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Emerging applications of perovskite oxides in
electrochemical reduction of carcinogenic nitrate
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Ammonia (NHs) is essential for human endeavors, as around half of the world's food output depends on
fertilizers derived from NHs. Nonetheless, its industrial manufacturing demands substantial energy con-
sumption and releases significant amounts of greenhouse gases, contributing to a variety of environ-
mental concerns. Substantial ventures have been dedicated to creating an eco-friendly and sustainable
method for synthesizing ammonia using renewable energy. Catalysts are pivotal in both chemical and
electrochemical reactions. Hence, the creation of catalysts exhibiting increased efficiency and durability,
obtained from readily accessible Earth materials, holds immense significance. Perovskite oxides, recog-
nized for their significant flexibility in composition and structural design, demonstrate versatile electro-
catalytic abilities across a variety of redox reactions. However, a comprehensive review addressing the
most recent advancements in the electrochemical reduction of nitrate (NO3z™) to NHsz catalyzed by per-
ovskite oxides has been absent until now. This timely review provides readers with a thorough compre-
hension and up-to-date perspectives on progress made in enhancing the electrocatalytic potential of
perovskite oxides in the electrochemical reduction of nitrate (eNOszRR) to ammonia. We have also
explored different strategies capable of enhancing the catalytic efficacy of perovskite oxides. A specific
emphasis is placed on understanding how the interplay between perovskite and oxygen vacancies con-
tributes to the improved efficiency of NO3s™ reduction to NHs. Finally, this review outlines present chal-
lenges and upcoming avenues for developing more efficient catalysts based on perovskite compounds.

cesses, contributes 1-2% to global energy consumption and
CO, emissions.***® Global NH; demand is projected to reach

Ammonia (NH3;) is a vital global chemical resource, underpin-
ning various industries, including fertilizer production, dyes,
and pharmaceuticals. Notably, NH; is a carbon-neutral energy
vector, making it a key player in sustainable energy storage.' ™
Currently, large-scale NH; production relies on the century-old
Haber-Bosch process, requiring harsh conditions (400-500 °C,
150-300 atm.) and Fe-based catalysts.®® The NH; production
sector, with its significant output and energy-intensive pro-
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350 million metric tons per year by 2050, driven by population
growth and emerging interest in NH; as an energy carrier.
However, scaling up Haber-Bosch production to meet this
demand will require significant capital investment and result
in increased CO, emissions.'*?

Developing  sustainable electrochemical
methods can significantly reduce CO, emissions while produ-
cing essential fuels, livestock, pharmaceuticals and chemicals.
A key objective is to advance electrocatalytic technologies that
convert atmospheric CO,, water, and nitrogen into valuable
products like hydrocarbons, hydrogen, and NHj;, integrated
with renewable energy sources (Fig. 1). Electrocatalysts play a
crucial role in enhancing reaction rates, selectivity, and
efficiency."®'* Nevertheless, existing electrocatalysts are
inadequate, prompting the need for advanced catalysts with
enhanced performance. Combining theoretical and experi-
mental approaches has yielded a framework for understanding
catalytic trends, guiding the development of improved
catalysts.

conversion
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Fig. 1 Electrochemical conversion demonstrates the transformation of diverse molecules into valuable products, all powered by renewable energy

sources.

Current investigations target the electrochemical synthesis
of NH; from nitrogen and NO;~ precursors, seeking to circum-
vent the constraints of the Haber-Bosch process through the
utilization of renewable electrical energy.®'>®17 0
Electrocatalytic ammonia synthesis offers a decentralized, on-
site alternative to the Haber-Bosch process, potentially redu-
cing fertilizer costs and achieving carbon neutrality.”
However, efficient NH; production via electrochemical
methods under mild conditions remains a challenge.
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Advancements rely on innovative electrode and cell design,
urging researchers in chemical engineering, industrial chem-
istry, and catalysis to focus on these areas. While Haber-Bosch
will remain dominant due to global demand, electrochemical
synthesis can contribute significantly to decarbonizing NH;
production.

Despite a decade of research on electrochemical N,
reduction reaction (NRR) for NH; synthesis, the process is hin-
dered by the high energy requirement for breaking the N=N

Prof. Lu Li is currently working
in the Laboratory Department of
the  School of  Medical
Technology and the Affiliated
Dongguan First Hospital of
Guangdong Medical University.
He earned his doctoral degree
from Sun Yat-sen University and
conducts research on host-patho-
gen interactions, with a focus on
bacterial resistance and tumor
regulation. His work aims to
develop sustainable antibacterial
strategies  without increasing
antibiotic use. Professor Li leads several major research projects
and has published 18 papers, including 11 SCIE-indexed ones. He
has also applied for three national invention patents and received
various awards.

Lu Li

Inorg. Chem. Front,, 2024, 1, 7204-7237 | 7205


https://doi.org/10.1039/d4qi01638f

Published on 12 September 2024. Downloaded on 30.05.26 03:14:20.

View Article Online

Review Inorganic Chemistry Frontiers
a Suppressed HER Cathode reaction region Anode reaction region
W | NOs + 6H,0 + 8e- — NH, + 90H- [SNRR
X [N, + 6H,0 + 6e- — 2NH, + 60H-[SNRR
HER Wide reduction
2H,0 + 2e" — H, + 20H- potential range
J) l OER
@ o—
0 o 0.69 1.23
0.09 E° (V vs RHE)
b oy ~J
A NH, for
\ \ fertilizer
renewam NH,
energy fuel/chemicals
(V)

J =/ |
+ -—
a Cc
. t
& h
o
2 d
e

o N 03"

Fig. 2 (a) Comparison of standard reduction potentials for HER, NRR, and NOzRR. Reproduced from ref. 29 with permission from ACS, copyright

2022 (b) NH3 synthesis from waste nitrates: conceptual cycle. Reproduced

triple bond (942 kJ mol™") and the competing hydrogen evol-
ution reaction (HER), which compromises faradaic efficiency
(FE) and production 17,21-26,27
reduction of N, is impeded by its inherent inertness and slug-
gish kinetic activity. Although the NRR process (6H'/6e”) and
HER pathway (2H'/2e”) exhibit comparable redox potentials,
the latter predominates due to its more favorable thermo-

rate. The electrochemical

dynamics. In stark contrast, the electrochemical reduction of
NO;~ to NH; proceeds with a substantially higher reduction
potential, facilitating selective NH; synthesis while inhibiting
HER (Fig. 2a).>®*° Thus, electrochemical N,-to-NH; conversion
faces significant challenges: poor selectivity, low yield, and

3031 A meta-

accurate NH; quantification in aqueous media.
analysis studies reveals insufficient NH; yield rates, suggesting
that aqueous NRR methods likely do not produce NH; from
N,, emphasizing the need for advanced electrocatalysts in
aqueous media.*"

Conversely, the electrochemical NO;~ reduction reaction
(NO3RR) presents several benefits as a strategy for low-temp-
erature NH; synthesis,®*** and the conversion of nitrate, a
toxic pollutant in water, into the valuable chemical NH; is
highly appealing (Fig. 2b).>**> Moreover, in terms of energy
considerations, the required energy to break the N—O bond in
NO;~ (204 k] mol™") is considerably lower compared to N=N,

7206 | Inorg. Chem. Front., 2024, M, 7204-7237

from ref. 36 with permission from Cell Press, copyright 2021.

which has favorable implications for reaction kinetics.">*° The
presence of NO, (nitrate and nitrite) in drinking water poses a
direct threat to human health.’” Nitrite (NO,”), which is
derived from NO;™, is a potentially carcinogenic substance

that can contribute to the development
38,39

of various
diseases.
As a result, ensuring the elimination of both NO;~ and
NO,~ from water has become crucial for safeguarding public
health. Hence, the NO;RR pathway appears as a favorable
approach for renewable NH; synthesis, offering the additional
benefit of facilitating wastewater denitrification and restoring
balance to the disrupted nitrogen cycle.”®**™** The success of
the electrochemical NO3;RR technique largely hinges on the
careful selection of electrode materials. This choice plays a
crucial role in minimizing overpotential, enhancing reaction
rates, and improving the selectivity towards highly reduced
products.>>*>™*”
reaction has

However, the application of NO;™ reduction
encountered obstacles attributed to the
inadequate activity, selectivity, and stability of electrocatalysts.
The conversion of NO;~ to NH; entails a complex multi-elec-
tron transfer practice, and the competitive nature of the HER
assumes critical importance in this regard. Moreover, the
NO;~ to NH; reaction typically exhibits a lower potential com-
pared to the HER, leading to the generation of H,, depletion of

This journal is © the Partner Organisations 2024
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electron donors, and hence, affect selectivity and FE.*** As a
result, there is an immediate demand for catalysts that can
hinder the formation of N=N bonds, suppress the HER, and
effectively adsorb NO;~ and other intermediate species. This
will facilitate the efficient and selective conversion of NO;™ to
NH,.

Transition metal oxides (TMOs) have recently emerged as a
prominent class of electrocatalysts, garnering substantial inter-
est due to their potential to enhance electrochemical reactions.
Recent research has underscored the significance of transition
metal oxides (TMOs),**" specifically copper-based com-
pounds, in facilitating the electrochemical conversion of NO;™
to NH; with high selectivity. Copper oxide electrocatalysts have
exhibited a unique capability to catalyze this reaction on
diverse surfaces, including crystalline and amorphous archi-
tectures, thereby demonstrating their utility as versatile nano-
catalysts in this field of study.>”>”>* The catalytic performance
of TMOs is not solely determined by the inherent attributes of
metal sites but is also influenced by the presence of oxygen
vacancies (OVs), which are commonly found in these
oxides.>*™” The presence of OVs has been observed to influ-
ence the manipulation of electronic structures and the modu-
lation of the adsorption behavior of reaction
intermediates.”®>® Furthermore, it has been demonstrated
that OVs exhibit effective binding of NO;~ ions, thereby pre-
venting the formation of byproducts during electrocatalysis.®
Similarly, perovskite oxide, a versatile class of advanced func-
tional materials, has gained significant attention for its excep-
tional catalytic activity, composition, conductivity, and tunable
structure, making it suitable for catalyzing various
reactions.®’®® Unlike conventional metal oxides, perovskite
oxides possess a distinctive structure allowing specific metal
cations to adopt mixed valence states,®”®® leading to the gene-
ration of OVs within the material. Furthermore, the perovskite
oxide demonstrates exceptional structural stability and offers
the flexibility to substitute A-site and B-site moieties with
desired elements of different valence states.®*”> As a result,
precise control over the oxidation state of the B-site cation and
the concentration of OVs is achievable through the introduc-
tion of the desired dopant. This convenient and feasible
approach facilitates the association between physicochemical
attributes and the catalytic proficiency of the materials.®*”*7*
The combination of the intrinsic catalytic properties of perovs-
kites with the presence of OVs allows these materials to func-
tion as efficient electrocatalysts for the reduction of NO;™ to
NH,.

