
Chinese Chemical Letters 37 (2026) 111315

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

A comprehensive review on oxygen vacancies modified catalysts:

Synthesis, characterization, and crucial role in catalytic ozonation

Fengchen Wanga, Yujia Xianga, Yuqi Zhanga, Xin Zhoua, Jing Zhanga,b, Chuanshu Hea,
Heng Zhanga,b, Zhaokun Xionga,b, Peng Zhoua,b, Hongyu Zhouc, Yang Liua,b,d,∗, Bo Laia,b,d,∗

a State Key Laboratory of Hydraulics and Mountain River Engineering, College of Architecture and Environment, Sichuan University, Chengdu 610065, China
b Sino-German Centre for Water and Health Research, Sichuan University, Chengdu 610065, China
c School of Chemical Engineering, The University of Adelaide, Adelaide, SA 5005, Australia
dWater Safety and Water Pollution Control Engineering Technology Research Center in Sichuan Province, Haitian Water Group, Chengdu 610041, China

a r t i c l e i n f o

Article history:

Received 15 October 2024

Revised 6 March 2025

Accepted 14 May 2025

Available online 14 May 2025

Keywords:

Catalytic ozonation

Bulk defects

Surface defects

Oxygen vacancies

Degradation mechanism

Synthesis and characterization

a b s t r a c t

Among various advanced oxidation processes (AOPs), heterogeneous catalytic ozonation has garnered ex-

tensive attention in wastewater treatment owing to its broad pH range applicability and the elimina-

tion of the need for additional energy input. Enhancing catalyst activity by introducing oxygen vacancies

has been used extensively in heterogeneous catalytic ozonation. This paper reviews prevalent methods

for the construction and characterization of oxygen vacancies. Based on a thorough examination of ex-

isting research, the role of oxygen vacancies is categorized according to their primary mechanisms of

action in heterogeneous catalytic ozonation. For example, modulation of the catalyst electronic struc-

ture to enhance electron transfer; participation in the reaction as an active site to generate radicals and

non-radicals; and exposure of more metal sites to enhance the reaction. Lastly, the paper delineates the

limitations and future research directions concerning the role of oxygen vacancies in catalytic ozonation.

This review addresses the gap in existing literature concerning the role of oxygen vacancies in catalytic

ozone systems, establishes a comprehensive theoretical framework to aid in the design of efficient ozone

catalysts, and delves into the functionality of oxygen vacancies in heterogeneous catalytic ozone reactions.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

In recent decades, the pollution of water bodies by anthro-

pogenic discharges of heavy metals [1,2], organic pollutants [3–

6] and other pollutants [7–10] has been a cause of widespread

concern worldwide. In particular, pharmaceuticals [11–13], organic

dyes [14–16], and personal care products [17–19] in wastewater

are extremely harmful to the environment and human health. Tra-

ditional water treatment methodologies encounter numerous con-

straints [20,21], thereby necessitating an expedient development of

an environmentally benign water purification technology capable

of eliminating contaminants. Advanced oxidation processes (AOPs)

have been extensively studied in the context of wastewater treat-

ment due to their efficacy in the removal of recalcitrant organic

pollutants and their environmentally friendly treatment method-

ologies [22–29]. Among AOPs, heterogeneous catalytic ozonation

has emerged attention as a promising approach in wastewater
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treatment due to its inherent advantages, such as the elimina-

tion of the requirement for additional reagents, and its adaptabil-

ity across a wide pH range [30,31]. An ideal ozone catalyst should

have high catalytic activity [32]. To enhance catalyst performance,

several strategies are employed, including metal and non-metal

doping [33–37], metal loading [38–41], the construction of homo-

junctions and heterojunctions [42–46], the development of specific

crystal structures [47–51].

Oxygen vacancies were first proposed by Tompkins in 1960 [52],

which become one of the most common anionic defects in lattice

oxygen detached metal compounds [53]. In recent years, research

on the catalytic ozone degradation of pollutants utilizing oxygen

vacancy materials has seen a surge [54]. Introducing oxygen va-

cancies into the catalyst facilitates the modulation of its electronic

structure, thereby augmenting electron transfer capabilities [55–

57]. Furthermore, these vacancies serve as active sites during the

reaction process, interacting with ozone to generate radicals and

non-radicals, ultimately enhancing the system’s degradation per-

formance for pollutants [58]. However, upon reviewing the exist-

ing literature, it is evident that while numerous studies have in-
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vestigated the role of oxygen vacancies in catalytic ozone systems,

a comprehensive review of the underlying mechanism of oxygen

vacancies remains elusive.

In view of this, this paper reviews recent advances in the study

of the role of oxygen vacancies in catalyzing ozone. It details

diverse strategies employed to introduce and adjust oxygen va-

cancies within catalysts, such as doping, liquid-phase reduction,

quenching, and mechanochemistry, and evaluates their respective

strengths and weaknesses. This contributes to the understanding

of the principles of oxygen vacancy generation and the currently

common means of preparing oxygen vacancies. Subsequently, this

section discusses the prevalent techniques employed to charac-

terize oxygen vacancies within catalysts, such as X-ray diffraction

(XRD), X-ray photoelectron spectroscopy (XPS), electron paramag-

netic resonance (EPR), high-resolution transmission electron mi-

croscopy (HRTEM), and Raman spectroscopy, all of which are in-

strumental in elucidating the concentration levels of oxygen vacan-

cies as well as their function in the catalytic system. In conclusion,

we propose several primary mechanisms through which oxygen

vacancies play a pivotal role in catalyzing ozone, while also high-

lighting the limitations of existing research on oxygen vacancies.

The review in this paper provides a theoretical basis and valuable

reference for designing suitable ozone catalysts for efficient degra-

dation and studying the role of oxygen vacancies in ozone.

