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Metamaterial-Enhanced Solar-Driven Processes for Energy
Conversion and Water Treatment

Xuechen Jing, Zhehao Sun, Hang Yin, Kaili Liu, Yi-Lun Chen, Shuwen Cheng,
and Zongyou Yin*

To address global challenges in sustainable energy and water treatment,
metamaterials have emerged as a transformative class of materials for
solar-driven photocatalysis. Through nanoscale engineering, these artificially
structured materials enable precise manipulation of light–matter interactions
and significantly enhance solar energy utilization beyond the limits of
conventional photocatalysts. This review systematically summarizes recent
progress in applying metamaterials to solar-driven processes for energy
conversion and water treatment, including photocatalytic CO2 reduction,
water splitting for hydrogen generation, degradation of organic pollutants, and
solar-driven water evaporation for purification. Key enhancement mechanisms
include localized surface plasmon resonance, photonic bandgap engineering,
and improved charge separation via metamaterial and semiconductor
heterojunctions, which collectively improve light absorption, charge
separation and transfer, and surface reactivity. Practical challenges related to
scalable fabrication, long-term durability, and integration into real-world
systems are also examined. Finally, emerging directions, including AI-assisted
inverse design, structural chirality, and multifunctional hybrid architectures,
are discussed as promising strategies to further advance metamaterial-based
photocatalysts in sustainable energy and environmental applications.

1. Introduction

Solar-driven energy conversion and environmental remedia-
tion (such as photocatalytic fuel production and pollutant
degradation) critically depend on efficient light harvesting and
charge management in semiconductor materials.[1,2] Metama-
terials are artificially engineered composites composed of sub-
wavelength structural units.[3] They have recently gained sig-
nificant attention for enhancing photocatalytic performance.
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Their unique electromagnetic properties,
including intense resonant absorption and
negative refractive index, originate primar-
ily from carefully designed micro- and
nanostructures rather than from intrinsic
material chemistry.[3] In other words, meta-
materials are built from periodic or pat-
terned “meta-atoms” (e.g., metal or dielec-
tric nanostructures) much smaller than the
wavelength of light, enabling exotic optical
behaviors not seen in natural materials.[3]

For example, appropriately designed meta-
materials can bend and concentrate light in
unconventional ways.[4–9] This allows them
to achieve phenomena such as negative re-
fraction or near-perfect absorption of in-
cident light, even in ultrathin layers. In
contrast, conventional photocatalytic nano-
materials, such as oxide semiconductors
or colloidal plasmonic nanoparticles, pri-
marily depend on intrinsic material prop-
erties like bandgap or inherent plasmon
resonance.[10–12] They typically rely on ran-
dom particulate assemblies to extend light-
path lengths or increase reactive surface
areas. Metamaterials use structure-driven

optics to fundamentally alter this strategy. By engineering light–
matter interactions through geometry rather than chemistry, they
offer new pathways to manipulate light for photocatalysis beyond
the capabilities of traditional materials.[13,14]

One key light–matter interaction widely utilized in photocatal-
ysis is localized surface plasmon resonance (LSPR).[10,15,16] LSPR
is a collective oscillation of conduction electrons within metal
nanostructures. This phenomenon commonly occurs in noble
metal nanoparticles and has long been used to enhance photo-
catalyst light absorption and create intense near fields.[17] Many
conventional plasmonic photocatalysts embed metal nanoparti-
cles, such as Au and Ag, to exploit LSPR, thereby boosting optical
absorption and generating energetic charge carriers for chemical
reactions.[18,19] It should be emphasized, however, that LSPR is
not unique to metamaterials; many colloidal metallic nanoma-
terials also exhibit this effect.[17] What truly distinguishes meta-
materials, including planar metasurfaces, is their ordered and
coupled arrangement of plasmonic or dielectric building blocks,
enabling collective resonances through intentional structural de-
sign. In a metasurface, coupling between neighboring nano-
resonators generates hybrid modes or collective oscillations.[19,20]

These collective modes are more intense and tunable than the
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LSPR of an isolated nanoparticle. By carefully adjusting their
geometry, metamaterials can control optical responses indepen-
dently from the intrinsic properties of their materials.[20,21] Such
control produces unique electromagnetic behaviors, including
broadband absorption or sharp spectral selectivity, which single
particles or random ensembles typically cannot achieve. Metama-
terials can also support phenomena not found in natural mate-
rials, such as effective magnetic resonances and negative index
refraction. These effects result directly from their engineeredmi-
crostructures rather than their chemical composition. Unlike iso-
lated nanoparticles, the ordered arrangement in metasurface de-
signs produces stronger, more uniform electromagnetic field en-
hancements across the entire structure. By arranging plasmonic
meta-atoms into periodic arrays, metamaterials collectively ex-
ploit LSPR along with other resonant modes.[19,22–24] This struc-
tured approach maximizes the effective use of light in photocat-
alytic systems. Rather than merely absorbing more total light,
metamaterials strategically concentrate electromagnetic energy
at specific nanoscale sites where catalytic reactions occur. Such
targeted energy localization significantly surpasses the capabili-
ties of conventional plasmonic materials.
Creating these advanced optical structures involves fabrica-

tion methods different from traditional photocatalysts.[15] Con-
ventional nanomaterials, such as metal oxides or plasmonic
nanoparticles, usually rely on bottom-up methods like solvother-
mal growth or colloidal synthesis. These methods generally lack
control over long-range order or precise architecture. In contrast,
metamaterials require accurately arranged nano-units, typically
fabricated using top-down techniques.[15] Electron-beam lithog-
raphy and focused ion beammilling, for example, are commonly
employed to pattern metasurface resonators at the nanoscale. In
photocatalytic applications, hybrid fabrication methods are of-
ten preferred. Thesemethods combine precise top-down pattern-
ing with bottom-up synthesized functional nanocomponents.[15]

The goal is to incorporate metamaterials into photocatalytic sys-
tems, preserving both their optical functions (resonances, field
enhancement) and surface chemical reactivity. This approach
differs significantly from conventional catalyst designs, which
mainly focus on tuning chemical composition or nanoparticle
size and shape rather than constructing ordered nanostructures.
Thus, metamaterial fabrication methods, from high-resolution
lithography to self-assembly, represent a new strategy that inte-
grates nanophotonic into catalyst design.
In the following sections, we systematically review how meta-

materials are implemented in photocatalytic systems. The dis-
cussion emphasizes unique mechanisms and advantages com-
pared to conventional methods. Several key enhancement strate-
gies are detailed. These include improved broadband light ab-
sorption, enhanced reactions through near-field LSPR effects,
efficient charge separation in meta-heterojunction structures,
optimized reactivity from engineered surface interfaces, and
polarization-dependent photocatalysis using chiral metamateri-
als and chirality-induced spin selectivity (CISS).[25,26] Each topic
clearly distinguishes true metamaterial-specific effects from
those achievable with conventional nanomaterials. Examples
from recent research highlight these distinctions. We then ex-
amine two major applications: photocatalytic CO2 reduction and
photocatalytic water treatment. These case studies demonstrate
how metamaterial-based designs significantly enhance perfor-

mance and selectivity in practical chemical processes. Finally, we
discuss practical considerations such as scalability, durability, and
integration into devices. Emerging opportunities, including AI-
assisted inverse design and hybrid architectures, are also high-
lighted. This overview demonstrates how engineered metamate-
rials, with artificial electromagnetic properties and tailored inter-
actions with light, drive photocatalysis toward greater efficiency
and advanced functionalities.

