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www.rsc.org/ The effect of concentration ratio of bulk single-electron-trapped oxygen vacancies /surface oxygen vacancies on the
photocatalytic hydrogen production of TiO, was investigated. A series of TiO, with the tunable concentration ratio of bulk
and surface oxygen vacancies were prepared through NaBH, solid-state reduction method. The results of HRTEM, XPS,
ESR, PL and UV-Vis DRS verify that surface oxygen vacancies can form on surface of TiO, and the concentrations of bulk
single-electron-trapped oxygen vacancies and surface oxygen vacancies increase with the increase of the reduction
degree. Combined the evaluation of photocatalytic hydrogen production with the analysis of positron annihilation lifetime
spectra, it is proved that the concentration ratio of bulk single-electron-trapped oxygen vacancies /surface oxygen
vacancies plays the key role on photocatalytic hydrogen production of TiO,, and the optimal ratio of bulk single-electron-
trapped oxygen vacancies /surface oxygen vacancies leads to the best photoactivity.

declared that the photogenerated charges separation
Introduction efficiency could be improved obviously by tuning the ratio of
bulk Ti3+/surface defects 5. Although some researches have
studied the different functions of bulk/surface defects on
photoactivity, yet the type of the bulk or surface defects is still
ambiguous and their synergistic effect need be further
investigated in detail.

Among these defects of TiO,, oxygen vacancy, mainly
including the surface and bulk oxygen vacancy, is not only
important but also easy to be regulated. Surface oxygen
vacancy can improve the light absorbance of TiO,, and trap
electrons to boost the separation of photogenerated charges.
Our group has been committed to studying the physical and
chemical property of nanotube titanic acid (NTA)
systematically 1922 3nd found that a novel anatase TiO, with
abundant of bulk oxygen vacancies can be obtained via the
dehydration of NTA. Through experiments and theoretical
calculation, it was verified that the bulk oxygen vacancies
belonged to bulk single-electron-trapped oxygen vacancies
(SETOVs) 2 The SETOVs can form a sub-band under the
conduction band of TiO,, leading to a visible light absorption,
whereas they are also the recombination centres of the
photogenerated charges, which is the disadvantage of
enhancing the photocatalytic performance. Recently, the
surface oxygen vacancy is testified to improve the separation
efficiency of the photogenerated charges 2425 Qour previous
works have also proved that the coexistence of bulk SETOVs

Expanding the visible light absorption and increasing the
separation efficiency of the photo-excited charge carriers are
the two key points to improve the photocatalytic yield of TiO,.
Many approaches have been adopted to resolve these two
problems 1'8, among which self-doping (Ti3+ ion and oxygen
vacancy) is special efficient to promote the photo-response of
TiO,. Alberto et al reported that a continuous band formed by
bulk oxygen vacancies narrowed the band-gap of TiO, to
improve light absorption ° L et al prepared Ti* self-doped
TiO, via in situ surface hydrogenation synthesis method that
exhibited visible light photocatalytic performance 0 A great
deal of theoretical calculation ™ and experimental
1416 5n the defects of TiO, have identified that the
surface and bulk defects have different and important effects
on photocatalytic mechanism and the functions of bulk and
surface defects are so complicated. Therefore, to study their
synergistic effect on the photocatalytic performance has been
a hotspot. Kong et al. reported that decreasing the relative
bulk/surface defect concentration ratio of TiO, could
significantly improve the charges separation efficiency and
enhance the photocatalytic performance remarkably Y But,
the type of defect was not identified in this work. Wang et al.
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of bulk SETOVs and surface oxygen vacancies has the key
effect on improving photocatalytic performance of TiO,.

Herein, a series of TiO, with the different concentration
ratios of bulk SETOVs /surface oxygen vacancies were obtained
through adjusting the amount of the reductant and the
reaction time using the novel TiO, as the precursor, and the
effect of the ratio of the two oxygen vacancies on the
photoactivity was studied accompanied with the positron
annihilation experiment in detail.