Taking into consideration the catalytic performance of per-
ovskites and OVs, we have undertaken an effort to elucidate
their significance in the electrochemical conversion of NO;~
pollutants into valuable products, specifically NH;. Although
the catalytic efficacy of perovskite oxides has been thoroughly
explored across various scientific fields, a comprehensive
review paper outlining their role as electrocatalysts for the
efficient conversion of NO;~ to NH; has not been published,
as evidenced by our literature survey. In this up-to-date review,
we provide a comprehensive summary of the recent develop-
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ments in the electrochemical conversion of NO;~ to NHj,
focusing on the utilization of various perovskite oxide compo-
sitions and properties.

1.1. Nitrate in drinking water is a global issue

NO;~ is commonly recognized as a water pollutant and an
unwanted residue from fertilizer usage, contributing to water
contamination through fertilizer application,
biomass degradation, fossil fuel consumption, and industrial
discharges.”> Given NO;~ high solubility in water, human
exposure primarily occurs through various routes such as
drinking water and food uptake. Additionally, global climate
change has emerged as a significant concern in recent times,
posing a threat to human health by disrupting hydrobiological
systems and degrading water quality due to elevated NO;™ con-
centrations. Extensive epidemiological studies have revealed
that reduced water availability and heightened NO;~ concen-
trations correlate with an increased risk of various medical
conditions, including cancer, thyroid disease, adverse birth
outcomes, and other health implications associated with NO;™
exposure in drinking water.”® Consequently, NO;~ contami-
nation in groundwater is a worldwide concern that has gar-
nered significant attention from researchers over the years.
Human actions, including the production and application of
nitrogen fertilizers and the combustion of fossil fuels, have
doubled the natural rate of nitrogen deposition on land. NO;~
pollution poses a significant threat as it can pollute surround-
ing waters, serving as a harmful pollutant that directly impacts
human health.

Overexposure to nitrate/nitrite in water and food can pose
risks to human health by (1) contributing to the formation of
N-nitroso compounds internally, which are carcinogenic in
animal studies; (2) potentially leading to methemoglobinemia;
and (3) at elevated levels, competitively inhibiting iodine
absorption and causing alterations in thyroid function.
Furthermore, high NO;™ concentrations in drinking water can
negatively affect children and infants, resulting in the poten-
tially life-threatening condition of methemoglobinemia, as
well as adverse outcomes during pregnancy.”’

excessive

1.2. Effects of nitrate/nitrites on human health

1.2.1. Gastric cancer. Although NO;~ exhibits minimal
cytotoxicity, its enzymatic reduction to NO;~ by bacterial flora
raises concerns regarding the formation of carcinogenic
N-nitrosamines’® (Fig. 3a). This process can occur through two
primary pathways: (i) the acidic gastric milieu, wherein nitrous
acid (HNO,) and reactive nitrogen oxides (N,O; and N,0,) are
generated, and (ii) bacterial colonization in low-acidity
environments, where N-nitroso compounds are formed at
neutral pH via enzymatic catalysis (Fig. 3). The precise mecha-
nism underlying this phenomenon remains uncertain, but it
is speculated to involve bacterial nitrite reductase, leading to
increased production of NO or related compounds. It’s impor-
tant to note that NO itself does not function as a direct nitro-
sating agent. However, in the presence of oxygen, NO can
oxidize to form NO,, which, in equilibrium with N,0; and

Inorg. Chem. Front,, 2024, 11, 7204-7237 | 7207
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Fig. 3 Complex chemical reactions produce nitrosating agents and nitroso compounds from NOz~ reduction. Reproduced from ref. 37 with per-
mission from nature, copyright 2004. (b) Hypothesized gastrointestinal effects of nitrite are shown. Blue indicates bacterial nitrate reductases (NaR)
and red indicates nitrite reductases (NiR). NOC stands for N-nitroso compounds, RNIs for reactive nitrogen intermediates, SNC for thiocyanate, and
S-NO for S-nitrosothiols. Reproduced from ref. 37 with permission from nature, copyright 2004.

N,O,, can react with secondary amines at physiological pH to
produce N-nitroso compounds.’””*®® The use of antioxidant
compounds like Vitamin C and E, among others, may support
and inhibit endogenous nitrosation.®* vitamin C, for instance,
has been demonstrated to impede the formation of N-nitroso
compounds by rapidly converting nitrous acid to nitric oxide
and generating dehydroascorbic acid.®*

1.2.2. Bladder cancer. During normal physiological con-
ditions, NO3;~ from both dietary sources and those produced
within the body is excreted through urine. In the absence of
urinary tract infections, the naturally sterile nature of urine
avoids additional reduction to NO;~. But, when urinary tract
infections are present, bacteria can catalyze the alteration of
NO;~ to nitrite, leading to substantial nitrite accumulation.
Specifically, during infection conditions triggered by
Schistosoma haematobium, the risk of bladder cancer is sub-
stantial, with N-nitrosamines suggested to have a significant
role in cancer development.®*®* The invading bacteria possess
the ability to convert urinary NO;3™ to nitrite, thereby facilitat-
ing the production of elevated levels of N-nitrosamines. Some
research suggests that nitrosamine synthesis in the bladder
may be enhanced by increased local endogenous nitric oxide
(NO) generation after long-term parasite infection.®

1.3. Methemoglobinemia

Infants possess distinct physiological characteristics that
elevate their susceptibility to methemoglobinemia. They

7208 | Inorg. Chem. Front,, 2024, 11, 7204-7237

consume a higher volume of water relative with relation to the
weight of adults and children, exhibit reduced activity of
NADH cytochrome b5 reductase responsible for converting
methemoglobin to hemoglobin, and also have more fetal
hemoglobin, which converts more easily to methemoglobin.®®
Infants exposed to elevated concentrations of NO;~ may experi-
ence this life-threatening condition known as methemoglobi-
nemia. Following the consumption of the substance, bacteria
that are present in the oral cavity and stomach of the new cata-
lyze the transformation of NO;™ into nitrite. Subsequently, this
nitrite binds to hemoglobin, oxidizing it and leading to the
formation of methemoglobin, consequently reducing the
blood’s capacity to transport oxygen. The primary cause of
methemoglobinemia in infants, as well as enteric fevers, is the
consumption of water, food, and medications containing high
levels of NO;~.%” Evidence from multiple reports indicates a
direct correlation between the feeding of NO; -rich water and
the onset of methemoglobinemia in multiple regions.””-8%88

1.4. Thyroid dysfunction

Other pathways such as the thyroid gland’s suppression of
iodine uptake and changes in thyroid function are further
potential routes of damage caused by NO3;™. NO;™ can interfere
with the sodium iodide symporter by inhibiting the Na'/K"
ATPase, thus impeding the thyroid gland’s normal function.
As a consequence of this disturbance, irregularities in the pro-
duction of thyroid hormones, such as triiodothyronine (T;)

This journal is © the Partner Organisations 2024
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Fig. 4 A typical example of the thyroid gland in its normal functioning condition: (a) illustration of the thyroid gland. (b) The NOs™ free follicular
microenvironment. (c) Under normal circumstances, the Na*/I~ Symporter (NIS) in the basolateral thyroid follicles (TF) transports iodine actively,
thereby enabling the synthesis of thyroid hormones, during the presence of NOz~ the operational status of the thyroid gland (d) thyroid gland. (e) In
the presence of NOs™, the follicular microenvironment. (f) The presence of NOs~ may block the Na*/I~ Symporter (NIS), disrupting iodine transfer to
thyroid follicles (TF) and limiting thyroid hormone production. (g) Proposed interruption of the NIS-mediated active transport pathway for iodine to
the TF, reducing absorption and allowing NOs~ channel. This reduces thyroid hormone production and may produce nitric oxide and ROS/RNS.
Reproduced from ref. 95 with permission from Taylor & Francis, copyright 2022.

and thyroxine (T;) may occur, which can result in iodine
deficiency and affect the pituitary gland’s function as well.*>°
For proper function, the thyroid gland (TG) necessitates
normal morphology and undergoes typical biochemical pro-
cesses. This process entails the internalization of iodine via
the sodium/iodide symporters (NISs)-facilitated absorption of
iodide.’" This normal functioning of the TG in the absence of
NO;™ is depicted in (Fig. 4). The normal operation of the
thyroid gland (TG) can be upset by either of two potential dis-
ruption developments, as illustrated in Fig. 4(d and e). In the
first scenario, elevated NO;3™ levels reach the TG through the
consumption of contaminated water, impacting iodine intake
by blocking the Na'/I” symporters (NISs) (Fig. 4(c)). In the
second scenario, NO;™ interferes with the NISs (Fig. 4(g)).
Nitrate-mediated inhibition of iodide uptake has been associ-
ated with thyroid cancer. Insufficient iodine availability
reduces the production of T; and T,, leading to the release of
thyroid-stimulating hormone (TSH). Studies in animal models
have demonstrated that increased levels of TSH contribute to
thyroid cancer.”” Additionally, nitroso compounds generated
from NO;~ reduction have been linked to thyroid carcinogen-
esis. Researchers found a clear correlation between NO;~ con-
sumption and the occurrence of thyroid cancer in the Iowa
Women’s Health Study and the NIH-AARP Diet and Health

This journal is © the Partner Organisations 2024

project.”>** Researchers found that the risk of thyroid cancer

was significantly raised in correlation with the use of NO;™ in
both food and water.