2. Metamaterial-Enabled Enhancement
Mechanisms in Photocatalysis

2.1. Light Absorption and Control

Metamaterials offer a fundamentally different approach to light
absorption than conventional photocatalyst designs. Rather than
simply maximizing total absorption (which any black-painted
surface or dense colloidal film can do), metamaterial structures
actively control how and where photons are absorbed, ensuring
the energy is deposited in catalytically useful regions.[27–30] In
fact, indiscriminate maximal absorption in a bulk material can
be counterproductive when it causes extremely shallow photon
penetration—a significant fraction of carriers might then be gen-
erated only at the very surface, where they can recombine or sat-
urate without contributing to reactions deeper in the material.
Metamaterials avoid this pitfall by decoupling optical absorption
from the intrinsic properties and thickness of the material, us-
ing nanoscale architecture to manipulate light in ways conven-
tional systems cannot. One key advantage is optical impedance
matching through engineered refractive index profiles. Metama-
terial absorbers (e.g., graded-index metasurfaces) can gradually
transition the effective index from that of air to that of the cat-
alyst, virtually eliminating Fresnel reflections.[30–33] This means
incoming light is channeled into the structure with minimal re-
flection over a broad spectrum and range of incidence angles, a
feat not achievable with simple coatings or random nanoparti-
cle dispersions. As a result, even a very thin metamaterial layer
can capture as much light as a much thicker conventional film,
but without the drawback of poor photon penetration depth.[23,30]

The incoming photons are guided and distributed deeper into
the active layer via the metamaterial’s tailored gradient, ensur-
ing that absorption occurs throughout the catalytically active vol-
ume rather than just at the immediate surface. Such impedance-
engineered metasurfaces thus combine high absorptance with
effective photon delivery into the catalyst. Metamaterials also en-
able novel strategies for controlling and directing incident light,
going beyond traditional media. They can guide and shape wave-
fronts, directing light into catalytic layers at optimal angles or
with precise phase alignment.[3,5,34] This creates constructive in-
terference within the photocatalytic medium, enhancing over-
all absorption efficiency. Unlike conventional systems that rely
on thick or highly absorbing layers, metamaterials manage in-
coming light more intelligently. They minimize reflection losses
through impedance matching, trapping and recirculating pho-
tons to extend optical paths in thin films and concentrate energy
directly at reactive nanoscale sites.[35] In addition, metamaterials
maintain high absorption over a broad range of incident angles.
These sophisticated approaches allow metamaterials to improve
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Figure 1. Schematic of plasmonic hot-carrier generation and injection: a) radiative and nonradiative LSPR decay in a metal nanostructure, b) gener-
ation of energetic hot carriers above the Fermi level, and c) hot electron injection into a semiconductor across the Schottky barrier. Reproduced with
permission.[36] Copyright 2014, Springer Nature.

photocarrier generation and utilization far beyond dispersed col-
loidal particles or conventional absorbing substrates. The result
is not merely greater total light absorption, but significantly en-
hanced conversion efficiency, precisely delivering carriers where
and when they are most effective for catalytic reactions.

2.2. Localized Surface Plasmon Resonance

Figure 1 illustrates the fundamental mechanism of plasmonic
hot-carrier generation and injection.[36] As depicted in Figure 1a,
when LSPR is excited in a metal nanostructure, it can decay ei-
ther radiatively (reemitting a photon) or nonradiatively via Lan-
dau damping, generating energetic “hot” electron–hole pairs.
The nonradiative decay notably leads to a nonthermal distri-
bution of electrons, with electrons elevated significantly above
the Fermi level (EF), leaving hot holes behind, as shown in
Figure 1b. These hot carriers, especially electrons with ener-
gies exceeding the Schottky barrier (ΦSB), can subsequently
inject into the conduction band of an adjacent semiconduc-
tor, thereby initiating photocatalytic reactions (Figure 1c). LSPR
is not unique to metamaterials.[37] It occurs in suitably small
metallic nanostructures such as Au, Ag, or Cu nanoparticles,
appearing as a collective oscillation of conduction electrons
coupled to incident light. The intense electromagnetic near-
fields generated around an excited plasmonic nanoparticle en-
hance light–matter interactions locally, and this basic near-field
enhancement occurs in conventional plasmonic catalysts as
well.
The distinct advantage of metamaterials lies in how they spa-

tially organize plasmonic units to collectively resonate, produc-
ing much stronger and more uniform electromagnetic effects
than random nanoparticle dispersions. In carefully designed
metamaterial architectures (e.g., periodic nanoparticle arrays or
plasmonic superlattices), innumerable plasmons can coherently
couple, yielding high-density “hotspots” that cover a large area
with relatively uniform field strength (variations within 10%). In
contrast to isolated particles or haphazard clusters, which pro-
duce only isolated intense spots, a metamaterial can thus bathe
a whole catalytic surface in enhanced near-fields. This collec-
tive resonance approach enables not only stronger confinement

of light but also precise control over the resonance frequency
and spatial field distribution via the meta-atom geometry and
arrangement.[38] Metamaterial designs excel at amplifying the
electromagnetic near-field associated with LSPR far beyond the
levels in conventional systems. By incorporating nanoscale fea-
tures like narrow gaps, periodic patterns, or multilayer struc-
tures, they can achieve exceptional field enhancement factors.
For instance, plasmonic nanoparticle dimers and coupled arrays
generate extraordinarily intense hotspots in their junctions.[36]

For example, a metal–insulator–metal nanocavity metasurface
can achieve over 60% light absorption at resonance.[39] This
absorption is roughly five times higher than a bare nanopar-
ticle film, with local field intensities increased by factors of
103–105 in nanoscale gaps.[39] Such enormous field amplifica-
tion corresponds to several orders of magnitude higher local-
ized light intensity, effectively funneling electromagnetic en-
ergy into the vicinity of catalytic sites. The result is a dra-
matic increase in the generation of charge carriers and excita-
tions in those regions, as the strongly confined optical energy
is converted into electronic excitations (or directly into chem-
ical activity) much more efficiently than in non-metamaterial
setups. Crucially, metamaterials can maintain this enhance-
ment uniformly across the active area, avoiding the “hotspot
lottery” of random nanoparticle aggregates and ensuring that
a large fraction of the catalyst surface experiences intensified
fields.

2.2.1. Near-Field Enhancement

The strong near field significantly increases the yield of hot
carriers produced by plasmon decay. When LSPRs decay non-
radiatively, the high local field intensity generates large num-
bers of energetic electrons and holes per unit volume in metal
nanostructures.[40] Metamaterials therefore serve as efficient hot-
carrier sources, achieving densities far higher than isolated
nanoparticles of the same volume. These hot electrons and holes
possess energies above the Fermi level, enabling them to par-
ticipate in chemical reactions or transfer into neighboring ma-
terials. In metal–semiconductor metamaterial heterostructures,
hot electrons are typically harvested by transferring across a
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Schottky barrier into the conduction band of the semiconductor
(Figure 1c). This electron transfer directly initiates photocatalytic
reactions. The energetic electrons provided by LSPR can over-
come activation barriers and initiate chemical transformations
that conventional photoexcited or thermalized electrons typically
cannot achieve. By delivering these energetic carriers directly to
catalytic sites, metamaterial-enhanced LSPR effectively reduces
activation energies and accelerates reaction kinetics beyond con-
ventional photocatalytic methods.

2.2.2. Photothermal Effect

In tandem with charge carriers, plasmonic photothermal effects
also play a role in metamaterial-enhanced catalysis. Nonradiative
plasmon decay inevitably produces local heat in the metal nanos-
tructure as the excited electrons relax, and in a metamaterial this
heating can be both substantial and highly localized.[18] The tem-
perature in the nanoscale vicinity of an active site can rise, acceler-
ating thermally activated reaction steps (much like conventional
thermal catalysis, but confined to the nanoscale). Metamaterials
take advantage of this effect by precisely confining heat at catalytic
interfaces, avoiding unnecessary heating of the entire bulk sys-
tem. Studies demonstrate that localized heating from plasmonic
structures significantly accelerates reaction rates, achieving out-
comes usually possible only at higher overall temperatures. Pho-
tothermal activation under these mild conditions can even alter
reaction selectivity by favoring specific pathways enhanced by lo-
calized temperature increases at the nanoscale.
Metamaterial designs also enable tuning the balance between

