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ABSTRACT : Hollow-structured materials exhibit breakthrough potential in energy storag d

conversion, leveraging unigue advantages including high specific surface area, controllabl vity
architecture, and sherange mass transfer pathways, alongside tunable functional propertie lis

review synthesizes recent progress, emphasizing the constitutive relationships governing vrial
synthesis, structural engineering, and resultant performance. Key synthesis strategies ling

encompassing hattg@mplating, softemplating, and templaieee approaches are delineated \
respect to their mechanisms and characteristics. Subsequently, -eddmgapplications in ener
storage systems (e.g., lithibion batteries, supercapacitors), conversion systems \
photoelectrocatalysis) and the application of partiaiin testing technology for exploring the reac
mechanism are highlighted. The review concludes by outlining critical challenges and oppa ies
pertaining to scalable fabrication, structural stability, and device integration, providing a road for
the precise design and performance optimization of these materials.
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leading to rapid capacity decay). These constraints
1. Introduction impede their ability to meet the performance demands

of nextgeneration energy devices. Consequently,

The global energy transition and pursuit fisfual hollow-structured ~ materials 5,  defined by

carbom strategic goals have intensified research intoeir precisely delineated outer boundaries and
efficient and stable materials for energy storage afticlosed internal voids, have garnered substantial
conversion ™ 2. The properties of a singjghase research interest. Their unique morphology confers
structural material are predominantly determined by gsitical advantages: low mass density, elevated specific
intrinsic characteristics, such as chemical compositiédrface area, minimized charge/material transport
and crystalline structure. Altering its propertiegistances, and high volumetric loading capacity for
typically requires modifying the material itdelfor active componentd®. These intrinsic attributes render
instance, through alloyihgwhich may inadvertently them highly attractive across diverse energy
increase overall weight and cost. Conventional but&chnologies.
materials contain limitations, including sluggish ion Hollow materials are characterized by distinct
diffusion kinetics, low utilization of active sites, andnternal/external interfaces and enclosed voids. Based
inadequate cycling stability (e.g., significant volumen complexity, they are categorizedas Singleshell
expansion and particle fragmentation in silicon anodsuctures: A single shell enclosing a cavity. Matiell

2 https://cm.iacademic.info
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Figure 1 Number of citations and publications of research on hefitrwctured materials in Web of Science over time.

structures:  Multiple concentric  shells forminglye adsorption, facilitate electrolyte infiltration, and
independent chambers, attracting significant interestorten charge transport distanéés
due to superior physicochemical propertie$!. Their v) Electrocatalysis: enable compartmentalization of
intricate, precisely controlled architecture oftedistinct catalysts within sequential localized shells for
outperforms singleshell structures and bulk materials. cascade reactions. Shell pore structure and chemistry
The synergy of low density, high porosity, and shoctn be regulated to optimize reaction selectivity.
transport pathways makes hollow structures pivotal forvi) Photocatalysis and photoelectrochemical: Provide
overcoming bottlenecks in energy storage amarge surface areas for catalytic sites, shorter charge
conversion, finding broad utility in fields likecarrier paths, and internal ligtrapping effects for
nanoreactors, catalysis, and fuel celScHeme 1 efficient photon collectio®®!.
illustrates key applications). Hollow architectures For example, the HCX@CaOs@SnS core mult
effectively mitigate detrimental volumetric expansioshell structure features an inner conductive hollow
during electrochemical cycling and suppressarbon tube (HCT) core promoting electron transport
polysulfide migration in lithiurrsulfur systems. Their and shortening ion diffusion. The outer :0a@SnS
porous shells provide abundant active sites, enhatmger leverages GO, pseudo capacitance (EtCo**
photon management, while mudihell or hierarchical redox) and SnS nanosheets providing abundant
designs optimize mass transport pathways and boBatadaic reaction sites. This design achieves 63.5%
energy density!?. Consequently, they find extensivecapacity retention after 15, 000 cycles and enables
application in: flexible supercapacitors with an energy density of
i) Lithium-ion batteries (LIBs): Provide abundan#0.22 Whkg' and power density of 750.22 Wk§[*6l,
accessible storage sites, expanded electrode/electra8itailarly, fApomegranatdiked Si@C  structures
interfaces, shortened transport distances, and intereatapsulate nargilicon within  porous carbon
voids buffering volumetric expansion, enhancinmicrospheres, effectively mitigating silicon volume
specific capacity and cycling stability. expansion and active material loss while enhancing
ii) Lithium metal anodes: Serve as hosts decreasiageal capacity and volumetric energy deniity
local current density, inhibiting Li dendrite growth, Substantial progress has been achieved in the
stabilizing the SEI, and restricting volume expansi@ynthesis and structural regulation of hollow materials,
[12], with established synthesis strategies broadly classified
i) Lithium-sulfur (Li-S) batteries: Offer high poreinto three primary categories including hard templating,
volume for efficient sulfur loading. Heteroatom dopingoft templating, templattee methods. This
or heterojunction formation within the hollowmethodological diversity has directly enabled the
architecture  significantly  enhances polysulfiddevelopment of hollow materials exhibiting extreme
anchoring and adsorption, mitigating the shuttle effecomplexity in both composition and geometry
and improving capacity/cycle lifé? 31 (Scheme 2). Compositionally, they span single
iv) Dye-sensitized solar cells (DSSCs): Asnorganic phases (oxides, sulfides, nitrides), organic
photoanodes, enhance light harvesting via multipp®lymers (e.g., polypyrrole, polyethylene terephthalate),
internal reflections within the shell, enable hdgnsity and inorganic/organic hybrids (e.g., MOF-derived
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Scheme 1 Advantages of hollow nanostructures for energy storage applications.
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Scheme 3 A brief timeline of the development history of research on the synthesis and application ofdtnlictwred materials.

materials)'820, Hybrid systems leveragesynergistic =~ Despite significant progress, the fundamental
effects and efficient electron transfer to optimize structureperformance relationships in hollow materials
adsorption/desorption energetics of reactiomarrant  deeper understanding. This  review
intermediates (e.g., in electrocatalysis). Abundasystematically dissects the correlation between hollow
heterogeneous interfaces induce charge redistributiamghitectural  features  (composition,  geometry,
regulate electronic structure, lower activation barriedsierarchy) and their performance across key energy
and enhance catalytic activity. Furthermore, thespplications (LIBs, LiS, SCs, photo/electrocatalysis).
structures combine stability with mass transf@y analyzing representative design strategies, we
advantages, suppressing nanoparticle aggregation whllecidate the critical role of structural engineering in
promoting electrolyte penetratio. Geometrically, dictating function. Furthermore, prospective design
beyond traditional spheres and tubes, diverse- nanethodologies are proposed to address current
symmetrical configurations have been achieved (cubeballenges and enhance the efficacy of hollow
polyhedrons, prisms, bowl8¥ 22-24. Surface curvature nanostructures in future energy storage, conversion,
control and interface reaction dynamics further refirend generation technologies.
these shapes. This multidimensional diversity enables
precise performance optimization through structural
and compositional engineering. 2. Synthesis Methods of Hollow

For instance, hierarchical aerogels integrating 3D
spiral carbon nanowire coils, 2D reduced graphefellUCtUres
oxide, 1D carbon nanofibers, and 0D:Bg@C core
shell particles create porous frameworks and gradieniThe innovation and optimization of hollow structures
interfaces for enhanced microwave absorptidh synthesis methodologies constitute a major research
Multi-shell/chamber structures (e.g., doublell focus in materials science. Based on core preparation
CoMmO, cubes [20) synergistically enhanceprinciples, synthetic strategies are systematically
mechanical stability and interfacial reactivitycategorized into two primary routes: templassisted
Chemically graded shells (e.g., magnetic@sub  and templatdree method§&*l.
black TiQ: heterojunctions ?7)) optimize charge Templateassisted methods employ sacrificial molds
separation via bandgap engineering. These examgdi¥s structural control: Hard templating utilizes rigid
illustrate how multidimensional design addresséacrificial  templates  (e.g., SIO polystyrene
specific energy challenges like electrode expansion anigrospheres, carbon). Precise control over shell
photogenerated carrier recombination. thicknessandcavity sizeis achieved via layeby-layer

https://cm.iacademic.info 5
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Table 1 Typical research contents related to hoHstnuctured materials i8cheme 3

Year Hollow structural materials type Synthetic method Ref.
20242025 Hollow nanocages Templatefree method &
Hollow nanospheres Templatefree method 131
Hollow nanotubes Templatefree method 2
Hollow coreshell dodecahedra Hard template method 133
Hollow bowl Hard template method 4
Hollow nanocage Templatefree method 19
Hollow metal organic frameworks Templatefree method 138
Hollow covalent organic frameworks Soft template method &7
20212023 Hollow coreshell nanoparticles Hard template method 18
Hollow nanocubes Hard template method 139
Carbon hollow spheres Hard template method 140
Hollow microspheres Hard template method 1“1
20172020 Hollow JanusFeatured Hard template method 1“2
Hollow nanospheres Hard template method (43.44]
Before 2016 Hollow hybrid microspheres through inward crystallization pro Templatefree method 1“8l
Hollow carbon nitride structure with a Janus Surface Hard template method 18l
Triple-shelled hollow spheres Templatefree method “7
Uniform FCuO hollow octahedra Templatefree method 1“8l
Hollow materials by fast pyrolysis of cellulose composite fib¢ Templatefree method 9]

deposition followed by template removal. This methaakrganic/polymer (e.g., polystyrene (PS), polymethyl
excels at producing mulghell structures, asmethacrylate (PMMA)).
demonstrated by scalable sequential templating usind-undamental synthesis typically comprises four
carbon microspheres (CMS) to synthesize complestical stages:
multi-shell hollow metal oxides in a single annealing stepi) Template fabrication: Preparation of sacrificial
149511 Soft templating employs dynamic assemblies (e.templates with precise morphology and size control.
micelles, emulsions, bubbles, surfactant aggregates) ta) Surface functionalization (optional): Modification
form cavities, facilitating the controlled synthesis doff template surfaces to enhance interfacial adhesion
flexible organic or composite materi&fs 53l with the target material. This step is circumvented if
Templatefree methods exploit intrinsic materialinherent compatibility exists between the template and
phenomena for cavity formation, including Ostwalthe target precursérl.
ripening (driven by dissolutiereprecipitation i) Target material deposition: Controlled coating or
kinetics), the Kirkendall effect (resulting fromdeposition of the functional material onto the template
differential diffusion rates between core and shelurface. This stage is often the most technically
materials), ion exchange (inducing structuralemanding, requiring meticulous parameter
rearrangement), and selective etching (removingoptimization to achieve precise shell layer thickness
sacrificial component from a binary precursor), whicand uniformity, which are paramount for structural
approaches significantly simplify preparation byntegrity [*71.

eliminating template constrairi®456l. iv) Template removal: Selective elimination of the
sacrificial template via chemical etching or thermal
2.1 Hard Template Synthesis decomposition, resulting in the hollow architecture.

These strategies traces its origins to Caruso et al.

Hard template method represents a foundatior(@bP98), who pioneered colloidal templating combined
strategy for fabricating hollow architectures. Thiwith layerby-layer (LbL) selfassembly®® (Figure 2b).
approach utilizes prormed, rigid sacrificial templatesPS microspheres served as templates. Charged
(e.g., inorganic or polymeric microspheres) as thregolymers (e.g., PDDA, PSS) were alternately deposited
dimensional molds. The synthesis involves sequential form a uniform precoating, facilitating subsequent
deposition of target material precursors onto thectrostatic assembly of SIO nanoparticles.
template surfaces, followed by selective templa@ontrolled deposition cycles regulated shell thickness.
removal, vyielding defined hollow structure®”. Calcination or solvent decomposition removed the PS
Renowned for its simplicity, versatility, and efficacycore, yielding mesoporous SiGwollow spleres with
this method is extensively employed for lbwl tunable cavities, valuable for applications like drug
nanostructure preparation. Templates are broadlglivery and catalysis. Subsequent research expanded
categorized as inorganic (e.g., SiOAI:03) or material scope and structural complexity.

6 https://cm.iacademic.info
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Cui et al. synthesized SIMP@Gr yedkell structures over 100 cycles in full cells.

by employed a dudlnctional Ni template [° SiO, nanofibers encapsulating silicon nanoparticles
(Figure 2a). Conformal Ni coating on Si microparticleqSi NPs) were prepared by electrospinning a precursor
acted as both a catalyst for ldemperature graphenesolution containing tetraethyl orthosilicate (TEOS) and
nucleation/growth via dissolutigprecipitationassisted Si NPs, ultimately leading to the formation of O
carbonization and a sacrificial buffer layer. Selectiiemplated Si@hollow carbon tubé¥! (Figure 2c¢).