1.5. Effect on pregnancy outcomes

Elevated NO;~ levels in drinking water are associated with
increased risk of adverse pregnancy outcomes, including neo-
natal mortality, congenital abnormalities, intrauterine growth
restriction, and premature birth. The proposed mechanism
involves nitrate reduction to nitrite, which oxidizes hemo-
globin to methemoglobin, impairing oxygen transport and
reducing fetal oxygen supply. Fetal plasma NO;~ levels may
exceed maternal levels due to transplacental transfer, exacer-
bating the risk of nitrate-induced adverse birth
outcomes.”®°*%” Newborns have limited antioxidant defenses,
making them vulnerable to oxidative and nitrosative stress.
Antioxidants present in food sources may partially mitigate
these effects, but drinking water lacks antioxidants, potentially
making NO;~ consumption more hazardous. Alternative
mechanisms, including N-nitroso compound formation and
disruptions in thyroid and endocrine function, have been pro-
posed to explain nitrate’s potential impact on reproductive
health.”®*° Recent review papers have extensively examined

Inorg. Chem. Front,, 2024, 1, 7204-7237 | 7209
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the suggested study on NO;~ in drinking water and harmful
reproductive and newborn outcomes.”®*%°

In summary, excessive NO;™ levels in water pose a substan-
tial health hazard, warranting prompt mitigation strategies.
The electrochemical reduction of NO;~ to NHj via catalytic
processes has emerged as a viable solution, with nanoscale cat-
alysts, particularly perovskite oxides, exhibiting notable
efficacy. The exceptional efficiency of these materials in facili-
tating the electrochemical conversion of NO;~ pollutants to
valuable NH; has garnered significant research attention. This
review provides a comprehensive overview of the recent
advancements in the application of perovskite oxides for
electrochemical NO;™ reduction to NHj.

2. Structural importance of
perovskites in catalysis

Mixed metal oxides form the foundation for the majority of
catalysts utilized in today’s chemical industry. The focal point
of research in the realm of heterogeneous catalysis revolves
around creating custom-designed mixed oxides with the capa-
bility to execute intricate tasks. To accomplish complex cata-
lytic reactions, it is necessary to employ a multifunctional
catalyst that possesses suitable properties in terms of mor-
phological characteristics, exposed surface, and solid-state.
Perovskite-type oxides continue to maintain prominence
among the various types of mixed metal oxides. These sub-
stances can be described by the overall composition ABO3,
where A ion (larger cations) encompass rare earth, alkali/alka-
line earth, and other sizable ions (Pb*>" and Bi*") that suitably
occupy the dodecahedral position within the structure. The B
ions refer to transition-metal cations (3d, 4d, and 5d)
encircled by six oxygen atoms that occupy the octahedral
positions.'*'°> While the perovskite structure is primarily
associated with oxides, it is important to acknowledge that
certain carbides, nitrides, halides, and hydrides also adopt
this crystalline arrangement, although to a lesser extent.
Double perovskite oxides, denoted as AA'B,Og or A;BB'Og, can
be synthesized by introducing two different varieties of A-site
or B-site cations (Fig. 5a). Although there are variations in the
structures, the presence of [BOg| octahedra is a consistent
feature, and it is currently understood that B-site cations play
a vital role in electrocatalysis.'%

Understanding the connection between the catalytic charac-
teristics and solid-state properties of inorganic compounds is
crucial for the purposeful development and customization of
effective catalysts, rather than relying solely on trial and error
approaches. To explore these connections, having access to a
diverse range of isostructural compounds that exhibit flexi-
bility and adaptability provides significant advantages. The
structure and composition of ABO; perovskite compounds
offer a simplified approach to address the intricate task of
establishing crucial correlations. They play a vital role in this
aspect. Typically, the A ions exhibit minimal catalytic activity,
while the active transition metal ions located at the B site

7210 | /Inorg. Chem. Front., 2024, M, 7204-7237
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maintain an appropriate separation from one another
(approximately 4 angstroms). This spatial arrangement
ensures that a gas molecule interacts with a singular site.'*?
Furthermore, even when dealing with a solitary active metal B
center, there exists the opportunity to modify its valence and
various physical properties by selecting the “modifying” A
moiety. Perovskite oxide has gained recognition as a ground-
breaking catalyst material, primarily due to its outstanding
catalytic activity, adaptable structure, and composition.'®*
Unlike other metal oxides, perovskite oxides exhibit a unique
structure that allows specific metal cations to assume uncon-
ventional or mixed valence states.®®> Furthermore, the
enhanced physiochemical attributes of ABOj, including
aspects like structural stability, surface area, electronic pro-
perties, and reducibility, which stem from modifications in
ABOj; structure and composition, play a crucial role in facilitat-
ing catalytic redox reactions across various catalytic path-
ways.'® Perovskite materials possess the capacity to withstand
significant levels of partial substitution and non-stoichiometry
without compromising their inherent perovskite structure
(Fig. 5b)."°° This characteristic allows metal ions with different
valences to replace both A and B ions within the structure,
resulting in the occurrence of non-stoichiometric OVs. In
metal oxides, the crystal structure has a prominent impact on
the electronic levels, leading to the creation of an electrostatic
potential specific to each distinct crystallographic site, as
depicted in ‘Madelung Potential’ shown in (Fig. 5¢)."%” As per
the molecular orbital theory (MOT), the octahedral spatiality
in perovskites plays a significant role in catalyzing
reactions.’®'%” The electron energy of free M* ions within per-
ovskite oxides and oxygen anions is influenced by their ioniza-
tion energy in a vacuum. However, once these ions occupy the
crystallographic sites of perovskite oxides, a notable phenom-
enon arises. Oxygen anions, when surrounded by cations, exert
an attractive effect on electrons. In contrast, B-site cations,
when encompassed by oxygen anions, give rise to a repulsive
effect on electrons. As a consequence, these interactions lead
to a modification in the electron energies of cation (M*") and
anion (0*7), ultimately giving rise to the formation of an
inverted Madelung potential (Fig. 5c1). Because of the signifi-
cant similarity in orbital energies and spatial overlap between
the O 2p and metal d orbitals, hybridization occurs, resulting
in the formation of two bonding, two antibonding, and one
non-bonding orbital in the crystal field (Fig. 5¢2). The perovs-
kites’ M-O (metal-oxygen) bonds exhibit a blend of ionic and
covalent attributes'®® due to the resemblance in covalency
(energy levels) and the hybridization (spatial alignment) of
metal 3d orbitals with O 2p states. This interplay has been
demonstrated to impact catalytic activities.'**""* By replacing
the B-site with a more electronegative element or oxidizing the
B-site element, it is possible to increase the covalency and
hybridization of the M-O bond."**"** This results in a closer
alignment between the metal 3d states and the O 2p states,
leading to a shift in the Fermi level towards the O 2p states
(Fig. 5d). As a consequence, the energy required for generating
O vacancies is reduced,'** ultimately enhancing the electronic
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Ruddlesden—Popper type perovskite oxide (An + 1BnOzn + 1). Reproduced from ref. 65 with permission from RSC, copyright 2020. (b) Defect sites
(A-, B-, or X-site), and Vy-ordered double perovskite halide. Reproduced from ref. 106 with permission from Cell Press, copyright 2019, (c) oxide
band structure (unit cell inset): (1) energy profile and the on-site Madelung potential of ions, illustrating the shifts of energies in the crystal lattice
(energy of free vacuum, E,,., in dashed lines); (2) asymmetric covalent hybridization amongst orbitals (M 3d and O 2p) generates o- and n-bonding
and antibonding orbitals; (3) illustrating the one-electron band structure displaying shapes with partial transition metal (orange) and oxygen attri-
butes (blue), respectively, with the three oxygen bands often depicted as a unified broad band designated by the dashed curvature. Reproduced
from ref. 107 with permission from RSC, copyright 2015, (d) demonstrations of electronic assembly near the Fermi level. Partial density of states of
TM and O based on (1) the ionic model, (2) DFT, and (3) X-ray spectroscopy of LaCoOs. Panel (2) schematically illustrates the O 2p-band location
relative to the Fermi level. Reproduced from ref. 121 with permission from RSC, copyright 2017.

and/or ion conduction capabilities of

Furthermore, perovskite oxides possess significant benefits

perovskites. 3 Strategies to improve the catalytic

when compared to other oxides, primarily due to their versatile
electronic structure and flexible composition. By varying the
arrangement of metal ions in the A and B sites, perovskite
oxides can serve various functions such as conducting oxygen
or protons, exhibiting mixed ionic-electronic conductivity, and
therefore acting as versatile catalysts in multiple
reactions.®® 137120

This journal is © the Partner Organisations 2024

performance

To boost the efficiency of an electrocatalyst system, there are
generally two primary approaches. The first approach focuses
on augmenting the number of active sites on a specific elec-
trode, which can be accomplished by increasing the loading or
improving the catalyst structure to expose a greater number of
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active sites per unit of catalyst. The second approach involves
enhancing the intrinsic activity (electronic structure of cata-
lysts) of each active site."** These strategies can be pursued
simultaneously, as they are not mutually exclusive, resulting in
the greatest possible improvements in activity. However, it is
crucial to recognize that there are practical constraints regard-
ing the quantity of catalyst material that can be loaded onto an
electrode, as it may negatively impact essential processes like
charge and mass transport. Conversely, augmenting the intrin-
sic activity directly enhances electrode activity while mitigating
transport challenges caused by high catalyst loadings. With
improved intrinsic activity, the catalyst loading can be
reduced, resulting in cost savings on catalyst materials."> By
employing techniques like elemental doping and defect engin-
eering, the electronic structure, an intrinsic property of the
designed electrode material, can be effectively controlled. The
catalyst selectivity is largely governed by the electronic arrange-
ment of different metals, particularly in terms of the binding
strengths of nitrogen and oxygen, and the coverage of *H on
these materials.'*?

