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Abstract: A perovskite catalyst combined with various advanced oxidation processes (AOPs) to treat
organic wastewater attracted extensive attention. The physical and chemical catalytic properties
of perovskite were largely related to oxygen vacancies (OVs). In this paper, the recent advances in
the regulation of OVs in perovskite for enhancing the functionality of the catalyst was reviewed,
such as substitution, doping, heat treatment, wet-chemical redox reaction, exsolution, and etching.
The techniques of detecting the OVs were also reviewed. An insight was provided into the OVs of
perovskite and reduction mechanism in AOPs in this review, which is helpful for the reader to better
understand the methods of regulating and detecting OVs in various AOPs.

Keywords: oxygen vacancy; advanced oxidation processes; perovskite; detect technologies;
regulate methods

1. Introduction

Meeting the imperious demand for purification of sewage was crucial step to ensure
an eco-friendly development. Great efforts were contributed to looking for the cost-effective
catalysts to purify wastewater. At present, there were many water treatment methods,
such as biological treatment, physical treatment, sludge treatment, and chemical treatment,
etc. Among these techniques, advanced oxidation processes (AOPs) [1,2] were extensively
studied for the oxidation of the kinds of deleterious matters in wastewater [3]. AOPs
were widely used because of their rapid reaction, high redox potential, etc. They could
achieve efficient degradation of organic matter by producing highly reactive oxygen species
(ROS) [4], such as hydroxyl radicals (éOH) [5], sulfate radicals (SO4e~) [6], and others.
AOQOPs included Fenton processes, photocatalysis, electrochemical advanced oxidation
processes, ozonation, persulfate-based oxidation, and so on [7,8].

Anion defects in perovskite played a very important role in catalysis. Reactive oxygen
species produced by AOPs were closely related to OVs, which were one of the anion
defects. The oxygen atoms were missed by oxygen-deficient perovskite, which was named
oxygen vacancies (OVs). OVs as specific reaction sites could change the structure of
a material, altering surface electronic and chemical structures [9], translating to attach
oxygen gas to superoxide radicals. OVs played an important role in photocatalysis, energy
storages, electrocatalysis, etc. At present, the research of OVs was mainly focused on metal
oxide catalysts.

Perovskite was a kind of metal catalysts in AOPs reaction, while improving OVs of
perovskites was an effective way to improve their functions. Perovskites have a low price,
high stability, and excellent catalytic activity, which could serve as desirable catalysts to
initiate AOPs for purification of organic wastewater. Structurally, ABO3 was the molecular
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formula of perovskites. The position of A was occupied by rare earth or alkali metals,
and the B position was occupied by active transition metals [10]. The position of A or B
could be replaced by the kinds of metals, which could change their physical and chemical
properties [11].

Therefore, to improve the reaction efficiency of AOPs and make the OVs in perovskite
catalyst play a greater role, it was necessary to deeply understand the regulation, detection,
and reaction mechanism of OVs. Then, the innovation of this paper lied in the following:
first of all, the basic knowledge of OVs in perovskite, which are involved in the structure of
perovskite, and characteristic was given. In the next place, the strategies to detect OVs were
highlighted. Finally, the focus was on improving OVs of perovskites for the performance of
a catalyst in AOPs. This review would help to better understand the mechanism of OVs in
perovskite promoting degradation of organic pollutants in AOPs.

2. Perovskite Materials

Perovskite referred to a group of materials with a crystal structure similar to calcium
titanate [12]. Perovskite oxides were widely used in electrocatalysis, photocatalysis, and
membrane catalysis, etc. Types of perovskites and the catalyst rate in AOPs are shown in
Table 1. The following was the introduction of perovskite and the role of OVs.

Table 1. Types of perovskites and the catalyst rate in AOPs.

Perovskite Catalyst Dosage AOPs Organic Pollutants Catalyst Rate Ref.
Bi,WOgq 50 mL 0f20 mg /.L CIp Photocatalyst ciprofloxacin 90% at 6 h [13]
aqueous solution.
LaCug5Cop503- Microwave . o .
MMTy,/CNx 95g/L irradiation Bisphenol A 98.7% at 6 min [14]
Sulfate
LaCoO3 10 e of 50 mg/L Radical-Based 2,4-Dichlorophenol 99.8% at 25 min [15]
2 4-dichlorophenol AOPs
BiFeO3 05g/L Fenton-like Rhodamine B 95.2% at 90 min [12]
LaMnyOy 02g/L Ozonation Oxalic acid 100% at 45 min [12]
Sulfate
LayCuOy_s 0.7g/L Radical-Based Bisphenol A 96.7% at 60 min [16]
AOPs
LaFeO_5M0_503-CA Microwave . . o .
(M = Mn, Cu) 0.4g/L irradiation Fuchsin basic 100% at 4 min [17]
LaNiO 1g/L Wet air Reactive Black 65.4% at 120 min [18]
3 & oxidation e

2.1. Structure of Perovskite

From the perspective of morphology, perovskite materials could be divided into three
dimensions [19], such as metal-organic frameworks (Mofs) [20]. The ideal cubic symmetry
of ABOj perovskite oxide is shown in Figure 1a. The BOg octahedral structure was formed
by interlinking the angular oxygens, and the A-site cation occupied 12 sites around the
BOg octahedron. Changing atoms at the A and B sites could improve the performance of
perovskites [21]. There were about 73 alternative elements in the periodic table A and B
occupy space, so the potential variety of perovskite materials was multiple [22].

The ionic radius of A was larger than that of B, and the reason for the variety of
perovskite-type oxides was the existence of two cation sites of different sizes. To form
a perovskite-type structure, the radii of ions at the position of A and B need to satisfy
following Equation (1) [23]:

t= (T’A+To)/\ﬁ(1’3+1’o) @)

where t was a tolerance factor. r4, rp and ro referred to the ionic radii of the position of A,
B, and the oxygen anion, respectively.
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2.2. The Role of Oxygen Vacancy in Perovskite

The primary structure of perovskite (ABO3) could lead to the constituent elements to
deviate from the 1:1:3 stoichiometric ratio and constitute a new non-stoichiometric structure.
When A or B sites were partially replaced, changes in surface vacancies and valence might
be formed and induce the oxygen-deficient in perovskite, ABO3;5 (0 <& < 1) [24]. The
oxygen atoms were missed by oxygen-deficient ABO3z_s perovskite, which was named
oxygen vacancies (OVs) [25]. The neutral and charged oxygen vacancies are expected to be
stable under tensile strain and compressive strain, respectively [26].

