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Abstract

Metal-organic frameworks (MOFs) have garnered extensive utilization across chemical,
biomedical, and energy-related disciplines owing to their exceptional specific surface
area and tunable structural features. Nevertheless, the electrical conductivity and
long-term durability of conventional MOF materials remain inadequate for many
advanced applications. Etching approaches offer a promising route to generate additional
defect sites and catalytic centers within MOF architectures and their derivatives, thereby
significantly expanding their functionality in electrochemical systems. This review
systematically elaborates on various etching techniques, encompassing hard- and

soft-templating routes, metallic ion etching, and ligand exchange protocols. It further
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highlights the performance of etched MOFs in electrocatalytic processes,

Vi

supercapacitors, and battery technologies. Prospects for future development and

prevailing challenges in the field of etched MOF materials are also critically discussed.
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INTRODUCTION

The escalating global energy demand and the accelerating depletion of conventional
fossil resources have precipitated severe environmental challenges. In response, the
development of clean and renewable energy alternatives, such as solar, wind, tidal, and
hydrogen energy, have become an imperative strategy to mitigate reliance on traditional
carbon-based fuels!!). Within this context, metal organic frameworks (MOFs) have
emerged as a class of materials with significant potential for energy applications!?),
Comprising metal nodes interconnected by organic ligands through coordination bonds,
MOFs represent a distinctive family of porous crystalline materials that have attracted
considerable attention over the past twenty years*3l. In contrast to conventional porous
solids, MOFs exhibit exceptional characteristics, including ultrahigh surface areas,
tunable pore geometries, and synthetic sustainability. These attributes render them highly
promising for a diverse range of applications, spanning gas adsorption and storage,

molecular sensing, drug delivery, and catalytic processes!®.

The synthesis and properties of MOFs are strongly influenced by the selection of metal
ions, organic linkers, and functional modifiers!”8). Notably, even identical precursor
combinations can yield distinct structural configurations and material characteristics,
underscoring the critical role of synthetic control®l. Variations in synthesis methods and

reaction conditions further modulate morphology, crystallinity!!%-12]

, and porosity,
thereby directly determining the functional performance of the resulting materials!'!,
Despite their advantages in porosity and tailorability, MOFs often suffer from intrinsic

limitations such as poor electrical conductivity!4], limited chemical resilience,

particularly under acidic conditions due to the labile nature of coordination bonds and
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insufficient mechanical robustness!!>!®l, These shortcomings significantly restrict their

Vi

applicability, especially in electrochemical systems!!”l. Moreover, the predominantly
microporous nature (pores < 2 nm) of conventional MOFs imposes diffusion constraints,

narrowing their utility in composites and processes requiring rapid mass transport!!3!19],

As a result, strategies such as composite formation, ligand exchange, and etching have
been developed?*2!l, Among these, etching techniques have proven particularly
effective in engineering hierarchical porosities and exposing abundant active sites while
largely preserving the innate high surface area and structural integrity!®?!. The resulting
etched MOFs exhibit significantly enhanced functionality, opening new avenues for

advanced applications!??],

Recent studies highlight the considerable potential of chemical etching in modulating
both the functionality and microstructure of MOFs!?324l, This review comprehensively
examines etching strategies aimed at enhancing the electrochemical performance of
MOFs!?%], These approaches can be categorized according to the use and nature of
templates?%?7], such as hard or soft templates, or by the targeting of specific
components!'¥l, including metal nodes and organic ligands!?®]. We critically evaluate the
merits and limitations of each etching strategy, systematically summarize recent
breakthroughs in the electrochemical applications of etched MOFs [Figure 1], and offer

perspectives on future research directions and challenges in this evolving field™’.,
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Figure 1. Summary of Etching Strategies.

METHODS OF ETCHING MOFS

In recent years, numerous synthesis strategies for MOFs have been developed, including
conventional solvothermal routes, template-assisted growth, and ultrasound-assisted
preparation*%3!l, Despite these advances, the inherently narrow pore size distribution of
many MOFs often restricts their efficiency in energy storage applications*>*]. Rational
modulation of the pore architecture represents a critical pathway to overcome this
limitation*. Chemical etching, which operates through selective cleavage of
coordination bonds between metal ions and organic ligands, has emerged as an effective
means to tailor pore characteristics®>). Precise control over etching parameters is
essential to achieving desired structural propertiest*®], including porosity, morphology,
crystal facet exposure, and chemical composition!*’]. This section outlines three principal

etching approaches: template method, metal ion exchange and ligand exchangel*$3],

Template method
Based on the nature of the templating materials, template-based synthesis strategies can
be categorized into hard-templating and soft-templating approaches!**#!l. An ideal

template should combine ease of preparation with controlled etchability, thereby
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enabling the precise preservation of the desired MOF architectures and morphological

Vi

features.

Hard template strategies

Hard templates, including SiO», metals, and polymers, typically exhibit well-defined and
tunable geometries that facilitate the formation of core-shell architectures. Subsequent
removal of the core template allows the preservation of the shell’s original
morphology!#?l. The fabrication of hollow MOFs via hard-templating generally involves
three key steps: first, synthesis of a template with specific shape and dimensions; second,
controlled growth of the MOF shell over the template surface; and finally, removal of
the core to yield hollow structures*l. For instance, Wang et al. constructed
nitrogen-doped carbon hollow microtubules (denoted as N-GCT) using ZnO nanorods as
a sacrificial template in a ZnO@ZIF-8 system [Figure 2a]*!. Their study revealed that
the shell thickness could be precisely modulated by varying the reaction time or
temperature. After etching with KOH, the resulting N-GCT retained a well-defined
hollow architecture without structural collapse, and exhibited high specific surface area
and pore volume!®! resulting of enhanced performance as a cathode material in

lithium-sulfur batteries!244,
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Figure 2. Schematic representation of the preparation of (a) N-GCT; Reprinted with
permission. Copyright 2022, Springer Nature; (b) hollow CeO2/Co0304 polyhedrons;
Reprinted with permission.Copyright 2021, Elsevier; (c) hollow CoFe@C nano-boxes;
Reprinted with permission. Copyright 2021, Elsevier; (d) hollow ZIF-8 microspheres;
Reprinted with permission. Copyright 2012, Royal society of chemistry.