Ni etching (FeGlaq)) created a mechanically flexibleThe SiQ layer served as substrate and spacer.-Low
graphene cage. This structuenhancesSi anode temperature polystyrene pyrolysis deposited a
stability by: (1) bufferingSi volume expansion while continuous carbon coating. Selective $Si®tching
maintaining electrical contact; (2) suppressingHF(aq)) produced hollow carbon tubes containing
electrolyte side reactions via an inert grapher@ NPs suspended within, buffering volume changes.
interface, promoting stable SEI formation and reducifithe carbon shell stabilizes electrical contact and
Li* consumption; (3) inhibiting Si particle pulverizatiorisolates Si from the electrolyte, stabilizing SEI
via 3D confinement, achieving 90% capacity retentidormation.
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Figure 2 a) Schematic diagram of the synthesis of SIMP@Gr-ghll structuré®. Copyright 2016, Springer Nature. b) Descriptio
synthetic protocols for inorganic and hybrid hollow sphé&®sCopyright 1998, The American Association for the Advancement of Sc
c) Overview of the manufacturing of hollow carbon tubes encapsulated with Si nanop&fici@epyright 2012, American Chemi
Society. d) Diagram illustrating the synthesis of hollow MXene spheres and MXeneed 3D macroporous frameworkd. Copyrigh
2017, John Wiley and Sons. e) Schematic illustration for the hard templating synthesis 88852, Copyright 2014, John Wiley a
Sons. f) Schematic illustration for the hard templating synthesis of MSCRopyright 2017, American Chemical Society.
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PMMA spheres templated hollow MXene (e.gspheres), the soft template method employs inherently
TisCoTx) structures®l (Figure 2d) show MXene dynamic templates. These templates farmitu during
flakes, interacting via surface hydroxyl groupghe reaction via spontaneous satsembly driven by
spontaneously wrapped PMMA spheres. Centrifugationtermolecular noftovalent interactions, such as
yielded MXene/PMMA composites. Argon annealin@ydrophobic effects and hydrogen bonding. This
(450€) thermally decomposed PMMA, forming multi dynamic nature provides significant flexibility for
layered MXene hollow spheres with tunable wationtrolling critical structural parameters of the resultant
thickness (via MXene:PMMA ratio). These structuresollow materials, including shell layer number,
exhibit excellent dispersibility and potential irporosity, and overall morphology. Consequently, soft
environmental and biomedical applications. Themplating is particularly webuited for synthesizing
method demonstrates universality for other MXenesmplex architectures featuring mukivel porosity or
(e.g., b.CTx, Mo:CTy). flexible frameworkg®2,

This hard template methods versatiliéxtends to  The assembly behavior of soft templates is highly
synthesis of complex muisihell hollow structures sensitive to synthetic parameters, including temperature,
(MSHSs) via sequential deposition of functional shedblvent polarity, pH, amphiphilic molecule concentration,
components and removable intermediate layers ofaic strength, and the presence of organic/inorganic
the initial template, followed by differential etchidf). additives. Theoretically, this parameter dependence offers

Jang et al utilized Stiber SiOspheres as the corea pathway for precise morphological control over
template to synthesis Ti®nulti-shell hollow sphere€?  micellar/vesicular templates, enabling regulation of
(Figure 26. Alternating TiQ and SiQ layers were template size, packing density, and interfacial properties
deposited via sedel processing, constructing cesieell through manipulation of the solution environment.
composites (e.g., singletriple-, quintuplelayer). High  However, in practice, the complexity of medttmponent
temperature calcination removed organics, followed bgaction systems poses significant challenges to template
alkaline etching to remove all SiGomponents, yielding stability. The introduction of target precursors (e.g., metal
TiO2 hollow spheres with single(SSHS), double salts, silicon sources, or carbon sources) can disrupt the
(DSHS), or tripleshell (TSHS) structures. dynamic equilibrium of micelles/vesicles through

Tong et al. employed pi®ynthesized mukshell competitive adsorption, potentially leading to template
SiO; nanospheres as templates to form nslell g deformation or disintegration. This instability has
CsNs  (MSCN) nanocapsules®  (Figure 2f). historically limited the broad applicability of soft
Cyanamide (CY) precursor infiltrated the mesoporésmplating for synthesizing multiomponent and
and cavities of the Siishells, adsorbing onto the shelheterogeneous materials.
surfaces. Ther mal p ol y meespie thése ahallengés sré&s@archers have devempukd
SiO/g-CsNs  composites.  Sequential addition oftrategies as precurstamplate cooperative assembly,
TEOS/BTME mixtures and thermal processing built ugnabling breakthrough syntheses of msitelled
SSHS, DSHS, or TSHS composite structures. Firtadllow structures (MSHS) across diverse material
NaCOs(aq) etching removed the SiOtemplate, classes, including silica, metal oxides, and sulfides.
yielding MSCN nanocapsules with a hollow core and Within the domain of photocatalytic materials

multi-layered mesoporous shell. research, Guo et al. synthesized surface sufiaancy
rich hollow ZnInS: nanocages (ZFBINCs) via soft
2.2 Soft Template Synthesis templating. These structures form robust interfaces

with NiCo;Ss4 (NCS), facilitating efficient transfer and

The soft template method is a synthetic technique faccumulation of photgenerated electrons on the NCS
synthesizing hollow structures, utilizing dynamic selsurface Figure 3a). The hollow architecture enhances
assembling moleculessurfactants, block copolymerslight absorption via multiple scattering, while sulfur
micelles, or vesicles as structural templates. Thiacancies promote electron accumulation and
approach exploits the thermodynamically metastaldensumption. This synergy excites phgenerated
assemblies formed by amphiphilic molecules ielectrons in NCS into lonfived hot electrons,
solution (e.g., micelles, vesicles, or emulsion dropletsjiminating in a remarkable visible/ndafrared
to direct the oriented deposition of target materials ombotocatalytic hydrogen production rate of 19, 654.0
the template surface. Subsequent removal of the sofino fhil:'g (Figure 3b), an apparent guantum
template yields the final hollow architectdi&’l. efficiency of 56.7% at 400 nmFigure 3¢, and a

Unlike hard templating, which relies on prer educed apparent activation
synthesized rigid structures (e.g., 8i@ polystyrene to 32.2 kJmol?, Figure 3d) 52,

8 https://cm.iacademic.info



Comp Funct Mat. 2025, 2): 20250202 https://doi.org/10.63823/202302

Zn?* In3* TAA

a Tannic acid
\ Etching

1
i 1
I 1
i i
i i
I 1
i 1
i 1
: 1
1
i Solvothermal Mechanical !
! ‘
: 3 assembly ; .
v g i
. ZIF-8 ZIF-8-YS ZIS-HNCs NCS/ZIS-HNCs .
b c !
17 100000 718 !
i 2 ZIS-NCs A R 354 !
1 £ ~@— ZIS-HNC & y 420nm 44.2% 60 i
[ 2800001 o NCS/ZIS-HNCs 3 P ~ i
1 & ~@-NCs G l— i . = 1
1 = 60000 1 3 \ 500nm 1.4% S T3 :
1 § g M - e 0 g .
i g ° 2 | w.mnm 1.5 ; = :
: 3 40000 e : \ 650um 20% : 5 !
Z . = 0nm 2.8% > .54 1
= 20000 ¥ / - O . !
I / a R " i
: 04 =3 3 Q g Q o » . 5% :
I T2 3 4 s 300 400 00 600 700 800 34 348 3 386 360
L ________ l_"“d“‘:"_“ :me ) sy cospmanmmasss il Waveléngth (0t} one s g i 1000 T (K™ e :
I 1
e ]
I i
I 1
i
i ° i
: ) ¢ a 1
F127 e . i
! U Mixing 2 Combustio i
i ;
| N-Allyl thiourea NI :
” . 1
! ; 40 minutes inN i
19 Tannic = i
i 1
: - '
- :
i i
I
' N/S doped porous carbon!
1
1 600 120 1
i BT 4
1 g . Units:A g @ 400 100 £ :
: £4004% 06 i Em 80 *:
> . a 0.2 > ]
I T30 0.5 ] 60 @ 1
1 8 2N 9
: gzuo g 200 14000 mAn [ 4o § E
E 210 | 8 0 3 :
1 c{, An 100 200 300 400 500 600O :
R AR S R R R i i I

Figure 3 a) Schematic illustration of the fabrication pathway for NCSEMKC heterostructures; Photocatalytic hydrogen evol
(PHE) performance of the prepared samples; c) Apparent quantum efficiency (AQE) and diffuse reflectance spectroscopgc(i2i
data for NCS/ZISHNCs; d) Temperaturdependent PHE rate analysis of Z8IC and NCS/ZISHNC materials®®. Copyright 202:
Royal Society of Chemistry. e) Schematic diagram of the synthetic procedures-K/SEBF2; f) Rate capability at different dopingvids
g) Cycling stability tested at a current density of 22§, Copyright 2024, Elsevier.

In battery anodes research, Zhang et al. employedaping increasing active sites, and the formation of a
softtemplateinduced seHassembly strategy usingthin SEI layer with rapid Nadiffusion kinetics in the
biomassderived tannic acid as a precursor, Pluron&therbased electrolyt&sl,

F127 as the template, anddlyl thiourea as a dopant In silicabased systems, silica and its derivatives
to synthesize N/S edoped porous carbon spheres {DRFepresent highly successful applications of soft
N/S) (Figure 3€. As a sodiurvion battery anode in antemplating, benefiting from the precise control over
etherbased electrolyte, DR/S delivers a high specific silicon precursor hydrolysis and condensation in aqueous
capacity of 327.04 mAhg* at 0.05 Ag! (Figure 3f) solutions. Zhang et al. utilized Pluronic P85 triblock
and maintains 140 mAhg! after 600 cycles at 2 Ag copolymer as a single template, adjusting synthesis pH
(Figure 3g). Its exceptional performance is attribute@.85.5) to achieve controlled preparation of organic
to the porous structure facilitating N&ansport, N/S silicabased multilamellar vesicles. This mild system

https://cm.iacademic.info 9
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produces vesicles in high yield (> 90%), with wall layarniform dispersion of F©4 nanoparticles, increasing
count tunable from seven to a single layer. The vesitlee iron loading to 32.67 wt% (approximately double
walls feature a 6 nm mesoporous spelilge structure, that of the unetched material). Enhanced surface
exhibiting a high specific surface area (69% ) and wettability, evidenced by a reduced water contact angle
large pore volume (2.10 én?) ['1, Liu et al. employed (from 43.6°to 21.24), further optimized interaction
vesicular templates formed by-assembly of FC4/F127 efficiency between the catalyst and pollutdffis

dual surfactants. By controlling the template ratio andIntrinsic stability gradients approach leverages
reaction conditions (pH 982.2), they synthesizeddifferential chemical stability inherently formed during
mesoporous silica hollow spheres with uniform size atttk initial template synthesis. Regions with lower stability
tunable shell layers. Ethanol content and ammorfi@sofio regions) are selectively etched, while higher
addition allowed precise control over shell numbestability @hardd regions) remain intact. Wang et al.
thickness, and mesguorosity. The resulting materialexemplified this strategy by utilizing the alkaline etching
demonstrated specific adsorption capacity for methyleeffect of ethylenediamine (EDA) under tempifte
blue (25 mgg! and high drug loading/releasenydrothermal conditions. EDA preferentially etched the

capabilities (e.g., 448 mgg ibuprofen)el, inner core of amorphous titanium dioxide spheres,
characterized by low polymerization degree.
2.3 Template-Free Synthesis Concurrently, the outer, highly crystalline titanium
dioxide layer resisted etching, forming a porous shell.
2.3.1 Selective Etching Complete dissolution of the inner core resulted in hollow

Selective etching is a synthetic strategy faravities. The addition of NaCl further modulated the
constructing hollow structures by exploiting inhererdgriented assembly of hydrated titanium oxide nanosheets
chemical property differences within a material tmto layered hollow microspher€8l. Similarly, Cheng et
selectively remove specific regions via chemical. developed a solvestlective etching strategy for
dissolution, eliminating the requirement for externalarbon microspheres. Following phenolic resin
templates. The core principle involves precise control wiicrosphere formation, acetone dissolved the -low
etching conditions to preferentially dissolve chemicaliyolecularweight oligomers within the core, while the
less stablef6oftd) regions while preserving more stabldighly crosdinked outer shell remained intact. This
(Ahardd) regions, which subsequently act as structurtgimplatefree process yielded multhamber mesoporous
supports. This intrinsic se#ftching mechanism, carbon microspheres (MCMCs). Crucially, the number of
proceeding from the interior outwards, circumvents tlieernal pores and mesopore distribution could be
limitations of traditional templatbased methods andprecisely tuned by varying the acetone volume-8§20
provides a versatile pathway for the controlled synthesid), with an optimized hierarchical pore structure
of complex multishell architectures. achieved at 60 ml’8l,

