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a b s t r a c t

Defects can strongly affect the lattice, strain, and electronic structures of nanomaterials photocatalysts,

like a double-edged sword of both positive significance and negative influence on photocatalytic per-

formances. To date, most studies into defects only partially elucidated their beneficial or detrimental

roles in photocatalysis. However, a quantitative understanding of the photocatalytic performances modu-

lated by defect concentration still needs to be discovered. Here, a series of TiO2−X mesoporous spheres

(MS) with different oxygen vacancy concentrations for photocatalytic applications were prepared by high-

temperature chemical reduction. The link between oxygen vacancy concentration and photocatalytic per-

formance was successfully established. The localization of carriers dominated by the Stark effect is first

enhanced and then weakened with increasing oxygen vacancy concentration, which is a crucial factor in

explaining the double-edged sword role of defect concentration in photocatalysis. As the reduction tem-

perature rises to 300 °C, carrier localization dominated by the quantum-confined Stark effect maximizes

the separation ability of photo generated electron hole pairs, thus exhibiting the best catalytic perfor-

mance for photocatalytic hydrogen production and the degradation of organic pollutants, as demonstrated

by a hydrogen evolution rate of 523.7 μmol g-1 h-1 and a ninefold higher RhB photodegradation rate

compared to TiO2 MS. The work offers excellent flexibility for precisely constructing high-performance

photocatalysts by understanding vacancy engineering.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Energy and environmental crises are becoming increasingly se-

vere in modern society. To address these problems, the exploration

of clean and renewable energy sources and the development of

practical eco-friendly systems for environmental remediation are

attracting increasing attention [1-3]. One promising technology is

semiconductor photocatalyst systems that can split water into hy-

drogen and oxygen and degrade various organic pollutants to clean

up the environment. These systems use solar energy as a photon

source to promote the corresponding reactions and have the ad-

vantages of low external energy consumption, cost effectiveness,
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and sustainability [4,5]. The rational design of high-performance

photocatalysts for hydrogen production or pollutant degradation

has thus become a major field of research [6-8].

Since the report by Fujishima and Honda on the photocatalytic

properties of TiO2, this compound has been extensively studied as

a primary photocatalytic material [9-13]. In particular, TiO2 meso-

porous spheres (MS) with large specific surface areas and strong

light scattering have been synthesized and employed as photoan-

odes with a fast response, low dark current, and high sensitivity

[14-16]. In addition, TiO2 MS have been widely used in catalytic

pollutant degradation, solar hydrogen production, and fuel cells

[17]. Nonetheless, the wide bandgap (3.2 eV for anatase and 3.0 eV

for rutile), high electron-hole recombination rate, and low intrin-

sic electron mobility still inhibit the photocatalytic performance

of TiO2 nanostructures [18]. Various strategies to overcome these

bottlenecks have been explored, such as noble metal deposition,

https://doi.org/10.1016/j.cclet.2024.110254
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Fig. 1. (A) TEM images of the as-prepared TiO2 MS and the TiO2−X MS obtained at different reduction temperatures (inset: HRTEM images). (B) EPR spectra of the TiO2/TiO2−X

MS (diamond: g=2.003, club: g=1.988). (C) Variation of the lattice strain measured by TEM (left y axis) and the normalized defect concentration measured by EPR (right y

axis) with the reduction temperature.

composite formation with other semiconductors, self-doping, and

defect engineering [19].