hot-carrier generation and photothermal heating. In certain
structures, photothermal effects are deliberately reduced, en-
hancing direct hot-carrier transfer instead. A recent study in-
volving anAu–Pt bimetallic plasmonic superlattice demonstrated
this clearly.[18] Researchers found that improved catalytic activity
under illumination mainly resulted from enhanced electromag-
netic fields activating the Pt catalytic sites.[18] In contrast, contri-
butions fromplasmonic heating and direct electron transfer from
Au to Pt were comparatively minor.[18] Such precise control high-
lights another key advantage of metamaterials. They allow tar-
geted structural engineering to optimize either electromagnetic
field-driven carrier generation or photothermal effects, depend-
ing on the reaction requirements.
Overall, compared with traditional plasmonic systems, meta-

materials offer distinct advantages not only in the magnitude of
enhancement but also in field distribution, tunability, and spec-
tral matching.[11,41] Metamaterials achieve uniform electromag-
netic field distributions, thereby avoiding the uneven hotspot
distribution inherent in randomly dispersed nanoparticle sys-
tems. Moreover, by carefully tailoring meta-atom size, shape,
periodicity, and dielectric environment, metamaterials can pre-
cisely control the LSPR resonance wavelength, facilitating broad-
spectrum or even multi-band responses. Such spectral flexibil-
ity, coupled with high-quality-factor (narrow-bandwidth) collec-
tive modes (e.g., surface lattice resonances, SLRs), is difficult to
attain with conventional nanoparticles. Consequently, metama-
terials emerge as highly tunable, spectrally precise, and spatially
uniform plasmonic enhancement platforms, greatly surpassing
traditional randomized nanoparticle configurations.

2.3. Enhanced Charge Separation and Carrier Dynamics

One of the most critical challenges in photocatalysis is the rapid
recombination of photogenerated electrons and holes, which
severely undermines quantum efficiency. To overcome this, re-
searchers engineer semiconductor heterojunctions with favor-
able band alignments and interfacial fields that drive electrons
and holes into separate regions, thus spatially isolating reduc-
tion and oxidation sites. Metamaterial architecture allows these
junctions to be tailored at the nanoscale, creating interface con-
ditions that surpass what conventional materials can achieve.[3,42]

Three major types of semiconductor heterojunctions have been
explored for charge separation Type-II, Z-scheme, and the more
recently developed S-scheme, each offering a distinct charge
transfer mechanism (Figure 2).[43–45] Below, we compare Type-II
and S-scheme heterojunctions in technical detail and highlight
how metamaterials uniquely leverage these designs to enhance
photocatalysis.
Common heterojunction photocatalytic mechanisms include

Type-II, Z-scheme and S-scheme.[45] Different mechanisms have
different band structures and carrier transport paths. A conven-
tional Type-II heterojunction (staggered band alignment) relies
on band offsets to separate charge carriers. In a Type-II system,
one semiconductor’s conduction band (CB) is lower in energy
than that of the other, so photogenerated electrons in the higher-
CB material will “flow” into the lower-CB semiconductor, while
holes migrate in the opposite direction into the higher-valence-
band material (Figure 2a).[44]

This configuration physically separates electrons and holes (e−

accumulating in one semiconductor and h+ in the other), which
reduces recombination and yields longer-lived charges.[45] How-
ever, this process reduces the electrochemical potential of each
electron-hole pair. Electrons transfer to a lower-energy conduc-
tion band, while holes move to a higher-energy valence band. In
other words, Type-II junctions sacrifice some driving force (re-
dox power) in exchange for better carrier separation. This loss
of carrier energy can compromise the system’s ability to carry
out strongly energetic redox reactions. By contrast, an S-scheme
(step-scheme) heterojunction explicitly incorporates a built-in
electric field at the interface, achieving charge separation with-
out forfeiting high carrier energies (Figure 2c).[45] An S-scheme is
constructed by pairing a reduction-type semiconductor (typically
n-type, with a relatively high CB position) with an oxidation-type
semiconductor (p-type, with a deep valence band).[45] When these
two materials form a junction, electrons flow from one side to
the other until their Fermi levels equilibrate, establishing a deple-
tion region with a strong internal electric field at the interface.[45]

Under illumination, this field acts as a one-way gate for charge
carriers: it swiftly drives the less energetic electrons and holes
toward each other to recombine in the interfacial region, while
pushing the remaining high-energy electrons and holes to the op-
posite outer sides of the heterojunction. In essence, the S-scheme
automatically disposes of the lowest-energy electrons and holes
(mimicking the electron–hole recombination step of a Z-scheme)
(figure 2b)) and preserves the most energetic electrons in the CB
of the reduction-side semiconductor and themost energetic holes
in the VB of the oxidation-side semiconductor.[45] The outcome
is a greatly suppressed recombination rate and maximized re-
dox capacity, since each high-energy carrier is now isolated on
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Figure 2. a) Type-II heterojunction and b) Z-scheme heterojunction Reproduced with permission. Copyright 2017, Wiley-VCH.[43] c) S-scheme hetero-
junction. Reproduced with permission. Copyright 2020, Elsevier.[44]

separate materials and can travel to a catalytic surface with-
out encountering its opposite. S-scheme heterojunctions are
therefore attracting considerable attention because they com-
bine the effective charge separation of Type-II junctions
with the strong redox potential of Z-scheme systems, offer-
ing a clear performance advantage over traditional Type-II
designs.[45]

2.3.1. Metamaterial-Engineered versus Conventional
Heterojunctions

Metamaterial architectures enhance heterojunction structures
beyond conventional composite photocatalysts. Instead ofmerely
placing two semiconductors together, metamaterials use pre-
cise nanoscale engineering. Examples include three-dimensional
periodic frameworks, nanopatterned interfaces, or ultrathin
interlayers.[42,46,47] These structures optimize conditions for light
absorption and charge management at the junction. These en-
gineered heterostructures can generate intense localized electric
fields at the interface (due to enhanced band bending or embed-
ded dipoles) and support strong LSPR if metallic “meta-atoms”
are included.[24] They can also produce photothermal hotspots
under illumination, raising the local temperature at the catalytic
interface. All these metamaterial-induced effects (nanoscale in-
terface fields, LSPR, and photothermal heating) act in synergy to
strengthen charge separation and carrier dynamics beyond what
is achievable in a conventional heterojunction. For a traditional
Type-II heterojunction, incorporatingmetamaterial elements can
partially offset its inherent limitations. For instance, integrating
plasmonic metal nanostructures with a Type-II semiconductor
junction injects energetic “hot” electrons to boost the energy of
photoexcited electrons that have cascaded into the lower band,
and creates intense near-field electromagnetic hotspots that as-
sist in pulling apart electron–hole pairs.[42,48] These plasmonic
effects help compensate for the lost redox potential by supplying
additional energy to the charge carriers and by concentrating the
electromagnetic field at the interface, leading to more efficient
utilization of the separated charges. In essence, themetamaterial
provides an external energy injection and a local driving force to
a Type-II system that would otherwise rely only on the modest
band offset for charge separation.[45]

In S-scheme heterojunctions,metamaterial enhancements be-
come even more synergistic by reinforcing the strong internal
electric field.[42,45] Structuring interfaces at the nanoscale, such as
inserting a high-permittivity dielectric or ferroelectric nanolayer
at the p–n junction, further strengthens interfacial band bend-
ing. This effectively amplifies the built-in electric field within the
S-scheme heterojunction. Meanwhile, plasmonic metamaterial
components (e.g., metal nanoparticle arrays or nanostructured
alloys) embedded at or near the interface concentrate the inci-
dent light right at the junction and generate localized fields, in-
jecting additional hot carriers that are immediately swept into
the desired semiconductor by the internal field. The photother-
mal effect in metamaterial heterostructures arises from strong
light absorption in metal or defect-engineered semiconductor
components.[49] This effect increases the local temperature of
the catalyst, accelerating surface reaction kinetics and improving
charge-carrier extraction at reaction sites, this means photogen-
erated electrons and holes that have been separated by the inter-
nal electric field are rapidly consumed in redox reactions (due
to the higher reaction rate at elevated temperature), further sup-
pressing bulk recombination. Overall, by combining a built-in
internal field with metamaterial-driven optical and thermal en-
hancements, S-scheme metamaterial heterojunctions achieve a
level of charge separation and utilization far beyond that of a con-
ventional Type-II junction. In summary, metamaterial-enhanced
heterojunction structures significantly improve charge separa-
tion and carrier dynamics in Type-II and S-scheme systems. S-
scheme metamaterial photocatalysts provide an ideal combina-
tion of long-lived, well-separated charge carriers while preserving
sufficient energy for challenging redox reactions.

