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9  Abstract: The emission of volatile organic compounds (VOCs) is a serious threat to
10  the environment and human health, and catalytic combustion technology has become
11 an important direction for the treatment of VOCs due to its high efficiency and
12 environmental friendliness. However, traditional catalysts suffer from insufficient low-
13 temperature activity, poor stability, and weak anti-poisoning capability. Perovskite

14 (ABO3) materials have emerged as highly promising alternative catalysts due to their

Published on 28 July 2025. Downloaded on 8/4/2025 12:58:45 AM.

15  tunable electronic structure, abundant oxygen mobility, and flexible redox properties.
16 In this paper, we systematically review the effects of the electronic structure of
17  perovskites (e.g. cation defects, B-site elements, oxygen vacancies) on catalytic
18  performance through modulation strategies such as doping modification (elemental
19  substitution at A/B/O sites) and surface reconstruction (acid-base etching). In addition,
20  this paper elucidates the relationship between specific electronic structure parameters
21 (e.g., d-band center position, oxygen vacancy concentration, charge transfer barrier)

22 and catalytic performance by resolving their enhancement mechanisms. These findings
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provide comprehensive theoretical guidance and actionable technological pathWway$ for/ 2" 190

developing efficient, stable, and adaptable catalytic materials for VOCs. Finally,
machine learning-based high-throughput design, dynamic electronic structure
resolution, and scale-up preparation techniques are envisioned to advance perovskite
catalysts.
Keywords: Volatile organic compounds; Perovskite; Catalytic combustion; Electronic
Structure
1. Introduction

Volatile organic compounds (VOCs) (including halogenated compounds,
chlorinated hydrocarbons, sulfur-containing odor compounds, aldehydes, alcohols,
ketones, aromatic compounds and ethers) emitted into the environment continue to
increase with rapid urbanization and industrialization.!>» Owing to their relatively high
vapor pressure under ambient conditions, VOCs readily evaporate and diffuse into the
atmosphere. These toxic VOCs are produced both indirectly as ozone/smog precursors
and directly as environmentally toxic substances with effects that can lead to air
pollution such as photochemical smog, ground-level ozone, sick building syndrome,
and multiple chemical sensitivities.? In enclosed spaces, low concentrations of VOCs
can cause shortness of breath, tightness in the chest, loss of appetite and memory,
irritation of the eyes, nose and throat, and high concentrations can lead to loss of
consciousness, dizziness, and an increased risk of acute poisoning and even death.*

Treatment technologies for VOCs are generally based on the recovery or

destruction of VOCs.* Recovery-based technologies mainly include absorption,

2
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1 adsorption, condensation and membrane separation. Destruction technologies’ thelude ”*%1#¢°¢

2 direct combustion, biodegradation, catalytic combustion and plasma catalysis. Of these,
3 catalytic combustion consistently offers low cost and high removal rates, positioning it
4  as an efficient, environmentally friendly and cost-effective method for VOCs. Catalytic
5  combustion oxidizes VOCs into CO,, H,O and other relatively less harmful compounds.
6  The principle is to reduce the temperature of the direct combustion process through the
7  use of suitable catalysts, which completely destroy the VOCs, and the low temperatures
8 alsoresult in the formation of fewer hazardous products, making it a more efficient and
9  environmentally friendly process than others.
10 The main challenge in the removal of VOCs by catalytic combustion is the
11 preparation of catalysts with high efficiency, low cost, and low energy consumption.
12 Catalysts used for catalytic combustion of VOCs can be classified into three categories:
13 (1) noble metal catalysts; (2) transition metal oxide catalysts; (3) composite metal oxide

14 catalysts.* However, these catalysts need further improvement in terms of catalytic

Published on 28 July 2025. Downloaded on 8/4/2025 12:58:45 AM.

15 activity and enhanced stability.>-®* Among the non-precious metal catalysts, perovskite
16  catalysts have attracted attention for exhibiting high activity, high stability, and easily
17  adjustable redox properties, and are one of the most promising catalytic materials in
18  catalytic combustion studies of VOCs. Over the past 25 years, international efforts have
19  been devoted to studying the various applications of perovskite in the catalytic
20  combustion of VOCs (Fig. 1a-b). The structural type of typical perovskite is dominated
21 by ABOs;, and the ideal crystal formation is considered to be a highly symmetric cubic

22 Bravais lattice in the space group Pm-3m. In most cases, however, this ideal condition
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may not hold because the structure does not have cubic symmetry, but ‘defrfig™>N 190¢

according to the ionic radii, interatomic distances, and stacking of the elements A, B,
and O to form crystal structures such as orthorhombic, rhombohedral, monoclinic, and
rhombohedral phases (Fig. 2a-f). Such distortions are quantified by the tolerance
factor t=(rp+ro) /\/E(rBJrro), where ry, rg, and ro denote the ionic radii. When the value
of t is between 0.8 and 1.0, the perovskite structure can exist stably; when t is close to
1, the crystal structure approaches the ideal cubic crystal system; when the value of t is
greater than 1, the crystal structure will be distorted and non-cubic crystal system
structures.” The A-site is typically occupied by rare-earth or alkaline-earth metal
elements with large ionic radii that adopt twelve-coordinated oxygen configurations
(e.g., Ca, Sc, Sr, La, Ce), while the B-site is predominantly filled by transition metal
elements possessing smaller ionic radii in six-coordinated oxygen environments (e.g.,
Ti, Mn, Fe, Co, Ni).? A and O form a cubic stack and B is contained in an octahedral
void in the stack. The ABO sites can be doped simultaneously, the A and B sites can be
doped with other metal ions of similar radii, and the O site can be doped with elements
such as N, F, Cl and S.'° The cation in the A-site acts to stabilize the crystal structure.
The transition metal ions at the B-site are the main factors affecting the structural
properties, redox properties, and stability of perovskite oxides, while the A-site ions are
not directly involved in the catalytic reaction, and change the overall catalytic
performance of perovskite by influencing the electronic structure, defect structure, and
surface properties of the B-site cations. The unique crystal structure, electronic structure

and other properties of perovskites make them very promising as alternative catalysts.

4


https://doi.org/10.1039/d5nr01880c

Page 5 of 62

Published on 28 July 2025. Downloaded on 8/4/2025 12:58:45 AM.

7

8

Nanoscale

View Article Online

DOI:10.1039/D5NR01880C

(b) magnetofgsistance

. ab-ipitic @
| & :

corsinics 1 erystatigiiucturell [ Tst-pilicples
e =

‘w&e perovshile S a,l*perties

| ,' a ‘p;ss.ziun

& 5
perovsk lar cells

LN -
highlyl@ficient defect psivation

Fig. 1. (a) International Exploration and Cooperation on Perovskites and VOCs from
2000 (1 January) to 2024 (31 December). (b) Literature on perovskite, catalytic
combustion of VOCs and electronic structure of perovskites published between 2005

(1 January) and 2025 (31 March). Co-occurrence diagram.

QcCaoTie O
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Fig. 2. (a) Illustration of a unit cell of the perovskite structure. (b) A cubic perovskite.!!

(¢) An orthorhombic perovskite.!? (d) A rhombohedral perovskite.!? (e) A monoclinic
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phase perovskite.!* (f) A rhombohedral-phase perovskite.!3

Although previous reviews on the catalytic combustion of VOCs have focused on
perovskite catalysts, there is still a significant gap in systematic reviews addressing the
modulation of the electronic structure of perovskites. In this paper, by integrating the
research progress in recent years, the regulatory mechanism of perovskite catalysts on
the catalytic combustion performance of VOC:s is revealed for the first time from the
perspective of perovskite electronic structure. We establish conformational
relationships between four electronic dimensions and macroscopic catalytic
behavior:(1) cation defects optimize the B-O electronic structure by modulating e,-
orbital occupancy, d/p-band center displacement and oxygen vacancy generation; (2)
Modulation of the adsorption/activation process of VOCs by the effect of hybridization
of the elemental d-orbitals at the B-site with the p-orbitals at the O-site; (3) Oxygen
vacancies enhance reactant adsorption/activation by affecting orbital filling and oxygen
2p orbital center near the Fermi energy level; (4) A systematic summary of the
microscopic mechanisms by which other components of VOCs (H,O, Cl, S) affect
catalytic stability and activity through toxication. By systematically resolving the
enhancement mechanisms of doping modification (elemental substitution at A/B/O
sites), surface reconstruction (acid-base etching) and other strategies, the relationship
between electronic structure parameters (d-band center positions, oxygen vacancy
concentrations, charge transfer barriers, etc.) and catalytic performance was elucidated.
Looking ahead, the integration of machine learning-based high-throughput electronic

structure design and dynamic characterization techniques under operating conditions

6
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will drive the development of a new generation of perovskite catalysts for reséatcl,?**/ PN 01880
2. Mechanisms of catalytic combustion of VOCs

At sufficiently high reaction temperatures, catalytic oxidation produces mainly
CO; and H,0 according to the following reactions:

CyHy+ (x+ 7) 0, > x CO, + 2 H,0 4

Currently, there are three main categories of mechanisms for the complete
catalytic oxidation of VOCs: (i) Mars-van Krevelen (MvK), (ii) Langmuir-

Hinshelwood (L-H), and (iii) Eley-Rideal (E-R) (Fig. 3).