Defects can strongly affect the lattice, surface state, dispersion,

strain, and electronic structures of nanomaterials and ultimately

induce changes in the photocatalytic pathways and overall perfor-

mance [20,21]. Recently, the preparation of reduced TiO2−X con-

taining defects by surface structure engineering was confirmed as

an effective strategy for improving the photocatalytic performance

of materials [22]. First, reduced TiO2-X materials featuring differ-

ent colors, such as yellow, blue, red, and black, can be obtained

from conventional white TiO2 by adjusting the electronic energy

band structure and expanding the optical response from the ultra-

violet (UV) to the near-infrared region, leading to enhanced pho-

tocatalytic activity [23,24]. Second, oxygen vacancy are shallow

donors by creating localized states in the bandgap, thereby facil-

itating the favorable separation of the photogenerated carriers and

increasing electrical conductivity [25,26]. Third, the introduction of

oxygen vacancies interferes with the lattice spacing, destroys the

symmetry of the crystal structure, and alters the electronic struc-

ture of the active centers [27]. The modification of active sites also

changes the material surface and affects the adsorption stability

[28]. All of these effects can lead to remarkably enhanced photo-

catalytic performance for TiO2-X. On the other hand, defects, es-

pecially bulk defects, can also act as charge recombination cen-

ters to limit the effective participation of photogenerated carriers

in the photocatalytic reaction [29]. To date, most studies into de-

fects only partially elucidated their beneficial or detrimental roles

in photocatalysis [30-32]. Given that defects can exert both posi-

tive and negative effects on photocatalytic processes, the optimal

defect concentration for maximizing the photocatalytic efficiency

must be determined for each process.

In this work, TiO2−X MS were prepared by a facile high-

temperature reduction method, which changed the electronic

structure and catalytic activity through the strain effect and oxygen

doping (Fig. S1 in Supporting information). The structures, chemi-

cal compositions, optical characteristics, catalytic properties, carrier

localization degrees, wettabilities, and band structures of the pre-

pared samples were investigated. The reduction temperature was

found to be linearly correlated with the oxygen vacancy concen-

tration and lattice strain. Moreover, the TiO2−X MS with suitable

lattice strain and oxygen vacancy concentration displayed excellent

photocatalytic performance when applied to both hydrogen pro-

duction and organic pollutant degradation. Furthermore, a novel

preparation method for photocatalytic materials with controllable

vacancy concentrations is illustrated for energy and environmen-

tal applications. The obtained results are anticipated to be of far-

reaching significance for the design of high-performance bifunc-

tional reduced TiO2−X photocatalysts by combining defect engi-

neering and strain engineering.

The detailed nanostructure of the TiO2 MS before and after re-

duction were examined by transmission electron microscopy (TEM)

and high-resolution transmission electron microscopy (HRTEM). As

shown in Fig. 1A, the TiO2 MS were obtained as monodisperse

spheres with a porous nanostructure and an average diameter of

approximately 572.74nm (Fig. S2 in Supporting information). The

lattice fringes of the nanoparticles in the series of TiO2/TiO2−X MS

were distinguishable by HRTEM, indicating that these nanoparti-

cles were well crystallized, and the lattice fringes corresponding

to the (101) plane of anatase TiO2 are marked. At the same time,

the plane spacing of the (101) crystal plane was determined us-

ing the Digital Micrograph software (Fig. S3 in Supporting infor-

mation). The as-prepared TiO2 MS without reduction treatment ex-

hibited the clearest lattice fringes with a plane spacing of 0.341nm

[33]. The samples after reduction treatment displayed clear but

irregular lattice fringes owing to the presence of surface defects.

Correspondingly, the main Raman peak for the Eg at 143.83 cm−1

showed a blue shift due to phonon confinement or the non-

stoichiometric ratio (Fig. S4 in Supporting information) [34].

Electron paramagnetic resonance (EPR) spectroscopy was em-

ployed to further characterize the crystal structure and electronic

nature before and after the creation of defects in the reduced sam-

ples [35]. A weak EPR signal corresponding to oxygen vacancies

at g=2.003 was observed for the as-prepared TiO2 MS, which

originated from the natural defects present in the TiO2 nanos-

tructure and the surface absorption of O2 from the air without

light irradiation at room temperature (Fig. 1B). This signal gradu-

ally became more intense with increasing reduction temperature,

as the number of unpaired electrons trapped by oxygen vacan-

cies increased with the degree of reduction. At a reduction tem-

perature of 300 °C, a weak but broad signal corresponding to Ti3+

centered at g=1.988 was observed [36]. According to the spin

concentration measured by EPR, the defect concentrations were

normalized to that at 380 °C (defined as 1.0 a.u.) to allow semi-

quantitative evaluation. The dependences of the normalized defect

concentration measured by EPR and the strain measured by TEM

on the reduction temperature were compared, as shown in Fig. 1C.
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Fig. 2. (A) Comparison of the hydrogen evolution rates of the photocatalysts under simulated sunlight. (B) Recycling runs of 300-TiO2−X for photocatalytic hydrogen genera-

tion.

