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Highlights

What are the main findings?

• LDHs enable multifunctional catalytic coatings.
• Functionalization enhances activity and selectivity.
• Interlayer engineering controls reactivity.

What are the implications of the main findings?

• Advanced catalytic coatings design.
• Improved environmental remediation systems.
• Potential for energy-related applications.

Abstract

Layered double hydroxides (LDHs) have attracted growing interest as multifunctional
materials due to their tunable composition, layered architecture, and versatile surface
and interlayer chemistry. In addition to their use as bulk catalysts, LDHs are increasingly
explored as functional and catalytic coatings, where immobilization on solid substrates
enables enhanced stability, reusability, and control over interfacial reactivity. This review
examines how composition, architecture, and reactivity relationships in LDHs can be lever-
aged to design multifunctional LDH-based coatings able to support catalytic processes.
Key design strategies based on cation composition, interlayer anions, defect engineering,
and hierarchical architectures are discussed in the context of surface-deposited systems.
Synthetic approaches relevant to coatings, including in situ growth, post-synthetic mod-
ification, and calcination–reconstruction routes, are summarized alongside mechanistic
insights into acid–base, redox, and synergistic multi-site catalysis. Finally, applications in
catalytic coatings, and environmentally relevant processes are highlighted, with emphasis
on structure–activity correlations, coating durability, and resistance to leaching. This review
provides a framework for the rational development of multifunctional LDH coatings for
catalytic and energy-related applications.

Keywords: layered double hydroxide coatings; sustainable catalysis; surface engineered
catalysts; green chemistry; functional and catalytic coatings
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1. Introduction
Understanding the relationships between composition, structure, and reactivity in

layered double hydroxides (LDHs) is essential for the rational design of multifunctional cat-
alysts and catalytic coating systems [1–3]. While conventional catalysts typically promote
a single transformation at a specific active site, multifunctionality requires the integra-
tion of multiple active sites capable of enabling different catalytic functions and reaction
pathways [4–9]. The distinctive properties of LDHs, including their tunable composition,
versatile synthesis routes, and relatively low cost, have attracted significant interest for
such applications. The structural features, functional properties, and application domains
of LDHs are schematically illustrated in Figure 1. Despite recent progress in the selective
design of multifunctional LDH-based systems, important gaps remain in understanding
the interdependence between composition, structure, and reactivity.

Figure 1. Schematic illustration of the structural features, functional properties, and application
domains of LDHs.

Multifunctional LDH catalysts can establish discrete acid–base or redox pairings
for diverse processes. In addition, their layered architecture allows the coexistence of
distinct reactive domains, which can accommodate competing reaction pathways within
a single bifunctional system. In this context, multifunctionality refers to the integration
of several complementary functions, including catalytic activity, charge transfer, mass
transport regulation, adsorption, and interfacial stabilization, within the same coating
architecture. The incorporation of foreign cations further expands the catalytic versatility of
LDHs by tuning acidity, basicity, interlayer composition, and redox properties. Addressing
the current limitations in this field could enable the development of catalysts able to
efficiently perform complex reactions under environmentally friendly conditions, thus
contributing to improved energy conversion and sustainable resource utilization. Such
approaches are also aligned with atom-economy principles and reduced generation of
hazardous by-products. In this context, the intrinsic activity, operational stability, and
resistance to leaching of LDH-based catalytic coatings are critically discussed, with the
aim of clarifying composition–structure–reactivity relationships and guiding the design of
robust multifunctional systems.

Beyond their use as bulk catalysts, LDHs have also emerged as versatile building
blocks for functional and catalytic coatings [10–14]. Their layered structure, tunable
composition, and ion-exchange capability make them particularly suitable for deposi-
tion on metallic, oxide, and polymeric substrates. LDH-based coatings can be fabricated
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through in situ growth, dip-coating, spray-coating, electrophoretic deposition, or sol–
gel-derived routes, allowing control over film thickness, surface coverage, and layer
organization [15–19]. When immobilized as coatings, LDHs act not only as catalytic
layers but also as protective and reactive interfaces, where mass transfer, durability, and
regeneration play a key role.

Importantly, the LDH performances in bulk systems remain highly relevant for coating
architectures. Control over cation composition and interlayer chemistry enables the design
of coatings with tailored acid–base, redox, and adsorption properties, while structural
parameters such as stacking order, exfoliation behavior, and defect density influence the
accessibility of active sites and long-term stability. Furthermore, the reversible anion-
exchange capacity and reconstruction ability of LDHs support the development of adaptive
and regenerable catalytic surfaces. As a result, LDH-based coatings have emerged as a
promising class of multifunctional materials for applications ranging from catalytic systems
and photoelectrochemical devices to environmentally responsive surfaces.

However, the transition from bulk LDH systems to coating configurations introduces
additional challenges that must be carefully addressed. These include achieving strong
adhesion to the substrate, maintaining mechanical integrity, controlling film thickness
and uniformity, and ensuring long-term chemical stability under operating conditions.
In particular, the coating/substrate interface plays a critical role in determining overall
performance, as it directly affects the accessibility, stability, and durability of the active sites.
The predisposition of LDH coatings to develop different defects (such as cracking, porosity,
and leaching) emphasizes the importance of implementing optimized design strategies
that consider not only intrinsic material properties but also extrinsic factors. Therefore,
a comprehensive understanding of these factors is essential for the rational design and
optimization of durable and high-performance LDH-based catalytic coatings.

The aim of this review is to provide a comprehensive and critical perspective on
LDH-based coatings for multifunctional catalytic applications, with particular emphasis on
the interplay between composition, structural organization, interfacial engineering, and
catalytic reactivity. In addition to summarizing recent advances in synthesis and coating-
fabrication strategies, this review examines how active sites, transport phenomena, charge-
transfer processes, and interfacial interactions collectively govern catalytic performance and
long-term operational stability. Particular attention is devoted to hierarchical architectures,
hybrid interfaces, and adaptive LDH systems able to integrate catalytic, electrochemical,
and protective functionalities within multifunctional coating platforms. Furthermore,
current challenges associated with structural stability, mechanistic understanding, and
scalable fabrication are critically discussed in order to outline future directions for the
development of durable and high-performance LDH-based catalytic coatings.

2. Fundamentals of Layered Double Hydroxides
LDHs are a class of anionic clay materials with the general formula

[M2+
(1–x)M3+

x(OH)2]·[An−]x/n·mH2O, where M2+ and M3+ are divalent and trivalent metal
cations, respectively, and An− represents interlayer anions [4,20–23]. Structurally, LDHs
consist of positively charged brucite-like layers separated by interlayer anions and water
molecules, which are held together through electrostatic interactions [24–26]. The composi-
tional flexibility of LDHs allows the incorporation of a wide range of metal cations into the
octahedral sites, enabling the tuning of acid–base, redox, and adsorption properties that
are relevant for coating applications [27–39].

These structural characteristics make LDHs particularly attractive as active materials
or supports in heterogeneous catalysis. Their ability to host metal nanoparticles or metal
oxide clusters further expands the range of accessible catalytic transformations, including
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redox and degradation reactions [40–44]. In the context of coating systems, these features
are especially important, as the dispersion of active sites, interlayer accessibility, and inter-
action with the substrate can significantly influence catalytic performance. Consequently,
understanding the fundamental structural and compositional aspects of LDHs is essential
for the rational design of efficient LDH-based catalytic coatings.

Owing to their layered architecture and reversible interlayer chemistry, LDHs exhibit
unique ion-exchange and structural reconstruction capabilities that are highly relevant
for catalytic and electrochemical applications. A characteristic feature of these materials
is the so-called “memory effect”, whereby calcined LDHs can partially reconstruct their
original layered arrangement upon rehydration. This reversible behavior enables the in-
corporation of functional anions and contributes to the regeneration of catalytically active
interfaces. Furthermore, the coexistence of multiple metal cations within the hydroxide
layers promotes cooperative redox interactions and allows modulation of the local elec-
tronic environment, thereby influencing catalytic activity, charge-transfer behavior, and
adsorption processes in multifunctional coating systems.

3. LDH Design Principles for Catalytic Multifunctionality
The LDH composition can be systematically tuned through the selection of metal

cations and interlayer anions, enabling precise control over material functionality. Within
this versatile framework, catalytic multifunctionality refers to the ability to promote multi-
ple reactions either simultaneously or in a sequential manner.

Several design strategies have been proposed to achieve catalytic multifunctionality
in LDHs through the combined control of composition and structural architecture [45–52].
These approaches primarily involve the selection of cationic species and the incorporation
of different interlayer anions, including small molecules, polymers, and coordination
compounds, within the layered host structure [3,53–56]. As a result, LDHs can generate a
variety of reactive sites, typically classified as acid–base, redox, or multifunctional catalytic
centers [57–60].

In this context, compositional tuning plays a central role, as the nature and ratio of
metal cations, together with the identity of interlayer species, directly influence catalytic
performance, including acid–base and redox properties [30,61–65]. These design principles
are equally relevant for LDH-based coating systems, where the distribution and accessibility
of active sites, as well as their interaction with the substrate, can significantly affect catalytic
efficiency and stability.

3.1. Structural Architecture

The architectural features of LDHs play a key role in determining their catalytic,
adsorption, and transport properties. The structural parameters (such as interlayer spac-
ing, stacking sequence, and layer chemistry), are closely related to the catalytic activity,
selectivity, and operational stability [66–68]. The layered arrangement of the LDHs gen-
erates tunable interlayer galleries containing exchangeable anions and water molecules,
enabling efficient ion exchange, molecular transport, and incorporation of functional guest
species [69]. In this context, control over structural parameters such as cation composition,
layer charge density, and interlayer anions enables precise tuning of basal spacing and
the local chemical environment. These features directly influence catalytic performance
by modulating the accessibility, distribution, and strength of active sites. For example,
variation of interlayer spacing through anion intercalation can generate size-selective trans-
port pathways, enhancing molecular recognition and selective adsorption processes [70].
In coating configurations, such structural characteristics become particularly critical, as

https://doi.org/10.3390/coatings16070793

https://doi.org/10.3390/coatings16070793


Coatings 2026, 16, 793 5 of 38

interlayer accessibility, platelet orientation, and structural organization can significantly
affect mass transport, surface reactivity, and interactions at the coating-substrate interface.

Despite the fact that the crystalline structure of bulk LDHs and LDH-based coatings
remains essentially the same, coating architectures exhibit distinct structural features,
including controlled crystallographic orientation, improved mechanical integrity, and
enhanced adhesion to the substrate. In many cases, LDH tend to align with their basal
planes parallel to the substrate surface, which contributes to improved barrier properties
and influences both transport phenomena and catalytic accessibility. Moreover, in situ
growth strategies can lead to strongly adhered films, where interfacial interactions play a
decisive role in determining durability and long-term performance.

Beyond the intrinsic layered structure, LDHs can be engineered into hierarchical ar-
chitectures, including core@shell nanostructures, hybrid nanocomposites, and supported
nanosheet assemblies. Such architectures increase surface area, improve mass transport,
and enhance charge transfer processes, which are beneficial for catalytic and photoelectro-
catalytic applications [71]. Furthermore, the integration of LDHs into composite membranes
or nanostructured supports enables controlled transport pathways and improved struc-
tural stability, allowing the combination of catalytic and separation functionalities [72].
Overall, the tunable architecture of LDHs provides a versatile platform for the design of
multifunctional materials, particularly in coating systems where structural organization
and interfacial effects are essential for optimizing catalytic performance.