Beyond conventional metal oxide templates, MOFs have been employed as sacrificial
templates to fabricate hollow polyhedral architectures!*’. For instance, Zhang et al.
synthesized hollow CeO,/C0304 polyhedra by utilizing ZIF-67 as a precursor template
[Figure 2b]. Through a surface ion-exchange process followed by high-temperature
calcination to remove the internal template, a hollow polyhedral morphology with an
average size of 200 nm was achieved“®#7]. When applied as a cathode catalyst in Li-O>
batteries, the CeO2/Co304 polyhedron significantly enhances the electrolyte-cathode
interfacial contact and shortens the diffusion pathway for both lithium ions and oxygen,

thereby improving the reaction kinetics!®l. In another approach, Wei et al. constructed
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hollow CoFe@C nanoboxes using cubic ZIF-67 as a hard template!*! shown in Figure

Vi

2c. The surfactant cetyltrimethylammonium bromide (CTAB) was critical in selectively
inhibiting the growth of the (100) crystal facets, promoting the formation of a
well-defined cubic architecturel%. This enabled the subsequent formation of
ZIF-67/Co-Fe Prussian blue analogue (PBA) multilayer nanoboxes!'!l. Family, during
annealing, the ZIF-67 template was etched away, resulting in hollow nanoboxes with

maintained structural integrity.

Among various hard-template options, polystyrene (PS) spheres are widely utilized for
constructing hollow MOFs and MOF-based composites owing to their mild synthesis
and removal conditionsP!l. Oh et al. pioneered the use of PS templates to fabricate
hollow ZIF-8 microspheres via a distributed solvothermal reaction'>?! as shown in Figure
2d. Carboxyl groups on the PS surface facilitate zinc ion coordination, promoting
heterogeneous nucleation and growth of ZIF-8 on the template. Subsequent immersion
in selectively removes the PS core, yielding intact hollow microspheres. By precisely
controlling the growth cycles, the ZIF-8 shell thickness can be finely tuned, enabling
optimization of the material’s physicochemical and functional propertiest>]. Furthermore,
the versatility of PS templates allows the engineering of more complex architectures ,

such as hollow double-shell MOF structures through iterative templating strategies.

Despite its utility in fabricating hollow MOFs, the hard-template method encounters
several challenges during the etching process. These include difficulty in completely
removing the template, limited structural stability of the resulting MOFs, imprecise
control over pore size distribution, and overall procedural complexity®#. In contrast,
soft-templating strategies offer notable advantages: milder template removal conditions,
finer regulation of pore architecture, improved structural integrity of the MOFs, and a
more streamlined synthesis process®! These characteristics make soft-template etching
particularly suitable for constructing MOFs with hierarchical porosity, well-defined

hollow morphologies, and tailored functionality(?!-36],

DOI: 10.20517/scierxiv202605.0330.v1 7 https://www.scierxiv.com/



https://www.scierxiv.com/

cieRxiv.

Soft template strategy

Surfactants, by virtue of their amphiphilic nature, self-assemble into micelles or vesicles
in solution, serving as soft templates to direct the formation of tailored nanostructurest’!,
Surfactants like sodium dodecyl sulfate (SDS) and alkyltrimethylammonium bromide
(C.,TAB) are particularly effective for crafting hollow MOFs through -etching
strategies®®>].  Electrostatic interactions and hydrogen bonding facilitate the
crystallization of MOFs on the surfactant surfaces, while morphological control can be

achieved by tuning surfactant concentration, reaction temperature, and pHI®",

For instance, Lei’s group fabricated hollow ZIF-8 nanospheres using anionic SDS
micelles as templates!®!l. The negatively charged SDS surface attracts zinc cations,
promoting the subsequent coordination with 2-methylimidazole and leading to the
controlled growth of a ZIF-8 shell around the micellel®?. Washing with deionized water
removes the SDS template, yielding hollow ZIF-8 architectures as presented in Figure 3a.
Beyond anionic systems, cationic soft templates such as C,TAB vesicles have also been
employed. Zhang et al. demonstrated that upon mixing C,TAB with Co(NOs), and
HmIM in aqueous solution, negatively charged [Co-complex] species adsorb onto the
cationic vesicle surface, providing nucleation sites for ZIF-67 crystallization!3],
Subsequent washing with DMF and methanol etches away the soft tmplate, resulting in

hollow ZIF-67 particles with uniform structural integrity(*%3 [Figure 3b].
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Figure 3. (a) Preparation of ZIF-8 hollow nanospheres; Reprinted with permission.
Copyright 2015, Elsevier; (b) Simplified illustration of the growth mechanism of ZIF-67
hollow structure; Reprinted with permission. Copyright 2016, Wiley.
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Exchange of metal ions

A wide variety of MOFs with diverse compositions and structural features have been
extensively investigated. Key strategies for tailoring MOF architectures include central
metal ion exchange, ligand etching and substitution, defect engineering, template-guided
assembly, and ligand functionalization. While extending the length of organic linkers
can facilitate the formation of mesopores of varying sizes, it often compromises the
framework stability due to reduced coordination connectivityl®. Among these
approaches, etching and exchanging central metal ions represent one of the most
straightforward routes to structural modification(®”). These processes not only alter the
chemical composition but also enable precise control over morphology and crystalline
orientation. Commonly employed metal ion etching techniques involve proton acid
etching and competitive metal ion displacement, which typically target specific crystal

facets or sites to create enlarged mesopores or customized morphological features[68:6%,

Acid etching serves as a highly effective route for constructing hierarchical porous MOF
architectures. By selectively cleaving coordination bonds between metal nodes and
organic ligands using proton acids, this method enables precise control over MOFs’
morphology!”, facilitating the creation of hollow and highly porous structures. Liu et al.
developed a synergistic protection etching strategy to fabricate hollow ZIF-67 polyhedra
and carbon nanocages (Co@NCNs)!l displayed in Figure 4a, circumventing the
limitations of conventional sacrificial templates and strong etchants!’?). Tannic acid (TA),
rich in hydroxyl groups, was coated on ZIF-67 surfaces. Protons released from TA
diffused inward through pores, selectively breaking Co-N bonds and inducing
core-selective etching, with shell thickness finely adjustable via etching duration(’?],
Huo’s group demonstrated multi-shell hollow MIL-101(Cr) with single-crystal shells
through stepwise crystal growth and acetic acid etching!” [Figure 4b]. The differential
stability between outer and inner layers allowed selective etching, with cavity size and

shell thickness modulated by etching time and reactant concentration.
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Figure 4. The schematic illustration for the synthetic procedure of (a) hollow
Co@NCNs; Reprinted with permission. Copyright 2021, Wiley; (b) single-, double-, and
triple-shelled hollow MIL-101; Reprinted with permission. Copyright 2017, Wiley; (c)
tZIF-67 hollow nano-frame and the corresponding TEM images; Reprinted with

permission. Copyright 2021, Wiley.