? i’

V Lattice oxygen '\__) Oxygen vacancy V @ Active Oxygen u Metal oxide site

OH ®c Qo0

(a) MvK mechanism. (b) L—H mechanism. (¢) E-R mechanism.

Fig. 3. Schematic diagrams of degradation mechanisms for VOCs oxidation: (a) MvK
mechanism. (b) L-H mechanism. (¢) E-R mechanism.

For the MvK mechanism, VOC:s are first adsorbed on the active sites of the catalyst
and react with the surface lattice oxygen of the catalyst to form intermediates, which
are eventually converted to CO, and H,O.!%!8 In this process, surface lattice oxygen is
reduced and oxygen vacancies are then formed on the catalyst. Subsequently, gaseous
oxygen in the feed gas is adsorbed and activated by oxygen vacancies to replenish the

depleted surface lattice oxygen. This process results in the catalyst being re-oxidized.
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Since the catalyst is first reduced and then re-oxidized, this mechanism is alsoknoWwii *>""71#%0¢

as a redox mechanism.

In the L-H mechanism, it is assumed that the reaction occurs between adsorbed
VOC and adsorbed oxygen.!??* VOCs are also first adsorbed onto the active sites, while
gaseous oxygen is activated to reactive oxygen (chemisorbed oxygen) in the presence
of the active sites. Subsequently, the VOC molecules are converted to CO, and H,O
under the attack of dissociative oxygen and sometimes accompanied by the production
of new VOCs.

For the E-R mechanism, the reaction occurs between adsorbed oxygen and
reactant molecules in the gas phase.?!?> The O, molecules are adsorbed on the catalyst
surface and become “adsorbed molecules”, but the VOCs molecules remain in the gas
phase.

Catalysts that follow only the E-R mechanism are rare in the catalytic combustion
of VOCs. This mechanism is generally found in the low-temperature region of the
catalytic combustion reaction.?3-#

Catalytic combustion reactions of VOCs are complex. In many cases, due to the
composition of the feed gas, the nature of the catalyst, the reaction conditions and other
factors, VOC molecules tend to react simultaneously with various oxygen species for
multiple conversions. Therefore, catalytic combustion of VOCs generally follows a

coupled mechanism.?3-%7
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1 3. The influence of perovskite electronic structure on VOC catalytic mecHahisiis”®"01%6°¢

2 Perovskite oxides have several outstanding features such as abundant defects,

3  tunable metal-oxygen bond lengths and strengths, high redox capacity of B-site cations,

4  and excellent structural flexibility. These properties are influenced by the electronic

5  structure of perovskite and other components in the VOCs, which alter the activity of

6 the perovskite catalyst.

7 3.1 Cationic defects

8 The perovskite lattice can have some degree of cationic defects. The perovskite

9  structure is affected by electroneutrality. The sum of the cation charges should equal
10  the oxygen charge. When partial/total ion substitution fails to achieve this parameter,
11 the different oxidation states lead to defects in the matrix, which may be cationic defects.
12 Typically, perovskites exhibit A-site vacancies. This is because BO; forms a stable
13 network in the perovskite structure, and the A-site cations of the 12 coordination sites

14 can be partially deleted.® Fig. 4a-c shows some cation-deficient perovskites.!331-32 A-

Published on 28 July 2025. Downloaded on 8/4/2025 12:58:45 AM.

15  site cation deficiency significantly impacts the local arrangement and coordination
16 number of perovskite cations, lattice structure and surface properties, thus affecting the
17  performance of perovskite oxides in various reactions. The A-site defect allows
18  unpaired electrons to occupy empty e, orbitals and optimizes the overlap state of
19  hybridization between the B-site d orbitals and the 2p orbitals of O, constituting a more
20 efficient electron transfer process. The electronic structure of the B-O bond is optimized
21 to favor the direction of the oxygen redox process, increasing the occupation of the

22 antibonding electrons B-O bond and enhancing the B-O covalency, thus enhancing the

9


https://doi.org/10.1039/d5nr01880c

Published on 28 July 2025. Downloaded on 8/4/2025 12:58:45 AM.

10

11

12

13

14

Nanoscale Page 10 of 62

View Article Online

catalytic properties of perovskite.232 E, orbital occupation can produce spin fiofési’>>" %%
oxygen through exchange interactions.?® As a result, the e, electrons will become
delocalized and generate spin channels connecting the B-site cations and O anions,

further generating homogeneous spin paths to accelerate charge transfer and thus
accelerate VOCs redox reactions.

) o - 9596
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Fig. 4. Some cation-deficient perovskites (a) A-site deficient cobalt-based perovskite
oxides.?! (b) Schematic of a cationic vacancy formation in a La; . Mn,O;." (¢) A-site
deficient cobalt-free barium ferrite-based perovskite.3?

Furthermore, in the presence of A-site defects, the d-band center moves towards
the Fermi energy level (EF) due to the increase in the antibonding state. High-energy
antibonding electrons are generally considered to be unstable, leading to e,-orbital
electrons being more active for redox reactions.?* The p-band center of O-2p also shifts

towards the EF energy level, making lattice oxygen more conducive to participating in

10
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1 the MvK mechanism of VOCs catalytic oxidation. The displacement of A-d dfid B22p/7"01#8¢
2 orbitals suggests that charge transfer between B and O-related adsorbates (O?~ and 0,%")
3 isaccelerated in A-site-deficient perovskites, promoting the oxidation of B species.’*3>
4 A cationic defect at position A causes the d band center to shift towards the Fermi level
5 (EF), rendering high-energy antibonding electrons unstable. This leads to greater
6 reactivity of the e, orbital electrons in redox reactions, increases the hybridization
7  degree of the B-d and O-2 p orbitals, enhances the bending vibration of oxygen, and
8 facilitates charge transfer from position B to position O. This activates the Oy, near the
9 A defect, thereby enhancing the catalytic oxidation activity for VOCs.3%37 The
10  feasibility of regulating surface reactivity by adjusting A-site cation vacancies can
11 modify the electronic structure characteristics of lanthanum manganite perovskites (Fig.
12 5a-d).3® The introduction of La defects into LaMnOs will result in the partial reduction
13 of Mn #* to Mn 3" and the unpaired electrons will fill the empty e, orbitals. Occupation

14 of e, orbitals can produce spin holes in oxygen through exchange interactions. As a

Published on 28 July 2025. Downloaded on 8/4/2025 12:58:45 AM.

15 result, the e, electrons will leave the domain and generate spin channels connecting the
16 Mn cations and O anions, further generating uniform spin paths to accelerate charge
17  transfer and thus redox reactions. In the presence of La defects, the d-band center moves
18  towards the Fermi energy level (EF) due to the increase in the antibonding state. High-
19  energy antibonding electrons are unstable, which leads to e, orbital electrons being
20 more active for redox reactions. The displacement of Mn-3d and O-2p suggests that
21 charge transfer between Mn- and O-related adsorbates (O* and O,>") would be

22 accelerated in La-deficient perovskites, facilitating the oxidation of Mn species (Fig.