3.2. Functionalization Strategies

To introduce multifunctional catalytic activity in LDHs, various post-synthetic func-
tionalization strategies can be employed, following generally three principal approaches:
surface modification, intercalation of active species, and hybridization with nanostructured
supports. Surface modification strategies frequently involve the introduction of organic
ligands or polymers, including citrate groups, ionic liquids, or polydopamine coatings,
enabling additional adsorption or sensing capabilities. Intercalation approaches exploit the
anion exchange capacity of LDHs to incorporate catalytically active species or corrosion
inhibitors, within the interlayer galleries. Hybridization with nanostructured materials
such as graphene, carbon nanotubes, silica nanodots, or biochar generates hierarchical
composites with enhanced surface area, conductivity, and catalytic efficiency. These strate-
gies collectively expand the functional landscape of LDHs, enabling their application
in catalysis.

3.2.1. Structural and Interfacial Engineering

The interlayer architecture represents one of the most important structural characteris-
tics of LDHs. Variations in basal spacing, governed by the size, orientation, and charge of
intercalated species, can significantly influence diffusion processes, adsorption selectivity,
and catalytic accessibility. For example, replacement of carbonate anions with larger organic
species can substantially expand the interlayer distance, facilitating molecular transport
and guest incorporation within the layered framework [73]. In addition, the so-called
“structural memory effect”, namely the ability of calcined LDHs to reconstruct their layered
structure in the presence of water and anions, further highlights the dynamic and adaptive
nature of LDH architectures [74].

Beyond their intrinsic layered structure, LDHs can be engineered into hierarchi-
cal architectures such as nanosheets, nanoscrolls, core@shell assemblies, and hybrid or-
ganic/inorganic systems. Three-dimensional flower-like structures obtained through hy-
drothermal or solvothermal synthesis typically exhibit high surface area, abundant edge
sites, and improved accessibility of interlayer galleries, thereby enhancing catalytic and
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adsorption performance [74,75]. Similarly, bioinspired hybrid architectures combining
LDH nanosheets with polymeric phases have demonstrated improved mechanical stability
through synergistic “brick-and-mortar” arrangements, where flexible organic interfaces
dissipate mechanical stress while inorganic LDH layers provide structural rigidity. Such
hierarchical organization is particularly attractive for multifunctional catalytic systems
requiring efficient mass transport, charge transfer, and long-term structural stability.

Although the fundamental crystalline structure remains essentially similar in both bulk
LDHs and coatings LDHs, coating architectures exhibit distinct structural characteristics
associated with substrate confinement and interfacial growth mechanisms. In coating
arrangement, parameters such as thin film thickness, platelet orientation, interconnection
between crystallites, and adhesion to the substrate become critical for determining material
long-term performance. In many cases, LDH platelets preferentially align with their basal
planes parallel to the substrate surface, while the c-axis remains perpendicular to the
substrate. This oriented arrangement improves surface coverage, barrier properties, and
transport control across the coating layer.

The deposition method plays a major role in determining the final architecture and
performance of LDH-based coatings materials. Ex situ techniques, such as spin coat-
ing and dip coating, generally produce compact films characterized by oriented platelet
stacking, while in situ growth approaches promote the direct formation of chemically
bonded LDH layers on the substrate surface, leading to improved adhesion and mechanical
stability [76,77]. Moreover, in situ synthesis enables the development of hierarchical
oxide/LDH interfaces, where the substrate oxide layer and the LDH overlayer act synergis-
tically to provide both barrier protection and ion-exchange functionality. Such architectures
are particularly attractive for catalytic and anticorrosion applications, as they facilitate
charge transfer while reducing the penetration of aggressive species through the coating
layer [76].

Despite their various advantages, the transition from bulk LDH materials to coating
configurations introduces additional structural and functional challenges. In contrast
to free-standing LDH powders, thin-film architectures are more susceptible to cracking,
porosity, delamination, and thickness inhomogeneity, particularly during drying or thermal
treatment processes. As a result, the mechanical stability and barrier properties of LDH
coatings are strongly influenced by substrate compatibility, interfacial interactions, and
deposition conditions. In addition, thick coating layer may restrict mass transport and limit
the accessibility of active sites, while very thin films can reduce both protective efficiency
and catalytic performance. Therefore, achieving an appropriate balance between structural
and coating stability, transport behavior, and catalytic accessibility remains a key challenge
in the development of multifunctional LDH-based coatings.

Overall, the structural versatility of LDHs, combined with their compositional tunabil-
ity and interfacial adaptability, provides a robust platform for the design of multifunctional
catalytic coatings. Careful control of structural organization across multiple length scales
(from interlayer galleries to hierarchical film architectures), offers significant opportunities
for optimizing catalytic reactivity, durability, transport behavior, and long-term operational
stability. Although hierarchical architectures improve catalytic accessibility and mass trans-
port, their fabrication often involves complex multistep synthesis routes that may limit
their practical use.

3.2.2. Intercalation Strategies

Intercalation is one of the most versatile and widely used modification strategies for
LDH-based systems, being able to incorporate a wide range of organic and inorganic guest
species within the interlayer galleries, including corrosion inhibitors, catalytic complexes,
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polymers, biomolecules, and redox-active compounds [78–80]. This interlayer engineering
approach enables precise tuning of important physicochemical properties, such as basal
spacing, surface polarity, diffusion behavior, and accessibility of catalytic sites. Conse-
quently, intercalation strategies have attracted increasing attention for the development of
multifunctional catalytic and protective coatings.

The intercalated species strongly influence the structural and functional behavior of
LDHs. In particular, the incorporation of large organic anions or functional coordination
compounds can significantly increase the interlayer spacing, facilitating molecular trans-
port and improving the accessibility of reactive sites [73]. At the same time, intercalated
species may introduce additional catalytic, adsorption, or ion-exchange functionalities,
further enhancing the multifunctional character of LDH-based materials [81–83]. How-
ever, excessive expansion of the interlayer region may compromise structural stability and
increase the coatings susceptibility to delamination or leaching under operating conditions.

Intercalation strategies are attractive especially for catalytic and anticorrosion coat-
ings since they allow the design of adaptive systems with controlled-release capability.
In such architectures, LDH layers can function as nanocontainers able to store and grad-
ually release functional species in response to external stimuli, including variations in
pH, ion concentration, or local electrochemical conditions. This concept has been exten-
sively explored in smart anticorrosion coatings, where corrosion inhibitors intercalated
within LDH galleries are selectively released at damaged regions, while aggressive ions
from the surrounding environment are simultaneously trapped through ion-exchange
processes [84,85]. Such synergistic effects contribute to improved long-term protection and
self-healing behavior.

Beyond corrosion protection, intercalation strategies also play a significant role in
catalytic and environmental applications. The incorporation of polyoxometalates, redox-
active anions, or catalytically active coordination compounds within the LDH interlayer
galleries can enhance charge-transfer processes and promote cooperative catalytic path-
ways [81,86]. In a similar manner, the intercalation of functional organic molecules may
influence surface wettability, adsorption selectivity, and diffusion kinetics, thereby affecting
catalytic accessibility and mass-transport phenomena within the coating layer [87,88]. In
photoactive systems, intercalated species can additionally facilitate interfacial electron trans-
fer, contributing to improved separation of photogenerated charge carriers and enhanced
photocatalytic performance [89,90].

Despite their considerable advantages, intercalated LDH systems still face several
important limitations that may affect their long-term performance and operational stability.
The stability of guest species confined within the interlayer galleries is strongly influenced
by environmental factors such as pH variations, hydration degree, temperature, and
repeated ion-exchange cycles [82,91]. In addition, compact coating architectures may
introduce diffusion limitations that restrict both the release kinetics and accessibility of
active species, particularly under prolonged operating conditions [91]. Excessive interlayer
expansion can also compromise structural integrity, thus increasing the susceptibility
of coatings to delamination or leaching. Consequently, achieving an appropriate balance
between interlayer accessibility, structural stability, and controlled-release behavior remains
a critical aspect in the rational design and optimization of multifunctional LDH-based
coatings [82,91].

Overall, intercalation strategies represent an effective approach for tailoring both the
structural organization and functional performance of LDHs. Through the careful selection
of interlayer species and optimization of interlayer arrangement, LDH-based coatings
systems can be designed to integrate catalytic activity, adaptive response, ion-exchange
ability, and long-term operational stability within a single multifunctional system.
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3.2.3. Hybrid Nanocomposites

Hybrid nanocomposites have emerged as an effective strategy for improving the
structural, catalytic, and interfacial properties of LDH-based systems. By integrating LDHs
with conductive, polymeric, carbon-based, or inorganic nanostructured materials, it be-
comes possible to combine the intrinsic advantages of LDHs with the complementary
functionalities provided by the secondary phase [92–94]. Owing to these synergistic interac-
tions, hybrid architectures have attracted considerable interest for multifunctional catalytic
coatings, since they are able to simultaneously improve catalytic activity, charge-transfer
efficiency, mechanical stability, and mass-transport behavior.

Among the most extensively studied hybrid systems are LDH/carbon-based nanocom-
posites. As carbon-based components, graphene, carbon nanotubes or biochar, have been
investigated for the development of LDH hybrid nanocomposites [92,93]. In these ar-
chitectures, the carbonaceous component generally enhances electrical conductivity and
facilitates electron transport, while the LDH phase provides accessible active sites to-
gether with ion-exchange functionality [92]. In addition, carbon-based supports can reduce
nanoparticle agglomeration and promote a more uniform dispersion of catalytically active
species, improving the accessibility of reactive sites [93,94]. Such synergistic effects are
particularly beneficial in electrocatalytic and photoelectrocatalytic applications, where
efficient charge separation and rapid electron transfer play a critical role in improving
catalytic performance.

Hybridization with inorganic nanostructures also provides additional opportunities
for tailoring the functional properties of LDH-based systems. In this context, oxide@LDH
systems, silica-decorated LDHs, and magnetic LDH composites have attracted considerable
attention due to their improved structural stability, increased surface area, and multifunc-
tional behavior [95]. In many hybrid architectures, the inorganic component serves not only
as a structural support but also as an active phase able to facilitate interfacial charge transfer
and to promote cooperative catalytic pathways [95]. For example, magnetic oxide@LDH
composites enable facile catalyst recovery and reuse, while silica-modified LDHs may
improve colloidal stability and reduce particle aggregation phenomena [78].

In coating applications, hybrid nanocomposite architectures are attractive especially
because they improve both interfacial compatibility and mechanical durability [93,94,96].
The incorporation of polymeric or carbon-based components into the LDH matrix can
reduce crack formation, improve adhesion to the substrate, and increase coating flexibility
under thermal or mechanical stress. Furthermore, hybrid interfaces can facilitate mass
transport and modulate the diffusion of reactive species across the coating layer, thereby im-
proving catalytic accessibility and enhancing long-term operational stability [94–96]. These
synergistic effects are particularly important in multifunctional coatings, where catalytic
activity, barrier performance, and structural integrity must be simultaneously maintained.

