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Core-shell structured materials exhibit superior stability and catalytic performance in catalytic applica-
tions. The unique microenvironment of the core-shell catalyst facilitates efficient enrichment and adsorp-
tion of low-concentration, high-mobility atmospheric pollutants. Furthermore, these catalysts have found
widespread application in the control of atmospheric contaminants attributed to the synergistic interplay
between core-shell components and the protective barrier function of the shell architecture. This paper
comprehensively reviews the preparation method of core-shell catalysts and their application in the con-
trol of air pollutants. This paper focuses on the advantages of core-shell catalysts and the main types of
core-shell catalysts employed in deNOx processes. Recognition of the relationship between the structural
composition of core-shell catalysts and their catalytic performance, as well as exploring the synergistic
effects, heat and mass transfer, and underlying catalytic mechanism. This review offers critical guidance
for the design and development of application-oriented core-shell catalysts to abate atmospheric pollu-

tants.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

A core-shell structured material is usually a composite structure
formed using a nanoparticle as a core and a thin film encapsulated
on the surface of the core. Since the 1990s, core-shell materials
have experienced rapid advancements in composition, structure,
and preparation methods while witnessing a continuous expansion
of their application domains. Many kinds of core-shell structural
materials, according to their composition, can be classified into
inorganic@inorganic, inorganic@organic, organic@inorganic, and
organic@organic core-shell materials, etc. Based on morphology
and structure, these materials can be categorized into spherical
core-shell structure, polygonal core-shell structure (single-layer
core-shell structure), multi-core-shell structure, multi-shell core-
shell structure, and yolk-shell structure [1]. The composition and
structure of core-shell materials can be designed and regulated on
the nanoscale, which can effectively integrate the properties of the
core and shell components and give full play to the interactions
between the core and shell components [2,3]. Based on these
characteristics, core-shell structured materials exhibit superior sta-
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bility and catalytic activity in catalytic applications. Furthermore,
core-shell materials can provide a relatively confined microenvi-
ronment, facilitating the enrichment and adsorption of reactants
[4], thereby enabling widespread application in the catalytic degra-
dation of atmospheric pollutants. This paper primarily reviews the
application of core-shell catalysts in several fields, including three-
way catalytic purification, catalytic combustion of VOCs, deNOy by
the NH3-SCR method, and multi-pollutant synergistic control, with
a special focus on deNOx by the NH3-SCR method. In terms of
three-way catalytic purification, Li et al. [5] developed a yolk-shell
Pd@void@CeO, core-shell catalyst, which exhibited 80% NO con-
version, 100% CO conversion, and 87 % C3Hg conversion at 600 °C.
This catalyst is a structurally stable ternary material with high
catalytic activity, demonstrating potential for practical application.
For the catalytic combustion of VOCs, Li et al. [6] prepared a series
of core-shell Mn,03@5-MnO, catalysts with different degrees
of orientation growth by a hydrothermal method, among which
the Mn,03@5-Mn0O,-8h catalyst showed the most prominent
methanol oxidation activity. Core-shell catalysts commonly used in
deNOy include TiO,-based, SiO,-based, CeO,-based, and molecular
sieve-based core-shell catalysts. For example, the nanocompos-
ite catalyst TiO,@CeMnOx-NC [7] among TiO,-based core-shell
catalysts, and the bifunctional core-shell structured catalyst Cu-
SSZ-13@Ceg 75Zrg550, (Cu-SSZ-13@CZO) [8] among molecular
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Fig. 1. The main contents of this review.

sieve-based core-shell catalysts, both exhibit excellent NH;3-
SCR catalytic performance. In addition to being widely used
in the treatment of single pollutants, core-shell catalysts also
demonstrate significant advantages in the collaborative control of
multiple pollutants.

The “shell” of the core-shell material can also act as an effective
barrier to protect the core layer. Based on this feature, many re-
searchers have constructed deNOy catalysts with a core-shell struc-
ture to improve the stability and sulfur resistance of the catalysts.
In the research of core-shell structured catalysts, several reviews
have analyzed the application of core-shell structured catalysts in
NH3-SCR from the aspects of classification, preparation, catalytic
performance, structure-performance relationship [9,10], and anti-
poisoning improvement [11,12]. However, no literature systemati-
cally summarizes the advantages and disadvantages of the prepara-
tion methods and the advantages of core-shell catalysts in deNOx.
Our review comprehensively analyzes the advantages and disad-
vantages of various preparation methods from the perspectives of
operation, cost, and particle size, thus facilitating the selection of
suitable preparation processes. In addition, the review broadens
the application areas by exploring core-shell catalysts in various
application scenarios and emphasizes the significant advantages of
core-shell catalysts for deNOy, including excellent poisoning resis-
tance, structural regulation, and interfacial synergy. In view of the
existing challenges, the review further proposes forward-looking
directions such as technology integration, functional integration,
and green preparation methods, aiming to promote technological
innovation in this field. Our review is expected to provide a practi-
cal reference for advancing the application of core-shell catalysts in
the field of air pollutants control. The main contents of this review
are shown in Fig. 1.

2. Preparation methods for core-shell structure catalysts

With the increasingly wide and in-depth application of core-
shell structure catalysts, researchers have gradually found that the
preparation method of core-shell structure catalysts significantly
influences the activity and structural properties of the catalysts.
In recent years, the preparation technology of core-shell structures
has developed rapidly, and the preparation methods of core-shell
catalysts applied in air pollution control can be broadly categorized
into hydrothermal, chemical deposition, sol-gel, and other meth-
ods. As shown in Fig. 2, each technique will be discussed separately
in the following sections [13-15].

2.1. Hydrothermal method

Hydrothermal is the most used method, and it can control dif-
ferent crystal shapes and pore sizes by adjusting the hydrother-
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Fig. 2. Review of preparation methods for core-shell catalysts. (a) Hydrothermal
method. (b) Sol-gel method. (c) Microemulsion method. Reprinted with permis-
sion [13]. Copyright 2020, American Chemical Society. (d) Atomic layer deposition
method. (e) Co-precipitation method. (f) Flame spray pyrolysis. (g) Electrodeposi-
tion method. Reprinted with permission [14]. Copyright 2023, Elsevier. (h) Template
method. (i) Self-assembly method. Reprinted with permission [15]. Copyright 2021,
American Chemical Society. (j) Chemical deposition method.

mal temperature. Hydrothermal preparation of core-shell catalysts
is often categorized into one-step hydrothermal and two-step hy-
drothermal methods.

Hydrothermal methods generally prepare the core particles first
and then use thermal decomposition, hydrogen reduction, laser,
or plasma arc radiation to encapsulate the nanoparticles as shells
on the surface of the core particles [16]. The core-shell structure
catalysts prepared by this method have higher sulfur and water
resistance than the supported catalysts prepared by the one-step
hydrothermal method. The hydrothermal method is mainly ap-
plied to preparing nanomaterials, synthesizing compounds, crystal
growth, etc. It can also be used for preparation reactions in small
doses. Gong et al. [17] designed and controllably synthesized a se-
ries of core-shell structured hydrodenitrogenation (HDN) catalyst
supports with H-Beta zeolite nanoparticles as the core and tun-
able mesoporous materials SBA-16 thin film thickness as shell by
hydrothermal method and prepared the corresponding Ni,P cata-
lysts, then tested their catalytic performances for quinoline HDN.
The results showed that the catalyst with suitable shell thickness
(70nm) contributed to forming tiny and uniformly sized (4.6 nm)
Ni, P nanoparticles with more active sites, which improved the cat-
alytic activity. Tan et al. [18] synthesized Mn@ZSM-5 by hydrother-
mal approach and then added nano-Ag on Mn@ZSM-5 to prepare
Ag-Mn@ZSM-5 core-shell catalyst. Compared with the Ag-Mn/ZSM-
5 catalyst prepared by the traditional impregnation method, the
Ag-Mn@ZSM-5 core-shell catalyst exhibited superior catalytic per-
formance, remarkable stability, and excellent water resistance.