2.4. Bandgap Engineering

Beyond optimizing light collection, metamaterials also open new
frontiers in bandgap engineering—tailoring the electronic struc-
ture of a photocatalyst to extend its active spectral range and
improve charge utilization.[42] Traditional bandgap engineering
in photocatalysis relies on methods like introducing dopants or
defects to create mid-gap states, forming semiconductor alloys
or heterojunctions to tune band positions, or utilizing quan-
tum confinement in nanostructures to adjust energy levels.[49]
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While these approaches have seen success, they are often lim-
ited by material constraints: random dopant distributions can in-
troduce recombination centers, quantum dot sizes are hard to
perfectly control and integrate, and simple heterojunctions only
provide a couple of discrete band alignments. Metamaterial plat-
forms overcome many of these limitations by enabling precise,
nanoscale control of composition and electromagnetic environ-
ment, unlocking bandgap-modulation mechanisms that conven-
tional materials cannot easily achieve. One powerful capability
of metamaterial architectures is the creation of structured con-
finement and periodic potentials that modify a material’s elec-
tronic band structure.[5,15,50] By embedding a semiconductor into
a metamaterial matrix or patterning it at sub-wavelength scales,
one can impose an artificial periodicity or confinement that leads
to quantization and miniband formation. For instance, a meta-
material composed of alternating[51] ultrathin layers or an array of
semiconductor nanocrystals can act analogously to a superlattice,
where charge carriers experience a new periodic potential.[30,52]

This can result in quantum confinement effects finely tuned by
geometry, the bandgap can be incrementally adjusted by the sizes
of the features (e.g., nanopillar diameter or well thickness) with
a level of uniformity and spatial order unattainable in a random
quantum dot colloid.[53] Metamaterial fabrication allows all the
quantum-confined units to be nearly identical and coherently
coupled, so instead of a broad distribution of bandgap energies
as in a typical nanoparticle ensemble, one gets a well-defined,
sharply tuned effective bandgap for the whole system. Moreover,
coupling between these confined units through the metamate-
rial’s periodic structure can create allowed miniband transitions
within the bandgap that broaden the absorption spectrum. In
essence, the metamaterial can turn isolated localized states into
an extended intermediate band, permitting sub-bandgap photons
to be absorbed via two-step electronic transitions—something
extremely difficult to control in a conventional bulk-doped or
quantum-dot system. Metamaterials also enable precise band
alignment and multi-component integration in ways that tra-
ditional heterostructures cannot. Rather than a simple planar
junction between two semiconductors, a metamaterial can inter-
twine different semiconductors or a semiconductor and a plas-
monic metal in a finely featured pattern (e.g., a 3D gyroid net-
work or a core-shell metasurface array). This level of architec-
ture allows engineered band alignment at the nanoscale across
a vast interface area, ensuring that photogenerated electrons and
holes are immediately funneled into complementary materials
or sites that facilitate their separation and use. Importantly, such
metamaterial composites can achieve energy-level configurations
that yield new absorption pathways: for instance, deliberately in-
troduced defect bands or dopant states can be coupled via the
metamaterial’s structure to a conduction band of another com-
ponent, effectively creating a built-in stepwise ladder for elec-
trons. A photon with energy too low to directly cross the full
semiconductor bandgap can still be absorbed. It first promotes
an electron into a dopant-induced intermediate state, and then
further into the conduction band. This process effectively extends
absorption to lower energies without lowering the semiconduc-
tor’s band edges required for catalytic reactions.[50,51] In a conven-
tional catalyst, these intermediate states often act as traps, but in a

metamaterial, they can be arranged and coupled in a regular way,
turning them into productive pathways rather than dead ends.
Metamaterials can also create smooth variations in composition,
producing graded bandgap structures throughout the catalyst.
This design broadens absorption and generates internal electric
fields, achieving a level of precision difficult to obtain using con-
ventional bulk synthesis methods. Perhaps the most striking op-
portunities emerge from the hybridization of electronic states
with photonic modes in metamaterials. Because metamaterials
can strongly confine and enhance electromagnetic fields, they al-
low the regime of strong light matter coupling, where a semi-
conductor’s excitonic transition (or amolecule’s electronic transi-
tion) can mix with a resonant photonic mode to form new hybrid
states (polariton modes). These hybrid light matter states have
energies and selection rules distinct from the original exciton or
band transition. In practical terms, a metamaterial supporting
such mode hybridization can split a single absorption band into
two lighter and lower energy coupled bands, effectively expand-
ing the range of photon energies that can excite the system. For
example, coupling electronic transitions of a wide bandgap semi-
conductor with a plasmonic or Fabry–Pérot resonator mode can
generate two polariton absorption peaks.[51,54–56] One peak can
even appear below the semiconductor’s original bandgap energy.
Photons that would normally be too weak to excite an electron
across the bandgap can instead be absorbed into the lower hybrid
mode, still resulting in an excited electron that can participate
in chemistry (via mechanisms like hot-electron injection or sen-
sitized excitation). This extended absorption occurs within the
material’s own electronic framework. The new absorption chan-
nel arises directly from a polaritonic state, without relying on ex-
ternal sensitizers or multi-photon processes. Metamaterials thus
provide a platform for quantum photonic coupling that shifts or
effectively narrows the bandgap from the perspective of usable
sunlight, all while maintaining the catalyst’s bulk chemical iden-
tity. This kind of tailored strong coupling or dispersion engineer-
ing (for instance, using hyperbolic metamaterials to provide an
enormous range of electromagnetic wavevectors) has no real ana-
logue in a traditional photocatalyst.[54,55] Conventional materials
rarely support these coupling regimes or the necessary nanos-
tructures. However, metamaterials are specifically designed to
exploit them. In summary, metamaterial-based bandgap engi-
neering equips photocatalysts with electronic and optical func-
tionalities well beyond the reach of conventional methods. By
introducing finely tuned dopant arrays, quantum-confined ar-
chitectures, and hybrid light matter states, metamaterials allow
the photocatalyst to harvest lower-energy photons and generate
charge carriers that would otherwise be inaccessible. These plat-
forms precisely control energy levels and electronic transitions.
For example, they transform defect states into beneficial interme-
diate bands or use unusual dispersionmodes, such as hyperbolic
modes, to facilitate indirect transitions. This approach broad-
ens the effective absorption spectrum without sacrificing charge
separation or catalytic redox potentials. Crucially, these changes
are integral to the material: the extended light response comes
from engineered band structures and couplings inside the cata-
lyst, not from adding external dyes or excessively narrowing the
bandgap.
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2.5. Polarization-Dependent Photocatalysis

