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ABSTRACT: Semiconductor photocatalysts have been widely used for solar-to-hydrogen
conversion; however, efficient photocatalytic hydrogen generation still remains a challenge. To
improve the photocatalytic activity, the critical step is the transport of photogenerated carriers
from bulk to surface. Here, we report the carrier step-by-step transport (CST) for semiconductor
photocatalysts through precise defect engineering. In CST, carriers can fast transport from bulk
to shallow traps in the defective subsurface first, and then transfer to the surface active acceptors.
The key challenge of initiating CST lies in fine controlling defect distribution in semiconductor
photocatalysts to introduce the special band matching between the crystalline bulk and defect-
controllable surface, moderate bridgelike shallow traps induced by subsurface defects, and
abundant surface active sites induced by surface defects. In our proof-of-concept demonstration,
the CST was introduced into typical semiconductor TiO, assisted by the fluorine-assisted kinetic
hydrolysis method, and the designed TiO, can exhibit the state-of-the-art photocatalytic
hydrogen generation rate among anatase TiO, up to 13.21 mmol h™' g/, which is 120 times
enhanced compared with crystalline anatase TiO, under sunlight. The CST initiated by precise
defect distribution engineering provides a new sight on greatly improving photocatalytic hydrogen generation performance of
semiconductor catalysts.
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1. INTRODUCTION shallow traps induced by moderate subsurface defects and (iii)
active carrier acceptors induced by abundant surface defects by
fine defect distribution engineering. Through the special band
matching between the crystalline core and the defective shell,
after photoexcitation, both electrons and holes can easily
transport from bulk to surface. Moreover, moderate subsurface
defects can induce the shallow traps of carriers, acting as the
transport bridge of carriers between bulk and surface.
Furthermore, abundant surface defects are introduced act as
the active reactive sites to enhance the surface accepting ability
of carriers. Hence, compared with the traditional one-step
carrier transport in crystalline semiconductor (Figure 1a), this

Semiconductor photocatalysis plays an important role in
converting the abundant, and safe solar power into clean
energy such as hydrogen, which leads a major advance in the
sustainable development of society.' > To design effective
semiconductor photocatalysts for hydrogen generation reac-
tion, there are three fundamental factors: enough light
absorption, active light-driven surface reactivity, and eflicient
carrier transport to the surface.””*~'" Tremendous efforts have
been made to improve the light absorption'"'* (e.g, doping
nonmetal ions'®) and enhance the surface reactivity’ (e.g,
introducing active reactive sits'*); however, efficiently facilitat-
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Figure 1. Different transport modes of carriers for photocatalysis in crystalline and defect-engineered semiconductors. (a) Carrier one-step transport
in crystalline semiconductor. (b) Carrier step-by-step transport in defect-engineered semiconductor for efficient photocatalysis. EA, electron
acceptor; ED, electron donor; CB, conduction band; VB, valence band; DILS, defect induced localized states.

photocatalyst TiO,, and it exhibits the state-of-the-art photo-
catalytic hydrogen generation rate among anatase TiO, up to
1321 mmol h™" g™ under solar light, which is 120 times
enhanced than the crystalline anatase TiO,.

2. EXPERIMENTAL SECTION

2.1. Materials Preparation. All of the chemical reagents of
analytical grade were purchased from Shanghai Aladdin Bio-Chem
Technology Co. and used as received without further purification. In a
typical experiment, 2 mL of aqueous TBOT precursor was dissolved in
25 mL of n-propanol and then 0.8 mL of HF was added to the mixed
solution (the relative raw material mole ratio of F:Ti & 4:1). After the
2 h stirring, the obtained suspension was transferred to a Telfon-lined
stainless steel autoclave and then heated at 180 °C for 18 h. After the
reaction, the obtained product was washed with deionized water, and
then was washed with alcohol (EtOH) and deionized water again. To
identify different prepared samples, we marked the sample as “Rg.” (F
means the surfactant is HF, and X is the raw material mole ratio of
F:Ti). In a control experiment, the reference sample TiO, with only
Til%; was prepared by using HF to treat the commercial anatase TiO,
(~25 nm) and the sample TiO, with only Ti}}_,.s was prepared by
heating Ry, in air for 2 h at 450 °C.