2. Preparation of oxygen vacancy materials

2.1. Doping

Metal or non-metal doping is an effective strategy to gener-

ate oxygen vacancies. For example, the doping of transition met-

als (Mn, Fe, Co, Ni) weakened the strength of the Pr-O bond, gen-

erated more oxygen vacancies, and effectively regulated the lo-

cal electronic structure. This manipulation of the local electronic

environment not only optimizes the redox potential but also en-

hances the catalyst’s ability to activate oxygen [59]. Oxygen vacan-

cies at the interface with varied coordination environments were

created by incorporating low-valence dopant ions with distinct

d-band centers into CeO2 utilizing a hydrothermal synthesis ap-

proach. The catalyst possessing the highest concentration of in-

terfacial oxygen vacancies demonstrated superior catalytic perfor-

mance [60]. Oxygen vacancies are induced by doping Cu2+ ions in

place of Zn2+ ions within the primary lattice, and the presence of

these vacancies elevates the Fermi energy levels of the oxide, re-

sulting in the formation of defect energy levels within the band

gap, thereby narrowing the energy band widths and enhancing the

electrochemical performance. Furthermore, theoretical calculations

suggest that materials containing oxygen vacancies may exhibit en-

hanced lithophilic [61].

In addition to the introduction of metal ions, the introduction

of non-metal ions can also increase the oxygen vacancies in the

material. Wang et al. [62] introduced sodium (Na+) ions into the

pore framework of an octahedral molecular sieve (OMS-2) using a

straightforward solid-phase reaction technique. Studies using O2-

TPD (programmed temperature-raising desorption of oxygen) and

EPR, along with theoretical calculations, demonstrated that mod-

ulating the concentration of Na+ within the tunnel structure se-

lectively enhances the formation of oxygen vacancies. Addition-

ally, Na+ doping facilitates the regeneration of these oxygen va-

cancies, which is attributed to the destabilization of manganese-

oxygen bonds (Mn-O) within the octahedral structure.

2.2. Liquid phase reduction

The oxygen-containing compound is immersed in a specific

liquid-phase reducing agent, which is capable of extracting oxygen

Fig. 1. Various methods of synthesizing oxygen vacancies.

from the lattice of the oxygen-containing compound at room or

elevated temperatures to produce oxygen vacancies (Fig. 1). Select-

ing NaH as a reducing agent facilitates the creation of numerous

oxygen vacancies within TiO2 under mild conditions. This strategy

not only reduces the working temperature of the material, but also

greatly improves the Mg/MgH2 electron mobility through the gen-

eration and elimination of oxygen vacancies throughout the reac-

tion process [63]. Using various alcohols as reducing agents, the re-

duction of these alcohols causes the cleavage of Bi-O bonds, which

in turn generates oxygen vacancies. Theoretical calculations and

experimental results demonstrate that these vacancies can act as

trapping sites, enhancing the efficiency of photogenerated carrier

separation, lowering the band gap energy, and boosting the ab-

sorption of visible light. The CO yield from the catalyst synthesized

with ethylene glycol is approximately 7.2 times higher than that

from a catalyst prepared using pure water [64].

It is both feasible and significant to modulate oxygen vacan-

cies during the process of introducing oxygen vacancies through

liquid-phase reduction. The materials were synthesized with con-

trolled oxygen vacancies using a straightforward and economi-

cally viable liquid-phase reduction method at temperatures rang-

ing from 30 °C to 90 °C, with NaBH4 serving as the reducing agent.

The introduction of oxygen vacancies enhances the Fermi energy

level and electrical conductivity of the carbon nanotubes, surpass-

ing that of pristine ones, and leads to a reduced effective work

function [65]. Liquid-phase treatment of Co3O4 porous nanosheets

with hydrazine hydrate successfully induced oxygen vacancies.

Furthermore, the oxygen vacancy concentration in Co3O4 porous

nanosheets was effectively controlled through adjusting the vol-

ume of hydrazine hydrate. The introduction of oxygen vacancies

enhances the electrical conductivity and facilitates charge transfer

and lithium-ion diffusion, significantly enhancing the electrochem-

ical lithium storage performance regarding reversible capacity, rate

performance, and cycling stability [66].

2.3. Quenching

Due to the low partial pressure of oxygen in the atmosphere,

metal oxides can release lattice oxygen at elevated temperatures

without undergoing phase transitions. Introducing oxygen vacan-

cies into the material can be achieved through high-temperature

treatment in a controlled atmosphere, such as vacuum, CO, H2, Ar,

N2, and others (Fig. 1) [67].

Three-dimensional CaTiO3 was combined with a fixed quantity

of NaBH3 and subjected to annealing in an argon atmosphere at

varying temperatures to introduce oxygen vacancies in a controlled
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fashion. The resulting oxygen vacancies are mainly present on the

catalyst surface, and the oxygen vacancies enhance the catalytic

activity and optimize the charge separation that occurs during

the photocatalytic process, thus significantly improving the photo-

catalytic performance of the material [68]. Two distinct catalysts,

featuring oxygen vacancies at varying positions, were synthesized

through the calcination of CaTiO3 in a H2/N2 atmosphere. Both ex-

perimental and theoretical findings indicate that subsurface oxygen

vacancies can change the energy band structure of CaTiO3, thereby

enhancing charge separation. Additionally, surface oxygen vacan-

cies serve as active sites that facilitate the generation of hydrogen.

Comparatively, the hydrogen precipitation rates of these catalysts

have been elevated by approximately 49 times when compared to

the pristine CaTiO3 [69]. The material was quenched in liquid ni-

trogen at temperatures below −196 °C. Oxygen vacancy defects are

retained by transient cooling in an anoxic environment and be-

come electrocatalytically active sites for oxygen evolution reactions

[70].

Graphite powder serves as an economical alternative to costly

reducing gases, which are primarily oxidized to carbon monoxide

when graphite is exposed to temperatures in excess of 700 °C. The
fabrication of oxygen vacancies within the electrode plate film was

achieved through calcination within a graphite layer. These vacan-

cies bolster the carrier concentration and markedly enhance the

charge separation between electrons and holes [71].

2.4. Mechanochemical method

Mechanochemistry serves as a prevalent technique for the syn-

thesis of materials with oxygen vacancies. The mechanical ball

milling process involves the treatment of diverse materials within

sealed containers, offering benefits such as ease of operation,

straightforward post-treatment, cost-effectiveness, and environ-

mental sustainability [72]. The application of shear stress and com-

pression through ball milling induces lattice distortion within the

material. This mechanical strain displaces oxygen atoms from their

original lattice sites, thereby generating oxygen vacancies (Fig. 1).

