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Highlights

The H-TiO; is synthesized by a
new one-step wet-chemistry
approach

H-TiO, can yield switchable
defect via controlled annealing
atmosphere

H-TiO, exhibits the enhanced
photocatalytic property over
commercial rutile and P25

Hydrogenated TiO, (H-TiO,) has been verified as a promising photocatalytic

material. The conventional H-TiO; is mainly prepared by posttreatment. A new
wet-chemistry strategy is developed by synthesizing a hydrogenated TiO, by one-
step chemical method in alcoholic solution. The H-TiO, shows a 60-fold
improvement compared with commercial rutile. Also, the H-TiO, exhibits
unprecedented defects engineering ability, that is, TiO, with or without oxygen
vacancies could be separately obtained by annealing in Ar or O, atmosphere,
respectively.
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SUMMARY

Hydrogen has a remarkably flexible chemistry in oxides. We show that
the introduction of H into simple TiO; leads to greatly enhanced pho-
tocatalytic properties, and specifically yields a 60 times enhancement
of photocatalytic hydrogen evolution activity over commercial rutile.
The hydrogenated TiO, (H-TiO,) is synthesized by a new one-step
wet-chemistry approach yielding switchable defect via controlled
annealing. As-prepared H-TiO, has Ti-H bonds in the lattice from
replacement of oxygen by hydrogen atoms. The Ti-H bonds are con-
verted to oxygen vacancies by loss of H,O with Ar annealing. Oppo-
sitely, Ti-H defects are healed by Ti-O with O, annealing. The strongly
enhanced photocatalytic activity is associated with increased visible
light absorption and effective separation of photogenerated carriers.
This work provides a new and powerful approach for the preparation
of hydrogenated titanium dioxide with switchable defect control, and
striking improvement of photocatalytic activity.

INTRODUCTION

Defect engineering is a promising approach for enhancing photocatalytic perfor-
mance of titanium dioxide.” Specifically, hydrogenating TiO, (to form H-TiO,)
enhances the performance by (1) narrowing the TiO; band gap (3.2 eV),5 "% and (2)
inhibiting carrier recombination.'’™"? Hydrogenated TiO; is generally prepared by
a two-step strategy of post-treating anatase TiO, nanostructures by harsh hydrogen
reduction.’"*? For instance, hydrogenated black TiO; can be prepared in a 20.0-bar
H, atmosphere at approximately 200°C for 5 days.” Red anatase TiO, photocatalysts
with hydrogen-filled oxygen vacancies can be made at 360°C in a hydrogen atmo-
sphere."® H-doped TiO, can also be prepared by hydrogen plasma, MgH, reduction,
and metal-acid treatment of TiO, nanoparticles.w8'21'22 Developing more facile TiO,
hydrogenation strategies using milder conditions to synthesize both rutile and
anatase phase hydrogenated TiO, and controlling incorporation of switchable de-
fects are essential for further enhancing catalytic performance and utility. This also
poses a fascinating fundamental challenge, since the improved activity of H-TiO,
relative to TiO, and the difficulty in hydrogenating TiO, are related to the chemistry
of H in oxides, specifically the weaker bonding of anionic H in the lattice relative to O
and the associated changes in the position of the orbitals of Ti adjacent to H.

Here, we present a new wet-chemistry method for in situ hydrogenation of TiO,.
Hydrogen atoms from alcohol dehydrogenation are incorporated into TiO, during
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the hydrolysis of tetrabutyl titanate in trifluoromethanesulfonic (TfOH) solution. Ti-H
defects are formed in H-TiO, when hydrogen atoms replace oxygen atoms, while
preserving the original TiO, crystal structure. Also, this method for synthesizing
H-TiO; provides an unprecedented opportunity for switchable defect engineering:
TiO, with or without oxygen vacancies can be controllably obtained by annealing in
Ar or O, atmospheres, respectively. Furthermore, H-TiO, shows an enhanced pho-
tocatalytic hydrogen evolution activity, which is 60 times that of the commercial
rutile (C-rutile). The H incorporation changes the band structure and extends visible
light absorption by introducing bandgap states in TiO,. The H defects change the
charge distribution around Ti and O, promoting efficient separation of photocar-
riers. This work offers a pathway for the preparation of efficient photocatalysts based
on TiO;, and illustrates a promising avenue for defect engineering in oxides.