The OVs probe in perovskite catalysts increased significantly (Figure 1b), and a
number of recent articles of OVs was listed. OVs’ detect technology [27], calculation
method [26,28,29], and regulate method [30-32] were shown. OVs played pivotal roles in
the catalysis field of perovskite. In most cases, the catalytic effect of the perovskite in AOPs
had a direct relationship with the amount of OVs [33]. In general, the excellent catalytic
performance of perovskite could be found in the following aspects. Firstly, maintaining
the stable structure of perovskite and introducing OVs could be achieved by doping other
metal ions at the position of A or B. Secondly, an adsorbed oxygen migration ability was
closely related to catalytic performance [34]. Enhanced redox capacity could promote the
migration of surface reactive oxygen ions through the formation of OVs [35]. The roles that
OVs played in different AOPs responses follow.

It was evident that OVs as the active sites could lead to some new energy levels [36].
For the purpose of escalating activity of the catalyst, OVs became a key player in the
development of oxide-based technologies used in electronics and spintronics [37,38]. An
appropriate shoot in OVs was conducive to get rid of organic pollutants. The regulation of
OVs was generally applied in the field of battery or catalysis; oxygen vacancy improved
the catalytic activity of catalysts in different ways [39]. The application of different AOPs
was as follows:

(1) Photocatalysis. Since defects were ubiquitous in catalytic materials and could
modulate the electronic structure and optical properties of most catalysts, photocatalytic
performance could be improved by various types of defect engineering [40]. Wu et al. [41]
discovered OVs formed at the atoms of BiOBr would create a new layer of defects and then
expanded the optical absorption range in the visible light. The OVs were advantageous
for the photogenerated carrier separation efficiency and thus soared the photocatalytic
properties of BiOBr. In addition, the OVs could provide an adsorption site in catalysts, and
the pollutants were rapidly adsorbed [14,42].

A
A

A-site
® Oxygen
. B-site

Figure 1. Cont.
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Figure 1. (a) Crystal structure of a cubic perovskite with a chemical formula of ABO3 and (b) the
number of papers abstracted by the database Web of Science for topic keywords “perovskite catalyst
and oxygen vacancy” and some representative work on perovskite application in advanced oxidation
in recent years [10-12,14-18,23,26-28].

(2) Electrocatalysis. A new method was proposed to escalate the activity of N, reduc-
tion reaction by adjusting the OVs caused by the A-site cations. Chu et al. [43] proposed
that the related advantages of OVs rose the activity of N, reduction reaction, such as the
activation of reactive species promoted by OVs, thus optimizing the reaction pathway. The
yield of NH3 was 22.1 ug-h’1 -mg’lcat with the increase in OVs. The Faraday efficiency
at —0.3 V was 25.6%. They were 2.2 times and 1.6 times of the perovskite rate without
improving OVs.

LaFeOs perovskite was tuned OVs as an efficient electrocatalyst. The oxygen evolution
reaction (OER) performance was extremely intensified. The highest OER activity was
affected by a moderate concentration of OVs in LaFeOs.

(3) Microwave catalysis. A new type of double perovskite was prepared in situ by
successively adding montmorillonite and g-C3Nj intercalation by Wang et al. [44]. A large
number of hot spots were generated by LaCug 5Co( 503 (LCCO) on its surface and bisphenol
A (BPA) was degraded after absorbing a large amount of microwave energy (Figure 2).
It showed excellent microwave catalytic ability on account of a more diminutive pore,
a bigger specific area, and the highest chemisorption surface oxygen concentration [45].
Microwave could excite the surface-active sites of the catalyst to generate oxidized free
radicals, thus degrading bisphenol A via electron-hole transport.
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Figure 2. Possible BPA degradation mechanism over LCCOMj » /CNy o75 under MW irradiation [44].

3. Approaches to Regulate Oxygen Vacancy in Perovskite

Now, there were many methods to regulate oxygen defects, as shown in Table 2,
in which OVs in perovskites could be induced during crystal growth or through post-
treatment. Many effective defect preparation methods were developed to improve OVs: ion
substitutions, heat treatment, exsolution, etching, ion doping, wet-chemical redox reactions,
etc. Theoretically, chemical defects could alter the structure of perovskite, decrease the
activation energy of the catalyst, and improve the diffusion dynamics of its ions.
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Table 2. Summary of approaches to improving oxygen vacancies in perovskite.

Classification Perovskite Preparation Method Organic Pollutants Synthesis Parameters Catalyst Rate Ref.
EDTA —citric acid LaCoO3 was partially replaced with Ag™. o
Laj_xAgxCoOs complexation Soot PH =7, Calcination: 700 °C, 5 h 9% [45]
Colloidal crvstal The partial substitution of A-site (La) with
Cation substitutions: Lap_K«NiCoOg templa tZ Soot low-valence potassium (K) ions. 99.3% [46]
A-cation p Calcination: 346 °C
. Heating:180 °C, 10 h
La,NiFeOg Modified sol-gel method Toluene Drying: 70 °C, 1h 90% [47]
(Pechini method) Y
Calcination: 650 °C, 5 h;
. e Drying: 60 °C, overnight
CatlonBs_l(:J:tsigrtlutlons. LaCoO3_s Sol-gel method Bisphenol A annealed in air: 700 °C, 2 h 90% [48]
Calcination: 800 °C
coprecipitation H.eat.mgzl(go < o
Ton Ca;1ZrOg calcination method M-cresol Drying: 120 °C, 12 h 100% [49]
non-stoichiometry Calcination: 900/1100 °C, 6 h;
B . pre-decomposed at 180 °C, for 6 h o
La; 15MnOs3. 4 Sol-gel method Rhodamine B Calcination: 800 °C, 5 h; 100% [50]
Calcination: 325-500 °C, 61 h, N,
. . . . atmosphere Enhanced by
Chemical reduction NaNbOj Solid-state reaction Methyl blue (MB) Heating rate:5 °C min-1 almost 2.4 imes [50]
Drying: 60 °C, vacuum atmosphere
. . Heating: 300 °C, o
Exsolution Prg5BagsMng g5Cop.15 B-metal ex-solution CcO Calcination: 600 °C, 4 h 82.5% [51]
tching a0.85rp.2C003 tching by Oxalic aci 4 : / -
Etchi Lan <t »CoO Etching by Oxali d CH Calcination: 700 °C, 2 h; [52]