Conceptually, the selective etching process f@r3.2 Ostwald Ripening
generating hollow materials resembles the templateOstwald ripening, a phenomenon driven by
removal step in hard templating?. Yet a critical disparities in crystal surface energy, describes the
distinction lies in the initial template: as it possessepontaneous dissolution of smaller, higherface
homogeneous composition and structure, creatingemergy nanocrystals and the subsequent redeposition of
differential in solubility or chemical stability betweerthe dissolved material onto larger crystets This self
the inner and outer regions is essential. This different@aganizing mechanism offers distinct advantages for
susceptibility enables targeted etching leads twloe templatdree synthesis of hollow structures. By
primary approaches upon this: manipulating the dissolutierecrystallization

Surfaceprotected etching utilizes a stabilizer coatingquilibrium, it facilitates the hsitu transformation of
to protect the outer shell surface, confining the etchadlid nanoparticles into  hollow architectures,
action to the interioF’? 73l For instance, Liang et al.circumventing the complexities associated with
demonstrated this by forming a protectiveemplate preparation and removal. This approach is
polyvinylpyrrolidone (PVP) layer on silica spheregarticularly effective for metal oxide systems
This confined the NaOH etchant action predominantihibiting significant solubility variations as &[],
within the sphere core, generating a mesoporoMs ;0,8 and TiQ [,
structure. This modification significantly enhanced the Research demonstrates that msiép Ostwald
material's specific surface area (161.135§ ) and ripening strategies enable the precise construction of
pore volume (0.5591 ciy1). Furthermore, the multi-shell structured®®. For instance, Zhang et al.
resulting quantum confinement effect facilitated th&chieved controlled structural evolution in nanospheres
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Figure 4 a) Structural evolution of E€s spheres as a function of reaction duration; b) Dynamic response profiles of four gas sen:
ppm acetone at 200€#. Copyright 2019, American Chemical Society. c) Sethplate method for preparing hollow lipase (BCLé
COFOMe) via Ostwald ripening mechanism; d) Comparison of catalytic performance of different catalysts for kinetic resdhpiiemy
ethanol; e) Recycling catalytic performance tests of BCL@H~OMe for kinetic resolution of -pbhenylethanof®. Copyright 202:
Springer Natwe. f) Schematic representation of the formation process for unife@@NC hollow spheres; g) Cycling stability at a
current density of 200 mAg; h) Rate capability at current densities of 100, 200, 500, 1000, 2000, 5000, and back to 100%%
Copyright 2018, Royal Society of Chemistry.
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by precisely regulating hydrothermal reaction timdissolution and outer shell recrystallization transform
(0.518 hours) Figure 4a): i) Initial stage (0.5 h): the structure into an eggshell morphology. iii) Final
Formation of solid nanoparticles. ii) Intermediate staggage (12 h): Complete core consumption yields
(1-6 h): Internaito-external Ostwald ripening yields auniform nitrogerdoped carbortoated Oz hollow
singleshell structure. iii) Shell formation stage-1@ spheres. Driven by minimization of the system's Gibbs
h): Externalto-internal ripening drives dissolvedfree energy, material preferentially dissolves from-low
nanoparticle redeposition onto the inner surfaceyrvature regions, diffuses through solution, and
forming a doubleshell structure. iv) Late stage (> 1(precipitates onto external higlurvature regions,
h): Gradual dissolution of the inner shell reverts thromoting shell densification. This spontaneous
structure to a single shell. mechanism eliminates the complex steps of traditional
This entirely templatéree process relies solely ontemplating, producing submicrestale  hollow
the dissolutiorredeposition mechanism governed bgtructures (~200 nm diameter, ~30 nm shell thickness)
nanoparticle surface energy gradients: materizdmposed of tightly packed nanoparticles. These
dissolves preferentially from higdnergy regions, structures provide an ideal foundation for carbon
diffuses through pores, and recrystallizes in-Ewergy coated metal oxide hollow materials. As a lithiion
regions. The dynamic equilibrium allows precisbattery anode, this material exhibited high initial
temporal control over shell number with highlischarge capacity (915 mAhg!, Figure 4g),
reproducibility. The resulting doubkhell structure excellent rate capability (361 mAhg! at 5000 mAg?,
exhibits enhancedspecific surfaceareaand porosity. Figure 4h), and outstanding lortgrm cycling stability
Loading with Au nanoparticles (AufBeOs) leverages (472 mAhg * retained after 700 cycles at 2000 mAg
synergistic structural and catalytic sensitizatiomxceeding 100% retention). The unigque hollow
achieving a remarkably low acetone detection limstructure combined with the carbon coating effectively
(0.132 ppm), rapid response time (5 s), high sensitivéhortens ion diffusion paths, enhances electrical
(0.465 ppmt), and selectivity Kigure 4b). This conductivity, and buffers volume changes during
methodology overcomes limitations of conventionalycling®l.
templating and provides novel design principles f@3.3 Kirkendall Effect
high-performance gas sensdi. The Kirkendall effect describes the phenomenon
Liu et al. applied Ostwald ripening to the lasgmle where an imbalance in the mutual diffusion rates of two
synthesis of hollow covalent organic frameworksubstances across an interface leads to vacancy
(COFs) for biocatalysis. Sedfssembly of TAPB and formation. Specifically, the preferential outward
DMTA monomers in acetonitrile/acetic acid initiallydiffusion of fastemmigrating metal atoms creates
forms solid microspheres {12 h). Subsequent internalvacancies that slowaliffusing atoms cannot
dissolutionreprecipitation  via  Ostwald ripeningadequately replenish. This net vacancy flux ultimately
progressively evolves these into an eggshell structwesults in pore formation and coalescence into hollow
(24-72 h), culminating in uniform hollow spheresstructures within the material. This mechanism
(diameter: 580 nm; shell thickness: 122 nRiygre 40). provides a fundamental theoretical basis for the
Immobilizing Burkholderia cepacia lipase (BCL) oriemplatefree synthesis of nanoscale hollow structures.
these hollow COFs (BCL@EOFOMe) significantly Such synthesis obviates the need for-gesigned
enhanced its thermal stability, tolerance to polt&emplates, instead achieving directed cavity formation
organic solvents, and reusability. In the kinetisolely through the control of diffusion kinetics.
resolution of secondary alcohols, BCL@DFROMe Crucially, the approach is applicable to diverse material
outperformed both nehollow COFRimmobilized and systems, including metals, oxides, and sulfiéfes
free enzymes, achieving a maximum conversion ofChu et al. successfully synthesized hollow NiO
49.12% Figure 4d). Furthermore, BCL@HFCOF nanoparticles via a Kirkendadffectdriven template
OMe retained high activity over multiple cycles witdree method®. Their approach involved: i) Precursor
only a slight decrease in relative activifyiqure 4¢), synthesis: Preparation of Ni/C nanocomposites using a
demonstrating excellent reusability while maintainingnolten salt calcination methodFigure 5a) i)
enantiomeric excess (ee) > 9% Oxidation and hollowing: Secondary calcination in air,
Han et al. utilized solvothermal Ostwald ripening tavhere Ni nanopatrticles act as sacrificial precursors.
achieve  morphological evolution from  solidDuring oxidation, Ni* ions diffuse outward significantly
microspheres to hollow spheresigure 4f): i) Initial faster than @ ions diffuse inward (the nanoscale
stage (3 h): Formation of solid-%MIM composite Kirkendall effect). This asymmetric diffusion creates a
microspheres. ii) Intermediate stage (6 h): Internebncentrationgradient betweenthe metal core and the
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forming oxide shell, driving vacancy accumulation anat 30 Ag (Figure 5j). ii) High energy density in a
the eventual formation of a central void. flexible full cell: 557.0 Whkg?! (Figure 5Kk). iii)
Systematic variation of calcination temperature (40&xcellent cycling stability: 80% capacity retention after
500 ) a n d-4 ) enalded control oyelthe3, 000 cyclesKigure 5I). This work presents a viable
crystallinity and morphology of the resulting hollownew strategy for designing higierformance energy
structures. Transmission electron microscopy (TEMjorage devicel8*.
analysis revealed the significant influence of heatBeyond these specific examples, the Kirkendall
treatment parameters: NiD (Figure 5¢): Exhibited effect offers a versatile design principle for
polydisperse hollow spheres (~40 nm avg. diametagnthesizing hollow nanostructures in numerous other
with a wide size distribution. NiG2 (Figure 5d) and material systems, including NiO, CuO, PtCu, &l
NiO-3 (Figure 56@: Evolved into more uniform 2.3.4 lon Exchange
spherical hollow structures (~20 nm diameter). Theirlon exchange represents a pivotal strategy for
shells comprised disordered stacks of-150 nm synthesizing hollow nanostructures. Its fundamental
nanoparticles, creating a porous assembly thaechanism relies on the directed replacement of lattice
substantially increased the specific surface area-ANiGQons in a solid precursor with ions from the solution
(Figure  5f): Displayed highly = symmetrical phase, inducing controlled reconstruction of
hemispherical hollow cavities (consistent ~20 nmomposition and morphology. This process leverages
diameter). Multiangle TEM confirmed a preferredthe chemical potential gradient between specific metal
orientation arrangement of the shell nanoparticles. cations or anions within the precursor and the
Notably, the NiG4 hollow structure demonstratedntroduced ionic species in the reaction medium. The
excellent gas sensing performance at 240 €, exhibitirgsulting diffusiorcontrolled ion transport facilitates
high sensitivity (B/Ra = 9.0) and selectivity towardscompositional transformation and structural evolution,
1000 ppm routanol Figure 5b). This performance is culminating in hollow architecturd®/.
attributed to the thin, porous outer shell facilitating Li et al. utilized a templatdee methodology to
efficient gas diffusion and electron transporsynthesize hollow microplatike CoMoQ, structures
highlighting a novel design strategy for functionalia ion exchange®®. Initially, cobaltbased metal
hollow nanomaterial§*. organic framework (GMOF) microplate arrays were
Gao et al. developed a related tempfege strategy, fabricated on a nickel foam (NF) substrate
leveraging the Kirkendall effect to fabricate hollovsolvothermally, serving as the precursor. Subsequent
bimetallic selenide electrodd®. Their methodology hydrothermal ion exchange involved the gradual
comprised: i) Precursor fabrication: Growth of NiCoeplacement of BDE organic ligands within the Co
bimetallic hydroxide (NiCeDHs) nanoneedle arrays onrMOF by MoQ? anions from solution. During this
carbon cloth (CC) via hydrothermal synthesiexchange, Mo combined with C& to form an
(Figure 5q). ii) Selenidation and hollowing: Reactiorultrathin CoMoQ nanolayer shell, while the @dOF
with H.Se gas, where surface hydroxides react to fowore was concurrently consumed. This process yielded
an initial NgSe/CoSe shell layer. Crucially, ultrathin nanolayeassembled hollow microplate arrays
asymmetric diffusion occurs: Banions diffuse inward (CoMoO-HMPA/NF) (Figure 6a, b). Electrochemical
to bind metal cations, while NiCc?* cations migrate characterization revealed that the CoMd@MPA/NF
outward to form new selenide phases at the surface. Télisctrode exhibited ultrhigh specific capacitance
preferential loss of internal metal ions due to their fast@r2.2 Fem-2, 6120 Cem at 2 mAem ), excellent rate
outward diffusion drives vacancy supersaturation apérformance (82.2% retention at 50 mAefy) and
cavity formation within the nanostructutgigure 5h). cycling stability (90.5% capacity retention after 5000
This iondiffusionratebased Kirkendall effect cycles) Figure 6c¢, d. Asymmetric supercapacitors
successfully yielded seffupporting hollow bimetallic (ASCs) assembled using this electrode delivered an
selenides (FNiCoSe/CC) directly on carbon cloth,energy density of 0.321 mWherh (Figure 6€) and
serving as cathodes for aqueous diased batteries exceptional cycling stability (96.0% capacity retention
(AZBBs) (Figure 5i). The templatdree, asymmetric after 5000 cycles) Rigure 6f), demonstrated by
diffusion strategy avoids the cumbersome steps safccessfully powering a blue LED, underscoring its
traditional templating methods and eliminates "degutactical potentiaP®l.
volume" issues associated with polymeric binders. TheXu et al. synthesized multicomponent CgEeSe
H-NiCoSe/CC  cathode  exhibited exceptionaloubleshell hollow nanocubes (DBNCs) as an
electrochemical performance: i) High specifiefficient catalyst Figure 6gi) [¢. Solidstate
capacities: 405.8 mAhg? at 1 Ag % 300.2 mAhg 1 cobalt precursor nanocubes served as templates.-Room
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Figure 6 a) Schematic illustration of the synthesis process for CoMd@PA/NF composite; b) SEM images of CoMg8IMPA/NF; ¢
Areal capacitances versus current densities; d) Cycling performance and coulombic efficiency comparisons amordiRIEMED-,
CoMoOs powder, CeMOF-MPA/NF, and CeMOF powder; ) Energy and power density plots of the CoMaRIPA/NF//AC asymmetri
supercapacitor (ASC), alongside literature data; f) Cycling stability of the CeMMPA/NF//AC ASC devicel®®. Copyright 201¢
Elsevier. g) Schematic diagram depicting the stepwise ion exchange strategy for synthesizifigeSeI2#S-HNCs; h) SEM, i) TEN
images of the asbtained CoS#FeSe DS-HNCs; j) LSV curves for OER testing of CoféeeSe DS-HNCs, CoSeNPs and Co~®BA DS
HNCs; k) Chronoamperometric response of Cff2eSe DS-HNCs at a constant potential of 1.475%%. Copyright 2019, Royal Society
Chemistry.

