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Sub-10 nm rutile titanium dioxide nanoparticles
for efficient visible-light-driven photocatalytic
hydrogen production
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Titanium dioxide is a promising photocatalyst for water splitting, but it suffers from low visible
light activity due to its wide band gap. Doping can narrow the band gap of titanium dioxide;
however, new charge-carrier recombination centres may be introduced. Here we report
the design of sub-10 nm rutile titanium dioxide nanoparticles, with an increased amount of
surface/sub-surface defects to overcome the negative effects from bulk defects. Abundant
defects can not only shift the top of the valence band of rutile titanium dioxide upwards for
band-gap narrowing but also promote charge-carrier separation. The role of titanium(lll)
is to enhance, rather than initiate, the visible-light-driven water splitting. The sub-10 nm
rutile nanoparticles exhibit the state-of-the-art activity among titanium dioxide-based
semiconductors for visible-light-driven water splitting and the concept of ultra-small nano-
particles with abundant defects may be extended to the design of other robust semiconductor
photocatalysts.
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ince the discovery of water photolysis on a TiO, photo-

anode in the 1970s!, semiconductor photocatalysis has

attracted significant attention due to its promising
applications in environment remediation and solar energy
conversion in the past decades’>. TiO, is the initial
semiconductor photocatalyst investigated and it is still regarded
as a benchmark photocatalyst under ultravoilet irradiation due to
its intrinsic high activity. However, TiO, is a type of wide band-
gap semiconductor and it only adsorbs ultravoilet light, which
greatly limits its practical applications®. Accordingly, persistent
efforts have been made to narrow the band gap of TiO, to extend
its working spectrum to the visible light region, that is, so-called
band-gap engineering.

Doping with metal or non-metal elements is known as a
feasible means to tune the electronic structure of TiO, and to
introduce new states into the TiO, band gap for visible light
response’ 7. In general, doping with non-metal elements, for
example, C, N and S, can build acceptor states above the valence
band from the p states of non-metal ions!®, and doping with
metal elements, for example, Fe and Cr, can build donor states
below the conduction band?. For doped TiO,, the lattice defects
induced by the dopants will unavoidably introduce new charge-
carrier trapping and recombination centres, which might
correspondingly show a degrading effect on the photocatalytic
activity’. Moreover, doped TiO, materials are usually not
adequate catalysts for photocatalytic hydrogen production from
water splitting, although their superior activity in ]ghotocatalytic
oxidation reactions have been well documented®!S. Self-doping
with Ti*+ was further developed for narrowing the band of TiO,
without the introduction of unwanted carrier recombination
centres from dopants!®~2!, which consequently exhibited good
stability and considerable activity for photocatalytic hydrogen
production under visible light?>*!, Recently, hydrogenation of
crystalline TiO, was disclosed as a new approach to enhance the
visible as well as infrared light absorption of pristine TiO, and
subsequently triggered great interest?’~28, The surface disorder of
hydrogenated black TiO,, instead of bulk Ti**, was proposed to
be responsible for the extended light absorption?*?%. The
hydrogenated TiO, exhibited remarkable activity in the
photocatalytic hydrogen production from water splitting under
full solar irradiation. However, considering that a sharp decline in
the hydrogen production rate by two orders of magnitude (for
example, from 10 to 0.1 mmolh~1g~1)2225 was observed if
ultraviolet light was filtered out (4>400nm), the original
hydrogen production activity should more probably come from
the enhanced charge separation and transportation under
ultraviolet irradiation rather than the extended visible light
absorption®.

The possibility of extending the working spectrum of TiO, to
the visible light region is generally acknowledged based on both
experimental observations and theoretical calculations’~32. The
common point of different strategies lies in disrupting the
integrity of ordered lattice structure of pristine TiO, (rutile or
anatase) and building new states within the band gap for
photoexcitation with lower energy. However, despite recent
achievements, a simple strategy to TiO,-based semiconductors
for efficient visible-light-driven photocatalytic ~hydrogen
production is still challenging. Indeed, the successful
photocatalyst system should fulfill all the requirements
simultaneously: (i) narrowed band gap for visible light
response; (ii) delicately designed band edge positions to realize
photocatalytic redox reaction; and (iii) high efficiency for charge-
carrier separation to promote photocatalytic activity.

Here we present a direct hydrolysis route to sub-10 nm rutile
TiO, nanoparticles for efficient photocatalytic hydrogen produc-
tion under visible light irradiation. The simple strategy leads to
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state-of-the-art photocatalytic activity among TiO,-based semi-
conductors, and the simplified rutile TiO, semiconductor system
can provide information on the essence of defect-induced visible
light photocatalytic activity.

Results

Preparation and characterization of rutile TiO, samples.
Anatase and rutile TiO,, both with tetragonal structure, are
commonly used in photocatalytic reactions. Rutile TiO, has a
band gap ca. 0.2 eV lower than that of anatase (3.0 versus 3.2eV),
and this could be crucial to the band-gap narrowing to extend its
working spectrum to the visible light region. Bulk rutile TiO, can
be obtained via the high temperature calcination of anatase TiO,
at temperatures higher than 773K, while rutile TiO, nanos-
tructures can be prepared via a hydrothermal route**3* or a
direct hydrolysis route’>=%”. In the present work, the direct
hydrolysis of TiCly, free of any additives, is employed to prepare
rutile TiO, nanoparticles.