Drying: 55 °C
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3.1. Ion Substitutions

The substitution of A and/or B site ions by other elements was a traditional method
of improving OVs in materials, which could release lattice oxygen. AABBxOj3;_4 was
represented by the defective perovskite, where Ay and By, respectively, referred to the
dopant elements that replaced A and B. Ordinarily, OVs were fabricated by A-site cation
substitution, while B-site cation substitution mainly changed the structure of the A site
by bringing into play the electronic structure to generate OVs. The lattice defects could
be generated by regulating the ratio; the specific optimization was used to adjust the
properties of the catalyst and further change its physical and chemical characteristics [49].
Li et al. [53] added fifteen percent of A-site cations into the oxide lattice of LaMnOj3, which
allowed the successful introduction of OVs and the modification of catalytic properties in
perovskite. That ballooned the catalytic activity of PMS for the degradation of rhodamine
B. The LMO-PMS system was capable of catalyzing the reaction under the condition of
most pH ranges. A perovskite catalyst could be flexibly doped with B-site cations, mainly
transition metal elements. B-site transition metal elements, such as Co and Ni, were usually
active centers interacting with reaction intermediates, promoting the catalytic reaction and
being small size.

He et al. [47] used an EDTA-citric acid complexation method to made a series of
La(;_x)AgxCoO3; (LACO). LACO had the largest solubility range and the best catalytic
activity when x = 0.25. The improvement of soot’s cyclic oxidation properties indicated
that the OVs were more easily formed, and the lattice oxygen transport was enhanced after
Ag* replacing the A-site ions at low temperature.

Liang et al. [54] prepared LaCoO3_5 (LCO) perovskite catalyst by using the sol-gel
method, which boosted the improvement of catalytic properties. The B-site cation defect
was in favor of the activation of PMS, resulting in a higher first-order kinetic rate of LCO
because sulfate played a vital role in the decomposition of bisphenol A, and OVs formed
on LCO raised the reactivity.

Sr(.95Nbg 1Cop9_xNixOs_s catalysts with trifunctional electrocatalytic activity were
synthesized by Islam [55], who suggested that different ratios of A:B showed distinct results.
The catalytic activity decreased in the situation of A:B =1, but when A:B < 1, it was possible
to achieve a better condition for formatting OVs.

3.2. Ion Doping

In addition to a single type of ion substitutions, the catalyst could be doped with
anion or cation to improve the activity. The kinds of A-site perovskite-type catalysts
(Ce-doped La and Fe) using a sol-gel method were further studied by Ren et al. [56].
They found that catalytic properties of Ce-doped La;_yCexFeOs for TOC removal in
ozonation was significantly improved, and the optimal catalytic performance was when
x = 0.2. Higher oxygen content in the lattice led to a higher catalytic activity. The reason
for the high efficiency of ozone oxidation, researchers speculated, might be the decompo-
sition of O3 into free radicals (ROS) on the surface of a catalyst. Adding the catalyst was
more beneficial to the decomposition of ozone translating into ROS and had better ozone
degradation capability.

Double perovskite La; K NiCoOg was prepared by a colloidal crystal template
method, which was a catalyst for 3D ordered microporous structure by Zhang et al. [48].
Bimetallic nanoparticles with high surface area and active site density can improve reduc-
tion efficiency [57]. The doping of K ions became a key step to promote the oxidation of
NO to NO; because this step shot the surface oxygen density of the catalyst during the
purification of catalytic soot. With the same as a double perovskite-type catalyst, LayNiFeOg
was synthesized by a one-step hydrothermal method, and it had nanorods morphology.
The author’s plan to adjust the surface oxygen activity was to dope nickel atoms because
more OVs would be generated, which was conducive to the enhancement of catalytic
performance of toluene catalytic oxidation [58].
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Ding et al. [59] studied the formation of OVs in an A-site-doped LaMnOj catalyst
(A =6Sr, Ag, and Sn), observing and calculating the surface oxygen mobility. The presence
of dopants promoted the formation of OVs and significantly decreased the activation
energy of O, dissociation, which was due to the electron transfer between oxygen and the
catalyst surface.

Theoretically, chemical defects could alter the structure of perovskite, decrease the
activation energy of the catalyst, and improve the diffusion dynamics of its ions. Zhao
etal. [60] prepared the Pd/LayxSrg3MnOj catalyst, and the influence of ratio on the structure
of the catalyst was investigated. The results indicated that the A-Site defect perovskite
could be regenerated more efficiently than the SrCO3; phase under 300 °C. For the purpose
of improving the ability of CaZrOs3 to catalyze ozone and adjust the stoichiometric deviation
of A-site cations, Han et al. [61] showed that this method also changed the crystallinity
of CaZrQOs.

Except for the cation doping, the addition of N, P, S, F, and other anions were also
investigated with the aim of enhancing the activity of metal oxides. With S atom replacing
the crystal O atoms in the lattice, the internal conductivity of the samples was improved,
and a part of OVs were also formed. You et al. [62] synthesized the S-doped SrIrOj; electro-
catalyst, and the incorporation of S would reduce the activation energy and contribute to
OER activity.

Han et al. [63] proposed to prepare F-doped SrpTiO4(SrpTiO3 97F 03) to improve the
photocatalytic activity in HER of the catalyst. Cropping the F-doping amount in the O
position of Sr,TiO3 97F 03 resulted in good photocatalytic activity because of the increased
OVs’ concentration on the surface and reduced the charge carrier recombination, etc.

3.3. Heat Treatment

The heat treatment method was also a typical method to introduce defects. Heat
treatment was mainly used to reduce atmosphere, reduce reagents (such as NaBH,, NoHy,
NaH, Al powder, etc.), reduce solvents (such as methanol, ethanol, ethylene glycol, etc.)
and reduce flame in the preparation process.

In general, the escape of atoms could be accelerated by thermal treatment, thus intro-
ducing defects into the catalytic material. Annealing of metal oxides at high temperatures
could be used to reduce atmosphere to produce more OVs, leading to a larger specific
surface area and a higher charge density of perovskite.