The Ting group utilized phosphoric acid to selectively etch the metastable HKUST-1,
generating a defect-rich porous copper-based MOF with hexagonal macroporosity while
preserving crystallinity!”>]. Their experiments confirmed etching dependence on both
time and acid concentration. As shown in Figure 4c, Yamauchi ef al. employed cyanuric
acid (CA) to anisotropically etch ZIF-67 truncated rhombic dodecahedra. CA
preferentially passivated the (100) facets, enabling inward excavation of the six

equivalent crystal planes, ultimately yielding well-defined hollow nanoframes!7®,

Layered double hydroxides (LDHs) belong to a class of anionic layered materials
characterized by brucite-like sheets in which metal cations occupy octahedral sites
coordinated by hydroxyl groups!’”’l. Owing to their tunable chemical composition,
ion-exchange capability, high intrinsic stability, and rich redox properties, LDHs exhibit
outstanding performance across various application’®). Recently, metal ion etching has
been widely adopted for synthesizing LDHs with hierarchical structures from MOF
precursors, significantly enhancing the electrochemical utility of MOF-derived

materials!”®%%, For example, Qiu et al. constructed bimetallic NiCo-LDH polyhedra
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through Co?* and Ni** etching of ZIF-678!. As displayed in, the bimetallic system
promotes the formation of numerous ultra-thin, vertically aligned LDH nanosheets
assembled into hollow polyhedral superstructures in contrast to monometallic Co-LDH.
This unique configuration maximizes interfacial exposure and facilitates guest-host
interactions, thereby enhancing electrochemical activity!®?l. Similarly, Li ef al. converted
Co-ZIF-L into CoNi-LDH with tunable morphologies and properties via a multi-step
ion-etching approach!®]. The Co-ZIF-L was first etched with Co?*" in a DMF-ethanol
solution, followed by further Ni**-assisted etching, yielding a material labeled CoNi-1

that demonstrated superior electrochemical performancel®+831,
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Figure 5. Schematic illustration of preparing (a) hierarchical Co@C@MnO nanorods;
Reprinted with permission. Copyright 2021, Elsevier; (b) Hollow Cages Ni/C0304,
C0304-30, and Ce/Co304; Reprinted with permission Copyright 2021, Elsevier; (c)
Schematic illustration of La** etching effect on ZIF-67 and their corresponding pyrolysis
products, Reprinted with permission. Copyright 2020, Elsevier; (d) CoNi-LDH from
Co-ZIF-L; Reprinted with permission. Copyright 2024, Elsevier; (e) Ni-Fe LDH

nanocages with tunable shells. Copyright 2021, Wiley.

Furthermore, the shell architecture of hollow LDHs, including shell number and
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hierarchy, can be precisely tailored by modulating etching conditions®). As

Vi

demonstrated by Gao’s group, adjusting the ethanol-to-water ratio during etching allows
fine control over reaction kinetics!®’l. With higher ethanol content, etching is slowed,
leading to the formation of double-shelled Ni-Fe LDH nanocages (DSNCs), as
illustrated in Figure S5e. In contrast, aqueous-rich conditions favor single-shelled

structures!38:891,

Building upon the complementary strengths of proton acid etching, which enables
hollow structure formation and transition metal ion etching that allows crystal structure
regulation, the integration of both strategies offers a powerful route for fabricating
anisotropic materials with finely tunable composition and architecture!®. Liu et al.
demonstrated this synergistic approach by simultaneously employing transition metal
and protic acid etching to synthesize hollow carbon polyhedral. In their method, Ni**
ions first etched ZIF-67 to form a NiCo@LDH intermediate, which was subsequently
treated with boric acid (H3BOs) to selectively etch the framework, resulting in

well-defined hollow structures with maintained polyhedral morphology®'l.

Exchange of ligands

Beyond metal ion etching, etching and exchange represent another effective approach for
structural and compositional modulation of MOFs®?l, This strategy readily yields hollow
architectures and novel chemical functionalities. Alkaline agents or strongly
coordinating ligands are typically employed as etchants to selectively remove or replace
original linkers, thereby creating porous frameworks or inducing phase

transformations!®3!.

For example, Li et al. demonstrated alkaline etching of a copper-based MOF
(Cu-MOF-74) to synthesize hollow copper sulfides with tunable morphologies. As
illustrated in Figure 5a, sequential treatment with KOH and NaoS first induced a
pseudo-crystalline transformation under alkaline conditions, progressively evolving the

initial rod-like morphology into cubic (30 min) and dodecahedral (180 min)
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intermediates. Subsequent sulfidation yielded the corresponding hollow sulfide
derivatives®. In a related study, Zhang et al. utilized NH3-H>O as an alkaline etchant to
convert solid Co-Co Prussian blue analogue (PBA) cubes into hollow Cu-CoSe;
nano-frames (NFCs) in a water-ethanol mixture. Hydroxide ions generated from
ammonia cleavage selectively removed the inner Co(CN)¢* ligands, resulting in
structurally defined hollow frameworks®l. Alternatively, Liu et al. introduced a dry
etching approach using thiourea as a sulfurizing agent to convert MIL-88A into Fe;Ss/C
composites. At 650 °C, thiourea decomposition releases H>S, which serves as a gaseous

etchant enabling sulfide formation through reaction with Fe** nodes(®®l.

Zhang et al. further developed an ammonia-assisted in situ cation exchange method to
fabricate dodecagonal N-doped carbon nanosheets (Pd-e-NiCo-PBA-C). Unlike
conventional cubic hollow structures, this unique skeletal framework resulted from
anisotropic etching initiated at the vertices of the precursor cube, evolving progressively
into a cage-like architecture and ultimately a hollow morphology, exhibiting exceptional

electrocatalytic performance in water splitting(®”),
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Figure 6. Schematic illustration of preparing (a) hollow structures by etching
Cu-MOF-74; Reprinted with permission. Copyright 2022, Elsevier; (b) Cu-CoSe> NFCs;
Reprinted with permission. Copyright 2022, Elsevier; (c) Fe7Ss/C composites; Reprinted
with permission. Copyright 2021, Elsevier; (d) Pd-e-NiCo-PBA-C; Reprinted with

permission. Copyright 2021, Wiley.
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ETCHING MOF-DERIVED HETEROSTRUCTURES

The morphology of MOFs can be categorized into one-dimensional forms such as
nanorods and nanobelts, two-dimensional nanosheets, and three-dimensional
architectures including nanoflowers and polyhedral®®l. Through etching strategies, both
MOFs and their derivatives can be engineered into advanced configurations, such as
hollow, core-shell, and ring-shaped structures that extend beyond their original
frameworks. These modified materials not only retain the inherent structural advantages
of MOFs but also facilitate enhanced charge transfer across multi-component interfaces,
significantly boosting electrochemical performance®. This section will focus

particularly on two prominent etched architectures: core-shell and hollow structures.