Experimentally, the hydrolysis of TiCl; solution (TiCly/
H,O=1:3v/v) can produce rutile TiO, nanoparticles below
10nm. We need to emphasize that the rapid hydrolysis and
evaporation not only ensure the formation of rutile TiO,
nanoparticles instead of nanorods in the presence of concentrated
chloride ions but also create abundant defects in the as-obtained
rutile TiO, nanoparticles (vide infra).

As shown in Fig. 1a, the sample prepared via hydrolysis route
followed by calcination at 473K, T-1, and the reference
sample prepared via hydrothermal route followed by calcination
at 473K, T-3, give the typical diffraction patterns of rutile
TiO, (JCPDF#21-1276), indicating that pure rutile phase is
obtained. The crystallinity of T-1 is relatively low and the
crystallite size is calculated to be ca. 9nm according to the
Scherrer equation from the broadening of rutile (110) reflection.
Calcination at 673K can, on the one hand, greatly enhance the
crystallinity of rutile TiO, but result in a significant increase in
the crystallite size of T-2 (Table 1). Raman spectra of the
samples with relative high crystallinity, that is, T-2 and T-3,
show three Raman-active modes of multi-proton process
(230cm 1), Eg (440 cm ™~ 1y and Ag (610cm ™ b, corresponding
to the tetragonal space group of P42/mnm?>8. For T-1, an obvious
blue shift and broadening of the E; band (~25cm ™~ 1, Fig. 1b) is
clearly observed due to the photon-confinement effects induced
by defects?33°.

X-ray photoelectron spectroscopy (XPS) analysis is performed
to study the surface and sub-surface chemical states (in the depth
up to 3 nm) of rutile TiO, samples. In Ti 2p spectra (Fig. 1c), two
peaks at binding energy of 458.6 and 464.1 eV, assignable to 2p;/,
and 2p,, respectively, of Ti** in TiO, (ref. 40), are observed for
all rutile TiO, samples, indicating the identical chemical state of
Ti atoms in these samples. No obvious Ti** signals could be
observed in Ti 2p spectra. In O 1-s spectra (Fig. 1d), a well-
formed peak at 529.6 eV and two shoulders at 531.7 and 533.1eV
are observed for samples prepared by hydrolysis. The binding
energy value of 529.6 eV is attributed to the lattice oxygen in TiO,
(ref. 23), while the binding energy values of 531.7 and 533.1eV
are attributed to bridging hydroxyls and physisorbed water,
respectively*!*2, Hydrothermal synthesized sample T-3 exhibits a
week peak shape at 531.7 eV corresponding to bridging hydroxyl
groups, revealing its fine crystal structure with few surface defects.
The presence of bridging surface hydroxyls in rutile TiO, samples
is further supported by Fourier transform infrared spectroscopy
(FTIR) with the observation of strong broad band located at
3,425cm ~ ! (Supplementary Fig. 1). It is interesting to note that
the percentages of hydroxyls in total oxygen species for T-1 is
slightly higher than that of T-2, both much higher than that of
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Figure 1| Spectroscopy charatcerization of rutile TiO, samples. (a) XRD patterns of rutile TiO, samples. (b) Raman spectra of rutile TiO, samples.
(e d) Ti 2p and O 1s XPS of rutile TiO, samples. (e) Thermogravimetry analysis of rutile TiO, samples. (f) Positron annihilation lifetime spectra of rutile
TiO, samples with corresponding positron lifetime and relative intensity in the inset.

Table 1 | Physico-chemical properties of TiO, samples under study.

Calcined at 473K

Sample Preparation strategy Crystalline phase Crystallite size (nm) BET (m2g— ") OH groups (%) Color

T Hydrolysis at 373K Rutile 9 af 101 15.7% 18.8% Light grey
Calcined at 473K

T2 Hydrolysis at 373K Rutile 32 277 86 14,3t 15.9% White
Calcined at 673K

T3 Hydrothermal at 453K Rutile 23 16 x 707 55 4.9 5.28 White
Calcined at 473K

T-4 Hydrothermal at 373K Anatase 6* 7t 208 / / White

*Calculated by Scherrer equation from XRD patterns.

FTTEM observations.

iCalculated from O 1-s XP spectra.

§Calculated from TG analysis in the temperature range of 373-973K.

TEM, transmission electron microscopy; TG, thermogravimetry; XP, X-ray photoelectron; XRD, X-ray diffraction.

hydrothermal-synthesized T-3 (Table 1). This is further
confirmed by the thermogravimetry analysis in Fig. le, where
weight losses of 7.9% and 2.2% in the temperature range of 373-
973K are observed for T-1 and T-3, respectively.