Experimental
Materials preparation

Anatase TiO, with bulk SETOVs was prepared via calcining
NTA at 400 °C for 2 h. NTA powder was obtained with
commercial P25 as precursor via hydrothermal process
according to our previous reports 29,30, Typically, 3 g P25 were
mixed uniformly with 300 mL NaOH (10 M) aqueous solution,
and then the white mixture was poured into 100 mL autoclave
and heated at 150 °C for 24 h. The resulting white precipitate
was washed with distilled water until ca. neutral pH and then
immersed in 500 mL 0.1 M HCI solution for 7 h for ion-
exchange Na'/H", followed by the removal of CI" by washing
with distilled water until ca. neutral pH. The as-achieved
precipitate was dried at room temperature under vacuum,
leading to the desired product was NTA.

The prepared TiO, and NaBH, were mixed in different
proportions and grinded thoroughly for 30 min. The mixed
powder was calcined at 300 °C under Ar atmosphere for
different time, and then washed with distilled water to remove
the residual NaBH, completely. Finally, the resultant products
were dried at room temperature under vacuum, which were
denoted as TiO,-Rx(y) (R represented reduction, x was
calcination time, y was the mixed mass proportion of TiO, and
NaBH,).

Characterizations

The X-ray diffraction (XRD) test was carried out on German
Bruker D8 - ADVANCE diffractometer with Cu Ka radiation, the
scanning range was 5 - 90° with 4 °/min of scanning speed. A
high resolution transmission electron microscope (HRTEM,
JEM-2100) was taken to observe the morphology of the
prepared samples at 200 kV. The Brunauer-Emmett-Teller
(BET) was used to measure the specific surface area of the
samples by nitrogen adsorption-desorption isotherms at 77 K.
The ultraviolet-visible diffuse reflectance spectra (DRS) of the
photocatalysts were recorded in 200 - 800 nm region with an
UV - 2600 ultraviolet—visible spectrophotometer against
BaS0,. The photoluminescence (PL) spectra were measured on
a fluorescence spectrometer (JY HORIBA FluoroLog - 3)
equipped with an excitation wavelength of 300 nm. X-ray
photoelectron spectroscopy (XPS, AXISULTRA) was employed
to identify the chemical states of the surface compositions in a
Kratos-Axis-Ultra system equipped with monochromatic Al Ka
X-rays (1486.6 eV). The electron spin resonance (ESR) spectra
of the samples were recorded on a Bruker E500 spectrometer
in air at room temperature. The photocurrent-time curve was
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obtained by a three-electrode photoelectrochemical cell and
workstation (CHI600E China) with a 300 W xenon lamp with
100 mL 0.1 M Na,SO, solution as the electrolyte.

Positron annihilation lifetime spectra (PALS) were employed
under a ORTEC-583 fast - fast coincident system using the
coincidence spectrometer at room temperature, which had a
270 ps prompt time resolution (FWHM) of the y-ray from a
60Co source under the experimental conditions. The powder
samples were pressed into a disk (10.0 mm * 1.0 mm). A
positron source (30 uci 22 Na) was sandwiched between two
same sample disks. The positron lifetime spectrum with 106
counts was divided to several lifetime components through
the PATFIT program.

Evaluation of photocatalytic hydrogen production

The photocatalytic hydrogen production evaluation was
conducted in a top-irradiation closed online system (CEL-
SPH2N, China Education Au-light Company Limited) under UV-
Vis or A > 420 nm visible light irradiation. The incident light
source was 300 W Xe lamp (CEL-HXF300, Beijing) and the light
intensity was 200 mW/cmZ. Typically, 50 mg sample was
dispersed into 100 mL of 20 % methanol/water mixed solution
under magnetic stirring. A calculated amount of H,PtClg-6H,0
ethanol solution was added into the reaction solution to load 1
wt.% Pt as co-catalyst via a photo-deposition method. After
the action system was vacuumed for 30 min, the reaction
solution was irradiated under constantly stirring for five hours.
During reaction process, 1mL gas product was sampled and
analysed every 30 min by the online GC-7920 gas
chromatograph (CEAULIGHT, China) with a thermal
conductivity detector, and the high-purity Ar was used as
carrier gas.