Embedding structural chirality into metamaterial photocatalysts
induces asymmetric catalytic behavior not achievable with achi-
ral systems. Chiral structures, such as plasmonic films or nanoar-
rays with helical patterns, selectively interact with circularly po-
larized light (CPL).[25,57,58] This selective interaction results in
polarization-dependent improvements in reaction rates.
Experiments have shown that matching the incident light’s

chirality with that of a chiral metamaterial can dramatically boost
photocatalytic performance, whereas the opposite handedness
yields diminished activity.[58–60] In one case, a chiral plasmonic
film degraded dye molecules roughly twice as fast under CPL
of the “matching” helicity compared to CPL of the opposite
sense.[58] This behavior arises from the chiral structure’s ability
to concentrate electromagnetic fields and excited charges (e.g.,
hot electrons) more efficiently under the resonant polarization,
creating a dissymmetric charge generation and local “superchi-
ral” optical fields that favor one spin or orientation.[58] Such ef-
fects effectively make the catalysis enantioselective with respect
to light polarization: the two enantiomorphic forms of the cat-
alyst (or illumination) drive reactions at different rates.[58] Chi-
ral metamaterial catalysts can even induce enantiospecific bias
in chemical reactions. They preferentially accelerate the forma-
tion of one chiral product or favor the adsorption of one reactant
enantiomer. This degree of selectivity is not achievable with con-
ventional symmetric photocatalysts.
Beyond optical selection rules, CISS provides a further

mechanism to amplify photocatalytic performance in these
metamaterials.[61] The CISS effect entails that electrons travers-
ing a chiral medium become spin-polarized, with one spin orien-
tation transmitted preferentially due to themedium’s helical elec-
tric field and spin–orbit coupling.[59,61] Incorporating such spin-
selective behavior into a photocatalytic process can substantially
improve charge dynamics and reaction kinetics. Spin-polarized
charge carriers are less prone to recombination because identical-
spin electrons and holes cannot readily pair (a Pauli exclusion
effect), forcing radiative or back-reactions to slow down.[25] This
prolongs the lifetime of photogenerated carriers and increases
their diffusion to catalytic sites. Moreover, many multi-electron
reactions benefit from spin alignment. For instance, in the oxy-
gen evolution reaction (OER), intermediate oxygen radicals must
share the same spin to form triplet O2 (the stable ground state);
if spins are random, the pathway to O2 is kinetically hindered.

[25]

A chiral catalyst that outputs spin-polarized electrons can sat-
isfy such requirements and lower activation barriers. Leverag-
ing CISS has delivered clear performance gains. For instance,
a hematite photoanode coated with chiral molecules exhibited
higher OER currents and reduced peroxide side-products com-
pared to achiral control.[25] In chiral metamaterials, this spin-
selective charge transport works in tandem with the intense lo-
cal fields and optical chirality: the metamaterial not only har-
vests and concentrates light in an asymmetrical fashion but also
channels the resulting charges in a spin-aligned, more reactive
form.[25,57,60–62] Such synergy effectively serves as an internal spin
filter or bias that directs charge carriers into favorable reaction
pathways while impeding loss channels.[25] In summary, struc-
tural chirality in metamaterials provides two key advantages.
First, it enables polarization-tuned interactions between light and

matter for selective excitation. Second, through the CISS effect,
it introduces spin-polarized charge dynamics. Together, these ef-
fects significantly enhance photocatalytic activity, selectivity, and
efficiency beyond what non-chiral systems can achieve.

3. Metamaterials for CO2 Reduction

The efficient utilization of solar energy to drive CO2 reduc-
tion into value-added fuels is a highly significant strategy
for both environmental sustainability and renewable energy
conversion.[63,64] The CO2 reduction reaction (CO2RR) involves
multiple possible products depending on the number of electron-
proton transfer steps. Common C1 products include carbon
monoxide (CO), formic acid (HCOOH), methanol (CH3OH),
and methane (CH4), corresponding to two-electron, six-electron,
and eight-electron pathways, respectively.[65–68] The actual reac-
tion pathway and product selectivity are strongly influenced by
the surface structure, charge transfer pathways, and local re-
action microenvironments of the catalyst.[69,70] Recent advances
in metamaterial-based photocatalysts offer unique opportunities
to precisely modulate light harvesting, local electric fields, and
charge carrier dynamics at the nanoscale, thus enabling the reg-
ulation of intermediate adsorption configurations and reaction
barriers to steer product selectivity. Photothermal-driven meta-
material absorbers have emerged as a powerful platform to lower
reaction barriers and bias CO2RR toward desired products.
Photothermal catalysis holds great potential for CO2

hydrogenation.[22,42,71–75] However, it typically requires high-
intensity light to achieve the temperatures necessary to break
the stable CO2 bonds, which raises the complexity and energy
consumption of the system. Reducing the light intensity require-
ment for practical applications is a key challenge in this field. To
address this, Liu et al. designed a Ni-based selectivemetamaterial
absorber aimed at improving the efficiency of photothermal CO2
hydrogenation.[71] The metamaterial consists of a polyimide (PI)
substrate, a reflective Al layer, a dielectric SiO2 spacer layer, and
embedded Ni nanoparticles (NPs) in SiO2. Figure 3a provides a
schematic illustration of the preparation process for PI/A/S/S-Ni,
accompanied by a side-view scanning electronmicroscopy (SEM)
AI image that offers detailed insights into the surface morphol-
ogy and structure of the sample (Figure 3b). By optimizing solar
absorption and minimizing thermal radiation loss, this design
significantly increased local photothermal temperature under
0.8 W cm−2 light conditions. The plasmonic resonance effect of
the Ni nanoparticles enhanced the local electric field, promoting
the adsorption and activation of reactants. Experimental results
indicate a CO2 conversion rate of 516.9 mmol g−1 h−1, with a
CO selectivity of nearly 90%, maintaining stability over 10 h
(Figure 3c). This performance surpassed conventional systems
that require higher light intensity. Moreover, the morphology of
SiO2-coated Ni NPs improved Ni dispersion, enhanced contact
with reactants, and prevented nanoparticle agglomeration at
high temperatures, thus improving both activity and stability.
In terms of thermal management, the metamaterial absorber
reduced the emissivity at 300 °C to 0.08, significantly reducing
thermal radiation losses. This efficient thermal management
increased local temperatures without added energy consump-
tion, demonstrating the important role metamaterials play in
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Figure 3. a) Schematic illustration of the preparation process for the PI/Ti/Al/SiO2/Ni-SiO2 multilayer structure. Reproduced with permission.[71] Copy-
right 2024, Wiley-VCH. b) Side-view scanning electron microscopy (SEM) image of the cross-sectional structure of the PI/Ti/Al/SiO2/Ni-SiO2 film.
Reproduced with permission.[71] Copyright 2024, Wiley-VCH. c) Catalytic performance of PI/A/S/S-Ni and control samples under 0.8 W cm-2 irradia-
tion. Reproduced with permission.[71] Copyright 2024, Wiley-VCH. d) In situ DRIFTS spectra of PI/A/S/S-Ni under dark conditions, revealing adsorbed
intermediates during CO2 activation. Reproduced with permission.[71] Copyright 2024, Wiley-VCH. e) In situ DRIFTS spectra under light irradiation, il-
lustrating the formation and conversion of reaction intermediates during photothermal CO2 hydrogenation. Reproduced with permission.[71] Copyright
2024, Wiley-VCH. f) In situ C 1s near-ambient-pressure X-ray photoelectron spectroscopy (NAP-XPS) spectra of PI/A/S/S-Ni during CO2 hydrogenation.
Reproduced with permission.[71] Copyright 2024, Wiley-VCH.

achieving high solar-to-chemical energy conversion efficiency.
Mechanistic studies indicated that the enhanced catalytic per-
formance was due not only to the increased temperature but
also to nonthermal effects. The plasmon-enhanced local electric
field promoted the adsorption and activation of CO2 molecules.
In situ near-ambient-pressure X-ray photoelectron spectroscopy
(NAP-XPS) (Figure 3f) and diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS) (Figure 3d,e) analyses revealed
that under light irradiation, the intensity of surface carbonate
species (XPS peak at 288.8 eV and DRIFTS bands at 1060 and
1294 cm−1) significantly increased, indicating an enhanced
chemisorption of CO2 on the catalyst surface. This enhancement
is attributed to the synergistic effect of localized photothermal
heating and electric field-induced activation, validating the
interplay between light and thermal management in the catalytic
process.
To further improve CO2 hydrogenation efficiency, Shao et al.