Core-shell structure

Core-shell nanostructures constitute a significant class of nanomaterials characterized by
a distinct core enveloped by a surrounding shell'%, Broadly speaking, they comprise
ordered architectures formed through the encapsulation of one nanomaterial by another
via chemical bonds or physical interactions, encompassing both conventional core-shell
configurations and yolk-shell structures that incorporate an interstitial void between core

and shell[!01],

In the context of MOF-based core-shell systems, structural design has evolved from
relatively simple forms to increasingly complex architectures. The shell serves a critical
protective role, shielding the core from the external environment and providing a
confined space that enhances reaction stability. When the shell is composed of porous
MOFs, it further facilitates molecular transport by offering additional pore channels,
shortening diffusion pathways, promoting electrolyte infiltration, especially in hollow
configurations and enhancing charge and mass transfer kinetics!!%!91, Moreover, the
synergistic interplay between core and shell components enables the integration of
multifunctional properties, substantially broadening the application potential of these

materials across catalytic, energy storage, sensing, and biomedical fields!'%4,
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Single-layer core-shell structures are commonly fabricated via self-templating methods,
which enable precise control over dimensions and morphological uniformity!'®, In
contrast to conventional hard- or soft-templating approaches, self-templating not ensures
well-defined core-shell architectures but also allows tailored regulation over MOF
composite properties. Among various synthetic routes, the one-pot method represents a
straightforward and efficient strategy, wherein metal precursors and organic ligands are
simultaneously introduced into a reaction system to achieve in situ core encapsulation
and shell formation with narrow size distribution!'%®!1%7], For instance, Wang and Xu
constructed a core-shell system comprising semiconductor CdS nanoparticles as the core
and ZIF-8 as the shell using a two-step approach [Figure 7a]l!®l Initially,
polyvinylpyrrolidone (PVP)-stabilized CdS NPs were synthesized, followed by
controlled growth of a ZIF-8 shell onto the CdS surface. By varying the concentration of
the 2-methylimidazole precursor, the thickness of the ZIF-8 shell could be precisely

tuned from 102 + 5.4 nm down to 13.6 £ 2.5 nm!!%],

In a separate study, Chen et al. developed a layer-by-layer epitaxial growth method to
fabricate Fe;O4@U10-66-NH> core-shell structures shown in Figure 7b. Magnetic Fe;O4
nanoparticles were sequentially immersed in ethanolic solutions containing the

zirconium cluster precursor ZreOs(OH)s'?*

and the organic linker 2-aminoterephthalic
acid, with magnetic separation after each step, to achieve uniform MOF
encapsulation!!'?l. Diverging from these approaches, Prof. Yu’s group designed a
yolk-shell nanoreactor using MIL-101 as the core and mesoporous silica (mSiO») as the
shell, followed by a water etching step to create interstitial voids!!'!) [Figure 7c]. In
contrast to conventional chemical etching, water etching offers an environmentally

benign and cost-effective route for generating highly porous yolk-shell structures

without aggressive reagents.

From a structural perspective, MOF-derived core-shell architectures can be classified

into two primary categories: single-shell and multi-shell systems. Unlike their
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single-shell counterparts, multi-shell heterostructures incorporate multiple concentric or
hierarchical layers, offering enhanced compositional complexity and tailored
functionality!!'?l. These sophisticated architectures can be synthesized through
self-templating strategies, often coupled with selective etching or ion-exchange
processes. For example, Shen et al. fabricated hollow spherical structures starting from
solid NiCo metal glycerate spheres!!'3l. Through hydrothermal anion exchange, they
sequentially transformed these precursors into core-shell, yolk-shell, and ball-in-ball
hollow spheres, demonstrating the versatility of ion-based transformation pathways

[Figure 7d].

Alternatively, carbon-rich MOFs prepared via solvothermal methods exhibit exceptional
metal cation permeability, enabling the construction of multi-shell hollow structures
through post-synthetic modification. Guan et al. illustrated this approach by first
synthesizing Mn-Co coordination polymer spheres through solvothermal reaction of
Mn?* and Co?" with isophthalic acid (H.IPA)!'4. The resulting precursor was
subsequently calcined to form multi-shell bimetallic oxide particles and then

phosphatized using NaH;PO> to yield multi-shell Mn-Co oxyphosphide, as depicted in

Figure 7e.
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Figure 7 Schematic preparation of (a) CdS@ZIF-8 core-shell structure; Reprinted with
permission. Copyright 2016, Springer Nature; (b) Fe3;04@UiO-66-NH> core-shell
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structure; Reprinted with permission. Copyright 2019, American Chemical Society; (c)
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Yolk-shell MOF@mSiO»2-YS nanoreactors; Reprinted with permission. Copyright 2020,
Elsevier; (d) NiCo02S4 ball-in-ball hollow spheres; Reprinted with permission. Copyright
2015, Springer Nature; (e) multishell mixed-metal oxyphosphide particle; Reprinted

with permission. Copyright 2024, John Wiley and Sons.

Hollow structure

Hollow nanostructured materials possess a range of advantageous properties, including
high specific surface area for enhanced mass diffusion, abundant exposed active sites
adaptable to diverse applications, and substantial internal void space enabling high
loading capacity!!’’]. Etched MOFs with hollow architectures further benefit from
tunable surface chemistry, enlarged pore size, and elevated surface areal''®l, Notably,
their hollow morphology facilitates rapid electrolyte penetration and efficient gas release
compared to solid counterparts, contributing to their widespread use and high

performance across numerous applications.

Two primary strategies are employed for fabricating hollow MOFs and their derivatives:
template-assisted and post-processing methods. In the template-assisted approach,
hollow structures are formed during MOF synthesis by growing the framework around a
sacrificial template, such as silica or polystyrene spheres, followed by template removal.
For instance, Prof. Jiang synthesized hollow porous carbon (HPC) by pyrolyzing ZIF-8
grown on PS templates, resulting in a porous shell with high surface area that
significantly enhances catalytic efficiency!!!” [Figure 8a]. In contrast, Lou and
colleagues adopted a post-processing strategy as shown in Figure 8b, constructing
hollow ZIF-67 prismatic nanostructures through rapid ion exchange using
Co(CH3COO)»(OH)3 nanoprisms as sacrificial templates!!'8]. Subsequent sulfidation
transformed these into hollow CoS; particles that retained the prismatic morphology.
The formation of the hollow interior is driven by the outward diffusion of Co?" ions from
the precursor nanoprisms and the inward migration of organic ligands, leading to the

oriented growth of ZIF-67 polyhedra on the template surface and ultimately yielding

DOI: 10.20517/scierxiv202605.0330.v1 17 https://www.scierxiv.com/



https://www.scierxiv.com/

well-defined hollow structures!!?].