Despite the advantages offered by LDH-based hybrid nanocomposites, several chal-
lenges still limit their practical implementation in multifunctional coating systems. Achiev-
ing a homogeneous dispersion of the secondary phase within the LDH matrix remains
particularly difficult at high loading levels, where aggregation phenomena and local struc-
tural heterogeneities frequently become more pronounced [96–98]. In coating architectures,
such non-uniform distributions may generate localized defects that affect thickness unifor-
mity, mass-transport behavior, and mechanical stability [16,84]. In addition, the excessive
incorporation of conductive or polymeric components may partially obstruct active sites,
reduce ion-exchange efficiency, or limit the accessibility of the interlayer galleries [98].

The increasing structural complexity of multicomponent hybrid systems may further
influence reproducibility and scalability, especially in large-area coatings fabricated through
multistep deposition procedures [16]. Moreover, differences in interfacial compatibility,
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thermal expansion, and mechanical properties between the individual components can
induce internal stresses that promote crack formation, partial delamination, or structural
degradation during prolonged operation [16,99]. These effects are critical, particularly
in catalytic coatings, where long-term stability and interfacial integrity directly affect
functional performance. Consequently, careful optimization of composition, deposition
strategy, interfacial organization, and structural architecture remains essential for the
rational design of durable and high-performance LDH-based hybrid coatings.

Overall, hybrid nanocomposite strategies provide a versatile platform for extending
the functional capabilities of LDH-based systems. Through the synergistic combination
of LDHs with conductive, inorganic, or polymeric materials, multifunctional coatings can
be engineered to exhibit improved catalytic performance, enhanced mechanical stability,
controlled transport behavior, and long-term operational durability [92–94].

To further illustrate the broad range of functionalization and hybridization approaches
explored of the LDH-based systems, representative examples are summarized in Table 1.
These studies highlight how compositional tuning, interlayer engineering, and hybrid
nanocomposite design can be used to modulate the structural, catalytic, and interfacial
properties of LDHs. The examples presented in Table 1 emphasize the versatility of
the employed strategies in the development of multifunctional LDH-based coatings for
applications including catalysis, electrocatalysis, corrosion protection, and environmentally
responsive surface systems.

Table 1. Representative strategies for post-synthetic functionalization of LDHs.

Functionalization
Strategy

Representative LDH
System

Main Structural/
Functional Effect

Relevance for
Multifunctional Coatings Reference

Surface
functionalization Citrate-MgAl LDH

Increased surface
complexation and

adsorption capacity

Improved accessibility of
active sites and surface

reactivity
[100]

Surface
functionalization

Ionic-liquid-
functionalized

ZnAl-LDH

Enhanced charge
transfer and catalytic

selectivity

Improved interfacial
catalytic performance [87]

Intercalation Heteropoly blue-LDH
Expanded interlayer
spacing and redox

functionality

Controlled diffusion and
cooperative catalysis [81]

Intercalation Trisodium
phosphate-MgAl LDH

Controlled inhibitor
release and ion

exchange

Smart anticorrosion and
self-healing coatings [82]

Hybrid conductive
architecture

NiCo-LDH/carbon
cloth

Improved electron
transport and interfacial

conductivity

Electrocatalytic coating
systems [93]

Hybrid
nanocomposite CoAl-LDH/graphene

Enhanced conductivity
and charge-transfer

efficiency

Electrocatalytic and
photocatalytic coatings [89]

Hybrid
nanocomposite LDH/MWCNT

Improved active-site
dispersion and catalytic

accessibility

Catalytic and sensing
coatings [91]

Hybrid
nanocomposite MgAl-LDH/MWCNT Enhanced dispersion of

basic active sites
Improved catalytic

stability and accessibility [86]
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Table 1. Cont.

Functionalization
Strategy

Representative LDH
System

Main Structural/
Functional Effect

Relevance for
Multifunctional Coatings Reference

Hybrid
nanocomposite LDH/biochar composite

Increased surface area
and adsorption

performance

Environmental catalytic
coatings [101]

Polymer-LDH
hybrid assembly

PMMA/LDH
multilayers

Improved interfacial
compatibility and

coating homogeneity

Durable multifunctional
coating architectures [96]

Conductive hybrid
architecture

PEDOT/LDH core–shell
arrays

Enhanced charge
transfer and

electrochemical stability

Photoelectrocatalytic and
conductive coatings [95]

Hybrid anticorrosion
coating

CNT-LDH epoxy
composite

Reduced cracking and
improved barrier

properties

Multifunctional
anticorrosion coatings [94]

Exfoliated
LDH/polymer

coating

LDH/polyurethane
composite

Improved dispersion
and mechanical

flexibility

Flexible coating
architectures [97]

Smart intercalated
coating

Inhibitor-loaded LDH
nanocontainers

Controlled release and
self-healing

functionality
Smart protective coatings [84]

Multimetal LDH
catalyst MgCuAlFe-LDH Synergistic redox

catalytic activity
Multifunctional catalytic

interfaces [102]

The examples summarized in Table 1 illustrate the notable versatility of function-
alization and hybridization strategies for tailoring the physicochemical properties of
LDH-based systems. In particular, compositional engineering, interlayer modification,
and hybrid nanocomposite formation enable simultaneous control over catalytic activity,
charge-transfer behavior, transport properties, and coating stability. These approaches are
especially relevant for multifunctional coating architectures, where interfacial compatibility,
mechanical durability, and controlled mass transport play a decisive role in determining
long-term operational performance.

Figure 2 schematically illustrates the principal post-synthetic functionalization strate-
gies discussed in this section, including surface grafting, interlayer intercalation, nanoparti-
cle decoration, and hybrid nanocomposite formation. These approaches provide versatile
routes for tailoring the structural, catalytic, and interfacial properties of LDH-based systems.
Through the incorporation of functional groups, active nanophases, or conductive supports,
the accessibility of catalytic sites, charge-transfer behavior, transport properties, and struc-
tural stability can be significantly improved. Consequently, post-synthetic functionalization
enables the rational design of multifunctional LDH-based coatings with enhanced catalytic
activity, mechanical durability, and long-term operational performance.
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Figure 2. Schematic illustration of LDH functionalization strategies (surface modification, intercala-
tion, and hybrid nanocomposites).

4. Catalytic Mechanisms and Structure–Reactivity Relationships in
LDH-Based Coatings

The catalytic and protective performance of layered double hydroxide LDH-based
coatings is governed by a complex relationship between active-site chemistry, interfacial
reactivity, transport phenomena, and structural stability (Figure 3). Due to their tunable
composition, hierarchical organization, and ion-exchange capability, LDH coatings can
simultaneously control catalytic conversion, charge transfer, mass transport, and adaptive
protective responses. Consequently, understanding the relationships between structure,
transport behavior, interfacial processes, and long-term stability is essential for the rational
design of high-performance multifunctional LDH-based coating systems.

4.1. Active Sites, Interfacial Reactivity, and Cooperative Catalytic Mechanisms

The multifunctional behavior of LDH-based coatings (including catalytic behavior) is
primarily governed by the nature of the active sites present within the layered structure
and by the interfacial interactions established between LDHs and surrounding functional
phases. As highlighted in the previous sections, the compositional flexibility and anion-
exchange capability of LDHs provide broad opportunities for tuning their redox, acid–base,
and adsorption properties through the incorporation of different divalent and trivalent
metal cations [95,103,104]. Consequently, the activity of LDH-based coatings arises not only
from the intrinsic reactivity of the hydroxide layers, but also from the synergistic interplay
between composition, structural organization, and interfacial reactivity.

The catalytic activity of LDHs mainly originates from the mixed-metal hydroxide lay-
ers and the presence of accessible edge-active sites. Transition metals such as Ni, Co, Fe, Mn,
Mg, and Zn can generate multiple oxidation states able to participate in reversible redox
reactions, adsorption phenomena, and catalytic conversion pathways. In many systems,
the coexistence of different metal cations modifies the local electronic environment and pro-
motes cooperative catalytic effects that improve adsorption energies and accelerate surface
redox reactions [95,104]. Such multimetal synergy has been associated with enhanced cat-
alytic kinetics and improved electrochemical activity. For example, molybdate-intercalated
NiCo-LDH/PANI nanohybrids exhibited improved oxygen-evolution performance due to
simultaneous interlayer expansion and increased active surface area [104].
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Figure 3. Conceptual overview of the structure–reactivity relationships governing the catalytic and
protective behavior of LDH-based coatings.

Beyond chemical composition, the catalytic performance of LDH-based systems is also
strongly influenced by the accessibility and spatial distribution of active sites, which are
closely related to the morphology and structural organization of the layered architecture.
Conventional LDH platelets tend to aggregate and restack during synthesis or deposition,
a phenomenon that may delay reactant diffusion and reduce the exposure of catalytically
active edge regions. Consequently, considerable research efforts have been directed toward
the development of hierarchical nanostructures designed to increase accessible surface
area while simultaneously facilitating mass transport within the material. In LDH/SBA-15
nanocomposites, for example, hierarchical nanostair morphologies shortened internal dif-
fusion pathways, improving the availability of edge-active basic sites, leading to enhanced
catalytic transesterification activity [103,104]. In compact coating architectures, limited
accessibility of edge-active regions may similarly become a rate-limiting factor, particularly
under conditions requiring high catalytic turnover.

Interfacial reactivity also plays a key role in determining the catalytic and protec-
tive performance of LDH-based coatings. In multifunctional LDH-based systems, the
substrate/coating interface represents a highly active region where ion transport, charge-
transfer processes, and electrochemical reactions occur simultaneously. In this context, in
situ growth strategies are particularly beneficial because they promote the formation of
chemically bonded oxide/LDH interfaces with improved adhesion and lower interfacial
resistance. Hierarchical oxide/LDH architectures grown directly on metallic substrates
have demonstrated enhanced corrosion protection by combining the barrier properties
of the oxide layer with the ion-exchange capability of the LDH overlayer [105]. Similarly,
compact LDH conversion coatings developed on Zn-Al-Mg alloy surfaces demonstrated im-
proved long-term stability due to the formation of compact and less permeable oxide/LDH
interfacial layers [106,107].
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In corrosion-protection systems, the functionality of active sites is closely linked to
ion-exchange processes and the controlled release of corrosion inhibitors. The interlayer
galleries of LDHs can act as nanocontainers able to store and selectively release protective
species in response to local electrochemical changes occurring at damaged regions. Mg/Al
and Zn/Al LDHs intercalated with vanadate ions demonstrated controlled inhibitor release
together with self-healing corrosion protection, enhancing, in the same time, the long-term
durability of protective coatings [78]. Similar behavior was reported for plasma-electrolytic
oxidation coatings sealed with in situ grown of ZnAl-LDH nanocontainers loaded with
corrosion inhibitors, where the LDH phase simultaneously contributed to defect sealing and
localized inhibitor transport toward corroded areas [108]. In addition, multifunctional LDH
coatings intercalated with 8-hydroxyquinoline or fluorescein combined active corrosion
inhibition with fluorescence-based sensing ability, highlighting the adaptive and responsive
nature of LDH-based coating systems [109].

