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Hollow anatase TiO, tetrakaidecahedral crystals
with an active {001}/{110} redox interface toward
high-performance photocatalytic activityy

Liming Sun,? Yaya Yuan,? Xiaoxiao He,*® Wenwen Zhan,? Dong Li, 2 ¢ Yanli Zhao, 2 *°
Xiao-Jun Wang 22 and Xiguang Han (2 *?

The existence of the oxidation/reduction interface can promote the performance of a photocatalyst, due to
its effect on the separation of photogenerated carriers and the surface reactivity. However, it is difficult to
construct two sets of oxidation/reduction interfaces in a single crystal and compare their separation
efficiency for photogenerated carriers. Introducing a high proportion of active facets into the co-
exposed facets is even more challenging. Herein, a hollow anatase TiO, tetrakaidecahedron (HTT) with
two sets of oxidation/reduction interfaces ({001}/{101} and {001}/{110}) is synthesized by directional
chemical etching. Theoretical and experimental results indicate that the {001}/{110} interface is
a dominant oxidation/reduction interface, showing a better promotion on the separation of
photogenerated carriers than the {001}/{101} interface. In the HTT, the ratio of dominant {001}/(110) is
increased and the proportion of the active {110} facet is about 40% (generally about 15%). Therefore, the
HTT shows excellent catalytic activity for photocatalytic reductive (hydrogen production) and oxidative
(selective oxidation of sulfides) reactions. The HTT also demonstrates favorable photocatalytic activity for
the cross-dehydrogenative coupling reaction, where both photogenerated electrons and
photogenerated holes are involved, further verifying its high separation efficiency of photogenerated
carriers and surface reactivity. This work provides an important guideline for developing advanced
structures with a predetermined interface toward desired applications.

Introduction

The photocatalytic reaction consists of three main processes,
namely, photoinduced generation of carriers, separation and
migration of the photogenerated carriers to the surface of the
catalyst, and the separated photogenerated electrons and holes
participating in surface reductive/oxidative reactions at the
active sites."® The effective separation of photogenerated
carriers is a prerequisite for a photocatalytic reaction.*** While
the deposition of noble metals and the construction of a semi-
conductor heterojunction can promote the separation of pho-
togenerated carriers, the high cost of noble metals and the low
effective interface rate in the heterojunction are two main
disadvantages limiting their development.'*™* It has been
found that the oxidation/reduction interface, with different
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aggregations of photogenerated holes and electrons on each
facet, can be constructed in a single crystal to achieve effective
separation of photogenerated carriers by the directional
migration of photogenerated elections and holes.”*** Obvi-
ously, the oxidation/reduction interface composed of different
facets should have different promotion on the separation of
photogenerated carriers. There is a lack of relevant research on
this issue,'* because it is challenging to construct two sets of
oxidation/reduction interfaces in a single crystal and compare
their separation efficiency for photogenerated carriers.

Although the separation efficiency of photogenerated
carriers has a crucial influence on the activity of photocatalysts,
the impact of surface reactivity of exposed facets on photo-
catalytic activity cannot be ignored. Generally, the highly active
facets possess more unsaturated surface atoms and high
surface energy.”*' It is very difficult to expose highly active
facets in a high proportion in single crystal photocatalysts, as
their high surface energy contradicts the principle of crystal
growth.** Therefore, introducing a high proportion of highly
active facets into the oxidation/reduction interface is an effec-
tive but challenging strategy for fabricating efficient
photocatalysts.