Positron annihilation is a well-established technique to study
the defects in semiconductor materials and the lifetime of the
positron is able to give information on the nature of various
defects down to the p.p.m. level*>. We have employed this
technique to investigate the defects in rutile TiO, samples

prepared via direct hydrolysis and hydrothermal synthesis, and
the results are shown in Fig. 1f. Two different fitted curves are
clearly observed and the corresponding fitting parameters,
lifetime, 7, 7, and 73, with relative intensity, I;, I, and I, are
summarized in the inset. The longest lifetime component 75 is
attributed to the annihilation of orthopositronium atoms formed
in very large voids presented in the material*. The lifetime
components 7; and 7, have been demonstrated to indicate the
existence of point defects in the bulk phase and the defects
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located on the surface of the samples, respectively*>6. The
lifetime 7, and 7, of T-1 is comparable with that of T-3, which
indicates the similar nature of surface and bulk defects in both
samples, as the nature of defects can influence the local electron
density and subsequently influence the positron lifetime*”. The
value of L/I;, reflecting the intensity ratio of surface to bulk
defects, is calculated to be 1.66 for T-1, obviously higher than the
1.09 of T-3, indicating the rich of surface defects in sub-10 nm
rutile TiO, nanoparticles prepared via hydrolysis.

The morphology and structure of rutile TiO, samples are
analysed by transmission electron microscopy (TEM), as shown
in Fig. 2a. T-1 appears as aggregates of nanoparticles with an
average diameter of ca. 8 nm. Calcination at 673K results in a
distinct increase in the crystallite size of rutile TiO, from 8 to
27 nm, basically in agreement with X-ray diffraction results. The
reference sample T-3 appears as nanorods with an average
diameter of 16 nm and a length of 70 nm. For rutile TiO,, (110)
facet is the most stable facet with lowest formation energy*® and it
is observed as the dominant facet for all rutile TiO, samples, as
illustrated by the lattice fringes with a spacing of 0.325nm in the
high-resolution TEM images (Fig. 2b). In addition, disordered
structure induced by defects, can be observed for rutile TiO,
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Figure 2 | Morphology and structure of rutile TiO, samples. (a) Overview

TEM images of rutile TiO, samples. Scale bar, 50 nm. (b) High-resolution

TEM (HRTEM) images of rutile TiO, samples. Scale bar, 4 nm.

() Structural analysis based on HRTEM images, analysis region and

orientation marked in the HRTEM images. (d) Ti L, 3 edge EELS of rutile

TiO, samples.

samples prepared via direct hydrolysis (T-3). Structural analysis
based on high-resolution TEM image is further performed to
provide visualized information on the existence of defects in rutile
TiO, samples under study (Fig. 2c). For T-3, clearly resolved and
well-defined lattice fringes are observed and the distance between
the adjacent lattice planes is equivalent to standard spacing,
revealing the high crystallinity and the formation of fine crystals.
For T-1, different types of defects, including intrinsic bulk defects
(different distances between adjacent lattice planes) and surface
hydroxyls (higher intensity trace, as marked with circle in Fig. 2c),
can be clearly observed. Calcination at 673 K results in an increase
in the crystallinity and the corresponding decrease in the defect
degree. However, defects can still be observed, especially at the
edges of nanoparticles (Fig. 2c), which is consistent with XPS
results. Electron energy loss spectra (EELS) is further performed
on T-1 and T-3, to give a qualitative interpretation of electronic
states, as shown in Fig. 2d. For Ti L, 5 edge, the Ti 3d character
splits into two groups: the threefold #,; and the twofold e,
orbitals, owing to the octahedral coordination with O atom
forming s-type and n-type bonds*®. The tg — € splitting in Ti
L, 5 edge of T-1 and T-3 is quite similar, ruling out the existence
of Ti with different electronic states, that is, Ti® +23. A noticeable
intensity decrease of the L, peak of T-1 should be originated from
the existence of defects®>!,

Band gap states of as-prepared rutile TiO, samples. The optical
properties of as-prepared rutile TiO, samples are investigated by
diffuse reflectance ultraviolet-visible spectroscopy and the results
are shown in Fig. 3a. T-3 shows a band-edge absorption around
410nm, typical for rutile TiO, with a band-gap energy of
ca. 3.0eV. In contrast, T-1 shows obvious visible light absorption
up to 600 nm, which should be originated from the existence of
abundant defects. Calcination at 673 K will eliminate some of the
defects (as discussed in the previous section) and therefore sig-
nificantly reduce the absorption in visible light region. The plots
of transformed Kubelka-Munk function versus the energy of light
(Fig. 3b) give band-gap energies of 2.74, 2.84 and 2.98 eV for T-1,
T-2 and T-3, respectively. Based on its light-absorption feature,
the sub-10 nm rutile TiO, nanoparticles, T-1, should be an active
photocatalyst under visible light irradiation.

To further address the relative band structure of rutile TiO,
samples under study, the flat-band potential is measured using
the electrochemical method in 0.5M NaSO, solution (pH 6.8)
and the Mott-Schottky plots are shown in Fig. 3c. The Mott-
Schottky plots of all the rutile TiO, samples show a positive slope,
which is typical for n-type semiconductors. The conduction band
bottom of all rutile TiO, samples under study is quite similar (ca.
—0.10eV versus normal hydrogen electrode) according to the
Mott-Schottky plots. Moreover, T-1 shows a relatively smaller
slope than T-3, indicating a faster charge transfer and a higher
donor density?®>2. The carrier densities (Ny) of the samples can
be calculated from the slopes of Mott-Schottky plots according to
equation 1):#

Na = 2/(eoteo) [d(1/C?) /dV] ™" (1)

where e, is the electron charge (1.6 x 10~ 19°0), ¢ is the dielectric
constant of rutile TiO,, & is the permittivity of vacuum
(886 x10"12Fm~!) and V is the applied bias at the
electrode. The carrier densities are calculated to be 1.10 x 108,
0.95x 10" and 045x10%ecm =% for T-1, T-2 and T-3,
respectively. As the defect sites always act as the electron
donors, a higher carrier density implies the existence of a larger
amount of defects.