11
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5e-f). Perovskite LaMnOj 5 was prepared by the citric acid sol-gel method, réVedlifig ™" *1#90¢
the fundamental relationship between La vacancy and surface lattice oxygen (Oju)
activation.’® The effect of La vacancies (Vi,) on the electronic structure of MnQg is
twofold: (1) the increase in Mn valence leads to further simplification of the e, orbitals
and a decrease in the orbital ordering of the e, electrons, thus weakening the J-T
distortion of LaMnOj ;5. (2) Mn-O shortening, increased hybridization of Mn-3d and
O-2p orbitals, enhanced bending vibrations of oxygen, and enhanced octahedral
distortion. The result is that Mn in the MnOg¢ octahedron transfers charge to O more
readily, thereby activating Oy, near Vi, (Fig. 5g-h). In general, shorter Mn/O bond
length shortening implies shorter interatomic distances and rapid interfacial transfer of
charge to the reaction sites, which promotes the redox properties of perovskite
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1 Fig.5. (a) LaMnOs;. (b) La;_MnOs. (¢) LaMnOs_,. (d) La;_MnOj5_,. (€) d-band ¢efitérs >N 01#%0¢
2 of Mn on LaMnOj; and La;_{MnOj perovskite. (f) p-band centers of O on LaMnO; and
3  La;-,MnO; perovskite.’® (g) Difference in charge density of Mn atoms and O atoms.
4 (h) Model of La vacancies induced activation of surface lattice oxygen.>®
5 B-site cation defects may be caused by vacancies, substitutions or interstitial
6 exchanges of cations in the crystal structure.*® Although there are some examples
7  showing B-site defects, this type of defect in perovskite oxides is uncommon, which
8 may be related to the fact that defects in the B-site cations of perovskite oxides are less
9 energetically favorable. Indeed, the activity of perovskite oxides can sometimes be
10  further improved by introducing a small number of B-site cation defects into the oxide
11 lattice, and this improvement can enhance oxygen mobility and thus surface exchange
12 and overall diffusion.*!
13 3.2 Electronic structure of elements at the B-site

14 The B-site transition metal element is usually considered to be the main factor

Published on 28 July 2025. Downloaded on 8/4/2025 12:58:45 AM.

15  influencing the activity of perovskite oxides. The Sabatier principle postulates that an
16 optimal catalyst must exhibit moderate adsorption strength with reactants--neither too
17 weak to limit activation nor too strong to hinder desorption. If the bonds are too weak,
18  the catalyst and the reactants hardly interact with each other, whereas if the bonds are
19  too strong, the reactants do not desorb from the catalyst surface, thus effectively
20 inhibiting further reactions. Using molecular orbital theory, the ORR (oxygen reduction)
21 activity of perovskite catalysts is mainly related to the degree of o*-orbital (e,)

22 occupancy and covalency of transition metal oxygen at the B-site.?® Their experiments

13
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showed that ec-filling and metal-oxygen covalency have a key influencé “on”
competition between O,>/OH™ substitution and OH™ regeneration on surface transition
metal ions as the rate-limiting step of ORR. Perovskites with an e, orbital occupancy
close to 1 contribute significantly to the covalent B-O,> bond and achieve stable
adsorption through exchange, resulting in faster VOCs oxidation and the highest ORR
activity. Too few o* orbitals occupied (e, < 1) or too many occupied (e, > 1) result in
interactions with adsorbed oxygen that are either too strong or too weak. As mentioned
in Section 2, this inhibits the catalytic oxidation of VOCs, resulting in lower ORR
activity. In addition to e, filling and metal-oxygen covalency, other electronic structure
factors of the B-site transition metals, such as the number of d electrons, the position of
the d-band center, and the oxidation state also affect perovskite reactive activity. The
interaction of the external B-site orbitals (s and p) and the anionic 2p orbital produces
valence and high energy bands because the internal d orbitals of the B-site are held at
the bandgap energy, which is the energy necessary for the electron to reach the
conduction band.! Since the d orbitals of transition metal ions in the B site have
multiple energy levels, the band structure of perovskites is relatively complex, with
multiple bands and band gaps. The size and distribution of these band gaps determine
the catalyst's ability to adsorb VOCs and the recombination rate of electron-hole pairs.
Thus, the electron transport properties are realized due to the d orbital of the B site. The
excellent redox properties of perovskite oxides are mainly related to the abundant
valence of the B-site transition metal ions, which upon substitution produce changes in

lattice vacancies and/or valence states of the B-site ions, thus providing flexible and

14

]t(Hg/DSN R01880C
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. . : DOI: 10.1039/D5NR01880C
1 tunable electronic structures for the perovskite oxides.*? !

2 3.3 Oxygen Vacancy
3 According to the principle of electroneutrality, desorption of lattice oxygen leads
4  to an increase in the oxidation state of the B-site cation (assuming that the valence of
5 the A-site cation is unchanged), and thus it is closely related to the redox capacity of
6 the B-site cation. Desorption of lattice oxygen usually occurs at temperatures higher
7  than 700 °C because of the high bond energy of the B-O bond, which is the source of
8  oxygen vacancies in the structure.*3 In the catalytic oxidation reaction of VOCs, oxygen
9 vacancies are one of the key factors, providing a place for oxygen adsorption and
10  activation. Adsorption of oxygen from the gas phase and further doping of oxygen
11 atoms within the lattice typically results in three types of charged oxygen, namely, O,
12 O, and O*". These reactive oxygen species react with VOCs, equivalent to lattice
13 oxygen participating in the oxidation of VOCs, causing the catalyst to be reduced.

14 Subsequently, oxygen in the gas phase can replenish oxygen vacancies, restoring the

Published on 28 July 2025. Downloaded on 8/4/2025 12:58:45 AM.

15 catalyst to its initial state, completing the catalytic cycle and achieving efficient
16 oxidation of VOCs. This is highly consistent with the MvK mechanism. The
17  introduction of such lattice defects leads to several changes in the chemical and
18  transport properties of perovskite, which directly or indirectly alter the catalytic
19  properties. Orbital filling and the position of oxygen 2p orbital centers near the Fermi
20 level elucidate how oxygen vacancies enhance reactant adsorption/activation, electrical
21 conductivity and lattice oxygen mobility.**#3 Both the top edge of the O-2p band and

22 the Fermi energy level are lowered when oxygen vacancies are present, another

15
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. . . . |: 10. D5NR01880C
indication of an electron donor. On the other hand, oxygen vacancies can redtlcé i’

energy gap between the metal d-band and the p-band center of O, thus increasing the
covalent metal-oxygen bonding.*® The more covalent systems there are the greater the
concentration of vacancies. Oxygen-deficient perovskite SrFeO;_ (0.02<6<0.26) was
synthesized for methane combustion, with comprehensive characterization employing
X-ray/neutron powder diffraction, thermal analysis under reducing conditions,
temperature-programmed reduction/desorption (TPR/TPD), BET surface area
measurements, and X-ray photoelectron spectroscopy (XPS).4” The results show that in
the absence of mass transfer phenomena, the rate of reaction was found to be strongly
correlated with the number of oxygen vacancies present in the perovskite structure: The
highest activity was found in the highly defective SrFeO,;, sample, which
accommodated the highest proportion of O vacancies (Fig. 6a-b). Oxygen vacancies in
perovskite oxides can be introduced by cationic or anionic doping or defects. La;.
SrxNiO; was prepared and tested it in methane combustion.*® The results demonstrate
that partial substitution of Sr by La alters the oxide stoichiometry, generating a mixture
of Ni!/Ni® oxidation states and oxygen vacancies along with surface enrichment of Sr-
containing phases, revealing that the surface composition and oxygen nonstoichiometry
predominantly govern the catalytic activity in the target reaction (Fig. 6¢c-d). Anion
doping has a direct effect on the oxygen vacancy concentration. When ions directly
displace lattice oxygens, they maintain electroneutrality in the system by lowering the
oxidation state of neighboring metal cations and losing lattice oxygens, which leads to

an increase in the oxygen vacancy concentration. Rapid oxygen exchange at the
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advantageous for driving catalytic reaction kinetics.*> Anionic doping can also further

enhance the flexibility of its components, thus potentially improving the performance

of catalytic oxidation reactions.
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3.4 Impacts of other components of VOCs
3.4.1 The effect of water on the electronic structure of perovskite
Water vapor is an important component of industrial exhaust gases and catalyst
activity is often affected by water vapor. The effect of water on the catalyst is complex,
as water or hydroxyl groups accumulate in the active sites of the catalyst, competing
with the VOCs for adsorption and hindering the catalytic oxidation process, but water
is also sometimes used as a detergent for the removal of by-products from the surface
of the catalyst, or it can be used to oxidize the VOCs through certain reactions, which
can have a facilitating effect on the catalytic reaction.’'-* Fig. 7a-b shows schematic
illustration of the interaction between water molecules and perovskites. Under low
humidity conditions, a small number of water molecules interact with organic cations
(MAY) on the surface mainly through hydrogen bonding, forming a weak physisorption.
After adsorption on the perovskite surface, water molecules dissociate into H* and OH™,
where OH™ preferentially occupies the surface oxygen vacancies. The formation of
hydroxyl groups (-OH) reduces the concentration of surface oxygen vacancies and
inhibits the mobility of lattice oxygen. The electron-donating inducing effect of the
hydroxyl group can locally change the electron cloud density of the B-site metal,
weakening the covalency of the B-O bond through the inducing effect, leading to an
increase in the number of eg-orbital electrons occupied by the B-site ions, and
decreasing their oxidative capacity. However, when the ambient humidity increases and
the number of water molecules increases, the water molecules will not only cover the

entire surface of the perovskite but also gradually penetrate into the interior of the