Vi

Subtle variations in reaction conditions can significantly influence the final morphology
and composition of products. Li’s group highlighted the role of solvent mediation in
shaping bimetallic ZIF structures, demonstrating that hollow Co-ZIF phases can be
transformed from ZIF-67 seeds in methanol through Co?" assistance!!'?”) [Figure 8c
upper]. This strategy was extended to the synthesis of hollow Zn/Co-ZIF, where a
core-shell ZIF-67@ZIF-8 intermediate underwent Zn?*-mediated etching. The gradual
decrease in Zn concentration indicated selective etching of the inner ZIF-8 shell,
resulting in a hollow rhombohedral dodecahedron with a Co-rich ZIF-67 core enclosed

by a Zn-containing ZIF-8 shell [Figure 8c below].

Hollow layered double hydroxide (LDH) nanostructures derived from MOFs have also
emerged as promising materials for catalysis and energy storage. Prof. Mirsaidov’s team
utilized liquid-phase transmission electron microscopy to visualize the transformation of
ZIF-8 templates, both nanocubes and rhombic dodecahedra, into hollow LDH nanocages
that is shown in Figure 8d. Their work revealed that the kinetics of ZIF-8 etching and
LDH nucleation must be carefully balanced to achieve well-defined hollow structures,

emphasizing the critical role of reaction rate matching in structural evolution(!2!],

The post-processing approach involves the formation of hollow structures through the
modification of pre-synthesized MOFs. As an effective strategy, etching eliminates the
need for template removal and offers distinct advantages over hard-templating methods,
which often rely on particle agglomeration!'??), In contrast, etching can be applied to
single-crystalline MOFs, enabling precise control over cavity dimensions and shell
thickness by modulating the etching extent. To achieve well-defined hollow structures
via chemical etching, the integrity of the MOF shell must be maintained throughout the
process!!?*l, Tannic acid (TA) has been widely employed for this purpose, owing to its
strong surface adhesion and metal-coordination capabilities, as noted in Section 2.2[124],

During etching, TA forms a protective layer on the MOF surface, preventing structural
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collapse, while the released protons diffuse inward to selectively remove the core. The
molecular size of the etchant is critical: appropriately sized agents ensure uniform
surface coverage and controlled etching, whereas mismatched sizes may lead to irregular
pore formation or framework degradation!'?*). Formic acid, for instance, can modify
MOF surfaces without altering their crystalline phase. It modulates the distribution and
accessibility of unsaturated metal sites, thereby enhancing porosity, specific surface area,
and charge transfer efficiency, which collectively improve electrochemical and catalytic

performancel 261,

In addition to acid etching, metal ion etching was discussed in Section 2.2. Another
notable method is oxidative linker cleavage within single-crystalline MOFs, introduced
by Luo ef al.l?"), As shown in Figure 8e, treatment of UiO-66-(OH),@UiO-66-Br with
HNO3 required 24 h to achieve complete hollowing. In contrast, when treated with much
stronger oxidants (SO4 and *OH), the hollow structure was formed within just 1.5 h.
This strategy also facilitates the dispersion of Pd nanoparticles within the MOF without

aggregation, significantly boosting catalytic activity!!?®,
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Figure 8. Schematic illustration showing (a) the preparation process of the HPC;
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Reprinted with permission. Copyright 2019, John Wiley and Sons; (b) the formation of
CoS: nanobubble hollow prisms; Reprinted with permission. Copyright 2016, John
Wiley and Sons; (c) the structural evolution of ZIF-67; Reprinted with permission.
Copyright 2015, John Wiley and Sons; (d) the conversion of ZIF-8 into LDH nanocages;
Reprinted with permission. Copyright 2021, American Chemical Society; (e) the two
OLC processes; Reprinted with permission. Copyright 2019, American Chemical

Society.

Undoubtedly, while a variety of heterostructures can be derived from MOFs through
etching, core-shell and hollow configurations remain among the most representative and
widely studied!'?’l. These two architectures offer distinct advantages: both significantly
enhance the accessibility and exposure of active sites. Furthermore, the combination of
intrinsic microporosity from the MOF framework and newly created mesoporosity from
etching synergistically facilitates efficient mass transport within the structurel!*°l. This
hierarchical porosity markedly improves ion diffusion and charge transfer, contributing

substantially to enhanced electrochemical performance.

THE APPLICATION OF ETCHING MOFS

Electrolysis of water

Electrocatalytic water splitting is a promising method for converting electrical energy
into chemical energy stored in hydrogen, offering a sustainable pathway for hydrogen
production. During this process, the hydrogen evolution reaction (HER) takes place at
the cathode, involving a two-electron transfer process that leads to the formation of H-H
bonds!*!l. Simultaneously, the oxygen evolution reaction (OER) occurs at the anode,
comprising a complex multi-step mechanism involving O-H bond cleavage and O-O
bond formation through proton-coupled electron transfers!!*?l. The intricate nature of
OER results in inherently slow reaction kinetics, necessitating high overpotentials that

limit the overall efficiency of water splitting and reduce the rate of oxygen generation.

DOI: 10.20517/scierxiv202605.0330.v1 20 https://www.scierxiv.com/



https://www.scierxiv.com/

As a result, the OER half-reaction is widely regarded as the bottleneck in electrocatalytic

Vi

water splitting(!33].

Phosphides exhibit remarkable properties such as high electrical conductivity, favorable
electronic structure, and strong corrosion resistance, making them highly suitable for
electrocatalytic applications. Specifically, cobalt phosphide (CoP) demonstrates high
activity towards OER, attributed to the strong adsorption of oxygen intermediates on
positively charged cobalt sites and facilitated Oodesorption by negatively charged
phosphorus!’3#,  Lou’s research group developed carbon-doped metal phosphide
nanocubes derived from ZIF-67 to enhance OER performance. Initially, ZIF-67
nanocubes were synthesized via a surface-mediated method, then transformed into
Ni-Co LDH through etching, and finally converted into Ni-Co mixed metal phosphide
(NiCoP and NiCoP/C) through phosphorylation using NaH>PO> [Figure 9a]!'3%). Among
these, the hollow NiCoP/C nanoboxes achieved an overpotential of 330 mV at 10 mA
cm? [Figure 9b], leveraging both the inherited high surface area and improved electrical
conductivity from the MOF-derived hollow structure. These findings underscore the

importance of morphological control in optimizing nanomaterial performance.