The valence band positions of rutile TiO, samples are
determined by linear extrapolation of the leading edges of valence
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Figure 3 | Band-gap states of rutile TiO, samples. (a,b) Diffuse reflectance ultraviolet-visible spectra of rutile TiO, samples. (¢) Mott-Schottky plots of
rutile TiO, samples. (d) VB XPS of rutile TiO, samples. (e) Band energy diagram of reference (T-3) and sub-10 nm (T-1) rutile TiO,.

band (VB) XPS spectra to the base lines. As shown in Fig. 3d,
apparent valence band values of 2.20, 2.31 and 2.49 eV are observed
for T-1, T-2 and T-3, respectively. The scatterings of data relative to
the fittings are proved to be <0.05eV by repeated experiments.
After calibration with reference Fermi level, actual valence band
values of 2.60, 2.71 and 2.89 eV versus normal hydrogen electrode
can be obtained for T-1, T-2 and T-3, respectively. Compared with
T-3, T-1 shows ca. 0.3 eV upward shift in the valence band top,
which is the origin of its visible absorption.

To further clarify the influence of defects on the band structure
of rutile, hybrid density functional theory (DFT) calculations
were done with (2 x 2) rutile (110) slab models. The shifts of
valence band top are summarized in Supplementary Table 1. The
existence of surface defects, both bridging hydroxyls and bridging
oxygen vacancy on rutile (110), indeed induces upward shift of
valence band top. Moreover, higher hydroxyl coverage results in
stronger shift, which agrees with the experimental observation
that the valence band top of T-1, with more bridging hydroxyl, is
higher in T-3. However, a qualitative comparison is not easy in
this study due to the simplified model used in DFT, that is, (1)
extended surface in calculation versus nanoparticle in experiment
and (2) single-type defects in calculation versus coexisted multi-
type defects in experiment.

Based on the results from Mott-Schottky plots (Fig. 3c) and
VB XPS analysis (Fig. 3d), the band gaps are calculated to be 2.70,
2.82 and 3.00eV for T-1, T-2 and T-3, respectively. These values
are in good accordance with the band-gap values directly
measured by ultraviolet-visible spectroscopy (Supplementary
Table 2). The detailed band diagrams of reference and sub-
10nm rutile TiO, are depicted in Fig. 3e. Compared with
reference T-3, sub-10nm T-1 exhibits similar conduction band
bottom but distinct higher valence band top. Therefore, a band-
gap narrowing of ca. 0.3eV could be achieved, which indicates
that T-1 is a promising visible-light photoactive semiconductor.
Moreover, the band-edge position reveals that the T-1 is suitable
for photocatalytic hydrogen production, as its conduction band
bottom is more negative than the reduction potential of H,O/H,
and its valence band top is more positive than the oxidation
potential of O,/H,0.

Photocatalytic hydrogen production from water splitting. The
photocatalytic activity of rutile TiO, samples (with 1 wt.% Pt as
co-catalyst, Supplementary Fig. 2) was measured using the
amount of hydrogen production from water splitting under dif-
ferent irradiations, and the time course of hydrogen evolution is
shown in Fig. 4. Under ultraviolet light (Fig. 4a), T-1 exhibits the
highest mass-specific activity (24.7 mmolh ~1g~1), followed by
T-3 (154 mmolh’lg’l) and then T-2 (9.2 mmolh’lg’ h 1t
is surprising to note that T-1 with more defects exhibits distinctly
higher photocatalytic activity than T-2 with less defects, con-
sidering that defects are generally regarded as the charge-carrier
trapping and recombination centres. Under visible light
(400 nm < A <780nm, Fig. 4b), T-1 exhibits the highest mass-
specific activity (932pumolh~'g~1!), followed by T-2
(372 umolh’lg’ 1y and then T-3 (117 umolh’lg’l), con-
sistent with their ability to absorb the visible light. Indeed, the
hydrogen evolution rate achieved on T-1 is much greater, that is,
more than five times higher, than other TiO,-based photo-
catalysts ever reported. A direct comparison between TiO,-based
materials for visible-light-driven hydrogen production is
summarized in Supplementary Table 3. Under the irradiation of
full-spectrum simulator, that is, sunlight air mass T-1 also
exhibits a remarkable photocatalytic activity with a hydrogen
evolution rate of 1,954 umolh ~!g =1, 4.2 and 5.6 times higher
than that of T-2 and T-3, respectively (Fig. 4c). This value is also
more than three times higher than reference TiO, P25. For a
more objective comparison between the photocatalytic efficiencies
for hydrogen production under visible light, the apparent quan-
tum yield (QY) was calculated. The highest QY of 3.52% is
obtained on T-1 sample under monochromatic light at 4 =405
nm, followed by 1.40% of T-2 and 0.36% of T-3, consistent with
the trend in photocatalytic activity under visible light (Fig. 4b).
Moreover, high QY of 1.74% can be obtained on T-1 sample
under monochromatic light at 2 =420nm. To our knowledge,
these are the highest QYs ever reported for stable oxide
semiconductors under comparable conditions'®>3, although they
are still lower than other systems, for example, CdSe nanocrystals
capped with dihydrolipoic acid®* and Ni-decorated CdS
nanorods®°.
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Figure 4 | Photocatalytic H, production over platinized rutile TiO,. (a) Under ultraviolet light, 320 nm <4 <400 nm. (b) Under visible light,
400 nm < A<780nm. (c) Under sunlight air mass 1.5 irradiation. (d) Cycling tests of T-1 under visible light. (e) Photcatalytic activity of T-1 after long-term
storage, under visible light. Pt (1 wt%) is in situ photo-deposited on the surface of samples as the co-catalyst and 10 ml methanol is used as