18
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perovskite. Theoretical calculations show that water molecules have a low diffifsidn 2" %0

energy barrier inside perovskite and can enter the interior of perovskite with relative
ease. H,O penetrates into the perovskite lattice interstitials, triggering local lattice
expansion. This distortion alters the B-O-B bond angle and weakens the efficiency of
electron transfer to adsorbed oxygen by modulating the degree of d-p orbital
hybridization and shifting the conduction band bottom (CBM) upwards.>3-3¢ Study
has shown that H,O reacts with chemisorbed oxygen to form hydroxyl groups, which
occupy the available active sites for toluene adsorption and compete with toluene
molecules for adsorption, while at the same time H,O depletes the chemisorbed oxygen
from the catalyst, thus inhibiting toluene oxidation (Fig. 7¢).>” In addition, the effect of
water on the catalytic toluene combustion by La-Sr-Co-Fe-O perovskite-type oxides
was investigated.'® The results showed that toluene conversion decreased slightly to 95%
and 86% at 300°C with the introduction of 5 vol% and 10 vol% H,0 in the reaction gas,
respectively. When H,O was removed, the toluene conversion returned to its initial
value, indicating that the decrease in catalytic performance was reversible (Fig. 7d).
The introduction of H,O may hinder the formation of structural water on the perovskite
surface, which reduces the number of oxygen vacancies, decreases oxygen mobility,

and ultimately reduces the catalytic performance.
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Fig. 7. (a-b) Illustration of the perovskite—moisture interaction.’®*® (¢) The in situ
DRIFTS study on the reaction mechanism of simultaneous oxidation of toluene over
the Lay ¢5C035FeO3 perovskite in the absence and presence of H,0.%7 (d) the effect of
H,O on the catalytic activity of LSCF was investigated at 300 °C.!#

In the catalytic combustion of chlorinated volatile organic compounds (CI-VOCs),
deposited Cl species tend to bind to H,O, facilitating the migration of dissociated Cl
species and inhibiting the formation of chlorination by-products. Water decomposition
also provides abundant H atoms for dechlorination and hydroxyl groups for deep
oxidation of intermediates.® The deposition of polychlorinated by-products on the
catalyst surface was also significantly reduced under humid conditions, suggesting a

washing effect of water.%°
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1 3.4.2 The effect of chlorine on the electronic structure of perovskites POI10.1039/DSNROTEE0C

2 Cl-VOCs have more severe toxicity, high chemical stability, and low
3  biodegradability, and their accumulation in various environmental factors can lead to
4  water, soil, and air contamination, and ultimately to transfer to living organisms. ClI
5 migration pathways during catalytic oxidation include HCI desorption assisted by the
6  Brensted acidic center, Cl, formation via the Deacon reaction, chlorination to produce
7  organic by-products and deposition on the catalyst surface.’® Perovskite has attracted
8 the attention of researchers due to its excellent structural stability, but in practice,
9  perovskite catalysts used for the catalytic combustion of CI-VOCs are prone to
10  deactivation due to chlorine deposition caused by polychlorinated by-products clogging
11 the active sites.®!-6> Weak hybridization of the 3p orbitals of Cl with the metal d-orbitals
12 leads to reduced electron delocalization in the metal-oxygen network. The electron-
13 withdrawing effect of chlorine withdraws electrons from the B-site metal through

14 metal-Cl bonds, resulting in elevated oxidation states of metal centers, hindered charge

Published on 28 July 2025. Downloaded on 8/4/2025 12:58:45 AM.

15  transfer dynamics, and ultimately diminished redox capacity.®* In addition, although Cl1
16 causes a decrease in the oxygen vacancy formation energy, the large size of Cl~ can
17 block the oxygen vacancies, which manifests itself in a deterioration of the catalytic
18  activity despite the lattice distortion and the decrease in the oxygen vacancy formation
19  energy.666

20 The problem of catalyst deactivation due to Cl poisoning, excluding pore clogging
21 and active site occupation caused by chlorine species, metal chlorination is the key

22 causative factor for Cl poisoning. Metal chlorination reduces active sites and surface
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oxygen, the interaction of Cl species with the metal surface leads to volatiliZation
the active phase metal, and the formation of HCl and Cl, leads to rusting of the
catalytically active metal.”® It has been shown that the synergistic effect of acidity and
redox capacity is an important support for the catalyst to have a strong degradation
ability.®” Surface oxygen and oxygen mobility are key to the redox capacity of the
catalyst. In addition, maintaining sufficient active sites is important for the catalytic
oxidation of Cl-VOCs.
3.4.3 The effect of sulfur on the electronic structure of perovskite

Exhaust gases from VOCs emitted in specific industrial environments
(pharmaceutical factories, petrochemical industry and wastewater discharge plants)
usually have sulfur-containing substances, and even after desulphurization, a small
amount of sulfur will still be present. During the oxidation reaction, sulfur-containing
substances may occupy the active sites on the catalyst surface, leading to temporary
physical deactivation of the catalyst. If these substances adsorb onto the perovskite
surface and react with the active sites, they can lead to catalyst poisoning and permanent
failure.®® It has been shown that SO, molecules prefer to adsorb on a single ligand
oxygen O in the form of an S-O double bond, taking into account the stability of the
adsorption structure and the electronegativity of each element. Mulliken population
analyses show that S is oxidized not only by the O atoms on the surface but also by the
O atoms of SO,, reacting to form sulphate, sulfite or sulfide. The s-state of adsorbed
SO, broadens and moves away from the Fermi energy level compared to free SO,. By

comparing the distribution of the p-state of O at the top of the valence band, it is clear

22
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1 that the position of the p-state is lower and further away from the Fermi enefgy feve] ®"01#6°¢
2 after the adsorption of SO, than before the adsorption of SO,. The position of the top
3  of'the valence band away from the Fermi energy level indicates lower reactivity. These
4  results confirm that the oxidation of the O site is reduced after sulfite formation.%-72
5  These unstable substances also deposit on the catalyst surface and cover the active sites,
6  blocking the pores and preventing the adsorption and diffusion of reactive gases, and at
7 higher concentrations may destroy the perovskite crystal lattice and cause irreversible

8  poisoning.’374

10 4. Methods of modulating the electronic structure of perovskite

11 Both bulk phase and surface modifications of perovskite can effectively modulate
12 the electronic structure of perovskite and enhance its catalytic activity. Table 1
13 summarizes the modification methods and catalytic performance of the different

14 perovskite catalysts used for the catalytic combustion of various VOCs mentioned in
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Table 1. Modified perovskites employed in the catalytic oxidation of VOCs.

VOC Catalyst Space velocity Modification method Toge, (°C) Ref.
Methane Lay7Ceo3FeO; 12,000 ml gg, ' h! A-site doping 510 75
Vinyl Chloride Lag 3CepoMnOs 15,000 h! A-site doping 213 76
Toluene LaNij 75C00.2503 18,000 h! B-site doping 225 7
Vinyl Chloride LaNij,Mn (303 15,000 h! B-site doping 210 78
Propane LaCoy 97P0.0303 42,857 h'! B-site doping 376 9
Toluene Lag sCeg>Mng gNij,03 18,000 h! A-Site and B-Site Co-Doping 350 80
Toluene Layg 5Sry 5Cog 3Fep,03 30,000 mL g h! A-Site and B-Site Co-Doping 270 18
Toluene LCO-2F 100 mL min-! O-site doping 238 81
Methane LaFeO; 200 mL min™! Nitric acid etching 593 82
Propane Lag 3Srp,Co0; 40,000 mL g'! h-! Diluted oxalic etching 430 83
Alkaline Hydrothermal and
Toluene Rod-like MnO,/LaMnO; 60,000 mL g-! h-! 236 84

Acid-Etching Treatment

24
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1 4.1 Bulk phase modifications
2  4.1.1 A-site doping
3 In general, the A-site cations are not directly involved in the catalytic reaction and
4  are used to change the overall catalytic properties of perovskite by influencing the
5 electronic structure, defect structure and surface properties of the B-site cations. In
6  perovskite oxides, A-site doping changes the potency of the B-site elements and also
7  increases the number of active sites towards the ORR and the oxygen vacancies on the
8  surface (Fig. 8a).!3%5 Doping A-site ions induces lattice distortion owing to differences
9  inionic radii. The induced lattice distortion adjusts the intensity of the hybridization of
10  the B-site metal d-orbitals with the 2p orbitals of the O. The mechanism involves B-O
11 bond shortening, reduced orbital ordering, and enhanced octahedral distortion,
12 culminating in an enhancement of the hybridization of the B-3d and O-2p orbitals.?¢-8
13 The shortened B-O bond length implies shorter interatomic distances and rapid

14 interfacial transfer of charge to the reaction site, which promotes the redox properties

Published on 28 July 2025. Downloaded on 8/4/2025 12:58:45 AM.