Surface functionalization using hydrophobic or superhydrophobic layers can fur-
ther enhance the cooperative protective behavior of LDH-based coatings by combining
hierarchical surface roughness with low-surface-energy interfaces. For instance, siloxane-
modified MgAl-LDH coatings demonstrated improved corrosion resistance because the
LDH underlayer maintained ion-exchange functionality, while the outer polysiloxane layer
formed a superhydrophobic barrier that effectively limited electrolyte penetration [107].
These synergistic effects illustrate how interfacial engineering and surface modification
strategies can simultaneously regulate transport processes, strengthen barrier performance,
and improve the long-term stability of protective coatings.

Overall, the catalytic and multifunctional behavior of LDH-based coatings originates
from the cooperative interaction between active metal centers, hierarchical structural orga-
nization, interfacial reactivity, and adaptive interlayer chemistry. Through careful control
of composition, morphology, and interface engineering, LDH coatings can be tailored to ex-
hibit enhanced catalytic activity, adaptive ion-exchange behavior, and improved long-term
operational stability.

4.2. Transport Phenomena and Charge Transfer in LDH Coatings

Transport phenomena strongly influence the multifunctional performance of LDH-
based coatings, by occurring within the layered structure and across the coating/substrate
interface. In catalytic and protective systems, the efficiency of ion migration, reactant
diffusion, and charge transport directly affects catalytic activity, corrosion resistance, and
long-term operational stability. Unlike bulk LDH powders, coating architectures introduce
additional transport limitations associated with film thickness, platelet stacking, pore
connectivity, and interfacial resistance. As a result, the design of LDH-based coatings
requires careful control over structural organization and transport pathways in order to
preserve efficient mass transfer and charge mobility under operating conditions.

The intrinsic layered architecture of LDHs contains interconnected interlayer galleries
able to accommodate ions, water molecules, and functional guest species. These galleries
can facilitate ion diffusion and ion-exchange processes, particularly in electrochemical and
anticorrosion applications. However, the interlayer spacing, hydration degree, platelet
orientation, and stacking density strongly influence the transport behavior within LDH
coatings. Excessive platelet aggregation or compact film formation may restrict electrolyte
penetration and reduce reactant accessibility within the coating interior. By contrast,
hierarchical and porous architectures can shorten diffusion pathways and improve mass
transport by increasing the accessibility of the interlayer galleries [103,104].

Charge-transfer processes in LDH coatings are similarly governed by structural con-
nectivity and interfacial organization. Because pristine LDHs generally exhibit relatively
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low intrinsic electrical conductivity, different studies have focused on coupling LDHs with
conductive secondary phases able to facilitate electron mobility and to accelerate charge-
transfer kinetics. In this regard, hybrid architectures incorporating conductive polymers,
graphene derivatives, carbon nanotubes, porous carbon frameworks, or semiconductive
oxides can generate interconnected conductive pathways that reduce interfacial resistance
and improve electrochemical performance [95,104].

In photocatalytic systems, semiconductor/LDH heterojunctions play a crucial role
in promoting charge-carrier migration while suppressing electron-hole recombination
processes. TiO2@CoAl-LDH core@shell nanospheres, for example, exhibited enhanced
photocatalytic efficiency due to the formation of intimate heterojunction interfaces that
facilitated directional charge transfer and prolonged the lifetime of photogenerated charge
carriers [110]. Similarly, TiO2/ZnAl-LDH coatings showed improved photocatalytic degra-
dation efficiency and enhanced surface hydrophilicity, highlighting the beneficial role of
the LDH matrix in promoting nanoparticle dispersion and interfacial interactions within
the composite coating [111]. These findings highlight the important role of interfacial
engineering in optimizing charge-carrier migration pathways, minimizing recombination
losses, and ultimately improving the photocatalytic performance of LDH-based coatings.

Transport phenomena play a particularly important role in corrosion-protection sys-
tems, where the migration of aggressive ions, electrolyte penetration, and inhibitor-release
kinetics collectively govern the long-term durability of protective coatings. In LDH-based
anticorrosion architectures, the interlayer galleries can act as ion-exchange source able to
trapped chloride ions while simultaneously release corrosion inhibitors in response to local
electrochemical stimuli. The efficiency of these adaptive transport processes is strongly
influenced by coating porosity, interlayer accessibility, and diffusion kinetics within the
LDH framework. Mg/Al and Zn/Al LDHs intercalated with vanadate ions demonstrated
controlled inhibitor release together with improved self-healing corrosion protection as
a result of the regulated ion-exchange behavior of the layered structure [78]. Similarly,
plasma-electrolytic oxidation coatings sealed with ZnAl-LDH nanocontainers exhibited
enhanced corrosion resistance because the LDH phase contributed both to defect sealing
and to localized inhibitor transport toward damaged regions [108].

Coating morphology and interfacial architecture can additionally influence transport
parameter by controlling electrolyte permeability and diffusion resistance. Hierarchi-
cal nanosheet assemblies, porous nanostructures, and rough superhydrophobic surfaces
may simultaneously control water penetration, gas diffusion, and reactant accessibility.
Siloxane-modified MgAl-LDH coatings exhibited enhanced barrier performance due to the
superhydrophobic outer layer restricted electrolyte penetration while the LDH underlayer
preserved ion-exchange functionality [107]. Similar effects have been reported for hierarchi-
cal LDH coatings combining micro/nano roughness with controlled transport pathways,
resulting in reduced water permeability and improved long-term corrosion resistance [106].

Despite their considerable advantages, transport-related limitations remain among
the major challenges affecting the performance of LDH-based coatings. In compact coating
architectures, restricted diffusion pathways and limited pore connectivity may hinder ion
migration and reduce access to catalytically active regions, particularly under prolonged
operating conditions. Excessive coating thickness can further increase interfacial resistance
and slow charge-transfer processes, while the nonuniform distribution of conductive
additives may generate localized transport barriers and electrochemically heterogeneous
domains. Consequently, achieving an appropriate balance between coating compactness,
transport accessibility, interfacial conductivity, and long-term mechanical stability remains
a critical aspect in the rational design of high-performance LDH-based coatings.
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Overall, transport phenomena and charge-transfer processes play a decisive role
in determining the catalytic and protective behavior of LDH coatings. Through appro-
priate control of interlayer chemistry, coating morphology, conductive interfaces, and
hierarchical architecture, LDH-based systems can be engineered to combine efficient mass
transport, adaptive ion exchange, and improved charge mobility within multifunctional
coating platforms.

4.3. Stability, Deactivation, and Current Challenges

Despite the substantial progress achieved in the development of LDH-based coatings,
several limitations still affect their long-term operational stability and practical applicabil-
ity. In catalytic and protective environments, coating performance is strongly influenced
by structural integrity, interfacial compatibility, and the surrounding operating condi-
tions. Unlike bulk LDH powders, coating architectures are continuously subjected to
thermal fluctuations, electrolyte penetration, mechanical stress, and repeated electrochemi-
cal cycling, all of which may progressively compromise catalytic efficiency and protective
performance. Therefore, a deeper understanding of the mechanisms responsible for deacti-
vation and structural degradation remains essential for the rational design of durable and
high-performance LDH-based coatings.

One of the major challenges associated with LDH-based coatings is their structural in-
stability under aggressive chemical or electrochemical conditions. Depending on local pH,
temperature, and electrolyte composition, both the hydroxide layers and the intercalated
species may undergo partial dissolution, ion exchange, hydration/dehydration cycles, or
structural reconstruction. Although such dynamic processes can contribute to adaptive
or self-healing behavior in certain anticorrosion systems, prolonged exposure to harsh
operating environments may eventually lead to interlayer collapse, coating delamination,
or progressive leaching of functional species [78,108]. In inhibitor-loaded coatings, uncon-
trolled release kinetics may further accelerate depletion of the active reservoir, thereby
reducing long-term protective performance.

Another important factor governing coating durability is the interfacial compatibility
between LDHs and the secondary functional phases. In hybrid nanocomposites, differences
in thermal expansion coefficients, mechanical properties, and surface chemistry between
LDHs and conductive polymers, carbon nanostructures, or inorganic nanoparticles may
generate localized interfacial stresses. Under cyclic thermal or electrochemical conditions,
such stresses can promote crack formation, particle detachment, and partial delamination
of the coating layer. Furthermore, heterogeneous distribution of conductive additives may
lead to electrochemically nonuniform regions that negatively affect long-term stability.
Although hybrid architectures frequently improve the catalytic activity and the electron
mobility, excessive incorporation of secondary phases may partially obstruct active sites,
reduce ion-exchange accessibility, or compromise coating compactness [95,104].

Defect engineering introduces an additional stability/activity compromise in LDH-
based systems. Defect-rich structures, oxygen vacancies, and highly exposed edge-active
regions can significantly enhance catalytic performance by promoting adsorption processes
and facilitating charge transfer. However, an excessive density of structural defects may
simultaneously compromise structural integrity and accelerate degradation during pro-
longed operation. Likewise, enlarged interlayer spacing and highly expanded architectures
can improve ion accessibility and transport behavior, but may also increase susceptibility
to swelling, leaching, and mechanical destabilization. Consequently, achieving an appro-
priate balance between catalytic accessibility and structural stability remains one of the key
challenges in the development of high-performance LDH-based coatings.
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Beyond intrinsic material limitations, several broader challenges continue to hinder
the largescale implementation of LDH-based coating technologies. Reproducibility and
scalability remain difficult because coating performance is highly sensitive to synthesis con-
ditions, deposition strategy, interlayer composition, and substrate pretreatment. Even small
variations in platelet orientation, coating thickness, or hybrid composition may significantly
influence interfacial adhesion, catalytic behavior, and operational durability. In addition,
the absence of standardized testing protocols and normalization criteria complicates di-
rect comparison of catalytic efficiencies. Differences in substrate morphology, active-site
loading, electrolyte composition, or testing configuration frequently make it difficult to
distinguish intrinsic catalytic activity from morphology- or interface-induced effects.

Another important limitation is related to the still incomplete mechanistic understand-
ing of LDH behavior under realistic operating conditions. Although considerable progress
has been made in elucidating interfacial catalytic pathways and charge-transfer mecha-
nisms, many dynamic processes occurring within LDH-based coatings remain insufficiently
clarified. In particular, the evolution of interlayer chemistry, local structural reconstruction,
and degradation phenomena during long-term operation still require further investigation
through operando and in situ characterization techniques. As a result, the dynamic evolu-
tion of LDH interfaces under realistic catalytic and corrosive environments remains difficult
to monitor experimentally, limiting the establishment of reliable correlations between
structural evolution, catalytic performance, and long-term degradation behavior.

Overall, the long-term performance of LDH-based coatings is governed by the complex
interplay between structural organization, interfacial stability, environmental exposure,
and degradation processes. Although hierarchical architectures, hybrid interfaces, and
interlayer engineering strategies have considerably expanded the functional capabilities
of LDH systems, important challenges related to stability, reproducibility, mechanistic
understanding, and large-scale implementation still remain. Addressing these limitations
through optimized interface engineering, improved coating architectures, and advanced
operando characterization approaches will be essential for the future development of
durable and high-performance LDH-based coatings.