Results and discussion
Phase structure, morphology and BET analysis of catalysts

A Ti0,-R50(2:1)

A TiO,-R10(2:1)
g: A i T&-Rm(ﬂ)
>
3 TiO-R10(8:1)

TiO,
T T T
20 40 60 80

20 (degree)
Figure 1 XRD pattern of the prepared samples.

The X-ray diffraction (XRD) test is performed to obtain the
phase structure of the prepared samples, and the results are
shown in Fig. 1. All samples present the diffraction peaks at 26
values of 25.3, 37.8, 48.1, 54.0, and 55.0, which can be
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attributed to the (101), (004), (200), (105), and (211) crystal
facets of anatase TiO, (PDF card 21-1272, JCPDS). That
demonstrates that NTA has completely transformed to anatase
TiO, via calcination. Compared with TiO,, the peak intensity of
the reduced samples apparently weaken, which proves that
their crystallinity lowers and the defect sites increase after
reduction >, In addition, it is not difficult to find that the peak
intensity of TiO,-R10(8:1) is similar to that of TiO, because the
reduction degree of TiO,-R10(8:1) is too low to influence its
surface structure obviously. Moreover, the peak intensity of
the reduced samples gradually weaken with the augment of
the reduction degree. When TiO, is reduced via calcination
with NaBH,, the amount of NaBH, and calcination time directly
influence the reduction degree of TiO,. The results show that
the surface of the reduced samples don’t remain

stoichiometric structure and oxygen vacancies on the surface

lead to form the disordered structure and the thickness of the
31,32

disordered layer is affected by the reduction degree

Figure 2 HRTEM images of TiO,-R50(2:1) (a) and TiO,-R10(4:1) (b), the inset
figure was TEM image of TiO,-R10(4:1).

Next, TEM is conducted to visually verify the surface
structure of the reduced samples. It can be seen from the
insert figure of Fig. 2b that the morphologies of TiO,-R10(4:1)
are coexistence of nanoparticles and nanotubes, which
indicates that the part of nanotubes broke after NTA were
calcined. Furthermore, The specific surface areas of TiO,, TiO,-
R10(8:1), TiO,-R10(4:1), TiO,-R10(2:1) and TiO,-R50(2:1) are
246.5, 235.3, 227.3, 219.5 and 213.2 mz/g, respectively. The
fact that the samples have the similar specific surface areas
indicates that morphologies of the samples are not apparently
influenced after the NaBH, reduction. The HRTEM images of
TiO,-R50(2:1) and TiO,-R10(4:1) clearly show that the distance
of lattice fringe is about 0.35 nm, which is corresponding to
(101) facet of anatase TiO, 2. Fig. 2a shows that a ca. 1 nm
disordered layer covers on the surface of TiO,-R50(2:1), and
Fig. 2b shows that the surface of TiO,-R10(4:1) presents a
discontinuous disordered layer, which is ca. 0.4 nm. A great
deal of studies have demonstrated that abundant of surface
oxygen vacancies lead to appear the disordered form of
surface structure >> 3% A large amount of oxygen vacancies
make the surface structure of TiO, nonstoichiometric, so that

This journal is © The Royal Society of Chemistry 20xx

the ordered lattice is destroyed, resulting in the appearance of
the disordered layer. The thickness of the disordered layer is
related to the concentration of surface oxygen vacancies,
therefore the surface of TiO,-R50(2:1) is coated by a thick
disordered layer because of the deep reduction degree,
meanwhile the surface of TiO,-R10(4:1) only appear a
discontinuous and thin disordered layer due to the slight
reduction degree. The HRTEM results coincide with the XRD
analysis, which show that the surface oxygen vacancies have
formed on the surface of the prepared samples by the NaBH,
reduction and the concentrations of surface oxygen vacancies
can vary with the reduction degree.