Increasing the reduction temperature led to an increasing concen-

tration of defects, which induced the gradual expansion of the

(101) crystal plane until the lattice strain reached 6.08% at a re-

duction temperature of 380 °C. Similar positive correlations with

respect to the reduction temperature were observed for the nor-

malized defect concentration and the lattice strain. The accumu-

lated lattice defects (Ti3+/OV) presumably gave rise to unsaturated

metal centers and disordered lattice structures, increasing the elec-

trostatic repulsion between the Ti3+ cations and inducing grad-

ual lattice expansion [37]. Furthermore, the oxygen vacancy con-

centrations were calculated from the EPR results as listed in Ta-

ble S1 (Supporting information). Following reduction at 300 °C,
the amount of Ti3+ centers obtained was 3.53×1012 spins/g

(2.82×1017 spins/mol), indicating that one in every 2.37×105 Ti

atoms was converted to Ti3+. At this stage, other titanium ox-

ides were not observed in the anatase TiO2 phase, although X-ray

diffraction data indicated the formation of Ti3O5 at higher temper-

atures (Fig. S5 in Supporting information) [38]. Fig. S6 (Supporting

information) also shows the full width at half maximum (FWHM)

values and particle sizes of the samples obtained at different re-

duction temperatures. The variation of the FWHM and grain size

can be ascribed to the decrease in crystallinity caused by the de-

fects, then the excessive accumulation of the defects induced a

phase change to generate Ti3O5 [39].

The TiO2−X MS were also characterized by X-ray photoelectron

spectroscopy (XPS) to assess the surface chemical states and de-

tect the existence of Ti 2p bands and oxygen vacancies (Fig. S7

in Supporting information). As shown in Fig. S8 (Supporting in-

formation), detectable shoulders were observed at lower binding

energies of 463.2 and 457.9 eV in the high-resolution Ti 2p spec-

tra, which were ascribed to the 2p1/2 and 2p3/2 peaks of Ti3+, re-
spectively [40]. A semi-quantitative linear relationship between the

amounts of Ti3+ and Ti4+ and the reduction temperature was also

obtained (Fig. S9 in Supporting information). The trend of devel-

oping Ti3+ content with reduction temperature was also consis-

tent with that reflected in O 1s spectrum (Fig. S10 in Support-

ing information). With the increase of reduction temperature, the

TiO2−X obtained by high-temperature reduction exhibited a grad-

ually enhanced signal corresponding to Ti3+–O at 530.5 eV, indi-

cating an increasing trend in the concentration of oxygen defects

[41]. The water contact angles were measured for the TiO2/TiO2−X

MS and the results indicated a transition from hydrophobicity to

hydrophilicity (Fig. S11 in Supporting information). This optimiza-

tion of the surface structure and chemical composition influences

the wettability, enabling more effective participation of the photo-

catalyst in hydrogen production [42]. The surface modification of

the TiO2/TiO2−X MS was also confirmed by Fourier-transform in-

frared spectroscopy. The wide band at approximately 3422 cm−1

corresponding to the symmetric stretching of O–H observed for the

TiO2−X MS indicates that the reduced samples possessed excellent

hydrophilicity (Fig. S12 in Supporting information) [43].

The photocatalytic activities of the TiO2/TiO2−X MS were in-

vestigated by water decomposition experiments. Fig. 2A presents

plots of the hydrogen evolution over the photocatalysts under sim-

ulated sunlight as a function of time, revealing a positive linear

correlation. At reduction temperatures up to 350 °C, all of the re-

duced TiO2−X MS exhibited enhanced photocatalytic activity com-

pared with the TiO2 MS, in which the hydrogen evolution followed

the order of 300-TiO2−X >350-TiO2−X >250-TiO2−X >200-TiO2−X

> TiO2 MS > 380-TiO2−X demonstrating a volcano-shaped corre-

lation between the hydrogen evolution and the reduction temper-

ature. It is worth emphasizing that the hydrogen production ob-

tained after reduction at 350 or 380 °C was inferior to that ob-

served after reduction at 300 °C. As shown in Fig. S13 (Supporting

information), the TiO2−X MS reduced at 300 °C yielded the high-

est hydrogen evolution rate of 523.7 μmol g-1 h-1, which was more

than twofold higher than that measured for the as-prepared TiO2

MS (253.4 μmol g-1 h-1). Even after performing the photocatalytic

hydrogen generation experiment five times (25h), the 300-TiO2−X

sample still maintained excellent stability and satisfactory photo-

catalytic activity, indicating that it can be considered a stable pho-

tocatalyst (Fig. 2B, Fig. S14 and Table S3 in Supporting informa-

tion).