In our work, we synthesized high-valence metal-doped hollow CoP nanocubes through
selective etching and ion exchange. By using xylenol orange solution to selectively etch
the (211) crystal planes of truncated dodecahedral ZIF-67, where Co-N bonds are
densely distributed, we obtained uniquely structured hollow intermediates!!'3®l,
Subsequent Hf*" doping and phosphorylation yielded hollow Hf-doped CoP, which
exhibited excellent OER performance with an overpotential as low as 292 mV at 10 mA
cm? [Figure 9¢ and 9d]. Beyond conventional acid etching, we also developed an
electrochemical Lewis acid co-etching and electrochemical adsorption doping method to
incorporate larger-radius Hf ions into Co-MOF [Figure 9¢]. This approach introduced
beneficial defects and markedly enhanced OER kinetics, as evidenced by a significant
reduction in the Tafel slope [Figure 9f]. This strategy of doping high-valence metals

offers a novel pathway for designing high-performance electrocatalysts. Given the
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challenging four-electron transfer processes in both OER and the oxygen reduction
reaction (ORR), designing efficient and stable bifunctional catalysts is crucial for overall
water splitting and regenerative fuel cells!'3”). Using a triply layered ZIF precursor, we
constructed yolk-shell hollow polyhedra (YHPs) embedded with ternary alloys and
metal oxides through precisely controlled etching and pyrolysis [Figure 9g]. These YHP
catalysts outperformed commercial benchmarks in both OER and ORR [Figures 9h],
owing to the etching role of Lewis acid in forming yolk-shell configurations that provide

abundant active sites and enhance mass and charge transfer!!38,
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Figure 9. (a) Schematic illustration of the formation of NiCoP/C nano-boxes; (b)
Polarization curves of Ni-Co LDH, NiCoP and NiCoP/C nano-boxes. Reprinted with
permission. Copyright 2017, John Wiley and Sons; (c¢) Preparation diagram of the
Hf/XO-CoP sample; (d) LSV polarization curves for the OER activity. Reprinted with

permission. Copyright 2024, American Chemical Society; (e) Schematic illustration of
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the synthetic process for (Fe,Hf)CoOOH/Co(OH).; (f) Tafel slops toward OER in 1 M
KOH. Reprinted with permission. Copyright 2024, Royal society of chemistry; (g)
Schematic illustration of synthetic procedure for YHP-x; (h) LSV curves toward ORR.
Reprinted with permission. Copyright 2023, Elsevier; (i) Schematic illustration of the
CoMoP synthesis; (k) OER Polarization curves; (j)HER polarization curves; Reprinted
with permission. Copyright 2022, Elsevier; (k)Schematic illustration of the synthesis of

Co0S2-MoS;; (1)OER performance test curves.

As highlighted in previous sections, the development of bifunctional catalysts is critical
for efficient electrocatalytic processes. While OER/ORR bifunctional catalysts have
been widely explored, significant progress has also been made in designing HER/OER
bifunctional catalysts for overall water splitting!!**). For instance, Wang et al.
synthesized ultrathin CoMoP nanosheets through ion etching and phosphorylation of
ZIF-67 [Figure 9i]. Treatment with ammonium molybdate induced both structural
etching and partial substitution of Co*" by Mo%, resulting in a porous, folded Mo-Co
MOF intermediate!'*?!, Subsequent phosphorylation produced bimetallic phosphide
nanosheets that exhibited exceptional activity and stability for both HER and OER
[Figure 9j]. Similarly, Li and colleagues developed self-supported, hierarchically
structured hollow CoS,-MoS: heterojunction nanosheet arrays via controlled etching of a
Co-MOF followed by in situ sulfurization shown in Figure 9k!'#!). The resulting material
featured abundant heterogeneous interfaces and optimized charge distribution,
significantly promoting water dissociation and reaction kinetics. The two-dimensional
hollow array architecture not only exposed numerous active sites but also facilitated
electrolyte infiltration and rapid gas releasel'*?!. The catalyst achieved low overpotentials

of 82 mV for HER and 266 mV for OER at 10 mA cm, respectively [Figure 91].

Compared to their pristine counterparts, etched MOFs demonstrate superior and tunable
functional properties. Etching serves as a versatile and efficient strategy for tailoring
MOF-derived materials, enabling the creation of well-defined pore systems and the

introduction of heteroatoms without phase segregation!!#}]. The incorporation of suitable
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foreign metal species further modulates the electronic structure and enhances electrical

Vi

conductivity, leading to improved electrocatalytic performance. Overall, the strategic
optimization of both structure and composition is indispensable for advancing the

efficacy of MOF-based electrocatalysts!!44],

Supercapacitors

Supercapacitors represent a class of energy storage devices operating through Faradaic
electrochemical processes, renowned for their long cycle life, rapid charge-discharge
capability, and operational safetyl!4’]. The capacitance of their electrode materials
originates  from  surface-mediated  processes, including  electrochemical
adsorption/desorption of ions and reversible redox reactions at the electrode-electrolyte

interfacell46],

Etched MOFs and their derivatives have emerged as high-performance electrode
materials in supercapacitors, primarily due to their elevated specific surface area,
abundant active sites, and tailored porosity resulting from etching, which collectively
contribute to high specific capacitance!'*’l. When MOFs are etched with metal ions, they
can be transformed into ultrathin bimetallic hydroxide nanosheets with hollow
architectures!'*®l. The combination of layered morphology and hollow features
accelerates ion diffusion, enabling efficient Faradaic redox reactions even at high current
densities and thereby enhancing rate capability. For example, Zang et al. constructed
polypyrrole nanotube (PNT)-supported ZIF-67-derived 3D nickel-cobalt LDH
nanocages (PNT@NiCo-LDH) through solvothermal reaction and etching [Figure 10a].
The composite exhibited high electrical conductivity, robust cycling stability, and a
notable specific capacitance of 1,448 2 F g-' at 1 A g! [Figure 10b]'*). In another study,
Ramachandran et al. synthesized NiCo-LDH by in situ etching of Ni-MOF templates
under varied hydrolysis durations in the presence of Co(NO3)-6H>O [Figure 10c]. The
etching time profoundly influenced the layered structure and surface area of the resulting
LDH, facilitating rapid ion transport and achieving a maximum specific capacity of

1,272 C g' at 2 A g! [Figure 10d]. This approach offers a generalized strategy for
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designing high-performance LDH-based energy materials!!*%. Zhao et al. developed
hollow and ultrathin Ni-Co sulfide nanosheet arrays on electrochemically activated
carbon cloth (Ni-Co-S/ACC) shown in Figure 10e for flexible hybrid supercapacitors(!>!l,
The material was derived from Co-MOF through ion exchange and sulfurization. The
activated cloth substrate provided excellent flexibility and hydrophilicity, while the
porous nanosheet array formed via a unique hydrolysis-etching process with Ni(NO3)2
and NaxS, offered high surface area, abundant active sites, and shortened ion diffusion
paths!’32l, The Ni-Co-S/ACC electrode delivered an ultrahigh specific capacitance of
2,392 F g'at 1 A g!' [Figure 10f] and maintained 80.3% capacitance retention at 20 A

g, underscoring its exceptional rate performance and practical potential.
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Figure 10. (a) Fabrication process of PNT@NiCo-LDH nano-cages; (b) GCD curves of
PNT@NiCo-LDH nano-cages in the range of 1-20 A g!; Reprinted with permission.
Copyright 2021, American Chemical Society. (¢) Schematic diagram of NiCo-LDH
synthesis; (d) discharge curves at a current density 2 A g'!'; Reprinted with permission.
Copyright 2018, American Chemical Society. (e)Schematic illustration for the synthesis
of NiCo2Ss nanoarrays; (f) GCD curves at different current densities of

Ni-Co-S/ACC-160; Reprinted with permission. Copyright 2019, Elsevier; (g) The
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schematic illustration of the formation process of multi-shell CNHP structure; (h) GCD

Vi

curves at different current density of TS-CNHP; Reprinted with permission. Copyright
2018, Elsevier. (1) The schematic diagram of the synthesis of M-ZIF-67; (j) GCD curves
of M-ZIF-67@LDH in the current density of 0.5-10 A g'; Reprinted with permission.
Copyright 2021, John Wiley and Sons.