5. Advanced Synthesis and Interface Engineering of
LDH-Based Coatings

The synthesis strategy plays a fundamental role in determining the structural organi-
zation, interfacial properties, and functional performance of LDH-based coatings (Figure 4).
Parameters such as platelet orientation, crystallinity, porosity, defect density, coating thick-
ness, and interfacial adhesion are strongly influenced by the preparation method and
directly affect catalytic activity, transport behavior, corrosion resistance, and long-term
operational stability. Consequently, recent research has increasingly focused on the devel-
opment of advanced synthesis and interface-engineering approaches able to tailor LDH
architectures for multifunctional coating applications [77,112].

5.1. Coprecipitation and Sol–Gel Methods as Benchmark Approaches

Among the conventional preparation approaches, co-precipitation remains one of the
most widely employed methods because it allows relatively precise control over cation
composition, metal ratio, and interlayer chemistry through adjustment of precursor con-
centration and solution pH. LDH powders synthesized by co-precipitation are frequently
deposited onto conductive substrates, porous supports, or polymeric matrices through
techniques such as dip-coating, spin-coating, or electrophoretic deposition to fabricate
multifunctional catalytic coatings and hybrid interfaces. Although these ex-situ approaches
provide considerable compositional flexibility and facilitate the incorporation of additional
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catalytic phases, coatings prepared from pre-synthesized LDH powders often suffer from
particle agglomeration, weaker adhesion, and limited interfacial compatibility compared
with directly grown LDH films. Such limitations may reduce the accessibility of catalyti-
cally active sites, hinder charge-transfer processes, and compromise long-term structural
stability under operating conditions [113,114].

Figure 4. Schematic presentation of the principal synthesis and interface-engineering strategies
employed for the fabrication of LDH-based coatings.

Hydrothermal and solvothermal methods are widely employed to improve the crys-
tallinity, structural ordering, and morphological uniformity of LDH-based coatings. Under
hydrothermal conditions, slow hydrolysis agents such as urea or hexamethylenetetramine
gradually release OH− ions, thereby enabling controlled nucleation and crystal growth.
These synthesis routes are particularly effective for the fabrication of vertically aligned
LDH nanosheet arrays and highly ordered porous architectures on conductive substrates,
including nickel foam, carbon fibers, and metallic foils. In addition to structural organiza-
tion improvement, hydrothermal growth offers precise control over coating morphology,
allowing the formation of diverse architectures such as nanosheets, nanoflowers, and
nanoscrolls. Lv et al. demonstrated that intermediate polydopamine/polyethylenimine
adhesion layers can guide the formation of vertically aligned LDH nanoscrolls on different
substrates. This effect arises from electrostatic interactions between the positively charged
functional groups of the adhesion layer and the negatively charged LDH precursor species,
which promote more controlled nucleation and oriented crystal growth [115]. Such hier-
archical architectures significantly increase the accessible surface area and facilitate mass-
and charge-transport processes within compact coating systems [114,115].

The orientation of LDH platelets within thin films represents another important param-
eter that strongly influences transport behavior and coating performance. Depending on
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the synthesis conditions and substrate functionalization, LDH crystallites may adopt either
parallel or perpendicular alignment relative to the substrate surface. Guo et al. demon-
strated that the orientation of LDH platelets within thin films strongly influences both
surface morphology and ion-accessibility behavior. In particular, coatings composed of per-
pendicularly aligned LDH platelets exhibited markedly different interfacial characteristics
compared with densely stacked parallel architectures. To control the orientation of LDH
platelets during film growth, structure-directing agents such as poly(vinyl alcohol) have
been employed. The hydroxyl groups of poly(vinyl alcohol) interact through hydrogen
bonding with hydroxyl functionalities located on the LDH surface, thereby influencing
crystal organization and promoting preferential alignment of the LDH platelets within the
coating architecture [112,113].

Among advanced deposition approaches, electrodeposition has emerged as a partic-
ularly attractive strategy for the fabrication of LDH coatings since it enables rapid film
growth under relatively mild conditions while offering precise control over coating thick-
ness, nanosheet orientation, and surface morphology. In this approach, cathodic reduction
of nitrate or other oxyanions locally increases the pH near the substrate surface, thereby
promoting LDH precipitation directly onto conductive supports. The resulting films are
generally compact and strongly adhered due to the intimate contact established during
in situ growth. Recent studies have demonstrated that modification of the conductive
substrate can strongly influence LDH nucleation behavior, nanosheet organization, and
the resulting coating architecture. Zhao et al. reported that nickel-coated carbon cloth
substrates promoted the formation of densely packed NiCo-LDH nanosheet networks
characterized by an increase in the electrochemically active surface area and improved
electron-transport capability [93]. Similarly, vertically aligned CoAl-LDH nanoplatelet
arrays grown on flexible metallic substrates exhibited enhanced charge-transfer kinetics
and reduced interfacial resistance as a result of their ordered porous architecture and direct
electrical contact with the current collector [95].

In situ growth and conversion-coating strategies able to generate chemically bonded
oxide/LDH hierarchical interfaces directly on metallic substrates, has also attracted increas-
ing attention from the research area. In contrast with conventional two-step deposition
methods, in situ growth generally provides improved adhesion, superior structural con-
tinuity, and enhanced resistance to coating delamination. Jiang et al. demonstrated that
CuZnAl-LDH/oxide hierarchical structures grown directly on copper alloys effectively
inhibited the transport of chloride ions, oxygen, and water molecules toward the metallic
substrate, thereby significantly improving corrosion resistance after hydrophobic surface
modification [105]. Similarly, Zheludkevich et al. showed that the protective performance
of LDH conversion films strongly depends on preparation conditions, including reactant
concentration and inhibitor incorporation during film growth. In particular, vanadate-
intercalated LDH conversion coatings exhibited improved corrosion protection due to the
combined effects of barrier properties and controlled inhibitor release [108].

Another important post-synthetic modification strategy involves interlayer anion
exchange, which takes advantage of the reversible exchangeability of species located
within the LDH interlayer galleries. Through these ion-exchange processes, functional
anions such as vanadates, molybdates, phosphates, or organic corrosion inhibitors can be
incorporated into preformed LDH coatings without altering the integrity of the layered
structure. As a consequence, initially passive LDH barrier layers can be converted into
adaptive “smart” coatings, able to capture aggressive chloride ions while simultaneously
release protective inhibitors in response to local electrochemical changes. The reversible ion-
exchange behavior of LDHs represents, therefore, one of the key characteristics underlying
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the multifunctionality and environmentally responsive nature of advanced LDH-based
coating systems [77,113].

5.2. Hierarchical Architectures and Interfacial Engineering

Beyond their intrinsic ion-exchange capability, LDHs can function as versatile struc-
tural platforms for the integration of conductive carbons, polymers, nanotubes, metal
oxides, and other nanostructured components aimed to enhance the catalytic performance.
Such hybridization strategies can improve structural organization, suppress platelet ag-
gregation, and promote the formation of multifunctional catalytic interfaces within hierar-
chical coating architectures. In catalytic systems, these cooperative interactions frequently
promote faster charge-transfer kinetics, improved reactant diffusion, and enhanced sta-
bilization of active species at the LDH interface. Consequently, hierarchical LDH-based
architectures are increasingly being engineered as multifunctional catalytic interfaces able to
simultaneously adjust transport behavior, interfacial reactivity, and long-term operational
stability [112,113].

Carbon-based hybrid architectures represent some of the most extensively investigated
LDH systems because conductive carbon phases can substantially improve physicochemi-
cal properties, while preserving the intrinsic ion-exchange functionality of LDHs. Carbon
nanotubes, porous carbons, graphene derivatives, and conductive polymers are partic-
ularly effective in generating interconnected electron-transport pathways and reducing
diffusion limitations within compact catalytic architectures. Such conductive frameworks
contribute to the improvement of the interfacial organization and to the enhancement of
the electrochemical functionality of LDH-based coatings.

Rezaeifard et al. developed Mo-doped MgAl-LDH/carbon nanotube nanohybrids
in which the synergistic interaction between LDH lamellae and functionalized carbon
nanotubes improved nanoparticle dispersion, interfacial compatibility, and transport be-
havior within the hybrid structure [94]. Similarly, biomass-derived porous carbon scaffolds
decorated with flower-like NiMn-LDH microspheres generated conductive hierarchical
architectures with enhanced ion accessibility and improved electrochemical performance
owing to the combined effects of high surface area, hierarchical porosity, and facilitated elec-
tron transport [92]. Together, these studies demonstrate how conductive carbon frameworks
can significantly enhance the catalytic and electrochemical functionality of LDH-based
coating systems through improved interfacial organization and transport regulation.

Interfacial engineering has also emerged as a critical strategy for improving coating ho-
mogeneity and compatibility between LDH phases and surrounding matrices. Electrostatic
self-assembly methods, surface functionalization, and hybrid interface design can signifi-
cantly improve structural organization and interfacial stability while enabling controlled
assembly of multifunctional architectures. Lee et al. demonstrated that highly ordered
LDH monolayers can act as multifunctional interfacial platforms able to immobilize inor-
ganic particles, polymer nanobeads, and biomaterials through electrostatic self-assembly
processes [96]. Such approaches highlight the ability of LDHs to function not only as
catalytically active materials, but also as programmable interfaces for the fabrication of
structurally organized coating systems [112].

An important interfacial engineering strategy involves the surface functionalization
of LDH coatings with hydrophobic or superhydrophobic layers. Through modification
with low-surface-energy molecules such as long-chain fatty acids or fluoroalkylsilanes,
hydrophilic LDH surfaces can be transformed into hierarchical interfaces characterized by
reduced wettability and restricted penetration of aqueous media. In catalytic systems, such
surface engineering approaches can additionally improve interfacial stability, regulate local
transport behavior, and reduce catalyst degradation under harsh operating conditions.
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In many cases, superhydrophobic LDH coatings follow the Cassie-Baxter wetting
regime, where air pockets trapped within the hierarchical microstructure minimize liquid-
solid contact. Iqbal et al. demonstrated that PFDTS-functionalized ZnAl-LDH coatings
grown directly on zinc substrates exhibited significantly improved electrochemical stability
due to the combined effects of ion-exchange inhibition and superhydrophobic barrier
behavior [99]. Similarly, Jiang et al. reported that hydrophobic post-treatment of CuZnAl-
LDH/oxide hierarchical structures effectively restricted the transport of chloride ions,
oxygen, and water molecules toward the substrate interface [105]. These studies illustrate
how hydrophobic interfacial modification can contribute not only to corrosion protection,
but also to the stabilization and long-term durability of multifunctional LDH-based catalytic
and electrochemical systems.