Rhodamine B (RhB) was selected with high chroma and diffi-

cult biochemical degradation as a simulated organic pollutant to

evaluate the photodegradation abilities of the catalysts. As shown

in Figs. S15 and S16 (Supporting information), the reduction treat-

ment using NaBH4 exerted a considerable influence on the pho-

tocatalytic activity under simulated sunlight. The photocatalytic

activity first increased with increasing reduction temperature to

reach a maximum at a temperature of 300 °C, which afforded

an RhB degradation rate of 95.9% after 40min of illumination,

and then decreased as the reduction temperature was further in-

creased. In addition, to study the degradation mechanism and role

of free radicals in the photocatalytic process, classical capture ex-

periments were performed to examine the effect of free radicals

in the photocatalytic degradation of RhB over 300-TiO2−X [44]. As

shown in Fig. S17 (Supporting information), the contributions of

these species to the photodegradation of RhB over 300-TiO2−X de-

creased in the order of e− > •OH > h+ > •O2
−. The dependences of

the hydrogen production rate and RhB degradation rate on the de-

fect density are plotted in Fig. S18 (Supporting information). It can

be seen that the reduction temperature of 300 °C afforded the op-

timal defect density for superior photocatalytic performance (Table

S4 in Supporting information).

The above analysis revealed that the photocatalytic efficiency of

the TiO2/TiO2−X MS first increased and then decreased with in-

creasing defect concentration. To obtain a comprehensive under-

standing of the role of the defects, the changes in the electronic

structure, energy band structure, optical properties, charge transfer

kinetics, and recombination process were further explored.

The influence of the oxygen vacancies on the light absorption

ability of the photocatalysts was examined by UV–vis diffuse re-

flectance spectroscopy (DRS), as shown in Fig. 3A. All of the sam-

ples exhibited strong absorption with similar intensity in the UV

region. In comparison to the TiO2 MS, the visible-light absorption
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Fig. 3. (A) UV–vis DRS spectra. (B) Photoluminescence spectra. (C) Dependence of average carrier lifetime on defect concentration.

capacity increased continuously as the reduction temperature was

increased from 200 °C to 380 °C. The oxygen vacancies introduced

during the reduction process cause the generation of defect energy

levels and reduce the energy required for electronic transitions.

Naturally, a higher degree of reduction is associated with a higher

surface oxygen vacancy concentration and even a higher bulk oxy-

gen vacancy concentration, thus increasing the visible-light absorp-

tion ability of TiO2−X MS. The narrowing of the bandgap of TiO2-X

MS were confirmed by Tauc diagrams in Fig. S19 (Supporting infor-

mation), in which the Eg bandgap decreased from 3.15 eV for the

TiO2 MS to 3.13, 3.11, 2.99, 2.84, and 2.65 eV for the TiO2−X MS in

order of increasing reduction temperature.

As shown in Fig. 3B, the main photoluminescence (PL) peak

at approximately 420nm originated from the band-to-band transi-

tion of anatase TiO2. The green emission band centered at 525nm

corresponded to a superposition of trapped excitons and vari-

ous defect-related emission bands [45]. The PL intensities were

consistently lower for the reduced TiO2−X MS than for the as-

prepared TiO2 MS. In general, a lower PL intensity reflects a lower

photoelectron–hole recombination rate and a higher photocatalytic

efficiency [46]. The lowest PL intensity was observed for the 300-

TiO2−X sample, indicating that an appropriate defect concentration

and strain reduced the recombination of photoinduced carriers. It

is worth noting that the 350-TiO2−X and 380-TiO2−X samples dis-

played markedly higher peak emission intensities than the 300-

TiO2−X despite their higher defect concentrations and lower crys-

talline qualities.