temperature ligand exchange first produced amd some precioumetal benchmarks. This work
mesoporous doublghell hollow intermediate, G-e provides a novel strategy for designing
(CN)e]. Subsequent selenium ion exchange yielded thmilticomponent, precioumetalfree electrocatalysts
target CoSgFeSe DS-HNCs. The synergistic effectand highlights the critical roles of doukdiell hollow
between the unique doubdhell hollow nanostructure architectures and higbxidationstate species in
and highoxidationstate Cé* species endowed theenhancing OER kinetics and stabilf.

material with exceptional oxygen evolution reaction Beyond binary systems, more intricate multishell
(OER) performance in 1M KOH. Notably, it achieved atructures are accessible through ion exchange strategies.
current density of 10 mAen? at a low overpotential of Guan et al. demonstrated this using a stepwise approach
240 mV figure 6j) and demonstrated electrocheali [#°. Onionlike Ca;O4 served as the precursor. An initial
durability exceeding 50 hours Figure 6k), anion exchange reaction converted it into oike
significantly surpassing singleomponent selenidesCosS. A subsequent cation exchange reaction then
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yielded onionlike hollow-structured nicketobalt These advantages are attributed to the volume buffering
sulfide (NiCoSs) particles. When evaluated as battergffect of the doubleshell structure and the conductive
electrodes, these particles exhibited high specifiapport synergy of the rGO netwdfR.
capacitance (1016 Ry at 2 Ag 1) and excellent cycling Zhou et al. leveraged differential ceshell
stability (87% capacity retention after 10, 000 cycleghrinkage  during thermal decomposition  of
Hybrid supercapacitors (HSCs) constructed wilBoo33Mings7COs microcubes to synthesize double
NiCo,& as the positive electrode and activated carbonsdselled CoMpO4 hollow microboxes Eigure 7f, h-k)
the negative electrode delivered an energy density['®f The resultant material exhibited a high initial
42.7 Whg ! and outstanding cycling stability (only 8%«discharge capacity (1282 mAh§ Figure 7g) and
capacity degradation after 10, 000 cycles). Thssperior cycling stability (624 mAhg retention after
performance is attributed to the complex multished0 cycles at 200 mAgt, Figure 7). Performance
hollow architecture, coupled with the high specifienhancements stem from the nanostrugnoenoted
surface area and conductive active sites provided by tlmmversion reactions and the hollow framework's
nickekcobalt composit&9l, capacity to accommodate volume charifés
2.3.5 Thermally Induced Matter Repositioning Zhao et al. synthesized porous-Gl-Mn oxide
Thermally induced material repositioning (TIMR)prisms via coprecipitation and calcination exhibited a
represents a versatile and directed synthesis strategyhfgh specific surface area (96.53 m') and
hollow structures, exploiting the controlled Ronmesoporous structure (average pore size: 18.37°Hm)
equilibrium shrinkage behavior of materials durinds a supercapacitor electrode, it achieved a high
high-temperature processinyl. The core mechanismspecific capacitance (1623.5 Fgat 1.0 AgY) and
arises from temperature gradients generated during éxeellent cycling stability (97.8% retention after 5000
thermal decomposition of precursor components, whickicles). Furthermore, flexible solstate asymmetric
drive directional mass transport. Specifically, whesupercapacitors incorporating this material
metatorganic or inorganic composite precursordemonstrated a volumetric energy density of 0.885
undergo heating, decomposition of organic/inorganieWhem 2 and power density of 48.9 mwWerf
constituents releases gaseous products. An initial metmingside robust mechanical stability under bending.
oxide shell forms, constraining contraction of the outerDu et al. utilized pure and PdDaded double
region, while the incompletely decomposed inner cosbelled ZnSn® to form hollow microspheres via
experiences heterogeneous shrinkage under contingeprecipitation and calcination. Characterization
thermal exposure. This differential shrinkage ultimatetonfirmed that the 4 wt% Pdi@aded sensor exhibited
leads to shell detachment, forming nugltiell a high response (30.8 to 100 ppapropanol), rapid
architectures. response/recovery kinetics (1s/25s) at 140C, excellent
A defining characteristic of this approach is theepeatability, and lonterm stability. This superior
utilization of precursors with uniformly distributedsensing performance originates from the unique
metal species within a thermally decomposable orgadigcubleshell morphology and the combined
matrix. Crucially, shell layer number and spacing camatalytic/sensing functionalities of Pd®.
be precisely modulated through parameters such a#élthough the hardemplating method excels in
heating rate and precursor composition, eliminating thentrolling structural morphology and shell uniformity,
requirement for templating agents. This stratedis multistep synthesis procéssncluding template
demonstrates particular efficacy for synthesizingreparation,  functionalization,  deposition,  and
complex hollow multimetal oxide$®Y. removal significantly increases process complexity
Wang et al. employed quasollow MnCoglycolate and cost. Moreover, template removal often involves
precursors via air annealing to synthesize mesoporstr®ng acids (e.g., HF) or higamperature calcination,
hollow MnCaOs (MCO-Il) ©2.  Subsequent which are not only hazardous but may also damage the
compositing with graphene oxide (GO) and argoshell structure or introduce impurities. Despite its
reduction vyielded a 3D sandwidlke graphene applicability to various materials (e.g., Si@PS), this
nanocomposite (MCQ7.2G) featuring doubishell method exhibits notable limitations in terms of
hollow MnCaO. spheres and a reduced grapherseistainability and largecale production. The seft
oxide (rGO) network Kigure 7ac). This architecture templating approach, leveraging saffisembly
delivered exceptional performance as a lithimm behavior, offers excellent control over pore structures,
battery anode: a capacity retention of 703 maAhg particularly for hierarchical pores and flexible
(80%) after 100 cycles at 200 mAg(Figure 7¢), and frameworks. Yet the templates used (e.g., surfactants,
a capacity of 538 mAhg' at 1000 mAg* (Figure 7d). micelles) often exhibit poor stability under reaction
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Figure 7 a) Schematic illustration of the typical synthesis routes for-gbidl MCG| spheres, mesoporous hollow M&Dspheres, ar
MCO-27.2G nanocomposite-¢) TEM images of mesoporous hollow M@0Dspheres; d) Rate capability of yesihell MCOI spheres
mesoporous hollow MCAl spheres, and MCQ7.2G nanocomposite electrodes at current densities ranging from 50 tan20g6; e)
Cycling performance at 200 mg* [*3l, Copyright 2018, Elsevier. f) Schematic diagram of the synthesis of dslielied CoMpOs4 hollow
microcubes; g) discharge/charge profiles; FESEM),(TEM (j-k) images of doublshelled CoMaOs hollow microcubes; 1) Cyclir
stability of doubleshelled CoMaO4 hollow microcubes in the voltage window of 8L 0 V v s. Li/ Li at ¢
mA-g* ¥4, Copyright 2011, John Wiley and Sons.

conditions and are susceptible to disruption hgregularityor collapse.Ostwald ripening can facilitate
introduced precursors, limiting their applicability irstructural evolution from solid to muishelled
novel material systems such as multicomponent architectures, but requires extended reaction times (up
heterogeneous structures. Although breakthroughs h&wdens of hours) and is highly sensitive to parameters
been made via cooperative assembly strategies, shieh as temperature and concentration, making control
generalizability and reproducibility of this methodhallenging. The Kirkendall effect, which utilizes
remain challenging. Templafeee methods are favoreddiffusion differenes to form cavities, is applicable to
for their simplicity and environmental benefits byiverse material systems. However, it requires a
avoiding template use, yet each variant has significaignificant difference in diffusion rates between
limitations: Selective etching highly demgs on the components; otherwise, ideal hollow structures may not
chemical heterogeneity within the precursor. If therm, and diffusion asymmetry can cause shell fracture.
stability gradient is insufficient, uniform etchinglon exchange can construct hollow structures in
becomes difficult, potentially leading to structuraiultinary metal compounds, but the process often
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induces structural reorganization or collapse, especialigeven shrinkage during heat treatment. However, high
when large ion size differences compromisemperatures may cause particle sintering, pore closure,
mechanical stability. Thermally induced massr reduction of active sites, adversely affecting the final
relocation can form mulhell structures throughperformance.

Table 2 Comparison of hollow structure preparation methods.

Method type Method name Advantage Disadvantage Typical application areas
Controllable structure, uniform Complicated steps, complex template, : ;

rl;l]zrtﬂézmplate Hard template morphology, wide applicability, and preparation and removal, possible gﬁé?lysgb?;ug delivery,
good repeatability introduction of impurities, high cost 9y g

Adjustable pore structure, suitable foLow template stability, sensitivity to
Soft template  complex multilevel porous materials, reaction conditions, and difficulty in us
mild conditions in multi-component systems

Soft template
method

Photocatalysis, battery
electrodes, adsorbent materi

No need for templates, simple steps
Selective etchincthe ability to prepare multi shell
structures

Templatefree
method

'Dependent on the chemical difference

of precursors and difficult to control Catalysis, sensors

Template required, controllable numt
Ostwald ripeningof shell layers, suitable for various
metal oxides

Long reaction time and complex kinetGas sensing, biocatalysis,
control batteries

Suitable for various materials (metalsHigh requirements for diffusion rate a
Kirkendall effect oxides, sulfides, etc.), controllable  possible formation of non ideal
cavity formation structures

Gas sensing, electrochemica
energy storage

Capable of preparing muliomponent The ion exchange process is difficult 1
lon exchange compounds with diverse structures, control and may lead to structural
suitable for complex hollow structureccollapse

Supercapacitors,
electrocatalysts

Thermally Capable of preparing multi shell hollc
induced matter structures, template free, suitable for
repositioning  multi metal oxides

High temperature treatment may leadLithium-ion batteries,
sintering or structural damage supercapacitors

Current synthetic methods for hollow structures eackicling, substantially enhancing structural integrity and
possess distinct features, while also exhibiting inhereatending cycle life of batteries (lithivion/sodium
limitations. Future research should focus on developiiam) 7. Concurrently, the internal void space
green, highly efficient, and precisely controllablaccommodates greater active material loading, while
synthesis strategies integratiing situ characterization shortened ion diffusion pathways improve reaction
techniques with computational simulations to drive tHenetics and energy density®. The interconnected
evolution of this strategy towards trulpreciseand hollow channels facilitate rapid electrolyte ion
predictable synthesis to achieve the ultimate goal todnsport in supercapacitors. Combined vatiundant
facilitating their more extensive utilization in variouglectrochemically accessible surface sites, this enables
domains, including catalysis, energy, and sensing. the delivery of exceptionally high power densify.

In energy conversion applications, the confined
interior spaces enable precise modulation of catalytic

3 Energy Storage and reaction pathways. For instance, in electrocatalytic
] . . processes (e.g., oxygen reduction reaction (ORR) and
Conversion Applications hydrogen evolution reaction (HER)), thin walls

maximize active site exposure, optimizing reactant

Hollow-structured materials represent a significadidsorption and product desorption. This enhances
advancement in energy storage and conversignergy conversion efficiency in devices such as fuel
technologies due to their inherent structural advantageslls and water electrolyzer$®l. Furthermore, the
Their threedimensional frameworks integrate highmultifunctionality —achievable through composite
specific surface area, tunable porosity, and low densityllow structures synergistically enhances electrical
establishing an exceptional structural paradigm feonductivity and chemical stability, providing a robust
efficient energy management. platform for designing higidurability electrocatalysts

In energy storage systems, hollow architecturaead electrodel$®ll,
effectively mitigate electrode volume expansion during These collective attributes position holkstructured
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materials as a pivotal strategy for overcoming tldispersion increase active interfacial sites and shorten Li
intrinsic limitations of conventional energy materialgjiffusion paths, enabling a specific capacity of 420
demonstrating considerable potential for advancimgAhg * at 5 Ag! (Figure 8c). The porous carbon

nextgeneration energy storage devices and renewafslanework enhances electron transport, facilitates

energy conversion technologies. electrolyte infiltration/ion migration, and physically
confines CeO4 nanopatrticles, suppressing agglomeration

3.1 Energy Storage and maintaining integrity. Synergistically, this yielded a
high specific capacity (1120 mAhg! at 0.2 Ag* over