15  of perovskite. A-site doping may induce a B-site metal spin state transition. The B-site
16 ions with high spin states have stronger eg-orbital participation in the reaction, which
17  promotes the adsorption activation of O, and thus enhances the oxidation efficiency of
18  VOCs.

19 Most surface-catalyzed reactions depend to a large extent on the degree of e,
20  orbital filling. The reduction in e, occupancy favors the capture of electrophilic
21  absorbers. Guo et al. investigated the structural and property changes of perovskite

22 doped with Sr at the A-site.®® The d-p hybridization of Co-3d and O-2 p induces a Co

25
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1 s — 3d quadrupole jump (Fig. 8b). For LaCoOs, the 1 s — 3d jump splits Tto’tw:
distinct bands, 1 s — e, (high energy) and 1 s — t,, (low energy) (Fig. 8c). However,
Sr doping causes the pre-edge adsorption of the sample to be an overlap of e, and ty,,
showing a single broadband instead of two separated broadbands, with reduced e,
filling and extended Co-O distance. Therefore, the partial substitution of Sr?* for La’*
leads to an increase in the octahedral symmetry of [CoOg] as well as favors the
improvement of perovskite adsorption properties. The substitution of Sr?* for La’*
produces positive holes which are captured by the lattice O%", resulting in O, /0>
species and leaving oxygen vacancies. The positive charge imbalance induced by Sr?*
is compensated by a combination of tetravalent Co (IV) ions and oxygen deficiency,
which enhances perovskite's reducibility and oxygen mobility.

Partial doping of A-site cations in perovskite oxides promotes the oxidation of
VOCs, which has been demonstrated by many researchers. For example, compounds in
which the La atom at the A site is partially replaced by a Ce atom.”> The researchers
prepared a series of La; (Ce,FeOs (x=0-0.5) perovskites for the catalytic combustion of
methane using a sol-gel method. The results showed that the doping of Ce led to a
significant increase in the catalytic activity of LaFeO;. The doping of Ce*' ions
increases the number of electrons of Fe ions in Lagg75Ceqg 125FeO3, which leads to
enhanced interactions with O, 44, increased adsorption energy of O, on Lagg75Ce.
125Fe03, and activation of O-O bonds. Thus Ce-doped perovskite has higher oxidation
activity than pure LaFeOs; (Fig. 8d). LaMnO; and LagsA,,MnO; (A = Sr, Mg, Ce)

perovskites synthesized by a co-precipitation method were used for the catalytic

26


https://doi.org/10.1039/d5nr01880c

Page 27 of 62

Published on 28 July 2025. Downloaded on 8/4/2025 12:58:45 AM.

10

11
12

13

14

15

16

Nanoscale

View Article Online

oxidation of vinyl chloride.”® The doping of Mg and Ce increased the specifi€ Sufface ™" 19
area of perovskite to adsorb more oxygen on its surface, thus enhancing the catalytic

activity of perovskite for vinyl chloride (Fig. 8e). In addition, the doping of Mg and Ce
increased the average oxidation state of Mn, increased the crystal defects and produced

a higher number of oxygen vacancies, thus improving the redox capacity and oxygen

mobility of the Mn*"/Mn3" redox pair. However, Sr doping minimizes the concentration

of Og (oxygen-containing groups, including OH™ or CO5?~and surface-adsorbed oxygen)

in perovskite leading to a decrease in catalytic activity. A-site doping can reduce the
inhibition effect of water in the gas on the catalytic oxidation reaction of VOCs and

improve the water resistance of the catalyst.
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Fig. 8. (a) Sr-doping on LaFeOs, leading to oxygen vacancy formation.!> (b-c)
Normalized  Co-K  edge XANES spectra  of the LaCoOs;and  La;.
«S1,C0¢ gFe0203 samples.”® (d) Catalytic activities of La;_CeFeO;, CeO,and
Fe,O; samples for methane combustion.” (e) VC conversion as a function of reaction

temperature over LaMnOs and LaggAg,MnO; (A = Sr, Mg and Ce) catalysts.”®
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4.1‘2 B-Site dOping DOI: 10.1039/D5NR01880C

The catalytic performance of perovskite catalysts mainly depends on the B-site
cations. The B-site in perovskite can be doped with transition metals with various
oxidation states, such as Fe, Co, Ni, Cu, Mn and so on. Doping of compatible ionic radii
in these transition metals will produce additional oxygen vacancies without
morphological deformation and can provide better positions for the entire B-site as well
as for the O-2p-band center of the perovskite oxide catalysts.*® B-site doping leads to
an enhanced distortion of the BO4 octahedron, which enhances the hybridization
strength of the metal d orbitals with the oxygen p orbitals, significantly increases the
electron density around the Fermi energy level, enhances the covalency of the B-O bond,
and the e, orbital occupancy is closer to the theoretical value of 1 °!, which brings the
position of the center of the p-band of O closer to the Fermi energy level, which is
conducive to the activation of the oxygen molecule (electron transfer), resulting in a
higher catalytic activity.”> Promote charge transfer so that they have more antibonding
orbitals and enhance the binding capacity of the active sites to the reactants, thus
affecting the activation and delivery of oxygen species, as well as influencing the
adsorption properties of VOCs.”?%° A series of LaggSrg,Mn;Cu,Os perovskite-type
catalysts were prepared by sol-gel method and evaluated the performance of
formaldehyde-catalyzed oxidation The introduction of Cu?' resulted in a charge
imbalance, which was compensated for by an increase in the Mn " /Mn3* ratio of the
perovskite.’® The partial substitution of Mn by Cu cations enhances the oxygen mobility

of perovskite, which is attributed to the synergistic interaction between Cu and Mn
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atoms on the surface. LajgSry,MnggCuj,05 catalysts exhibited excellentD%xy
mobility, thus facilitating the catalytic oxidation of formaldehyde (Fig. 9a). DFT
calculations showed that the absolute value of formaldehyde adsorption energy of
surface Cu-O sites was higher than that of Mn-O sites. Thus, the surface Cu and O
atoms of perovskite act as active sites for formaldehyde adsorption (Fig. 9b-c). During
formaldehyde adsorption, electrons are transferred from formaldehyde to the catalyst
surface. The catalyst surface acts as an acceptor to gain electrons. Thus, surface cations
with high valence states are favorable for accepting electrons and further adsorbing
formaldehyde. The Cu dopant promoted formaldehyde adsorption and facilitated the
transfer of more electrons from formaldehyde to the catalyst, favoring formaldehyde
activation and subsequent oxidation.

Partial doping of B-site cations in perovskite oxides promotes the oxidation of
VOCs, which has been demonstrated by many researchers. A series of LaNi,B;.,O; (B
= Co, Cu) perovskite catalysts were applied to toluene degradation by sol-gel method.”’
The results show that a small amount of Co doping at the B-site of LaNiO; can
significantly improve its toluene degradation, however, the substitution of Cu for Ni
cannot effectively enhance its activity (Fig. 9¢), probably because the radius of Cu?* is
larger than that of Ni?*, and it is difficult to have a large amount of Cu?" to enter the
lattice of LaNiOs. The catalyst exhibited the best activity at a Ni/Co molar ratio of 3:1
in perovskite (Fig. 9d). This is due to the partial doping of the B-site causing an increase
in surface defects and active sites, an increase in oxygen vacancies, and an increase in

oxygen mobility. Zhang et al. prepared LaMnOj; and LaB,,Mn,30; (B = Co, Ni, Fe)

29


https://doi.org/10.1039/d5nr01880c

Published on 28 July 2025. Downloaded on 8/4/2025 12:58:45 AM.