Zhang et al. [19] synthesized a unique structure of nickel-cobalt
(Ni-Co) nanoparticles@Nig19Cog 6P nanowires core/shell arrays on
Ni foam as a cost-effective and pH-universal electrocatalyst for
hydrogen evolution by a simple hydrothermal process and ther-
mal reduction treatment, offering promising prospects for sustain-
able hydrogen production. Liu et al. [20] utilized a two-step hy-
drothermal process to first grow a layer of NiCoO4 with spinel
structure in situ on nickel foam. Then, they encapsulated a layer
of MnO, nanoparticles and finally calcined the process to ob-
tain the MnO,@NiCo,04@Ni core-shell nanowire arrays with three-
dimensional as an overall deNOy catalyst, which was synthesized
as shown in Fig. S1 (Supporting information).
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2.2. Chemical deposition method

Chemical deposition methods generally prepare nuclear parti-
cles first, disperse them in solution, and control the reaction con-
ditions of the system to make the precursor of the shell material
react slowly or deposit, adsorb, and penetrate on the surface of
the nuclear particles [21]. Li et al. [22] prepared MnOx@CeO, cata-
lysts with a core-shell structure by a chemical deposition method,
in which the catalysts prepared by this method have strong Mn-
Ce interactions, thus enhancing the redox cycle between the two
components of the core-shell, which can effectively improve the
low-temperature activity. The CeO, shell can act as a protective
layer, first reacting with SO, to inhibit the formation of manganese
sulfate. After the addition of SO,, the NOy conversion rate in the
MnOyx catalytic system decreased by 61%, while the MnOx@CeO,
only decreased by 25%, thus demonstrating a certain sulfur resis-
tance.

2.3. Sol-gel method

The sol-gel method is a common material preparation method,
especially for synthesizing metal oxide nanoparticles. The sol-gel
method generally includes hydrolysis, polycondensation, drying,
and sintering of precursor metal alkoxides. The method first dis-
perses the core particles uniformly into the shell layer precursor
solution and then triggers the gelation reaction under certain con-
ditions. The gel is dried, sintered, and solidified, forming a coating
layer on the surface of the particles to obtain the core-shell struc-
ture catalyst. In the early research, the primary precursor used in
the sol-gel method was the organometallic alcohol solution. With
the continuous deepening of the study of this method and the
broadening of the application range, the selection of precursors
is also expanding. For example, some inorganic salts can be used.
Chung et al. [23] used the sol-gel method to encapsulate a SnO,
nanoscale film on the surface of the Au substrate, which was pre-
cisely adhered to the Au surface with uniformity and integrity.
Tariq J. Al-Musawi et al. [24] synthesized a novel core-shell pho-
tocatalyst denoted as Fe30,@SiO,@PAEDTC-doped MIL-101(Fe) by
sol-gel method and applied it for the degradation of bisphenol A
(BPA) and pyrocatechol (PCT). The catalyst achieved the highest
degradation efficiencies of 94.2% for BPA and 100% for PCT. Yao
et al. [25] synthesized a series of CeO,@Ce-O-P “multi-core@shell”
catalysts by sol-gel method and used them for deNOy. The exper-
imental results showed that the core-shell catalyst CeO,@Ce-O-P
increased the activity by about 30% compared to the pure Ce-O-
P catalyst in the presence of sulfur. However, the sol-gel method
also has some problems: First, the cost of raw materials cur-
rently used is relatively high, some of which are toxic and harm-
ful polymer organics; second, there are a large number of micro-
pores in the gel. During the drying process, a lot of gases and or-
ganic substances escape and contract, which is easy to cause shell
cracks.

2.4. Self-assembly method

The self-assembly method uses the chemical bond or electro-
static force between molecules to self-assemble nanoparticles to
the surface of core components in an orderly manner. Cu-SSZ-
13@meso-CeO, core-shell catalysts with microporous and meso-
porous structures were successfully synthesized by Xu et al. [26]
using a self-assembly technique. Firstly, Cu-SSZ-13 samples were
prepared using a one-step hydrothermal preparation technique.
Then, the in-situ cladding of mesoporous CeO, cells was accom-
plished by using a self-assembly technique to coat the CeO, shell
on the Cu-SSZ-13 surface. Finally, the product Cu-SSZ-13@meso-
Ce0O, core-shell catalyst can be obtained by drying and calcina-
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tion. The self-assembly technique can effectively synthesize the
materials with microporous and mesoporous structures Cu-SSZ-
13@meso-CeO, core-shell catalyst, and the introduction of CeO,
shell can significantly improve the low-temperature catalytic effi-
ciency, hydrothermal stability and sulfur resistance of the catalyst.
Cai et al. [15] constructed MnFeOx@TiO, double-walled nanocages
with a hollow porous structure by annealing the core-shell struc-
ture of Mn3[Fe(CN)g],-nH,0@Ti(OH)4 using an in situ self-assembly
method. It has been confirmed by a series of characterizations that
the MnFeOx@TiO, catalyst has a large specific surface area, abun-
dant structural defects and oxygen vacancies, and a strong interac-
tion between MnOy, FeOy, and TiO, shells, resulting in better cat-
alytic activity. The NO removal rate can reach 80% at 145-260 °C.
Moreover, the MnFeOx@TiO, catalyst has good thermal stability
and water resistance. Xia et al. [27] synthesized 3D Cs3Bi,Brg/FeS,
(CBBJES) heterojunctions by electrostatic self-assembly strategy,
where the CBB/FS Z-scheme heterojunction exhibited exceptional
stability and outstanding photothermal catalytic activity.

In recent years, with the increasing requirements on the per-
formance and preparation technology of catalysts with core-shell
structure, researchers have developed the layer-by-layer self-
assembly (LbL) method based on the self-assembly method to
synthesize core-shell catalysts with more complex structures and
diversified functions. The principle of LbL is to utilize electrostatic
force for layer-by-layer alternating adsorption of polymerized
dielectrics or charged particles on the surface of the core layer.
Compared with other preparation methods, LbL has more advan-
tages, such as no special requirements on the core layer material’s
composition and size, and the shell layer’s thickness can be ad-
justed by controlling the concentration of polymerized dielectrics
or the number of adsorption times. Zhang et al. [28] first func-
tionalized the surface of Fe-ZSM-5 molecular sieve with polycation
agent poly(diallyl dimethyl ammonium chloride) (PDDA) to ad-
sorb the cationic surfactant cetyltrimethyl ammonium bromide
(CTAB), and then self-assembled the negatively charged SiO, on
the surface of Fe-ZSM-5 through electrostatic attraction to form
a mesoporous SiO, shell. Fe-ZSM-5@Si0O, core-shell catalyst was
obtained after calcination and removal of organic matter.

2.5. Microemulsion method

The microemulsion method uses two kinds of insoluble sol-
vents to form microemulsion under the action of surfactant, which
then prepares nanoparticles through nucleation, coalescence, and
agglomeration. Firstly, it is necessary to select a suitable surfac-
tant, co-surfactant, oil phase, and water phase, and mix them
according to a specific ratio to form a stable microemulsion sys-
tem, and then introduce the reactants; after finishing the reaction,
carry out the product separation and treatment to get the final
desired product. Min et al. [29] prepared Fe30,@SiO, nanopar-
ticles with uniform spherical core-shell structure by the reverse
microemulsion method and then fixed Co(llI)-Salen complexes on
Fe304@Si0, nanoparticles through covalent bonding to synthesize
Fe30,4@Si0,@Co(Ill)-Salen nanocomposites. Catalytic performance
studies showed that the catalyst exhibited high yields of 99% and
100% selectivity for the ring-opening addition reaction of CO, and
epoxides under solvent-free reaction conditions. Zhu et al. [30] pre-
pared highly dispersed Ni@SiO, catalysts with a unique core-shell
structure by a one-pot microemulsion method, which synthesized
catalysts with not only spatial limitation but also strong metal-
support interactions, and the catalytic activity and stability of
the synthesized Ni@SiO, catalysts were better than those synthe-
sized by other methods. Characterization results showed that the
dispersion and sintering resistance of Ni@SiO, catalysts were sig-
nificantly improved compared with those prepared by conventional
methods.



T. He, C. Wang, Y. Liang et al.
2.6. Template method

The template method is a common catalyst preparation method.
Its basic principle is to use template materials with specific struc-
tures to make the catalyst precursor react on the pore or surface
of the template through physical, chemical, or biological methods
to prepare catalysts with particular morphology and structure.

The process of preparing core particles and covering their sur-
faces with the desired shell material is called “bottom-up” prepa-
ration. It involves both hard and soft template methods. The most
attractive of the “top-down” preparation methods, starting with
forming the shell and then introducing the core material, is the
self-templating method, in which substances’ inward or outward
migration plays an important role [31]. Boyjoo et al. [32] pre-
pared a MnO, capping layer on the surface of SiO, using SiO,
nanospheres as a hard template. They obtained SiO,@MnO, by
low-temperature redox precipitation method using the redox re-
action between KMnO4 and Mn(NOs3), at 30°C. SiO,@MnO, core-
shell spheres are calcined and the SiO, template is removed by
NaOH etching to obtain MnO, hollow spheres. Yuan et al. [33] syn-
thesized ZIF-67 hollow spheres in situ by the one-step soft tem-
plate method, including four steps: Adsorption, nucleation, in-situ
growth, and template removal. The ZIF-67 hollow spheres were air-
calcined to obtain Co304 hollow spheres (Co304-HS). Then, HAuCl,
solution and sodium citrate solution were added to the ami-
nated Co304-HS; after stirring and centrifugation, Au/Co304-HS
was obtained, and finally, SiO, was deposited as a shell layer,
successfully preparing the core-shell structured gold-based cat-
alyst mSiO,/Au/Co304-HS. Due to the core-shell structure, the
mSiO,/Au/Co304-HS catalyst maintained excellent reusability and
stability over five consecutive cycles.