3.1. Oxygen vacancy (OV)

Defect engineering demonstrates its effectiveness not only in
enhancing intrinsic activity but also in mitigating competing
side reactions, which include HER and the generation of other
byproducts such as N,0, N,, NO, and NO,. Vacant sites can
modulate the electronic structure of catalysts and optimize the
reaction  pathway, resulting in  improved  overall
efficiency.>>'?*™2° Referring to a recent study on Vo, in Fe,0;
as a reference,'?” it has been verified that OV exerts beneficial
effects on charge transfer and catalytic activities, while simul-
taneously hindering the quenching of the generated charges at
the catalyst/interface (Fig. 6a). Similarly, the presence of OVs
in the Bi/Bi,0,_,COj; catalyst facilitates the efficient transfer of
photo-induced electrons, leading to the activation of H,O, pro-
duction. Consequently, this mechanism greatly boosts the oxi-
dation of NO,."*® Additionally, the ample OVs within the Bi/
Bi,0,_,CO; catalyst serve as a valuable source of active and
adsorption sites, contributing to the enhancement of visible
light activity in the tested photocatalyst (Fig. 6b). The presence
of metal cations along with adjacent OVs creates unsaturated
active sites capable of adsorbing and weakening the N=O
bonds, thereby facilitating the reduction of NO;™."*° In their
study, Jia et al. demonstrated that the TiO,_,, led to the weak-
ening of the N=0O bond and subsequently reducing thermo-
dynamic barriers."*° Liu et al."*' discovered that LaCoO; with
a high concentration of oxygen vacancies demonstrated a sub-
stantially higher NH; yield rate compared to pristine LaCoOs;.
The NH; yield rate for LaCoO; with abundant oxygen vacancies
was 2.8 times greater than that of pristine LaCoOj;. Density
functional theory (DFT) calculations supported these findings
by indicating that OVs facilitate the formation of electron-rich
active sites, leading to the weakening of the triple bond with
subsequent activation of N, molecules. The introduction of
metal atom doping in catalysts offers the potential to reduce
the energy barrier of the reaction,"*>'* leading to the gene-
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ration of OVs."**'** This, in turn, enhances the performance
of the catalysts. As per reported findings, the induction of OVs
in Fe-doped TiO, and Cu/CuO, causes charge redistribution,
resulting in the creation of multiple active sites for NO;~
adsorption and subsequent reduction.”*® According to Fenglin
Zhao et al.'®” for the HER, the energy barrier for hydrogen
generation is higher on C03;0,-20v (1.15 eV) compared to
C030,-10v (0.83 eV) and Coz;0, (0.66 eV). Indicates that HER
is more challenging on Co03;0,-20v than on the other two
materials. The availability of OVs on Co030,-20v seems to
inhibit HER. Similarly, the HER free energy calculations
(Fig. 6e) show a quite different trend. Introducing 1 oxygen
vacancy (OV) reduces the free energy barrier from +0.41 eV
(with no OV) to +0.04 eV (with 1 OV). However, increasing the
OV beyond 1 OV raises the free energy of H* from +0.41 eV (no
OV) to —0.6 eV (2 OVs) and —0.68 eV (3 OVs). The DFT results
suggest that while a low concentration of OVs can enhance
HER and suppress NOzRR, interestingly, a higher concen-
tration of OVs (beyond 1 OV) makes HER more challenging.
Therefore, these theoretical findings indicate that CuO nano-
materials with an optimal level of defects can serve as effective
catalysts for high-yield and selective NO3;RR. Moreover, OVs
play a critical role in impeding proton reduction, effectively
preventing the HER (Fig. 6c-e)."*%"%°

The catalytic performance in perovskite-based catalysis
relies significantly on the band gap between the d-band and
Op band centers. Achieving proximity between the d-band and
the Fermi level holds vital importance to effectively catalyze a
chemical reaction. Scientific evidence supports that the pres-
ence of OVs in perovskite catalysts has a substantial effect on
reducing the band gap, thereby bringing the metal d-band
closer to the Fermi level. Consequently, this facilitates faster
reaction kinetics, leading to improved catalytic performance
(Fig. 7a and b)."*® Numerous factors play a role in influencing
the center of the O 2p-band within perovskite oxides. These
factors encompass defects,® strain, and the oxidation state of
B-site cations,®®'*""'** experienced by the perovskite oxides. To
illustrate, the presence of OVs can lead to an upward shift in
the Fermi level, enabling the adjustment of the O 2p-band
center’s position (depicted in Fig. 7c, left panel), while also
generating electron holes that enhance charge transfer and
electron conduction. Furthermore, OVs can alter both the con-
figuration of surface elements, impacting the adsorption of
intermediates, and the crystal structure, subsequently influen-
cing the B-O interaction within perovskite oxides and thus
fine-tuning catalytic activity.®> The process of oxidizing the
B-site (from B"" to B"™) results in a reduction of the M 3d-
band’s energy level, consequently causing the Fermi level to
shift downward towards the O 2p-band. This shift facilitates an
augmentation in the degree of overlap (hybridization) between
these bands (as depicted in Fig. 7c, right panel).

Moreover, based on theoretical calculations, the presence of
OVs has been shown to enhance the interaction between reac-
tants and reduce the energy barrier for the rate-determining
step on the perovskite surface (Fig. 7d)."** These findings hold
promise in offering practical guidance for activating catalyst

This journal is © the Partner Organisations 2024
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surfaces. Furthermore, empirical evidence has established that
the introduction of V, in the ABO; system brings about modifi-
cations in various attributes of the perovskite oxide, including
crystal reduction, bond dissociation, phase stability, and delo-
calization. As a result, this instigates an improvement in the
physiochemical properties and application performance of the
material (Fig. 7e)."** Theoretical analyses have also showcased
that introducing OVs not only assists in the adsorption and
activation of the N, molecule but also enhances the reaction
pathways by amplifying the interactions between adsorbed
species and vacant Fe sites in LaFeO, (Fig. 7f)."*> From an
examination of the structural characteristics of perovskite
oxides, it has been established that manipulation of the oxi-
dation state of the cation occupying the B-site, as well as the
creation of oxygen vacancies within the lattice framework, can
be achieved through the substitution of an external cation.™*®
This substitution process preserves the overall matrix structure
of the material. Following the insights depicted in (Fig. 7g),
which focuses on a perovskite of the ABO; type, it is demon-
strated that the substitution of an A** cation with an A"
cation within the A**;_,A"**,BO; composition can lead to an
elevation in the oxidation state of the B-site cation (from B*" to
B*"), or OVs can be induced. Managing the oxidation state of
the metal cation on the B-site and regulating the concentration
of OVs holds significant significance. This is because the cata-
lytic cycle is intricately tied to the redox characteristics of the

This journal is © the Partner Organisations 2024

B-site metal cation, while the presence of OVs furnishes sites
for the adsorption and activation of substrates. The overall
concept suggests that augmenting a range of chemical pro-
perties within ABO; through the introduction of the OV state is
likely to significantly enhance their established catalytic per-
formance. This, in turn, could extend their applicability to pre-
viously unexplored domains, further expanding their potential
applications.

3.2. Tuning band gap and electronic conductivity

The O 2p-band center’s position relative to the Fermi level, as
described by band theory, is a key descriptor of perovskite
oxides’ electrocatalytic activity. It reveals B-O hybridization
and covalent bond properties, enabling swift assessment of
catalytic performance through surface energy interactions.
Fine-tuning the O 2p-band center to an optimal position
enhances the engineered catalyst’s electrochemical reaction
capabilities.®®*"”™"°° Hong et al'®' explored the band gap
centers within a set of 10 perovskite oxides (Fig. 8a), analyzing
how these centers influence both the M-O covalency and the
electrocatalytic potential related to the oxygen evolution reac-
tion (OER). Furthermore, as shown in (Fig. 8b), a clear corre-
lation was found between the decrease in charge-transfer
energy and the decrease in Fermi levels to the O 2p-band
center in semi-metallic oxides. The closer congruence of the
Fermi level with the O 2p band inside these compounds is
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induced by rising covalency, according to this connection. On
the other hand, semiconducting oxides showed an irregularity.
In this case, for p-type semiconductors, the charge-transfer
energy did not affect the interaction between the Fermi level
and the O 2p-band center.'*' It’s important to highlight that
the positioning of the O 2p-band center concerning the Fermi
level is linked to the degree of metal-oxygen covalent bonding
in semi-metallic oxides. However, this correlation between
occupancy and covalency does not hold for semiconducting
oxides that possess a band gap (Fig. 8d). In a similar vein, per-
ovskite oxides with heightened electronic and ionic conduc-
tivity often exhibit enhanced electrocatalytic potential, as
electrochemical reactions inherently electron
migration. Incorporating multi-valent elements into the B-site
and coupling them with A-site doping results in a multitude of
perovskite materials showcasing a fusion of ionic and elec-
tronic conductivity.""'*> Numerous techniques have been
established for adjusting the electronic configuration (band

involve

This journal is © the Partner Organisations 2024

centers) of perovskite oxides, aiming to boost their catalytic
effectiveness. Among the various approaches explored, exten-
sive research has been conducted on altering the constituents
at the A and B-sites to fine-tune the electronic configuration
within the synthesized catalyst material.'®>">*1>*