Saloaro et al. [64] made double perovskite SroFeMoOg by using an in situ annealing
method to find out the changes in relatively small OVs. They suggested that other com-
plex magnetic perovskites could also adopt the annealed with the intention of designing
nanoscale defects.

Chen et al. [65] reported the layered perovskite-Sry .1 TinOsn+1 (STO). In the case of STO
acting as an oxygen diffusion barrier layer, they could reversibly adjust the concentration
of OVs near the interface by high-temperature annealing or infrared laser heating. Yang
et al. [66] synthesized NaNbO3 with OVs in a well-controlled method. The catalyst became
higher visible-light activities when OVs were introduced into the perovskite. Because a
specific surface area became larger, charge density was higher for NaNbOs. It was possible
to use NHj3 gas or other reducing atmospheres to incorporate OVs into the perovskites
at high temperatures. After thermal treatment of tetra butyl titanate precursor solution,
calcining it in Ar and NHj for minutes, respectively, led to more OVs into the TiOxNy [67].

Sun et al. [68] used electron paramagnetic resonance (EPR) to detect OVs in
Li,MnOj; (LMO), and the results clearly indicated that OVs were indeed present in the
reduced samples. OVs in LMO were successfully introduced by the low-temperature
reduction method.

3.4. Wet-Chemical Redox Reactions

Wet-chemical redox reactions were a liquid phase to participate in the reaction through
chemical reactions to prepare materials, including precipitation method, sol-gel method,
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and so on. Some reducants (such as NaBH,) were used to produce the quantity of OVs [69].
A large number of vacancies could be produced in samples by introducing reductive
reagents in the process of chemical synthesis or by heat treatment in the later stage and
reducing fireworks treatment. The operation was simple and had an obvious effect on
improving the properties of materials.

Sun et al. [70] introduced La;_4CexFeO3_s by coprecipitation into the CWAO process
for the first time, which would cause changes in the species of reactive oxygen species and
OVs in the perovskite. The results showed that when the molar ratio of Ce:(La and Ce) was
greater than 0.4, the provskite had a high catalytic activity for the efficient degradation of
acrylic acid by CWAO.

Zhang et al. [71] prepared LaCoOj3/CeO; by a sol-impregnation two-step method to
purify the membrane concentrate of the coal chemical wastewater. With the addition of
CeO,, OVs formed in the charge balance process and the ratio of lattice oxygen (Or,)/surface
activated oxygen (Og) increased from 0.80 to 1.48, indicating that the defect of O, on
LaCoO3/CeO; increased. Under the best operating conditions, the BOD5:COD of the
oxidized effluent was greatly increased, and the biodegradability of the oxidized effluent
was greatly improved.

3.5. Exsolution

In the field of catalysts, compared with noble metals and simple oxides, perovskite
had two inherent defects, which were a small specific surface area and an inert surface
segregation. These disadvantages reduced the number and activity of surface-active sites,
which might cut down the catalytic performance of perovskite to a certain extent [72]. In
view of the above problems, exsolution was gradually adopted to create OVs. The method
called exsolution showed that B-site cations transferred from the main structure to the
surface and were finally deposited into the metal or nanoparticles of alloy [73]. This process
was able to signally boost the active site of the B ion on the surface, thus promoting the
enhancement of the metal-oxide interface. Moreover, the reoxidation process in this process
was reversible, so the catalyst agglomeration was likely to be avoided [74].

For the sake of further understanding the theory of Co dopants, Co-doped
Pry5BagsMnO3_g4 (PBMCO) was studied in the phase transformation as well as in the
upstream and downstream phases by Kim et al. [51] Experimental results indicated that the
doped one for CO oxidation had lower catalytic activity than ex-solved Co nanoparticles.
Co@L-PBMCO had better adsorption capacity abilities of CO and was easier to format OVs
and another activated surface.

Kwon et al. [75] made LaCrg51rgg503_s catalyst and confirmed that the enhanced
catalytic activity of it was based on the exsolution of Ir nanoparticles on the catalyst surface.
The highest CHy4 conversion rate was 81%. When Ir was transferred to a perovskite surface
with and without OVs, the heat release rate increased by 1.01 eV and 0.43 eV, respectively.

3.6. Etching Method

Plasma treatment was a workable method, as well as ion bombardment, for the forma-
tion of anionic defects in transition metal oxides by energetic ion or electron bombardment.

Peng et al. [45] studied that OVs in the catalyst of LaFeOs were produced by the
way of plasma. Ar could regulate the concentration of OVs more easily than O,. Experi-
ments and calculations demonstrated that OVs improved the adsorption of weak hydroxyl
groups and enhanced the performance of oxygen evolution. The production of a moderate
concentration of OVs in LaFeO3; was generated by the O,-plasma.

Yang et al. [52] imported OVs and Co™ Lewis acid sites into the ordered large pore
size Lag gSrp2Co0O3; (LSCO) monomer catalyst and investigated their synergistic effects
on methane combustion. Selecting oxalic acid one-step reduction and selective etching
as the reaction method, the LSCO surface had higher coterminal sites, which induced the
reduction in Co3* to Co?*, while producing Lewis acid active sites and OVs, because oxalate
selectively etched Sr surface. The filled OVs and Lewis acid sites could boost the adsorption
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capacity of methane, accelerating the catalytic combustion of methane. Additionally, having
strong oxygen activation ability, lattice oxygen migration ability and reducibility was also
the merits of this method. However, it should be noted that excessive OVs might be
counterproductive to catalysis sometimes, so OVs should be regulated appropriately.

To sum up, choosing the appropriate method according to the requirements. Doping
or substitution were common methods of introducing oxygen vacancies into transition
metal oxides. Heat treatment could lead to the transformation of crystal structure and/or
the exolysis of secondary active phase, thus comprehensively improving the activity of
metal oxides. If a large number of OVs need to be generated without damaging the catalyst
matrix structure in perovskite, plasma etching might be an excellent choice [76,77]. To
avoid agglomeration of catalysts, exsolution could be selected.