Hierarchical composite architectures have also been developed through the incor-
poration of secondary nanophases such as Al2O3, graphene oxide, MoS2, and ZrO2 into
LDH matrices. These additional components can reduce porosity, reinforce structural
compactness, and improve both transport behavior and interfacial stability within mul-
tifunctional coating systems. In catalytic and electrochemical applications, such hybrid
architectures may facilitate charge transfer, improve active-site accessibility, and enhance
long-term operational stability. Additionally, LDHs exhibit favorable lubrication properties
due to their layered structure, weak interlayer interactions, and tunable interlayer spacing,
which facilitate sliding processes and reduce frictional wear [116]. For example, MgAl-
LDH/Al2O3 composite coatings produced through combined in situ LDH growth and
electrophoretic deposition exhibited improved wear resistance and reduced friction owing
to the increased compactness of the hierarchical architecture. Similarly, graphene oxide
sheets have been employed to seal porous LDH outer layers, generating hybrid coatings
that combine the barrier properties of graphene with the ion-exchange and self-healing
functionality of LDHs [113,116].

Additional interface-engineering approaches, including rare-earth doping, polymer
sealing, anodization pretreatment, and intermediate adhesion layers, have further ex-
panded the versatility of LDH-based coatings. In this regard, rare-earth cations such as
Ce3+ and La3+ can improve corrosion resistance through cathodic inhibition mechanisms,
while polymeric sealing layers reduce coating porosity and improve long-term mechan-
ical stability. Intermediate adhesion layers based on polydopamine/polyethylenimine
systems can additionally promote LDH nucleation on difficult substrates through electro-
static and coordination interactions, thereby improving coating continuity and adhesion
strength [115]. Collectively, these strategies demonstrate how hierarchical design and
interfacial engineering can be combined to tailor the structural organization, transport
properties, and multifunctional behavior of advanced LDH-based coating systems.

5.3. Current Challenges, Scalability, and Future Perspectives

Despite the substantial progress achieved in the synthesis and functionalization of
LDH-based coatings, several challenges still limit their large-scale implementation and
long-term catalytic stability. Achieving homogeneous large-area deposition while maintain-
ing controlled morphology, strong interfacial adhesion, and structural reproducibility re-
mains particularly difficult, especially in multicomponent hybrid architectures. In compact
catalytic coatings, excessive platelet stacking, aggregation phenomena, and nonuniform dis-
persion of conductive phases may generate localized transport limitations, heterogeneous
active regions, and uneven charge-transfer behavior. Such structural heterogeneities can
progressively reduce catalytic efficiency and compromise long-term operational stability
under realistic working conditions [112,113].
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Scalability also remains a critical issue for many advanced deposition strategies. Al-
though hydrothermal growth and electrodeposition methods provide excellent control over
coating morphology, nanosheet orientation, and interfacial organization, their industrial
implementation may still be restricted by processing time, substrate geometry, energy
consumption, and difficulties associated with the uniformity of the large-areas. In addition,
several synthesis procedures require tightly controlled reaction environments, multiple
post-treatment steps, or specialized conductive substrates, which may further complicate
scale-up and industrial reproducibility [113,114].

Another important challenge concerns the long-term stability of multifunctional LDH-
based catalytic coatings under realistic operating conditions. Prolonged exposure to thermal
fluctuations, reactive media, mechanical stress, or repeated electrochemical cycling may
progressively induce structural degradation, interfacial delamination, pore expansion, or
partial loss of catalytically active species. In hierarchical hybrid systems, the coexistence
of multiple functional phases can additionally generate differences in thermal expansion,
mechanical compatibility, and electrochemical behavior, thereby increasing the likelihood
of interfacial instability and defect formation. Maintaining stable interfacial interactions
between LDH layers, conductive additives, catalytic phases, and supporting substrates
therefore remains essential for preserving long-term catalytic activity and operational
durability [105,112].

Increasing attention has therefore been directed toward the development of sustain-
able and scalable synthesis strategies able to reduce processing complexity while improving
structural stability and environmental compatibility. Environmentally friendly conversion
coatings, low-temperature deposition methods, and biomass-derived conductive scaffolds
have emerged as promising alternatives for next-generation LDH systems. In particu-
lar, biomass-based porous carbon supports are attractive because they combine low cost,
structural sustainability, and high transport accessibility within hierarchical porous archi-
tectures [92]. At the same time, chromate-free conversion coatings and fluorine-free surface
modifications are increasingly being explored as environmentally safer approaches for the
fabrication of multifunctional LDH-based protective and catalytic coatings [99,113].

Future progress in the field will also strongly depend on improving the mecha-
nistic understanding of dynamic interfacial phenomena occurring within LDH-based
coatings under real operating conditions. Although substantial advances have been
achieved in correlating morphology and composition with electrochemical performance,
many transport processes, degradation pathways, and interface-evolution mechanisms
remain insufficiently understood. Greater integration of operando characterization tech-
niques, multiscale computational modeling, and data-driven material design will therefore
be essential for establishing reliable structure/property relationships in multifunctional
LDH systems.

Overall, advanced synthesis and interface-engineering strategies play a central role in
determining the structural organization, transport behavior, and long-term catalytic perfor-
mance of LDH-based coatings. Through the combined optimization of deposition methods,
hierarchical architectures, and interfacial interactions, of the multifunctional LDH-based
coatings systems can be tailored in order to exhibit enhanced catalytic activity, improved
charge-transfer kinetics, increase accessibility of active sites, and increased operational
stability under challenging reaction conditions. Nevertheless, further advances in scalable
fabrication, operando characterization, interface control, and sustainable processing strate-
gies will remain essential for the future development and industrial implementation of
high-performance LDH-based catalytic coatings.
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6. Multifunctional Catalytic Applications of LDH-Based Coatings
The unique structural characteristics of LDHs (such as flexible tunability of metal

cations in the brucite-like layers, facile exchangeability of intercalated anions, and the
ability to form thin films and coatings on various substrates), give rise to a wide spectrum
of multifunctional catalytic applications [117–121]. Beyond the capabilities of conventional
catalysts, LDH-based coatings can integrate multiple functionalities within a single sur-
face architecture, including adsorption, acid–base catalysis, redox activity, charge-transfer
mediation, and selective ion exchange [122,123]. When deposited on metallic, oxide, carbon-
based, or conductive substrates, LDHs benefit of improved stability, enhanced accessibility
of active sites, reduced catalyst loss, and easier recovery compared with their powder
counterparts [124–127]. The multifunctional behavior of LDH coatings originates from
the synergistic interaction between the mixed-metal hydroxide layers, interlayer species,
incorporated functional phases, and the coating/substrate interface [128,129]. Through
careful control of cation composition, interlayer chemistry, defect density, and hierarchical
organization, LDH coatings can be tailored to promote different catalytic pathways while
simultaneously providing additional functionalities such as corrosion protection, pollutant
adsorption, sensing, and photoelectrochemical activity [128,130,131]. Furthermore, the
possibility of integrating catalytically active nanoparticles, redox mediators, corrosion in-
hibitors, or plasmonic nanostructures within LDH architectures has considerably expanded
the functional scope of these coatings [132,133].

6.1. Electrocatalytic LDH Thin-Film Coatings for the Oxygen Evolution Reaction (OER)

LDH thin films and coatings deposited on conductive substrates have emerged as one
of the most promising classes of earth-abundant electrocatalysts for the oxygen evolution
reaction (OER), a key half-reaction in alkaline water electrolysis [123]. Unlike powdered
catalysts, LDH coatings provide direct electrical contact with the current collector, improved
mechanical stability, enhanced mass transport, and the possibility of engineering well-
defined catalyst/substrate interfaces [117,118,120].

Among the various LDH compositions investigated, NiFe-LDH thin films are
generally considered the standard non-noble-metal OER catalysts in alkaline water
splitting [114,116,120,127,129]. Their exceptional catalytic activity originates from the
synergistic interaction between nickel and iron active centers, where high-spin d4 Fe(IV) fa-
cilitates efficient formation of active oxygen radicals, while closed-shell d6 Ni(IV) catalyzes
the subsequent O-O coupling [116]. Operando spectroscopic studies indicate that Fe sites
act as the primary catalytic centers during OER, while neighboring Ni atoms regulate the
electronic structure and adsorption energetics of oxygenated intermediates [110,116,130].
Under anodic polarization, the initial LDH structure undergoes reconstruction into highly
active oxyhydroxide phases, particularly γ-NiFeOOH and β-NiFeOOH, which constitute
the true catalytic surface during oxygen evolution [130,134,135]. The outstanding OER
activity of NiFe-LDH coatings is generally attributed to their dynamic surface evolution
under operating conditions. During anodic polarization, the initial LDH structure under-
goes an in situ reconstruction into catalytically active oxyhydroxide phases, which act
as the true active surface for oxygen evolution. In addition, the synergistic interaction
between Ni and Fe species optimizes the adsorption and conversion of oxygen-containing
intermediates, thereby enhancing the reaction kinetics. A schematic representation of the
activation process and the proposed OER mechanism on NiFe-LDH coatings is presented
in Figure 5.
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Figure 5. Schematic illustration of the activation of NiFe-LDH coatings under anodic polarization
and the proposed OER mechanism in alkaline electrolyte. The initial LDH structure reconstructs into
β-/γ-NiFeOOH active phases, where Fe sites act as the main catalytic centers and Ni sites modulate
the electronic structure, promoting the formation of O2 through *OH, *O, and *OOH intermediates.

Although NiFe-LDH coatings exhibit excellent intrinsic OER activity, their perfor-
mance can be further optimized through structural and compositional engineering. Several
strategies have been developed to enhance the OER performance of LDH coatings. Among
them, compositional modulation through the incorporation of additional metal cations (e.g.,
Co, V, Cr, Mn, and Ru) has proven particularly effective in tuning the electronic structure
of Ni and Fe active sites, thereby facilitating charge transfer and accelerating the deproto-
nation steps involved in OER [116,134,136]. For example, Fe2+-doped NiFe-LDH coatings
exhibited an overpotential as low as 249 mV at 10 mA cm−2, while alkali-treated NiCo-
LDH coatings containing cation defects and LDH/β-Ni(OH)2/β-Co(OH)2 heterostructures
achieved OER overpotentials of only 317 mV at the same current density [137–139]. Zn-
incorporated NiFe-LDH coatings prepared via spontaneous corrosion of commercial NiFe
foam followed by cyclic voltametry activation exhibited outstanding OER activity with an
overpotential of only 565 mV at 400 mA cm−2 and remarkable stability over 112 h at high
current densities. In situ Raman spectroscopy confirmed that β-NiFeOOH forms as the true
active layer during OER, while Zn dissolution creates cation vacancies that enhance stabil-
ity [116]. Vanadium-doped NiFe-LDH coatings have demonstrated enhanced conductivity
and accelerated charge transfer due to the generation of electron-rich metal centers [118].
Moreover, chromium incorporation induces lattice distortion and promotes oxygen va-
cancy formation, while cobalt substitution increases electrical conductivity and facilitates
oxidation-state transitions during catalysis [116,119]. Another widely explored approach
is vacancy engineering, where oxygen and metal cation vacancies create electron-rich
active centers and increase the density of catalytically accessible sites. Plasma-exfoliated
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CoFe-LDH coatings containing O, Co, and Fe vacancies showed a significant decrease in
overpotential from 332 to 290 mV at 10 mA cm−2, while oxygen-vacancy-rich NiFe-LDH
coatings exhibited enhanced OER activity due to modified electronic structures [140]. The
catalytic performance can also be improved through intercalation chemistry, as the incorpo-
ration of different anions into the LDH interlayer space modifies the electronic properties
of the metal centers and influences the adsorption energies of oxygenated intermediates. In
particular, reducing anions such as SO3

2− and PO3
3− donate electrons to the metal sites,

leading to enhanced OER kinetics, with the activity showing a strong correlation with the
basicity of the interlayer anions [141].