In practical applications, direct preparation without additional
templates is desirable, which can significantly reduce the cost
of preparation. The self-template method generally consists of
two steps: Synthesizing the template nanomaterial and convert-
ing the template into a hollow structure. Self-templating meth-
ods have been developed based on different principles, including
surface-protected etching, Ostwald ripening, the Kirkendall effect,
galvanic replacement, and so on [34]. Li et al [35] synthesized
TiO,@NM/Ni;g ¢ hollow double-shell layer heterostructures in situ
using tannic acid as a protecting agent. Usually, NM/Nig ¢ is un-
stable in water and will be hydrolytically etched into TiO, parti-
cles. Researchers utilized the instability and selected tannic acid
as a protective agent for the NM/Niygy outer layer. The forma-
tion of Ti*t/Ti3+ double-cycle electron transfer channels between
NM/Nijg ¢ and TiO,, as well as the strong built-in electric field es-
tablished by the type-II heterojunction accelerated the separation
and transport of photogenerated supports, which greatly improved
the catalytic efficiency.

2.7. Other methods

In addition to the above six widely used methods for preparing
core-shell catalysts, there are other preparation methods, such
as atomic layer deposition, electrodeposition, co-precipitation,
flame spray pyrolysis. The atomic layer deposition method enables
the precise regulation of the shell layer thickness of core-shell
catalysts down to the atomic scale. Zhang et al. [36] combined
the deposition-precipitation (DP) method with the atomic layer
deposition (ALD) method to prepare a large number of Au@Pd/SiO,
catalysts on SiO, carriers by precisely regulating the Au core size
and Pd shell thickness. Au@Pd catalysts with shell thicknesses of
2-3 layers obtained record-high activities in the benzyl alcohol
oxidation reaction. Zhao et al. [37] first prepared PtCus/C nanopar-
ticles by wet chemical method, then deposited Pt shells on PtCus/C
by atomic layer deposition (ALD) technology and successfully syn-
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thesized a series of PtCus;@Pt/C core-shell catalysts. Changing the
number of ALD cycles between 1 and 6 to precisely adjust the
Pt-shell thickness revealed that four ALD cycles can deposit about
one layer of Pt atoms on the surface of PtCus nanoparticles. The
Pt-shell thickness of the PtCuz@Ptpp.4/C catalyst fully met the
requirements of the ideal core-shell structure, showing the best
catalytic performance of all catalysts. Wen et al. [14] prepared
OER electrocatalysts Fe-Ni-S@CoSe,/NF with Fe-Ni-S nanoparticles
encapsulated on the surface of CoSe, ultrathin nanosheets using
nickel foam (NF) as a substrate by a two-step electrodeposition
method. The incorporation of Fe-Ni-S significantly improved the
OER and water electrolysis performance of Fe-Ni-S@CoSe,/NF
composites. Zhang et al. [38] synthesized trimetallic heteroge-
neous core-shell nanoboxes based on Prussian blue analogues
(Ni-Co@Fe-Co PBA) with by iterative co-precipitation method.
Ni-Co PBA truncated nanoboxes were prepared using potassium
hexacyanocobaltate(Ill) as an organic linker and nickel ions as
metal nodes. Then, under the same reaction conditions, Fe-Co PBA
shells were synthesized with identical ligands and ferrous ion
nodes. Finally, the highly active Ni-Co PBA core was wrapped in
the strong Fe-Co PBA shell to obtain Ni-Co@Fe-Co PBA nanoboxes
with core-shell structure. FSP, as an innovative and advanced
method for synthesizing nanomaterials, plays a crucial role in
producing various metal oxide nanoparticles with customized
morphologies and compositions. By skillfully tuning the operating
parameters—such as precursor solution concentration, solvent
type, flame temperature, oxygen-fuel ratio, and residence time
of the particles in the flame zone—the researchers can efficiently
control the nanoparticle size, distribution, and phase composition
[39]. Zhou et al. [40] prepared core-shell catalysts CuOx@SiO, by
flame spray pyrolysis (FSP), the FSP system is shown in Fig. S2
(Supporting information). The precursor solutions were fed into
the nozzle via a syringe pump to form a spray. CuOx nanoparticles
were formed in the spray flame through pyrolysis, nucleation,
surface growth, coagulation, and coalescence. Then, the precursor
vapors of the shells were introduced into the spray flame to form
the SiO, coatings. Finally, the CuOx@SiO, particles were collected
on a glass filter above the combustor by a vacuum pump. FSP is a
one-step and sequential method to synthesize nanomaterials with
high thermal stability, high crystallinity and high purity.

2.8. Comparison of preparation methods

We have summarized the advantages and disadvantages of dif-
ferent methods (Table S1 in Supporting information), which vary in
terms of controllability, efficiency, cost and product quality. High-
precision preparations (e.g., atomic layer deposition, self-assembly
methods) are often accompanied by high cost or material limita-
tions; however, the low-cost methods (e.g., chemical deposition,
electrodeposition) are susceptible to the influence of reaction con-
ditions or contamination issues; meanwhile, the preparation meth-
ods under mild-conditions (e.g., sol-gel, microemulsion methods)
face challenges such as cracking or residues. Overall, method se-
lection must be combined with the precision requirements of the
target material, production scale and environmental friendliness.

Based on the above characteristics, we can briefly analyze the
applicable scenarios of each preparation method: Chemical depo-
sition and electrodeposition can be used for large-scale produc-
tion; atomic layer deposition is suitable for high-precision small-
scale preparation; self-assembly or atomic layer deposition can be
chosen for those with special requirements on the thickness of
the shell layer, and the template or sol-gel method is suitable
for the porous structure; the catalytic system that needs to reg-
ulate the structure of the pores can be chosen. The hydrother-
mal method can control the mesoporous structure of the shell
layer by adjusting the hydrothermal temperature and time. To ad-
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dress the challenges of high cost and complex processes associ-
ated with core-shell catalysts, the improvement efforts should fo-
cus on optimizing low-cost preparation methods (e.g., electrode-
position, co-precipitation), reducing by-products (e.g., adopting
green reagents or biodegradable templates), and synergizing with
composite methods (e.g., combining sol-gel and self-assembly).
Meanwhile, the efficient, environmentally friendly, and economical
preparation of core-shell catalysts can be achieved through scale-
up adaptation (continuous flow reactors) and the precise applica-
tion of high-cost technologies (e.g., atomic layer deposition is used
only for critical steps).

3. Application of core-shell catalysts in atmospheric pollutant
control

Due to their unique structure, the core-shell catalysts can
effectively enhance the interaction between the core and shell
components and show better catalytic activity and stability than
the traditional supported catalysts. Meanwhile, due to the signif-
icant mobility and relatively small concentration of atmospheric
pollutants, the relatively closed micro-environment inside the
core-shell catalysts is conducive to the enrichment and adsorption
of the atmospheric pollutants and thus has received extensive
attention from many scholars. At present, core-shell catalyst has
some application research in the field of atmospheric pollutant
control, especially in the three-way catalytic purification, catalytic
combustion of VOCs, and NH3-SCR, as shown in Fig. S3 (Sup-
porting information). The following will review the three aspects,
especially the research progress of core-shell catalysts in deNOx.

3.1. Three-way catalytic

The primary pollutants in gasoline vehicle exhaust are nitro-
gen oxides (NOyx), carbon monoxide (CO), and hydrocarbons (HC),
which can cause environmental problems such as acid rain and
photochemical smog when discharged into the atmosphere. At
present, the three-way catalytic technology is one of the most ef-
fective technologies in the gasoline vehicle engine external pu-
rification technology, and the three-way catalyst (TWCs) has been
proven to be the most effective material to reduce the automobile
exhaust emissions because of its high selectivity of CO, HC, and
NOy in the automobile exhaust. The noble metals platinum (Pt),
rhodium (Rh) and palladium (Pd) have excellent activity in lower-
ing the reaction temperature and are often used as the main active
components of TWCs, but the noble metals have the disadvantages
of scarce resources and high prices; On the other hand, Al,03 with
high specific surface area, CeO, with high oxygen storage capac-
ity, and ZrO, with mechanical stability are widely used as supports
for TWCs [41-43]. However, the poor heat resistance of these sup-
ports may lead to severe sintering and collapse of the catalyst at
high temperatures [44,45]. In addition, weak interactions between
the active centers and the supports cause the catalyst to migrate
and aggregate, leading to catalyst deactivation. Therefore, devel-
oping catalysts with high catalytic efficiency, low cost, and good
stability is of great research significance. Currently, the core-shell
structure has been utilized to enhance the interaction between the
active components of the noble metal and the support, improve
the dispersion of the metal, and inhibit the migration and aggre-
gation of the active components [46].