Anatase TiO,, as one of the most well-known functional

materials, shows promising applications in various
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photocatalytic fields, such as water splitting, wastewater treat-
ment, and catalytic organic reactions, due to its low cost, non-
toxicity, high activity and high photostability.**>® The
sequence of the average surface energy from low index anatase
TiO, crystal facets is v {110} (1.09 J m~2) > ¥ {001} (0.90 ] m~>) >
v {100} (0.53 ] m~?) > v {101} (0.44 J m ?).2%¥"*° The surface
energy of the {110} facet is the highest, which means that the
{110} facet is a highly active facet of anatase TiO,. The high
surface energy of the {110} facet results in its low exposure ratio
in the anatase TiO, single crystal.**** At present, the highest
exposure ratio of the {110} facet is only about 15%.** The surface
energy of the {101} facet is the lowest, indicating its best
stability. From the perspective of reduction and oxidation fac-
ets, anatase TiO, {101} and {110} facets provide the sites for
reduction, which benefit the aggregation of photogenerated
electrons, while the {001} facet offers the sites for oxidation,
which is beneficial to the concentration of photogenerated
holes.**® Therefore, we first constructed a solid anatase TiO,
tetrakaidecahedron (STT) containing {001}/{101} and {001}/
{110} oxidation/reduction interfaces. By introducing the stable
{101} facet, the difficulty of synthesizing TiO, with a highly
active {110} facet was effectively solved. In the prepared STT, the
exposed proportion of the highly active {110} facet accounts for
20%. From theoretical calculations, it can be found that the
{001}/{110} interface has a better effect on promoting charge
separation than the {001}/{101} interface. That is, the {001}/
{110} interface is the dominant oxidation/reduction interface.
Then, the hollow anatase TiO, tetrakaidecahedron (HTT) was
prepared by the directional etching method (Fig. S1t), in which
the {001}/{110} interface ratio was increased and the proportion
of the highly active {110} facet was further expanded to 40%.
The results of photoelectrochemical and transient absorption
measurements confirm the dominant position of the {001}/
{110} interface in facilitating the photogenerated carrier sepa-
ration predicted by the theoretical calculation. Benefiting from
the synergistic effect of the increased dominant {001}/{110}
interface proportion and high proportion of the highly active
{110} facet, the HTT shows excellent photocatalytic activity for
both reductive (hydrogen production) and oxidative (selective
oxidation of sulfides) reactions. Moreover, the prepared HTT
also demonstrates favorable photocatalytic activity for the cross-
dehydrogenative coupling (CDC) reaction, in which both pho-
togenerated electrons and photogenerated holes are involved,
further verifying its high separation efficiency of photo-
generated carriers and surface reactivity. This work shows that
screening and increasing the proportion of the dominant
oxidation/reduction interface with highly active facets would be
useful to construct highly efficient photocatalysts.

Results and discussion
Structure and composition of the photocatalysts

Well-defined STT particles were synthesized by a hydrothermal
method in the presence of potassium titanate nanowires
(KTNWs), H,0, and HF at 180 °C for 12 h. Field emission
scanning electron microscopy (FESEM, Fig. 1a) confirmed the
formation of a solid tetrakaidecahedron with high uniformity
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and a smooth surface. The powder X-ray diffraction (XRD)
pattern (Fig. S21) showed that all the identified peaks could be
assigned to anatase TiO, (JCPDS Card No: 01-071-1166), indi-
cating that the as-prepared STT was pure anatase TiO,. Energy-
dispersive X-ray (EDX) spectroscopy mapping (Fig. S31) showed
that the Ti and O elements were evenly dispersed throughout
the solid tetrakaidecahedral structure. In order to reveal the
exposed crystal facets of the STT, SEM images (Fig. 1b-g)
observed at different zone axes were obtained and compared
with the corresponding simulated models. There was a good
agreement between the SEM images and the geometrical
models from different orientations, indicating that the STT was
enclosed by the {001}, {101} and {110} facets. According to the
ideal model, the proportion of each exposed crystal plane was
calculated to be 43% for the {101} facet, 37% for the {001} facet,
and 20% for the {110} facet (Fig. S4t). To investigate the pho-
tocatalytic oxidation-reduction activity of anatase TiO, {001},
{101} and {110} facets, the photo-deposition of Pt and MnO, on
the surface of the STT was carried out. The SEM images and
corresponding energy dispersive spectroscopy (EDS) spectra
(Fig. S5t) clearly demonstrate the selective deposition of Pt
particles on the {101} and {110} facets, while the MnO, particles
are solely deposited on {001} facets. Concurrent photo-
deposition of Ag/MnO, on the STT was conducted to further
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Fig. 1 (a) Typical SEM images of the STT. (b) An STT particle viewed
from the [001] direction and the corresponding ideal geometrical
model. (c—e) The same STT particle rotated at a certain angle and
corresponding ideal geometrical model. (f and g) STT particles viewed
from the [110] and [100] orientations. (h) Corresponding surface
structures of anatase TiO, {001}, {101} and {110} facets. (i) Density of
states for anatase TiO, {001}, {101} and {110} facets. (j) Typical SEM
images of the HTT.
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prove the distinct accumulation of electrons or holes, as
depicted in Fig. S6.1 It is evident that Ag was deposited on the
{101} and {110} facets, while MnO, was deposited on the {001}
facet, respectively. This finding aligns with those obtained from
individual photo-deposition of Pt and MnO,. These observa-
tions indicated that the photogenerated electrons were
concentrated on the {101} and {110} facets to prepare for the
reductive reaction, and the photogenerated holes tended to
migrate to the {001} facet for the oxidative reaction. Thus, there
are two sets of oxidation/reduction interfaces in the prepared
STT, namely {001}/{110} and {001}/{101} interfaces.