sacrificial reagent for water splitting.

In addition to its remarkable photocatalytic activity, T-1
exhibits very good stability as a photocatalyst. As shown in
Fig. 4d, no noticeable decrease in the activity for photocatalytic
hydrogen production can be observed in the cycling tests.
Moreover, no obvious activity loss can be observed for T-1 even
after conventional storage (sealed in glass sample bottle with
finger tight) for as long as 180 days (Fig. 4e). Therefore, the
remarkable activity and stability make T-1 a promising
semiconductor photocatalyst for hydrogen production from
water splitting under visible light or solar light.

Functionalities of defects in rutile TiO, nanoparticles. For sub-
10 nm rutile nanoparticles T-1, the presence of abundant defects
is clearly revealed by Raman, FTIR, XPS, photoluminescence and
positron annihilation lifetime spectroscopy. The absence of
reduced Ti states, for example, Ti® T, is confirmed by Ti 2p XPS
(Fig. 1c) and Ti L, 5-edge EELS (Fig. 2d). Therefore, the existence
of oxygen vacancies or Ti interstitials, which are considered as
major defects in TiO, contributing to band-gap states, could be
expressly excluded. This is also supported by the fact that our
rutile TiO, sample is exposed to ambient conditions with water
and oxygen that would easily heal the oxygen vacancies and
reduced Ti sites. Meanwhile, the presence of bridging hydroxyls is
confirmed by O 1-s XPS (Fig. 1d) and FTIR analysis
(Supplementary Fig. 1). As the bridging hydroxyls are known to
come from the dissociative adsorption of water on oxygen
vacancies®®*’, the detectable hydroxyls should indicate the ever-
existing oxygen vacancies, together with Ti**. That is, oxygen
vacancies could be created during the synthesis of sub-10nm
rutile TiO, nanoparticles via fast hydrolysis, but they immediately

6

react with water to form hydroxyls (O, — vac+ O, +H,0—
20H,, where O, — vac means bridging oxygen vacancy, O, means
bridging oxygen and OH, means bridging hydroxyl). In this
context, hydroxyls should be the major defects in sub-10nm
rutile TiO, nanoparticles, also under ambient conditions, and the
concentration of hydroxyls represents the defect degree in
samples. The results from positron annihilation (Fig. 1f) and
photoluminescence spectroscopy (Supplementary Fig. 3) further
indicate the presence of similar types of surface defects, that is,
hydroxyls, of rutile TiO, prepared via both hydrolysis and
hydrothermal routes. Thus, the only difference in rutile TiO,
samples under study lies in their defect degrees, which directly
influence the amount of upward shift in the valence band top
(Supplementary Table 1), and are responsible for the band-gap
narrowing. The upward shift in the valence band top due to the
existence of abundant defects in T-1 should be ascribed to the
band bending’, most probably associated with charge imbalance
induced by the defect energy levels®®. Calcination at elevated
temperature will eliminate some of the defects in T-1 and,
therefore, reduce the extent of upward shift in the valence band
top of T-2 (Fig. 3d).

On the other hand, the defects in TiO, may greatly influence
the efficiency of charge-carrier separation and the corresponding
photocatalytic activity. The bulk defects will introduce charge-
carrier trapping and recombination sites, and show degradation
effects on the photocatalytic activity. In contrast, surface and sub-
surface defects may contribute to charge-carrier separation, as the
charges at surface or shallow traps become available for
photocatalytic reaction. For most TiO,-based semiconductor
materials reported, for example, doped TiO,, high defect degrees
play a negative role on the photocatalytic activity, because the
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number of bulk defects is generally much higher than that of
surface and sub-surface defects.

As discussed above, more surface and sub-surface defects are
desired for band-gap narrowing, while less bulk defects are
wanted to promote the charge carrier separation. In general, the
degrading effects from bulk defects will negate the increased
visible light absorption from band-gap narrowing induced by
surface defects and low visible-light-driven photocatalytic activity
will be observed. In this study, we present a new concept to solve
the problem by reducing the size of TiO, nanoparticles. With
decreasing particle size, the ratio of surface to bulk increases,
indicating the increased ratio of surface/sub-surface to bulk
defects (Fig. 1f). Band-gap broadening due to quantum size effect,
expressed as equation (2), could be neglected with TiO, particle
size of >3 nm>>%0,

h?n?