3.2.1. Tuning B-site elements. The electronic configuration
of cations occupying the B-site significantly influences their
electrical conductivity. According to the findings of earlier
studies, the transition-metal cation that is located at the B-site
serves as a universal measure of activity in perovskite catalysis.
This cation has a considerable impact on the mobility of
oxygen ions, the availability of active sites, and the adsorption
of water at the surface of perovskite oxides."”>'>® This leads to
the manifestation of various traits in specific perovskite
oxides, spanning from semi-conductive to potentially metallic
conductive attributes. Hence, to create perovskite oxide cata-
lysts with exceptional performance, it is logical to replace the
B-site cations with alternative elements. The presence of OVs
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and the overall electronic structure of the cations on the B-site
may be affected by these substitutions in a particular perovs-
kite oxide, thereby promoting the adsorption and release of
reaction intermediates, ultimately facilitating effective cataly-
sis. As an example, precise control over the Ni/Mn ratio
resulted in the synthesis of a notably conductive substance
denoted as Lag 5SrysMngoNip;03-4 (LSMN) as indicated in
reference.'”” By leveraging its remarkable conductivity and har-
nessing the redox potential of transition metals, LSMN attains
an increased quantity of active centers. These centers play an
essential role in augmenting the electrocatalytic competencies
of the engineered material. The redox pairs Mn**/** and Ni*"**
establish reactive sites within LSMN through the adoption of
both high spin (Mn** (3d*)) and low spin (Ni** (3d”)) configur-
ations, facilitating orbital overlap that enhances electro-
chemical performance. The active sites on conductive catalysts
are determined by double-phase boundaries (DPB), which are
formed by the intersections of catalyst surfaces with the elec-
trolyte, as shown in (Fig. 5b). In the present scenario, LSMN
exhibits ample conductivity, resulting in the formation of con-
tinuous DPBs as the predominant reaction sites (Fig. 9b).
Likewise, taking NdBa, ;5Ca5C0,0s5.s (referred to as NBCC)
as an exemplar of double perovskite oxides, researchers have
unearthed that substituting B-site ions (Co®*"Co*") with aliova-
lent analogs (Fe**, Ni**, or Mn”") gives rise to the development
of NdBa, ;5Cag.,5C0, 5sM, 5055 (designated as NBCCM, where
M = Fe, Ni, or Mn). This substitution not only triggers the cre-
ation of OVs (Fig. 9c and d) but also imparts heightened cata-
lytic activity, as evidenced in (Fig. 9e). Furthermore, there was
a prevailing taking that these OVs could establish intercon-
nected pathways for oxygen species, including molecules like
0,, O, ions, and OH™ ions. This arrangement facilitates a
rapid OH™ exchange rate, thus contributing positively to the
ORR."® Xu and his team"®® fabricated SrFe,Sio.10;5_5 (SFSi)
by integrating silicon into the B-site of an iron-based SrFeO;_s
(SF) perovskite, uncovering the capability to systematically
adjust the electroanalytic proficiency for the OER. Notably, a
striking observation emerged as SFSi exhibited a lower-voltage
than SF during the onset of the water oxidation current, sig-
nifying an enhanced OER activity resulting from the introduc-
tion of silicon (Fig. 9f). Furthermore, SFSi demonstrated a con-
siderably reduced charge transfer resistance compared to SF,
underscoring the silicon dopant’s capacity to expedite charge
transfer during the OER. This effect is probably linked to the
elevated electrical conductivity of SFSi in contrast to SF
(Fig. 9g). The increase in catalytic activity witnessed in SFSi
can be attributed to the phase transition induced by Si-doping,
which correlates with a decrease in Fe valency and a rise in the
number of OVs (Fig. 9h). Duan and colleagues'®® examined the
effect of iron on LaCoO; electronic structure to alter the Co
3d-O 2p covalent bonding to improve the Oxygen Evolution
Reaction. Fe increases the overlap between Co (3d) and O (2p)
states, reducing the energy difference between occupied and
unoccupied states. Therefore, the Co 3d-O 2p covalent connec-
tion is reinforced (Fig. 9i-1). This increased covalency makes
LaCog oFe(.103 a better OER catalyst than LaCoOs;.
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3.2.2. Tuning A-site cation. In the standard arrangement of
perfect perovskite oxides, it is widely accepted that the A-site
cation does not directly participate in catalyzing the catalytic
reaction. However, its impact can be perceived indirectly. For
example, the introduction of substitutions at the A-site holds
the capability to induce alterations in multiple attributes of
perovskite oxides, including their electronic structure, the
presence of OVs, and conductivity. Consequently, these
changes contribute to the adjustment of the catalytic perform-
ance. In a recent research endeavor, Hwang and colleagues'®°
investigated the influence of surface oxygen activity on the
adsorption and surface coverage of NO,, as well as the rate of
NO oxidation, within the context of perovskite materials like
La,;_,Sr,CoOj;. Surface oxygen activity is defined as the posi-
tioning of the O 2p-band center relative to the Fermi level. The
observation revealed that the introduction of Sr through sub-
stitution in La;_,Sr,CoOj, up to a certain threshold (X = 0.2),
enhances both the adsorption of NO, and the efficiency of
catalytic conversion within the given experimental conditions
(Fig. 10a). The enhanced catalytic effectiveness was linked to
the repositioning of the O 2p center closer to the Fermi level
following the introduction of Sr substitution (Fig. 10b). The
kinetics of NO oxidation displayed a distinctive pattern resem-
bling a volcano, centered on La,gSry,C00;, and exhibited
intrinsic activity comparable to state-of-the-art catalysts. The
increased binding of NO (-NO-Oyy;4.) to oxygen sites resulting
from elevated strontium substitution levels in La;_,Sr,CoOj;
brought about a notable decrease in the oxidation state of
surface cobalt. This enhancement in surface cobalt reduction
is connected to a decrease in the energy cost linked to the for-
mation of surface oxygen vacancies (Fig. 10c). Likewise, in a
recent investigation conducted by Sun and co-researchers,'®! a
similar approach was taken to study the influence of introdu-
cing Li into the A-site of CoCo,0,. The study revealed that the
gradual introduction of Li incorporation ((Co;_,Li,) C0,0,
with x values of 0, 0.25, 0.5, 0.75, and 1) leads to a gradual
elevation and closer alignment of the oxygen p-band center
with the Fermi level (depicted in Fig. 10d). This alteration
implies an enhanced reactivity of the oxygen ligands. As
lithium cations replace the tetrahedral cobalt cations, the
energy required for producing OVs consistently decreases (as
depicted in Fig. 10e). Moreover, the authors conclude that the
augmentation of lithium cations within the spinel structure of
(Coy_,Liy)C0,0, will lead to an improved capability for surface
reconstruction, transitioning from a spinel to a layered con-
figuration. It is evident that the incorporation of lithium
brings about a noticeably enhanced catalytic effect, as evi-
denced by the nearly unaltered cyclic voltammetry (CV) curves
of Co;04, in contrast to the significant increase observed in
LiCo,0, after completing the cycling process (refer to Fig. 10f).
A comparable trend of catalytic enhancement was observed in
the case of A-site excessive modification in (Lag gSrp.2)1+xMnO3
(x =0, 0.05, and 0.1) for the OER."®* The catalytic effectiveness
achieved through A-site modification was associated with the
alignment of O 2p and M 3d energy centers closer to the Fermi
level (Fig. 10g).
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4. Strain engineering

Recently, the utilization of strain engineering in nano-
structures has attracted considerable interest and has proven
to be a powerful method for tailoring the surface electronic
arrangement, altering the bonding between metals and
oxygen, and influencing the catalytic properties of nano-
materials (Fig. 11a).’** As a result, this technique holds sub-
stantial importance both in principle and in practical terms
for a diverse array of applications."**'%'®* Strain (measured
in dimensionless units) refers to the distortion experienced by
a solid due to stress (measured in units of Pascals). Stress is
defined as the external force exerted on a specific area.
Generally, tensile strain is advantageous for enhancing per-
formance, while compressive strain should be minimized in
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electrochemical processes.'®™'%® Nevertheless, recent studies
have highlighted the significance of compressive strain in
enhancing catalytic reactions.'®”'”® As an illustration, when
compared to films that are unstressed and in a relaxed state,
the LaNiO; film subjected to compressive strain exhibited
remarkable bifunctional capabilities that outperformed even
catalysts based on noble metals (Fig. 11b and c)."”" This
remarkable achievement was linked to the effect of compres-
sive strain, which influenced the occupation of dz 2 (out-of-
plane) orbitals and led to an uneven distribution of e,-derived
orbitals within the BOg octahedron (Fig. 11d). Aside from
alterations in structure, strain can also alter the energies
associated with the formation and movement of oxygen
defects.””>'”® Notably, the energy required to form an oxygen
vacancy in perovskite can be significantly decreased, resulting
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Fig. 11 (a) Strain-induced structural changes lead to the splitting of formerly degenerate orbitals, resulting from symmetry disruption. Meanwhile,
changes in M—-O orbital overlap impact the widening of d-states. Reproduced from ref. 142 with permission from Elsevier, copyright 2019, (b)
current densities (J) of the corresponding OER and ORR at overpotentials of g = 400 mV. (c) Compressed LaNiO3 surpasses Pt and IrO, to achieve
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in a notable increase in OV concentration and consequently
leading to enhanced performances.'”* Moreover, strain can
also impact the kinetics of charge transfer occurring at the
surface of the catalyst.'”® For instance, among the various
materials examined, the LCO (LaCoOy;) thin films grown on an
LSAT [(LaAlO3)0.3(Sr,AlTa06)0.7] substrate demonstrated the
most eminent catalytic performances in an alkaline environ-
ment (Fig. 11e)."”® This result can be credited to the existence
of a moderately tensile strain brought about by the substrate
and film thickness. The enhancement originated from the
decrease in resistance to charge transfer on the surface of
LCO. Density Functional Theory (DFT) has additionally been
employed to investigate the underlying causes of how surface
strain influences binding energies. This analysis involved com-
piling data from diverse systems subjected to both strained
and unstrained conditions. The diagram depicted in (Fig. 11f)
illustrates the displacement of the d-band center for late tran-
sition metals (with a d-band that’s more than half-filled) when
subjected to tensile strain.'”” The displacement of the d-band
center is a result of modifications in the quantity of adjacent
metal atoms; a decrease in coordination results in a narrower
local bandwidth and an elevated d-band center. It is evident
that applying tensile strain reduces coordination numbers,
ultimately leading to a narrowing of bandwidth and an
upward shift of the d-band center. The importance of the
d-band center stems from its involvement in the interplay
between adsorbate states and metal d states, a critical factor in
determining the energy of interaction.