6.2. Electrocatalytic Coatings for the Hydrogen Evolution Reaction (HER) and Bifunctional
Water Splitting

The hydrogen evolution reaction (HER) constitutes the cathodic half-reaction of water
electrolysis and is a key process for sustainable hydrogen production. Although Pt-based
catalysts remain the state-of-the-art HER electrocatalysts, their scarcity and high cost have
motivated the development of efficient alternatives based on earth-abundant transition-
metal compounds. Among these materials, LDHs have attracted considerable attention
owing to their compositional tunability, abundance of accessible active sites, and ability
to be directly deposited as thin films or coatings on conductive substrates. Compared
with conventional powder catalysts, LDH coatings provide improved electrical contact,
binder-free operation, enhanced mechanical stability, and easier integration into practical
electrolyzer configurations [142–145].

However, pristine LDHs generally exhibit limited HER activity because of their rel-
atively low electrical conductivity and unfavorable hydrogen adsorption energetics. To
overcome these limitations, extensive research has focused on the design of advanced
LDH-based coatings through heterostructure construction, elemental doping, defect engi-
neering, and interfacial electronic modulation. Such strategies have been shown to enhance
charge-transfer kinetics, optimize the reaction intermediates adsorption/desorption, and
improve both HER and OER performance, enabling the development of highly efficient
bifunctional electrodes for overall water splitting [143,144,146].

A major advantage of LDH coatings over powder catalysts is their direct integration
with current collectors such as nickel foam, stainless steel mesh, carbon cloth, and metallic
foils. Such self-supported architectures eliminate the need for polymeric binders, reduce
charge-transfer resistance, improve catalyst adhesion, and facilitate gas bubble release
during electrolysis [145].

One of the most effective strategies for improving HER activity involves constructing
LDH-based heterostructures with highly conductive phases. Lan Mu et al. [147] developed
a NiMoS/NiFeMn-LDH heterostructured coating grown in situ on conductive substrates,
where cation-anion modulation and heterojunction formation promoted electron redistri-
bution and accelerated interfacial charge transfer. The resulting catalyst exhibited HER
and OER overpotentials of 112 and 192 mV, respectively, at 10 mA cm−2 and required only
1.562 V for overall water splitting, demonstrating the beneficial effect of electronic coupling
between the sulfide and LDH phases. On the other hand, phosphide–LDH heterostructures
have attracted considerable attention due to excellent HER activity of the transition-metal
phosphides, whereas LDHs contribute abundant redox-active sites and improved OER
performance. Amanian et al. [148] synthesized porous Ni-Co-P/Ni-Co-Mn-LDH coatings
on nickel foam using a dynamic hydrogen bubble template approach. The incorporation of
the LDH layer reduced the HER overpotential from 103 mV for Ni-Co-P to 56 mV at 10 mA
cm−2 while simultaneously enhancing electrochemically active surface area and lowering
charge-transfer resistance. Furthermore, replacing OER with urea oxidation reduced the
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overall cell voltage to 1.45 V, highlighting the versatility of LDH-based coating architectures
for energy-saving hydrogen production.

The formation of hierarchical shell@core architectures represents another efficient
strategy. M. Zhang et al. [149] reported coral-like NiFe-LDH@NiCoP nanowire coatings
directly grown on nickel foam. The intimate contact between the phosphide core and LDH
shell generated P-Fe interfacial active sites that facilitated proton adsorption and oxygen
intermediate formation. The resulting electrode exhibited HER and OER overpotentials
of 130 and 218 mV, respectively, and achieved overall water splitting at only 1.42 V to
reach 10 mA cm−2. Importantly, the self-supported architecture eliminated the drawbacks
associated with binder-containing electrodes and improved long-term stability.

Rare-earth-modified LDHs have recently attracted attention due to the incorporation
of lanthanide ions which can alter local electronic density and increase the number of cat-
alytically active sites. Tabibi et al. [150] reported neodymium-modified NiAl-LDH coatings
supported on conductive polyaniline/carbon nanofiber networks. The optimized photo-
electrode exhibited HER overpotentials as low as 192 mV under illumination and demon-
strated simultaneous HER and OER activity, indicating the potential of multifunctional
LDH coatings for integrated photoelectrochemical hydrogen production. The importance
of morphology control is illustrated by three-dimensional porous LDH coatings. Asen
et al. [151] synthesized three-dimensional interconnected nanosheet NiCo-LDH network
anchored on montmorillonite-modified nickel foam. The hierarchical porous architecture
exposed a large number of active sites and facilitated rapid mass transport, resulting in a
HER overpotential of only 48 mV at 10 mA cm−2 and an overall water-splitting voltage of
1.52 V. These results demonstrate that rational microstructural design can be as important
as compositional optimization in determining electrocatalytic performance.

Recent studies have also emphasized the importance of industrial-current-density op-
eration. While many LDH catalysts perform well at laboratory-scale current densities
(10–20 mA cm−2), practical electrolyzers require stable operation at several hundred
mA cm−2. Lv et al. [152] developed amorphous Rh(OH)3-decorated NiMn-LDH coat-
ings, in which Ni-O-Rh interfacial bonds promoted charge redistribution and accelerated
both HER and OER kinetics. The catalyst achieved overpotentials of 245 mV (HER) and
378 mV (OER) at an industrial current density of 500 mA cm−2 and maintained stable
operation for more than 1000 h, outperforming many previously reported bifunctional
LDH-based systems.

Overall, the literature indicates that the most effective LDH coatings for HER and
bifunctional water splitting are not pristine LDHs but rather heterostructured architectures
combining LDHs with phosphides, sulfides, conductive polymers, carbon nanomateri-
als, or electronically active dopants. Among the reported systems, phosphide-LDH and
sulfide-LDH heterostructures generally provide the best balance between HER activity
and overall water-splitting performance, whereas rare-earth-modified and noble-metal-
decorated LDHs offer additional opportunities for electronic tuning and industrial-scale
operation. Future developments should focus on scalable coating deposition methods,
optimization of catalyst-substrate interfaces, and long-term durability under realistic oper-
ating conditions.

Similar to OER, the HER performance of LDH coatings is closely related to the nature
of the active sites, charge-transfer efficiency, and interfacial interactions between the LDH
film and the conductive substrate. In alkaline electrolytes, hydrogen generation involves
water dissociation and the subsequent formation of molecular hydrogen through Volmer-
Heyrovsky or Volmer-Tafel reaction pathways. The conductive substrate facilitates electron
transport, while the LDH coating provides abundant active sites and optimized adsorption
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energetics, promoting efficient hydrogen generation. A schematic representation of the
proposed HER mechanism on LDH coatings is presented in Figure 6.

Figure 6. Schematic representation of the HER mechanism on LDH thin-film coatings in alkaline
electrolyte. Water molecules are adsorbed and dissociated at active metal sites through the Volmer
step, generating adsorbed hydrogen intermediates (H).

6.3. Plasmonic Layered Double Hydroxide Thin Films Deposited on Substrates: Recent Advances,
Mechanisms, and Applications

The integration of plasmonic nanostructures into LDH-based thin films deposited on
conductive or optically active substrates has recently emerged as an effective strategy for
overcoming the intrinsic limitations of pristine LDHs, particularly their limited visible-light
absorption and rapid recombination of photogenerated charge carriers [132,153]. By com-
bining the compositional tunability and ion-exchange capability of LDHs with the localized
surface plasmon resonance (LSPR) properties of noble-metal nanoparticles, multifunctional
thin-film architectures can be engineered for photocatalysis, photoelectrochemical energy
conversion, sensing, and environmental remediation applications [122,128,132,153].

Compared with powder-based photocatalysts, substrate-supported LDH thin films
provide several additional advantages, including enhanced mechanical stability, improved
catalyst recovery, efficient charge extraction through conductive supports, and superior
interfacial charge-transfer kinetics [122,154]. Consequently, substrates such as fluorine-
doped tin oxide (FTO), indium tin oxide (ITO), titanium foil, nickel foam, carbon cloth,
stainless steel, silicon wafers, and nanostructured plasmonic arrays have been increasingly
employed for the fabrication of LDH-based photoactive coatings [119,122,154].

6.3.1. Enhancement Mechanisms

Recent studies have demonstrated that plasmonic enhancement in LDH thin films
originates from the synergistic interaction between plasmonic nanoparticles and the layered
hydroxide matrix. Three principal mechanisms are generally accepted. The first mecha-
nism involves localized surface plasmon resonance (LSPR), where collective oscillation of
conduction electrons in metallic nanoparticles generates intense local electromagnetic fields
under visible-light irradiation [132,133]. These near-field effects increase light absorption
within adjacent LDH layers and broaden the spectral response of the composite system.
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The second mechanism corresponds to plasmon-induced charge separation through hot-
electron injection. Following plasmon excitation, energetic electrons generated within
Au or Ag nanoparticles can be transferred into the conduction band of the LDH, thereby
suppressing electron-hole recombination and extending carrier lifetimes [132,133,153]. The
third mechanism is associated with the co-catalytic role of metallic nanoparticles, which
act as electron sinks and catalytically active centers that facilitate interfacial redox reac-
tions and accelerate charge-transfer processes [128,153]. A schematic illustration of these
plasmon-enhancement pathways in substrate-supported LDH thin films is presented in
Figure 7.

Figure 7. Schematic representation of plasmon-induced enhancement mechanisms in substrate-
supported plasmonic nanoparticle–LDH thin films, including LSPR excitation, hot-electron transfer,
local electromagnetic field enhancement, co-catalytic effects, and reactive oxygen species generation.

6.3.2. Applications of Plasmonic LDH Thin-Film Coatings

The integration of plasmonic nanoparticles into substrate-supported LDH thin films
has significantly expanded the application range of LDH-based coatings, particularly in pho-
tocatalysis, photoelectrochemical energy conversion, optical sensing, and multifunctional
protective surfaces [122,153,154]. In contrast to powder photocatalysts, thin-film architec-
tures benefit from direct electrical contact with conductive substrates, improved charge
extraction, reduced catalyst loss, and enhanced long-term operational stability [119,154].
However, the performance strongly depends on the plasmonic material, nanoparticle
distribution, film thickness, substrate conductivity, and interfacial charge-transfer effi-
ciency [132,153]. Among currently reported applications, photocatalytic degradation of
organic pollutants remains the most extensively investigated field.

Ag-decorated LDH thin films deposited on conductive substrates generally exhibit
some of the highest photocatalytic enhancement factors because silver combines strong
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visible-light plasmon resonance with relatively low material cost [155–159]. Ag-decorated
NiAl-LDH/g-C3N4 thin-film heterostructures have demonstrated significantly enhanced
photocatalytic degradation of organic pollutants under visible-light irradiation, owing
to the combined effects of plasmonic excitation and efficient charge transfer across Ag-
LDH interfaces [155]. Whang et al. reported Ag-decorated NiAl-LDH films grown on
conductive substrates that achieved substantially improved methyl-orange degradation
under visible-light irradiation compared with non-plasmonic LDH coatings [122]. The
enhancement was attributed to plasmon-induced charge separation and efficient electron
transport through the conductive substrate. Similar behavior was reported for Ag-coated
Zn/Ti-LDH films, where the optimal silver loading improved photocatalytic activity by
increasing visible-light absorption while suppressing electron-hole recombination [156,159].
Nevertheless, excessive Ag loading may lead to nanoparticle aggregation and the formation
of recombination centers, ultimately reducing photocatalytic efficiency [156].