RESULTS AND DISCUSSION

Morphology and structural characterization

Preparation of H-TiO, nanostructures and subsequent switchable defect engineer-
ing are illustrated in Figure TA. When TfOH is added in the solution of tetrabutyl
(IV) titanate and alcohol, the hydrolysis product is H-TiO,. Oppositely, the conven-
tional anatase TiO; is obtained when water is used for hydrolysis. The Ti-H defects
of H-TiO; can be switched into oxygen vacancies with Ar annealing, and conversely
recovered into Ti-O with O, annealing. The ratio between added TfOH and H,O
plays an essential role for the products. X-ray diffraction (XRD) characterization
shows that rutile H-TiO, was obtained with 100% TfOH, but anatase was obtained
with 0% TfOH, i.e., 100% water (Figures 1B and S1). The morphology of products
evolves from anatase nanoparticles to rutile nanorods when the concentration of
TfOH increases from 0% to 100% based on the scanning electron microscopy and
transmission electron microscope (TEM) images (Figures S2 and S3). Along with
the increased content of the organic acid, it is found that the TiO, changes from
nanoparticles with sizes of 10.4 &+ 0.1 nm (TiO2-0%) and 8.8 &+ 0.1 nm (TiO»-50%)
to nanorods with diameters from 17.8 + 0.2 nm (TiO,-95%) to 16.1 + 0.1 nm
(TiO2-100%) (Figures S4 and S5). The heterojunction structure with rutile and anatase
phase TiO, was obtained in 75% TfOH (Figure Sé). "H solid-state nuclear magnetic
resonance (NMR) spectroscopy is used to investigate the incorporation of H into
TiO,.”® An additional peak appears at 0.78 ppm (peak A) (Figures 1C and S7), which
is attributed to the formation of bonds in H and Ti atoms.'®*” New peak at 2.6 ppm
(peak B) is ascribed to the H inside the titanol group.'®?? The peak at 5.4 ppm (peak
C)is assigned to the hydroxyl group from external water adsorption on the surface.'®
These observations indicate that H-doped TiO; is synthesized and the structure of
TiO; evolves in acidic condition.”*> The participation of TfOH is essential for the
formation of H-TiO,. Ti-H moieties are formed in situ based on Lewis acid-base
active center, which then serves as the active center for alcohol dehydrogenation
in TfOH solution rather than water (Figure 58).2?% The liquid Fourier transform
infrared (FT-IR) test confirms the Ti-H is derived from alcohol dehydrogenation
(Figure 59).%°

Importantly, the as-synthesized H-TiO, provides unprecedented possibilities of de-
fects engineering. Thermogravimetric analysis shows different weight losses in N,
and air atmospheres (Figure 2A). The first weight loss at 105°C is associated with
the evaporation of the surface adsorbed water. The second stage has an obvious
weight loss at 320°C in N,. However, there is no weight loss at 320°C in air. Com-
bined with the mass spectra, the weight loss at 320°C is because two hydrogen
atoms leave the lattice and carry away one oxygen atom from the H-TiO, in N,.
Conversely, oxygen compensates for the loss of oxygen atoms in the lattice
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Figure 1. The synthesis and structural characterization of H-TiO,

(A) Schematic illustration of the synthesis of H-TiO, in TfOH and the defect switch strategy: TiO,
with or without oxygen vacancies could be separately obtained by annealing in Ar or O,
atmospheres (products denoted as H-TiO,-Ar or H-TiO,-O,, respectively).

(B) XRD patterns of TiO, (0% TfOH), H-TiO, (100% TfOH), and standard rutile and anatase PDF. (C)
"H NMR spectra of TiO, (0% TfOH), H-TiO, (100% TfOH), C-rutile, and commercial anatase (C-
anatase).