developed a stacked plasmonic metamaterial that uses strong lo-
calized electric fields to drive efficient CO2 hydrogenation un-
der broadband light.[76] The metamaterial consists of a stacked
Au-SiO2-Au-c-Ag8Cu1 trilayer structure as Figure 4a shows (top
view), enhancing light absorption across the broad spectral range
of 370–1040 nm. This structure not only facilitates the generation
of high surface temperatures required for photothermal catalysis

but also induces strong localized electric fields at the surface, pro-
moting hot electron transfer and lowering the activation barrier
for CO2 hydrogenation. The combination of photothermal and
plasmonic effects enabled efficient utilization of solar energy and
heat generation. The plasmonic effect enhanced the activation
of CO2 molecules, facilitating electron transfer at catalytic sites.
Experimental results (Figure 4c) show CO and CH4 production
rates of 1106 and 301mmolm−2, respectively, over 24 h, with cor-
responding turnover frequencies (TOFs) of 1253 h−1 (CO) and
340 h−1 (CH4). The localized electric field played a key role in
promoting the adsorption of intermediates such as *COOH and
*CO on Cu sites within the Ag8Cu1 alloy. The field enhanced the
selectivity of the reaction, with the (220) plane favoring CH4 for-
mation and the (111) plane favoring CO formation. This activity
difference was attributed to the localized electric field altering ad-
sorption energies and thus influencing product selectivity. This
metamaterial demonstrated excellent thermal stability, showing
little degradation after 72 h of continuous operation. In addition,
it was scalable through colloidal lithography, indicating its poten-
tial for large-scale CO2 reduction systems.
Pan et al. developed a novel 3D Bi2S3/P-ZnO gyroid meta-

material (Figure 4b),[42] constructing an S-scheme heterojunc-
tion to enhance CO2 reduction under simulated sunlight. This
metamaterial was fabricated through 3D printing, followed by
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Figure 4. a) Top-view SEM image of ASA-c-Ag8Cu1 triangle nanoarray. Reproduced with permission.[76] Copyright 2022, Wiley-VCH. b) SEM image of
the B2S3/P-ZnO gyroid metamaterials. Reproduced with permission.[42] Copyright 2023, Elsevier. c) Production rates of CO and CH4 in catalytic CO2
hydrogenation using the ASA-c-Ag8Cu1 catalyst, compared to control samples under full-spectrum light irradiation. Reproduced with permission.[76]

Copyright 2024, Wiley-VCH. d) Production rate of CO and CH4 of B2S3/P-ZnO. Reproduced with permission.[42] Copyright 2023, Elsevier.

hydrothermal growth of Bi2S3 nanostructures on a P-doped ZnO
framework. The gyroid structure offers high surface area and in-
terconnected pores, providing abundant active sites for CO2 re-
duction. The bionic villi-like structure of Bi2S3 enhanced light
scattering and absorption, generating multiple reflections within
the structure and maximizing light utilization. P-ZnO, with its
oxygen vacancies, exhibited strong photothermal effects and a
reduced bandgap, extending light absorption into the visible re-
gion. The combination of Bi2S3 and P-ZnO amplified the pho-
tothermal effect, increasing surface temperature under illumina-
tion and promoting the separation of photogenerated carriers,
thus enhancing CO2 adsorption and reduction. The S-scheme
heterojunction formed between Bi2S3 and P-ZnO played a crit-
ical role in charge transfer. Unlike traditional type-II hetero-
junctions, the S-scheme heterojunction effectively separated and
transferred photogenerated carriers while maintaining a high re-
duction potential for electrons and a high oxidation potential
for holes. This mechanism led to increased yields of CO and
CH4 during CO2 reduction. Experimental results from Figure 4d
shows that the Bi2S3/P-ZnO gyroid metamaterial exhibited sig-
nificantly higher photocatalytic CO2 reduction performance than
its individual components, achieving CO and CH4 production
rates of 8.87 and 1.49 μmol h−1, respectively, under simulated
sunlight. These values represent a 3.45-fold and 4.65-fold in-
crease in CO and CH4 production compared to P-ZnO alone. En-
hanced light absorption, coupled with photothermal effects, hier-
archical structure, and S-scheme charge transfer, contributed to
the superior catalytic performance. Mechanistic studies using in-
situ Fourier transform infrared spectroscopy (FTIR) and electro-
chemical analyses revealed that the reduction pathway involved
intermediates such as CO32

− and *COOH. The photothermal ef-

fect accelerated the conversion of these intermediates into CO
and CH4. Efficient charge carrier separation reduced recombina-
tion rates, improving product selectivity and reaction rates.
In summary, metamaterial-based catalysts offer unique av-

enues to tuneCO2RR selectivity by leveraging their physical prop-
erties. By engineering the nanostructure and composition, meta-
materials can modify the catalyst’s band structure and electronic
states, thereby influencing the binding energies of key intermedi-
ates. Plasmonic resonances inmetamaterials create intense local-
ized electric fields and can generate energetic “hot” electrons and
holes under illumination, which preferentially drive certain reac-
tion steps or lower the activation barriers for specific products.
Moreover, light absorption by metamaterials leads to photother-
mal heating, elevating the local reaction temperature and poten-
tially shifting the reaction equilibrium toward desired products.
These combined effects enablemetamaterial catalysts to steer the
CO2 reduction reaction toward selectivity for target products.

4. Metamaterials for Water Splitting

The demand for efficient and sustainable hydrogen production
has propelled research into photocatalytic water splitting. Recent
advancements onmetamaterials have focused on leveraging plas-
monic effects, strong coupling phenomena, and tailored light ab-
sorption to enhance the photocatalytic activity of materials used
in water splitting. This section reviews notable developments in
metamaterial designs that have significantly improved hydrogen
evolution reactions (HER) through photocatalysis.
An innovative approach involves the synthesis of bimetallic

copper-platinum (Cu-Pt) core–shell nanoparticles arranged in
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Figure 5. a) Schematic representation of Cu–Pt bimetallic core–shell nanoparticle arrays for photoelectrocatalytic hydrogen evolution reactions (HER).
Reproduced with permission.[38] Copyright 2021, ACS publication. b) The experimental transmission spectra of Cu@Pt nanoparticle (NP) lattices, high-
lighting the spectral ranges of different wavelengths (indicated by shaded areas). Reproducedwith permission.[38] Copyright 2021, ACS publication. c) The
relationship between catalytic activity and light intensity across different wavelengths (blue, orange, white, IR). Reproducedwith permission.[38] Copyright
2021, ACS publication. d) Illustration of the titanium nitride (TiN) metasurface absorber integrated with a polymer film for enhanced HER. Reproduced
with permission.[77] Copyright 2021, ACS publication. e) HER performance comparison between TiN metasurface and TiN film over time. Reproduced
with permission.[77] Copyright 2021, ACS publication. f) Schematic of the Au-NP/TiO2/Au-film structure with partially embedded Au nanoparticles. Re-
produced with permission.[78] Copyright 2018, Springer Nature. g) Internal quantum efficiency (IQE) spectra of the Au-NP/TiO2/Au-film (green) and
Au-NP/TiO2 (black) photoelectrodes with a TiO2 thickness of 28 nm and Au-NP inlaid depth of 7 nm. Reproduced with permission.[78] Copyright 2018,
Springer Nature.

periodic lattices (Figure 5a). The combination of platinum’s supe-
rior catalytic properties with copper’s plasmonic characteristics
creates a synergistic system that enhances HER activity under
light illumination.[38] The Cu-Pt nanoparticles are organized into
lattices that support surface lattice resonances (SLRs), which are
collective oscillations of conduction electrons induced by the pe-
riodic arrangement. These SLRs generate intensified electromag-
netic fields at the nanoparticle surfaces, leading to improved light
absorption and more efficient electron generation and transfer-
key factors in boosting HER.[38] By adjusting nanoparticle size
and interparticle spacing, the plasmonic properties of the lat-
tice can be tuned to optimize light absorption across a broader
spectrum, including the near-infrared (NIR) region (Figure 5b).
This tunability surpasses the absorption limitations of traditional
semiconductor photocatalysts like TiO2, allowing for the harness-
ing of a larger portion of the solar spectrum.[38] Experimental
results demonstrate that the SLRs in these nanoparticle lattices
significantly enhance HER activity compared to localized sur-
face plasmons (LSPs) alone (Figure 5c). Under white-light illu-
mination, the HER efficiency increased by up to 60%, with cat-
alytic activity more than doubling compared to systems utiliz-
ing only. The stronger localized electromagnetic fields associated

with SLRs facilitate a higher rate of electron–hole pair generation
and more efficient charge separation.
Overall, the periodic lattice structure enables highly tunable

surface lattice resonances that enhance broadband light absorp-
tion, generate strong local electromagnetic fields to accelerate
carrier generation, and produce localized heating. These effects
work synergistically to improve photocatalytic hydrogen evolu-
tion performance compared to conventional catalysts.
Titanium nitride (TiN) metasurfaces have emerged as effec-

tive plasmon-enhanced absorbers for HER in solar-driven wa-
ter splitting. TiN offers plasmonic properties similar to noble
metals but with added benefits of thermal stability and cost-
effectiveness.[77] The designed TiN metasurfaces as Figure 5d
shows, achieve over 92% absorption in the visible light range of
400–750 nm. This broadband absorption is attributed to the exci-
tation of LSPRs, which generate strong electromagnetic fields at
the nanoscale. The LSPRs facilitate the generation of hot elec-
trons, which are efficiently transferred to an integrated poly-
mer photocatalyst. This plasmon-enhanced charge separation re-
sults in a 300% increase in the HER compared to conventional
TiN films (Figure 5e). TiN’s high thermal stability ensures long-
term performance in solar-energy systems. The combination of