Ozawa et al. [47] proposed a new method using core-shell
Ce0,/Zr0,(csCZ) as a support to reduce the Pt content in a TWC.
Analysis showed that 0.1wt% Pt/csCZ had better activity than
0.1wt% Pt/CeO,. The core-shell CeO,/ZrO, support enhanced the
catalytic activity of the low-content Pt catalyst. Due to the separa-
tion morphological characteristics of CeO, nanoparticles on ZrO,,
the agglomeration of Pt was inhibited, and the csCZ support plays

Chinese Chemical Letters 37 (2026) 112113

an essential role in the reduction of Pt. Wei et al. [48] intercalated
well-dispersed Pd nanoparticles into halloysite nanotubes (HNTs)
to form Pd@HNTs. The results showed that PA@HNTs have good
dispersion and stability due to the strong interaction between Pd
and HNTs with Schiff base ligands and the high thermal resistance
of HNTs as a sintering barrier. Then, a CeO, film was coated on
the PA@HNTs to form a Ce@Pd@HNTs catalyst, and CeO, acted as
a promoter and a protector to provide more oxygen vacancies for
promoting NO reduction and CO and C3Hg oxidation, thus further
improving the catalytic activity. The performance of more core-
shell catalysts in three-way catalytic studies is listed in Table S2
(Supporting information) [49-55].

3.2. Catalytic combustion of VOCs

Volatile organic compounds (VOCs) are a kind of pollutant that
can cause serious harm to the atmospheric environment, mainly
from transportation, industrial production processes, and life ac-
tivities, etc. VOCs can contribute to the formation of photochem-
ical smog and destroy the ozone layer. The catalytic combustion
method is one of the most promising methods for dealing with the
above problems because of its apparent advantages, such as low
ignition temperature, less energy consumption, high treatment ef-
ficiency, and no secondary pollution [56]. Precious metal catalysts
are the industry’s most widely used VOC catalysts, with advantages
like superior low-temperature activity, long service life, and good
selectivity. The activity of precious metal catalysts is usually bet-
ter than non-precious metal oxide catalysts. However, the disad-
vantage is that it is easy to be poisoned by carbon, chloride, or
water vapor on the catalyst surface. The catalytic properties of pre-
cious metal catalysts are related to their content, dispersion, oxida-
tion state, and interaction with the support [57,58]. Constructing
a core-shell structure can improve the dispersion of the precious
metal catalyst. In addition, enhancing the interaction between the
precious metal and the support can improve the low-temperature
catalytic activity.

Peng et al [59] prepared a linear core-shell catalyst (Pt-
Ce0,NW@Si0,) by reverse-micellar emulsion. Due to the high dis-
persion of platinum, strong Pt-CeO, interaction, and the protective
effect of porous silicon shell on Pt nanoparticles, Pt-CeO,NW@SiO,
had a high low-temperature catalytic efficiency in toluene catalytic
activity experiments (1000 ppm, GHSV =20,000mL g-! h-1), and
the conversion of toluene can reach 90% at 170°C. The unique
core-shell structure also retained excellent sintering resistance
up to 700°C for 100h. Ren et al [60] proposed a bottom-down
design to prepare ZIF-derived Co304, denoted as o-MnO,@Co30y,
grown in situ on a one-dimensional (1D) «-MnO, material. The
obtained «-Mn0O,@Co30,4 catalyst required a temperature of about
229°C to reach 90% toluene conversion, which exhibited excellent
catalytic activity compared with the pure MnO, and Co304 cata-
lysts, and the synergistic effect derived from the coupled interface
established between «-MnO, and Co304 was the main reason for
the improved catalytic activity. The increased number of adsorbed
oxygen species on the surface accelerated oxygen transport and
enhanced the redox pairs of Mn*+/Mn3+ and Co?t/Co3*. In addi-
tion, the «-MnO,@Co30,4 catalyst exhibited excellent stability and
water resistance to the toluene oxidation reaction. He et al. [61]
used a facile and eco-friendly method to prepare Al,03@CoMn;04
core-shell microspheres with a hollow hierarchical structure.
Introducing hollow Al,03 led to a well-defined hollow layered
structure, resulting in a more accessible active site and enhancing
the interaction between CMO nanosheets and Al,03; nanospheres.
In addition, adding Pd NPs further improved the catalyst’s reduc-
tion capacity, oxygen mobility, and storage capacity, so the 1%
Pd/h-Al@4CMO catalyst was successfully synthesized. The catalytic
activity test for VOCs was carried out, and the results showed that
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toluene, benzene, and ethyl acetate could achieve 100% conversion
at 165, 160, and 155°C, respectively. And 1% Pd/h-Al@4CMO has
excellent catalytic activity for the three kinds of VOCs, which is a
promising catalyst for VOC combustion.

Other core-shell structures, such as Pt-Ni(O)@SiO, [62] and
Al,03@Pd-CoAlO [63], also exhibited significant catalytic perfor-
mance in the low-temperature combustion of toluene. The perfor-
mance of more core-shell catalysts in catalytic combustion of VOCs
studies is listed in Table S2 [64-76].

3.3. NH3-SCR

Nitrogen oxides (NOyx) from fossil fuel combustion and diesel
exhaust emissions cause environmental problems such as photo-
chemical smog, acid rain, and the hole in the ozone layer, as well
as increasing threats to human life and health. Ammonia selec-
tive catalytic reduction (NH3-SCR) is one of the most efficient and
widely used deNOy technologies.

Wang et al. [77] synthesized MnCeOx@PrCeOy core-shell deNOx
catalysts with hollow structures by chemical precipitation method.
The large specific surface area and well-dispersed active sites of
the MnCeOx@PrCeOx catalyst, together with the strong interactions
among Ce, Mn, and Pr, resulted in the catalyst exhibiting remark-
able NH3-SCR activity, with >90% NO conversion and 100% N,
selectivity at 90-270°C. Bai et al. [78] prepared core-shell structure
catalyst Co304,@CoMn,0,4 through the decomposition of ZIF-67
and the introduction of manganese and used it for the selective
catalytic reduction of nitrogen oxides (NH3-SCR) with ammonia.
Cobalt and manganese oxides showed good catalytic activity in the
SCR reaction at low temperatures, but N,O was easily generated
when the temperature was higher than 200 °C. Core-shell structure
catalyst Co304@CoMn,0,4 exhibited excellent NOyx conversion at
90-270°C, and the addition of SO, and H,O inhibited the forma-
tion of N,O, and the selectivity of N, was significantly improved.
Xu et al. [26] prepared Cu-SSZ-13@meso-CeO, core-shell catalysts
with microporous and mesoporous structures by self-assembly
technique. Due to introducing the CeO, shell layer, the synergistic
effect between the reducing substances increased the number
of acidic sites and Cu?t—2Z substances. It enhanced the redox
capacity, which resulted in the excellent deNOx activity of Cu-SSZ-
13@meso-CeO, catalysts, with the NO conversion rate of >90% at
175-470°C. Core-shell catalysts have a wide range of applications,
and the performance of many core-shell catalysts in the study of
NH3-SCR is listed in Table S2 [79-94]. To highlight the advantages
of core-shell catalysts, we have listed some deNOy performance
data of conventional catalysts in Table S2 [95-100], it can be
observed that core-shell catalysts achieve higher deNOx efficiency
at lower temperatures.

3.4. Applications in pollutant synergistic control

In addition to its wide application in single pollutants purifi-
cation, the core-shell catalysts also demonstrate significant advan-
tages in multi-pollutant synergistic control, with efficient and sta-
ble catalytic performance. For example, Li et al. [101] synthesized
a core-shell structured catalyst, Cu-SSZ-13@Mn;,Cu;Al;Ox, by an
in situ growth method, which achieved simultaneous 100% re-
moval of VOCs and NOy at 300°C through charge transfer and
multiple active sites in the core-shell structure, while exhibiting
excellent water resistance. Similarly, Pan et al. [102] designed a
MnO,@CeO,@MgO core-shell catalyst applied for the simultaneous
removal of NOx and chlorobenzene (CB). The protective effect of
the MgO shell was utilized to significantly enhance the synergistic
removal efficiency of CB and NOy in SO,-containing environments.
The sulfur resistance was attributed to the preferential reaction of
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MgO with SO, to form sulfate, protecting the core active compo-
nent and increasing the proportion of lattice oxygen. These studies
show that the core-shell structure can not only optimize the redox
properties and distribution of acidic sites in the catalyst but also
inhibit the competitive adsorption of pollutants through the syn-
ergistic effect between components, thus providing an innovative
solution for the efficient synergistic control of multiple pollutants
in complex industrial exhaust gases.