2.2. Materials Characterization. The morphology of the
synthesized TiO, nanostructure was observed by FEI Quanta 200F
microscope field emission scanning electron microscope (FESEM)
and Tecnai G2 F20 field-emission transmission electron microscopy
(TEM) with accelerating voltage of 200 kV. The crystalline phase was
identified by a Bruker D8 Focus X-ray powder diffractometer using Cu
K, (4 = 1.5406 A) radiation over a range of 20 from 20° to 80°.
Brunauer—Emmett—Teller (BET) surface areas of the samples were
analyzed by nitrogen adsorption—desorption measurement on a
Quantachrome Autosorb-IQ-MP sorption analyzer with prior
degassing under vacuum at 77K. Pore size distribution was derived
from desorption branch by a BJH method. EPR spectra were collected
for powder samples on a Bruker Elexys ES00 spectrometer at the
frequency of 9.444 GHz at the Bruker Biospin Corporation at 90K. X-
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ray photoelectron spectrum (XPS) analysis was conducted with a
ESCALAB 250Xi X-ray photoelectron spectroscope equipped with Al
Ka radiation, and the binding energy was calibrated by the C 1s peak
(284.8 eV) of contamination carbon. Time-of-flight secondary ion
mass spectrometry (TOF-SIMS) was conducted using Cs* for
sputtering (45°), with the speed of 0.071 nm/s. Photoluminescence
(PL) spectra and PL decay profiles of samples were measured through
the Edinburg Instruments FLS920 spectrofluorometer at room
temperature with a 450 W xenon lamp. The PL spectra were
measured at the excitation of 350 nm. The PL decay profile were
measured using a 375 nm nanosecond laser and the detection
wavelength of the emission is 430 nm.

2.3. Photocatalysis Evaluation. Photocatalytic Degrading
Methyl Orange. In a typical experiment, the catalyst sample of 100
mg was suspended in 100 mL of the 2 X 10™° mol/L aqueous solution
of methyl orange in the reaction cell. After a 0.5 h stirring under dark
condition for adsorption and desorption with methyl orange, the
reactor cell was irradiated with the optical filter AM1.S (100 mW
cm™2). The blank experiment in the absence of catalyst was also
performed as a control. Our prepared samples were washed with
NaOH solution to remove the adsorbent fluorine before reaction to
eliminate the surface fluorine referring to some works.'>'® Total
concentrations of dye aqueous solution were simply determined by the
maximum absorption (~463 nm) measurements by UV—vis spectra.
C/Cy was used to describe the degradation efficiency that stands for
the concentration ratio before and after a certain period of reaction
time.

Photocatalytic Hydrogen Generation from Water Splitting.
Photocatalytic hydrogen generation reactions were carried out in a
top-irradiation-type Pyrex reaction cell connected to a closed glass gas-
circulation and evacuation system under the irradiation of 300 W Xe
lamp (Beijing Trusttech Co. Ltd., PLS-SXE-300UV) with the filter
AMLS (100 mw cm™). In a typical experiment, 100 mg of the
photocatalyst powder was dispersed in a 100 mL aqueous solution
containing 20 mL methanol. For all TiO, samples, 1 wt % Pt was in
situ photodeposited from 1 M H,PtCly aqueous solution as cocatalyst.
The reaction temperature was kept around 293 K. The amount of H,
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Figure 2. Formation process of defective TiO,. Schematic illustration of the proposed fluorine-assisted hydrolysis mechanism in the forming process

of the prepared defective TiO,.
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Figure 3. Characterization of the disordered shell/crystalline core structure of defective TiO, (Rg,4). (a) High-resolution transmission electron
microscopy image of defective TiO, (Rg.4) compared with crystalline P25 (scale bar S nm). (b) TOF-SIMS depth profiles of oxygen concentration in
synthesized TiO, (Rg.,) and P2S. (c) Raman scattering spectra comparing defective TiO, (Rg.,).with crystalline P25. The inset: the most intense E,
peak of anatase TiO,, along with corresponding peak center positions and widths.

generated was determined using a gas chromatograph (Beijing
Trusttech Co. Ltd,, GC-7920).

