the surface of rutile TiO2, the XPS of Ti 2p and
O 1s are shown in Fig. 3e and f, respectively. In Fig. 3e,
the strong peak centered at 529.3 eV is assigned to lattice
oxygen. The broader peak at 531.4 eV is attributed to the
oxygen atoms in the vicinity of an oxygen vacancy (VO)
on TiO2 surface after hydrogenation (Ti–OH) [42]. The
percentage of VO of sample i–iv is 0, 1.91%, 2.07% and
2.18%, respectively, calculated according to the peak area
values of Ti3+ and Ti4+ [43].

For pristine rutile TiO2, the main peaks of Ti4+ at 458.2
and 330.1 eV are attributed to Ti 2p1/2 and Ti 2p3/2. But

Figure 3 The UV/vis absorption spectra (a), the corresponding optical bandgaps (b), N2 adsorption-desorption isotherms (c), XPS of valence band
spectra (d), O 1s (e) and Ti 2p (f) of the pristine rutile TiO2 (i) and the hydrogenated rutile TiO2 under 250°C (ii), 300°C (iii), and 350°C (iv),
respectively. The inset of (a) is the digital photos of sample i–iv.

SCIENCE CHINA Materials. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .ARTICLES

June 2018 | Vol. 61 No. 6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 825© Science China Press and Springer-Verlag GmbH Germany 2018



after reduced by NaBH4, the peaks of Ti3+ located at 457.6
and 463 eV are different from the pristine rutile TiO2.
The shift to lower binding energy of these peaks is at-
tributed to the formation of Ti3+ on the surface disordered
layer [44]. Additionally, no peak for NaBH4 is observed
(Fig. S2).

The photocatalytic activity is evaluated by photo-
catalytic hydrogen production under AM 1.5 irradiation.
The hydrogen production of four samples is shown in
Fig. 4a. Sample iii shows the highest photocatalytic ac-
tivity with a reaction rate of 734 μmol h−1 that is about
four times higher than that of the pristine TiO2

(185 μmol h−1) under AM 1.5 with a power density of
100 mW cm−2 based on 100 mg of the catalysts. In order
to determine the stability of the photocatalytic activity,
cycle tests within 12 h were carried out (the reactor was
replenished with 5 mL solution with a volume ration
equal to 1/4 of methanol/water before each cycling test).
As shown in Fig. 4b, the H2 production of sample iii
remained nearly constant after four cycles (12 h), in-
dicating high stability. After photocatalytic reaction, the
crystalline structure nearly keeps intact (Fig. S3), further
verifying its high stability. Moreover, the hydrogen pro-
duction was also carried out under single wavelength light
irradiation. The hydrogen generation rate of sample iii at
365 nm is 139 μmol h−1, which is much higher than that

at 420 nm (4.6 μmol h−1), 520 nm (1.8 μmol h−1) (Fig. 4c),
and that of pristine rutile TiO2 at each single wavelength.
It indicates that UV light makes the main contribution to
exciting electrons for water splitting. According to
Equation (1) [45], the apparent quantum efficiency
(AQE) for sample iii is calculated to be 67%, 7.1% and
3.2% at 365, 420 and 520 nm, respectively. The result
illuminates that the rutile TiO2 after hydrogenation ex-
hibits visible light catalytic activity.

AQE = 2 × (evolved H molecules)
incident photons × 100%. (1)2

The solid transient-state fluorescence was tested to
determine the lifetime of photogenerated charge carriers.
The result exhibits that the lifetime of photogenerated
charge carriers for sample iii is the longest one
(7.6×103 ns), which proves that appropriate hydrogena-
tion helps to improve the separation of photogenerated
electron from VB to conduction band. Further, SPS was
used to characterize the separation efficiency of the
photogenerated electron-hole pairs. A strong SPS peak at
345 nm (Fig. 4e) is attributed to the electron transitions
from the VB to the conduction band (band-to-band
transitions, O 2p-Ti 3d) [46]. The SPS peak intensity for
sample iii is stronger than that of others, illustrating the
high-efficient separation of photogenerated electron-hole

Figure 4 (a) Photocatalytic hydrogen evolution rates, (b) cycling tests of photocatalytic hydrogen generation under AM 1.5 irradiation, (c) the single-
wavelength photocatalytic hydrogen evolution rates, (d) transient-state fluorescence spectrum, (e) surface photovoltage spectroscopy, (f) scanning
Kelvin probe maps of pristine rutile TiO2 (i) and hydrogenated rutile TiO2 under 250°C (ii), 300°C (iii), and 350°C (iv), respectively. The inset of (c)
enlarges the AQE of single-wavelength light at 420 and 520 nm.
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pairs and long excitation life-times for the former [41].
Both the SPS and transient-state fluorescence results
clearly suggest that sample iii is superior to other samples
in photocatalytic hydrogen production, due to the high
light harvesting, effective separation of photogenerated
charge carriers and low recombination rate. As for sample
iv, the life-time of photogenerated charge carriers de-
creases obviously, because superfluous surface VO be-
comes the recombination centers of photogenerated
electron-hole pairs. Scanning Kelvin probe microscopy
(SKPM) was used to confirm the flat potential or Fermi
level according to the work function [47]. The measured
work functions of sample i–iv are 4.89, 4.84, 4.74 and
4.95 eV, respectively. The result illuminates that the
Fermi level or flat band of sample iii is more negative
than others. Simply, the valence electrons are much easier
to be excited and transferred to the surface and rapidly
captured by the adjacent co-catalysts, greatly restraining
the electron-hole recombination and thus improving the
photocatalytic performance.