T 2R?

1 1

e

1.786¢>
AE - ¢

mp

(2)

—0.248E;,

For T-1 with an average diameter of ca. 8 nm employed in this
study (Fig. 2a), the positive effects from surface/sub-surface
defects is strong enough to overcome the negative effects from
bulk defects due to the relative high percentage of surface/sub-
surface. This is well confirmed by its remarkable photocatalytic
activity in hydrogen production under ultraviolet light (Fig. 4a).
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Taking the functionalities of defects on both band-gap
narrowing and charge-carrier separation into consideration, we
successfully develop the sub-10 nm rutile TiO, nanoparticles for
efficient visible-light-driven photocatalytic hydrogen production.
The visible light response of sub-10 nm rutile TiO, nanoparticles
is first created via the introduction of abundant defects and then
promoted by the specific defect distribution in nanoparticles and
the use of co-catalyst Pt as well. If rutile TiO, with smaller
particles size can be synthesized, higher visible-light-driven
photocatalytic activity could be expected.

Role of Ti> T in photocatalytic hydrogen production. The role
of Ti** in the visible-light photocatalytic activity of TiO,-based
materials has been intensively debated in the literature!”7-20-2461,
The major issue is that the appearance of Ti’T is always
accompanied by defects and, therefore, will inevitably compound
the problem. For our as-prepared rutile TiO, samples, the
existence of lower oxidation states of Ti, that is, Ti’ ", can be
excluded based on XPS analysis. However, the presence of Ti®
can be clearly observed for all rutile samples on ultraviolet
irradiation, as confirmed by the distinct electron s%)in resonance
(ESR) signal at gy =1.972 and g, =1.949 (Fig. 5a) 062 We then
measured the quasi in situ ultraviolet-visible spectra of T-1 and
T-3 for further information. As shown in Fig. 5b, the presence of
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Figure 5 | Existence and role of Ti3> " in photocatalytic hydrogen production. (a) ESR spectra of rutile TiO, samples under ultraviolet irradiation.

(b) Quasi in situ ultraviolet-visible spectra of platinized rutile TiO, during photocatalytic hydrogen production from water splitting under ultraviolet
irradiation; solid line: ultraviolet-visible spectrum before irradiation; dashed line: ultraviolet-visible spectrum after ultraviolet irradiation for 5 min; inset:
photographs of samples before and after 5 min reaction). (c,d) Step responses of photocatalytic activity of platinized anatase and rutile TiO, to the change
of irradiation light from ultraviolet light (400 nm>/Z>320nm) to visible light (780 nm> A>400 nm).
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Ti** can be verified by the additional absorption in the visible
light region for both T-1 and T-3 after 5min time-on-stream
ultraviolet irradiation to create a sufficiently detectable amount of
Ti** (ref. 63). Judging from the intensity of absorption intensity,
we propose that more Ti** species are presented in sub-10 nm
rutile TiO, nanoparticles T-1 than reference T-3 on ultraviolet
irradiation, which is clearly confirmed by the different intensities
of Ti** signals in ESR spectra (Fig. 5a). That is, the presence of
defects in rutile TiO, should facilitate Ti** formation during
photocatalytic reaction under ultraviolet irradiation.

To obtain a direct evidence on the role of Ti** in the
photocatalytic hydrogen production, step-response photocatalytic
experiments are performed. Under ultraviolet light, anatase TiO,
nanoparticles (Supplementary Fig. 4) are highly active in
photocatalytic water splitting with a hydrogen evolution rate of
312mmolh ~'g~! (Fig. 5c), slightly higher than the
24.7mmolh ~!g~! from sub-10nm rutile TiO, nanoparticles
(Fig. 5d). During photocatalytic reaction under ultraviolet
irradiation, the presence of Ti®* is quite obvious with blue
colouration (inset of Fig. 5b and Supplementary Fig. 5)9364, After
a 5-h photocatalytic reaction under ultraviolet radiation, the
reaction system was either evacuated to preserve Ti** or exposed
to oxygen and then evacuated to eliminate Ti® . In both cases,
the anatase TiO, does not exhibit any detectable activity in
subsequent photocatalytic hydrogen production tests under
visible light (Fig. 5c). Therefore, it is rational to propose that
the existence of Ti’T itself will not initiate the visible light
photocatalytic activity for hydrogen production. This is consistent
with the fact that the band-gap state created by Ti*+ 3d! state is
about 1.0 eV below the conduction band of TiO, (ref. 32), which
is obviously not suitable for H,O reduction to hydrogen (Fig. 2e).
Sub-10 nm rutile TiO,, that is, T-1, is treated in the same manner
and it exhibits remarkable photocatalytic activity under visible
light after both treatments (Fig. 5d), which is ascribed to the
surface defects, that is, hydroxyls, enabling the upward shift of
valence band top of rutile TiO,. We also observe that T-1 with a
significant Ti** concentration exhibits much higher initial
visible-light photocatalytic activity than that without Ti®*
(time-on-stream of 1h, hydrogen evolution rate from 967 to
1,763 pumol h ~ ! g = 1). The photocatalytic activity becomes almost
the same after a time-on-stream of 2 h. The presence of Ti’ * can
enhance the initial visible-light photocatalytic activity most
probably due to the promoted methanol adsorption and/or the
enhanced light absorbance and scattering®, and the promotional
effects gradually fade away with the elimination of Ti’™.
Consequently, we conclude that the presence of Ti** cannot
initiate visible-light photocatalytic ~activity in hydrogen
production, but Ti*T is able to enhance the visible-light
photocatalytic activity due to the promoted methanol adsorption.