4. Progress of core-shell catalysts in deNOx
4.1. Commonly used core-shell catalysts in deNOy

Researchers need to develop catalysts with excellent low-
temperature activity, strong poisoning resistance, and good hy-
drothermal stability to solve the challenges faced by current deNOx
catalysts. The composition of core particles and shell mainly deter-
mines the performance of the core-shell catalyst. In general, the
active components are used as core particles. The shell layer com-
ponents do not have catalytic activity. The shell layer mainly plays
a protective role to avoid poisoning and inactivating the active
components in contact with SO,, H,0, and other harmful compo-
nents. A few researchers have prepared core-shell deNOx catalysts
with active sites on the core and the shell simultaneously [20,86].
The NO in the gas stream is first oxidized to NO, in the shell layer,
which can realize the “fast SCR” reaction, and the strong interac-
tion between the core and shell components accelerates the redox
cycle to improve the low-temperature catalytic activity. As shown
in Fig. 3, the commonly used components of core-shell catalysts for
deNOx mainly include TiO, [88], SiO, [40], CeO, [103], and molec-
ular sieve [95]. The paper will review these four types of core-shell
catalysts for deNOy based on the properties and functions of the
above commonly used components.

4.1.1. TiOy-based core-shell catalysts

TiO, is widely used in deNOx as the support of supported cat-
alysts, especially vanadium-based catalysts with TiO, as the sup-
port have become commercial deNOx catalysts. Although many
researchers have been involved in the preparation of TiO,-based
core-shell catalysts, the TiO,-based core-shell catalysts used in
NH;5-SCR reactions reported in most works of literature are mainly
materials with metal oxides as the core and TiO, as the shell.
Most of the TiO,-based core-shell deNOy catalysts previously re-
ported used titanium nanotubes as shells [88,104]. Granular metal
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oxide@TiO, core-shell catalysts have been gradually synthesized
for NH3-SCR reaction [84,97]. The mesoporous structure and abun-
dant acid sites of the TiO, shell prevent the formation of am-
monium sulfate species and act as an effective barrier to inhibit
the sulfation of the active center, resulting in high SO, resistance.
Meanwhile, TiO, shell coated on the outer surface of metal parti-
cles can also act as an effective barrier to prevent the aggregation
of metal particles, thus improving the thermal stability of the cat-
alyst [104].

Jiang et al. [105] developed a new low-temperature SCR cat-
alyst, Cu-HPMo/TiO,, with a core-shell structure. The test results
showed that the deNOy efficiency of Cu(3)-HPMo/TiO, at 200°C
was close to 99%, and the Cu(3)-HPMo/TiO, had a firm surface
acidity, which inhibited the adsorption of SO, and showed a good
anti-SO, performance at the SO, concentration of <400 ppm.
Huang et al. [7] elaborated and prepared the nanocage-confined
composite catalyst TiO,@CeMnOx-NC by directional hydrolytic
etching of MIL-125. MnOyx was encapsulated in the cavities of
TiO, nanocages, and CeO, was mainly anchored on its outer
surface. Characterization results revealed that amorphous TiO,
formed after annealing, and CeO, with fluorite cubic structure
inhibited the crystallization of MnOy clusters, which led to strong
metal loading interactions between Ce/Mn oxides and TiO,.
Therefore, the catalyst exhibited excellent NH5-SCR catalytic per-
formance over a wide temperature range. In addition, thanks to
the double protection of TiO, nanocages and CeO, on the outer
surface, the MnOx encapsulated in the cavity could be effectively
protected from water vapor and SO, in the flue gas, thus ex-
hibiting good water and sulfur resistance. As shown in Fig. S4
(Supporting information), TiO,@CeMnOx-NC has better catalytic
activity, water resistance, and sulfur resistance compared to other
catalysts.

4.1.2. SiOy-based core-shell catalysts

Nano-SiO, has potential application value in catalyst and cata-
lyst supports due to its advantages of large specific surface area,
high porosity, and abundant acidic sites [106,107], so it is one of
the commonly used catalyst supports. Zhou et al. [40] selected SiO,
as shell material and CuOy as core material to synthesize core-shell
catalyst MnOx@SiO, with high thermal stability, crystallinity, and
purity by flame spray pyrolysis (FSP). The results of the activity
tests showed that CuOx@SiO, possessed a higher N, selectivity and
better thermal stability than CuOx. SEM and TEM results showed
that the core-shell structure significantly improved the sintering
resistance of CuOx@SiO,.

Meso-SiO, shells are easily obtained by colloidal chemical
methods [108]. Therefore, the main focus is preparing SiO,-based
core-shell catalysts applied in NH3-SCR reactions using Meso-SiO,
as the shell material. Zhang et al. [109] synthesized a catalyst
Si0, @FeCeOx/CNTs with a core-shell structure, as shown in Fig. S5
(Supporting information), which improved the stability and SO, re-
sistance of the catalyst by establishing an effective barrier in the
SiO, shell layer, hindered the generation of FeSO, and inhibited
the reduction of chemisorbed oxygen as compared to FeCeOx/CNTs
without SiO, encapsulation. Although the SiO, shell layer was ben-
eficial in improving the catalytic performance and sulfur resistance,
excessive SiO, rather decreased the catalytic activity because the
SiO, shell layer improved the catalytic performance of the catalyst
by increasing the catalyst’s specific surface area and chemisorbed
oxygen content, and excessive SiO, could lead to an increase in
the catalyst’s acidic sites, and the higher acid strength adsorbs too
much NHj, which could not be efficiently used for the conver-
sion of NO to N, and thus inhibited the catalytic activity. There-
fore, when SiO,-based core-shell catalysts are applied to deNOx,
the amount of SiO, added, that is, the thickness of the Meso-SiO,
shell layer, should be fully considered.
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4.1.3. CeO,-based core-shell catalysts

CeO, has robust oxygen storage and release capacity. It is often
added as an additive to the catalyst system to improve the redox
properties and low-temperature activity [110]. Nkinahamira et al.
[111] synthesized a series of In/H-Beta@Ce core-shell catalysts us-
ing In/H-Beta as the core and CeO, as the amorphous shell. They
investigated the effect of challenging conditions, such as SO, and
H,0, on deNOy performance. The results showed that the amor-
phous CeO, shell layer enhanced the SO, and H,O tolerance by
stabilizing the InO* active site, promoting redox cycling, and re-
ducing the formation of sulfate substances, significantly improving
the catalyst’s performance. CeO,-based core-shell deNOx catalysts
reported in many works of literature are divided into two cate-
gories. One is CeO, as a core material, which acts as the main ac-
tive component or additive to enhance the low-temperature activ-
ity of the catalyst [84]. The second is that CeO, is used as the shell;
the CeO, shell primarily serves as a sacrificial site to preferentially
contact and react with SO,, thereby protecting the active center
from sulfation and enhancing the sulfur resistance of the catalyst
[22].

Liu et al. [103] prepared a MoFe/Beta@CeO, core-shell catalyst
with a nanoscale Beta support MoFe bimetallic oxides as the core
and a CeO, film as the shell layer. The results of NH3-SCR tests on
NO showed that the activity of the MoFe/Beta@CeO, catalyst was
significantly better than that of the catalyst without the CeO, shell
layer. In the presence of 100 ppm SO,, the catalytic performance of
the MoFe/Beta@CeO, catalyst was almost unaffected, and the NOx
conversion was still maintained at about 98%, indicating that the
MoFe/Beta@CeO, catalyst has strong resistance to SO, poisoning.
The characterization showed that the CeO, shell layer could ef-
fectively inhibit the formation of ammonium sulfate substances at
low temperatures, preventing SO, from poisoning the active com-
ponents on the MoFe/Beta@CeO, catalyst. The migration and ag-
gregation of active metal oxides were prevented at high tempera-
tures, which improved the stability of the catalyst. Chen et al. [95]
prepared Fe-ZSM-5@CeO, core-shell structure catalyst. The syner-
gistic effect between Fe-ZSM-5 and CeO, promoted the redox cy-
cle between Ce3+/Ce*t redox-couple and high-rate active oxygen
species. Reactive oxygen species in the CeO, shell promoted the
conversion of NO to NO,, which was conducive to rapid SCR. The
formed NO, also activates Fe2t/Fe3+ redox-couple, providing an
additional redox cycle promoting rapid SCR. CeO, shell could also
improve the sulfur and water resistance of Fe-ZSM-5. When Fe-
ZSM-5@Ce0, was exposed to 10% H,0 and 100 ppm SO,, the NOx
conversion rate decreases by 8%, showing excellent sulfur and wa-
ter resistance.