Nanoscale Page 30 of 62

View Article Online

1 perovskite-type oxides for the catalytic oxidation of vinyl chloride using’d”¢62/"*""01%8¢

2 precipitation method.”® Co-, Ni- and Fe-doped perovskites all exhibited catalytic
3 properties superior to those of LaMnO; chalcogenides (Fig. 9f). This was attributed to
4 the fact that the substitution of Co, Ni and Fe at the B-site produced more Mn**, which
5 improved the redox capacity of the Mn*/Mn3" electric pair, and at the same time
6  produced more oxygen vacancies, which improved the oxygen mobility and increased
7  the oxygen adsorbed on the catalyst surface, thus improving the catalytic performance
8  of perovskite. Overall, the main reason why doping transition metals towards the B-site
9 enhances the catalytic activity of perovskite oxides is to increase their reducibility and
10  oxygen mobility. B-site doping is also important for the development of perovskite
11 catalysts with high catalytic efficiency, good stability and chlorine resistance for

12  elimination.
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1 and structural parameters of formaldehyde adsorption on the surface Cu—O and’Mh:2¢y>**01889¢
2 sites.”® (d-e) Catalytic activity of LaNi,Co;_,O3 and LaNi,Cu;_,O3 perovskite.”” (f) VC
3 conversion as a function of the reaction temperature over LaMnO; and LaB,Mn 05
4 (B =Co, Ni, Fe) catalysts.”
5 Doping of non-metallic elements (P, S, B and Si, etc.) into the B-site of perovskite
6  oxides can be used to stabilize the perovskite structure. Non-metallic elemental dopants
7  are inherently inert to catalytic reactions. However, non-metallic elemental doping of
8  perovskite oxides usually leads to additional reaction pathways, favorable structural
9 transformations and optimization of the active site.”” Non-metal (N, P, B, etc.) doping
10  modulates the B-site valence and oxygen vacancies in perovskite. Partial replacement
11 of the B-site metal ion with a highly electronegative nonmetallic element will bring the
12 3d orbital of B closer to the 2p orbital of O, increasing the metal-oxygen covalent

13 component and thus achieving a lower Fermi energy level. For example, N atoms with

Published on 28 July 2025. Downloaded on 8/4/2025 12:58:45 AM.

14 low electronegativity and high levels of 2p orbitals can exchange electrons in the 2p
15  orbitals with the 3d orbitals of the B-site active cations. N doping can enhance the
16 oxygen catalytic activity of perovskite LaC00O;.”® In typical LaCoO;, the Co cation
17 displays a low-spin state with an e, occupancy of 0. In contrast, in N-LCO, N provides
18  additional electrons to Co via the N-Co bond, resulting in a moderate e, occupancy of
19 1 for the Co cation (Fig. 10a). In the case where the O site is replaced by N, the charge
20  distribution around the N-Co bond is more non-local, which favors surface charge
21 transfer (Fig. 10b). The energy difference between the Co-d and O-p band centers

22 decreases from 1.21 eV to 1.17 eV after N doping, indicating that Co 3d-O 2p covalency
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has been enhanced (Fig. 10¢c). It has been demonstrated by many researchers that B24ife/ >N *1#90¢

cation partially doped perovskite oxides with non-metallic elements promote the
oxidation of VOCs to some extent. Furthermore, comparing the effects of P-doped and
undoped perovskites of LaCoOj3 on the catalytic combustion of propane,’ the results
show that doped P modulates the cobalt valence state, leading to a decrease in central
symmetry and an enlargement of lattice distortion, which results in the formation of
oxygen vacancies and facilitates oxygen migration The electronegativity of P (2.19) is
higher than the electronegativity of Co (1.88), which brings the 3d energy band of Co
closer to the 2p energy band of O, increases the covalent component, and improves
oxygen mobility. The peripheral valence electrons of P can only coordinate with five
oxygen atoms, resulting in the creation of an oxygen vacancy (Fig. 10d) and increasing
the oxygen content chemisorbed on the surface of the catalyst, which is conducive to
the adsorption of C;Hg and the activation of the C-H bond, and effectively improves
the catalytic oxidation performance. These enhancements are directly evidenced by the

significantly improved propane conversion over P-doped LaCoOs (Fig. 10e).
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2 Fig. 10. (a) Spin density distribution and electronic configuration of LaCoO; and N-
3 doped LaCoOs. (b) Two-dimensional projected charge density distribution diagrams of
4  LaCoOj; and N-doped LaCoOs. (¢) Schematic diagram of orbital bonding. (d) Most
5  stable structure for P-doped LaCoO; with one oxygen vacancy.’® (e) CsHg conversion

6 as a function of reaction temperature.”

Published on 28 July 2025. Downloaded on 8/4/2025 12:58:45 AM.

7 4.1.3 A-Site and B-Site Co-doping

8 As long as the perovskite structure is acceptable in the range of atomic radii

9 (tolerance factor t of 0.75-1.00), all elements can be doped to the original perovskite.
10 The A and B sites of the perovskite structure were partially replaced with different
11 elements at the same time, resulting in a simultaneously doped perovskite oxide (A;.
12 (A'\By,B'yO3) with elements at the A and B sites. The A-site doping charge is not
13 conserved, creating many unsaturated bonds, and the d-orbital electrons of the B-site
14 ions must be altered in order to maintain the stability and electroneutrality of the system.

15 B-site doping increases the electron leaving domains, reduces the localized peaks,
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decreases the intensity of O, and increases the p-orbital range of O. The p-orbitals o€y >*01#8

overlap to a greater extent with the d-orbitals of the B-site elements. The interaction of
the B-site and O produces a stable octahedral structure. LM-based perovskite catalysts
were modified by A and B sites.”” Sr replaces the A site in LM, reducing the intensity
of the d-orbital peaks and the degree of interatomic electronic hybridization of La,
which in turn reduces the interaction between O and La in perovskite, leading to a
portion of the O being uncoordinated with La and the formation of oxygen-deficient
crystal cells. Doping K in LSM weakens the s-electron leaving domain of O and reduces
its bonding ability. The interactions between O and Sr and O and La are weakened, the
bonding capacity is low, and oxygen-deficient crystal cells are easily formed. After the
perovskite structure is doped with Sr and K ions, the charge in the system becomes non-
conservative and many unsaturated coordination bonds are formed. In order to keep the
system stable and remain electrically neutral, the d-orbital electrons of Mn must be
changed. The Mn-O bonds become weaker, the intensity and overlap of the Mn-O peaks
are reduced, and the lattice oxygen in the system is susceptible to migration, which
leads to the creation of oxygen defective units and oxygen vacancies in the system.
Orbital electron hybridization between Mn and O promotes the general stability of the
perovskite catalyst and maintains the stability of the overall catalytic system. The partial
substitution of Cu for the Mn site increases the electronic leaving domains, lowers the
local peaks, reduces the intensity of O and strengthens the bonding with Cu, and also
increases the p-orbital range of O. The p-orbitals of O overlap the d-orbitals of Mn and

Cu, respectively (Fig. 11a-d). This interaction between Mn, O and Cu produces stable
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1 octahedral structures. In conclusion, the addition of Sr, K and Cu to LM perovsRite ¢ari/ >N 1#90¢

2 change the way atoms interact in the system, resulting in oxygen-deficient crystal cells,
3  which improves the activity and stability of the catalyst.
4 The A-site cation indirectly affects the electronic structure of the B-site ion,
5 leading to a change in the B-O bond length of the B-site ion, as well as altering the
6 number of oxygen vacancies within the catalyst. In addition, simultaneous doping of
7  the A-site and B-site can simultaneously achieve the modulation of the structural and
8 electronic properties of the perovskite catalysts, thus effectively increasing the active
9 oxygen density and redox capacity of the catalyst materials and maximizing the
10  catalytic activity of the catalysts. The perovskite La;.,Ce,Mn;_Ni,O3; was doped with
11 Ce and Ne and then used for the catalytic combustion of toluene.®? The doped Ni ions
12 in perovskite not only increased the Mn*" content and adjusted the structural defects to
13 maintain the charge balance, but also reduced the distortion of Mn*" in perovskite. With

14 more oxygen vacancies generated by doping Ce and Ni elements, gas-phase oxygen is

Published on 28 July 2025. Downloaded on 8/4/2025 12:58:45 AM.