Bi12SiO20 and powder (S) can be combined to form n-p het-

erojunction structures through a straightforward ball milling tech-

nique, which introduces surface oxygen vacancies. These vacancies

can be used to greatly improve the catalytic performance by tak-

ing advantage of their strong affinity for NO, O2 and H2O as well as

the favorable energy conversion during the oxidation process [73].

Cu-Ce catalysts were synthesized using the ball milling method.

The catalytic activity of these catalysts towards toluene was signif-

icantly enhanced due to the accelerated backfilling and activation

of gaseous oxygen facilitated by the asymmetric oxygen vacancies

generated at the Cu-Ce interface [74].

Furthermore, it has been demonstrated that the oxygen vacancy

concentration on the surface of the material can be effectively ma-

nipulated by altering the parameters of the ball milling process. A

series of BiOCI/biochar nanocomposites enriched with oxygen va-

cancies were synthesized by mixing BiOCI particles with biochar

through the ball milling method, while varying parameters such

as milling time, milling speed, and milling ratio. The presence of

oxygen vacancies alters the bond lengths, coordination modes, and

other characteristics of the adsorbed molecules, thereby enhancing

their affinity for these molecules. The adsorption performance of

the modified materials for dyes (60%) was significantly superior to

that of the original BM-BC (20%) [75].

In addition to adjusting the parameters of ball milling, it is also

feasible to produce materials enriched in oxygen vacancies through

the incorporation of chemical additives. The concentration of oxy-

gen vacancies can be systematically controlled by mixing TiO2 and

urea at specific molar ratios. The presence of oxygen vacancies

in the materials facilitates the chemisorption of dioxygen and en-

hances electron transfer between defect sites and oxygen, result-

ing in the generation of reactive oxygen species. This mechanism

contributes to improved catalytic performance in the oxidation of

aromatic sulfides [76].

2.5. Other methods

The introduction of a significant number of oxygen vacancies

into layered double hydroxides via argon plasma etching has been

shown to enhance the number of active sites, thereby improv-

ing the capacitive performance of capacitors [77]. Plasma treat-

ment was employed to meticulously regulate the concentration

and types of oxygen defects present in the nickel oxide sub-

strate. The incorporation of oxygen vacancies has been demon-

strated to facilitate charge separation and enhance electron trans-

fer capabilities within battery systems [78]. Additionally, oxygen

vacancies were successfully introduced onto bismuth oxychloride

(BiOCl) nanoflakes through photodeposition techniques. The re-

sultant abundance of oxygen vacancies on the surface effectively

adsorbed reactant molecules, improved light absorption, and in-

creased the rate of electron-hole separation, thus enhancing photo-

catalytic activity. Experimental results indicated that the photocat-

alytic reduction rate of CO2 using the modified material was 17.6

times greater than that of the unmodified BiOCl nanoflake [79].

During the synthesis process, the application of pressure generates

lattice stresses that promote the release of oxygen atoms, lead-

ing to the formation of oxygen vacancies. In the case of lithium

titanate (Li4Ti5O12), the concentration of oxygen vacancies was

precisely controlled through a high-pressure treatment method

that integrates elevated temperature and pressure. The presence of

these vacancies not only improves the intrinsic conductivity of the

material but also enhances its ionic diffusion capacity [80].

3. Characterizations of oxygen vacancies

3.1. X-ray diffraction method

XRD serves as a fundamental analytical method for the exami-

nation and identification of crystal structures, offering critical in-

sights into the atomic arrangement and symmetry within crys-

talline materials. As illustrated in Fig. 2a, the crystal structures

of the synthesized catalysts were analyzed using XRD. At lower

doping levels of TiO2, no peaks indicative of additional crystalline

phases were detected, suggesting that the samples preserved their

fundamental crystalline structure following the reduction treat-

ment. Conversely, the introduction of polymetallic elements re-

sulted in an enhanced formation of oxygen vacancies and lattice

distortion. This phenomenon led to a gradual decrease in the in-

tensity and an increase in the half-peak width of the predominant

anatase (101) peak, which is situated at 25.28°, as the variety of

elemental types increased [81]. The distinctive peak observed at

28.24° exhibited a slight shift towards a higher angle following the

incorporation of transition metals (Fig. 2b). This alteration can be

ascribed to the smaller ionic radii of the transition metal ions (Co:

0.075nm, Mn: 0.053nm, Fe: 0.065nm, Ni: 0.069nm) in compari-

son to those of the Pr ions (Pr3+: 0.113nm, Pr4+: 0.096nm). Such a

lattice contraction may result in an increase in the number of oxy-

gen vacancies [59]. When the molar ratio of Na2CO3 to SIn2O3 was

maintained at 2:1, the sample S2 demonstrated enhanced purity,

with no detectable impurity phases present. Conversely, at molar

ratios of 1:1 and 1.5:1, the emergence of impurity phases related

to In2O3 was noted. Furthermore, the peak positions (104) in the

samples S1.5 and S1 exhibited a shift towards a lower angle (Fig.

2c), which is likely indicative of oxygen vacancy defects within the

structural framework of the samples [82].
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Fig. 2. (a) XRD patterns of high entropy alloy catalysts. Reprinted with permission [81]. Copyright 2021, Elsevier. (b) XRD patterns of doping of Pr6O11 by different met-

als. Reprinted with permission [59]. Copyright 2024, Elsevier. (c) XRD patterns of mesoporous SInO2 and NaInO2 compounds with different molar ratios. Reprinted with

permission [82]. Copyright 2018, Elsevier. (d) XPS spectra of NiCo2O4/HCS-320-V. Reprinted with permission [83]. Copyright 2018, Elsevier. (e) XPS spectra of Au2Pd1/TiO2-

xCA@HNTs. Reprinted with permission [85]. Copyright 2023, Elsevier. (f) XPS of Co 2p level for Mg-Co-Ce composites. Reprinted with permission [86]. Copyright 2022,

Elsevier.