In order to study the origin of this spatial separation and
effectively utilize the spatial separation effect, the surface
microstructures and the energy levels of the valence band for
anatase TiO, {001}, {101} and {110} facets were evaluated by
theoretical calculations. From the perspective of atomic struc-
ture (Fig. 1h), the top layers of the {001} and {101} facets were
composed of unsaturated five-coordinated Ti (Tis.) and two-
coordinated O (O,.) atoms, while the Ti atom on the top layer
of the {110} facet was the four-coordinated Ti (Ti,) atom.
Generally, the more the surface dangling bonds, the better the
surface reactivity.>>" Thus, the {110} facet possessed the
highest activity among these three anatase TiO, facets, which
was consistent with the result inferred from the surface energy.
In Fig. 1i, the density of states (DOS) was aligned with respect to
the Fermi level, which is defined as 0 eV.* The difference of the
energy levels in the valence bands (AEyg) between the {001} and
{101} facets is ca. 0.25 eV, while the AEyp between the {001} and
{110} facets is calculated to be ca. 0.36 eV. Although the calcu-
lated differences may be much larger than the actual value, the
existing difference well demonstrated the feasibility of trans-
ferring the photogenerated electrons from the {001} to {101}
and {110} facets, and holes from the {101} and {110} to {001}
facets, resulting in the formation of reduction and oxidation
facets. The higher AEyp value between the {001} and {110} facets
compared to that between the {001} and {101} facets indicates
a stronger ability of the {001}/{110} interface for separating
photogenerated electron-hole pairs than the {001}/{101} inter-
face. Based on the above evidence, the goal of promoting the
separation of photogenerated carriers can be achieved by
increasing the ratio of the {001}/{110} interface.

Starting from such a design objective, directional etching of
the prepared STT was carried out using HF solution as the
etching agent. The etching process of the STT is schematically
depicted in Fig. S1.f STT particles were homogenously
dispersed in a solution of HF. During this etching process at 180
°C for 6 h, the product well maintained the tetrakaidecahedral
morphology and high monodispersity with a small hollow
structure (SHTT), as shown from the FESEM and TEM images
(Fig. S7a and bft), while the particles were etched into hollow
structures from the top (001) facet to the bottom (001) facet.
According to the selected-area electron diffraction (SAED)
pattern (Fig. S7ct), the obtained SHTT was single-crystalline
and could be indexed to the [001] zone axis of tetragonal TiO,.
The structural features agreed well with the model of SHTT with
exposed {001}, {101} and {110} facets projected along the [001]
zone axis (Fig. S7d1). The powder XRD pattern indicated that
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SHTT was still pure anatase TiO, phase (Fig. S81). EDX mapping
(Fig. S9t) also showed that the Ti and O elements were
uniformly distributed over the small hollow tetrakaidecahedral
structure. Upon further etching, the hollow structure of SHTT
was gradually enlarged to afford the HTT (Fig. 1j). The phase of
the HTT still retained anatase TiO, (Fig. S101). EDX mapping
showed that the Ti and O elements were still uniformly
distributed in the hollow tetrakaidecahedral structure of the
HTT (Fig. S117). In order to explore the etching mechanism, the
HF etching solution was replaced by HCI solution, HCl and NaF
mixed solution, and NaF solution, respectively. After etching at
180 °C for 12 h, the morphology of the STT sample in HCI
solution (Fig. S12at) did not show any changes, while the STT
samples in HCl and NaF mixed solution (Fig. S12b}) and NaF
solution (Fig. S12c) exhibited the etched phenomenon on the
{001} facet. The results of these comparative experiments indi-
cated that F ions played a key role in this etching process.

To further study the structural information of the obtained
HTT, the product was characterized by transmission electron
microscopy (TEM). Fig. 2a shows a TEM image of an individual
HTT projected from the [001] direction, which was in good
agreement with the SEM observation. The external appearance
of the particle presented an octahedron-like outline and the
internal appearance exhibited a square morphology. The cor-
responding SAED pattern is given in Fig. 2b. This SAED pattern
implied that the obtained HTT was single-crystalline and could
be indexed to the [001] zone axis of tetragonal TiO,. These

(k)
(001)
{

110) I (T10)

(007)
[010] i

o ™
- i 2p,, - O, 56.5% 3

;! 2 J : 0, 30.0% .

8 i 2p. < o Y

> 112 HTT > O, 135% O HTT

0 Z 7} 0, 66.0%

< - c o,

9 K] 0O, 21.6% o

c c 9 o, v

£ o~ str| = 0, 12.4% c STT

468 466 464 462 460 458 456 454 535 534 533 532 531 530 529 528 527

Binding energy (eV) Binding energy (eV)