XPS and ESR analysis

XPS and ESR spectra are also employed to further verify the
existence of Ti** and oxygen vacancy. XPS can provide the
useful information for the chemical states of Ti atoms and the
bonding environment of O atoms. Fig. 3a shows that the Ti 2p
peak of TiO,-R50(2:1) is unsymmetrical, which can be fitted
into four peaks at 458.3, 458.7, 463.8 and 464.5 eV. The peaks
at 458.3 eV and 463.8 eV are assigned to Ti** 2p;/, and Ti*'
2pi1/2, and the peaks at 458.7 eV and 464.5 eV are assigned to
Ti** 2ps and Ti*" 2py,, respectively **>> %, This indicates that
some Ti°" ions have been formed on the surface of TiO,-
R50(2:1). NaBH, decomposes and produces active hydrogen,
which has the stronger reduction capability than H,. Active
hydrogen combines rapidly with O atom on the surface of TiO,
to form OH-species and further become H,O molecule,
resulting in the generation of oxygen vacancy, and then
electron transfers from oxygen vacancy to Ti* to form Ti** ion
37 As shown in Fig. 3a, the Ti 2p XPS of TiO,-R10(4:1) does not
have the peak of Ti** and only has two individual peak at 458.7
eV and 464.5 eV, which are assigned to the binding energies of
Ti** 2ps;, and Ti*" 2py,, respectively. Meanwhile, the Ti 2p
peaks of TiO, are located at 459.0 eV and 464.7 eV , which are
in good accordance with the typical characteristics of the Ti—
O-Ti bonds in TiO, 2, Compared with TiO,, the Ti 2p peaks of
TiO,-R10(4:1) tend to shift 0.3 eV towards lower binding
energy due to the change of chemical environment for TiY 1t
is possibly because the amount of Ti** ions on the surface of
TiO,-R10(4:1) is too few to be detected by XPS, but the
existence of Ti°* can increase electron density to weaken the
bind energy 38,39 Compared with the O1s XPS spectra of TiO,,
TiO,-R10(4:1) and TiO,-R50(2:1) (Fig. 3b), O1s binding energy
of the two reduced samples shift to lower binding energy
direction in sequence than TiO,. The O1s peak of TiO,-R10(4:1)
and TiO,-R50(2:1) shifts towards lower binding energy of 0.2
and 0.5 eV than TiO,. The formation of Ti*" ions would indeed
impact the bond energy of Ti-O band. The reduction degree of
TiO,-R50(2:1) is larger than that of TiO,-R10(4:1), so the
concentration of its oxygen vacancies is higher, which
influences the chemical environment of O1s more obviously.

J. Name., 2013, 00, 1-3 | 3
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Figure 3 XPS spectra of Ti 2p peaks (a) and O1s peaks (b) for TiO,-R50(2:1), TiO,-R10(4:1) and TiO,.
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Figure 4 ESR spectra of TiO, and TiO,-R50(2:1) (a), ESR spectra contrast of TiO,-R10(4:1), TiO,-R10(8:1) and TiO; (b).