4. Technologies for Detecting Oxygen Vacancies

OVs were able to alter the chemical, physical, and electronic properties of materials,
so they became one of the most important research subjects. It was usually necessary to
observe and analyze the phenomenon caused by OVs; however, due to their low concentra-
tion and short existence time, OVs were normally not visible to the naked eye. The relative
concentration of OVs ranged from PPM to tens of atomic percent, a condition that was
difficult to find a fitting experimental plan to characterize and distinguish OVs. Detecting
specific concentrations of OVs was notoriously challenging. It was possible to probe OVs
obliquely by the physical properties, such as microscopic form of matter or transition metal
valence states, in a majority situations. A summary of these techniques is given in Table 3.

Table 3. Summary of technologies for detecting oxygen vacancies in perovskite.

Mathod Ways to Detecting Oxygen Vacancies Qualitative or Quantitative Reference
X-ray diffraction (XRD) Detect ;fzst;i:;ﬁg:rr: Qualitative [50,78,79]
X-ray photoelectron spectroscopy (XPS) - cmental composition and chemical Qualitative [55,72,50]
Transmission electron microscopy (TEM)
and scanning transmission electron and gtr()}ﬁilas;:;:ttﬁen ts Qualitative [81,82]
microscopy (STEM) 8
Raman spectra A peak Sh;fégﬁfo/n(; gl:airesence of Qualitative [49,78]
Ultraviolet-visible spectroscopy (UV-vis) Peak changes Qualitative [76]
Thermogravimetric analysis (TGA) Weight changes Quantitative [78,79]
X-ray Absorbtion Spectra (XAS), X-ray
absorption fine stru.cture (EXAFS) and Variations of XAS peaks Qualitative [49,83]
X-ray absorption near-edge
structure (XANES)
. Valuable information A
Electron Paramagnetic Resonance (EPR) Qualitative [16,45,61,82]

about unpaired electrons

Chemical absorption

H,-TPR, O,-TPD oxygen/the redox potential Qualitative [16,84]

Iodometric titration (IT) Quantitg:i)\;sh?rolii);:i; oxygen Quantitative [85,86]
Photoluminescence (PL) Spectroscopy Electronic structure Qualitative [87,88]
Electron energy-loss spectroscopy (EELS) Content and electronic structures Qualitative [25,89]
Neutron powder diffraction (NPD) Crystal structures Qualitative [82,90]
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4.1. Spectral Detection Methods

Thinking over the kinds of constraints in each technique, it was sometimes not con-
vincing to prove the existence of OVs with just one technique. In the early research,
various electron microscopes and radiation instruments, such as UV-vis and XRD, were
used to characterize OVs in perovskite. In recent years, more advanced techniques that
included HRTEM and EELs were used to characterize and gain insight into OVs in
perovskite catalyst.

4.1.1. X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS). It was one of the most important characteriza-
tion techniques for analyzing OVs, which was characterized by the difference in the atomic
number ratio of metal ions to lattice oxygen. XPS and others were employed together to
analyze the structures of perovskites and concentrations of OVs. TiO, was obtained with
distinctive concentrations of OVs by synthesizing a series of TiO, samples with different
Cu-doping concentrations by Liang et al. [91]. Although pure TiO; could not absorb the
visible light, UV-vis diffuse reflectance spectroscopy could easily detect the presence of OVs
in TiO, samples. As the copper-doping concentration climbed, the intensity of absorption
in the visible area increased, which led to the remarkable rising of the concentration of OVs
(Figure 3a). More information about OVs in Cu-doped TiO; samples was displayed in the
O 1s XPS (Figure 3b—e). By curve fitting, O 1s area precisely showed three peaks, which
corresponded to lattice oxygen, surface hydroxyl oxygen, and adsorbed oxygen. They were
located at 529.5, 530.5, and 531.5 eV.

Magray et al. [92] used a solid-state method and a laser deposition method to prepare
Lay;CoMnOy bulk (LCMO-B) and La;CoMnOg films (LCMO-F), respectively. For the pur-
pose of detecting OVs in the above two perovskites, rapid responding XPS measurements
were performed. Figure 3f,g illustrates the Mn 2p XPS spectrum of LCMO-B and LCMO-F,
respectively. Firstly, the background was used for the best fit, and then the normalized
spectrum was used to figure out the charge states of Mn ions. Mn**, Mn®*, and Mn?*
peaks were fitted to the Mn 2p 3/2 peak. Manganese in the sample was present in the
Mn?* state because of the satellite peak at 647.9 eV. This confirmed the presence of OVs in
these samples. However, the peak intensity of Mn3* and Mn?* in LCMO-F was higher than
that in LCMO-B, indicating that LCMO-F had more OVs. XPS detection technology could
reflect the presence of OVs from the side, rather than directly detect the concentration.
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Figure 3. (a) UV-vis diffuse reflectance spectra of TiO, samples with different Cu loadings, XPS
spectra of O 1s on the surface of (b) TiO,, (¢) 0.5% Cu-doped TiO;, (d) 1.5% Cu-TiO,, and (e) 2.0%
Cu-doped TiO, samples, and XPS spectra of Mn 2p core level of (f) LCMO bulk and (g) LCMO
film [91,92].
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4.1.2. Raman Spectroscopy

Raman spectroscopy was widely applied in studying various defects, such as OVs
caused by ion doping and so on, because the characterization method was high-efficiency
and sensitive to the structure and bond order of perovskites [93]. For example, the chemical
coordination structures of Pt/Nby;O5-AR;y (PNO-A) and Pt/Nb,Os-air (PNO-a) were
studied by Raman spectroscopy. The peaks after several times magnification are shown
Figure 4a,b. It could be clearly seen that in PNO-A, the peak concentrated at 685 cm™ 1,
while the peak of PNO-a shifted to 676 cm~ !, which could generate more OVs under
Ar reaction.

——PUND,O,-Ar10 Y pur—p—— U 685
~——PtNb,0O,-air ——PUND,O,-air v
S H
s
2
172}
1
S
£
400 600 800 1000 500 600 700 800
Raman shift (cm™) Raman shift (cm™)

(d)

/ E
/ incident
x-ray

550 700 850
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Figure 4. (a) Raman spectra of the representative Pt-based catalysts and (b) magnification of the
peaks located at 450-800 em~ L. (c) Raman spectra of the CeO, and CeO,-Ar catalysts. (d) Schematic
diagram of the polarized EXAFS measurement geometry [93-96].