(Figure S10). The third stage is at 350 to 370°C due to small amounts of organic
molecules lost on the surface of H-TiO, based on the mass spectra (Figure S1 1).30
Interestingly, we find that the H-TiO, annealed under Ar and O, atmosphere shows
different colors. As shown in Figure 2B, the as-prepared H-TiO; is slightly dark
yellow, while the color of oxygen-treated H-TiO; is white. The Ar-treated H-TiO,
transforms into pronounced black, indicating the appearance of Ti** species and
oxygen vacancies in the hydrogenated TiO,.” Ultraviolet-visible (UV-vis) spectra
show that H-TiO, has a new absorption peak in the visible region (420-740 nm),
and H-TiOz-Ar has a redshift (480-760 nm) compared with the H-TiO,-O, and
H-TiO (inset of Figure 2B).”"*" "TH NMR spectra show that the peak of 0.78 ppm
in H-TiO2-O, and H-TiO,-Ar disappears, suggesting Ti-H bonds are removed at
the high temperature (Figure 2C). The solid FT-IR identifies the Ti-H species in
H-TiO, before annealing (Figure S12).>” XRD spectra show that the main crystal
structures of H-TiO»-O, and H-TiO,-Ar do not change during the annealing treat-
ment compared with H-TiO; (Figures S13 and S14). This indicates that the hydrogen
doping does not change the crystal structure. Raman spectra show that the Eg peaks
of H-TiO, and H-TiO,-Ar shift and broaden, indicating that the original symmetry of
TiO, lattice is broken due to the oxygen vacancy in H-TiO,-Ar and the Ti-H defect in
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Figure 2. Characterization of switchable defects engineering

(A) Thermogravimetric analysis of H-TiO; in N, and air atmosphere.

(B) UV-vis spectra and photos (inset: enlarged pink rectangle region) of H-TiO5, H-TiO,-O,, and H-TiO,-Ar.
(C) "H NMR spectra of H-TiO,, H-TiO,-O,, and H-TiO,-Ar.

(D) EPR spectra of H-TiOy, H-TiO,-O5, and H-TiO,-Ar.

H-TiO, (Figure S15).?" Electron paramagnetic resonance (EPR), which is sensitive
to unpaired electrons, is used to identify Ti** species and associated oxygen
vacancies. H-TiO, shows no defect signals. However, the g-tensor of Ti** species
(1.959) and associated oxygen vacancies (2.003) are observed for H-TiO,-Ar and
TiO2-50%-Ar-500 (Figures 2D and S16), assigned to the trapped electron.?’*® The
corresponding g-tensor signals disappeared after O, annealing treatment. The
peaks corresponding to oxygen vacancies and Ti** become more prominent when
the temperature is increased from 300 to 700°C in Ar (Figure S17).

Atomic scale structures are probed by aberration-corrected annular dark field scan-
ning transmission electron microscopy (ADF-STEM). TEM images show that the di-
ameters of H-TiO,-O, and H-TiO,-Ar nanorods are increased with the temperature
(Figure S18). The morphology and diameter of H-TiO,-O, at 700°C are similar to that
of C-rutile (Figure S19). The specific surface area decreases with the increase of an-
nealing temperature (Figure S20 and Table S1). ADF-STEM images in Figures 3A-3C
show that the H-TiO,-Ar product has clear lattice distortion compared with H-TiO,
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Figure 3. Atomic scale structure analysis of H-TiO,-Ar, H-TiO», and H-TiO»-O
(A-C) ADF-STEM images and corresponding intensity line profile extracted from the yellow line of ADF-STEM of H-TiO,-Ar (A), H-TiO, (B), and H-TiO,-

O, (C), scale bar, 1 nm.
(D) Crystal structure of rutile TiO; along (1-11) zone axis and the enlarged rainbow-colored ABF-STEM images of H-TiO,-Ar, black and white dotted

circles represent the oxygen vacancies.

(E) Enlarged rainbow-colored ABF-STEM images of H-TiO.

(F) Rainbow-colored ABF-STEM images and the corresponding crystal structure of H-TiO5-O5.

(G and H) EELS spectra at low energy (G) and high energy (H) of H-TiO,-Ar, H-TiO,, and H-TiO,-O5.

and H-TiO,-O, (Figures S21-523). The distortion can be clearly observed in the
corresponding intensity line profiles of the bottom panel (indicated by black
arrows) of Figures 3A-3C. Slight displacements of Ti atoms were also observed, as
indicated in dashed rectangles in the upper panel of Figures 3A-3C. We ascribe
this lattice distortion to the existence of oxygen vacancies, observed by the
enlarged rainbow-colored ABF-STEM images in H-TiO,-Ar compared with H-TiO,
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and H-TiO,-O; (dotted circle represents the oxygen vacancy, Figures 3D-3F and
S21-523). These results confirm the defects switch from the hydrogen doping to
oxygen vacancies when H-TiO; is annealed under Ar, and the defects are repaired
when H-TiO, is annealed under O,.