Fig. 4a shows that TiO, has only a ESR signal peak at g=2.002,
and TiO,-R50(2:1) has two ESR signal peaks locating at g=1.982
and g=2.002 respectively. The ESR peak intensity at g=2.002 of
the two samples are strong, which can be attributed to bulk
single-electron-trapped oxygen vacancy (SETOV) 380 1t s
confirmed in our previous work that NTA could transform to a
kind of novel anatase TiO, with abundant SETOVs via
dehydration. According to the literatures, the ESR signal peak
of surface Ti*" is located at g=1.980, and the ESR signal peak of
lattice Ti** is located at g=1.990 43 5o the signal peak at
g=1.982 should be attributed to the surface paramagnetic T,
The surface oxygen vacancy possessing two electrons or no
electron can’t present ESR signal peak directly, however Ti*
can trap the electron of oxygen vacancy to be reduced to T,
so the existence of Ti*" signal can demonstrate the formation
of surface oxygen vacancies indirectly by ESR technology. This
results illustrate that TiO,-R50(2:1) has not only bulk SETOVs
but also surface oxygen vacancies, which also verify surface
oxygen vacancies can be formed successfully on the surface of
TiO, by means of NaBH, reduction. Notably, the ESR signal
peaks at g=2.002 of TiO,-R50(2:1) is higher than that of TiO,,
indicating that the concentration of bulk SETOVs of TiO,-
R50(2:1) is higher than TiO,. Based on the literatures =, 44,
active hydrogen released from the decomposition of NaBH, is

4| J. Name., 2012, 00, 1-3

easy to diffuse from the surface to the subsurface because the
adsorption energy of active hydrogen on the subsurface O, of
TiO, is smaller than that on surface, so the concentration of
bulk oxygen vacancies is also influenced in the reduction
process. As shown in Fig. 4b, the samples of TiO,-R10(4:1) and
TiO,-R10(8:1) only exhibit the signal peaks at g=2.002 because
the concentration of the surface oxygen vacancies is too low to
be detected, which agrees with the analysis of XPS. In addition,
the concentration of bulk SETOVs of TiO,, TiO,-R10(8:1) and
TiO,-R10(4:1) gradually increase with the increase of the
reduction degree. The relationship between the concentration
of SETOVs and the intensity of ESR signal peak is proportional
4. This proves also that the concentration of bulk oxygen
vacancies can be weakly influenced by active hydrogen
released from NaBH, decomposition.

The results of TEM, XPS and ESR demonstrate that the
surface oxygen vacancies are indeed formed via NaBH,
reduction, and then the concentration of bulk and surface
oxygen vacancies of the samples gradually increase with the
increase of the reduction degree. That is to say, the
concentration of bulk and surface oxygen vacancies can be
adjusted through tuning the amount of NaBH, and the
reaction time.

This journal is © The Royal Society of Chemistry 20xx
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Figure 5 The photo-luminescent spectra of the prepared samples.

Fig. 5 shows the PL spectra of the prepared samples with the
excitation light wavelength of 300 nm. Normally, three main
factors of intrinsic absorption, oxygen vacancy and surface
state would cause the PL response of TiO, nanoparticles a6, 4
so PL technique is often used to study the defect site of TiO,
nanoparticles. As shown in Fig.5, all the samples exhibit a
strong PL signal peak at 394 nm, which are attributed to the
intrinsic property of TiO,. TiO,-R50(2:1) has the strongest PL
signal peak and the PL peak intensity gradually weaken with
the different reduction degree of TiO,. The stronger PL signal
means that the more defects existed ** °. Hence, PL results
also prove that TiO, with different concentration of bulk and
surface oxygen defects can be obtained via tuning the amount
of NaBH, and the reaction time.

L6
Tio,
14} —— TiO-R50(2:1)
sl ——TiO,-R10(2:1)
——TiO,-R10(4:1)
3 Lo+ TiO,-R10(8:1)
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Figure 6 The UV-Vis diffuse reflection spectroscopy (DRS) of the

samples.