3.2. X-ray photoelectron spectroscopy

XPS is a widely utilized method for surface analysis, as it can

reveal how defects within a material influence bonding energy,

leading to the displacement of existing peaks or the emergence

of new ones. As such, XPS is an effective technique for identifying

oxygen vacancies in various materials. In this study, mesoporous

NiCo2O4 nanosheets were successfully synthesized on conducting

hollow carbon spheres via a straightforward hydrothermal treat-

ment followed by a quenching process. The XPS analysis of the Co

2p orbitals, illustrated in Fig. 2d, reveals that the Co2+/Co3+ atomic

ratio for the NiCo2O4/HCS-320-V sample (0.96) exceeds that of the

NiCo2O4/HCS-320 sample (0.79), indicating a higher concentration

of oxygen vacancies in the former. The O2 peak observed in the

O 1s orbitals at 531.5 eV is associated with defect sites character-

ized by low oxygen coordination. Furthermore, the area percent-

age of the O2 peaks in the NiCo2O4/HCS-320-V sample is signifi-

cantly greater than that in the NiCo2O4/HCS-320 sample, suggest-

ing that samples subjected to quenching in an oxygen-deficient en-

vironment exhibit an increased number of oxygen vacancies. The

NiCo2O4/HCS-320-V sample, with its abundant oxygen vacancies,

demonstrated enhanced redox activity [83].

Novel ammonia-nitrogen ozonation catalysts were synthesized

using γ -Al2O3 as the support material, with Fe and Mg as dopants,

through an impregnation-calcination process. XPS analysis of the

O 1s region revealed three distinct peaks at 531.02, 532.02, and

533.09 eV, which correspond to lattice oxygen (Olat), chemisorbed

oxygen (Oads), and physically adsorbed oxygen, respectively. The

Olat was predominantly derived from metal-oxygen bonds in-

volving the elements O, Al, Fe, and Mg, which primarily serve

as active sites for the ozonation process. The Oads is primar-

ily associated with metal hydroxide bonding (MOH). The cata-

lysts γ -Al2O3@Mg, γ -Al2O3@Fe, and γ -Al2O3@Fe/Mg5 exhibited

Oads/(Olat +Oads) ratios of 46.52%, 46.94%, and 61.69%, respectively,

indicating that γ -Al2O3@Fe/Mg5 possesses the highest oxygen va-

cancies content. Under optimized conditions of initial pH7, a cat-

alyst dosage of 112.88 g/L, and an ozone dosage of 2.4mg/min,

γ -Al2O3@Fe/Mg5 efficiently catalyzed the ozonation of ammonia

and nitrogen, achieving gas-phase product selectivity ranging from

67.82% to 98.73%. Moreover, γ -Al2O3@Fe/Mg5 demonstrated sta-

bility with low ion leachability, facilitating easy precipitation and

recovery from water [84].

Researchers crafted a variety of noble metal-based catalysts,

identified as AumPdn/TiO2-xCA@HNTs. These were synthesized

through an environmentally friendly approach, utilizing a naturally

occurring and cost-effective tubular aluminosilicate clay mineral of

HNTs as template by depositing a layer of TiO2 and adding cit-

ric acid (CA) to adjust oxygen vacancies prior to calcination. The

chemical composition and surface properties of the Au2Pd1/TiO2-

xCA@HNTs catalysts were characterized using XPS (Fig. 2e). The

lower binding energy peaks in the Ti 2p spectra, observed at

464.05–464.15 eV (2p1/2) and 458.65–458.75 eV (2p3/2), indicated

the presence of partially reduced Ti3+ ions. The formation of Ti3+

suggests the creation of oxygen vacancies. The ratio of Ti3+/(Ti3++
Ti4+) calculated from the peak area, serves as an indicator of

the oxygen vacancies concentration within the TiO2 layer. This

ratio was found to increase with the CA concentration, reach-

ing its maximum in the Au2Pd1/TiO2–0.4CA@HNTs catalyst, which

contained the highest Ti3+ concentration (64.78%). The ratio of

Oads/(Oads +Olat) also reflects the concentration of oxygen vacan-

cies, with the Au2Pd1/TiO2–0.4CA@HNTs catalyst demonstrating

the highest relative concentration of oxygen vacancies at 60.48% in

the O 1s XPS spectrum. These results are consistent with the find-

ings from the Ti 2p spectral analysis. Notably, the Au2Pd1/TiO2–

0.4CA@HNTs catalyst demonstrated the most efficient conversion

of 5-hydroxymethylfurfural (HMF) to 2,5-furandicarboxylic acid

(FDCA) in aqueous solution using air as the oxidizing agent, achiev-

ing an FDCA yield of 98.4 % [85].

Ternary composite oxides of Mg-Co-Ce were synthesized utiliz-

ing a co-precipitation method followed by calcination. XPS anal-

ysis of the Co 2p spectra indicated that the ratio of Co2+/Co
initially increased and subsequently decreased with an increase

in Ce content within the composites, peaking at a composition

of M (Mg:Co:Ce)=4:1:1. This observation implies that Ce is in-
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Fig. 3. (a) EPR images of Fe-Co LDH at different calcination temperatures. Reprinted with permission [48]. Copyright 2021, Elsevier. (b) EPR spectra of MFO and CMFO-0.5.

Reprinted with permission [49]. Copyright 2022, Elsevier. (c) HRTEM images of Fe/TiO2-x-S. Reprinted with permission [91]. Copyright 2022, Elsevier. (d) Raman spectra

of MnOx(z)-CeO2. Reprinted with permission [93]. Copyright 2018, Elsevier. (e) Raman spectra of α-MnO2 with different reduction times. Reprinted with permission [94].

Copyright 2023, Elsevier. (f) Raman spectrum of BMO-0 and BMO-3. Reprinted with permission [95]. Copyright 2019, Elsevier.

tegrated into the spinel structure, resulting in distortion of the

crystal lattice and the formation of additional oxygen vacancies

(Fig. 2f). The Mg-Co-Ce catalysts, characterized by a high den-

sity of surface oxygen vacancies, demonstrated remarkable ozone-

selective catalytic activity for the oxidation of ammonia to nitrogen

gas. Under optimal conditions, the ammonia removal rate for the

MgO/Co3O4/CeO2 catalytic system was measured at 0.03328min-1

(R2 =0.99942), which is approximately 2.1 times greater than that

of the MgO/Co3O4 catalytic system, which exhibited a rate of

0.01597min-1 (R2 =0.99813) [86].

3.3. Electron paramagnetic resonance

EPR is a magnetic resonance technique that facilitates the direct

detection and analysis of paramagnetic substances characterized by

unpaired electrons. The introduction of unpaired electrons into a

material through oxygen vacancies renders the EPR technique par-

ticularly effective for identifying these vacancies.