4.1.4. Molecular sieve-based core-shell catalysts

Molecular sieves are widely used in synthesizing catalytic ma-
terials because of their hydrophobicity, large specific surface area,
abundant acidic sites, and good structural stability. Currently,
the application of ion-exchanged molecular sieves in NH3-SCR
is becoming increasingly attractive, among which Fe or Cu ion-
exchanged molecular sieves are more widely studied and applied.
The main reasons hindering their practical applications are the
poor low-temperature activity, hydrothermal stability, and sulfur
resistance of ion-exchanged molecular sieve catalysts. Constructing
a core-shell structure is conducive to improving the performance
of ion-exchanged molecular sieve catalysts. In preparing core-shell
deNOy catalysts, ion-exchanged molecular sieves can be used as
both the core material and the shell layer.

Jia et al. [8] designed and prepared a bifunctional core-shell
catalyst Cu-SSZ-13@Ce( 75Zry 250, (Cu-SSZ-13@CZ0) with Cu-SSZ-
13 as core and dispersed CZO as a shell by using hydrothermal
induced self-assembly method. They systematically studied the ac-
tivity of Cu-SSZ-13@CZO for the selective reduction of nitrogen ox-
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ides (NOy) with ammonia. The results showed that the NOx con-
version rate of Cu-SSZ-13 was almost 100% in the temperature
window of 275-475°C, compared with the original Cu-SSZ-13 at
350-450°C. In addition, the CZO shell could serve as the sacri-
fice site of the Cu-SSZ-13 active core, protecting the Cu-SSZ-13
active core from SO, poisoning formed by Ce;(SO4)3. When the
molecular sieve is used as the shell material, the adsorption acti-
vation process of NH; and NO is significantly affected by the shell
composition, pore structure, and thickness. Microporous molecu-
lar sieves such as SAPO and SSZ-13 are unsuitable as shell mate-
rials because the diffusion resistance limits the reactant’s acces-
sibility to the active site on the core of the core-shell catalyst
[112].

Chi et al. [113] prepared a CeO,@Fe-ZSM-5 (CeO, as core and
Fe-ZSM-5 as shell layer) hollow-structured catalyst with signifi-
cantly better H,0/SO, tolerance than CeO, and Fe-ZSM-5 catalysts.
The Fe-ZSM-5 shell layer could oxidize NO to NO,, preventing the
agglomeration of nano-CeO, and avoiding the direct contact be-
tween CeO, and SO,. The hollow structure reduced the ineffective
region of the catalyst and improved its internal efficiency.

4.1.5. Multidimensional comparative analysis of core-shell catalyst
systems

The performance of core-shell catalysts for deNOx applications,
which require a balance of low-temperature activity, resistance to
poisoning, and hydrothermal stability, depends primarily on the
selection of core-shell components. TiO,-based core-shell catalysts
exhibit excellent low-temperature activity and sulfur resistance but
are less stable at high temperatures than other systems, making
them suitable for low and medium-temperature flue gases; SiO,-
based core-shell catalysts are ideal for high sulfur and water va-
por environments under high hydrothermal stability and the in-
ert protective shell layer, though they rely on the core layer for
active sites; CeO,-based core-shell catalysts are excellent in low-
temperature deNOy due to their outstanding oxygen storage ca-
pacity and redox properties, but need to be optimized for sulfur
resistance; molecular sieve-based core-shell catalysts have regular
pores and firm acidity, and have excellent high-temperature sta-
bility, but are costly and sensitive to sulfur. Future research direc-
tions can further enhance the comprehensive performance of core-
shell catalysts through the design of composite shell layers, such
as a Ti0,-Si0, hybrid shell layer that exhibits both high activity
and stability. Acid modification strategies, including the grafting of
acidic sites onto inert shell layers (e.g., SiO,), represent a viable
approach to further optimize the comprehensive performance of
core-shell catalysts. This modification method enables the catalysts
to better adapt to diverse industrial application scenarios and fulfill
specific functional requirements.

4.2. Advantages of core-shell catalysts in deNOy

Core-shell catalysts are widely used in air pollutant control, es-
pecially in removing nitrogen oxides with relatively more applica-
tions. In actual operation, fossil fuel combustion and diesel exhaust
contain not only a large amount of NOy but also SO,, H,0, and
some acid gases such as HCIl, which can cause problems such as
agglomeration of active species on the catalyst, structural collapse,
and poisoning deactivation. Protecting the active sites from poi-
soning inactivation and enhancing the catalyst’s hydrothermal sta-
bility is necessary to meet various complex operating conditions.
The unique structure and excellent performance of core-shell cata-
lysts enable their broad application in addressing the limitations of
existing deNOy catalysts. The paper will review the advantages of
core-shell catalysts in the selective catalytic reduction of nitrogen
oxides by ammonia from the following three aspects.
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4.2.1. Cooperative interaction

The core-shell structure exhibits excellent corrosion resistance
and enhanced stability, while the newly-formed active heterointer-
face demonstrates favorable synergistic effect [114]. Because of its
unique structure, the core-shell catalyst can maximize the inter-
face area of the interaction between the “core” and “shell” com-
ponents and fully play the synergistic effect between different ele-
ments. At the same time, it can effectively improve the dispersion
of each component and reduce the amount of expensive metals.
Wang et al. [115] prepared a core-shell deNOy catalyst Fe30,@TiO,
with Fe304 as core and TiO, as shell and investigated the catalytic
efficiency of Fe304@TiO, core-shell catalyst and Fe304/TiO, sup-
ported catalyst in desulfurization and deNOy process. The results
showed that the core-shell catalysts were superior to those sup-
ported in physicochemical properties, removal efficiency, and sta-
bility. The characterization results yielded that the core-shell cata-
lysts with very favorable pore structure and large specific surface
area contribute to the enhancement of low-temperature catalytic
activity through the synergistic interaction between the core and
shell components, which promotes redox pairing cycling, main-
tains high Fe?+ concentration and accelerates H,0, activation for
NO oxidation. Zhang et al. [28] prepared a Fe-ZSM-5@Ce/Meso-SiO,
core-shell catalyst. The characterization results showed that Ce was
mainly distributed in the pores of the Meso-SiO, shell layer rather
than on the outer surface of the shell layer. The Meso-SiO, shell
layer had abundant pores and a large specific surface area, which
was mainly used to increase the catalyst’s specific surface area and
improve the dispersion of the active component Ce. Thus, part of
the NO in the gas stream is oxidized to NO, by Ce on the shell
layer and then, together with the remaining NO gas, undergoes
a rapid SCR reaction on the Fe-ZSM-5 core layer, which was effi-
cacious in improving the catalyst’s low-temperature activity. Jiang
et al. [116] synthesized the core-shell Cu/Beta@CeO, catalyst us-
ing Cu/Beta as the core and CeO, as the shell by the self-assembly
method for simultaneous removal of NO and toluene. The test re-
sults showed that the CeO, shell increased the number of Brgnsted
acid sites and promoted the adsorption of NH; and toluene. The
intense Cu-Ce core-shell interfacial interaction generated Ce3*+ and
isolated Cu?* in large amounts, which played an important role
in improving catalytic performance. Compared with a series of
copper-doped Cu/Beta@CeO, catalysts, 1.5% Cu/Beta@CeO, showed
the most substantial core-shell interaction and better catalytic per-
formance. NO removal efficiency exceeded 80% in the range of
250-400°C, and Tsq and Tgg of toluene were 157°C and 298 °C,
respectively. Furthermore, 1.5 %Cu/Beta@Ce0O, showed strong resis-
tance to SO,.