The UV-Vis diffuse reflection spectroscopy is employed to
study the effect of bulk and surface oxygen vacancy on the
optical absorption of the samples. Fig. 6 shows that all the
samples have the strong absorption intensity in the UV region.
TiO, presents a weak absorption in the visible light region
because that abundant single electron oxygen vacancies
(SETOVs) in the bulk can form a sub-band under conduction
band of TiO,, which extends its light absorption range to the
visible light region 2 It is also found that the reduced samples
have stronger light absorption than TiO, in visible light region,
and that the absorption intensity gradually heighten with the

This journal is © The Royal Society of Chemistry 20xx

increase of the reduction degree. The higher the reduction
degree, the heavier the concentration of surface and bulk
oxygen vacancies. Both surface and bulk oxygen vacancies
could improve visible light absorption Notably, TiO,-
R50(2:1) and TiO,-R10(2:1) present a broader absorption than
those of TiO,-R10(4:1) and TiO,-R10(8:1), especially in the
visible light region of 500-800 nm, which are caused by the
high concentration of surface oxygen vacancies, coinciding
with the above analysis of TEM, XPS and PL *L32 The color of
TiO, is white and the color of the reduced samples gradually
deepen with the increase of the reduction degree, and the
color of TiO,-R50(2:1) turns to grey in the end. Herein, the
results that the visible light absorption of the reduced samples
are successively enhanced and the color of the samples can
gradually deepen illustrate that lots of surface oxygen
vacancies can be formed on the surface of the reduced
samples via NaBH, reduction and the concentration of bulk
and surface oxygen vacancies is related to the amount of
NaBH, and reaction time.

Photocatalytic hydrogen production of the samples and
photocurrent analysis

The photocatalytic hydrogen production rates of the
samples are shown in Fig. 7. As seen from Fig.7a, all the
samples have high photocatalytic hydrogen production rates
under UV-Vis light irradiation. The photocatalytic hydrogen
production rates of all the reduced samples are higher than
that of TiO,, which is 14.9 mmol-g'l-h'l. Both the bulk SETOVs
and surface oxygen vacancies can contribute to the extension
of the light absorption region, leading to the improvement of
photoactivity. The above UV-Vis spectra also illustrated that
the absorbance of the reduced samples improved gradually as
the increase of the reduction degree. Interestingly, the
photocatalytic hydrogen production rates of the reduced
samples increase firstly and then decrease with the increase of
the reduction degree, and TiO,-R10(4:1) presents the highest
photocatalytic hydrogen production rate. From the above
analysis, we know that the BET surface areas of these samples
are similar, and that the light absorption intensity of TiO,-
R10(4:1) isn’t strongest. So the photoelectric separation
efficiency should be the main reason for the large difference of
their photocativity. Surface oxygen vacancies can trap electron
and rapidly transfer towards cocatalyst to accelerate the
separation of photo-generate charges 17,33, However, the
results further identify that the surface oxygen vacancy is not
the more the better, and the optimum ratio of bulk SETOVs
and surface oxygen vacancies can lead to the best
photoactivity. Fig. 7b shows the photocatalytic hydrogen
production rates of all samples under visible light irradiation (A
> 420 nm). Surface oxygen vacancies can greatly enhance the
visible light absorption, so the photoactivity of the reduced
samples are much higher than TiO,. TiO,-R10(4:1) still exhibit
the best photoactivity, and that its photocatalytic hydrogen
production rate is about 3 times higher than that of TiO, under
visible light irradiation. That further verifies that the suitable
concentration ratio of bulk SETOVs and surface oxygen

J. Name., 2013, 00, 1-3 | 5
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UV-Vis irradiation.

vacancies is more beneficial to the improvement of
photoactivity.

The stability of photocatalyst is important for photocatalytic
reaction, so the stability of TiO,-R10(4:1) is evaluated by long-
time cycle experiments. As seen from Fig. 8, the photocatalytic
hydrogen production rate in the first-cycle test is slightly
higher than the later, and the photoactivity of TiO,-R10(4:1)
tends to be stable after the first cycle.