Apparent quantum efficiency (AQE) of H, evolution was conducted
under the same photocatalytic condition. The 380 and 420 nm band-
pass filters were used.

. of reacted elect
no. of reacted electrons | o

AQE =

no. of incident photons

2(no. of evolved H, molecules)
100%

no. of incident photons

3. RESULTS AND DISCUSSION

The challenge of initiating the CST for TiO, lies in surrounding
a crystalline core with the controllably defect-tailored shell in
order to realize matching the band, importing moderate shallow
traps and incorporating abundant surface active sites simulta-
neously. To synthesize TiO, with the crystalline core/defective
shell structure, there are many reported harsh synthetic
methods such as hydrothermal method,®'”*® Al-reduction,®?°
hydrogen plasma,”" and electrochemical reduction.”” However,
it still remains hard to controllably tailor the defect distribution
in TiO, to simultaneously induce suitable band matching,
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moderate midgap states and abundant surface defects to initiate
our design of the CST. Hence, to achieve our design, it is
significant to propose a feasible method to controllably tailor
the defect distribution. Because many works reported that
fluorine plays an important role in synthesizing defective
TiO,,”*~*® we have considered taking advantage of the effects
of fluorine on inducing and controlling the defects in TiO,.
To initiate the CST, a fluorine-assisted dynamic solvothermal
method was developed to achieve a crystalline core surrounded
with the defect-tailored shell in TiO,, as shown in Figure 2. In
order to controllably tailor the defect distribution in TiO,, we
have clarified its forming mechanism by studying the affective
factors on the reaction process (Section 1, Figure S1-S3),
which suggests that it is a “fluorine-assisted dynamic
solvothermal mechanism”. It should be emphasized that the
relatively much higher mole ratio of the solvent than the
precursor and surfactant can not only ensure the formation of
defective TiO, nanoparticles but also make it easier for the
defect-control synthesis. To identify different prepared samples,
hereafter we marked the sample as “Rpy” (F means the
surfactant is HF, and X is the raw material mole ratio of F:Ti).
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Figure 4. Detection of Ti** defects and the defect-induced energy band structure of defective TiO, (Rg.4) compared with crystalline P25 TiO,. (a)
Electron energy loss spectra of prepared defective TiO, and P25. (b) Electron paramagnetic resonance spectra of defective TiO, compared with P25.
(c) Diftusive reflectance UV—vis spectra of prepared defective TiO, and P25. The inset: the photo of prepared defective TiO, comparing to P25. (d)
Valence band spectra of defective TiO, and P25 from X-ray photoelectron. (e) Schematic illustration of the structure and the density of state for

prepared defective TiO, and P25 TiO,.

The morphology and structure of prepared defective TiO,
(Rg4) have been characterized. The X-ray diffraction (XRD)
spectrum (Figure S$4) indicates that the prepared TiO, is highly
crystallized with the anatase phase (JCPDS No.21—1272). The
scanning electron microscopy (SEM) image (the inset of
Figure S4) shows the prepared TiO, is nanosheet like. And the
transmission electron microscopy (TEM) observation (the
inset in Figure S4) shows that the size of defective TiO, is
about 25 nm. Brunauer—Emmett—Teller (BET) nitrogen
adsorption—desorption analysis is conducted to present the
textural properties of the prepared defective TiO, is shown in
Figure SS. The HRTEM (Figure 2a) indicates that there is a
crystalline core surrounded by a defective shell (~3 nm) in
defective TiO, while P2S is nearly completely crystalline. To
confirm that there is really a defective shell layer, we have
carried out the TOF-SIMS test of prepared TiO, R, (Figure
2b), which reveals that there is ~3 nm disordered layer outside
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the crystalline core because the concentration of O increases
from steeply after about 3 nm ion etching.