3.1.1 Lithium-ion Batteries 100 cycles,Figure 8d) and excellent rate capability

Lithium-ion batteries (LIBs) represent highly(reversible capacity fluctuation rate < 63% betweerb0.1
efficient electrochemical energy storage systems. Thag 1), significantly —outperforming pure G0a
operation relies on the reversible insertion amhnoboxes (48% capacity retention after 300 cycles).
extraction of lithium ions between a cathode and anKang et al. developed @04/CeQ heterostructures
anode, facilitated by an ieronducting electrolyté%2, via onestep microwave synthesis of MOF precursors
Key advantages include high energy densit{figure 8f-g) to address the dual challenges of large
lightweight design, and environmental friendlinessplume changes and low intrinsic conductivity in
establishing LIBs as the dominant power source f@o;04 1!, Optimizing the C&/Ce* molar ratio
portable electronics and a critical technology faevealed the 5 GO®4/CeQ composite (5:1 Co/Ce)
electric vehicles and smart grid¥3. However, the exhibited superior performance: i) A reversible specific
energy density of conventional LIB systems isapacity of 1131.2 mAhg?t after 100 cycles at 100
approaching theoretical limits, insufficient fomAg - (Figure 8i), markedly higher than singfghase
demanding hightange application§%4. Concurrently, Co:0s (538.6 mAhg ). ii) High-rate capacity
high-capacity anode materials (e.g., silicon, timgetention of 835.3 mAhg' at 2000 mAg?
transition metal oxides TMOs) undergo substantial(Figure 8h). The enhancement stems from GeO
volume fluctuations during cycling. This inducesynergy Figure 8€): acting as an inert support
material pulverization, interfacial instability, and rapiduffering CaO4 volume expansion, forming interfaces
capacity degradation, presenting critical bottlenecks fit)at shorten Ui diffusion paths and enhance
practical implementatioR°®: 106] conductivity, and the MOifderived mesoporous

Hollow-structured materials offer a promisingstructure improving electrolyte access/active site
approach to mitigate these challenges. Their intermadposure. Interfacial capacitive contributions further
voids effectively accommodate mechanical stresdasost reversible capacity. This work provides novel
from volume expansion, minimize dimensionallesign insights for rarearthmodified heterostructures.
changes, prevent electrode fracturing, and inhibitTabassum et al. reported a generalized pyrelysis
agglomeration of nanostructured electroactivexidation method Kigure 8j) to synthesize corshell
materials. Furthermore, thin shells shorten lithi@m hollow TMO nanoparticles (e.g., CoO, Kk, MnzOx)
diffusion paths, enhancing reaction kinetics, whilencapsulated within boron/nitrogen-doped graphitic
porous shells increase active site exposure and improa@otubes (BNG) as Cofthell TMO@BNG

electrolyte penetration efficiendlf’l. Nanotubes Figure 8k) (%l Designed as high
Transition metal oxides (TMOs), operating vigerformance LIB anodes, the TMO@BNG leverages
conversiorreaction mechanisms, exhibit high specifistructural synergies. Notably, CoO@BNG

capacitieb typically two- to threefold greater thandemonstrated rate capabiliies of 1451, 1215, 1008,
graphitel'®8l, Significant research has therefore focus&¥0, 631, 520, and 247 mAhg' from 0.1 to 3 Ag™*
on complex hollow architectures of TMOs (e.g.3G9 (Figure 8l); exceptional cyclic stability (96% capacity
Co0, NOs, Mnz0Oy) (109111 retention after 480 cycles at 1.75 Ay This
Huang et al. synthesized uMfine CaO. hollow performance arises from the hollow TMO buffering
nanoparticles (< 20 nm) uniformly embedded within wlume expansion and the BNG providing high
mesoporous carbon nanowall using a M@Mmplate conductivity, large surface area for electrolyte
strategy involving chemical etching and coordinatigpenetration, and SEI film stabilizatioRigure 8m).
bonding, followed by a twstep annealing process Beyond TMOs, silicorbased materials are highly
(Figure 8ab) M9, This structure confers multiplepromising anodes due to an exceptional theoretical
benefits: i) Internal cavities buffer volume expansiotapacity (~4200 mAhg), nearly tenfold higher than
during lithiation/delithiation, preventing structuragraphite. However, severe lithiatiemduced volume
collapse. ii) Nanoscale dimensions and homogene@xpansion causes pulverization electrodecollapse
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Figure 8 a) Schematic illustration of the formation process e€40s@MCNBs; b) FESEM images of -Bos04@MCNBSs; c¢) Rat
capability and coulombic efficiency profiles at different current densities; d) Cycling stability at 0’2ahg the associated Coulorr
efficiency 9. Copyright 2020, John Wiley and Sons. e) Schematic of a litidumnbattery; Lt shuttles between cathode and anod:
separator; Left: overall battery structure with electron flow powering a device; Right: enlarged view of anddg kicamd e movemen
key for anode electrochemical reactions during chdigeharge;f9) SEM images of 5 G@4/CeQ; h) rate performance of @04 and ¢
Co:04/CeQy; i) Cycling performance of agrepared samples at 100 mAgi*tll Copyright 2021, Elsevier. j) Synthesis schemati
MO@BNG (MO: CoO, NiOs, Mn3Os) nanotubes; k) TEM image of CoO@BNG nanotubes of hollow CoO nanoparticle; I) Storage
of CoOO@BNG nanotubes at various current densities; m)4t@mg cycling stability of COO@BNG at agh current density of 1.75 Ag
1109 Copyright 2018, John Wiley and Sons.
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conductive network failure, exacerbated interfaciaycling via a buffering effect. The carbon shell
reactions, and unstable SEI  growth!'?, functions as a physical barrier, effectively prgssing
Nanostructuring, particularly hollow structures (poroute dissolution and migration of lithium polysulfides
Si, coreshell, yolkshell), effectively buffers stress andLiPS), thereby mitigating the shuttle effect. Enhanced
accommodates expansion. Nevertheless, inherent lkiwetics arise from the mesoporous channels facilitating
particle density and potential pore collapse durifgi di ffusion and i mproving
electrode calendaring or cycling can diminish thencapsulated sulfur, thus boosting electrochemical
benefits of hollow designs. Addressing this, the Li teautilization efficiency!6l,

engineered a higHensity, crackesistant SC Pioneered by the Nazar group's demonstration of
microparticlel!*3l, Its key feature is a dltlayer carbon LiPS confinement using ordered mesoporous carbon
matrix: i) An inner porous carbon layer (mesoporflCMK-3) [*17] structural engineering of carbon hosts
volume 62.53 iy 1) buffers Si expansion. ii) An outerhas become central to 49 research. This field has
dense carbon layer (specific surface area 3.%8¥h diversified into a multdimensional innovation
prevents electrolyte penetration. Thiin-situ pore system. Hollow carbon nanospheres encapsulate
generation design achieves a high tap density (0.&ulfur within their sealed cavities, effectively
gem 3, 473% improvement over traditional hollowconfining sulfur and mitigating its volume changes
structures), 96.2% capacity retention after 200 cyclekjring cycling 118, Hierarchical carbon nanocages
and minimal electrodeexpansion(18.6% vs. ~50% incorporate  threglimensionally  interconnected
industry standard). Full cells pairing this anode withorous structurg facilitating rapid ion diffusion and
LiFePQ, exhilit an 18.3% increase in energy densitglectrolyte penetratioR!®l. Aligned carbon nanotube
compared to graphiteased cells, demonstratinglCNT) arrays utilize their inherent axial electrical
significant progress towards higimergydensity conductivity to significantly enhance the overall
batteries via optimized hollow structure engineering. electrode conductivity 129, Micro/mesoporous

3.1.2 Lithium-Sulfur Batteries carbons exploit the synergistic effects of their multi
Lithium-sulfur (Li-S) batteries represent a promisingcale porosity to achieve high sulfur loading and
nextgeneration higlenergydensity storage retention in highcapacity cathoded''6l. Porous

technology. Their core advantage lies in the sulfgraphene facilitates the design of uithan and
cathode's exceptionally high theoretical specifigotentially flexible electrodes due to its extended
capacity (1, 675 mAhg 1), coupled with abundant rawsingle-atom-layer structure'?1l,
materials, low cost, and environmental benignity, Through pore topology optimization and
positioning them as potential replacements falimensional control, these materials provide synergistic
conventional lithiurAon batteries (LIBs). However, solutions to sulfur's low conductivity and LiPS
significant challenges impede their practicahuttling. Despite their benefits, ngolar carbon
implementation:i) The inherently insulating propertiesmaterials exhibit insufficient chemical interactions with
of sufur and its discharge products {&/Li,S) result polar LiPSs, limiting their confinement efficacy
in poor electrical conductivity and severely limit th@rimarily to physical barriers, effective mainly in short
utilization of the active materi&i4l. ii) Soluble lithium term cycling. To enhance LiPS anchoring for extended
polysulfide intermediates (LiPSs, 25, 4 On ®ae) life, two primary strategies are widely pursued
generated during the redox processes, shuttle betwé&h
the electrodes, leading to irreversible active materialHeteroatorrdoped carbon matrices: Introducing
loss, rapid capacity fade, and poor cycling stability. iiglectrondonating heteroatoms (e.g., N, O, S)
The substantial volumetric expansion (~80%) occurrirgignificantly enhances LiPS chemisorption via
during repeated lithiation/delithiation cycles inducedipole-dipole coupling with Li. For instance, Zhang
significant mechanical stress within the electrodet al. synthesized hydrophilic graphene@graphite
resulting in structural degradati&#®l. phase nitrogemloped carbon (GCN) nanosheets with
Hollow carbon nanostructures (HCNs) representaahierarchical porous structure (macropores ~60 nm,
promising mitigation strategy, leveraging their inheremiesopores ~3 nm) using gihase microemulsion
structural advantages as high surface area, tunael@plating Figure 9a). Sulfur (82 wt%) wasn situ
porosity, and mechanical resilience, which providingencapsulated within the GCN pore wallsdure 9d,
versatile platform for addressing these challenges. Té)e Pyridinic N moieties within the GCN/-G3N4
high void volume enables efficient encapsulation ofiatrix engage in Lewis acidase interactions with Li
sulfur within its internal cavity. Optimized poreatoms in LpS,, providing strong chemisorption to
structures accommodate volume changes duriggppress dissolution!?3: 1241 Concurrently, the
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graphene framework ensures high conductivity amdtained 86% capacity after 800 cycles at 0.3 C
mechanical integrity. Thigiphysicalchemical dual (decay rate: 0.017% per cyclétigure 9f), and
confinemend design buffers volume expansion viaxhibited neatl00% coulombic efficiency with
macropores while enhancing anchoring vieinimal capacity decay across varied rates,
mesopores and doping. Consequently, the S/IGCNdemonstrating exceptional reversibility and rate
cathode delivered 612 mAhg! at 10 C Figure 9b), capability Eigure 9¢) [125],
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Polar hosts based on transition metal compoun@&radaic redox reactions, and hybrid devices
Materials like metal sulfided'?®l, oxides 27 and combining both mechanisms. Pseudocapacitors are
MXenes 28] offer enhanced LiPS fixation throughdistinguished from EDLCs by their Faradaic charge
Lewis acidbase coordination, polar interactions, anstorage, which endows them with superior specific
sulfur-chain bridging. Molybdenum disulfide (M@S capacity and energy density*3¢. Consequently,
distinguishes itself due to its layered structure, higlignificant research focuses on transition metal oxide
intrinsic  conductivity (16100 S/cm), rapid Li based pseudocapacitive materials, such as R’
diffusion (Di+a 1'&n¥/s), and strong LiPS affinity Co:04, and MnQ [140. 141 A fundamental limitation of
(adsorption energy > 2.5 eW}? Zhang et al. these singlanetal systems, however, is inadequate
employed strain engineering to modulate MeGrface intrinsic  electrical conductivity, resulting in
structure, synthesizing ceshell nanoparticles (metalcompromised cyclic stability and rate capability.
sulfide core / strained MoS(sMoS;) shell) via  To overcome this limitation, ternary metal oxides
electrospinning Kigures 9h, ). Strain enlarged the-S have emerged as a promising alternative, leveraging
Mo-S bond angle and shifted thebend center closer multi-metal synergistic effects, abundant active sites,
to the Fermi level, boosting both LiPS adsorption areshd optimized charge transport propertié®: 143l
catalytic conversion kineticgigure 9¢g). The resulting Among these, NiC#s and MnCeO,; demonstrate
CNF/sMoS, cathodes achieved high reversiblsignificant potential. Researchers continuously
capacities (1290 mAhgt at 0.2 C; 657 mAhg * at 5 optimize their electrochemical performance through
C; Figure 9j) and outstanding stability (0.05% decajnnovative synthesis: Hao et al. synthesized eggshell
per cycle after 700 cycles at 8 Gigure 9k), structured NiCgOs (Figure 108, achieving a high
exemplifying the potential of straiengineered core specific capacitance of 835.7 Fg at 0.5 Ag?
shell design§37, (Figure 10b) and exceptional cycling stability (93%
3.1.3 Supercapacitors retention after 10, 000 cycles at 10 AgFigure 109