Besides the light absorption properties, the photocatalytic effi-

ciency of a photocatalyst also depends on the generation, separa-

tion, and transmission of the photoinduced carriers. Owing to the

presence of shallow energy levels associated with defects near the

conduction and valence band edges that protect the electron–hole

pairs from recombination, the band edge states play a crucial role

in determining the carrier properties of a material [47]. Therefore,

we performed time-resolved photoluminescence (TRPL) to quanti-

tatively investigate the lifetimes of the photoexcited charge carri-

ers in the TiO2/TiO2−X MS, as shown in Fig. S20 (Supporting in-

formation). The decay curves were fitted using a biexponential de-

cay model. The fitted data are shown in Table S2 (Supporting in-

formation), in which the fast neutron lifetime (τ 1) was ascribed

to the capture of photocarriers by defects while the slow neu-

tron lifetime (τ 2) corresponded to electron–hole recombination be-

tween the conduction band (CB) and valence band (VB) [48]. In

accordance with the relationship between temperature and defect

concentration, the TiO2−X MS exhibited initial increases in both

the fast and slow electron lifetimes with increasing vacancy con-

centration, reaching maximum carrier lifetimes of τ 1 =1.34ns and

τ 2 =12.13ns at 300 °C. Subsequently, the excessive defect concen-

tration at higher temperatures caused decreases in the carrier life-

times (Fig. 3C). The charge transfer properties were further evalu-

ated by electrochemical impedance spectroscopy and the Nyquist

semicircle plots for the different reduction temperatures were ob-

tained, as presented in Fig. S21 (Supporting information). The low-

est arc radius was observed for the 300-TiO2–X sample, which

proves that this catalyst possessed superior electronic conductivity

for optimizing the charge transfer from the interior to the sam-

ple surface. As shown in Fig. S22 (Supporting information), the

photocurrent intensity was significantly higher for the 300-TiO2–X

sample, indicating that an appropriate oxygen vacancy concentra-

tion and lattice strain contributed to enhanced charge separation

and transfer efficiency. These results also illustrate that the struc-

tural modification induced by the appropriate defect concentra-

tion effectively inhibited charge recombination, thus providing di-

rect and quantitative support for the optimal photocatalytic perfor-

mance of the 300-TiO2–X sample.

The advantages of defects include improved light absorption

and enhanced carrier separation resulting from local effects. Be-

cause light absorption is enhanced with increasing defect density,

the influence of the defect density on photocatalytic efficiency was

explored by analyzing the change in the localized defect density.

Temperature-dependent PL spectra for TiO2 MS, 300-TiO2–X MS,

380-TiO2–X MS are shown in Fig. 4A and Fig. S23 (Supporting in-

formation), and the variation of the emission peak energy positions

with increasing temperature for the reduced TiO2–X MS was found

to be significantly different from that for the as-prepared TiO2 MS.

In the case of the TiO2 MS, the emission peak energy position

showed a slight shift phenomenon, while the reduced 300-TiO2−X

samples displayed a more obvious abnormal V-shaped behavior of

blue-shift after obvious red-shift of PL peak position. For a typi-

cal compound semiconductor, the PL peak position exhibits a red
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Fig. 4. (A) Temperature-dependent PL spectra of the 300-TiO2−X sample with an excitation wavelength of 325nm after Gaussian fitting. (B) Possible reaction mechanism for

solar-driven photocatalytic processes over the TiO2−X MS.

shift with increasing temperature as expressed by Varshni’s equa-

tion [49]:

Eg(T ) = Eg(0) − (
αT2

β + T
) (1)

where Eg is the energy gap, T is temperature, and α and β are con-

stants. The temperature-dependent PL peak energy of the reduced

TiO2−X samples was similar to the phenomenon observed owing

to localized states, resulting from defects in compound semicon-

ductors [50]. The red shift observed for the reduced TiO2−X sample

in Fig. 4A was attributable to the thermal energy of the localized

carriers being insufficient to overcome the localization potential,

causing them to relax to lower-lying localized states before recom-

bination. As the temperature was increased, the thermalized carri-

ers underwent activation to higher energy states and hence the PL

peak shifted to higher energy. Bandgap fluctuations resulting from

carrier localization could be represented by the band tail states

theoretically. On the basis of the band-tail model, the temperature-

dependent emission energy curve could be fitted by the following

relation [51]:

E(T ) = Eg(T ) − (
α

KBT
) (2)

where KB is the Boltzmann constant, Eg(T) is a regular temperature

dependence of the band gap described by Eq. 1, and σ is the en-

ergy difference between the local energy level and the local center,

representing the maximum energy range of the Gaussian distribu-

tion of the trailing band energy levels. The obtained values of the

broadening parameter σ were 2.4, 2.3, 3.4, 3.2, and 1.6 meV for the

reduction temperatures of 200, 250, 300, 350, and 380 °C, respec-
tively. A higher value of σ is associated with a greater degree of

localization.