The photocurrent response of the samples was also
conducted under UV-Vis light irradiation, and the results are
illustrated in Fig. 9. The photocurrent intensity of all the
reduced samples are higher than that of TiO,, and that the
photocurrent intensity of TiO,-R10(4:1) is the highest one,
which is consistent with the above the results of their
photoactivity. This confirms that surface oxygen vacancies can

This journal is © The Royal Society of Chemistry 20xx
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Figure 9 Photocurrent-time curves of the samples under UV-Vis light irradiation.

extend light absorption and improve the separation of
photogenerated charges, but excessive surface oxygen
vacancies also become the recombination centres of
photogenerated electrons and holes. Therefore, the optimum
ratio of bulk and surface oxygen vacancies can result in the
best efficient separation of photogenerated charges, which is
the essential condition for obtaining the high photocatalytic
performance.

Effect of bulk/surface oxygen vacancies ratio on photocatalytic
activity

Positron annihilation lifetime spectra (PALS) is a powerful and
sensitive technique to study qualitatively the oxygen vacancies
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Table 1 Positron Lifetime, Relative Intensities and Production H, Rate of the prepared samples

Samples Ti[ps] Tlps] 1;[%] 1,[%] 11/1; rate/H,
(mmol/g/h)
TiO,-R10(8:1) 189 322 46.33 53.67 0.86 16.4
TiO,-R10(4:1) 206 336 56.58 43.42 1.30 22.5
TiO,-R10(2:1) 208 341 60.03 39.97 1.50 20.6
TiO,-R50(2:1) 211 345 61.74 38.26 1.61 16.5

Published on 02 May 2018. Downloaded by National University of Singapore on 06/05/2018 21:11:35.

of TiO, in the very low concentration range. When the
positrons are injected into the TiO,, they preferentially diffuse
into the low electron density regions (e.g. microvoids, mono
vacancies and vacancy clusters ), then are thermalized and
annihilated by electrons, finally leading to emitting the y rays,
which will provide the lifetime of positrons and the
information of various defects >*. In the work, the anatase TiO,
prepared via the dehydration of NTA possess abundant bulk
SETOVs, the surface oxygen vacancies are formed on the
surface of the anatase TiO, through the NaBH, reduction,
meanwhile the concentration of the bulk SETOVs is also
influenced. The concentrations of bulk and surface oxygen
vacancies could be adjusted through tuning the amount of
NaBH, and the reaction time. PALS technique is used to
characterize the bulk and surface oxygen vacancies of the TiO,
samples and study the correlation between the concentration
ratio of bulk/surface oxygen vacancies and the photocatalytic
performance. As shown from table 1, the two lifetime
components T, and T, with the relative intensities /; and /, are
obtained for the reduced samples with the different reduction
degree 3. The shorter lifetime component (t;) should be due
to the free annihilation of positrons in the defect-free crystal.
In the disordered system, the small monovacancies or oxygen
vacancies can lower the electron density and decrease the
annihilation rate *°. The bulk SETOV in the samples can trap the
positron because it possesses one electron, which has been
reported in our previous work 2223 for the anatase TiO, with
fine crystal, the positron diffusion length is about 45nm and
the 1, is approximately 178 ps >’ Based on the literatures 17’51,
the shorter lifetime (t;) component attributes to the bulk
annihilation rate, the bulk SETOVs annihilation rate and the
positron diffusion from bulk to surface, as well as T, is the
reciprocal of the sum of them. The morphology and phase
structure of the samples are similar, so the different
concentrations of bulk SETOVs directly influence the value of
T,. The 14 of the reduced samples are not only all higher than
that of the anatase TiO, with fine crystal (~178 ps) but also
increase gradually as the increase of the reduction degree.
These results indicate that bulk SETOVs exist in the samples

This journal is © The Royal Society of Chemistry 20xx

and the concentration of SETOVs increases as the increase of
the reduction degree. The longer lifetime component (t,)
generally arises from the larger size defects e.g. Ti* or oxygen
vacancy clusters, because the average electron density of the
larger size defects is lower than that of the small size defect, so
the positron lifetime is longer >’ The above characterizations
have proved that the surface oxygen vacancies can be formed
on the surface of the reduced samples. Surface oxygen
vacancies possess two electron, and a mass of surface oxygen
vacancies can gather to form dimers, trimers, or clusters.
Therefore, the lifetime component (t;) quantificationally
reveals the surface oxygen vacancies. Due to the increasing
concentration of surface oxygen vacancies, the T, of the
reduced samples gradually increase with the enhancement of
the reduction degree.