The structure of the defective TiO, is further analyzed by
Raman scattering, as shown in Figure 3c. The six (?)Eg +2B1, +
Alg) Raman-active modes of anatase phase are detected in
investigated samples. The large blue-shift and broadening of the
peak (the inset of Figure 3c) observed in defective TiO,
compared with Degussa P25 TiO, indicate phonon confine-
ment effects, which can be caused by finite-size effects (<10
nm) or the existence of the disorder defects.””” Here, the size
of defective TiO, (~25 nm) is much larger than 10 nm, ruling
out the occurrence of finite-size effects resulting from the case
of the small size of the grains. Hence, it is proposed that the
defects in the disorder shell of defective TiO, cause the phonon
confinement effects in prepared defective TiO,. The XPS
survey spectrum (Figure S6) shows there are both physically
adsorbed and doping F in defective TiO,,>>>° which may

DOI: 10.1021/acsami.6b 14700
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with band alignment and shallow traps.

induce the synthesis of defective TiO,. Therefore, the defective
TiO, with the structure of a crystalline core@ both subsurface
and surface defects doped shell has been successfully created
based on the F-assisted synthesis method.

The defect induced element valence and energy band
structure of prepared defective TiO, have been investigated.
To give a qualitative interpretation of electrical states of the
defective TiO,, we performed electron energy loss spectrum
(EELS), as shown in Figure 4a. For Ti L, and L, edge, the Ti
3d character splits into two groups: the 3-fold t,, and the 2-fold
e, orbitals, owing to the octahedral coordination with O atom
forming s-type and p-type bonds. The t,,—e, splitting in L; is
1.079 eV in prepared TiO,, which is 39.3% narrower than 1.778
eV in P2S. In the meantime, the t,,—e, splitting in L, is 1.143
eV in prepared TiO,, which is 41.9% narrower than 1.963 eV in
P25. The noteworthy difference observed for both the L, and
L, peaks splitting can be attributed to the presence of Ti** in
the prepared defective TiO,.””” Moreover, the high-resolution
XPS Ti 2p spectrum of element Ti was conducted to clarify the
Ti state (Figure S7). For crystalline P25, there are only two
only peaks at about 458 and 464 nm representing Ti*', whereas
there are another two peaks at 457.5 and 463.7 nm for prepared
TiO,, which indicates that there is Ti** in the synthesized
TiO,.'”** Furthermore, the presence of Ti’* in the prepared
TiO, was further investigated by electron paramagnetic
resonance (EPR). The EPR spectra (Figure 4b) show that
Ti and Til} . are existing simultaneously in prepared TiO,
because the anisotropic powder pattern g-values of g, = g, =
1.978 and g, = 1.946 are obtained, which is caused by TiX} _.¢
in the disordered shell, whereas a weaker EPR signal observed
at g = 2.003 assigned to Tili on the surface of TiO,.*° No
obvious Ti*" signal is seen for referenced Degussa P25. Hence,
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the defects in synthesized TiO, observed in Figure 3a can be
attributed to Tilt; and Til,_..+ The existence of Ti; and
Til}, s defects in synthesized TiO, may induce the change of
gap size and introduce intermediate midgap states,”” which can
lead to the significant variation of the energy band structure.

Hence, we have used the diffusive reflectance UV—vis
spectroscopy (Figure 4c) to investigate the energy band
structure of prepared TiO,. The bandgap of the P25 is about
3.2 eV, whereas the UV onset of the prepared defective TiO,
absorption occurred at ~2.6 eV which suggests that the optical
gap of the prepared defective TiO, is substantially narrowed by
intraband transitions. To further clarify the bandgap state of
prepared TiO,, X-ray photoelectron spectroscopy (XPS) is
performed to provide useful information on the valence band
(VB) position of prepared defective TiO,, as shown in Figure
4d. The XPS VB spectrum shows there are many differences
between P25 and defective TiO,. P25 displays the characteristic
VB density of states of TiO,, with the band edge at 2.6 eV
below the Fermi energy. Since the optical bandgap of P2S is 3.2
eV, the conduction band (CB) minimum would occur at 0.6
eV. However, XPS VB of our defective TiO, shows notable
differences: the main absorption onset was located at 1.8 eV,
whereas the maximum energy associated with the band tail
blue-shifted further toward the vacuum level at about 0.8 eV.
The change of the band structure in defective TiO, can be
attributed the Ti**.