Supercapacitors as an emerging class ®f. Yang et al. developed a hollow Ni&h
electrochemical energy storage systems, exhibichitecture Figure 10d), delivering 1229 Fg! at 1.0
substantial promise due to their high power densityg * and maintaining 83.6% capacity at 25 Ag
rapid chargedischarge kinetics, and exceptional cycléFigure 106 4%, Similarly, MOFtemplated MnCgD4
stability 31371 Crucially, they bridge the performancenanocagesHigure 10f) exhibited a superior specific
gap between traditional capacitors and batteriegpacitance of 1763 Fj and 95% retention after 4500
achieving energy density enhancements spannimycles Figure 10g 146l These findings underscore the
multiple orders of magnitude, which makes themwritical role of structural engineering, particularly
particularly suitable for applications requiring sherim, hollow designs with tunable shell permeability and
high-power output, such as electric vehicle st&p internal void space, in enhancing electrochemical
systems and grid frequency regulatiéf?l. However, performancg!® 147-150]
limitations persist, primarily low energy density Despite progress with singfghase hollow
(typically < 10 Whkg') and insufficient utilization of structures, the rational design of complex hybrid
active materials, hindering broader application. architectures remains underexplored. Addressing this,

Hollow nanostructured materials present a promisii@hi et al. developed NiGO4/MnCo,0s composite
strategy to address these challenges. Their unigudk-shell hollow spheres (YSHSkigure 10i, j) using
structural design offers key advantages: i) Enhanceidkelmanganeseobalt glycerate templates combined
accessible reaction sites promote higher energy densitjth selective etching and pyrolysisigure 10h). This
i) Porous shell structures facilitate efficient electrolytdistinctive hierarchical architecture confers
penetration and significantly shorten ion diffusiomultifaceted advantages: an ultrgh specific
pathways, leading to elevated power density. Criticallyapacitance of 1636 Ry at 4.0 Ag-l; robust rate
in complex multishelled architectures, the outer shelapability (57.4% retention at 20 Ag§ Figure 10K);
represents as a protective barrier agairmhd exceptional cycling stability (only 10% decay after
electrochemical degradation and mechanical attrition @00 cycles at 15 Ag'; Figure 10l). When integrated
inner components, ensuring superior cycling stabilityto solidstate asymmetric supercapacitors, the device
through structural reinforcemeftl. delivered a high energy density of 62.8 Whkgat

Supercapacitors are categorized into three primd§50.4 Wkg™, retaining 23.2 Whkg* even at an ultra
types based on energy storage mechanisms : eledtigh power density of 12367.7 Wkg 9l This
doublelayer capacitors (EDLCs) relying on interfaciaperformance highlights its strong suitability for high
charge separation, pseudocapacitors utilizing surfgo@wer electrochemical energy storage.
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Figure 10 a) Diagram of the formation processes of-M&0.0s; b) the capacitance and c) the cycle life at 10%2gnd SEM image «
YS-NiCo:0s4 after 10, 000 cycles in insét4. Copyright 2018, Elsevier. d) TEM image of hollow NiCa nanospheres; ) The spec
capacitances and capacitance retentions of the hollowz®iGw@nospheres and Nigds microspheres!*sl. Copyright 2018, Elsevier.
TEM image of the asbtained nanocage Mn@®s; g) Coulombic efficiency of the two electrodes at the density of 1* Al Copyrigh
2017, Elsevier. h) Schematic illustration of the process for controllable synthesizingONi@oCo.04 hollow structures;-j) TEM image:
of NiCo:04/MnCo:04 YSHS k) Specific capacitance of Ni@D4/MnCo0s SS, HS and YSHS at current density-2@Ag *; I) Cycling
performance of NiC##/MnCo:0s YSHS at 15 Ag™ over 6000 continuous chargschargd®. Copyright 2023, Elsevier.

3.2 Energy Conversion resolution. Consequently, extensive research has focused
on developing costeffective transition metatbased
3.2.1 Electrocatalysis alternatives, particularly transition metal oxides (TMOSs)

Sustainable energy technologies have consistentfyf ***™°°. Yet the widespread application of TMOs is
constituted a critical research frontier. A centrdlindered by their intrinsically poor electrical
challenge in modern energy conversion systems is gfductivity, which impedes efficient electron transport
rational design of highly efficient and durabl@nd significantly =~ compromises  electrocatalytic
electrocatalysts to drive critical electrochemicdterformance, notably in OER?. 166, 167]
reactions [15158] including the hydrogen evolution Hollow nanostructures represent a promising
reaction (HER)!5%, oxygen evolution reaction (OER)strategy to address key electrocatalyst limitations: i)
[160] oxygen reduction reaction (ORRJSY, and Functional integration.  Spatially  segregated
methanol oxidation reaction (MO, compartments within hierarchical hollow
Conventional precious metal electrocatalysts (e.g., Pfchitectures facilitate the integration of otherwise
Ru), while exhibiting excellent activity, suffer fromincompatible catalytic ~functionalites or the
scarcity and prohibitive costs, constraining lasgale €ncapsulation of distinct reactive species, enabling
deployment 1262 163] Furthermore, issues such agomplex cascade reactions. ii) Enhanced selectivity.
inadequate stability, limited mass transport efficiencyailoring shell pore architecture allows for molecular
and insufficient active site exposure necessitate urg&iving, while modulating the chemical affinity at the
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shell interface can control reactant diffusioprocess, has garnered significant research interest due
pathways, thereby systematically improving catalytio its inherent advantages of high efficieni&{176,
selectivity. iii) Maximized active sites: The inherentosteffectiveness, and minimal secondary pollution,
large specific surface area of hollow nanostructuregich finds diverse applications, including hydrogen
significantly increases catalyst loading density argeneration®’”- 18]  C O p holt"d% dhehwyc t i on
expands the accessible interface between active sitestal detoxification, biodegradation, and air
and reactant molecules. iv) Efficient mass transpogurification.
Ultrathin shell structures with optimized thickness While specific reaction mechanisms vary, the
promote rapid ion and molecular transporfundamental photocatalytic process universally
minimizing diffusion resistance in electrochemlic involves three critical stageS¢heme 4 [184:
environmentg168], i) Light absorption: Photocatalysts absorb photons,
Rational optimization of TMO electronic properties ipromoting electrons from the valence band (VB) to the
therefore critical for enhancing OER activity. Heteroatogonduction band (CB), thereby generating eleetron
doping or establishing strong coupling betwemtive hole pairs. This photoexcitation governs the spectral
siteseffectively modulates electronic configurations angésponse range and energy conversion efficiency.
activates catalytic centers, improving electronic transp@bmmon photocatalysts like TiGand ZnS primarily
and charge transfer kinetié&’], absorb ultraviolet light, though visible light absorption
Xu et al. synthesized mesoporous CoMn arisl highly desirable. Enhancing light harvesting
CoMnSe nanobundles via hydrothermal methoadficiency is crucial for improving quantum yield and
(Figure 1138. Mn incorporation into cobalt oxidescatalytic performance in applications sueh pollutant
concurrently tunes electronic structure and inducesneralization, water splitting, and GOreduction.
nanobuckled morphology. The resulting saipported Consequently, optimizing light absorption
CoiMn; bimetallic oxide achieves exceptional OERharacteristids particularly broadening the response
activity, requiring an ultralow overpotential of 221 mfange and enhancing visible light utilization
at 10 mAem=2 (Figure 11b). The nanobranchedrepresents a core research objective. Strategies include
CoiMn;Se further exhibits superior HER performancmaterial design, structural modulation, and surface
(overpotential: 87.3 mV at 10 mAem; Figure 119, engineering®l,
surpassing most reported npable metal catalysts. ii) Charge separation and migration: The
Leveraging these complementary activities, a watehotogenerated electrdwle pairs must rapidly
electrolyzer employing G&n; oxide (anode) and separate to prevent recombination within the catalyst
Co:Mn;Se (cathode) attained 10 mAcmat 1.60 V in bulk or on its surface. This separation can be facilitated
1.0 M KOH (igure 11d, ¢ with stable 3éhour by internal electric fields, grain boundary effects, or
operation Figure 11f), demonstrating higefficiency surface modifications. Efficient separation and
overall water splittind67.. subsequent migration of carriers to the catalyst surface
In parallel, Lés team developed a bifunctionabre pivotal determinants of photocatalytic activity. Yet
Co@N-C/PCNF electrocatalyst (i.e., Co nanopatrticlethe significant recombination losses occur during
encapsulated in foped hollow porous -carbontransit or upon surface arrival, dissipati energy as
nanofibers) via ultraapid hightemperature impact heat or light. Minimizing recombination is therefore
synthesis Figures 11gj). Synergy between GN-C essential for enhancing overall efficieri&y..
active sites and the porous carbon frameworkiii) Surface redox reactions: Effectively separated
(Figures 11kp) confers outstanding bifunctionality:charge carriers participate in redox reactions at the
OER overpotential of 289 mV at 10 mAethand ORR photocatalyst surface. Photoexcited electrons typically
half-wave potential of 0.85 V. The €@9¥-C moieties reduce adsorbed oxidants (e.gs, 8©20), while holes
optimize adsorption/desorption kinetics and reducidize adsorbed reductants (e.g., organic pollutants,
activation barriers by modulating the local electronid>O). The specific reactions depend on the denor
environment. When deployed in aqueous airc acceptor properties of the adsorbed species. dlived
batteries (AZABs;Figure 110), the catalyst delivers acarriers exhibit greater potential to drive targeted redox
peak power density of 292 mWerh (Figure 11r). pathways, enabling pollutant degradation or solar fuel
Flexible AZABs incorporating this materialsynthesig!®’l,
successfully power wearable electronics, underscoringNonetheless, the practical deployment of
its practical utility in portable energy systef¥), photocatalytic materials remains encumbered by
3.2.2 Photocatalysis significant limitations: i) Narrow spectral response.
Photocatalysis represents an advanced oxidatidany catalysts (e.g., Ti&p are primarily U\active,
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limiting solar energy utilization. ii) Rapid charge The synergistic optimization of these is critical for
recombination. High recombination rates lead to lodriving thermodynamically unfavorable reactions using
guantum efficiencies. i) Limited active siteslight energy. Key strategies include selecting
Agglomeration of nanoparticles reduces specifeppropriate  photocatalysts, optimizing surface
surface area and accessible reaction sites, hindefimgperties, and enhancing charge separation efficiency

scalability!188], to improve reaction rates and selectivity.
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an inset showing the temperature distribution may) kKStructural modeling of distinct components in Co@MCNF, accompanied by
SEM, o) TEM, and p) HRTEM images that characterize the selected structural features of theCIR@N®F composite; q) Schem:
illustration of the AZAB configuration; r) Corresponding discharge polarization curves and power density pfifi@spyright 2023, Jot
Wiley and Sons.

26 https://cm.iacademic.info



Comp Funct Mat. 2025, 2): 20250202 https://doi.org/10.63823/202302

MB dyes
(pollutant)

N.
S
H;C cH
Noho"
Water with N| g+ N
cr

CH, CH,

LUMO
(IIT)
: anofiber ZIF-8 ‘8“ {dation
v s with Zif-8 / 2
@ : IT) 3 >
Water ( )e ‘“h%u"‘ h*
(1) ZIF-8+hv—ZIF-8+ (e +h) CO, +H,0
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Hollow structures offer a promising solution bysuperior hydrogen evolution performance at a rate of
leveraging unique geometric designs. Their nshill 16.69 mmolg™ ' (Figure 126. Structural
or cavity configurations enhance light harvestingharacterization combined with density functional
through multiple internal reflections, extending ththeory (DFT) simulations revealed that the hierarchical
photon path length and improving capture efficienc3D hollow porous architecture imparts CPCN with a
4%, This concept pioneered by Li, Lu et al. in 200large specific surface area and abundant exposed active
using hierarchical spheig-sphere TiQ, demonstrated sites, concurrently enhancing substrate adsorption
enhanced UV photon utilization and significantikinetics and structural integrity. Furthermois, situ
improved phenol degradatio®®. Furthermore, the carbon doping modulated the optical absorption
high specific surface area of hollow structures providpsoperties of CPCN, thereby promoting efficient charge
abundant active sites, while thin shell layers shortearrier separation and migration. These synergistic
carrier migration distances, suppressing recombinatigtructural and compositional modifications collectively
For instance, R©,@TiO, coreshell hollow structures contribute to the exceptional photocatalytic
exhibit superior RhB degradation compared to P2@rformance of the CPCN catalySgl.
TiO, and enable facile magnetic separati6ffl. Similarly, Zheng et al. achieved precise
Hollow structure design combined with noretallic optimization of graphitic carbon nitride -@Na)
element doping is an effective strategy for tailoring thetructure and properties through controlled precursor
electronic structure and bandgap of photocatalystemposition and synthesis methodology. As illustrated
significantly boosting efficienci®Ll. in Figure 12f samples were prepared via distinct