5. Application of perovskite oxides in
NOz~ reduction

The perovskite oxide family has been identified as a highly
promising class of catalysts, distinguished by their exceptional
activity, structural flexibility, and compositional tunability. The
synergistic interplay between the intrinsic activity of metal site
and OVs underlies their enhanced catalytic performance in
electrochemical conversion reactions, highlighting the critical
importance of OVs in the rational design of optimized perovs-
kite-based catalysts®"®>'”® The exceptional characteristics of
perovskite oxides have stimulated significant research atten-
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tion towards their utilization as a novel class of materials for
the electrochemical conversion of NO;~ pollutants into NH;, a
highly valued product, thereby showcasing their potential in
waste-to-wealth technologies. The unique characteristics of
perovskite oxide-based electrocatalysts have recently been
recently reported in terms of current density, efficiency, and
conversion rate in (Table 1).

For example, Zhang et a investigate the catalytic capa-
bilities of perovskite oxides in converting NO;~ to NH3, with a
particular focus on understanding the influence of OVs. In
their experimental approach, they synthesized four distinct
perovskite oxides (A = La; B = Cr, Mn, Fe, Co) with varying
crystal structures and OVs. Based on XPS and EPR studies, the
analysis of OVs revealed that among the other perovskites,
LaCoO; with a hexagonal structure exhibited the highest con-
centration of OVs. The O 1s XPS spectra displayed an OV peak
at 531.4 eV for the synthesized materials, with LaCoO;
accounting for 47.1% in comparison to LaFeO; (41.5%),
LaMnO; (33.5%), and LaCrO; (27.6%) (Fig. 12a). These results
demonstrate that LaCoO; possessed the highest amount of
OVs among the investigated perovskites. Likewise, the EPR
signal intensity at around 2.02 g was significantly higher for
LaCoO; compared to the other perovskites examined, provid-
ing further evidence of an elevated quantity of OVs in this par-
ticular material (Fig. 12b). The investigation of electrochemical
performance revealed that the LaCoOj; electrode outperforms
the LaMnOj;, LaCrO;, and LaFeO; electrodes in terms of NO;~
reduction to NH; Notably, the LaCoOj; electrode demonstrates
a significantly higher faradaic efficiency of 91.5% and a greater
NH; yield rate of 4.18 mmol mg™* h™" at —1.0 V (vs. RHE)
when compared to the other perovskites (Fig. 12c and d). The
current density profile indicates that among the other
materials, LaCoOj; displayed the highest value of 346 mA cm™>
at —1.5 V when compared to a value of 184 mA cm™? in the
absence of NO;™ ions, confirming the electrochemical conver-
sion of NO;~ into NH; (Fig. 12e and f). In combination with
the electrochemical findings, XPS, and EPR investigation, the
improved performance of LaCoO; in NO;~ reduction to NH;
can be attributed to its elevated level of OVs, which are
induced by abundant lattice distortions in its hexagonal struc-
tures. Moreover, an examination of the material’s structure,
OVs, and oxidation states of the metal in LaCoO; remained

l 118

Table 1 The summary of the performance (including current density, efficiency, and conversion rate) of perovskite oxides in the conversion of

NO;™ to NHs

Catalyst Current density Conversion rate Efficiency Ref.
LaSrNiCoMnFeCuO; PNTs —0.9 Vrue 1657.5 pg h™" mge,. ™" 100% 179
FeCo alloy —0.9 Vrue 17.2mgh™" mg™ ey 90.3% 180
(Bay.5ST0.5)1-xC00.sFe0 2035 —0.45 Vpyg 143.3 mg h™' mg.o ' 97.9% 181
NbWOg_, —0.7 VrRue 0.068 mmol h™* mg cat™" 85.7% 182
La,CuOy —1.0 Vs — 29.3% 183
RS-BiFeO, —0.7 Vrur 53mgem 2 h™ 86.8% 184
LaCoO; —1.8 Vyug — 85% 185
LaFe, oRug 103 —0.8 Vrue 0.75 mmol h™* em™ 98.5% 186
LaCoO; —1.0 Vrue 4.18 mmol mg™" h™* 91.5% 118
Mn-incorporated Co;0, nanotubes —1.2 Vrue 35mgh"em™ 99.5% 187
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Fig. 12 (a) The percentage of OVs for applied materials from the XPS examination. (b) EPR spectra of different catalysts used. (c and d) The assess-

ment of FE and NHs yield rate. (e and f) LSV investigation for LaCoOs electrode in the presence and absence of NOs~, respectively, and partial
current density at different potentials. (g) NH3 yield rate and respective FE throughout the successive recycling assessment of LaCoOs electrode at
—1.0 V (vs. RHE). (h and i) Free energy diagrams for NOz~ catalysis resulting in NHz production on (h) LaCoO(110) in absence of OVs and (i)
LaCoOs3_,(110) presence of OVs. Reproduced from ref. 118 with permission from Wiley, copyright 2023.

unaltered after catalysis, signifying its stability for repeated
cycles. By conducting DFT analysis, it was revealed that the
existence of oxygen vacancies in LaCoOj; provides stability to
intermediate species, reduces the energy barrier for conversion
of NO;™ to NH3, and impedes the formation of undesired by-
products (NO, and HNO,). When comparing the NO;~ binding
mechanism of LaCoO; without OVs to the LaCoO;_, (110)
structure, notable differences were observed. In the absence of
OVs, O1 of NO;~ binds to the surface CO atom while O, and
O; remain exposed. Conversely, in the presence of OVs, O1 of
NO;~ binds to the OV site, while O2 binds to the CO atom
exposed on the LaCoO;_,(110) structure (Fig. 12h and i). This
observation suggests that the OVs in the prepared material
provide an additional binding site that helps stabilize the
NO;™ ions. These critical factors significantly contribute to the
exceptional catalytic activity and selectivity observed in the syn-
thesized LaCoO; perovskite, which is enriched with OVs.
Despite cobalt-based perovskite oxides showing significant
promise in electrocatalysis,'®*'®° their potential for enhancing
eNO;RR in NH; production has remained unexplored until
now. To address this research gap, Liu et al."*° have presented
a solution to this research gap by introducing an effective strat-

This journal is © the Partner Organisations 2024

egy that involves manipulating A-site deficiencies in cobalt-
based perovskite oxides. This approach aims to tune the
physicochemical properties, such as OVs and band center, to
enhance the conversion capability of NO;~ to NH;. In their
study, they examined a series of catalysts, specifically
(Bay.5Sr0.5)1-xC0g sFeg 203_s5, With varying x values of 0, 0.05,
0.10, 0.15, and 0.20, to showcase their approach. The introduc-
tion of deficiencies in the prepared material was examined
through an XRD study, which revealed that the position of the
main peak associated with the (110) plane exhibited a slight
shift towards higher angles as the A-site cation deficiencies
increased (Fig. 13a). XPS analysis indicates that the percentage
of OVs in the prepared samples increased with increasing x
value (Fig. 13b), while the valence states at the B site remained
unaffected (Fig. 13d). Approximately 38.0%, 39.9%, 49.6%,
53.4%, and 55.1% of OVs were found in (BS)0.95CF, (BS)
0.90CF, (BS)0.85CF, and (BS)0.80CF, respectively (Fig. 13c).
During the assessment of their catalytic performance in NO3™~
electro reduction for NH; synthesis, the findings indicated a peak
at x = 0.15, coinciding with (BS)0.85CF catalyst. This specific cata-
lyst demonstrated remarkable selectivity (97.9%) and impressive
stability (200 h), thereby emphasizing its excellent performance in
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(@) XRD data (Rietveld refinement plots) of the (BS);_,CF samples (2 — 6 of 31-33°). (b and c) O 1s XPS spectra. (d) Amount of OVs, and (e)

average valence states of B-site acquired from XPS and iodometric titration analyses, respectively. (e and f) FE and yield rate at multiple potentials. (g
and h) XPS spectra of surface valence band, and the band center calculated from surface valence band XPS spectra for the (BS);_,CF catalysts. (i)
Graphic photograph of the induction of OVs in A-site-deficient (BS);_CF. Reproduced from ref. 190 with permission from RSC, copyright 2023.

ammonia synthesis (0.86 mmol h™ c¢cm™) (Fig. 13e and f). The
excellent performance of (BS)0.85CF, surpassing the others, can be
ascribed to the presence of a moderate quantity of OVs. Excessive
OVs have the potential to impede the formation of electron holes
and redox couples, and in extreme cases, they can cause structural
collapse.”"'* Furthermore, this manipulation induces a gradual
shift of the band center towards the Fermi level as the x values
increase. The calculated values from the Fermi level exhibited the
following order: (BS)0.95CF (3.55 eV) > (BS)0.90CF (3.48 eV) > (BS)
0.85CF (3.39 eV) > (BS)0.80CF (3.33 eV) (Fig. 13g and h). These
values demonstrated a proportional decrease with the increase in
A-site deficiencies or the presence of OVs. The authors proposed
that the enhanced electrochemical performance can be primarily
attributed to the stronger affinity between the oxygen atom of
NO;~ and the OV sites and modulation of Fermi level distance in
the designed catalyst. The stronger affinity facilitates the adsorp-
tion of NO;~ and enables its subsequent reduction to NH; with
high selectivity, while simultaneously impeding the formation of
unwanted by-products.'*?