Electron energy loss spectroscopy (EELS) is further conducted to obtain a qualitative
interpretation of chemical bonding. As shown in Figure 3G, H-TiO, presents a new
peak at ~20 eV, which is similar to the Ti-H in TiH, at low energies.***° This peak dis-
appears at high temperature for H-TiO,-Ar and H-TiO,-O,. Figure 3H shows that the
Ti L peaks at high energy (460-470 eV) of H-TiO,-Ar shift to lower energies
compared with H-TiO, and H-TiO,-O,. This indicates a reduced valence state of
titanium and confirms the existence of oxygen defects. These phenomena imply
that the hydrogen atoms inside the lattice are removed after high temperature treat-

ment, resulting in the reduction of the surface of the sample.***’

The chemical states of different samples are investigated by X-ray photoelectron
spectroscopy (XPS). As shown in Figure 4A, H-TiO, shows Ti** peaks with binding
energy of 458.3 eV and 464.1 eV and a well-formed O 1s peak at 530.0 eV belonging
to the crystal lattice oxygen of H-TiO5. H-TiO2-O; shows an increase (0.2 eV) of bind-
ing energy of Ti** and a decrease (0.2 eV) of O 1s. This is due to the higher electro-
negativity of oxygen relative to hydrogen and is in good agreement with the pristine
rutile TiO,.%® H-TiO,-Ar exhibits an obvious Ti®* chemical state at 456.9 eV and
462.5 eV and a higher binding shift of O 1s spectrum at 530.1 eV, indicating the
appearance of oxygen vacancies.”’ No detectable TfOH acid or nitrogen species
remains on the surface of H-TiO, based on the XPS spectra of F 1s and S 2p and
N 1s (Figures S24 and S25).

X-ray absorption fine structure (XAFS) analysis gives further insight into the coordi-
nation environment. Figure 4B shows that the Ti K-edge X-ray absorption near-
edge structure (XANES) spectra of different samples are similar, confirming the
similar local structure environment. Ti pre-edge peaks (4,969.4 eV, 4,972.0 eV,
and 4,975.1 eV, the pink curve in the inset of Figure 4B) represent the transition of
1s = 3dand 1s — hybridized p-dfor the octahedral symmetry, the intensity of which
for H-TiO is slightly higher than that of C-rutile and H-TiO,-O,, indicating distorted
local structures due to the existence of Ti-H.?” However, a higher intensity of pre-
edge peak appears on the H-TiO,-Ar curve compared with H-TiO,, indicating
more distorted local structures after Ar annealing treatment. Compared with
H-TiO,, H-TiO2-O,, and C-rutile, the intensity of the white line (light green range,
Figure 4B) decreased and the adsorption edge shifted to lower energy for H-TiO5,-
Ar, suggesting a decreased Ti oxidation state. In combination with XPS, H-TiO,-Ar
has a lower Ti valence state due to the appearance of Ti**. The Fourier transform
of extended XAFS (FT-EXAFS) spectra show a main peak at 1.50 A, ascribed to the
Ti-O scattering path (Figure 4C). The intensity of this peak deceases in the order
of C-rutile, H-TiO,-O,, H-TiO,, and H-TiO,-Ar, revealing a decreased O coordina-
tion number of the Ti center.”” Based on the least-squares fitting EXAFS results
at 1.50 A, these coordination numbers are obtained as 5.2, 5.5, 5.8, and 6.0 for
H-TiO2-Ar, H-TiO,, H-TiO,-O5, and C-rutile, respectively (Figures S26 and S27; Ta-
ble S2). Ti L-edge spectra were also studied to obtain an insight of the local elec-
tronic configuration. As shown in Figure 4D, compared with H-TiO,-O; and C-rutile,
the onset energy position of the Ti L-edge shifts to a low energy for H-TiO,, empir-
ically suggesting a lower Ti valence state, and the lower valence state appears
after annealing in Ar (Figure 4E, purple arrow).”! The Ti 3d band is crystal field split
into tog and eg. The corresponding peak intensities change depending on the local
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Figure 4. Local chemical environmental characterization of H-TiO,, H-TiO,-O,, and H-TiO,-Ar

(A) XPS spectra of Ti 2p and O 1s of H-TiO,, H-TiO,-O,, and H-TiO,-Ar.