15  continuously adsorbed into the oxygen vacancies, accepting electrons to form
16 molecularly adsorbed oxygen, which is further converted into reactive adsorbed oxygen
17  and lattice oxygen, promoting the continuous oxidation of toluene (Fig. 1le). In
18  addition, there are perovskites of Sr, Fe co-doped La,_,SryCo;_,Fe,O3 (x=0, 0.3, 0.5,0.8;
19 y=0,0.2, 0.5) for catalytic combustion of toluene.!® The doping of Sr enhances the
20  covalency of the B-O bond, which makes the perovskite lattice appear to have a greater
21 degree of overlap between the 3d orbitals of the B-site and the 2p orbitals of the O-site,

22 which leads to a decrease in the formation energy of the oxygen vacancies, and so is
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more conducive to the generation of oxygen vacancies. Fe doping on the B24ifg/""01#8¢

optimizes the concentration of Co*" and the reduction of Co**/Co’" is accompanied by
the formation of oxygen vacancies, while Fe doping on the B-site allows perovskite to
maintain its structural stability under high temperature reaction. The synergistic effect
of St/Fe co-doping can increase the surface adsorbed oxygen and promote the internal
lattice oxygen migration to the surface, which further improves the generation of
oxygen vacancies and the mobility of lattice oxygen (Fig. 11f), thus enhancing the

perovskite catalytic activity.
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Fig. 11. (a-d) LM, LSM, LSK, ;,M, LSK, 1,MCuy; catalysts PDOS atlas and valence
electron calculated geometries.”” (e) The catalytic activity of LaNiO;and
Lag sCeo,Mn; yNi,O5 (y =0.2, 0.4, 0.6).8 (f) O,-TPD profiles of LSCF, LCF, and LSC
catalysts.'3
4.1.4 O-site doping

In recent years, the modification of perovskite for anionic O-site doping has

attracted more and more research discussions. Anions such as S27,190 C]-,101 gnd F~ 102
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can be doped into the O sites of perovskite oxides (Fig. 12a-c). Anion doping miodufates ™" 1#90¢
the properties of perovskite oxides by replacing lattice oxygen or occupying oxygen
vacancies into oxygen sites, or anions occupying interlayer gaps in the crystal structure,
using valence equilibrium, electronegativity, and energy band structure, and has a
significant effect on perovskite's electronic structure, chemical stability, metal-oxygen
bonding strength, crystal structure, thermal expansion, electrical conductivity, and
oxygen vacancy concentration. Anion doping regulates oxygen vacancies more flexibly

than metal ion doping.!9

Co* (3d)
(a)

F-doping

& — Fe"/Fe™

"ﬁ'@ ”\@ i
(@@

s 0 oCo O sr F
Hexagonal (5C) Cubic (SCFg;s)

Fig. 12. (a) Sulfur-doped perovskites.' (b) Chlorine-doped perovskites.'! (c)
Fluorine-doped perovskites. !0

When anions are introduced into the perovskite lattice, it leads to changes in the
structural regularity and stability of the crystal. In general, the lattice parameter and cell
volume of perovskite decrease with increasing anion doping. When F is doped into the

lattice sites, it leads to lattice contraction because its ionic radius is smaller than Q2,104
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Doping of elements such as Cl, Br, N and S can lead to lattice expansion to a°¢éttain > 1#9°¢

extent because the ionic radius is larger than O%". In this case, lattice distortion occurs
due to changes in the electronic structure.!® The effect of anion doping on the oxygen
vacancy concentration depends mainly on the doping route. When halide ions directly
replace lattice oxygen, the oxidation state of nearby metal cations is subsequently
reduced in order to maintain electrical neutrality in the system, making lattice oxygen
more susceptible to loss while increasing oxygen vacancy concentrations. When anions
displace oxygen vacancies or interlayer gaps in the crystal structure, the resulting
decrease in concentration is noticeable if they displace oxygen vacancies, and the
introduction of anions into interlayer gaps also follows the principle of electroneutrality,
leading to an increase in the oxidation state of the neighboring cations. Instead, in this
case, lattice oxygen becomes less likely to be lost, leading to an overall decrease in
oxygen vacancy concentration.!%319 For anion doping with higher electronegativity
than oxygen, this doped anion has a strong electron-withdrawing effect, which can
reduce the valence electron density of oxygen when it occupies the O-site of the lattice,
leading to a weakening of the Coulombic force between the B-site ions and the oxygen
ions, a weakening of the B-O hybridization, and a weakening of the bonding
interactions between O and B. In addition, the activation energy required for oxygen
ion dissociation is reduced; oxygen vacancies are more readily formed; while oxygen
ion mobility is improved.!%:1% Doping with anions less electronegative than O
increases the valence electron density of oxygen, theoretically leading to an increase in

covalency between metal and oxygen.!?7-110
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1 Among them, F-doping has been studied more extensively than other types ‘6f >""01#5°¢
2 anionic doping. The main reason for this is that F is the only element with a stronger
3  electronegativity than O, plus it has a smaller ionic radius than the oxygen ion.
4  Therefore, F doping has significant advantages over other types of anionic doping in
5 terms of tuning oxygen vacancies and promoting oxygen ion migration.'% Li et al. used
6  a hydrothermal method combined with thermal calcination to construct the catalyst
7 LaCoOs, which was then doped with fluorine into perovskite and applied to the catalytic
8  combustion of toluene (Fig. 13a).8! Based on the electronegativity characteristics of F
9 (3.98),La(1.1)and Co (1.9), the Co-F bond should be weaker than the La-F bond. In
10  LCO, most of the F ions preferentially bind to La ions rather than Co ions. This
11 promotes the presence of more La ions in the native body, which in turn triggers a
12 decrease in the surface La/Co ratio. Ultimately, exposure to the active Co substance is
13  significantly increased as a result. Because surface Co®* species act as active sites in

14  the catalytic oxidation of hydrocarbons, and abundant Co3" species can promote the
y y P p

Published on 28 July 2025. Downloaded on 8/4/2025 12:58:45 AM.

15 adsorption and activation of hydrocarbons, more Co’" exposure on the catalyst surface
16 enhances the adsorption and activation of toluene molecules (Fig. 13c-¢).83111112 At the
17  same time, more electron-deficient Co** would have facilitated the charge transfer from
18  the toluene molecule to the catalyst surface, making the interaction between the toluene
19  molecule and the F-substituted LCO stronger (Fig. 13b). The high electrophilicity of F
20 leads to a lower electron density and weaker Co-O bond strength around the lattice
21 oxygen, which results in an easier release of Oy, from the surface and a lower formation

22 energy of oxygen vacancies.
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Fig. 13. (a) The proposed toluene degradation mechanism over LCO and LCO-2F. (b)
The desorption behavior of toluene in LCO and LCO-2F as a function of temperature. (c)
The adsorption energy of toluene over LCO and F substituted LCO. (d-e) The electron

transfer between toluene and the LCO surface.8!

4.2 Surface modifications

Acid, base and salt treatments can improve the surface properties of perovskite
and enhance catalytic activity. Perovskites typically have a low surface area and the
natural surface is preferentially occupied by A-site cations, which are not catalytically
active. If the A-site cation can be selectively removed from ABO;, the active B-site
cation will be retained.!'* For ABOj; perovskites, individual A-O bonds are typically
longer than B-O bonds and have higher surface energies, which theoretically offers the

possibility of selectively removing A-site cations from the perovskite backbone. 5113114
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1 In the case of acid treatment, for example, the shortening of the B-O bond leRgth’ahd >*""%*%5°
2  the increase in the degree of octahedral distortion after acid etching lead to a change in
3 the local coordination environment. Acid etching produces small concentrations of A-
4  site deficiencies, and deletion of the A-site has a significant effect on the regulation of
5 the valence of the B-site and the nature of the oxygen ligand.!'> A-site defects may
6 cause a net charge imbalance in perovskite systems. The missing positive charge can
7  be directly compensated by cations and oxygen vacancies in the B-site to balance the
8  overall charge neutrality. Compensating for the electrons released during the formation
9  of oxygen vacancies reduces the energy barrier for vacancy formation.!'¢ Electronic
10  modulation leads to an increase in the valence of the B-site cation and the introduction
11 of ligand holes. A slight increase in the valence state of the B-site cation is observed
12 after acid etching. Increasing the oxidation state of the B-site cation can be thought of
13 as reducing the number of d electrons and increasing the electronegativity of the metal

14 ion due to the reduced electron shielding. The d-band of the B-site cation overlaps more

Published on 28 July 2025. Downloaded on 8/4/2025 12:58:45 AM.