On the basis of the above results, it is demonstrated that
defective TiO, has been synthesized with the unique crystal and
band structure. Combining the characterization results and
recent study on defective TiO,,”" the structure and the density
of state for P25 and our defective TiO, can be clearly described
as Figure 4e. Both representations were built using
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experimental data from UV—vis spectroscopy and XPS analysis
when the energy positions of Vq localized states are referred
from the reported works.'”*"**For prepared defective TiO,,
Ti} _ ot defects are in the tailored disordered shell and Ti3}; on
the surface of the shell, whereas there is no Ti’* in the
crystalline P25. Compared with the big bandgap of 3.2 eV in
P25 with the conduction band (CB) minimum at —0.7 eV and
the valence band (VB) maximum at 2.5 eV, our defective TiO,
shows narrow bandgap of 2.6 eV with the conduction band
(CB) minimum at —0.4 eV and the valence band (VB)
maximum at 2.2 eV. The 0.3 eV lower of CB and 0.3 eV higher
of VB can result in the special band matching that both
electrons and holes can easily transport from bulk to surface. In
addition, the localized band states introduced by Ti** related
oxygen vacancy (Vo) sates are always reported to be 0.7—1.0
eV below the CB minimum of defective TiO,.”**”*' This
crystal and band structure of synthesized TiO, is consistent
with our design structure for incorporating the CST into TiO,.

Although we have acquired the expected crystal and band
structure in designed TiO, (Figure 4), it remains to see
whether this structure can really initiate CST for efficient
photocatalytic hydrogen generation. Therefore, we have carried
out the photocatalytic hydrogen generation evolution. As
shown in Figure Sa, designed TiO, (Rg,) with both Tils and
Ti}, ¢ demonstrates a significantly improved photocatalytic
activity in hydrogen evolution compared with the other three
reference TiO, samples: crystalline P25, prepared TiO, with
only Till, and prepared TiO, with only Ti}} . (the
characterization of Ti** by EPR and the absorption spectra of
these two prepared defective TiO, can be seen in Figure S8, the
diffusive reflectance UV—vis spectra can be seen in Figure S9,
the HRTEM images of TiO, with only Ti**y and only
Ti** gpeurs can be seen in Figure S10). Since all the TiO, samples
used for comparison have the similar morphology and similar
size about 25 nm, the distinct difference in photocatalytic
performance among defective TiO, (Rg4) and other samples
can be attributed to the moderate TiZ} .. and abundant Ti>'
concentration in Rg,. Obviously, Rp 4 shows the best average
hydrogen evolution rate up to 4.21 mmol h™' g™', which is
much better than 0.54 mmol h™" g™' for P2S. In addition, TiO,
with only Ti}«can show much enhanced photocatalytic
performance than P25 while TiO, with only Til}_.. shows
similar performance compared with P25, because Tily can act
as the reactive reaction sites to enhance photocatalysis while
Tigp s acts as both the carrier transport bridge and
recombination center. Furthermore, the better performance of
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R, than TiO, with only Ti2%; can be attributed to the positive
function of Tij,_q.s by bridging the carriers to the surface of
TiO,, because the two samples have a similar
Til}concentration.

On the basis of the experimental phenomena and the
reported role of Ti** defects,*®** the CST mechanism in
designed TiO, can be clearly described in Figure Sb. In
designed TiO,, carriers can be trapped by the Til},_q.s defects
first and then transferred to the Til\ step by step, which is a
CST with proper band alignment, shallow traps and active
surface sites. In CST, moderate concentration of subsurface
defects (Ti3} play the role as the carriers transport bridge

sub—surf.
and abundant surface Ti** defects (TiX,) act as both carriers

surf,
acceptors and active reactive sites. Hence, the CST can
effectively promote the carrier transport for efficient photo-
catalytic hydrogen generation.