Graphitic carbon nitride (€3N4), a metalfree routes: (U) urea thermal polymerization, yielding a
semiconductor, has attracted considerable attention gooeous structure from gaseous decomposition
to its low cost, earth abundance, suitable bandgap, amdducts; (M) direct thermal polymerization of
excellent chemical stabilit{**2. Numerous nomnetal melamine, resulting in a dense layered structure with
doped gC3N4 catalysts and heterostructures nowinimal porosity; (MC) thermal decomposition of a
surpass pristine-gsNa4 in performancétl. melaminecyanuric acid supramolecular complex,

Liu et al. reported the fabrication of a highlywhere cyanuric acid templating generated an open
efficient threedimensional hollow porous carbonporous framework with a specific surface area (52.2
nitride (CPCN) catalyst via synergistic morphologicah®y ') and pore volume (0.37 én?) increased 8-0
engineering andh situ carbon dopingKigures 12ac). fold and 6.6fold, respectively, relative to M,;
The resultant CPCN material exhibited a significantfMCBo.07) carbondoped MC via barbituric acid
enhanced diclofenac degradation rate of 20.3xlidcorporation into the supramolecular framework via
Sk min T wunder vi §igupell2d ahdi bydrogenibaondiray,dalloavédi by M-site carbon doping
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Figure 12 SEM images of a) CPGI, b) CPCN2, c) CPCNS3; d) Photocatalytic degradation of DCF by thepespared samples; ek
generation of the BCN, PCN and CPCN catal{#8t% Copyright 2022, Elsevier. f) SEM and TEM (insets) images-Gf\u samples U, M
MC, and MCB o7, g) Photocatalytic degradation rate constants of U, M, MC, anddJ¢/&8". Copyright 2016, American Chemical Soci
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during thermal polymerization, further increasin ; ; ;
specific surface area (78.8gn?), pore volume (0.46 %. In Situ Testing Technlques

cmig ), and the C/N mass ratio (0.61 vs. 0.60 facombined with First Pr|nc|p|es
MC), confirming successful doping. These structur : .

variations directly governed photocatalytic activit alculation in Hollow -structured
(Figure 1_2@: M exh_ibited_ the Iowes@ o_lggradation rateg/|aterials

due to limited active site accessibility. The porous
structure of MC enhanced pollutant adsorption and . . . .
mass transfer, substantially increasing reaction kineticd 21oWing the detailed elaboration on the various

relative to M. MCBo, demonstrated synergisticsyntheSis methods and application scenarios of hellow

optimization, combining the porous structure Witﬁtructured r_n_aterials in_ the preceding sections, .it is
carbon doping to enhance charge separation efficie e}zlly . crmcgl o ﬂ:n\_/estlgalt_e t_the Aunderflymg :
(evidenced by lower photoluminescence intensifjjcc aniSms auring their application. A - protoun
versus MC), yielding degradation rate constants fgpderstanding of these mechanisms enables the further
atrazine an,d sulfamethoxazole of 059 an®10 rational functionalization and modification of the
m&mol photons)?, respectivelly nearly double those mate_rlal_s, enhqncmg their suitability for specific
of MC (0.30 rimol photons)3)i and phenol @Pplication requirements. . .
degradation activity comparable to U (0.37 vs. 0.32 /"€ &xploration of these mechanisms necessitates
mAmol photons)l). This study demonstrates thaf e tln(_jls?ensataleh . appllc?,t\ll(_m thOf ol[l_verse
carbon doping enhances the photocatalytic oxidatigiaracterization techniques. Wi e continuous

capacity of gCaNa by modulating the band structure evelopment of material modification methods and the
(e.g., inducing a more negative conduction barcreasing complexity of chemical reaction systems,

potential favorable for @ generation) and increasingt !¢ demands placed on characterization techniques

surface defects, providing robust experimental suppgﬁve tbe_co?e tmohre_ strlngen;. Beyodr}# et?( situ
for nonmetallic doping strategies in environment aracterization techniques such asay diffraction
remediatior194] XRD), scanning electron microscopy (SEM),

Furthermore, Liang et al. engineered a highly acti@nsmission electron microscopy (TEM), -réty

hollow tubular gCsN4 isostructural heterojunction!3 otoelectron  spectroscopy _ (XPSglectrochemical

(SCNCN, Figure 12h) to augment visibKight |m|;_)edancetspectr§[)_scopyl(EOIIS), hp?oltolu_mlnescence
harvesting and regulate directional charge transf )PLSpEff ru_ml,{ _w_rgeres&llle. P o?umln_es%enc;e
Ultravioletvisible diffuse reflectance spectroscop ), ultraviolewisible (UV-vis) spectrum, inciden

(UV-Vis DRS), XPS band structure analysis, and D otorto-current _ conversion _ efficiency - (IPCE),
calculations collectively demonstrate that sulfur dopidgPO SPiIRtrapping electron paramagnetic resonance

enhances visiblight absorption relative to pristine g PR), surface photovoltage (SPV), andsitu diffuse

o . reflectance infrared Fourier transform spectroscopy
N4 (CN fies th / . . :
CaNa (CN) and modifies the band structure, promotin RIFTS), which characterize and determine the

photoexcited electron migration from CN to SCN and’ . . ; . L .
hole transfer from SCN to CN under visible Iightmt”ns'c state of materials. Various quasisitu andin
Situ  characterization technigse are becoming

Concurrently, the tubular architecture facilitate . X . . :
longitudinal electron transport along the tube axi@creasmgly pivotal for_explonng reaction mechan!sms
suppressing carrier recombination. Consequently, dgr reatlr_ne operating con_dltlons. Th_e followmg
SCNCN-2 heterojunction achieved optimal charg@ec'[IonS W'”. pe_lrtlally Qetall the _pr|nC|p_Ies i of
separation efficiency, evidenced by the Strongecscerre_spondlngn situ techniques combl_ne_d with flrs_t
photocurrent  response Figure 12i), smallest prlnc_lples caIcuIatlpn for mechgnlstlc an_aIyS|s,
electrochemical impedance ardigure 12j), and speC|_f|caIIy addressing the application scenarios and
lowest pheoluminescence intensityFigure 12K). The reaction _ systems goo]hollo’muctured materials
integrated experimental and theoretical approagf‘?cussed previouslf*200),

systematically elucidated the optical characteristics, . L
electronic structure, and charge transfer dynamics% In Situ Irradiation X —ra_y_ Photoelectror?

SCN-CN. Rigorous evaluation under simulated visiblgPectroscopy (IStXPS) Facilitates Exploration of

light irradiation confirmed the enhanced photocatalytlgtrinsic Mechanisms

degradation efficiency of SGEN towards model

pollutants tetracycline hydrochloride (TCH) and Scientific community has increasingly acknowledged
rhodamine B (RHB}., the critical importance of elucidating the pathways of
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photogenerated electrons at material interfaces durggablish the baseline binding energy (BE).
photocatalytic processes. A fundamental understandiBgbsequently, the excitation wavelength is then
of these charge carrier dynamics is indispensable fmlected to correspond with the characteristic
developing mechanistic insights into photocatalyt@bsorption wavelength of the sample material,
phenomena and establishing rational design principlsabling the commencement of -siiu testing.
for advanced photocatalyst architectuf88. XPS is a Irradiation of a semiconductor photocatalyst with
surfacesensitive analytical method conventionallphotons possessing energy equal to or exceeding its
employed to probe elemespecific chemical bandgap induces electronic excitation. This process
environments, inherently captures electronic structugenerates photogenerated charge carriers (electrons
modifications, and initially focused primarily onand holes), promoting electrons from the valence band
determining the directionality of electron flow acrost the conduction band and creating reactive species,
interfaces. In this context, -situ irradiated Xray leading to localized alterations in electron density
photoelectron spectroscopy (8PS) has emerged as gFigure 13d-f) [206],
particularly promising technique for the direct detection The shielding effect theory provides the framework
of photogenerated electron transfer dyna8i8s’®3l As for interpreting BE shifts. An increase in electron
comprehension of the techniqgue matured, researchdessity within the outer atomic layers attenuates the
recognized its utility for emerging research exploringffective nuclear charge experienced by dewel
parameters such as excitation wavelength, bindiakgctrons. This reduced electrostatic attraction
energy shifts, and quantitative electron transfer volumesnsequently enhances the kinetic energy of the
suggests ISKPS holds significant potential for deepeemitted photoelectrons. According to the Einstein's
exploration within the photocatalysis domain. To datphotoelectric equation (& hv -Exe), under constant
ISI-XPS has been successfully applied to charactereecitation energy (hv), an increasein kinetic energy
diverse  systems, including hollow structuredecessitates a concomitant decrease in binding energy.
heterostructure catalysts. The fundamental insigl@®nversely, a reduction in kinetic energy corresponds
derived from such studies are paramount for driviig an increase in binding energy. Consequently,
continuous innovation and accelerating the developmeariations in electron density manifest directly as shifts
of nextgeneration catalytic materials. in corelevel binding energies. Electron depletion
4.1.1 The ISEXPS Instrument Fundamental Principles(reduced electron density) results in a positive BE shift
During spectral acquisition, the sample surface (gcrease), typically observed for the primary catalyst
irradiated with photons of precisely defined energglement. Conversely, electron accumulation (increased
The corelevel binding energy (&) of the emitted electron density) yields a negative BE shift (decrease).
photoelectrons is derived directly from their measurédhalysis of these BE shifts® thus allows for the
kinetic energy (k) using Einstein's photoelectricdetermination of the directionality of electron flow
equation: B=hw-Exe, wherehv is the energy of the between the constituent materials under simulated
incident monochromatic Xay photon [2%4 2051 A jllumination conditions.
fraction of the photoelectrons generated near thel.2 The Application of ISIXPS in Hollow
sample surface are emitted into the vacuum. Thedrictured Materials
electrons traverse the electron optics and areThe use of multlevel structures can also serve to
subsequently focused through the entrance slit of timaximize the inhibition of photgenerated charge
spectrometer analyzer. The spectrometer is designedettombination and maximize the utilization of
measure the electron current (proportional to tledectrons.
number of electrons per unit time) as a function of Zhang et al. constructed a mdiivel separation
kinetic energy. The resulting plot of electron intensityolk-shell hollow structure HKigure 14a, b),
versus binding energy constitutes the XPS spectrufiO,/Ni,P/rGO/CdsZnosS %8, for photo generated
X-ray irradiation is confined with the maximumelectrons, which maximized the inhibition of photo
information depth typically limited to approximately 1@enerated electron recombination. The photocatalytic
nm. The most intense peak within an elemenperformance test showed that the activity of this multi
spectrum is designated as its characteristic pe#yel separation structure is about 14 times higher than
thereby providing definitive elemental identification. that of pristine CeglsZnosS (Figure 14¢ d). The
The ISEXPS analysis is performed utilizing a standarskability test in Figure h also indicated that this
XPS instrument equipped with an integrated illuminaticstructure can exist stably in catalytic reactions, and the
accessory, as depicted imigure 13ac. The initial hollow structure would not collapse with the progress
measurementis conducted under darkconditionsto of the reaction. The results of }ZPS testing indicated
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Figure 13 a) Front windows photographs of 8PS device; b) Side windows photographs ofX#S device; c) Schematic illustratior
ISI-XPS device; ) Effect of electron density on binding enetdfl. Copyright 2022, John Wiley and Sons.

that the photo generated electrons generated thg relationship between binding energy and element
CdosZnosS flow towards NiP through rGO Kigure valence states, achieving preliminary research on
14eq), achieving the separation of photo generatedectron quantification. This study is the inaugural
chargecarriers. The energhevel structure verifies the investigation into the alterations in binding energy as a
migration direction of electronsFigure 14i), and function of light sources with disparate wavelengths. It
Figure 14j shows the mechanism by which this multihas uncovered the intrinsic correlation between binding
level structure enhances catalytic activity. energy, valence state, and wavelength.