15 with the s and p orbitals of oxygen, which leads to enhanced lattice oxygen activity. In
16 a typical MvK mechanism, surface lattice oxygen species are involved in multiphase
17  catalytic reactions. Molecular O, can be adsorbed and activated on oxygen vacancies,
18  and then reactive oxygen can be readily transferred to replenish depleted surface lattice
19 oxygen. The B-O covalency is enhanced and the antibonding state exhibits a larger
20 oxygen signature, which enhances the adsorption capacity.!!”-!!® Enhanced
21 hybridization of B-O bonds after acid etching. Hybridization of the d orbitals of B with

22 the O 2p orbitals after acid etching brings the center of the d band closer to the Fermi
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energy level, reduces the charge transfer energy and enhances the electron franspoit ~"%*#¢°

efficiency.!'!®

Treatment with acids, bases and salts increases the specific surface area of the
catalyst, etches the pores to increase porosity and removes the A-site ions to expose the
active sites, leading to an increased likelihood of interactions with reactants and, most
importantly, an increase in the amount and mobility of surface oxygen.!!>!19 LaFeOs
perovskite can be surface modified by etching with nitric acid for different times.?? It
was found that the acid preferentially dissolved the La cations on the LaFeO; surface,
altering the La/Fe ratio, while the perovskite phase was unchanged, so that more Fe-O
terminals were exposed on the catalyst surface. The best performance was obtained for
the samples treated with one hour of surface etching, suggesting that the proper surface
reconstruction induced by the acid treatment promotes the formation of more active Fe
sites on the surface and lowers the energy barrier for methane activation. Nitric acid
treatment improves catalytic activity compared to virgin LFO catalysts (Fig. 14a-b). In
addition, treatment of La, gSr;,CoO3 with dilute oxalic acid selectively removes some
of the Sr cations and slightly reduces the LSCO surface, leading to an increase in the
amount of Co?" and Lewis acid sites, which facilitates the activation of lattice and
adsorbed oxygen species and promotes propane adsorption and dissociation (Figure
14c-d).%* Rod MnO,/LaMnOj; catalysts were treated with alkaline hydrothermal and
acid etching for the catalytic combustion of toluene.®* The alkaline hydrothermal
method transformed the morphology of LaMnO; from bulk to rod-like and enhanced

the porous structure by selectively dissolving the A-site (La cation) in the subsequent
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acid etching treatment (Fig. 14e-g). The increase in the surface Mn** / Mn 3* rifio"aftéy " 01#8
acid-etch treatment significantly improves the low-temperature catalytic activity and
exhibits low apparent activation energy (Fig. 14h). In addition, alkaline-acid treatment
increased the concentration of lattice oxygen on the catalyst surface and produced a
high oxygen vacancy density (Fig. 141), which promoted the redox cycling of the MvK
mechanism in the catalytic oxidation reaction, which facilitated the adsorption and

subsequent oxidation of toluene.
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Fig. 14. (a) Nitric acid etching treatment to modify LaFeO; surface. (b) Catalytic
activity of CH, combustion over pristine LFO and LFO-Hx after acid treatment.?? (c)
Light-off curves for propane oxidation over Pristine LSCO and L-LSCO. (d) Schematic
explanation of superior surface reactivity on L-LSCO.%3 (e) Synthesis Path and

Morphologic Transformation of LMO-NH. SEM patterns of (f) LMO and (g) LMO-
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NH. XPS profiles of the obtained LMO samples: (h) Mn 2p and (i) O 15,84 PO 101059/DoNROIE80C

5. Conclusions and prospect

Perovskite materials (ABO3) exhibit unique advantages in the field of catalytic
combustion of volatile organic pollutants (VOCs) by virtue of their tunable lattice
oxygen activity, flexible electronic structure, and diverse redox properties. By
systematically resolving the enhancement mechanisms of doping modification
(elemental substitution at A/B/O sites), surface reconstruction (acid-base etching) and
other strategies, the relationship between the electronic structure parameters (degree of
filling of e, orbitals, the position of d-band center, concentration of oxygen vacancies,
charge-transfer barriers, and degree of hybridization of the d-p orbitals, etc) and the
catalytic performance has been elucidated. The electronic structure of perovskite
catalysts determines their VOC catalytic combustion performance: (1) Cation defects
(such as A-site vacancies) can optimize the covalent nature of B-O bonds and the
occupation of e, orbitals, thus enhancing charge mobility and activating Oy, near
defects; (2) B-site elements with an occupancy number close to 1 are conducive to O,
adsorption/activation, accelerating the oxidation kinetics of VOCs; (3) The multiple
energy levels of d-orbitals in B-site transition metals impart complex band structures
with multiple bands and gaps in perovskites, which govern VOC adsorption capacity
and electron-hole recombination rates in catalysts; (4) The oxygen vacancy
concentration is directly related to the generation of reactive oxygen species, promoting
the MvK cycle. These structure-activity relationships provide a theoretical basis for the

rational design of high-performance perovskites.
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1 However, most of the existing studies focus on the correlation betwelfl §tdtie/>>" 71980
2 electronic states and macroscopic properties, while there is still a lack of systematic
3  knowledge on the dynamic evolution mechanism of electronic structure, multi-
4  component synergism and industrial scenario suitability under complex reaction
5  conditions. In order to make the leap from laboratory research to industrial-scale VOCs
6  purification technology, there is an urgent need to launch a multi-dimensional attack on
7 the following key scientific issues and technical challenges:

8 (1) Novel material design and multi-dimensional regulation strategies

9 More targeted electronic structure modulation methods need to be developed in
10 the future: (1Artificial Intelligence is being applied to discover new perovskite-type
11 crystal structures and predict the component-electronic state-activity conformational
12 relationships of perovskites, reducing the cost and cycle time of development while
13 achieving multi-parameter optimization of catalyst preparation processes;20-122 (2)

14 Exploring multi-scale synergistic regulation—for example, dynamic optimization of

Published on 28 July 2025. Downloaded on 8/4/2025 12:58:45 AM.

15 electronic states through core-shell structures, heterogeneous interfaces or surface
16 modifications (e.g. oxygen vacancy gradient distribution);!2>125 (3) Development of
17  flexible perovskite materials, the use of stress, light or electric fields and other external
18  field coupling effects to dynamically regulate the electronic energy band structure, to
19  achieve “on-demand response” intelligent catalysis.!26:127

20 (2) In-depth analysis of the dynamic catalytic mechanism

21 Existing studies are mostly based on static characterization, while the mechanism

22 ofthe dynamic evolution of the electronic structure under real reaction conditions is not
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yet clear. The future can be aided by: (1) Combining DFT calculations with 8%
of in-situ physical and chemical characterization techniques is becoming essential.
These techniques include in situ infrared and Raman spectroscopy, in situ XPS, XRD,
XAS, and transmission electron microscopy. By employing these methods, it is possible
to follow the electron transfer paths in perovskite oxides before and after catalytic
testing; 128129 (2) Spatio-temporal correlation between electronic excited states on
catalyst surfaces and molecular activation of VOCs by ultrafast spectroscopic
techniques;!3° (3) Multi-scale theoretical simulations (DFT + Dynamical Monte Carlo)
reveal the law of the influence of electronic structure fluctuations on the reaction energy
barrier. This will provide a theoretical basis for the construction of dynamic electron
regulation models.!3!1-133

(3) Improvement of antitoxicity and long-lasting stability of complex systems

Competitive multi-component adsorption, water vapor interference and chlorine
poisoning in real industrial exhaust gases pose challenges to the stability of the
electronic structure of perovskite catalysts. Future research should focus on: (1)
Designing perovskite systems with self-healing capabilities, e.g., maintaining
electronic structure stability through reversible oxygen vacancy migration;!34135 (2) d-
Orbital modification is an effective strategy for developing new perovskites. The
development of perovskites with higher low-temperature deep oxidation activity and
inhibition of toxic by-products was achieved by investigating the relationship between
different d-orbital filled electronic states of the catalysts and toxic by-products.!36:137

(4) Technological breakthroughs in engineering applications
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1 Practical applications need to be addressed: (1) The problem of controlfing the/>>""*1#¢°¢

2 homogeneity of electronic structure in large-scale preparation, and the development of
3  precise preparation techniques such as atomic layer deposition and microfluidic
4  synthesis;!3814! (2) Development of modular catalyst carriers for high dispersion
5  anchoring of active components through surface electronic state modulation;!42-144 (3)
6  Establishment of a whole life cycle evaluation system and development of a strategy
7  for the regeneration and utilization of perovskite catalysts in conjunction with the
8  concept of circular economy. 43146
9 (5) New perovskite electronic structure control technology — plasma
10 Plasma is a partially ionized gas, consisting of excited and ionized free electrons,
11 ions, radicals and neutral species.!#” On one hand, the active species generated by the
12 plasma can directly react with VOC molecules, oxidizing and decomposing them. On
13 the other hand, these active species can also activate the surface of the perovskite

14 catalyst, enhancing the catalyst's ability to adsorb and oxidize VOCs, thus significantly

Published on 28 July 2025. Downloaded on 8/4/2025 12:58:45 AM.

15  improving the overall removal efficiency of VOCs.!#® Currently, plasma is mostly used
16 to assist in the catalytic oxidation of VOCs. There have been few reports on the impact
17 of plasma technology on the electronic structure of perovskite, so future research should
18 focus on: (1) Modelling the structure-property relationship between plasma parameters
19 (power, atmosphere, pulse frequency) and perovskite electronic structure;!4%-150 (2)
20  Coupled in situ plasma-XAS/XPS technique to analyze the dynamic evolution of the d-
21 band center and oxygen vacancy concentration under reaction conditions;!48:151:152 (3)

22 Develop plasma coupling technology to achieve electronic gradient design of core-shell
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structure perovskite, improving adaptability to complex flue gas.!33154
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