The influence of OVs on NO selective reduction by CeO, was also investigated. Zhang
et al. [94] found that the OV of CeO; roasted in the Ar atmosphere was higher than that
of the roasting in ambient air. Figure 4c illustrates the Raman spectra of the two catalysts.
Usually, the strain and the defect in the lattice caused the Raman band position and shape
of the F2g mode at 465 cm~!. The F2g oscillation frequency of the CeO,-AR catalyst
was changed to 455 cm~!. The sample was calcined at 600 °C and then cooled to room
temperature. Therefore, no residual strain was found in the lattice of CeO,. Therefore, the
inferred Raman band position shift might indicate that there were OVs in CeO,-AR.

4.1.3. The X-ray Absorption Microstructural Spectrum (XAFS)

XAFS was developed on the basis of synchrotron radiation. The excited photoelectrons
were dispersed by the surrounding atoms as X-rays passed through a sample, which
resulted in an energy oscillation. The local electronic and geometric formation of the
detected specimen could be obtained by detecting these oscillatory indicators [95].
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The location of OVs of Srp,CuQOs,5 was developed in a high-temperature supercon-
ductor by polarized extended X-ray absorption fine structure (EXAFS) by Wang et al. [96]
The characterization analysis was that OVs were distributed in the material plane and
apical position, about 10% and 8%, respectively. By rotating Sr,CuQOs, 5 around the b axis,
polarized EXAFS at different incident angles was collected (Figure 4d), and the DFT was
used in the calculation.

Xie et al. [97] used EXAFS to collect the information of SrTiO; (STO) doped with
NiP. They concluded that the ratio of OVs in NiP/STO-60 was the highest among all
samples; then, the order of oxygen octahedron structure was affected. The STO doped with
NiP could gently adjust the relative concentrations of OVs, lattice oxygen, and adsorbed
oxygen and significantly improve the catalytic hydrogen evolution activity due to the
oxygen balance.

4.2. Electron Paramagnetic Resonance

EPR was a kind of magnetic resonance technology that could be used to detect the un-
paired electrons contained in atoms or molecules of matter qualitatively and quantitatively.
Then, the structural properties of the surrounding environment could be explored. Jing
et al. [98], respectively, synthesized LaFeO3 (LFO) and 3D micron globular LaCoq 5Feg 503
(LCFO) by the hydrothermal method. Both of these perovskites were used to activate PMS
to degrade BPA, and the electron spin resonance (ESR) spectra of the two were compared to
detect OVs (Figure 5a). LCFO exhibited stronger signal intensities due to electron capture
sites on OVs. The peak intensity was proportional to the concentration of OVs, which also
indicated that there were more OVs in the LCFO material. OVs in LCFO could be increased
by ion co-doping in a LFO structure, thereby enhancing the activation ability of PMS [99].
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Figure 5. (a) LaCogsFey503 in LaCogs5Fey503/PMS system and ESR spectra representing oxygen
vacancies in LaFeO3 and LaCog 5Fe 503 and EPR (b) and Raman (c) profiles of different catalysts [98-100].
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The OVs in the various prepared MnO,-x catalysts were characterized by EPR [100].
Electron delocalization on OVs might result in more symmetric signal peaks. As can be seen
from Figure 5b,c, each catalyst had a symmetric EPR signal peak, indicating that there were
certain OVs in each material. The changing trend of the signal peak intensity of different
catalysts was as follows: MnO;-1.8 (Ipeak = 795) > MnO-2.0 (Ipeax = 758) > MnO,-1.65
(Ipeak = 578) > MnO3-1.5 (Ipeak = 333) > MnO,-1.8R (I,eax = 226). The content of OVs was
directly reflected by the signal peak strength. When x = 1.8 in the prepared MnO,-x sample,
the signal strength of the catalyst was the strongest, suggesting that the MnO,-1.8 catalyst
had the highest OVs’ concentration. Conversely, when x = 1.8R, the signal strength of the
catalyst was the lowest, which indicated that it possessed the least amount of OVs [101].

Yang et al. [102] utilized EPR to probe into the hydrothermal «-Fe; O3 film and explored
the kinetic and thermodynamic properties of its photoanodes in the presence or absence of
OVs, understanding the effect of OVs on the water oxidation of the film. The consequence
was that the film had an obvious EPR signal. Along with the time of hydrothermal
treatment, the signal intensity of the material strengthened, indicating the increase in OVs.

4.3. Kelvin Probe Force Microscope and Electron Microscopy

The Kelvin probe force microscope (KPFM) was one of the most widely used instru-
ments, which was susceptive to detect the concentrations of local OVs. The electronic
characterization of semiconductor surfaces also could be performed by it. The preparation
of BiFeOj3 (BFO) and hydrogenated BFO (HB-180-2-8) on the ITO surface was measured
simultaneously with KPFM, respectively, and the morphology and CPD images are illus-
trated in Figure 6a,b. The variation of CPD cross-section variation values (AVCPD) was
~40 mV and ~140 mV, respectively, which were the original BFO and the hydrogenated
BFO (HB-180-2-8); both them were clearly marked in CPD images with the marks of one,
two, and three. The surface potential of unhydrogenated BFO nanocrystals was less than
negative than that of hydrogenated BFO nanocrystals. The large number of OVs on the
particle surface was due to the surface potential with a more negative shift of hydrogenated
BFO, and these OVs could be used as active sites for electron capture [103]. The BFO particle
electronic structure surface was actually altered by the use of a hydrogenation method
in the image of KPFM. In an effort to better study the distribution and kinetics of OVs in
NdBaCo,0s 5, the oxygen ions and their occupied positions were analyzed by means of
neutron powder diffraction (NPD) and annular dark-field scanning transmission electron
microscopy (ADF-STEM). A schematic diagram of the crystal structure of NdBaCo0,0s5 5
(NBCOs5) in TEM image is shown in Figure 6¢c. The image could be used to distinguish
OVs and positions of oxygen atoms by the way of improving spatial resolution. Figure 6d
displays the ordered arrangement of OVs’ channels in the ND-O layer due to alternating
the CoOs square cone and CoOg octahedron along the B-axis. ADF-STEM image simulation
was carried out on the measured grid parameters and the optimized DFT model in order to
demonstrate the experimental results. The image showed that OVs’ channels were empty,
and the atomic columns of Nd, Ba and Co were murky, which was consistent with the
experimental image primely [104].