Fig. 2 (a, e and i) Typical TEM images of an individual HTT projected

from the [001], [022] and [010] directions, respectively. (b, f and j)
Corresponding SAED patterns of the HTT projected from the [001],
[022] and [010] directions, respectively. (c, g and k) Models of the HTT
viewed along the [001], [022] and [010] directions, respectively. (d, h
and |) Corresponding HRTEM images. High-resolution XPS spectra of
Ti 2p (M) and O 1s (n).
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structural features agreed well with the model of the HTT with
exposed {001}, {101} and {110} facets projected along the [001]
zone axis, and the newly exposed internal surfaces corre-
sponded to the {110} facet (Fig. 2c). High resolution trans-
mission electron microscope (HRTEM) observation indicated
that the interplanar distance is 0.377 nm (Fig. 2d), corre-
sponding to the lattice spacing of the (010) facet of tetragonal
TiO,. In order to confirm the exposed surfaces of the HTT, the
same particle was rotated to the other zone axis (Fig. 2e). The
SAED pattern (Fig. 2f) indicated that the particle was rotated to
the [022] zone axis. The outline and the apex angle of the
particle still matched well with that of the ideal HTT model
projected along the same direction (Fig. 2g). The HRTEM image
(Fig. 2h) also corresponded well with the (010) facet of tetrag-
onal TiO,. This HTT particle from another viewing angle
(Fig. 2i) was investigated to verify the correctness of the model.
The SAED pattern (Fig. 2j) showed that the viewing angle was in
the [010] direction. The profile was still in good agreement with
the model of an ideal HTT viewed along the [010] direction
(Fig. 2Kk). Fig. 21 shows that the interplanar distance is 0.377 nm,
corresponding to the lattice spacing of the (010) facet. Based on
these structural analyses, the exposed surfaces of the as-
prepared HTT could be inferred as the {101}, {001} and {110}
facets, and the newly exposed internal surfaces could be
deduced as the {110} facet. The proportion of each crystal plane
was 30% for the {101} facet, 30% for the {001} facet, and 40% for
the {110} facet. After etching, the proportion of the {110} facet
increases as a result of the exposure of the internal surfaces,
while the proportion of the {101} facet decreases, thus achieving
the design goal of increasing the {001}/{110} ratio. In addition,
the proportion of the highly active {110} facet in the HTT is as
high as 40%. The concurrent photo-deposition of Ag/MnO, on
thr HTT was conducted to illustrate the separation of photo-
generated carriers. As shown in Fig. S131, the deposition of
MnO, is observed on the top surface of the HTT, whereas the
inner and outer side surfaces exhibit the presence of Ag parti-
cles. This observation suggests that the photogenerated elec-
trons and holes accumulate predominantly on the {001} facet
and the {110} and {101} facets, respectively, leading to spatial
separation between them.

In the high-resolution Ti 2p XPS spectrum (Fig. 2m), the
peaks at 464.2 eV for the HTT and 464.5 eV for the STT, are in
agreement with Ti 2p,/,, and the peaks at 458.4 eV for the HTT
and 458.6 eV for the STT, correspond to Ti 2ps/,. The surface of
the {110} facet has lots of unsaturated Ti,. atoms, and is
enriched with a large number of electrons. The calculated
Mulliken charges of surface Ti atoms on the (110), (110) and
(001) surfaces are 1.31e, 1.25¢ and 1.23e, respectively. The
greater the positive charge value, the fewer electrons are lost by
the surface Ti atoms. Compared with the STT, the HTT has
a higher proportion of the {110} crystal facet. Therefore, the
peaks of Ti 2p moved to the low-energy region. The O 1s high-
resolution spectrum could be split into three major peaks,
corresponding to lattice oxygen (Oy), the oxygen-deficient region
(Ov), and dissociated and chemisorbed oxygen (O¢), respectively
(Fig. 2n). Compared with the STT, the HTT has a higher
proportion of Oy, which is consistent with the result of more

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

Tis. on the {110} facet. The above results show that the HTT has
a higher proportion of the {110} facet with more unsaturated
coordination Ti,. and more residual electrons, which can act as
active sites to improve the catalytic activity of the material.