EPR was employed to further characterize the formation of oxy-

gen vacancies in Fe-Co layered double hydroxide (LDH). As de-

picted in Fig. 3a, an asymmetric signal is distinctly observable in

Fe-Co LDH at g=2.003, attributed to the capture of unpaired elec-

trons in oxygen vacancies. The signal intensity increases from ap-

proximately 6.98×103 to 1.66×104 as the calcination tempera-

ture rises from 0 °C to 300 °C, with a notable increase observed at

200 °C. However, when the temperature exceeds 200 °C, the pres-

ence of oxygen vacancies may compromise the crystal structure

of Fe-Co LDH, resulting in a deceleration of the increase in oxy-

gen vacancy intensity [48]. CoxMn1-xFe2O4 was synthesized using

microwave-assisted hydrothermal synthesis. To confirm the pres-

ence and quantity of oxygen vacancies, EPR spectroscopy was con-

ducted on MFO and CMFO-0.5 samples. The analysis revealed a

characteristic peak at g≈2.003 in both MFO and CMFO-0.5, indi-

cating the capture of unpaired electrons resulting from the forma-

tion of oxygen vacancies (Fig. 3b). The intensity of this peak pro-

vides evidence that CMFO-0.5 contains a substantial concentration

of oxygen vacancies [49].

Oxygen vacancy-enriched VO-MoxCo3-xO4 catalysts were syn-

thesized by doping a minimal amount of Mo (∼0.5wt%) into

the Co3O4 matrix. EPR spectroscopy was utilized to character-

ize the structural defects in VO-MoxCo3-xO4. The EPR spectrum

of pure Co3O4 exhibited no discernible signal, indicating that

it is a defect-free, pristine crystal. In contrast, the EPR spec-

trum of VO-MoxCo3-xO4 demonstrated a significant increase in

the g-factor, measured at 2.003, which signifies that the dop-

ing process effectively introduced oxygen vacancies within the

Co3O4 lattice [87]. Additionally, novel cobalt molybdate nanosheets

(CoMoO4–Ov-n@GF) with tunable oxygen vacancy content were

synthesized through the in-situ formation of CoMoO4 nanosheets

on graphite felts (GFs), followed by annealing under a reducing at-

mosphere. The modulation of oxygen vacancies was investigated

using EPR spectroscopy. Notably, the intensity of the characteristic

peaks for CoMoO4@GF significantly increased following quenching

treatment, indicating that a greater number of oxygen vacancies

were generated extended treatment duration. The CoMoO4–Ov-

2@GF, which exhibited optimal oxygen vacancy content, demon-

strated exceptional electrocatalytic performance, as evidenced by

its low overpotential (296mV at 10mA/cm2) and a small Tafel

slope (62.4mV/dec) in alkaline solution, comparable to that of

RuO2@GF [88].

3.4. High-resolution transmission electron microscopy

Conventional transmission electron microscopy (TEM) is limited

to imaging at the surface level, which poses challenges in identi-

fying internal structural features, such as grain spacing and atomic

arrangement. In contrast, HRTEM offers a substantially enhanced

resolution, facilitating the detailed analysis of intricate features in

conjunction with accurate crystallographic information. As a result,

HRTEM serves as a robust technique for characterizing the pres-

ence and distribution of oxygen vacancies within materials.

Oxygen vacancies were successfully induced on the surface

of Ti3O5 through the incorporation of iron ions via ball milling.

HRTEM analysis revealed significant lattice disorder. The interpla-

nar distances in the Fe-Ti3O5 (110) and (020) planes were mea-

sured at 0.37nm and 0.21nm, respectively, which are greater than

those observed in undoped Ti3O5, where the interplanar distances

were 0.36nm and 0.20nm for the same orientations. In Fe-Ti3O5,

5
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the formation of Fe-O bonds, as opposed to Ti-O bonds, facili-

tates the penetration of iron and the development of surface de-

fects, which in turn increases the lattice spacing and contributes

to a low crystallinity of 84.8 %. The introduction of oxygen va-

cancies enhances electron concentration and electronic conductiv-

ity (2.49×10–4 S/cm) at low temperatures. This increased con-

ductivity, combined with the reduced crystallinity, promotes ultra-

sensitive sensing across a wide temperature range prior to the

metal-insulator transition [89]. MnO2 catalysts with varying con-

centrations of oxygen vacancies were synthesized through the dop-

ing of Cu2+. HRETEM image of the MnO2–OV3 sample exhibits a

lattice stripe spacing of 0.23nm, which is attributed to the (100)

plane of the birnessite-type MnO2 structure. No copper oxide par-

ticles were identified within the sample. Notably, the lattice stripe

in certain regions of the MnO2–OV3 sample appeared blurred,

which may be ascribed to the presence of oxygen vacancies. The

introduction of an optimal number of oxygen vacancies in MnO2

significantly enhances its low-temperature reducibility and oxygen

activity, thereby improving catalytic efficiency for toluene oxida-

tion reactions [90].

Oxygen vacancies were deliberately introduced into defect-rich

Fe-doped TiO2-x nanosheets through a specific fabrication process.

Citric acid served as a chelating agent to improve the dispersion of

iron within the material. HRTEM image (Fig. 3c) displays a lattice

spacing of 0.35nm, which corresponds to the (101) crystal plane of

anatase TiO2. The absence of observable lattice streaks associated

with iron and its oxides indicates that the iron has been effectively

incorporated into the TiO2 lattice without the formation of dis-

tinct phases. Furthermore, the HRTEM image reveals the presence

of crystal defects (highlighted by red circles) in the Fe/TiO2-x-S

composite, suggesting an increased concentration of oxygen vacan-

cies as a result of iron doping. These Fe-doped TiO2-x nanosheets,

characterized by a high density of oxygen vacancies, achieve nearly

100% conversion and exhibit significant sulfur selectivity for H2S at

210 °C, surpassing the performance of most other Ti-based materi-

als documented in the literature [91].