Hollow-structured nanomaterials have garnered significant research interest for their
promising applications in energy storage due to their high surface area, efficient mass
transport, and tunable porosity!'>»!34, For instance, Jiang et al. synthesized hollow
nano-polyhedra using ZIF-67 as a template, systematically investigating the critical roles
of shell precipitation and template etching in nanocage formation!'>]. The resulting
NiCo-LDH nanocages demonstrated excellent pseudocapacitive performance. Bao ef al.
developed a multi-shelled Co/Ni-based hydroxide phosphate (CNHP) hollow polyhedron
via a stepwise strategy involving Co/Ni-LDH coating and phosphoric acid etching of
ZIF-67 dodecahedra. By precisely controlling LDH deposition and Na3;PO4 etching
duration, they constructed double-shelled (DS-CNHP) and triple-shelled (TS-CNHP)
hollow structures shown in Figure 10g. The TS-CNHP exhibited a high specific
capacitance of 1,506 F g at 1 A g'!' and retained 68% of its initial capacitance when the
current density increased from 1 to 10 A g''. A hybrid supercapacitor device assembled
with TS-CNHP and activated carbon (AC) achieved a notable energy density of 34.4 Wh
kg! at a power density of 0.375 kW kg'! [Figure 10h]. In related work, our group
designed core-shell structures using macro-microporous ZIF-67 (M-ZIF-67) grown on
PS templates as the core and LDH as the shell through facile ion etching [Figure 10i].
The optimized material, M-ZIF-67@LDH4, delivered a specific capacitance of 597.6 F
gl at 0.5 A g'! and maintained 92% retention at 3 A g [Figure 10j], underscoring the

synergistic enhancement from its hierarchical porosity and LDH integration.

The application of etched MOFs in supercapacitors has demonstrated considerable
promise. By precisely tailoring the structure and properties of electrode materials,

etching strategies have markedly improved key performance metrics including specific
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capacitance, rate capability, and cycling stability!!>®l. Nevertheless, challenges such as
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limited electrical conductivity, long-term operational stability, and scalable production
costs must be addressed to facilitate their practical implementation in commercial
supercapacitorst!3”l,  Future research should focus on advancing novel etching
methodologies, designing multifunctional composite architectures, and elucidating
underlying reaction mechanisms!'*8 These efforts are expected to open new avenues for

developing high-performance, economically viable supercapacitors.

Battery

Rechargeable batteries including lithium-ion, metal-air, and zinc-manganese systems are
extensively utilized across numerous applications due to their high energy density and
reversible operation!'>?). Etching MOFs has emerged as an efficient strategy for
synthesizing advanced electrode materials with superior energy storage performance!!%l,
The enhancements are primarily attributed to the following structural and functional
advantages introduced by etching: (a) Hierarchically porous and hollow structures
facilitate rapid ion and electrolyte transport, improving electrode-electrolyte contact; (b)
Hollow architectures effectively accommodate volume changes during cycling,
enhancing rate capability and long-term cyclability; (c) High specific surface area

provides abundant electrochemically active sites, resulting in increased specific capacity.

Etched MOFs have been widely employed as electrodes in various battery systems. Here,
we focus on lithium-based batteries, which represent a leading direction in energy
storage research. In 2018, Lou’s group fabricated multi-shelled nanostructures with
tunable shell numbers and evaluated their performance as anodes for lithium-ion
batteries!!®!l. As illustrated in Figure 11a, simply by varying the amount of vanadium
oxytriisopropoxide (VOT) during ion exchange with ZIF-67 nanocubes followed by
calcination in air, they obtained nanoboxes with single, double, and triple shells.
Electrochemical analysis revealed that the triple-shelled nanostructure delivered the
most exceptional performance, a result directly attributable to its uniquely engineered

architecturel!6%:163],
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The confinement of active nanomaterials within porous carbon matrices has proven to be
an effective strategy for enhancing the electrochemical properties of lithium-ion batteries.
While carbon materials derived from MOFs hold great promise as electrodes, their
inherently small pore sizes often limit accessibility to active sites during cycling!'®¥. To
address this limitation, the same research group developed hollow nanostructures
designated as H-Co3Os@MCNBs two years later. These consist of hollow Co304
nanoparticles encapsulated within mesoporous carbon nanoboxes, fabricated through a
combination of etching and a carefully controlled two-step thermal treatment that is
shown in Figure 11bl'%], This distinctive structure and composition endow the
H-Co03;04@MCNBs with remarkable lithium storage capabilities as an anode material,
including high discharge/charge capacities [Figure 11c] and excellent Coulombic
efficiency. In a study by Shin et al.,, Zn-MOF-5-derived materials were applied in
lithium-air batteries to examine the influence of pore characteristics on electrochemical
performancel!®®l. Pore customization was accomplished through controlled heat
treatment and etching processes Figure 11d. Unlike the directly carbonized sample
C-MOF(1,000), the E-MOF(700-900) series that were fabricated via lower-temperature
calcination and ZnO etching exhibited broader pore size distributions and larger
mesopores!'®’l. As depicted in Figure 1le, at a current density of 0.2 mA cm™, the
E-MOF(700-900) electrodes delivered significantly higher discharge capacities than
C-MOF(1,000) in lithium-air batteries, owing to the increased accessibility of active

sites facilitated by the well-developed mesoporosity!!'6],

Lithium-sulfur (Li-S) batteries have attracted considerable attention for their high
theoretical capacity and energy density. However, practical implementation is hindered
by the insulating nature of sulfur, the shuttle effect of polysulfide intermediates, and
substantial volume changes during cycling!'®). Hollow frameworks offer a promising
solution to accommodate volume expansion and enhance reaction kinetics!!’%, Wang and
colleagues constructed hollow ZnSe-CoSe heterostructures with tunable cavity sizes

through etching of ZIF-8@ZIF-67 precursors followed by gas-phase selenization(!’!l. As
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shown in Figure 11f, varying etching durations produced distinct degrees of hollowing,
with the sample labeled 45@ZnSe-CoSe demonstrating the most remarkable
electrochemical properties. Furthermore, by integrating 45@ZnSe-CoSe with conductive
MXene nanosheets, a high sulfur-loading cathode was achieved. The resulting battery
exhibited exceptional performance, highlighting the effectiveness of this hollow