Yang et al. [105] prepared a series of doped Mn,Zr;_,O; catalysts by partially sub-
stituting tetravalent zirconium in ZrO; with low-valent manganese dopants (Mn?%*). The
conclusion was the Mn heteroatom could be introduced into the zirconia lattice and partially
replaced for the zirconia. It could be seen from the lattice parameter diagram (Figure 6e,f)
that changing Zn with a small ionic radius to Mn with a large ionic radius led to lattice
expansion and a decrease in lattice parameters. The Kring—Vink notation demonstrated
that the replacement of heteroatoms with lower valence could induce the appearance of
negatively charged defects (Mn, ) and OVs:

Mn2+ 292 Mnly + Vg )
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Figure 6. Topography and contact potential difference (CPD) images of as-prepared (a) BFO and
(b) hydrogenated BFO (HB—180—2—8) nanoparticles on ITO surface measured by KPFM. The
cross—se—tional line profiles of CPD are achieved along the lines indicated by numbers 1, 2, and 3 in
CPD images and direct observation of oxygen vacancy channels in NdBaCo,05 5 (NBCOs 5) double
perovskite. (c) Schematic view of the structure of NBCOs 5. (d) ADF STEM and simulated images of
NBCOs 5 taken in the [100] zone axis. (e) HAADF image of NBCOs 5 with the EDS elemental map of
Nd, Ba, and Co. (f) XRD patterns of MnxZr;_,O, catalysts [103-105].
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It was confirmed that the addition of Mnj; ions into a ZrO, lattice could lead to a large
amount of OVs, which was probably one of the causes of the reduction in lattice parameters.

4.4. Hy-TPR, O,-TPD

Temperature programmed desorption (TPD) was a technique used to measure the
surface properties of an active center. Temperature programmed reduction (TPR) could
measure the reducibility of a substance. Lay¢Kg.;C0oO3/ZrO, (LKC/Z), LaFeO3/ZrO,
(LE/Z), and pure LaFeO3 (Pure-LF) were prepared by Guo et al. [106] The TPR profiles
of all samples are shown in Figure 7a. The reduction in Fe** to Fe** occurred in two
places: one was a small H, consumption peak of LF/Z material at around 370 °C, and the
other was a relatively obvious Hy consumption peak, which appeared in the sample of
x = 0.2. Another significant Hy consumption peak appeared in the x = 0.1 sample due to
the reduction in Co®* to Co?* at low temperature. The reduction in the above metal ions
led to the formation of OVs on the surface of perovskite. The O,-TPD spectra (Figure 7b) of
CuO and LayCuOy4_5 (LCO) showed LCO had more surface chemisorbed oxygen because
several of the main low-peak strengths of CuO were less than LCO at 800 °C [107].
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Figure 7. (a) The TPR profiles of LKCF/Z-x (x = 0.1-0.3 and 0.5), LKC/Z, LF/Z and ZrO, after
calcination [106] and (b) O,-TPD profiles of LCO and CuO [107].
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4.5. Gravimetric Method

The gravimetric method was the way to determine the component content of the mea-
sured substance by weighing the mass of the substance. For the purpose of quantitatively
studying the OVs’ concentration, the OVs-rich a-Fe,O3 was obtained by the gravimetric
method. Three specimens were prepared on the basis that the molar ratios of o-Fe,O3
and tartaric acid were, respectively, 1/5,1/7, and 1/10, expressed as S1, S2, and S3. The
OVs-rich sample, in which mv was 1000 mg, was transformed into an OVs-free sample (1,)
after oxygen annealing at 400 °C for 2 h.

The concentration of OVs (%) was calculated by the Equations (3) and (4):

Am = my — my, 3)

OVs% = 10/3(Am — Amy)/m, x 100% )

where Am, was the evaporation of x-Fe;O3 at 400 °C, and the weight of absorbed water
was calibrated by repeated blank tests.

In the absence of OVs, the mean weight loss of a-Fe,O3 (Amy) was —3.4. For OVs-rich
a-FepO3 (Am), S2 and S3 were, respectively, +1.4 mg and —2.0 mg. As a result, S2 and
S3 had an OVs mass (Am — Amy) of +4.8 mg and +1.4 mg. Then, in accordance with
Equation (2), S3 and S2 were calculated to be 1.6% and 0.4%, respectively. The results for S1
and 54 were not clear, mainly due to the fact that they were too low to weigh (<0.1%), which
exceeded the capacity of the device [90]. Other methods for the quantitative detection of
OVs according to different concentrations were also studied [36].

5. Reduction Mechanism of Oxygen Vacancies
5.1. Roles of Oxygen Vacancies in the ROS

AOPs was mainly marked by the production of €OH, which had the strong re-
dox potential [108]. In addition to the production of hydroxyl radicals, AOPs also pro-
duced other reactive oxygen species (ROS), such as SOge~, O™, HyO3, 10,, 03, and so
on [109,110]. The presence of OVs could improve the reactivity of ROS. These reactive
species triggered a series of free radical chain reactions that attack organic pollutants and
thus purify them.

Here are the equations for the reaction of hydroxyl radicals with organic compounds:

HOe + R-H — H;O + Re (5)
HOe + C=C — HO-C-Ce (6)
HOe + Ph-H — Ph-H(OH)e (7)

Yang et al. [111] made various perovskite catalysts with an Ap,1BnOs3n.1-RP structure
to efficiently catalyze phenol degradation. OVs had high activity and mobility, which could
promote the generation of PMS free radicals. Reasonable adjustment of OVs in catalysts
could maximize the singlet oxygen pathway. OVs on perovskite catalysts activated high-
energy oxidants into ROS, which could easily attack organic wastes, break chemical bonds,
and achieve rapid degradation of pollutants.

5.2. Evaluation of the Catalytic Activity of Oxygen Vacancies

In view of the importance of OVs in ROS, the need to evaluate it was raised. Based on
the above detection system, further qualitative and quantitative evaluation through theoret-
ical calculation could improve the accuracy of the study. Understanding the characteristics
of OVs at the macro and micro levels, respectively, was very beneficial for evaluating the
catalytic performance of perovskites and designing better catalyst materials. Although the
various detection techniques mentioned in part 4 were useful tools for evaluating OVs,
their combination with theoretical calculations or models would provide a deeper insight
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into the reaction principle. Then, the first-principles calculations were presented to evaluate
OVs with other techniques.