Discussion

In summary, we have successfully developed a simple and scalable
hydrolysis route to sub-10nm rutile TiO, nanoparticles with
diameters below 10 nm. We achieve a state-of-the-art hydrogen
evolution rate of 932pmolh~!g~! under visible light
(>400nm) and 1,954 pmolh ~ ! g = ' under simulated solar light
with platinized sub-10 nm rutile TiO, nanoparticles (1 wt.% Pt)
among TiO,-based semiconductors. Spectroscopic characteriza-
tion results clearly confirm the existence of abundant surface
defects, that is, hydroxyls, in the as-prepared rutile TiO,
nanoparticles, which is responsible for the band-gap narrowing.
The sub-10 nm particle size increases the percentage of surface/
sub-surface defects compared with bulk defects, which results in
enhanced charge-carrier separation. Moreover, we have revealed
that the existence of defects in rutile TiO, is in favour of Ti**

8

formation during the photocatalytic reaction under ultraviolet
irradiation. The presence of Ti** cannot initiate the visible-light
photocatalytic activity, but it is able to enhance the visible-light-
driven water splitting most likely due to the promoted reagent
adsorption. The results presented here provide new insights into
the functionalities of defects in visible-light photocatalytic
activity. The concept of ultra-small nanoparticles should be
useful for the future design of robust semiconductor photo-
catalysts with tunable band gap.

Methods

Preparation of rutile TiO,. All of the chemical reagents of analytical grade were
purchased from Alfa Aesar Chemical Co. and used as received without further
purification. In a typical hydrolysis synthesis of rutile TiO,, 10 ml titanium tetra-
chloride (TiCl,) was dropwise added into 30 ml ice water under stirring to prepare
a transparent TiCl, aqueous solution. After further stirring for 30 min, the TiCl,
aqueous solution was rapidly heated to 373 K (within 5 min) to remove the water
and hydrogen chloride (Note: Rapid heating is crucial to obtain rutile TiO,
nanoparticles). The obtained white solid was thoroughly washed with deionized
water, followed by drying in air at 353K for 24h and calcination in a muffle
furnace at temperatures of 473 or 673 K for 2 h. The final products are denoted as
T-1 and T-2, respectively. For reference, rutile TiO, was also prepared via a
hydrothermal route. Typically, 10ml of 1 M TiCl, aqueous solution was added to
50 ml water and the resulting solution was directly transferred into a 75-ml Teflon-
lined autoclave for static crystallization at 453 K for 24 h. The resulting precipitates
after crystallization were separated from the liquid phase by centrifugation, thor-
oughly washed with water, dried at 353 K for 24 h, subjected to calcination at 473 K
for 2h and denoted as T-3. For the synthesis of anatase TiO,, TiCl, was dropwise
added into ice water under stirring to prepare a TiCl, aqueous solution with
concentration of 1 mol1~ 1. Next, 30 ml of TiCl, aqueous solution was mixed with
30 ml of KOH solution (1 moll~ 1) and the resulting solution was transferred into a
75-ml Teflon-lined autoclave for static crystallization at 373K for 24 h. The
resulting precipitates after crystallization were separated from the liquid phase by
centrifugation, thoroughly washed with water, dried at 353 K for 24 h, subjected to
calcination at 473K for 2h and denoted as T-4.