Adv. Sci. 2025, 12, e08046 e08046 (10 of 21) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

 21983844, 2025, 34, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/advs.202508046 by A

ustralian N
ational U

niversity, W
iley O

nline L
ibrary on [18/03/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

broadband absorption and robustness addresses common chal-
lenges in solar hydrogen production, making TiN metasurfaces
suitable for sustainable photocatalytic applications. By integrat-
ing a polymer photocatalyst with the TiNmetasurface, the system
harnesses both plasmonic and thermal effects to enhance wa-
ter splitting. This integration offers a novel approach to develop-
ing high-efficiency solar-energy harvesting systems, potentially
leading to more effective hydrogen production methods. The ad-
vancements in metamaterial designs is ranging from bimetallic
nanoparticle lattices and strong coupling structures to TiN meta-
surfaces, which highlight the crucial role of metamaterials in en-
hancing photocatalytic water splitting. By tailoring light–matter
interactions through plasmonic effects, strong coupling, and op-
timized light absorption, these materials significantly improve
catalytic efficiency. These innovations represent promising direc-
tions for sustainable hydrogen production, leveraging a larger
portion of the solar spectrum and facilitating more efficient elec-
tron transfer mechanisms.
In this system, the nanostructured TiNmetasurface combines

plasmonic near-field enhancement, efficient hot carrier injection,
and photothermal heating. Together, these mechanisms improve
light harvesting, charge separation, and reaction kinetics, result-
ing in significantly higher hydrogen evolution activity.
Another innovative strategy involves the use of gold nanoparti-

cle (Au-NP)/titanium dioxide (TiO2)/gold film structures that op-
erate under strong coupling conditions (Figure 5f). This configu-
ration leverages the interaction between LSPRs of Au nanoparti-
cles and Fabry–Pérot nanocavity modes within the TiO2/Au film,
resulting in hybrid modes that significantly enhance near-field
effects.[78] The strong coupling between the LSPRs and cavity
modes leads to the splitting of the absorption band into two
distinct hybrid modes. These hybrid modes amplify electromag-
netic fields near the nanoparticle surfaces, promoting more ef-
ficient generation and transfer of electrons necessary for water
splitting (Figure 5g). The partially inlaid Au nanoparticles within
the TiO2 layer atop a gold film facilitate efficient light harvest-
ing by enhancing the interaction between plasmonic and cav-
ity modes. This design achieves broadband absorption over a
wide wavelength range. The incident photon-to-current conver-
sion efficiency (IPCE) improves 11-fold compared to configura-
tions without the Au film, highlighting its superior performance
in photocatalysis. The strong coupling promotes efficient hot
electron transfer from the Au nanoparticles to TiO2, enhancing
water oxidation efficiency. The overlapping hybrid modes facil-
itate improved charge separation and photocurrent generation,
directly impacting the overall water-splitting activity.
The hybrid cavity structure leverages strong plasmon–cavity

coupling to intensify near-field effects, facilitate hot carrier in-
jection, and expand light absorption. These combined enhance-
ments result in substantial improvements in photocurrent gen-
eration and overall water splitting efficiency.

5. Metamaterials for Organic Degradation

This section discusses three significant types of metamaterials
used in photocatalysis for organic degradation: nanoporous Cu-
basedmetamaterials, biomimetic TiO2-basedmetamaterials, and
chiral plasmonic metamaterials.

Biomimetic approaches have led to the development of TiO2-
basedmetamaterials thatmimic the hierarchicalmicrostructures
found in nature, such as butterfly wings.[79] By replicating the in-
tricate structures of butterfly wings, Figure 6a shows the SEM im-
age of butterfly wings, while Figure 6c presents the SEM image
of TiO2 replicas, highlighting their structural similarity. These
metamaterials exhibit enhanced light absorption due to their hi-
erarchical architecture. This design increases the surface area
and improves light–matter interactions, particularly in the visi-
ble spectrum, which is crucial for photocatalytic reactions.
TiO2 is renowned for its high photocatalytic efficiency, chemi-

cal stability, and nontoxicity. The anatase phase of TiO2, present
in these biomimetic metamaterials, is particularly effective in
photocatalysis. Furthermore, Ti3+ doping broadens the absorp-
tion spectrum into the visible light range, enhancing the pho-
tocatalyst’s effectiveness under solar irradiation. Studies have
shown that these TiO2 replicas can achieve up to 90% degrada-
tion ofMB after 3 h of sunlight exposure (Figure 6b), significantly
outperforming conventional TiO2 thin films.
In summary, the key design advantage lies in the bio-inspired

hierarchical microarchitecture, which provides both a large sur-
face area and efficient light confinement via photonic light
trapping. Together with Ti3+-induced visible-light absorption,
these features greatly enhance light–matter interaction, increase
charge carrier generation, and facilitate faster surface reactions.
Consequently, these metamaterials achieve substantially higher
reaction rates, improved quantum efficiencies, and accelerated
pollutant conversion under solar irradiation compared to un-
structured TiO2, delivering superior photocatalytic performance
with lower energy input.
Nanoporous Cu-based metamaterials have gained atten-

tion as effective catalysts in advanced oxidation processes
(AOPs), particularly for degrading complex organic pollutants in
wastewater. Figure 6e shows the procedure to synthesis nano-
Cu/metamaterials catalysts. The nanoporous structure of Cu-
based metamaterials provides a high surface area and abun-
dant active sites, facilitating effective mass transfer. These struc-
tures are often designed using triply periodic minimal surfaces
(TPMS), achieved through selective laser melting and chemical
dealloying techniques. The TPMS design not only enhances me-
chanical properties but also creates extensive pathways for reac-
tants to access active sites.[80] In Fenton-like AOPs, nanoporous
Cu-based metamaterials catalyze the decomposition of hydrogen
peroxide (H2O2) to generate hydroxyl radicals (•OH), potent ox-
idants capable of breaking down stable organic pollutants. The
adjustable valence states of copper facilitate redox reactions, en-
hancing the production of •OH radicals. Experimental studies
have demonstrated remarkable results, such as achieving up to
99% degradation ofMBwithin just 10min (Figure 6d). These cat-
alysts have proven effective in degrading a variety of pollutants,
including dyes like methyl orange and Rhb, and pharmaceuticals
such as tetracycline.
In summary, the key feature of the nanoporous Cu-based

metamaterials is their precisely engineered 3D TPMS struc-
ture, which provides an interconnected mass transport chan-
nels. This architecture exposes a large number of Cu active sites
and promotes efficient diffusion of both hydrogen peroxide and
organic pollutants throughout the catalytic network. The per-
formance enhancement is primarily driven by the Fenton-like
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Figure 6. SEM image of a) butterfly wings and c) TiO2 replicas. Reproduced with permission.[79] Copyright 2022, Elsevier. b) Performance of MB
degradation by TiO2 replicas with varying sputtering times. Reproduced with permission.[79] Copyright 2022, Elsevier. d) Performance of degradation of
MB with nano Cu/metamaterials and other control sample. Reproduced with permission.[80] Copyright 2023, Elsevier. e) the process of fabrication of
nano Cu/metamaterials. Reproduced with permission.[80] Copyright 2023, Elsevier.