(B—F) XANES spectra of Ti K-edge (B), k3—weighted FT-EXAFS spectra (C), Ti L-edge XAFS spectra (D), the enlarged XAFS spectra (E) of the dotted box in
(D), and O K-edge XAS spectra (F) of H-TiO,, H-TiO,-O,, H-TiO,-Ar, and C-rutile.

structures. The Ti eg band in particular is very susceptible to the local structure
changes.”**? A decrease in the crystal field, characterized by the separation
between the tg and ey peaks for H-TiO, and H-TiO,-Ar is found compared with
H-TiO2-O, and C-rutile due to the lattice distortion after H incorporation and oxygen
vacancy, respectively.** It is also noted that the reduced number of O around a Ti
atom may reduce the O 2p - Ti 3d hybridization-induced crystal field. Furthermore,
the slightly increased dips at 458.6 eV and 461.8 eV in the H-TiO, and H-TiO,-Ar
relative to H-TiO,-O, and C-rutile (Figure 4E, green arrow) indicate a low Ti valence
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state in H-TiO, and H-TiO,-Ar.*>*¢ O K-edge spectra were also obtained as shown in
Figure 4F. The t,y peaks for H-TiO, and H-TiO,-Ar shift 0.2 eV to low energy
compared with H-TiO,-O, and C-rutile (the inset of Figure 4F), indicating slight var-
jations in bond |engths.43‘47‘48 Also, three peaks at 539.8, 542.5, and 545.4 eV (Fig-
ure 4F, pink arrow) are considered as fingerprints of the rutile phase of TiO,.*

Photocatalytic hydrogen evolution performance

The photocatalytic hydrogen production performances were tested with Pt loading.
The best photocatalytic hydrogen production rate was obtained at 1.78 wt% Pt (Ta-
ble S3 and Figure 528). As shown in Figure 5A, the rates of photocatalytic hydrogen
production for the samples increase linearly with the irradiation time. The photoca-
talytic hydrogen production efficiency of H-TiO, reaches a comparable hydrogen
production rate of 142.9 umol h~", which is 60 times that of C-rutile (2.4 pmol h™")
and 2.7 times that of P25 nanoparticles (53.3 pmol h=" (Figure 5B; Video S1). The
hydrogen evolution rate of H-TiO; is higher than that of the most reported literature
data (Table S4). Furthermore, the hydrogen production rate was decreased after an-
nealing in both Ar and O,. The hydrogen evolution rate of H-TiO,-Ar is higher than
that of H-TiO,-O; due to the presence of oxygen vacancy. Interestingly, in the visible
light region, the hydrogen evolution rates of H-TiO; are 16 times that of P25. How-
ever, hydrogen production is not detected on C-rutile (Figure S29). Also, this H-TiO,
shows that the activity is maintained at 99.4% after 3 months of storage and eight
cycles, confirming the excellent photocatalytic stability (Figure 5C). There is no
obvious change of the morphology and structure after the photocatalytic reaction
(Figure S30). And no hydrogen escapes during the photocatalytic reaction and con-
tributes to the produced H, under visible light (Figure S31). The control experiments
(without light irradiation or photocatalysts) were also conducted and show no
hydrogen evolution (Figure S32). Apparent quantum yield (AQY) was measured at
different wavelengths (Figure 5D). The results indicate that the photocatalytic
hydrogen evolution of H-TiO; is driven by photons.”® H-TiO, shows the AQY of
22.3% (380 nm) and has excellent photocatalytic hydrogen evolution properties in
the visible region with AQY of 2.2% at 600 nm. For comparison, we tested the photo-
catalytic properties of anatase TiO, obtained with concentration of 50% TfOH, and it
also showed excellent hydrogen production property as compared with C-anatase,
C-rutile, and annealed 50% TfOH anatase, but lower than that of H-TiO, (Figure S33).
We also studied the photocatalytic hydrogen production properties in the absence
of platinum co-catalyst. H-TiO; also shows the best photocatalytic performances
(Figure S34).