Gold-based plasmonic LDH films have also attracted considerable attention because
of the superior chemical stability and tunable optical properties of Au nanoparticles [131].
Au/NiAl-LDH heterostructures deposited on conductive substrates have shown improved
electrocatalytic and photoelectrochemical performance, particularly in reactions involving
oxygen evolution and solar-energy conversion [131]. The efficient transfer of hot electrons
across Au-LDH interfaces contributes to enhanced charge separation and accelerated
interfacial kinetics. In addition, bimetallic Au-Pd nanoparticles supported on LDH films
have demonstrated synergistic photocatalytic effects arising from the combined plasmonic
properties of Au and the catalytic activity of Pd, leading to improved degradation rates of
organic contaminants [157].

An alternative strategy involves the deposition of LDH nanosheets directly onto
plasmonic substrates. In these architectures, the plasmonic functionality is incorporated into
the substrate rather than into dispersed nanoparticles. For example, LDH nanosheets grown
on ordered aluminum nanocylinder arrays exhibited enhanced optical sensitivity due to the
strong electromagnetic field amplification generated by the plasmonic substrate, while the
LDH overlayer provided a chemically active and highly adsorptive interface [158]. Such
configurations enable more efficient electromagnetic coupling across the LDH/substrate
interface and offer improved control over optical sensing performance.

A second important application area involves photoelectrochemical hydrogen produc-
tion. In these systems, plasmonic nanoparticles act as light-harvesting centers and electron
reservoirs that facilitate charge separation within the LDH film [131,133]. Au-decorated
LDH electrodes generally provide superior photocurrent stability, whereas Ag-based coat-
ings frequently exhibit higher initial photocurrent densities but suffer from gradual perfor-
mance degradation caused by silver oxidation and surface reconstruction [122,133]. The
choice between Ag and Au therefore depends on the balance between initial activity and
long-term operational stability.

The combination of plasmonic nanostructures with LDH coatings has opened new
opportunities for advanced technological applications. In photocatalytic water treatment,
plasmon-enhanced LDH films promote the generation of reactive oxygen species and
improve the degradation efficiency of dyes, pharmaceuticals, and emerging pollutants
under visible-light irradiation [155,156,159]. In photoelectrochemical systems, the improved
separation and transport of charge carriers contribute to enhanced solar-energy conversion
and photocatalytic hydrogen production [131]. Furthermore, plasmonic LDH coatings
have demonstrated significant potential in optical sensing platforms, where the synergistic
combination of LSPR sensitivity and LDH adsorption capability enables the detection of
ions, biomolecules, and environmental contaminants at low concentrations. Murai et al.
demonstrated that LDH nanosheets deposited on aluminum nanocylinder plasmonic arrays
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generated substantially enhanced optical sensitivity due to strong local electromagnetic-
field amplification combined with the adsorption capability of the LDH layer [158]. Such
architectures are particularly attractive because the plasmonic component is integrated into
the substrate, producing more efficient electromagnetic coupling than randomly distributed
metallic nanoparticles. Furthermore, the high anion-exchange capacity of LDHs provides
additional selectivity toward target analytes, making these coatings promising candidates
for environmental and biosensing applications [158].

Despite these advances, several challenges remain. Precise control of nanoparticle size,
morphology, distribution, and interfacial contact with the LDH matrix is still required to
maximize plasmonic enhancement while minimizing recombination losses [132,153]. Long-
term photostability, optimization of film thickness, and scalable fabrication of uniform
coatings on large-area substrates also remain important issues for practical implemen-
tation [122,154]. Future developments are expected to focus on engineered hierarchical
interfaces, advanced in situ spectroscopic characterization of hot-electron dynamics, and
the integration of plasmonic LDH coatings into multifunctional catalytic and photoelectro-
chemical devices [132,133,153]. To provide a clearer overview of the current state of the art,
representative plasmonic LDH thin-film coatings deposited on substrates are compared in
Table 2, together with their principal applications, reported performance improvements,
advantages, and limitations.

Table 2. Representative plasmonic LDH thin-film coatings deposited on substrates and their
reported performance.

Plasmonic
LDH Thin-Film

System
Substrate Main

Application
Reported

Enhancement
Main

Advantages
Main

Limitations Ref.

Ag/NiAl-LDH
thin film

Conductive
cloth

Photocatalytic
degradation

of methyl
orange

Higher
degradation rate

than pristine
LDH films

Strong
visible-light
absorption;

efficient charge
separation; low

Ag cost

Ag
oxidation;
possible

nanoparticle
aggregation

[153]

Ag/ZnTi-LDH
coating

Ti-based
substrate

Photocatalytic
pollutant

degradation

Enhanced
visible-light

activity
compared with

bare LDH coating

Strong plasmonic
response;

improved ROS
generation

Excessive
Ag loading

may
increase re-

combination

[122,154]

ZnAl-LDH/Ag
hybrid thin film

Conductive
substrate Photocatalysis

Improved
charge-transfer
efficiency and

light harvesting

Tunable Ag
loading;

relatively simple
synthesis

Long-term
photostabil-
ity remains

limited

[122]

Au/NiAl-LDH
thin film

FTO/ITO
electrode

Photoelec-
trochemical
conversion

Increased
photocurrent and

charge-transfer
efficiency

Excellent
chemical stability;

efficient
hot-electron

injection

High
material cost [119]

Au–Pd/LDH
coating

Conductive
substrate

Photocatalytic
dye degra-

dation

Improved
catalytic activity
compared with
monometallic

systems

Synergistic
plasmonic and
catalytic effects

Complex
synthesis;
expensive

noble metals

[132]
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Table 2. Cont.

Plasmonic
LDH Thin-Film

System
Substrate Main

Application
Reported

Enhancement
Main

Advantages
Main

Limitations Ref.

LDH nanosheets
on Al plasmonic

nanocylinder
arrays

Nanostruc-
tured Al

plasmonic
substrate

Optical
sensing

Enhanced optical
sensitivity and

field
amplification

Strong
electromagnetic
coupling; high

adsorption
capacity

Fabrication
complexity;
scalability

issues

[155]

Ag-decorated
LDH

photoelectrode
FTO

Photoelec-
trochemical
hydrogen

production

Increased
photocurrent
density under
visible light

Improved charge
separation and

electron transport

Ag stability
under long
irradiation

[153]

The literature indicates that Ag-based LDH thin-film coatings currently provide the
highest photocatalytic enhancement under visible-light irradiation due to their intense
plasmonic response and efficient hot-electron generation. However, long-term opera-
tional stability remains a major challenge because silver nanoparticles are susceptible to
oxidation, dissolution, and surface restructuring. In contrast, Au-based coatings gener-
ally exhibit lower enhancement factors but significantly superior photochemical stability,
making them more attractive for long-duration photoelectrochemical applications. Archi-
tectures based on plasmonic substrates rather than dispersed nanoparticles offer improved
electromagnetic-field control and sensing performance, although their fabrication remains
more complex and difficult to scale.

In summary, plasmonic LDH thin films deposited on conductive and plasmonic
substrates represent a rapidly expanding research area at the intersection of photocatalysis,
surface engineering, and functional coatings. The synergistic coupling of LSPR effects, hot-
electron transfer, and substrate-assisted charge transport provides a powerful platform for
the design of next-generation multifunctional LDH-based coatings with enhanced catalytic
activity, improved energy-conversion efficiency, and advanced sensing capabilities.

7. Conclusions and Future Perspectives
Layered double hydroxide (LDH)-based coatings have emerged as versatile platforms

for multifunctional catalysis owing to their tunable composition, layered architecture,
adaptable interlayer chemistry, and ability to be integrated onto solid substrates. Their
performance is governed not only by the intrinsic activity of the LDH phase but also by coat-
ing morphology, substrate interactions, active-site accessibility, mass-transport processes,
charge-transfer pathways, and long-term interfacial stability. Consequently, the transition
from bulk LDH catalysts to coating architectures introduces additional design parameters
that must be considered when developing efficient and durable multifunctional systems.

The studies discussed in this review demonstrate that LDH-based coatings are suitable
for a broad range of catalytic, electrochemical, photocatalytic, protective, and environmen-
tally relevant applications. Their multifunctional character originates from the coexistence
of acid–base and redox active sites, exchangeable interlayer species, defect-rich structures,
conductive or photoactive hybrid components, and engineered coating/substrate interfaces.
Furthermore, post-synthetic modification, interlayer engineering, hybrid nanocomposite
formation, and calcination–reconstruction approaches significantly expand the functional
capabilities of LDH-based coatings. Through these strategies, it becomes possible to simul-
taneously tailor catalytic activity, adsorption behavior, charge mobility, corrosion resistance,
and operational durability.
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Despite these advances, several challenges remain to be addressed. Compact or ex-
cessively thick coatings may hinder mass transport and limit the utilization of active sites,
whereas highly porous or defect-rich architectures often involve a compromise between
catalytic performance and structural stability. Similarly, interlayer expansion can facilitate
molecular diffusion and ion transport but may also increase susceptibility to swelling, leach-
ing, and delamination. Although hybrid architectures frequently improve charge-transfer
efficiency and interfacial functionality, excessive incorporation of secondary phases may
obstruct active sites or generate structural heterogeneities. These observations highlight the
need for a balanced optimization of activity, transport properties, durability, and scalability.

Although LDH-based coatings possess intrinsic characteristics that make them attrac-
tive candidates for multifunctional catalytic processes, their application in tandem and
cascade reactions remains largely unexplored. The coexistence of acid–base and redox
functionalities, tunable interlayer environments, and engineered interfaces suggests consid-
erable potential for coupling sequential reaction steps within a single coating architecture.
Nevertheless, most reported examples of tandem and cascade catalysis still involve bulk
LDH materials rather than surface-confined coating systems. Future investigations should
therefore focus on elucidating how coating thickness, interfacial interactions, active-site
accessibility, transport phenomena, and long-term stability influence the performance of
such integrated catalytic platforms.

Future progress in the field will require a more rigorous mechanistic understanding
of structure–reactivity relationships under realistic operating conditions. Advanced in
situ and operando characterization techniques, combined with electrochemical analysis,
spectroscopic investigations, and computational modeling, will be essential for establishing
reliable correlations between composition, structure, transport processes, and catalytic
performance. In parallel, the development of scalable fabrication methods, improved
coating reproducibility, environmentally benign processing routes, and standardized eval-
uation protocols will be necessary to facilitate meaningful comparison between systems
and accelerate technological implementation. Addressing these challenges will support the
evolution of LDH-based coatings from promising multifunctional materials toward robust
catalytic platforms for sustainable chemical transformations, environmental remediation,
and energy-related applications.
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