heterostructure design in mitigating the challenges of Li-S batteries!!”2l.
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Figure 11. (a) Schematic illustration of the formation of different shelled nanostructures;
Reprinted with permission. Copyright 2018, John Wiley and Sons; (b) Initial
charge-discharge curves of lithium-air battery at current densities of 0.2 mA cm?;
Reprinted with permission. Copyright 2021, Elsevier; (c)An illustration of the formation
process of the 45@ZnSe-CoSe/M/S cathode material; Reprinted with permission.
Copyright 2024, Royal Society of Chemistry; (d) Schematic illustration of synthesis of
Zn-MOF-5-derived carbon materials; () Schematic illustration of the formation process
of H-Co304@MCNBs; (f)galvanostatic discharge-charge voltage profiles for the first
three cycles at a current density of 0.2 A g'!'; Reprinted with permission. Copyright 2020,
John Wiley and Sons.
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As evidenced by recent advances, the application of etched MOFs represents a highly
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promising direction in battery research. Through precise structural and compositional
regulation, etching techniques significantly enhance the electrochemical performance of
MOF-based electrodes!!”3l. By selectively removing parts of the framework, etching
creates porous or hollow architectures that increase specific surface area and porosity,

thereby promoting ion diffusion and improving active site utilization[!74],

Moreover, etched MOF structures exhibit improved mechanical stability, effectively
mitigating volume changes during ion insertion and extraction. In the context of
solid-state batteries, the porous networks formed via etching offer additional ion
transport pathways, contributing to higher ionic conductivity of the electrolytel!>:176],
These advantages collectively position etched MOFs and their derivatives as highly

competitive materials for next-generation energy storage systems.

Electrochemical sensing

In addition to the above applications, MOFs are also used in electrochemical sensing and
demonstrated great potential. By regulating the structures and components, the
sensitivity, selectivity and stability of the sensors based on etched MOFs and MOF
derivatives have been significantly enhanced!!””!”8]. Etching facilitates the creation of
rich pores to facilitate the diffusion of materials and exposure of plenty surface active

sites, enabling the high sensing performance.

In Yao’s group, they got the hierarchical hollow MIL-101 cages simply via acid etching
and employed in the electrochemical sensor!!”. Attributed to the huge specific surface
area and adsorptive property, the hollow MIL-101 denoted high electrocatalytic activity
and fantabulous voltammetric response towards the nitrofurazone oxidation. Apparently,
compared with solid crystals, the design of hollow structures contributes to extraordinary
electrocatalytic activity. Wan and coworkers first developed the in-situ growth of ZIF-67
on graphene nanosheets and obtained the sandwich liked nanostructures [Figure 12a]!'8%,

To realize the improvement of electrochemical performance, phytic acid was used to
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etch the ZIF-67 polyhedrons to core-shell skeletons. Due to the huge specific surface
area and high exposure of active sites, the chemically etched sample PA-ZIF-67@GS
illustrated outstanding activity in oxidizing glucose that is shown in Figure 12b. In
addition, hollow MOFs with porous structures show promising prospects in the synthesis
of high-performance electrochemical luminescence (ECL) materials!'8!l. Prof. Xiao and
colleagues exploited the hydrothermal etching tactics and fabricated the hollow
hierarchical UiO-66-NH> (HH-UiO-66-NH>)[!82]. Due to the coordinatively unsaturated
Zr6 nodes of HH-UiO-66-NH, and the hollow pores, Ru(bpy).(mcpbpy)>* can be grafted
on the skeletons. Surprisingly, HH-Ru-UiO-66-NH, demonstrated strong ECL emission
[Figure 12c]. What’s more, the ECL biosensor tagged by HH-Ru-UiO-66-NH> denoted

superior detective sensitivity of TB in human serum samples [Figure 12d]'83],
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Figure 12. (a) Illustration of the synthesis process of PA-ZIF-67@GS hybrids; (b) i-t
curves of PA-ZIF-67@GS electrode after the subsequent additions of different
concentration of glucose; Reprinted with permission, Copyright 2020, Elsevier; (c)
Preparation of HH-Ru-Ui0O-66-NH>; (d) ECL responses of different TB concentrations
tagged by HH-Ru-UiO-66-NH;; Reprinted with permission. Copyright 2021, American

Chemical Society.

In summary, etching is a useful tool for tailoring the structure, composition, electronics,
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and physiochemistry of MOFs, and these beneficial changes help improve the
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performance of the target application. Future research directions include the
development of novel etching techniques, the preparation of multifunctional composite
materials, and in-depth studies on the mechanism of reaction, should provide new ideas

and methods for the design of high-performance electrochemical sensors.

CONCLUSIONS AND PERSPECTIVE

In this review, we have summarized key strategies for etching MOFs, highlighted the
distinctive nanostructures obtained through these processes, and discussed the roles of
etched MOFs across various electrochemical applications!!®4. Etching significantly
enhances mass transport, exposes abundant active sites, and provides void space to
accommodate volume changes during energy conversion and storage, collectively

improving the overall performance of MOF-based electrodes!!®?!,

It is important to note that etching mechanisms can vary considerably across different
MOFs, even when using the same etchant. Therefore, combined experimental and
theoretical investigations are essential to elucidate these mechanisms, identify key
influencing factors, and optimize etching conditions!!®¢l. For instance, while
monocarboxylic acids primarily disrupt UiO-type frameworks through acid-induced
coordination cleavage, in ZIFs, proton attack plays a dominant role. Excessive etching
must be avoided as it can cause structural collapse and loss of porosity. Parameters such
as etchant concentration, temperature, pH, and duration must be carefully controlled to
achieve desired pore structures, exposed facets, morphologies, and compositions!'3”],
Moving forward, the cost efficiency and environmental impact of etching agents and

protocols should also be prioritized.

In terms of applications, we have focused on electrocatalytic water splitting,
supercapacitors, batteries, and sensors, though the potential of etched MOFs extends
well beyond these areas. Long-term stability remains a critical challenge for practical

deployment, as etching may compromise mechanical or chemical robustness. Balancing
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activity with stability through compositional tuning or integration with stable matrices is
often necessary. To harness etched MOFs in high-performance devices, scenario-specific

design and precise control over etching processes are imperative.

In summary, etching serves as a powerful tool to tailor the structure, composition, and
properties of MOFs for enhanced electrochemical functionality. We hope this review
offers a comprehensive overview of the current advances and future directions in etched

MOFs, and inspires further innovative research in this rapidly evolving field.
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Figure 13. Summary of the future outlook for MOFs.
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