To analyze the localization states, the absorption edge including

the effects of broadening could be described by fitting the rising

edge (α) and plateau of the absorption (α0) [52]:

α = α0

1 + exp( EB−E
�E

)
(3)

where EB is the “effective bandgap” of the sample and �E is a

broadening parameter equivalent to the localization energy due to

oxygen vacancies. Eq. 3 was used to obtain the carrier localiza-

tion energy level values (�E) for the 200-TiO2–X, 250-TiO2–X, 300-

TiO2–X, 350-TiO2–X, and 380-TiO2–X samples as 0.0029, 0.028, 0.125,

0.108, and 0.075 eV, respectively. More importantly, the variation of

the carrier localization energy with the defect concentration was

similar to that of the efficiency of the photocatalysts containing de-

fects, indicating that the localization state has an important effect

on the catalytic performance.

The detailed energy band structures of the photocatalysts were

examined by density functional theory (DFT) calculations, low-

temperature PL measurements, XPS valence band spectra, and

Mott–Schottky curve analysis, and the complete band location is

obtained (Figs. S24-S26 in Supporting information). The excellent

photocatalytic performance of the reduced TiO2–X MS was ascribed

to the vicinity of the introduced defect level to the valence band

and the more negative conduction band strengthening the redox

properties.

On the basis of the above results, a plausible reaction mecha-

nism for the solar-driven photocatalytic processes over the TiO2−X

MS was proposed as illustrated in Fig. 4B. As the oxygen vacancy

concentration increased from 1.88×106 spins/Ti atom to 2.37×105

spins/Ti atom (200-TiO2–X to 300-TiO2–X), the carrier localization

value increased. At this point, the quantum-confined Stark effect

dominates the carrier localization [53], which leads to enahanced

separation of the photogenerated carriers, increasing electrical con-

ductivity, resulting in the continuous improvement of photocat-

alytic performance. As the oxygen vacancy concentration further

increased from 2.37×105 spins/Ti atom to 6.22×104 spins/Ti atom

(300-TiO2–X to 380-TiO2–X), it can be seen that the half-height

width of Luminous peak measured at same temperature widened

and Luminescent peak position red shift gradually (Fig. S23B). The

weakening of the Stark effect is particularly important, in addition

to the decrease in crystal quality due to the increase in the con-

centration of oxygen vacancies. At this point, taking into account

the increase in localised states, the resonance attempts of electrons

and microstrip transport allow for "forbidden" transitions, the de-

crease in carrier localisation, and higher defect concentrations lead

to an increase in the number of non-radiative complex centres,

which results in enhanced light absorption and reduced carrier lo-

calisation, ultimately leading to a decrease in photocatalytic perfor-

mance [54].

In summary, a series of TiO2−X MS with various oxygen va-

cancy concentrations were prepared by a simple high-temperature

reduction method using sodium borohydride. Compared with the

as-prepared TiO2 MS, the reduced TiO2−X MS exhibited excellent

hydrogen production performance. In particular, the TiO2−X MS

obtained at a reduction temperature of 300 °C afforded a pho-

tocatalytic hydrogen evolution rate of 523.7 μmol g-1 h-1 under

simulated sunlight and an RhB degradation efficiency as high as

95.9% after 40min. Mechanistic analysis revealed that significant

lattice strain occurred at the TiO2−X containing oxygen defects, and

electrons gather around oxygen atoms to modulate the electronic

structure, and the doping of oxygen defects improves the surface

hydrophilicity by increasing the humidity stability. More impor-

tantly, the Stark effect induced by the introduction of oxygen va-

cancies in the defect area enhances light absorption and promotes

efficient carrier separation. This effect creates a conducive environ-

ment for photocatalysis. However, as the number of oxygen vacan-

cies continues to increase, the Stark effect gradually weakens, lead-

ing to a decrease in photocatalytic efficiency. This work provides

new insights for defect engineering and lattice strain modulation

of photocatalyst surfaces and band structures to assist with the
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preparation of efficient photocatalytic systems for both hydrogen

production and pollutant degradation.
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