Linear sweeps voltammogram of the pristine rutile TiO2

and the hydrogenated rutile TiO2 (sample iii, Fig. 5a)
shows that the dark current density is almost constant
within a broad applied bias range. The photocurrent

density of sample iii under AM 1.5 is up to 635 μA cm−2,
which is much higher than that of the pristine one, in-
dicating a more efficient charge separation. In Fig. 5b, the
transient chronoamperometry of sample i and iii col-
lected at 0.4 V displays prompt and constant on-off re-
sponses with light on-off. The current of sample iii (635
μA cm−2) is approximately 3.6 times higher than that of
sample i (173 μA cm−2). Further, the photoelectronic re-
sponses for them at 0.4 V are almost constant, indicating
their high stability. The smaller interfacial resistance of
sample iii than that of sample i in EIS measurements,
especially under AM 1.5 irradiation (Fig. 5c), indicates
that sample iii has efficient charge mobility. The decrease
of interface resistance is owing to the accumulation of
photoelectrons at the interface and results in efficient
charge separation, which is consistent with the SPS ana-
lysis. As shown in Fig. 5d, their Mott-Schottky plots have
positive slope, suggesting that both materials are n-type
semiconductors [48]. In addition, the sample iii shows a
small slope compared with that of sample i, suggesting
that the former has a higher donor density [49]. The
richer donor density in sample iii could be ascribed to the
VO on the disordered layer, which is beneficial to improve
the solar light photocatalytic activity.

Figure 5 Photoelectrochemical properties of the pristine rutile TiO2 (sample i) and the hydrogenated rutile TiO2 (sample iii). (a) Linear sweeps
voltammograms in the dark and under AM 1.5 irradiation, (b) the chronoamperometry, (c) the Nyquist plots of electrochemical impedance in the
dark and under AM 1.5 irradiation, and (d) the Mott-Schottky plots.
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The photocatalytic mechanism of VO-mediated efficient
photogenerated electron-hole separation in hydrogenated
rutile TiO2 is proposed in Fig. 6. In the presence of
NaBH4, the surface VO defects and Ti3+ in disordered
layers result in the narrowed bandgap. Then, the energy
band positions of rutile TiO2 are changed along with the
degree of hydrogenation, as shown in Fig. S4. After re-
duction, the lift of CB for hydrogenated rutile TiO2

promotes the separation efficiency of electron-hole pairs.
The VO favors the adsorption of water molecules and
dissociation of hydrogen molecules, which plays vital role
in exciting the water molecules and makes the generation
and desorption of hydrogen molecules easily. Under solar
light irradiation, the photogenerated electrons in the VB
of hydrogenated rutile TiO2 are excited to CB, and then
transferred to the co-catalyst of Pt for proton reduction.
The synergistic effect of Ti3+ and surface VO defects is
beneficial to the absorption of visible light, the rapid se-
paration of photogenerated electron-hole pairs, and the
inhibition of rapid recombination rate, thus enhancing
solar-driven photocatalytic performance.

CONCLUSIONS
In summary, we demonstrated a facile sodium borohy-
dride reduction method to prepare rutile TiO2 photo-
catalyst with controllable VO defects and high solar-
driven photocatalytic activity. The experiments showed
the formation of Ti3+ in the disordered layer and VO de-
fects on the surface of hydrogenated rutile TiO2. The
resulting hydrogenated rutile TiO2 not only showed
photoresponse extending to visible light region, but also
increased the separation efficiency of photogenerated

electron-hole pairs obviously. The hydrogenated rutile
TiO2 exhibited excellent solar-driven photocatalytic hy-
drogen evolution rate (734 μmol h−1), which was almost
four times as high as that of the pristine rutile TiO2

(185 μmol h−1), due to the VO-mediated efficient electron-
hole separation.
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具有高效电子-空穴分离和优异太阳光催化产氢性能的金红石TiO2表面的氧空位调控
肖芳1, 周卫2*, 孙博婧2, 李昊泽2, 乔盼哲2, 任丽萍2, 赵小军1*, 付宏刚2*

摘要 氧空位缺陷在半导体光催化中起重要作用. 本文采用原位固态化学还原策略可控制备了具有不同氧空位含量(0~2.18%)的金红石
TiO2纳米材料, 其带隙由3.0 eV减小到2.56 eV, 颜色由白色变为黑色. 氧空位含量为~2.07%的样品具有最高的太阳光催化产氢性能
(734 μmol h−1), 产氢量约为原始样品(185 μmol h−1)的四倍. 扫描开尔文探针、表面光电压和瞬态荧光结果表明: 氧空位的出现提升了金
红石TiO2的表观费米能级并促进了光生电子-空穴的分离, 有利于光生电子的溢出和光生载流子寿命的延长(7.6×103 ns). 这种由氧空位缺
陷诱导的光生电子-空穴高效分离策略为构筑其他高性能半导体氧化物光催化剂提供了新思路.
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