Photoelectrochemical properties of the photocatalysts

In order to verify that increasing the proportion of the {001}/
{110} interface can improve the separation of photogenerated
electron-hole pairs, the photoelectrochemical properties of
a solid TiO, cuboctahedron composed of {101} and {001} facets
(STC),* the STT and HTT, were tested. The detailed synthesis
procedure of the STC is shown in the ESI,f and the corre-
sponding structure and morphology are presented in Fig. S14.
As shown from the UV-vis absorption spectra (Fig. S151), the
light response of the STC, STT and HTT is almost the same,
indicating that the ability of these three samples to produce
photogenerated carriers is similar. The photocurrent density of
the STC, STT and HTT was normalized for the catalyst loading
amount and surface area (Fig. 3a). Compared with the STC
containing only the {001}/{101} interface, the {001}/{110} inter-
face was introduced in the STT with the appearance of the {110}
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Fig. 3 (a) Photocurrent density of the STC, STT and HTT measured at
0.2 V versus Hg/Hg,Cl, in NaH,PO4/Na,HPO, electrolyte under illu-
minated (i.e., light) and non-illuminated (i.e., dark) conditions. (b)
Photoluminescence spectra of these three samples. (c) LSV curves of
these three samples. (d) EIS spectra of these three samples measured
at open-circuit potential versus Hg/Hg,Cl, under illuminated condi-
tions in the low-frequency range and equivalent circuits. (e) SPV
spectrum of the STC, STT and HTT. (f) Time resolved PL spectra. (g)
Schematic diagram of energy levels and photogenerated carrier
transfer for anatase TiO, {001}/{101} and {001}/{110} interfaces.
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facet, and the photocurrent density of the STT was twice that of
the STC. The photocurrent density continued to increase with
the further increased proportion of the {001}/{110} interface, so
that the photocurrent density of the HTT was twice that of the
STT and four times that of the STC. In order to exclude the
influence of the interaction between exposed crystal facets of
the catalyst and electrolyte on the photocurrent density, besides
NaH,PO,/Na,HPO, electrolyte, the photocurrent density of the
STC, STT and HTT in Na,SO, electrolyte and NaOH electrolyte
was also measured. As shown in Fig. S16,f the photocurrent
density of the STC, STT and HTT in Na,SO, electrolyte and
NaOH electrolyte still followed the order of HTT > STT > STC.
The photoluminescence (PL) emission spectra of the STC, STT
and HTT were then measured. As shown in Fig. 3b, the intensity
of the main emission peak (centered at about 398 nm) assigned
to the band-band photoluminescence phenomenon presented
an obvious sequence of HTT < STT < STC. This meant that the
HTT possessed the lowest recombination rate of photo-
generated electron-hole pairs, which was consistent with the
trend of the photocurrent density. The results of photocurrent
density and photoluminescence spectra indicated that the
anatase TiO, {001}/{110} interface had a more significant
promoting effect on photogenerated carrier separation than the
{001}/{101} interface, which is consistent with the theoretical
prediction.

Linear sweep voltammetry (LSV) curves (Fig. 3c) showed that
the HTT had higher cathodic current density than the STT and
STC, indicating that the HTT had the highest electron transfer
efficiency among these three samples. Electrochemical imped-
ance spectroscopy (EIS) of the STC, STT and HTT was carried
out to further clarify the kinetics of the charge transfer. Fig. 3d
shows the EIS spectra of these samples and equivalent circuits,
and the fitting parameters are listed in Table S1. The order of
the transfer resistance (Rcr) values among these samples is HTT
< STT < STC, revealing that the order of the electron transfer at
the interface of anatase TiO, electrodes and electrolyte is HTT >
STT > STC. Quantitatively, the charge transfer efficiency (9¢rans)
was determined to be 92.6%, 69.5% and 59.9% for the HTT, STT
and STC, respectively, on adding the electron scavenger MV,Cl,
(Fig. S171).2* The surface charge transfer in the HTT is signifi-
cantly enhanced, attributed to the increased proportion of the
dominant {001}/{110} interface. To further gain direct evidence
of the separation efficiency of photogenerated carriers, surface
photovoltage spectroscopy (SPV) has been carried out.
Compared to the STC and STT, the HTT showed significantly
stronger SPV signals, demonstrating the increment of the
photogenerated carrier accumulation concentration on the
surface of the TiO, crystal (Fig. 3e). Time-resolved PL spectra
(Fig. 3f) had determined the PL lifetimes to be 25.08 ns for the
HTT, 5.71 ns for the STT, and 3.99 ns for the STC. A shorter PL
lifetime means a faster transfer of charge carriers and a more
efficient separation of electrons and holes. Based on the above
theoretical calculations (Fig. 1i) and experimental results
(Fig. 3), it can be inferred that the {001}/{110} interface of
anatase TiO, has well matched valence band and conduction
band positions to separate photogenerated carriers, which can
indeed be improved by increasing the proportion of the {001}/
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{110} interface in the case of the HTT (Fig. 3g). Therefore, the
HTT has a suitable crystal surface structure and has great
potential for photocatalytic activity as a photocatalyst.