Electronic structure

DFT calculations were used to investigate the effect of H incorporation in H-TiO.
Total energy calculations and structure optimization show that replacing one oxygen
atom with two hydrogen atoms is the most stable H-TiO; structure. The charge dis-
tribution for H-TiO5 is shown in Figures 6A and S35. H-TiO, shows a stronger charge
distribution asymmetry, which leads to the mismatch between the positive and
negative charge centers than that of the pristine rutile TiO, due to Jahn-Teller effect,
meaning the charge density for H-TiO, is redistributed after H incorporation. The
introduction of hydrogen facilitates the charge separation in TiO,, which is impor-
tant to improve the photocatalytic hydrogen evolution activity. As shown in Fig-
ure 6B, the band structure shows that the introduction of H in H-TiO, does not
change the pristine rutile bandgap of 3.00 eV. However, a new intermediate
bandgap state does appear at 1.15 eV lower than the conduction band minimum.
The density of states results in Figures 6C and 6D show new H-TiO, electron states
near the Fermilevel from hybridized orbitals of Ti, O, and H. This hybridized nature is
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Figure 5. Photocatalytic H, evolution performance evaluation

(A) Time courses of photocatalytic H, evolution over H-TiO,, commercial P25, C-rutile, and H-TiO,-O, and H-TiO,-Ar annealed at different
temperatures of 300, 500, and 700°C under UV-vis irradiation (380-780 nm) with 20 vol% MeOH and 1.78 wt% Pt co-catalyst.

(B) H, generation activity values obtained from (A).

(C) Cycling test of H-TiO, under condition of (A).

(D) AQY of H-TiO; at different wavelengths with 20 vol% MeOH and 1.78 wt% Pt co-catalyst.
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Figure 6. Electronic structure characterization

(A) Charge distribution of the bottom of conduction band of rutile TiO; and H-TiO;, (the iso-density
value: 0.004e A’3)4

(B—F) Band structure (B), calculated density of states (DOS) (C and D), VB-XPS (E), and band energy
diagram (F) of C-rutile TiO, and H-TiO,.

beneficial for the migration of photogenerated charges, suppressing the recombina-
tion of photogenerated electrons and holes compared with pristine rutile. These
theoretical results were confirmed by the VB-XPS as shown in Figure 6E, in which
H-TiO; shows an up-shift and a new tail of the valence band. As a result, the UV-
vis spectra of H-TiO, show a new adsorption peak in the visible region (Fig-
ure S36A)."° Further, combining the VB-XPS and Tauc plot results (Figure S36B),
the band energy diagram is proposed as shown in Figure 6F. Although the VB posi-
tion (2.20 eV) and CB position (—0.88 eV) of H-TiO; is slightly down-shifted by
0.05 eV compared with pristine rutile, this tail (0.8 eV) of the VB top due to the pres-
ence of Ti-H bond for H-TiO; leads to extension of visible light absorption and trans-
fer of photogenerated electron. Experimentally, photoluminescence spectra (PL)
measurements were also conducted. The photoluminescence intensity of H-TiO,
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is lower than that of C-rutile under the same test conditions, indicating the fast
carries separation (Figure S37). Accordingly, the electrochemical transient photocur-
rent test shows that the photocurrent response of the hydrogenated H-TiO, is better
than that of P25 and C-rutile (Figure S38A). In addition, the electrochemical imped-
ance also demonstrates that H-TiO; has an excellent photoelectron transfer capa-
bility (Figure S38B). We also calculated the hydrogen adsorption free energy on
H-TiO,. The results show that this energy on (110) facets of H-TiO, is lowered
from the original —0.138 eV on rutile to 0.004 eV (Figure $39).°" This may also
possibly contribute to the excellent photocatalyst activity of H-TiO, without plat-
inum (Figure S34).

Conclusions

In conclusion, we achieve the synthesis of hydrogenated TiO, with Ti-H bond formed
in situ by one pot wet-chemistry. The product shows high photocatalytic hydrogen
evolution. We demonstrate that the introduction of hydrogen does not change
the main crystal structure of TiO,. Furthermore, this opens a path for controlled
defect engineering of TiO, based on annealing environments. We achieve excellent
hydrogen evolution rates of 142.9 umol h~" under UV-vis, which is more than 60 times
that of C-rutile. Characterization and theoretical calculations show that the improve-
ment is due to the modified electronic structure and band structure for H-TiO,. The
demonstration of formation of metal-hydrogen bonds using wet-chemistry and the
controllable defect engineering of metal oxides shows a great potential for adjusting
the electronic structure of oxide semiconductors for the development of new
photocatalysts.
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