OVs have found extensive application in enhancing the
effectiveness of selective NH; synthesis through the utilization
of catalysts based on tungsten (W). Notably, the incorporation

7222 | Inorg. Chem. Front, 2024, M, 7204-7237

of OVs in WO;_, nanowires and nanosheets has demonstrated
the ability to influence the adsorption of N species and par-
tially suppress the competing HER.'* As a result, it is plaus-
ible to expect that the presence of OVs in catalysts based on
tungsten can significantly enhance the capture and reduction
of N species. In recent times, there has been considerable
interest in the utilization of W-based perovskite oxide that pos-
sesses the ability to manipulate OVs, primarily due to their
high surface area, ultrathin thickness, and diverse compo-
sition of metallic oxides.”* These characteristics make them
highly promising for NH; synthesis. However, research focus-
ing on nanosheets of W-based perovskite oxide with OVs for
NO;™~ to NHj; synthesis (NRA) remains limited. In this context,
Feng et al'® conducted a study where they synthesized
NbWOs perovskite oxide with incorporated OVs and evaluated
its effectiveness as an electrocatalyst for the reduction of NO;™
to NH;. The results showed that the NbWO, nanosheets with
OVs (NbWOg_,) exhibited exceptional performance in terms of
NH; selectivity and faradaic efficiency. The existence of oxygen
vacancies (OVs) in the synthesized material was confirmed
through several analytical techniques, including XPS, EPR, and
Raman investigations. The O 1s XPS spectra displayed a dis-
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tinct peak at 533.5 eV, while the EPR pattern exhibited a pro-
minent signal at 2.004 g, providing conclusive evidence for the
presence of OVs in the prepared material (Fig. 14a and b).
Moreover, the Raman peaks of NbWO,_, nanosheets exhibited
a broadening effect and shifted towards higher wavenumbers,
further supporting the presence of OVs in NbWOg_, and pro-
viding additional insights into their characteristics (Fig. 14c).
The density of states (DOS) analysis confirms the presence of
defect energy levels in the conduction band of NbWOg_,,
which facilitates more efficient electron transitions. The induc-
tion of OVs on the NbWOq_, surface causes the Fermi level to
shift near the conduction band minimum (Fig. 14d). This shift
occurs due to the occupation of excess 4d electrons from tung-
sten (W). Consequently, NbWOg_, exhibits metallic behavior
and improved conductivity, which is advantageous for electro-
chemical reduction processes. Additionally, the adsorption
energy of NO;~ on NbWOg_, (—1.27 eV) is significantly lower
than that on NbWOg (—0.53 eV), promoting a higher affinity

This journal is © the Partner Organisations 2024

for NO;~ adsorption (Fig. 14e). This enhanced adsorption
capability further facilitates the conversion of NO;™ to NH3, as
illustrated in (Fig. 14g). The mechanism was confirmed to involve
tungsten (W) cations interacting with neighboring OVs and the
specific d orbital electrons of NbWOg_,. These interactions create
unsaturated active centers that enhance the adsorption and acti-
vation of NO;™. This strengthened capability for NO;~ adsorption
contributes to a more favorable environment for NO;~ reduction
to NH; to occur (Fig. 14h and i).

Yin et al.'® developed a perovskite oxide, LaFeOs, that was
modified with Cu, Mn, and Co at the B-site. The primary objec-
tive of this synthesis was to produce an electrocatalyst capable
of facilitating the transformation of NO;~ into NH;. Among
the various catalysts tested, Cu-doped LaFeOj; exhibited the
highest level of activity. At a potential of —1.1 V (vs. RHE), it
achieved a significant NH; yield of 1005.0 pg h™' cm™2, while
at —1.0 V (vs. RHE), it demonstrated an FE of 71.9%. This
excellent electrocatalytic performance can be primarily attribu-
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Reproduced from ref. 195 with permission from Elsevier, copyright 2023.

ted to the increased presence of OVs on the catalyst’s surface
resulting from the incorporation of copper. The XPS analysis
of the O 1s spectra provided evidence of a relatively higher con-
centration of OVs in Cu-doped LaFeO; compared to other
dopants (Fig. 15a). The incorporation of copper (Cu) in the
catalyst proved more advantageous due to the presence of Cu'/
Cu”" oxidation states, whereas cobalt (Co) existed as Co>"/Co>*
(Fig. 15b and c). This disparity in charge between Cu and the
substituted Fe** was more substantial, compared to the Co>"/
Co®" states. Consequently, the investigation affirmed the posi-
tive impact of OVs on the catalyst’s surface on the efficiency of
NO;~ reduction, as established in previous studies.'*>'*® The
presence of OVs in the catalyst facilitated the adsorption of
NO;~ by occupying the oxygen atoms within the vacancies,
thereby weakening the N-O bonds. Additionally, the OVs,
along with the Cu sites, readily interacted with the reaction
intermediates, thereby enhancing the catalyst’s conductivity.
Furthermore, the catalyst exhibited remarkable stability and
even displayed improved activity upon recycling, which can be
attributed to the ferroelectric properties inherent in the cata-
lyst. The selectivity of the catalyst during the electrochemical
reduction of NO;~ to NH; varied based on the applied poten-
tial. Lower applied potentials effectively minimized the gene-
ration of NO, as a byproduct (Fig. 15e).

Although many groundbreaking studies have focused on
electrocatalyst development, a comprehensive grasp of the cor-
relation between material characteristics and NO3;RR activity
remains elusive. To explore this correlation, Gong et al.*®” con-
ducted a study in which they synthesized various La,CuO, per-

7224 | Inorg. Chem. Front., 2024, M, 7204-7237

ovskite materials by doping the B-site with Ni, Co, and Zn. The
authors then inspected the influence of these dopants on the
behavior of NO;™ reduction. Among the materials synthesized,
the perovskites based on Cu and Co exhibited significantly
enhanced activity in the NO;RR and demonstrated improved
selectivity towards NH; synthesis. The analytical investigation
revealed that the doping of the B-site effectively controlled the
hybridization between the metal and oxygen, thereby resulting
in finely tuned surface adsorption properties and improved
NO;RR activity. The O-K edge XAS analysis was conducted to
examine the level of metal-oxygen hybridization. The gathered
data revealed significant electronic excitation from the O 1s to
O 2p-M 3d (530 eV), O 2p-La 5d (535 eV), and O 2p-M 4sp (543
eV) states''” (Fig. 16a). Remarkably, Co and Ni doping resulted
in heightened peak intensity, indicating a more pronounced
metal-oxygen hybridization in these doped materials.''>"®
The crucial influence of M-oxygen hybridization on the cata-
Iytic activity of transition metal oxide/hydroxides has long
been recognized, and the results of this study are similar to
previous findings.'**?°® Moreover, there is a notable associ-
ation between the current of NO;™ reduction and the hybridiz-
ation of M-oxygen. The La,Cu, gC0,,0,4, characterized by the
highest M-oxygen hybridization, displayed the greatest NO;™
reduction current, potentially attributed to a more advan-
tageous NO;3;~ adsorption (Fig. 16b and c). It was observed that
oxides with greater M-oxygen hybridization displayed
increased nitrate coverage on surface sites, which was attribu-
ted to improved oxygen activity."’*?°"*°> Consequently, the
authors of this study found a significant correlation between

This journal is © the Partner Organisations 2024
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M-oxygen hybridization and the current of nitrate electrolysis,
suggesting that the improved adsorption of reaction intermedi-
ates during the NO;~ reduction reaction contributed to this
phenomenon. The infrared (IR) analysis further validated that
Co doping exhibits higher effectiveness in accumulating the
intermediate and facilitating its subsequent reduction to NHj,
in comparison to Ni doping (Fig. 16d and e). This was evident
from the intensity of bands observed at approximately
1260 cm™" (corresponding to the nitrite peak) and around
2900 cm™" and 1600 cm™" (associated with the NH; peak). By
conducting a comprehensive analysis of all experimental find-
ings, it was deduced that the superior nitrate reduction activity
of La,Cu, gCoy 0y, resulting in the production of NH3, can be
attributed to its pronounced M-oxide hybridization (Fig. 16f).
This characteristic facilitates the adsorption of reaction inter-
mediates during the NO;RR process while concurrently sup-
pressing the activity of the HER on the surface.

Due to its exceptional adsorption capacity, biochar has
gained significant popularity as a sorbent for environmental
remediation. In recent times, several research investigations
have concentrated on examining the photocatalytic efficacy of
metal-modified biochar for eliminating water contaminants
with high concentrations.”®®">°® This material holds the poten-
tial to function as a rechargeable reservoir of bioavailable elec-
trons, making it suitable for deployment as a photocatalyst in

This journal is © the Partner Organisations 2024

reduction reactions. However, the application of biochar com-
posites with perovskite oxides as a photocatalyst for the
efficient conversion of the NO;~ pollutant into valuable NH;
has not been investigated extensively. In their research, Liu
et al.>®° synthesized composites of LaFeO/biochar with abun-
dant defect oxygen and functional groups through the co-
pyrolysis of lotus and Fe/La salts (Fig. 17a). The presence of
OVs in the resulting structure was confirmed through XPS ana-
lysis, with the O 1s spectra displaying a peak at 531.2 eV
corresponding to OVs. In comparison to pristine LaFeO;
(28.2% content), C-LaFeOs/biochar-2.0 exhibited a higher con-
centration of defect oxygen (52.9%) due to the incorporation of
carbon (C-doping). The findings indicated that the lotus had
an impact on both Fe** and La®", leading to alterations in the
surface and structural properties of the catalysts. The presence
of precursor salts (Fe/La) played a role in modifying the
biochar surface during carbonization, resulting in enhanced
exposure of oxygen functionalities and aromatic moieties,
thereby facilitating the adsorption of NO;~ (Fig. 17b). The
involvement of these organic functional groups was vital in
promoting the transfer of photogenerated electrons, leading to
a favorable preference for donating electrons specifically to
ammonium ions (NH,") (Fig. 17c). When exposed to visible
light, the LaFeOs/biochar photocatalyst demonstrated remark-
able effectiveness, achieving an impressive 98% conversion
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rate of nitrate and an exceptional 97% selectivity towards NH;.
The utilization of photocurrent response as a reliable method
to evaluate the capacity for generating and transferring photo-
excited charge carriers under irradiation is demonstrated in
(Fig. 17d). The C-LaFeOs/biochar composites exhibited signifi-
cantly higher photocurrent density compared to pristine
LaFeOj;, indicating the efficient migration and separation of
electron-hole pairs. This further confirms the enhanced per-
formance of C-LaFeOs/biochar composites in harnessing light
energy. Additionally, among the C-LaFeO;/biochar and pris-
tine LaFeO3, the C-LaFeO;/biochar-2.0 displayed a reduced re-