Photocatalytic activity of the photocatalysts

The effect of the dominant {001}/{110} interface on the photo-
catalytic activity of the TiO, system was investigated by photo-
catalytic hydrogen production and selective oxidation of
sulfides into sulfoxides using the STC, STT and HTT as the
photocatalysts. The rate of photocatalytic H, evolution over the
STC, STT and HTT was compared, as shown in Fig. 4a. The STC
with only the {001}/{101} interface produced almost no H, in
two hours. When the {001}/{110} interface appeared, the H,
yield of the STT showed an enhancement. With a further
increase in the proportion of the {001}/{110} interface, the H,
yield of the HTT improved significantly, and was nearly four
times that of the STC. This outcome indicates that the {001}/
{110} interface plays a crucial role in the high H, evolution
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Fig. 4 (a) Recyclability of the STC, STT and HTT in H, production
under a Hg lamp. Optimized structural models of molecular H,O
adsorbed on the (101) (b) and (110) surfaces (c). Total electron density
of molecular H,O adsorbed on the (101) (d) and (110) surfaces (e).
Electron density difference of molecular H,O adsorbed on the (101) (f)
and (110) surfaces (g). (h) Calculated free-energy diagram of the HER at
the equilibrium potential for the (101) and (110) surfaces.
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activity of the HTT. The H, yield rate of the HTT did not
decrease significantly after five cycles of testing, indicating that
the HTT possessed high cycling stability for photocatalytic H,
evolution. In order to explore the mechanism for the high H,
evolution of the HTT, the adsorption and activation of a H,O
molecule on the (101) and (110) surfaces were studied. The
adsorption configuration of a H,O molecule on the (101) and
(110) surfaces is presented in Fig. 4b and c, and the corre-
sponding adsorption energy was —1.12 and —1.31 €V, respec-
tively, indicating that the (110) surface had better adsorption
capacity for the H,O molecule than the (101) surface. The
reason for this phenomenon was that the Tis. on the (110)
surface could provide more electrons to the adsorbed H,O
molecule than the Tis. on the (101) surface. The calculated
Mulliken charge of O in the H,0 molecule adsorbed on the (110)
surface was —0.91e, while the charge of O from the H,O mole-
cule adsorbed on the (101) surface was only —0.88e. On account
of the stronger interaction between Ti,. on the (110) surface and
O in the adsorbed H,0 molecule, the bond length of O-H, was
elongated to 1.033 A, and the charge of the H, atom was
increased to 0.51e. This result means that, in the activated state,
the H, atom of the H,O molecule adsorbed on the (110) surface
is more likely to receive photogenerated electrons and be
reduced as compared to the H,O molecule adsorbed on the
(101) surface. The total electron density and electron density
difference of molecular H,O adsorbed on the (101) and (110)
surfaces were calculated to further investigate the interaction
between the H,0 molecule and TiO, surface. Comparing Fig. 4d
and e, it can be seen that the electron density between the H,O
molecule and (110) surface was significantly denser than that
between the H,O molecule and (101) surface. From the electron
density difference of molecular H,O adsorbed on the (101) and
(110) surfaces (Fig. 4f and g), it can be clearly observed that the
electron interaction between the H,O molecule and (110)
surface was stronger than that between the H,O molecule and
(101) surface, which was consistent with the result of the total
electron density.

In order to understand the state of the excited H,O molecule
on the anatase TiO, surface, the adsorption of dissociative H,O
on (101) and (110) surfaces was also taken into account. On the
(101) surface, the adsorption of dissociative H,O ultimately
became molecular adsorption (Fig. S18af), and the corre-
sponding adsorption energy was —1.11 eV, which was close to
the adsorption energy of molecular H,O on the (101) surface.
The dissociative H,O adsorbed on the (110) surface still
remained in the dissociated state, with an adsorption energy of
—2.15 eV. The lower adsorption energy of dissociative H,O than
that of molecular H,O on the (110) surface indicates that the
molecularly adsorbed H,O state is metastable, tending to the
dissociated H,O state on the (110) surface. As shown in
Fig. S18bf, the O-H bonded with the Ti,. site on the (110)
surface, and one of the H atoms is transferred to the adjacent
oxygen site. The calculated adsorption of dissociative H,O
further verified the better activation effect of the (110) surface
on the H,O molecule than the (101) surface. Generally, the
Gibbs free-energy of the intermediate adsorbed H* (|AGy+|)
could be considered as a major descriptor of the activity of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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catalysts for the hydrogen evolution reaction (HER).”*** The
near-zero value of |AGy+| corresponded to the outstanding
hydrogen production activity. The |AGy+| value of the (101) and
(110) surfaces had been calculated and is shown in Fig. 4h. The
smaller |AGy+| value (AGy+ = —0.51 eV) of the (110) surface
indicated that the (110) surface was more conducive to the HER
than the (101) surface, the AGy+ value of which was —0.96 eV.
Therefore, the excellent photocatalytic H, evolution of the HTT
was ascribed not only to the better separation rate of photo-
generated electron-hole pairs at the {001}/{110} interface, but
also to the higher hydrogen production activity of the {110}
facet.