Principle was a technical term for computational physics or computational chem-
istry. The broad term first-principles computation referred to all calculations based on
the principles of quantum mechanics. First-principles calculations recognized physical
and other properties of materials from the scale of the atoms and electrons. The tradi-
tional continuum theory focused more on the movement of ions in matter, which was
based on the adiabatic principle. However, the effect and action of electrons actually were
present in the matter that was neglected. Electron charge as the medium of particle motion
was the most important research object in first-principles calculation. The method called
first-principles calculation did not need any additional parameters, as long as the basic
constitution conditions of molecular structure and matter were known. This theory was
close to the principle reflecting the basic nature of the universe. The first principle included
two major categories, one was ab initio calculation, and the other was the DFT calculation.
Ab initio was a first-principles calculation in a narrow sense. It referred to a quantum
calculation using a little bit of data in the experiment instead of empirical parameters.
However, this calculation was very slow, so adding some empirical parameters could
greatly speed up the calculation, while inevitably sacrificing the accuracy of the calculation
results. The first principle was a very effective tool for calculating the microstructure and
properties of materials, especially crystalline materials.

DFT was the indispensable and important theory in the calculation of electronic
structure and total energy of the system. DFT included Thomas—Fermi-Dirac (T-F-D)
approximation, Hohenberg—Kohn (H-K) theorem, GGA (generalized gradient approxi-
mation), and other commutative correlation functional approximation equations [112].
First-principles computing software included Materials Studio (MS), and MS integrated
multiple time and spatial scales. The simulation method could be realized from microscopic
electronic structure to macroscopic performance prediction. The cross-scale scientific study
of measurement was the current relative in the field of molecular simulation. Accurate,
stable, and efficient material simulation software for commercial computing Materials
Visualizer is the core, mainly including CASTEP, DMols, Forcite*, COMPASS, 22 modules
in total. In addition, the calculation software also included Vienna AB Initio Simulation
Package (VASP), WIEN series, WinXMorph, VESTA (Visualization for Electronic and Struc-)
Tural Analysis program, Band, Gaussian98 program package, PWSCF (Plane-Wave self-
consistent field), Crystal, and other programs.

The double perovskite SryFeMoOg studied the electronic and other properties of
OVs by first-principles [113]. There, XAS and XMCD showed a better agreement with
experimental spectra than with previous density functional calculations. This indicated
that the experimentally observed mixed valency of the Fe ion (Fe?* or Fe**) was mainly
caused by OVs.

The LaAlO3/KTaO3 heterostructure (HS) was reported, and the formation energy
of OVs in HS was demonstrated using first-principles density functional theory calcula-
tions [114]. They calculated the HS models with OVs at different positions and calculated
the OVs’ formation energy.

The formation energy of OVs in O-rich and O-poor regions was illustrated (Figure 8)
The lower formation energy was observed at the interface (TaO,)* layer and the surface
(LaO)* layer. It was found that OVs were easier to form at the interface (TaO,)* and (LaO)*
layer. Here, they studied the formation and migration of oxygen vacancies in YMnOj using
DFT calculations. They found a strong preference for the formation of vacancies at the
planar Oy sites in bulk, which were not trimerization centers. Oxygen vacancies migrated
most easily in the Mn-O layers between Oy sites.
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Figure 8. (a) Calculated formation energies of oxygen vacancies at different atomic layers in the
p-type LaAlO3 /KTaO3 under O—rich and O—poor conditions, respectively. Atomic layers of (KO)~,
(TaOy)*, (LaO)*, and (AlO,)~ are denoted as K, Ta, La, and Al, respectively. (b) Partial side view of
the LaAlO3/KTaO3 HS-based slab model with an oxygen vacancy on the surface marked by a square.
(c) Partial side view of the LaAlO3/KTaO3; HS-based slab model with an oxygen vacancy on the TaO,
layer near the interface marked by a circle [114].

6. Conclusions and Perspectives

This review introduced the methods to improve OVs in perovskites, the strategies to
detect OVs, and the role of OVs in the kinds of AOPs. The method of regulating OVs and
advanced characterization techniques in perovskite played a vital role in a number of pro-
ceeding research fields. In order to better understand and interpret the experimental results,
the relevant theoretical calculation and DFT model provided indispensable theoretical and
technical support, as well as provided guidance information for the design of catalysts
and the study of a reaction mechanism. Although perovskite was used as an example to
explain the influence of OVs on catalyst degradation in this paper, the OV manufacturing
technology and the detection method described herein could also be applied to many other
material systems.
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According to the current research status of OVs in perovskites, the following sugges-
tions were put forward for future research direction:

(1) Although the importance of OVs was gradually realized, and the regulation and
detection techniques of OVs were developed, more and more challenges could not be
ignored. In the first place, it was urgent and necessary to develop more precise and
convenient devices for producing OVs in a green and an efficient way. In the second place,
a new controlled method for the generation of OVs could be found. In order to improve the
stability of OVs, it was necessary to precisely quantify the OVs and determine their actual
location, even providing a reference scheme for the study of other catalytic materials. Last
but not least, the research on other defects of the catalyst could be helpful in understanding
the mechanism of OVs, which could be used to design more efficient catalysts and surge
the degradation of pollutants.

(2) In order to reasonably design high-performance perovskite catalysts, it was neces-
sary to obtain more information about the mechanism of the influence of OVs on perovskite
activity. Therefore, research should combine experimental methods with more advanced
theoretical analysis or models. Theoretical calculation could clarify the reaction path in
the presence of OVs, and models were the tool for rapid mechanism analysis. By combin-
ing the resulting OVs from model or theoretical calculations with various experimental
representations, the role of OVs in terms of activity could be better understood.

(3) More precise regulation of OVs’ concentrations and detection of small amounts of
OVs were challenging. Some regulatory technologies of OVs faced problems, including
aggregation of catalyst materials, high requirements for instruments, poor stability, etc.
Therefore, there were many technical difficulties in how to accurately control the regulation
effect of OVs in perovskite and how to apply the regulation method to practical production.
These were also important issues that must be paid attention to during the study of OVs.
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