4.2.2. Poisoning resistance

The shell components of core-shell catalysts often have a
protective effect, which can effectively reduce the exposure of the
active site to SO,, H,0, and other harmful components, prevent
the sulfation of the active components and the formation of
byproducts such as ammonium bisulfate to a certain extent, and
inhibit H,O and some acidic gases leading to catalyst poison-
ing inactivation. At the same time, the shell can be used as an
effective barrier to prevent the agglomeration of nanoparticles
at high temperatures and enhance the thermal stability of the
catalyst. Zhang et al. [117] introduced a novel core-shell composite
material, Cu/SSZ-13@Ce0,. Characterization results indicated that
encapsulating Cu/SSZ-13 with a CeO, shell markedly enhances hy-
drothermal stability by maintaining the functionality of [Cu(OH)]*
active sites and averting their deactivation. Yang et al. [118] de-
veloped a novel Fe30,@TiO,-Ce core-shell catalyst for removal by
the heterogeneous Fenton method. The characterization results
showed that the number of TiO, particles encapsulating the Fe304
core increased significantly after Ce doping, indicating that Ce
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doping affected the hydrolysis of tetrabutyl titanate (TBOT) and
promoted the deposition of TiO, on the surface of Fe;0,4. The shell
layer of TiO, had a protective effect on the core of Fe;04, and the
doping of Ce could enhance the water resistance of the catalysts by
preventing the entry of H,O into the interface of the two phases
and inhibiting the formation of hydroxyl groups at the active sites.
Zhang et al. [119] prepared the core-shell structured catalyst meso-
Cu-SSZ-13@MAS (mesoporous aluminosilicate) using a combination
of alkaline desilication and self-assembly. The hydrothermal aging
Cu-SSZ-13 and meso-Cu-SSZ-13 catalysts lost the NH3-SCR activity,
and the core-shell structured meso-Cu-SSZ-13@MAS catalysts still
showed better activity. The EPR results showed that hydrothermal
treatment had significantly different effects on the active sites
of the three catalysts. As can be seen from Figs. 4a-c, two major
Cu?+ species (labeled as o and B) were present in the three
fresh samples. After hydrothermal aging, the o and S species in
Cu-SSZ-13 and meso-Cu-SSZ-13 decreased, and new Cu?t species
(labeled as y) appeared, indicating the collapse of the zeolite
structure in both samples. In contrast, both @ and g species on
meso—-Cu-SSZ-13@MAS had minimal changes, and almost no y
species were formed, suggesting the high hydrothermal stability
of meso-Cu-SSZ-13@MAS. In addition, propene caused coke depo-
sition on the active component, reducing catalytic performance. In
contrast, the meso-Cu-SSZ-13@MAS catalyst had fewer active sites
for propylene oxidation reaction, so the catalyst also had a high
resistance to propylene poisoning. Yan et al. [96] mainly adopted
the idea of the synergistic effect of shielding and protective effects
with acid redox. Using the dry gel transformation method, they
synthesized the core-shell structured catalyst MnCeOx@Z5 with
a mesoporous zeolite (ZSM-5) as the shell and Mn-Ce composite
oxides as the core. The shell layer of the MnCeOx@Z5 catalyst
reduced the active component’s contact with SO,, which could
inhibit the sulfation of active metal oxides to a certain extent.
At the same time, the mesoporous ZSM-5 shell layer could also
effectively inhibit the reaction between adsorbed SO, and NH;
species, reducing the formation of sulfate and avoiding the clog-
ging of shell pores by sulfate species. In addition, the ZSM-5 shell
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layer in the MnCeOx@Z5 catalyst was inherently hydrophobic and
exhibited a certain degree of resistance to poisoning even in the
atmosphere containing water and sulfur. As shown in Fig. 4d,
when 100 ppm of SO, and 5vol% H,0 were jointly introduced at
300°C, the NO conversion decreased from 100% to 75% for the
MnCeOx@Z5 catalyst. Whereas the NO conversion of the supported
catalyst, MnCeOy/Z5, rapidly decreased by 50% under the same
conditions, indicating that the formation of a core-shell structure
is beneficial for improving the sulfur resistance of the catalyst.

In addition to SO, and H,O, the catalyst can be poisoned by
other flue gas impurities, including alkali and alkaline earth metals
such as K, Na, Mg, and Ca [11]. Liu et al [120] designed and con-
structed Fe/Beta@meso-CeQ, core-shell catalysts with abundant
mesoporous by template-assisted self-assembly. Through the coat-
ing of mesoporous CeO, shells, K was prevented from entering the
interior of the catalyst, and the exchange of K with isolated iron
ions was effectively prevented, avoiding the formation of Fe,Oy
clusters. The CeO, shells also increased the chemisorbed oxygen
species and promoted the formation of reactive NO, and cis-N,0,~
species, further improving the catalysts’ anti-potassium poisoning
performance. After potassium poisoning, the NOy conversion of the
Fe/Beta@meso-Ce0Q, catalyst was significantly higher than that of
the Fe/Beta catalyst with an uncoated CeO, shell, especially in the
high-temperature region (>375 °C). Reasonable design of core-shell
structure, protection of acidic sites, optimization of pore structure,
and introduction of alkali metal-resistant additives can effectively
improve catalysts’ alkali metal poisoning resistance.

4.2.3. Structural regulation strategies

The structure of the core-shell catalyst can be optimized in
a targeted manner by modulating the preparation method and
preparation conditions. For example, in the hydrothermal process,
the thickness of the shell layer can be synergistically regulated
between 10nm and 100nm within a temperature range of 100-
220°C and a reaction time of 12-72h. Additionally, the sol-gel
method can be used to control the precursor ratios. The number
of deposition cycles can be adjusted by the atomic layer deposition
method to optimize the elemental distribution at the core-shell in-
terface. The pH or reduction temperature can be regulated by the
precipitation method to improve properties such as surface oxy-
gen vacancy concentration and crystal orientation. These strategies,
based on the quantitative correlation between process parameters
and structure and properties, can precisely optimize the exposure
efficiency of active sites, the mass transfer pathways, and sintering
resistance. The key to deNOx catalysts using NH3-SCR technology
lies in the collaboration of redox and acidic sites [121,122]. Wang
et al. [123] obtained a Pt-based catalyst with a core-shell struc-
ture by a simple strategy that precisely controlled the distance be-
tween the acidic sites and Pt, thereby improving the N, selectivity
in the selective catalytic reduction of NOx. Ma et al. [124] prepared
two kinds of yolk-shell structured CeO,-TiO, catalysts with differ-
ent cavity sizes using carbon and hybrid Ce-C spheres as templates.
The sizes of the large-cavity catalysts (CeTi-L) and small-cavity cat-
alysts (CeTi-S) were 5pm and 500 nm, respectively, and the TEM
results of the samples are shown in Figs. S6a and b (Supporting
information). The CeTi-L catalyst exhibited higher deNOy activity
than CeTi-S. In a 40-h stability test in the presence of SO,, the NO
conversion of CeTi-L was maintained above 80% (4.7 % loss), while
the NO conversion of CeTi-S dropped sharply to 20% (72.6% loss).
Ammonium bisulfate (ABS) can be deposited on the catalyst sur-
face through physical or chemical effects, blocking the active sites
and hindering the NH3-SCR process. The thermogravimetric curves
(Fig. S6¢ in Supporting information) from the three ABS-deposited
samples clearly show that the decomposition temperature of ABS
on SiO, hollow spheres decreases with the increase of the cavity
size. This result suggests that larger cavity sizes may accelerate the
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decomposition of ABS by altering the radius of curvature of the
surface and affecting the vapor pressure of ABS. Therefore, deNOx
activity as well as sulfur resistance can be improved by adjusting
the cavity size of the core-shell catalyst for NOx purification under
sulfur-containing conditions.

4.2.4. Structure-activity relationships

Different core-shell catalysts exhibit distinct reaction mecha-
nisms in deNOy, and the common reaction mechanisms are illus-
trated below with specific examples. The TiO,@CeMnOx-NC cata-
lysts mainly follow the Eley-Rideal (E-R) reaction mechanism in
the NH3-SCR process: The adsorbed NHj is activated by subtract-
ing a hydrogen atom to -NH,, and -NH, intermediate further re-
acts with NO (NH; +NO — NH,;NO — N, +H,0) to promote the
NH3-SCR reaction [7]. The MnFe@CeOx-60 catalysts follow the L-
H mechanism in the NH3-SCR reaction: NHj3 is first adsorbed on
the surface of the catalyst to form weakly adsorbed NHs3, Lewis-
acid-liganded NH3, and Brensted-acid-bound NH4*; subsequently,
NO + 0, adsorption generates a variety of nitrate species, both of
which react at the core-shell interface in the presence of reactive
species (Mn#t, Fe3t, Ce3+, and 0,4, species) [80].