Considering the wide bang-gap of defective TiO, (Rp.,), we
have investigated the effects of its broad absorbance on the
hydrogen generation performance. The apparent quantum
efficiency (AQE) is calculated referring to some reported
works,”> ™ and the AQE of platinized defective TiO, (Rg.,) is
up to 25.1% at 380 nm and drops to 3.5% at 420 nm. The
hydrogen generation performance of Rg, is conducted under
visible light (400 nm<A<780 nm) and shows 580 ymol h™" g™/,
much less than the 4.21 mmol h™' ¢! under ultraviolet light,
corresponding to the AQE results. As a control, to exclude the
effects of light absorbance on the CST, the EIS spectra of these
four samples without light irradiation is performed (as shown in
Figure S11), which are consistent with the photocatalysis
performance of samples in Figure Sa. This further supports that
the CST is efficient in transporting carriers and that such a
transmission is originated from the prepared unique defective
structure rather than the wide light absorbance.

The intrinsic charge-carrier separation and transport
efficiency of TiO, samples have been investigated through
photoluminescence (PL) spectra and PL emission decay
profiles, which are effective to reveal the kinetics of carrier
dynamics.”” As shown in Figure 6a, the TiO, (Rg,) with both
Tid¢ and Tilf,_u¢ can show the lowest PL intensity compared
other samples, suggesting that the introduced defects could
greatly improve the separation and transportation of charge
carriers.

Furthermore, the more powerful evidence for investigating
the charge-carrier separation and transportation kinetics is
provided by PL emission decay profiles (Figure 6b). The PL
emission decay profiles of all of the samples could be expressed
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Figure 7. Defective TiO, with the tunable RTT and their performance on photocatalytic degradation and hydrogen generation. (a) EPR g values of
samples with different ratios of F:Ti. (b) Correlation of the signal area obtained from double integration of the Ti** signals of the samples. (c, d)
Photocatalytic degradation of methyl orange and hydrogen generation performance for samples with different Ti** DD.

by biexponential fitting, indicating that PL decay occurred
through two relaxation pathways. Table S1 summarizes the PL
lifetimes and fractional intensities of samples which shows that
the amplitude-weighted average lifetimes (7,,) of TiO, with
both Ti**,¢ and Ti** e is 2.09 ns, much lower than TiO,
with only Ti** ¢ (3.07 ns) and TiO, with only Ti** ¢ (2.99
ns), and P25 (3.26 ns). Since the lower 7,,, indicates the faster
carrier transport,” it can be concluded that the TiO, with
Ti* ¢ and Ti** e can show the best charge transporting
efficiency, proving that the CST really plays an active role in
enhancing the carrier transporting kinetics.

Because the efficient carrier transport to the surface can
greatly enhance the photocatalysis, it is feasible to achieve much
better photocatalytic performance through further promoting
the kinetics of CST. In addition to acting as the transport
bridge of carriers, the defect induced traps can also act as the
recombination center. The relationship between this recombi-
nation rate (k) and the separation distance of carriers (R,)
can be described as follows:*®

krec & exp(_ZRsep/aO)

where g, is the radius of the hydrogenlike wave equation for
capturing carriers. On the one hand, when the concentration of
subsurface defects is relatively low, the CST will not be efficient
enough due to the insufficient capacity of capturing carriers as
many as possible. On the other hand, when there are too many
subsurface defects, the R, will be shorter and thus the k. will
rise. Hence, there must be the optimal concentration of
subsurface defects. Combined with the role of surface defects
which can act as the active sites to accept the carriers
transferred from the subsurface defects, there must be an

4640

optimal ratio of subsurface defects to surface defects for
efficient CST.