In addition to the reductive reactions such as photocatalytic
H, evolution from water, photocatalytic selective oxidation of
organic species was an important type of index reaction to test
the activities of photocatalysts. In most photocatalytic selective
organic oxidation reactions, the active intermediate is the
superoxide radical (O, 7). Thus, the charge interaction between
the two reduction (101) and (110) surfaces and O, molecule was
investigated by using total electron density and electron density
difference. The adsorption energies of O, molecules on the
(101) and (110) surfaces were —0.58 eV and 1.59 eV, respectively.
The resulting O-O bond lengths of adsorbed O, molecules on
the (101) and (110) surfaces were 1.402 A and 1.426 A, respec-
tively. As shown in Fig. 5a and b, the total electron density
between the adsorbed O, molecule and (110) surface was higher
than that between the O, molecule and (101) surface. From the

Run 1 Run 2 Run 3

Cycle number

Run 4

Run5

Fig.5 Total electron density of the O, molecule adsorbed on the (101)
(a) and (110) surfaces (b). Electron density difference of the O, mole-
cule adsorbed on the (101) (c) and (110) surfaces (d). Electron density
difference maps of the O, molecule adsorbed on the (101) (e) and (110)
surfaces (f). (g) Yield of sulfoxides by selective oxidation of sulfides over
the STC, STT and HTT under a Hg lamp.
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electron density difference (Fig. 5¢ and d), it could be seen that
the charge interaction between the (110) surface and O, was
stronger than that between the (101) surface and O,. The
stronger interaction between the adsorbed O, molecule and
(110) surface could be more clearly observed from the electron
density difference maps (Fig. 5e and f). The calculated Mulliken
charge of O, adsorbed on the (101) surface was —0.34e, while
the charge of O, adsorbed on the (110) surface was —0.43e. The
calculated results of Mulliken charge indicated that O, adsor-
bed on the (101) surface gained more charge than that adsorbed
on the (101) surface, which was consistent with the analysis
result of electron density difference maps. Based on these
theoretical calculation results, it could be inferred that
increasing the proportion of the {001}/{110} interface was
beneficial to the formation of O," . The selective oxidation of
sulfides into sulfoxides with the active intermediate of O, by
the HTT, STT, and STC photocatalysts was selected to verify the
above inference. As shown in Fig. 5g, the sequence of the pho-
tocatalytic yield was HTT > STT > STC, indicating that the
photocatalytic activity of the HTT was improved with the
increase in the {001}/{110} interface ratio. This result was
consistent with the theoretical inference. The recycling stability
of the HTT was investigated by five cycles of this photocatalytic
reaction under the same conditions. It could be found that the
activity loss of the HTT was negligible. After catalytic cycle
experiments, the composition and morphology of the HTT
photocatalyst did not show obvious changes (Fig. S19%),
demonstrating that the HTT possessed high catalytic stability.
Then, various thioanisole derivatives were used as reactants to
evaluate the universality of the HTT as a photocatalyst. As
shown in Fig. S20,f the yields and selectivity of the desired
oxidized products were 83-98% and 82-94% respectively, indi-
cating that the HTT photocatalyst had good universality for
selective oxidation of sulfides into sulfoxides.

Compared with the half reactions with only oxidation or
reduction, the photocatalytic reaction with the involvement of
both electrons and holes can better reflect the photogenerated
carrier separation efficiency and catalytic activity of the catalyst.
Thus, the photocatalytic activity of the HTT, STT and STC for
CDC reactions (Fig. S21at) was measured to further verify their
separation efficiency of photogenerated carriers and surface
reactivity. As shown in Fig. S21b,7 with the increasing propor-
tion of the dominant {001}/{110} interface, the yield of CDC
reactions was improved sequentially, i.e., HTT > STT > STC. This
result further confirmed the efficient separation of photo-
generated carriers and high surface reactivity of the HTT.

Microscopic mechanism of charge separation

In order to investigate the microscopic mechanism of charge
separation at the {001}/{110} interface, we measured femto-
second transient absorption (TA) to study the excited state
dynamics of the HTT and STC. The UV-vis absorption spectra of
the HTT and STC were measured (Fig. S151) to better under-
stand the TA spectral changes. Fig. 6a and b show the 3D
contour plots of TA spectra at 430-800 nm. Both samples
present a negative TA signal, which reflects the photo excited
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Fig. 6 3D contour plots of transient absorption spectra of the (a) STC
and (b) HTT and kinetic traces of the HTT (c) and STC (d) at 770 nm.