Cai et al. [80] synthesized a series of core-shell MnFe@CeOx-60
nanocage catalysts. Due to the core-shell interfacial diffusion ef-
fect, some active species can diffuse with each other, which sig-
nificantly increases the oxygen vacancy defect sites and surface
acid sites. Meanwhile, this interfacial diffusion effect can effec-
tively enhance the electronic interactions and significantly increase
the proportion of active species. The role of constructing the CeO,
shell layer is shown in Fig. 5a. The MnFe@CeOx-60 catalyst fol-
lowed the L-H mechanism in the low-temperature NH3-SCR reac-
tion: NH3 was first adsorbed on the catalyst surface to form weakly
adsorbed NHj3, Lewis-acid-liganded NHs, and Brensted-acid-bound
NH,4*, followed by the adsorption of NO+0O, to generate a variety
of nitrate species, and the two were reacted by the active species
at the core-shell interface (Mn**, Fe3+, Ce3*, and 0,4, species). The
core MnFeOy provides active sites and facilitates electron transfer.
In contrast, the CeO, shell layer introduces defects and acidic sites
through interfacial diffusion effects, protecting the core from water
vapor and regulating the redox capacity to prevent the overoxida-
tion of NHs.

cuo/CcZ NO Cu-SSZ-13

Fig. 5. (a) Role of the CeO, shell layer in the NH;-SCR reaction. Reprinted with
permission [80]. Copyright 2022, American Chemical Society. (b) Schematic illustra-
tion of the promotional effect of the CuO/CZ interface on the NH3-SCR performance.
Reprinted with permission [126]. Copyright 2024, American Chemical Society.
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Jia et al. [125] prepared a Pt-CZO/Cu-SSZ-13 coupling cata-
lysts by a facile grinding strategy. Pt species were distributed
on the CZO surface in the form of single atoms and nanoclus-
ters, which significantly enhanced the reactivity of lattice oxygen
and the number of Bregnsted acid sites, thus improving the low-
temperature SCR activity. However, this coupling approach pro-
vides weak control over the interfacial structure and limited dis-
persion and stability of Pt species. In comparison, Jia et al. [126]
also prepared a Cu-SSZ-13@CZ catalysts through a sophisticated
core-shell structure design, which induced the migration of Cu
species to the surface of the CZ shell layer during hydrothermal
aging, forming a highly controllable CuO/CZ interface. This inter-
face not only protected the Cu-SSZ-13 core layer by sacrificially
adsorbing SO, but also promoted a fast SCR pathway by enhanc-
ing NO oxidation, thereby achieving a wider activity temperature
window (200-425°C) and excellent aging resistance. The contribu-
tion of the CuO/CZ interface to the NH3-SCR performance is shown
in Fig. 5b. The comparison of the two catalysts shows that the in-
terface effect in the core-shell structure is more capable of achiev-
ing precise regulation of active sites and optimization of reaction
paths than simple physical coupling, providing a better strategy for
designing efficient and stable SCR catalysts.

5. Conclusions and prospects

This paper reviews the primary preparation methods of core-
shell catalysts, their applications in controlling air pollutants and,
in particular, the research progress on core-shell catalysts in the
field of deNOy. It helps researchers in this field to understand
the common preparation methods of core-shell catalysts and their
advantages and disadvantages and to understand the progress of
the application of core-shell catalysts in three-way catalytic pu-
rification, catalytic combustion of VOCs, deNOy and application of
core-shell catalysts in atmospheric pollutant control, especially the
commonly used core-shell deNOx catalysts as well as the advan-
tages they have in the field of deNOx, which can provide ideas for
the development of efficient core-shell catalysts. Although signif-
icant efforts have been made to develop core-shell catalysts with
high activity, anti-poisoning, and high hydrothermal stability, many
challenges remain.

5.1. Conclusions

The following are some of the challenges that still exist in the
area of deNOy for core-shell catalysts:

(1) The performance of core-shell catalysts is highly dependent
on their preparation methods and conditions. Although var-
ious preparation methods can successfully synthesize cat-
alysts with core-shell structures, each method has its ad-
vantages and disadvantages. For example, the hydrothermal
method is highly controllable but prone to lead to defects in
the shell layer; the chemical deposition method is low-cost
but sensitive to the preparation conditions, and the template
method can precisely regulate the morphology but is diffi-
cult to remove.

Supported catalysts are the mainstream of commercial
catalysts and dominate the deNOyx field (>95%), which are
widely used in mobile pollution sources (e.g., automobile
exhaust) and stationary pollution sources (e.g., power plants
and industrial boilers). Still, supported catalysts have the
drawbacks of poor anti-poisoning performance, easy to
sinter at high temperatures, and poor hydrothermal stabil-
ity. Meanwhile, core-shell catalysts are widely studied and
applied in the field of deNOx due to their high catalytic
activity, resistance to poisoning, and high-temperature hy-
drothermal stability. We compared the main characteristics
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of supported catalysts and core-shell catalysts (Fig. S7 in
Supporting information), and found that the core-shell
catalysts have significant advantages over the supported
catalysts. However, core-shell catalysts have the drawback
of high preparation costs, including the expensive price of
certain raw materials and the high cost of processing time.
This problem limits the large-scale industrial production
and application of core-shell catalysts, which is one of the
problems that need to be solved urgently;

(3) Although core-shell catalysts show excellent performance
under laboratory conditions, the long-term stability problem
is more prominent in practical applications. During catalytic
reactions, especially at high temperatures, in high humidity,
or complex chemical environments, the core-shell structure
may be destroyed due to high-temperature sintering, expos-
ing the active components and reducing the activity and
selectivity of the catalyst. In addition, prolonged operation
may also trigger changes in the interfacial structure between
the core and shell, weakening the synergistic effect between
the two and thereby affecting the durability of the catalytic
performance.

5.2. Prospects

To develop more promising core-shell catalyst catalytic systems
for the practical industrial applications, future research can be car-
ried out from the following aspects:

(1) For the drawbacks of different preparation methods, the
methods can be optimized and integrated. For example, the
hydrothermal method tends to cause shell defects, which
can be reduced by precisely controlling the reaction tem-
perature, time, and solution concentration, as well as adding
surfactants to lower the surface tension. Additionally, by
combining the hydrothermal method with the chemical de-
position method, a stable core structure is first formed us-
ing the hydrothermal method. Then, a uniform shell layer is
grown via chemical deposition. In this way, the advantages
of both methods can be leveraged while avoiding the limita-
tions of either alone.

(2) To address the high preparation cost of core-shell catalysts,
improvements can be made by optimizing low-cost prepara-
tion methods (e.g., electrodeposition, co-precipitation). It is
also feasible to achieve high-efficiency mass production for
cost reduction by scaling up suitable continuous-flow reac-
tors and precisely applying high-cost technologies, such as
atomic layer deposition, to key processes like active site con-
struction, thereby balancing performance and cost. Mean-
while, exploring inexpensive and widely available raw mate-
rials to replace expensive ones as active components or car-
riers is also essential.

In practical industrial applications, the long-term stability of

core-shell catalysts needs to be synergistically optimized in

terms of material structure, preparation processes, and oper-
ating conditions. Currently, the commonly used components
of core-shell deNOy catalysts are mainly concentrated in four
categories: TiO,, SiO,, CeO,, and molecular sieve. Among
them, molecular sieve-based core-shell catalysts are often
used in mobile pollution sources, such as marine exhaust
and diesel vehicle exhaust deNOx. TiO,-based, CeO,-based,
and SiO,-based core-shell catalysts are commonly employed
in stationary pollution sources, including waste incineration,
power plants, and flue gas deNOy of industrial boilers. It
is crucial to select the appropriate catalyst type based on
the specific requirements of the application. As shown in
Fig. S8 (Supporting information), core-shell catalysts can
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Fig. 6. Challenges and development prospects of core-shell catalysts in the field of
deNOy. The diagrams of insufficient mechanism research reprinted with permission
[98]. Copyright 2020, Elsevier.

be classified based on their core-shell composition and
application scope. Advanced technologies, such as atomic
layer deposition, are used to precisely control the growth
of the shell layer. At the same time, preparation processes,
including hydrothermal preparation with gradient heating,
are optimized to minimize defects. At the same time, in-
telligent monitoring systems are used to regulate reaction
temperature, humidity, and other parameters in real time,
thereby enhancing the structural stability and durability of
the catalysts under complex industrial conditions through
whole-process control.

In addition, we will further investigate how the composition
and morphology of core-shell catalysts influence their physico-
chemical properties and performance, explore the formation mech-
anism of the core-shell structure, analyze the interfacial effect be-
tween the shell layer and the core particles, and optimize the
preparation methods and conditions to achieve the precise control
of the core-shell catalysts at the microscopic level. To optimize the
diffusion paths of reactants and products and enhance catalytic ef-
ficiency, we will investigate the catalytic mechanism and reaction
sequence of core-shell catalysts, optimizing the distribution of ac-
tive and acidic sites. This will guide the design and development of
practical core-shell catalysts in the field of deNOx. The challenges
and future development prospects of core-shell catalysts in deNOx
are shown in Fig. 6.
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