Hence, for our designed TiO,, we have considered more
precisely tailoring the ratio of Til},_y.s to Tise (such a ratio is
defined as RTT) to further promote the kinetics of CST for
efficient photocatalysis. On the basis of the aforementioned
fluorine-assisted dynamic solvothermal method, the samples
with the tunable RTT have been synthesized by adjusting the
raw material mole ratio of F:Ti from 1 to 2 precisely, and the
concentration of Tilf,_..¢ and Tishs changes respectively as
shown in Figure 7a. Importantly, the XRD spectra (Figure $12)
and SEM images (the insets in Figure S12 indicate that the
samples have nearly the same morphology and crystal structure.
Furthermore, we have calculated the amount of Til} .. and
Til! g respectively, and worked out the precise RTT (Figure 7b)
based on the signal area obtained from double integration of
Tid s and Tissignal. When the relative mole ratio of F: Ti
is 1.0 (Rg.;), the Ti signal is strong while there is a very weak
Ti _quf signal. As the relative mole ratio of F: Ti increases, the
Til%s signal keeps stable, whereas the Till_. signal becomes
stronger. When the mole ratio of F:Ti increases from 1.0 to 2.0,
the samples Rp;, Rpizs, Rpys, Rpzs, Ry show the
corresponding RTT 0.18, 0.34, 1.20, 1.46, and 1.60,
respectively.

As shown in Figure 7¢, photocatalytic hydrogen generation
performance of prepared defective TiO, with tunable RTT
from 0.18 to 1.6, commercial P25 and commercial crystalline
anatase TiO, (all the TiO, samples used for comparison have
the similar morphology and similar size about 25 nm) reveals
that all our prepared samples show better performance than
P25 and crystalline anatase TiO,. As the RTT in TiO,
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decreases from 1.6 (Rp,) to 0.34 (Rg,s), our defective TiO,
samples show better performance progressively while the
prepared sample Rp, with the RRT 0.18 shows the worse
performance than Rg | 55. The sample Ry ,5 shows the state-of-
the-art activity among anatase TiO, for sunlight-driven
photocatalytic hydrogen generation up to 13.21 mmol h™
g_l, which is 120 times enhancement than 0.11 mmol h™ g_1
for the crystalline anatase TiO,. Actually, Ry, and Ry shows a
little worse photocatalytic performance than Rg,: 4.21 mmol
h™ g7' for Rp, for and 4 mmol h™' g™' for Ry, which are a
little worse than 5.8 mmol h™' g™! for Rg,. The photocatalytic
degradation of methyl orange (as shown in Figure 7d) shows
the results consistent with the photocatalytic hydrogen
generation. The TiO, with relatively low RTT can show better
photocatalytic degradation performance and the optimal is 0.34,
which shows the best degradation performance finishing
degrading the MO in 130 min under AM 1.5. Hence, the
relatively lower RTT is better for photocatalytic hydrogen
generation and photocatalytic degradation and the optimal
RTT is 0.34. The EIS of the samples (Figure S13) also indicate
that defective TiO, with RTT 0.34 can show the best carriers
conductivity. Therefore, it is efficient to lower the RTT to
promote the CST kinetics for efficient photocatalysis and the
optimal RTT is 0.34.

4. CONCLUSION

In summary, the CST can enable typical semiconductor TiO,
to show excellent photocatalytic hydrogen generation perform-
ance. By tailoring defect distribution to create a crystalline
core/defect-tunable shell structure through fluorine-induced
dynamic reaction method, there are suitable band alignment,
moderate bridgelike shallow traps and active carrier acceptors
in TiO,, which initiate the CST. It is demonstrated that the
designed TiO, with the CST can exhibit high performance in
photocatalytic hydrogen generation: designed TiO, with the
optimal ratio (0.34) of subsurface to surface defects can show
the state-of-the-art activity among anatase TiO, for sunlight-
driven photocatalytic hydrogen generation from water splitting
up to 13.21 mmol h™' g™', which is 120 times enhanced than
the crystalline anatase TiO,. The enhancement is attributed to
the efficient CST originating from engineered defects in
designed TiO,. The finding of this work proves that the CST
enabled by defect engineering can be used to significantly
improve photocatalytic hydrogen generation performance in
semiconductor photocatalysts.
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