Except for the positron lifetime, its intensity (/) embodies
the relative concentration of the bulk or surface oxygen
vacancies. The ratios of /; to I, (I;/I,) for TiO,-R10(8:1), TiO,-
R10(4:1), TiO,-R10(2:1) and TiO2-R50(2:1) are 0.86, 1.30, 1.50
and 1.61, respectively. Apparently, the /; of these samples
increases and their /, decreases with the increase of reduction
degree, indicating the increased concentration of bulk SETOVs
is more than that of surface oxygen vacancies. The result
implies that the influence of the active hydrogen on the bulk
SETOVs is larger than that on the surface oxygen vacancies.
The reason should be deduce from two aspects. Firstly, active
hydrogen released from NaBH, decomposition is easy to
diffuse from the surface to the subsurface. Secondly, the
morphologies of the samples are all coexistence of
nanoparticles and nanotubes, the size of nanoparticle is about
20 nm and the wall thickness of titanic acid nanotube is only
about 2 nm. So, the effect of active hydrogen atoms on bulk
SETOVs is greater than surface oxygen vacancies due to the
small size of samples, which is consistent with the above
characterization.

The effect of the concentration ratio of bulk SETOVs /
surface oxygen vacancies (/;/l,) on photocatalytic hydrogen
productive rate is shown in Table 1. The photocatalytic
hydrogen production rates of the four samples increase firstly
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and then decrease with the increase of /;/l,. TiO,-R10(4:1)
presents the highest photocatalytic hydrogen productive rate.
The bulk SETOVs contribute to extending the light absorption
range, but they are also detrimental to the photocatalytic
activity of TiO, as the recombination centre of the
photogenerated charges. Surface oxygen vacancies can
facilitate the separation of photogenerated charges as the trap
sites of photogenerated electrons. However, the results
indicate that the excessive bulk SETOVs and surface oxygen
vacancies are unfavorable for the improvement of the
photocatalytic hydrogen production, the concentration ratio of
bulk SETOVs /surface oxygen vacancies plays the direct and
important effect on photocatalytic hydrogen production
performance of TiO,, and the suitable ratio of bulk SETOVs /
surface oxygen vacancies can lead to the best photoactivity.

Conclusions

In the work, TiO, with the different concentration ratios of
bulk SETOVs /surface oxygen vacancies are prepared via
adjusting the amount of NaBH, and the reaction time. It is
confirmed by TEM, XPS and ESR that the active hydrogen
produced by NaBH, decomposition can prompt the formation
of surface oxygen vacancies and increase the concentration of
bulk and surface oxygen vacancies. The existence of surface
oxygen vacancies enhance the photocatalytic hydrogen
productive efficiency of TiO,. Especially, the photocatalytic
hydrogen production rate of TiO,-R10(4:1) is about 3 times
higher than that of TiO, under visible light irradiation. TiO,-
R10(4:1) has the best photocatalytic hydrogen production
activity due to the suitable concentration ratio of bulk SETOVs
/surface oxygen vacancies. Our conclusion is that the
concentration ratio of bulk SETOVs /surface oxygen vacancies
have the direct and important effect on photocatalytic
performance of TiO,, and the appropriate ratio of bulk SETOVs
/surface oxygen vacancies leads to the best photocatalytic
hydrogen production rate. This work provides a deeply insight
into the correlation of bulk/surface oxygen vacancies and
photoactivity, and the strategy also contributes to improving
the photoactivity of other photocatalysts with oxygen
vacancies.
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