Characterization techniques. The specific surface areas of TiO, samples were
determined through N, adsorption/desorption isotherms at 77 K collected on a
Quantachrome iQ-MP gas adsorption analyser. The X-ray diffraction patterns of
TiO, samples were recorded on a Bruker D8 ADVANCE powder diffractometer
using Cu-Ko radiation (4 =0.1542nm) at a scanning rate of 4° per min in the
region of 20 =20-80°. Raman analysis was carried out on a Renishaw InVia
Raman spectrometer and the spectra were obtained with the green line of an Ar-ion
laser (514.53 nm) in micro-Raman configuration. Diffuse reflectance ultraviolet—
visible spectra of TiO, samples (ca. 20 mg diluted in ca. 80 mg BaSO,) were
recorded in the air against BaSO, in the region of 200-700 nm on a Varian Cary
300 ultraviolet-visible spectrophotometer. For the so-called quasi in situ
ultraviolet-visible spectroscopy, 50 mg platinized TiO, (1 wt.% Pt) was mixed with
10 ml methanol aqueous solution (10%) in a home-made quartz reaction chamber,
evacuated and then sealed for analysis. The diffuse reflectance ultraviolet-visible
spectra against BaSO, were recorded before and after ultraviolet light irradiation
for 10 min on the Varian Cary 300 ultraviolet-visible spectrophotometer. The
concentration of surface hydroxyls in rutile TiO, was analysed by thermo-
gravimetry on a Setram Setsys 16/18 thermogravmetric analyser. In a typical
measurement, 0.1 g of rutile TiO, sample was heated in an Al,O; crucible from 300
to 973K with a constant heating rate of 10 Kmin ~! and under flowing Ar of
20 mlmin ~!. TEM images were taken on a FEI Tecnai G2 F20 electron microscope
at an acceleration voltage of 200 kV and a Tecnai G2 F30 electron microscope at an
acceleration voltage of 300kV. A few drops of alcohol suspension containing the
sample were placed on a carbon-coated copper grid, followed by evaporation at
ambient temperature. EELS spectra of samples were collected using a GIF Tridiem
863 analyser. The lattice structural analysis was done using the Digital Micrograph
software. XPS spectra of samples were recorded on a Kratos Axis Ultra delay line
detector spectrometer with a monochromated Al-Ka X-ray source (hv =1486.6
eV), hybrid (magnetic/electrostatic) optics and a multi-channel plate and delay line
detector. All spectra were recorded using an aperture slot of 300 x 700 pim. Survey
spectra were recorded with a pass energy of 160 eV and high-resolution spectra
with a pass energy of 40 eV. Accurate binding energies ( £ 0.1 eV) were determined
with respect to the position of the adventitious C 1s peak at 284.8eV. VB XPS of
samples were measured on PHI Quantera XPS Scanning Microprobe spectrometer
using Al-Ko X-ray source (hv = 1486.6 eV). The energy scales are aligned by using
the Fermi level of the XPS instrument (4.10 eV versus absolute vacuum value).
Mott-Schottky plots were obtained using a three-electrode cell electrochemical
workstation (IVIUM CompactStat). The saturated Ag/AgCl and platinum foil

(2 x 2cm?) were used as the reference electrode and the counter electrode,
respectively. The sample of 1 mg TiO, was dispersed in 1 ml anhydrous ethanol and
then evenly grinded to a slurry. The slurry was spread onto indium tin oxide glass
and the exposed area was kept at 0.25 cm?. The prepared indium tin oxide/samples
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were dried overnight under ambient conditions and then used as the working 12. Zhao, W. et al. Efficient degradation of toxic organic pollutants with Ni,O5/

electrode. The measurements were carried out at a fixed frequency of 1kHz in TiO, . B, under visible irradiation. J. Am. Chem. Soc. 126, 4782-4783 (2004).

0.5 M Na,SO, solution in the dark. Positron annihilgtion experiments were per- 13. Umebayashi, T. et al. Band gap narrowing of titanium dioxide by sulfur doping.
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computer programme LT9.0, With. souree correcFion to ev'aluate the lifetime 15. Liu, M. et al. Energy-level matching of Fe(III) ions grafted at surface and

component 7; and corresponding intensity I;, using equation (3): doped in bulk for efficient visible-light photocatalysts. J. Am. Chem. Soc. 135,

Y ¢ 10064-10072 (2013).
N(t) = Zizl 7 P ( - ;) (3)  16. Chen, X. & Burda, C. The electronic origin of the visible-light absorption
. ' ' . properties of C-, N- and S-doped TiO, nanomaterials. J. Am. Chem. Soc. 130,
ESR was carried out on a JEOL JES-FA200 cw-EPR spectrometer (X-band) with 5018-5019 (2008).

a microwave power of _1'0 mW and a modulation frequency of 100kHz, Mn— 17. Hoang, S. et al. Enhancing visible light photo-oxidation of water with TiO,

Marker was used as an internal standard for the measurement of the magnetic field. . ia cotreatment with H. and NHa: synergistic effects between

In a typical experiment, sample of 150 mg was placed in a quartz ESR tube and ,I;a;l J(r)wlrzalzraysf;fla Cgh Soc. 134, 3 6259 3662 ZOIYZ g

evacuated at room temperature for 2 h. After cooling down to 110K, the tube was T and N J m.- em. S0¢ i B ( ): .

analysed under ultraviolet irradiation. 18. Chen, X. et al. Semiconductor-based photocatalytic hydrogen generation.

Chem. Rev. 110, 6503-6570 (2010).
19. Justicia, L et al. Designed self-doped titanium oxide thin films for efficient

Photocatalytic hydrogen production from water splitting. Photocatalytic water visible-light photocatalysis. Adv. Mater. 14, 1399-1402 (2002).

splitting with methanol as sacrificial agent was performed in a top-irradiation-type  20. Zuo, F. et al. Self-doped Ti>* enhanced photocatalyst for hydrogen production

Pyrex reaction cell connected to a closed gas circulation and evacuation system under visible light. J. Am. Chem. Soc. 132, 11856-11857 (2010).

under the irradiation of Xe lamp (PLS-SXE, wavelength: 300-2,500 nm) with dif- 21, Zuo, F. et al. Active facets on titanium (III)-doped TiO,: an effective strategy to

ferent optical reflector or filter (UVREF: 320-400 nm, ca. 83 mW cm ~ % improve the visible-light photocatalytic activity. Angew. Chem. Int. Ed. 124,
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