3.5. Raman spectroscopy

Raman spectroscopy serves as a robust analytical method for

the examination of molecular structures, offering valuable insights

into their vibrational and rotational properties. The vibrational

modes are influenced by various chemical bonds, and the presence

of material defects can alter these bonds, leading to shifts in peak

positions or the appearance of new peaks. Consequently, Raman

spectroscopy is an effective characterization tool for the assess-

ment of oxygen vacancies. The controlled creation of oxygen va-

cancies in WO3 nanoflake photoanodes was accomplished through

the application of an Ar-plasma engraving technique. The physical

phase characteristics of the WO3-Vo samples were evaluated using

Raman spectroscopy. In comparison to pure WO3, the peaks associ-

ated with O-W-O bending modes (266 and 320 cm-1) and stretch-

ing modes (701 and 801 cm-1) in WO3-Vo exhibit a marked reduc-

tion, suggesting a significant presence of oxygen vacancies within

the WO3-Vo photoanode. These oxygen vacancies contribute to an

increase in carrier density and provide additional driving forces

that facilitate interfacial charge transport, thereby improving pho-

toelectrochemical performance. Under AM 1.5G solar irradiation,

the photocurrent density of WO3-Vo attains 2.76mA/cm2 at 1.23V

vs. RHE, which is threefold greater than that of the unmodified

WO3 photoanode [92].

MnOx-CeO2 catalysts were synthesized by the citric acid com-

plex method. Fig. 3d presents the visible Raman spectroscopic data

for CeO2, the MnOx(z)-CeO2, and the MnOx catalysts. The Ra-

man band at 465 cm-1 in MnOx(z)-CeO2 exhibits an increase in

bandwidth accompanied by a decrease in peak intensity. The ob-

served broadening of these energy bands is a size-dependent ef-

fect, attributed to non-uniform strain broadening resulting from

grain size dispersion and phonon confinement. Given that Raman

spectroscopy is a surface-sensitive characterization technique, the

down-shifts of these bands is associated with surface oxygen va-

cancies [93].

The α-MnO2 samples, which were synthesized under differ-

ent hydrogen reduction durations, were subjected to analysis via

Raman spectroscopy (Fig. 3e). The Raman bands detected in the

vicinity of 650 cm-1 are indicative of the symmetric stretching vi-

brations of Mn-O bonds within the MnO6 octahedral structure. The

spectral data reveal that, as a result of varying hydrogen reduction

times, the band at 656.3 cm-1 for α-MnO2–0h shifts to 650 cm-1

for α-MnO2–1h, then to 643.8 cm-1 for α-MnO2–2h, and subse-

quently returns to 650 cm-1 for α-MnO2–3h. This observed peak

shift phenomenon signifies alterations in the bonding forces of

Mn-O within the catalysts. Notably, α-MnO2–2h exhibits the weak-

est Mn-O bonding force among the tested catalysts, which is likely

to facilitate the formation of oxygen vacancies [94]. A series of

Bi2MoO6 compounds were synthesized using a simple solvother-

mal method. Significant changes in the relative intensities of Ra-

man modes were detected at approximately 64, 81, and 153 cm-1,

which are associated with the lattice vibrations of Bi2O2
2+ (Fig. 3f).

These alterations are likely due to the partial depletion of oxygen

from the Bi-O bonds, a phenomenon induced by the high concen-

tration of oxygen vacancies facilitated by TMEDA. The optimized

Bi2MoO6 material, enhanced by the presence of oxygen vacancies,

achieved a maximum ciprofloxacin degradation rate of 1.799mg

min-1 m-1, which is nearly eight and a half times greater than that

of the unmodified Bi2MoO6. Following a 6-h photocatalytic treat-

ment, the biotoxicity of ciprofloxacin and its metabolites against

Escherichia coli K-12 and Saccharomyces cerevisiae was completely

eliminated [95].

4. The crucial role of oxygen vacancies in catalytic ozonation

4.1. Regulates electronic structure and facilitates electron transfer

Previous research has indicated that the metal atoms surround-

ing oxygen vacancies possess enhanced electron density, thereby

facilitating the redox cycling within metal oxide systems [96].

Lu et al. [58] synthesized a series of α-MnO2 catalysts through

a straightforward quenching process. Characterization results, in-

cluding XPS, EPR and positron annihilation lifetime spectroscopy

(PALS), indicated a higher concentration of oxygen vacancies under

high-temperature calcination conditions at 600 °C. Cyclic voltam-

metry (CV) and hydrogen temperature-programmed reduction (H2-

TPR) analyses revealed that MnO2–600, with the highest oxy-

gen vacancy content, exhibited superior redox properties and en-

hanced interfacial electron transfer capacity. Additionally, MnO2–

600 achieved a toluene conversion of 95% and a mineralization

rate of 89.5 % at 20 °C. Zhang et al. [55] prepared Fe-LDO-BC lay-

ered double oxides by combining hydrotalcite-like materials with

biochar, and used them in catalytic ozonation to remove methy-

lene blue (MB). They conducted electrochemical measurements, in-

cluding CV and AC impedance (EIS), on biochar (BC), CoFe layered

double oxide (CoFe-LDO), and the composite CoFe-LDO-BC using

a three-electrode setup. The results indicated that the CoFe-LDO-

BC catalyst, which had a high concentration of oxygen vacancies,

exhibited the highest current density and the smallest arc radius

on the Nyquist plot. These oxygen vacancies facilitated electron

transfer between Co(III) and Co(II) (Fig. 4a). Additionally, TOC anal-

ysis showed that the mineralization of methylene blue increased

from 31.6% to 68.25% comparing with ozone alone in the catalytic

ozonation system.
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Fig. 4. (a) The Proposed mechanisms of MB degradation in CoFe-LDO-BC+O3 system. Reprinted with permission [55]. Copyright 2023, Elsevier. (b) PDOS of Fe 3d. Reprinted

with permission [97]. Copyright 2024, Elsevier. (c) The charge density of α-MnO2-x and α-MnO2-x-2. Reprinted with permission [98]. Copyright 2024, Elsevier.

In addition to employing characterization techniques to inves-

tigate the impact of oxygen vacancies, density functional theory

(DFT) calculations are frequently utilized to delve deeper into the

role that oxygen vacancies play. Pan et al. [97] successfully synthe-

sized a Fe0.8La/MCM-48 catalyst through a method that combined

ball milling and calcination. XPS and EPR analyses confirmed the

presence of a substantial number of oxygen vacancies within the

catalyst structure. To delve into the functional significance of these

oxygen vacancies, DFT calculations were employed. These compu-

tations revealed that the oxygen vacancies contribute to an opti-

mized bonding orbital distribution around the Fermi energy level.