carrier trapped in surface states.>® The TA of the STC is mainly
characterized by the absorption peak near 500 nm. For the HTT,
a broad and featureless TA band was observed at 450-800 nm.
Carrier dynamics in TiO, have been extensively studied and
reviewed in the 1990s.>*°° Yoshihara and co-workers identified
electron and hole TA signals of TiO, from 400 to 2500 nm.*”
They found that the hole in the valence band mainly absorbs in
the visible range (400-700 nm) and trapped electrons have
a strong absorption peak in the NIR range (~800 nm). The
strong TA signal in the NIR range means the large number of
surface trapped electrons for the HTT. However, the marked
decrease in TA intensity >700 nm compared with that at
~500 nm reflects the strong electron trapping ability of deep
defect states, which decrease the number of electrons for
catalysis in the STC. Considering the high ratio of the {001}/
{110} interface in the HTT, the strong TA signal for the
surface trapped electron reflects the efficient charge separation
of the interface. So that with only the {001}/{101} interface, the
STC showed poor charge separation and a low TA signal for the
surface trapped electron. As a conclusion, the {001}/{110}
interface performs high-efficiency charge separation and the
electron dynamic at {001}/{110} interface can reflect the ability
of charge separation. The TA signal near 800 nm can efficiently
reflect the shallow trapped electron in TiO,. The shallow trap-
ped electrons can not only regain the activation energy for the
catalytic reaction, but can also be further captured by the deep
defect states and lose the catalytic activity. In this case, we
extracted a kinetic trace at 770 nm to analyze the electron
dynamics in the TiO, samples.

Fig. 6¢c and d show the kinetic curves at 770 nm and the data
are fitted using multi-exponential decay components as listed in
Table S2.1 In general, photo-excited electrons first reach the
edge of the conduction band and then they can be trapped in
surface defects in TiO,. The trapping may occur from a few
picoseconds to hundreds of picoseconds. After this, electrons
could take part in chemical reactions or recombine with holes

© 2024 The Author(s). Published by the Royal Society of Chemistry
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in the valence band.”®* As clearly shown in the decay process
for those traces, HTT firstly undergoes a build-up process with
a time constant of about 0.4 ns. The formation process reflects
the increasing number of free electrons that de-trapped surface
defects. Considering the high-efficiency charge separation at
{001}/{110} interface, the build-up originates from the electron
transfer from {001} facet to {110} facet. The build-up process
(0.4 ns) was also observed due to the performance of the {001}/
{110} interface in the STT (as shown in Fig. S22}) , and the
amplitude variation of the kinetic trace for build-up corre-
sponded with the variation of the {001}/{110} ratio between the
HTT and STT. It is further proved that the electron transfer can
be attributed to the build-up process. When the filling or the
electron transfer is finished, the bleach signal reaches
a maximum and remains almost constant at 8 ns, suggesting
the long-lived electron for the HTT. The absence of the {001}/
{110} interface means the shallow trapped electrons cannot be
reactivated, resulting in the electrons being captured by the
deeper defects states, and then losing the catalytic activity. An
obvious decay tendency was eventually observed. In summary,
the electron transfer efficiency between the {001} facet and the
{110} facet is the reason why the HTT shows enhanced photo-
catalytic performance. This result is consistent with the steady
optical and electronic measurements discussed above.

Conclusions

In order to obtain excellent photocatalysts by constructing the
oxidation/reduction interface with a high proportion of exposed
highly active facets, the solid anatase TiO, tetrakaidecahedron
(STT) composed of {001}, {101} and {110} facets has been
synthesized. The difficulty of synthesizing TiO, with a highly
active {110} facet has been effectively reduced due to the
introduction of the stable {101} facet. In the prepared STT, the
exposed proportion of the highly active {110} facet accounts for
20%. The selective photo-deposition of Pt and MnO, on the
surface indicated that the STT possessed two sets of oxidation/
reduction interfaces, namely the {001}/{101} interface and
{001}/{110} interface. Theoretical calculations have demon-
strated that the effect of the {001}/{110} oxidation/reduction
interface on promoting charge separation is better than that
of the {001}/{101} oxidation/reduction interface. Then, the
hollow anatase TiO, tetrakaidecahedron (HTT) has been
prepared by the directional etching method to increase the
proportion of the {001}/{110} interface. The proportion of the
highly active {110} facet in the HTT was further expanded to
40%. The photoelectrochemical properties and transient
absorption measurement of the solid TiO, cuboctahedron (STC)
with only the {001}/{101} oxidation/reduction interface, STT and
HTT confirmed that the {001}/{110} interface played a dominant
role in promoting photogenerated carrier separation as
compared to the {001}/{101} interface. The theoretical calcula-
tions showed that the Ti,. atoms on the {110} surface served as
active sites to provide sufficient electrons for the adsorption-
dissociation of the H,O molecule and the generation of O, .
The HTT showed excellent photocatalytic activity for both
reductive (hydrogen production) and oxidative (selective

© 2024 The Author(s). Published by the Royal Society of Chemistry
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oxidation of sulfides) reactions, attributed to the synergistic
effect of increased dominant {001}/{110} interface proportion
and high proportion of the highly active {110} facet. Moreover,
the prepared HTT also demonstrated favorable photocatalytic
activity for the CDC reactions, in which both photogenerated
electrons and photogenerated holes are involved, further veri-
fying its high separation efficiency of photogenerated carriers
and high surface reactivity. The present work provides an
important guideline for developing advanced structures with
a predetermined interface toward desired applications.
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