7226 | Inorg. Chem. Front,, 2024, 11, 7204-7237

sistance to charge transfer. This discovery suggests that the
existence of OVs and the robust association between biochar
and LaFeO; particles significantly amplified the speed at
which charge carriers migrate.>”?°® Additionally, the compo-
site material synthesized through the biological route exhibi-
ted a decreased bandgap in comparison to pristine LaFeOs;.
Experimental results revealed that pristine LaFeO; possesses a
bandgap of 2.11 eV. However, the C-doped LaFeOs/biochar
samples displayed bandgaps ranging from 1.67 to 1.87 eV,
indicating an enhanced light absorption capacity of the pre-
pared material within the visible light range (Fig. 17f). The
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removal capacity of NO;~ by the material exhibited a direct cor-
relation with the increasing concentration of biochar, up to a
certain threshold. However, beyond this limit, a decrease in
activity was observed (Fig. 17e). Remarkably, C-LaFeOj/
biochar-2.0 exhibited the highest performance, achieving a
NO;~ rate of 98% and a remarkable NH," selectivity of 97%
after 120 minutes. The enhanced selectivity towards NH,"
observed in the composites (C-doped LaFeOs/biochar) could
potentially be attributed to the presence of reducing groups
(phenolic hydroxyl groups) on the surface of biochar. These
groups can selectively reduce nitrate to ammonia, as proposed
by Saquing et al. in 2016 (Fig. 17g and h).>*°

The recombination of photogenerated electron holes poses
a significant challenge in photocatalysis, and researchers have
consistently worked to address this issue. One promising
method to enhance the photocatalytic efficiency of the catalyst
is by creating p-n heterojunctions. These junctions effectively
improve the separation efficiency of photogenerated electron—
hole pairs, resulting in enhanced visible light absorption and

This journal is © the Partner Organisations 2024

heightened catalytic performance.*'® In this regard, Wei and
colleagues®"" conducted a study where they utilized pomegra-
nate peel to perform a green synthesis of LaFeO;/HTCC
(LaFeOs/hydrothermal carbonation carbon) nanostructured
composites via the hydrothermal method (Fig. 18a). The result-
ing biogenic materials demonstrated a high content of oxygen
defects (XPS analysis) and bioactive functional groups (FTIR)
investigation in (Fig. 18b). These newly designed composites
were then evaluated for their catalytic efficiency in the photo-
electrochemical conversion of NO;~ into NHj;. The strategy
employed in this study effectively modified the band gap of
the p-type LaFeOj; (2.07 eV) by incorporating the n-type organic
HTCC (1.39 eV), as demonstrated by the corresponding band
gaps shown in (Fig. 18¢). A thorough examination of the band
structure of both materials, LaFeO; and HTCC, reveals Vy;,
values of 0.69 V and 0.42 V, along with corresponding Vg
values of —1.38 V and —0.79 V for LaFeO; and HTCC, respect-
ively. Upon combination, a built-in electric field is created,
causing a transfer of a negative charge toward the LaFeO; side
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and a positive charge toward the HTCC side (Fig. 18d). As a
result of this distinct charge distribution, an electron-hole
pair system is formed, where electrons in the conduction band
(CB) move towards HTCC, while holes in the valence band (VB)
transfer to LaFeO; when exposed to visible light. Under the
influence of visible light, the photocatalyst synthesized using
green methods demonstrated outstanding performance,
achieving a NO;~ removal rate of 94.6% and an impressive
NH; selectivity of 88.7%. This remarkable efficiency can be
attributed to two key factors: the swift separation of photo-
generated electron-hole pairs and the abundance of reducing
functionalities that act as a green source of electron donors
(Fig. 18f).>'>"3

6. Conclusions and perspectives

Recent advancements in electrocatalytic NO; ™~ reduction show
significant promise in enhancing the efficiency, affordability,
and environmental impact of water NO;~ management. This
progress offers the potential to convert NO;~ contaminants
into valuable ammonia products. While extensive research
has explored various materials for electrochemical NO;™ con-
version, there is limited investigation into the role of perovs-
kite oxides in this process. This paper aims to address this
gap by examining the catalytic relevance of perovskite oxides
and strategies for enhancing their electronic structure,
covalent properties, and catalytic efficiency. This review pro-
vides an up-to-date overview of the electrocatalytic NO;™~
reduction to NH; using various perovskite oxide materials.
Based on previous experimental and theoretical studies, key
factors such as A/B-site cation composition, oxygen vacancy
concentration, crystal structure, and electrical conductivity
have been identified as crucial determinants of perovskite
catalytic performance. A/B-site cations significantly influence
the electronic structure, impacting both conductivity and
catalytic activity. Oxygen defects impact the electronic
arrangement and surface configuration, promoting charge
transfer and influencing intermediate binding in chemical
reactions. Understanding the correlation between perovskite
electronic structure and catalysis has enhanced our ability to
design catalysts for important reactions. Meticulous control
of A/B cations and oxygen vacancies in perovskite structures
could lead to advanced electrocatalysts with improved per-
formance and selectivity in NO3;~ to ammonia conversion.
However, challenges remain in deploying perovskite oxides
with exceptional electrocatalytic performance in practical
applications.

6.1. Creating novel perovskite-based electrocatalysts

Though perovskite oxides show promise in catalysis, their
activity often lags behind noble-metal catalysts. Establishing
essential criteria linking crystal structure and activity is
crucial for designing effective catalysts. While various activity
indicators exist, a universally applicable reactivity descriptor
is still lacking. Descriptors related to hydrogen evolution and
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redox reactions are gaining attention and require further
exploration. The integration of high-throughput calculations,
artificial intelligence, and machine learning can greatly
enhance the efficiency of catalyst design and resource
utilization.

6.2. Catalytic reaction mechanisms

Further research is needed to fully understand the potential of
perovskite materials as catalysts, particularly in redox reactions
and the HER. The formation of an amorphous layer on the per-
ovskite surface under inert or reducing conditions complicates
their catalytic behavior. While some studies suggest the nega-
tive effects of this amorphous phase on catalytic activity,
others indicate potential benefits, especially in ORR and OER
reactions. Advanced experimental techniques and a deeper
understanding of perovskites with amorphous phases are
necessary for future exploration.

6.3. Employing a synergistic impact

The performance of an electrocatalyst is influenced by factors
such as morphology, conductivity, and surface structure.
Depending solely on one design approach restricts perform-
ance improvements. Maximizing efficiency requires integrating
synergistic effects from multiple design approaches. This typi-
cally involves optimizing morphology to increase the number
of active sites and adjusting cation ions to enhance activity.
Future development will emphasize defect engineering and
surface modification for additional enhancements. Controlled
surface modification and the creation of oxygen vacancies can
enhance the catalytic performance of perovskite-based
catalysts.

6.4. Pursuing real-world applications

Creating perovskite oxides with consistent particle sizes and
specific surface areas for industrial-scale production remains
challenging despite advancements in methodologies. The lack
of reliable techniques hinders the widespread use of novel per-
ovskite variants like hollow and core-shell structures. Current
durability assessment methods rely on short-term testing data,
limiting accurate long-term performance evaluation. Catalysts
capable of higher current densities and broader temperature
ranges are needed for real-world applications. Perovskite elec-
tronic structure is significantly influenced by electrode prepa-
ration, requiring high catalyst loading for optimal performance
and stability. Perovskite catalysts exhibiting high loadings and
homogeneous distributions demonstrate considerable promise
for augmenting the efficiency and durability of electrochemical
devices, thereby underscoring the imperative for scalable syn-
thesis and mass production of these advanced materials.
Industrial-scale production of nanostructured perovskite
oxides for nitrate reduction poses significant challenges.*** A
multidisciplinary approach combining experiment, compu-
tation, and characterization 1is crucial for successful
implementation.

6.4.1. Working potential and pH. Efforts are ongoing to
broaden the applicability of perovskite-structured electrocata-
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lysts beyond alkaline environments by exploring their perform-
ance in acidic conditions. Achieving universal pH compatibil-
ity would greatly enhance their practical utility. However, chal-
lenges remain, particularly concerning stability and activity
across the pH spectrum. Incorporating carbon can enhance
performance but may suffer from electrochemical oxidation,
reducing active site availability. Research efforts are also
focused on developing novel catalysts with high mixed ionic-
electronic conductivity and corrosion resistance as alternatives
to carbon-based supports.

6.5. Investigation of interfaces

Understanding catalytic interfaces is a key area of ongoing
research, focusing on optimizing electronic charge transfer to
enhance catalytic performance. However, unexpected inter-
faces may pose challenges such as increased resistance, hin-
dering charge transfer efficiency. Thoroughly analyzing estab-
lished interfaces requires case-specific
Connecting structure with electrocatalytic performance is
crucial for developing high-performance catalysts.

examinations.

6.6. Stability of the catalyst

Ensuring the stability of perovskite oxide catalysts is crucial for
practical applications. However, research suggests that perovs-
kite oxides may exhibit lower stability compared to other oxide
materials.”’® Techniques aimed at improving catalytic
efficiency by increasing oxygen vacancies and electrical con-
ductivity could compromise stability. Additionally, changes
like surface reconstruction occurring within perovskite oxides
during catalytic processes may further reduce stability.
Therefore, gaining a deeper understanding of perovskite oxide
catalyst stability is essential. Novel techniques are being
explored to develop perovskite oxide-based catalysts with
improved activity and stability.

6.7. Precise manipulation and quantitative analysis of site
vacancies

Most research has focused qualitatively on how different site
vacancies enhance catalytic performance, with limited quan-
titative inquiries due to the challenging task of analyzing
active vacancy centers using traditional methods. Developing
innovative in situ characterization techniques is crucial for
comprehensive investigations of ABOj; catalysts with distinct
vacancy states, both during sample preparation and catalytic
reactions. Additionally, precise thermodynamic and kinetic
simulations can predictively identify the significant contri-
bution of vacancy sites in various catalytic reactions involving
ABO; catalysts, guiding further advancements in catalyst
development.
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