The d-band center of Fe in the catalyst moves up to the Fermi

energy level, showing a positive shift (Fig. 4b). This upward shift

of the d-band center facilitates enhanced adsorption of O3. Conse-

quently, the presence of oxygen vacancies modulates the catalyst’s

electronic structure, thereby promoting the overall reaction process

The study of oxygen vacancies in catalytic ozonation usually fo-

cuses on the effect of surface oxygen vacancies and often neglects

to explore the different roles that oxygen vacancies may play at

different spatial locations within the material. Oxygen vacancies in

the bulk of material, being situated far from the interface and un-

able to interact directly with the substrate, display distinct char-

acteristics compared to those at the surface during catalytic pro-

cesses. DFT calculations reveal that in α-MnO2-x-2, electrons are

released from the Mn 2p orbitals into the domain, accumulating

around the oxygen vacancies to create a sustained electron-rich

environment (Fig. 4c). This leads to the formation of a continu-

ous electron energy level, which facilitates the outward migration

of electrons from the interior to the surface. The EIS results also

support the conclusion that bulk oxygen vacancies stimulate the

flow of electrons from the interior of the catalyst to the reaction

interface. And the bulk oxygen vacancies that discharge electrons

to the surface lack the compensation process that surface oxygen

vacancies have. Therefore, these bulk oxygen vacancies are in an

electron-deficient state, creating an electronic imbalance that trig-

gers the phenomenon of electronic relaxation. This effect attracts

external electrons and forms an electron transfer pathway for de-

grading organic pollutants [98].

4.2. Oxygen vacancies participate in the reaction as active sites

Many studies have demonstrated that oxygen vacancies are ac-

tive sites in catalytic materials that interact directly with ozone.

This interaction facilitates the generation of radical and non-radical

species, thus contributing to the overall efficiency and effectiveness

of pollutant degradation.

Xu et al. [99] successfully prepared Co-ZFO@Mn-CN catalysts

through cobalt doping. Their EPR and XPS analyses indicated that

the lattice doping of cobalt induced the formation of a significant

number of oxygen vacancies. Furthermore, DFT calculations re-

vealed that ozone adsorbs onto these oxygen vacancies. Due to the

strong Lewis acidic nature of these vacancies, the O–O bond length

in ozone undergoes stretching, extending from 1.284 Å to 2.212 Å.

This stretching of the bond length results in the decomposition

of ozone, yielding oxygen and adsorbed oxygen (∗O). Subsequently,
these products engage in a series of chain reactions with dissolved

ozone, leading to the production of 1O2 and O2- (Fig. 5a). Ulti-

mately, these reactions promote the degradation process. Wu et al.

[100] synthesized CuO–CeO2-activated carbon loaded attapulgite

(CCAA) through a straightforward hybrid calcination approach. The

incorporation of CuO–CeO2 and activated carbon elevated the con-

centration of oxygen vacancies. EPR experiments, quenching tests,

and probe experiments revealed that the primary reactive species

in this system is 1O2. DFT calculations further demonstrated that

the oxygen vacancies on the catalyst surface exhibit a high affinity

for ozone molecules. Upon adsorption of ozone onto these vacan-

cies, the O–O bonds in the ozone molecule spontaneously cleave,

initiating the formation of surface-bound atomic oxygen and 1O2

(Fig. 5b).

In addition to traditional reactive species, Liang et al. [101] dis-

covered that the removal of pollutants was primarily attributed

to non-radicals ∗O, rather than the conventional •OH. Both experi-

mental evidence and DFT calculations revealed that oxygen vacan-

cies serve as the primary active sites for ozone adsorption and the

generation of ∗O. The O–O bond in ozone undergoes dissociation

at these vacancies, resulting in the production of ∗O. Shao et al.

[102] similarly observed the presence of ∗O in the system. Through

comprehensive characterizations and DFT calculations, they de-

termined that the introduction of pyrophosphate resulted in in-

creased charge aggregation on the adjacent metal oxides, thereby

enhancing the activity of the oxygen vacancies. This alteration in

the nature of the oxygen vacancies facilitated the accumulation of
∗O on the catalyst surface and improved the efficiency of ozone

utilization in the catalytic reaction.

To examine the impact of oxygen vacancies at various locations,

Shi et al. [56] prepared two Ag/CeO2 catalysts using impregnation

and reduction methods. The results from EPR and Raman spec-

troscopy revealed that the in-situ reduction method yielded higher

concentrations of surface oxygen vacancies, whereas the impreg-

nation method generated more vacancies within the bulk phase.

The alteration in peak shape observed in the in-situ Raman spectra

suggested that the surface oxygen vacancies on the catalyst facili-

tated the adsorption of ozone and enhanced its decomposition into

reactive oxygen species, including O- and O2-, during the catalytic

process. Furthermore, it was noted that the bulk oxygen vacancies

migrated to the surface, where they underwent reformation and

participated in subsequent reactions as new surface oxygen vacan-

cies.

4.3. Exposure of more metal sites to accelerate the reaction

It has been recognized that the hydroxyl groups (-OH) gener-

ated by the dissociation of adsorbed water on the surface of metal

oxides are the key active sites for the reaction. These hydroxyl
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Fig. 5. (a) Catalytic ozonation mechanism over Co-ZFO@Mn-CN. Reprinted with permission [99]. Copyright 2023, Elsevier. (b) The mechanism diagram of ROS production and

ATZ degradation in CCA/O3 and CCAA/O3. Reprinted with permission [100]. Copyright 2024, Elsevier. (c) Possible interface catalytic mechanisms. Reprinted with permission

[105]. Copyright 2024, Elsevier. (d) Relative energies of different coordinates and interfacial reaction pathways on zinc oxides. Reprinted with permission [106]. Copyright

2024, Elsevier.

groups exhibit dual reactivity; the hydrogen atom is strongly elec-

trophilic, while the oxygen atom is nucleophilic. Such distinct re-

activity allows them to engage in reactions with ozone, facilitating

the catalytic process [103]. The presence of oxygen vacancies ex-

poses more metal sites and favors the generation of hydrated hy-

droxyl groups.