Li et al. established a-@sN4/SnQ: as a model _ )
heterostructure photocatalyst to investigate tie2 In Situ Surface Attenuated Total Reflection
relationship between binding energy and incideRourier Transform Infrared Spectroscopy (ATR-
wavelength?®®l.  The morphology characterization FTIR) Combining with First Principles Calculation
represented -€sN4 was coated at the surface of SNQrqjlitates Exploration of Intrinsic Mechanisms.
nanoparticles Rigure 15a, ¢. After verifying the
synthesis of photocatalyst, the 48PS equipped with a  Researchers have elucidated diverse perspectives on
continuous tunable wavelength light source was carrieldctrocatalytic mechanisms from both thermodynamic
out. Figure 15b-d showed the results of Sn 3d in ShOand kinetic viewpoints, employing a variety of
composite photocatalyst and calibrated results aflvanced techniquesin situ spectroscopy further
composite photocatalyst, respectively. It could be seserves as a critical experimental approach, enabling
that the change in binding energy increased as tlealtime monitoring of dynamic evolution in catalyst
wavelength got shorter. In this situation, a Boltzmarsurface structures and intermediate species during
function was proposed to describe the relationshefectrocatalytic processes. This capability makes it an
between binding energy changes and irradiatedlispensable tool for unraveling the fundamental
wavelength Figure 159g. Besides, inFigure 15f, an reaction mechanisms in electrocatalysis. First
asymptotic function model was also offered to descripeinciples calculations, particularly those basedon
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density functional theory (DFT) 219 211 have become adsorption behavioof p-nitrobenzoic acid molecules
an indispensable and powerful tool in modern materias Au andAg Island films 213 The electromagnetic
science and catalysis research. Rooted in theld mechanism postulates that when incident infrared
fundamental principles of quantum mechanics, thight irradiates a rough metal surface, the free electrons
approach relies on no empirical parameters and predimtsthe metal surface oscillate under the influence of the
various material properties solely based on atondptical electric field, giving rise to localized surface
species and spatial arrangements. It allows research@smon resonance (LSPR). This results in a significant
to probe the intrinsic characteristics of materials amtthancement of the local electromagnetic field
chemical reaction processes at the atomic aimensity at the metal surface. The localized
electronic levels, thereby enabling the rational desigiectromagnetic field is polarized perpendicularly to
of material functions and offering profound insightthe metal surface and its strength decays exponentially
into catalytic mechanisms. with increasing distance from the surface. As a
4.2.1 ATR-FTIR Fundamental Principles consequence, the effective enhancement distance of the
ATR-FTIR is a highly sensitive detection techniQu€EIRS effect is limited to within 10 nm. This
developed based on the surface enhanced infrachdracteristic precisely enables SEIRAS to minimize
absorption (SEIRA) effect. The SEIRA effect refers timterference from the bulk solution. This surface
the phenomenon in which metal island filmselection rule allows SEIRAS to elucidate the
significantly enhance the infrared absorption intensityientation of molecules adsorbed on the surféde
of surfaceadsorbed moleculed?'?. It was first 215l The core of the chemical enhancement mechanism
observed by Hartstein et al. during their study of thies in the interaction between adsorbed molecules and
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Figure 15 a) The SEM image of -@3N#/SnQ; e) HRTEM of gCsN4/SnQ; b) ISFXPS result of gCaN4/SnQ before charg
compensation; c) ISKPS result of Sng) d) ISFXPS result of gCsN#/SnQ after charge compensation; f) The fitting curve of the rel
between binding energy and valence state of Sn elemenCiNgSnQ; g) Relationship of irradiation light energy, changes of bir
energy, and kinetic energy of Snsgih g-CsN4/SnQ. 2%9, Copyright 2023, Elsevier.

atoms on the metal surface. Resonance occurs whensifjaal, as depicted ifigure 16220,
energy of the incident light matches the energy Compared to transmission and external reflection
difference required for this charge transfer procesSEIRAS techniques, ATR offers effective suppression
This leads to an increase in the vibrational dipot# solvent interference, lower background absorption,
moment of the adsorbed molecules, thereby enhancieduced detection limits, higher sigfielnoise ratio,
the infrared absorption sigri&®l. andsuperior sensitivity. Owing to these advantages, ATR
SEIRAS has attracted significant attention owing 6TIR has been widely adopted in studies of electrochemical
its unique technical advantages, including higbystemd??. A schematic diagram of the situ ATR-
sensitivity, the abilty to determine moleculaFTIR experimental setup is shownhkigure 17.
orientation, minimal interference from electrolytel.2.2 The Application of SEIRAS Combining with
solutions, and the compatibility of metallic thin films a&irst Principles Calculation for Elucidation of Catalytic
working electrodes in electrochemical systems. Thelgkechanisms
attributes have established SEIRAS as a powerful toolConventional electrochemical techniques, such as
for investigating electrochemical interfaces, and it Bafel slope analysis, exhibit limitations in
now widely applied in studies of electrocatalysiglistinguishing subtle differences in microscopic
electrode reaction mechanisms, and surface adsorpfathways during catalytic processes. In contrast,
processes. SEIRAS capitalizes on the localized surface plasmon
To leverage the SEIRA effect in practical researctesonance (LSPR) effect of metallic thin films to
various operational modes of SEIRAS have besignificantly enhance the infrared signals of adsorbed
developed, including transmission mod€!, external species, thereby facilitating the detection of
reflection model?'8], and attenuated total reflectiorintermediates even at low surface coverad@d.
(ATR) model?*?], The attenuated total reflection (ATR)Furthermore, SEIRAS can be coupled with an
mode employs a higrefractiveindex crystal (e.g., electrochemical workstation to monitor in real time the
ZnSe, Si, or Ge) as an internal reflection elemenibrational characteristics of intermediates adsorbed on
When infrared light is directed onto the crystal surfa¢ke electrode surface (e.g., *H, *OH), providing critical
at an angle greater than the critical angle, total intermasights into the reaction mechani&atl.
reflection occurs. During this process, an evanescenStructural engineering has been demonstrated as an
wave penetrates into the sample and interacts wéffective strategy to enhance the performance of
molecules adsorbed on the nanostructured metatalystsi??> 2261 Wang et al.*?”] developed a facile
surface, thereby enhancing the infrared absorptigalvanicreplacement strategy to synthesize octahedral
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Figure 16 Schematic illustration of the three primary SEIRAS techniques: a) transmission mode, b) external reflection mor
attenuated total reflection (ATR) mo#eé.
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Figure 17 Schematic diagram of &n situ electrochemical ATRETIR setup equipped with stirring capabilis?.

PdRuCu nanocagegNCs) (Figure 183) using CwwO facilitating the formation of C®through synergistic
octahedra as templates, offering dual advantages: €ffict. Figure 18e presents the free energy landscape
significantly improved atom utilization efficiency,( G) f or tHmshelwoedrygenQOioxidation
thereby reducing overall catalyst codt$®; and (2) mechanism on both catalytic surfaces. Thermodynamic
simultaneous accessibility of both external surfaces amhlysis reveals spontaneous chemisorption of reactants,
internal cavities to reactant molecules, which not onlyith CO exhibiting stronger binding affinity on i,

maximizes the electrochemically active surface area fuppG = 1T 1. 2 e V)s3Ru€Cw mhilaOdd t o
also promotes mass transport, ultimately acceleratispgecies show preferential stabilization on the- Ru
kinetics??9. In situ FTIR reveals that the introductionofmo di f i ed surface (@G = T10. 8

Ru favors OH adsorption, thereby promoting C®ottleneck correlates with the experimentally observed
oxidation inFigure 18b-c. This work presents a simpleenhancement in FAOR activity, where the-&tloyed

yet effective strategy for designing higerformance Pd cat al yst achieves a high
catalysts with superior efficiency and low productioR H E . The attenuated CO bindi
costs, offering significant potential for practicall . 2 e V) coupl ed wi t h opti
applications. Density functional theory (DFTkenergetics creates a synergistic effect that simultaneously
calculations indicate that the -edlsorption of CO and mitigates CO poisoning while accelerating the .CO

OH species on PdRuCu NCs enables electron interactitasorption kinetics.

between OH and CO species iRigure 18dh,
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Figure 18 a) TEM images of P&RuCu NCs;In situ FTIR spectral analysis of adsorbed species aR&dw NCs: b) FTIR spectra and
contour maps of OH, CO, and @&dsorption; d) Local charge density difference of C&édsorbed with OH; e) Energy profile compari
for CO oxidation to C@ f) Crystal orbital Hamilton population (0COHP) analysis: g) CO adsorption, h) OH adsofftfbrCopyrigh
2025, Elsevier.

Zhang et al>?% strategically engineered atomicallyaddition, under ORR operating conditions, there are
dispersed cobaltopper diatomic pairs anchored offiour absorption peaks. As the applied voltage
CeQ hollow nanostructures Figure 193 to decreases, the intensitof the peak at 1180 ¢
systematically investigate the interplay amonigcreases gradually, suggesting that the coupling of
coordination architecture, metslipport interactions, *OOH species is a dynamic process. The absence of
and their collective influence on OER/ORR. Theeroxel i ke oxygen (* Otc@nfirns a't a
influence of the mechanism pathway on the adsorptitrat CoCu@Ce@catalysts follow the 4eassociative
of reaction intermediates is measuredrbgitu Fourier ORR pathway. This work proposes a novel mechanism
transform infrared (FTIR) spectroscopy. The situ for engineering dushtom architectures through long
FT-IR spectra of CoCu@CeCfor OER (in 1.0 m range electronic interactions, providing valuable
KOH) ard ORR (in Q-saturated 0.1 m KOH solution)insights into the advancement of advanced
are shown inFigure 19b-c. During OER, an infrared electrocatalysts for sustainable energy conversion
absorbed peak of ' @&peedred (Systems. rfigurd 08d-gesystematic DFT simulations
under anodic potentials and gradually enhanced wHerther demonstrated that the LRS coupling between
the voltage applied changed from 1.2 to 1.8 V. Th®metallic centers induces significant electronic
increase of *OOH intermediates corroborated ttstructure modifications, including optimized - d
traditional fourstep adsorbate evolution mechanisipandcenter positions and dueced energy barriers
reaction pathway of the CoCu@CeQ@atalyst. In compared to singlatom counterparts. The synergistic
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interplay between geometrically optimized active sitedfers deep insights into loagnge electronic
and enhanced metalipport charge transfercorrelations in oxidesupported catalysts but also
simultaneously  facilitates oxygen intermediatestablishes a novel framework for atorggel catalyst
adsorption/desorption  kinetics. This atorlgwel design in advanced energy conversion technoldgfies
engineering of heteronuclear diatomic systems not orRfg.
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Figure 19 a) TEM images of CoCu@CeQn situ FT-IR spectra of CoCu@CeQor b) OER and c) ORR; Theoretical calculation
Charge density distributions and Bader charge at the Co and Cu sites; 4)atte cknter at the Co and Cu sites for Co@CE0@CeQ,
D1-CoCu@Ce®@ D2-CoCu@Ce® and D3CoCu@Ce@ f) Calculated total theoretical overpotentiat®f) volcano plot witl
PG T pGra n d ongdS descriptors; g) Theoretical overpotential of the catalyst for OER (at Co site) and ORR (at Cu site) for £
Cu@CeQ, D1-CoCu@Ce®@ D2-CoCu@Ce® and D3CoCu@Ce®@P?3%, Copyright 2025, John Wiley and Sons.

Furthermore, Zhang et af?®®l designed hybrid singlephase CgD, under different OER potentials. It
CosRws0x hollow nanotubes Higure 208 with is noteworthy that the OHabsorpibn band of hybrid
abundant Cgsx-RuQxx interfaces by a self Co.sRusOx was the maximum and became larger with
assembled electrospinning method, thesitu Fourier increasing voltages, providing strong evidence for its
transform infrared spectroscopy revealed that te&cellent OHadsorption capability. In conclusion, the
unique hollow nanotube structure allows Qkhactants unique porous hollow nanotube structure endowed the
to be readily adsorbed on both exterior and innbybrid Ca.sRusOx with an excellent OHadsorption
nanotube surfaces, providing a driving force farapability to accelerate the OER, which could serve as
activating interfacial lattice oxygen participatiora beneficial driving force to activate the underlying
mechanism (LOM). Figure 20b-c displayed the interfacial LOM. Combined LOM mechanism
operando FTIR spectra of hybrid £8BusOx and experiments and density functional theory (DFT)
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calculations demonstrated the exceptional interfactafough an interfacial oxygevacancy pathway
LOM processes on the salptimized CeO-Ru motifs (Figure 20d-h).

Figure 20 a) SEM image of hollownanotube hybrid GoRusOx composites; &) In situ FTIR spectra of hollownanotube hybri
composites; d) DOS diagrams of hybrid2GRuw.sOx and CaOs; Free energy diagram of the LOM pathway for e) hybrid £800.s0x with
Co-O-Ru interfaces and f) GOs; g) Chronoamperometry test of synthesized samples to calculate oxygen ion diffusion coeffic
Mechanistic diagram of lattice oxygéon diffusion at the Céax-RuQs.« interfacel?®3. Copyright 2025, ACS Publications.

SEIRAS offers substantial experimental suppoenhance the understanding of physical mechanisms
for the investigation of electrocatalytic reactiorby providing atomistidevel dynamic visualizations
mechanisms by virtue of its exceptional sensitivitgand quantitative energy descriptions. For surface
andin situ characterization capability. This techniqueatalytic reactions, such computations enable the
has proven particularly valuable in elucidating thsimulation of different adsorption sites, elucidate
behavior of adsorbed intermediate species. Evidenmeaction pathways and mechanisms, and evaluate
derived from SEIRASbhased studies has not onlcatalyst performance descriptors. However, their
enhanced the fundamental comprehension of reactexcturacy is inflenced by the choice of exchange
pathways but has also provided a critical theoreticadrrelation functionals (e.g., the bandgap problem),
foundation for theational desigrand developmertf the limited size of simulated systems (typically up to
novel, highefficiency electrocatalysts, therebyseveral hundred atoms), and short timescales
accelerating progress within the field of (picoseconds to nanoseconds). Thus, they cannot
electrocatalysis. Higlthroughput calculations canfully replace experimental validation.
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