The catalyst α-Fe0.9Mn0.1OOH was synthesized by in situ sub-

stitution of Fe with Mn in the FeOOH structure. This substitution

resulted in an enhanced presence of oxygen vacancies on the cata-

lyst’s surface. Utilizing ATR-FTIR spectroscopy for analysis, it was

observed that these oxygen vacancy-enriched catalysts exhibit a

heightened affinity for water molecule adsorption. The adsorbed

water molecules on the surface are more prone to undergo a re-

action with ozone, leading to the generation of hydroxyl radicals

[104]. To evaluate the role of oxygen vacancies within the sys-

tem, a comparative analysis was conducted on the ozone concen-

tration changes between the O3/ZnOx-500 system and alternative

systems. The ozone concentration on the surface of ZnOx-500 de-

creased significantly, suggesting that the oxygen-enriched vacancy

material can effectively promote ozone decomposition. ATR-FTIR

analysis revealed a notable attenuation of the telescopic vibrational

signals associated with the metal-bound hydrated-OD species dur-

ing catalytic ozonation, along with an inhibitory influence of EDTA

and phosphate on ZnOx-500. Consequently, these results affirm the

pivotal role of oxygen vacancies in augmenting the exposure of

additional metal ions. DFT calculations indicate that oxygen va-

cancy pairs can facilitate the formation of surface hydrated hy-

droxyl groups (Fig. 5c) [105]. The in-situ Raman spectra of O3/NC

and O3/ZNC400 were analyzed, revealing characteristic peaks as-

sociated with ∗O and ∗O2 in both samples. However, no distinct

ozone adsorption peaks were detected in the O3/ZNC400 sample.

This absence may be attributed to the presence of oxygen vacan-

cies, which facilitate the rapid decomposition of adsorbed ozone

into •OH. ATR-FTIR spectroscopy demonstrated that H2O dissoci-

ates at the exposed zinc sites, leading to the formation of hydrated

hydroxyl groups. The decrease in vibrational frequency during the

reaction confirmed the involvement of these hydrated hydroxyl

groups in the chemical process. DFT calculations suggest that oxy-

gen vacancies are crucial for exposing zinc sites, promoting the for-

mation of hydrated hydroxyl groups (Fig. 5d). These groups then

react with ozone to produce reactive oxygen species [106].

5. Conclusion and outlook

5.1. Conclusion

In conclusion, oxygen vacancies are pivotal in facilitating ozone

reactions. The present review initiates by outlining a variety of tac-

Fig. 6. The main mechanism of action of oxygen vacancies in catalytic ozonation.
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tics employed to introduce and regulate oxygen vacancies within

catalysts, such as doping, liquid-phase reduction, quenching, and

mechanochemical techniques. The comparative benefits and draw-

backs of these synthesis methodologies are meticulously exam-

ined. For instance, chemical reduction methods commonly neces-

sitate the employment of toxic reductants. Quenching processes

are characterized by their high energy demand and susceptibil-

ity to generating unwanted by-products. Ball-milling approaches,

despite their ease of operation for large-scale production, suffer

from protracted processing durations and the propensity to create

dust particles. Although advanced techniques, including plasma-

induced defect formation, exhibit considerable potential, their ad-

vancement is constrained by the dependency on sophisticated and

costly apparatus. Secondarily, a range of widely employed detec-

tion techniques for identifying oxygen vacancies, such as XRD, XPS,

EPR, HRTEM and Raman spectroscopy, are introduced. These di-

verse characterization tools can be utilized in a synergistic manner,

leveraging their distinct detection principles. This collaborative ap-

proach allows for a more precise and in-depth exploration of the

role of oxygen vacancies in the system. Finally, the mechanisms of

the role of oxygen vacancies in catalytic ozonation are summarized

(Fig. 6). These key roles include Accelerating the reaction rate by

modifying the electronic structure of the catalyst and facilitating

electron transfer. Increasing the active sites of the catalyst so that

the active sites interact with ozone to produce more radicals or

non-radicals, thus speeding up the reaction. Exposing more metal

sites, which in turn promotes the generation of hydrated hydroxyl

groups. These hydrated hydroxyl groups then react with ozone to

produce reactive oxygen species.

5.2. Outlook

Based on the current research, several suggestions for future

work are put forward from the following aspects:

(1) The ideal oxygen vacancy concentration is not simply higher;

an excessive number of vacancies can compromise the crystal

structure’s stability. Therefore, opting for a preparation tech-

nique that is environmentally sound, cost-effective, and capable

of precisely controlling the oxygen vacancy concentration is of

great significance.

(2) Present characterization methods are limited to verifying the

existence of oxygen vacancies, falling short in providing both

quantitative and qualitative insights into their concentrations

and surrounding microenvironments. There is a pressing need

to refine in situ characterization technologies to achieve a

deeper understanding.

(3) A significant portion of research into the function of oxygen

vacancies has concentrated on assessing their impact on the

overall system, yet often overlooks the nuanced mechanisms by

which these vacancies operate in varying positions and within

distinct microenvironments.

Declaration of competing interest

The authors declare that they have no known competing finan-

cial interests or personal relationships that could have appeared to

influence the work reported in this paper.

CRediT authorship contribution statement

Fengchen Wang: Writing – original draft, Methodology, Inves-

tigation, Data curation. Yujia Xiang: Supervision, Formal analysis.

Yuqi Zhang: Supervision, Methodology, Investigation. Xin Zhou:

Methodology, Investigation. Jing Zhang: Writing – review & edit-

ing, Supervision, Resources. Chuanshu He: Writing – review &

editing, Supervision, Resources. Heng Zhang: Writing – review &

editing, Supervision, Resources. Zhaokun Xiong: Writing – review

& editing, Resources. Peng Zhou: Writing – review & editing, Su-

pervision, Resources. Hongyu Zhou: Writing – review & editing,

Investigation. Yang Liu: Writing – review & editing, Supervision,

Software, Resources. Bo Lai: Writing – review & editing, Supervi-

sion, Software, Resources.

Acknowledgment

The authors acknowledge financial support from the Key R&D

Program of Zhejiang province (No. 2024C03136).

References

[1] W. Chen, X. Li, L. Ma, Chin. J. Environ. Eng. 12 (2018) 86–92.
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