mechanism, where Cu0 and Cu(I) sites catalyze the decompo-
sition of H2O2 to generate highly reactive hydroxyl radicals that
rapidly degrade organic contaminants. In addition, the hierarchi-
cal porosity ensures uniform distribution of reactants and min-
imizes transport limitations, thereby accelerating the degrada-
tion process. As a result, these metamaterial catalysts achieve ex-
tremely high degradation efficiencies within short reaction times
while maintaining excellent recyclability and durability, mak-
ing them highly suitable for scalable industrial water treatment
applications.
Chiral plasmonic metamaterials represent a cutting-edge

development in photocatalysis, offering polarization-sensitive
degradation of organic pollutants through the interaction of chi-
ral structures with CPL.[25,57–62] Studies have introduced chi-
ral metamaterials such as Swiss roll nanoarrays (SRNAs) and
chiral Au-TiO2 nanohybrids that exhibit strong chiroptical re-
sponses in the visible region.[59] These materials demonstrate
enhanced photocatalytic degradation of organic dyes when the
chirality of the metamaterial matches the handedness of the
CPL:

Figure 7a illustrates the mirrored chiral SRNAs enantiomers.
The left-handed SRNAs (L-SRNAs) exhibit significantly higher
degradation rates of RhB under left-handed CPL compared to
right-handed CPL (Figure 7c,e), while the opposite is observed
for the right-handed SRNAs (R-SRNAs) (Figure 7d,f), as shown
in the SEM image in Figure 7b. This chirality matching leads to a
2.05–2.42-fold increase in the degradation rate (Figure 7e,f).[58,59]

Moreover, as Figure 7g shows the electrostatic adsorption of
TiO2 and Au nanoparticles enables the formation of a chiral
metal-semiconductor photocatalyst, where hot electron injection
across the Schottky barrier becomes sensitive to light polariza-
tion due to the chiroptical properties of the plasmon signal
(Figure 7h).[59] The chiral Au-TiO2 nanohybrids exhibit a remark-
able 2.93-fold increase in the RhB degradation rate when the he-
licity of the CPL aligns with the handedness of the chiral nanos-
tructures (Figure 7j,l). The enhanced activity is attributed to the
localized surface plasmon resonance effect in chiral nanostruc-
tures, which facilitates the asymmetric generation of hot carriers
(energetic electrons and holes) under CPL. When the chirality of
the light and the material match, there is increased excitation of
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Figure 7. a) A schematic representation showing themirrored chiral enantiomers of SRNAs. Reproduced with permission.[58] Copyright 2025, Elsevier. b)
SEM image showing the continuous structure of R-SRNAs. Reproduced with permission.[58] Copyright 2025, Elsevier. c) Photocatalytic degradation pro-
files of RhB using L-SRNAs under LCP and RCP light illumination, and e) the corresponding normalized reaction rates. Reproduced with permission.[58]

Copyright 2025, Elsevier. d) Degradation profiles of RhB using R-SRNAs catalysts under RCP and LCP light illumination, and f) the corresponding nor-
malized reaction rates. Reproduced with permission.[58] Copyright 2025, Elsevier. g) The adsorption process of gold (Au) and titanium dioxide (TiO2)
nanoparticles onto chiral silicon dioxide (SiO2) nanoribbons. Reproduced with permission.[59] Copyright 2022, ACS publication. h) The asymmetric
interaction between a left-handed (L) hybrid structure and circularly polarized light, highlighting the differing responses to left- and right-circularly
polarized light (LCP and RCP). i,k) Graphs depicting the photodegradation of RhB in the presence of a chiral catalyst under exposure to left- or right-
circularly polarized light (LCP or RCP). Reproduced with permission.[59] Copyright 2022, ACS publication. j, l) Normalized reaction rates calculated from
the photodegradation data. Reproduced with permission.[59] Copyright 2022, ACS publication. m) Photodegradation performance of RhB when using
left-handed SiO2@Au@TiO2 nanoribbons with various polarizers. Reproduced with permission.[59] Copyright 2022, ACS publication.

plasmonic modes, leading to a higher density of hot carriers that
participate in photocatalytic processes (Figure 7k,l). Figure 7m
also confirms that the L-SiO2@Au@TiO2 catalyst exhibits higher
photocatalytic activity when matched with LCP light. These hot
carriers enhance the generation of reactive oxygen species like
hydroxyl radicals (•OH) and superoxide anions (•O2

−), which ef-
fectively degrade organic pollutants.
Although CISS has demonstrated around twofold enhance-

ments in chiral metamaterials,[58] its underlying mechanisms re-
main under investigation and have so far been validated only in
a few model systems with strong structure–reaction dependen-
cies. Likewise, dye-degradation assays—while convenient for ini-
tial activity screening—involve relatively simple oxidative path-
ways and potential dye photolysis, making them poor proxies
for industrially relevant processes such as CO2 reduction or
H2 evolution. To translate these chiral photocatalysis strategies
into real-world applications, catalyst performance must be vali-

dated in more demanding, multi-electron or proton transfer re-
actions, assessing both efficiency and selectivity under practical
conditions.

6. Metamaterials for Hydrogen Evolution and
Water Evaporation

A two-dimensional superlattice composed of gold (Au) nanopar-
ticles, with platinum (Pt) nanoparticles placed in the gaps be-
tween the particles were studied by Matias et al.[18] Figure 8a
presents a transmission electron microscopy (TEM) image of
the material, showcasing platinum (Pt) nanoparticles with di-
ameters of 3 nm and gold (Au) nanoparticles with diameters
of 22 nm. The gap between the two kinds of nanoparticles is
≈3.5 nm. This structure combines the plasmonic-enhanced opti-
cal properties of Au with the catalytic activity of Pt for hydrogen
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Figure 8. a) TEM images of a bimetallic 2D AuPt supercrystal, PtNPs (3 nm) are hosted at the interparticle gap (3.5 nm) between the 22 nm AuNPs.
Reproduced with permission.[18] Copyright 2023, Springer Nature. b) H2 generation rate normalized by the total mass of catalyst in both conditions, dark
and light, for Au and AuPt supercrystals. Reproduced with permission.[18] Copyright 2023, Springer Nature. c) A schematic illustration of the hierarchical
structures of NCM, emphasizing the space-confinement effect on nickel (Ni) nanoparticles located between crystalline nanofibrils. Reproduced with
permission.[81] Copyright 2020, Wiley-VCH. d) The simulated optical absorption spectra for NCM and GCM materials, averaged over both transverse
electric (TE) and transverse magnetic (TM) polarizations, calculated using the finite element method (FEM). Reproduced with permission.[81] Copyright
2020,Wiley-VCH. e) The solar-to-water evaporation efficiencies achieved during the purification of sewage and seawater. Reproduced with permission.[81]

Copyright 2020, Wiley-VCH.

evolution. The superlattice is optimized to generate strong local-
ized electric fields (hotspots), which concentrate light energy at
the catalytic sites, significantly enhancing the photocatalytic per-
formance. Under visible light, these superlattices exhibit a hydro-
gen production rate of up to 139 mmol g−1 h−1 through formic
acid dehydrogenation (Figure 8b). This high performance is at-
tributed to the effective plasmonic enhancement provided by the
well-structured bimetallic superlattice, ensuring that Pt nanopar-
ticles receive concentrated electromagnetic energy, significantly
boosting catalytic efficiency. The Au–Pt superlattice metamate-
rial integrates precise spatial organization of plasmonic and cat-
alytic components to maximize light harvesting and catalytic ef-
ficiency. The critical design feature is the sub-4 nm interpar-
ticle spacing between Au and Pt nanoparticles, which enables
strong plasmonic coupling and highly localized electromagnetic
fields concentrated at the Pt catalytic sites. This near-field en-
hancement amplifies light absorption and significantly increases
the generation of hot carriers, which are directly involved in
the catalytic dehydrogenation of formic acid. Furthermore, the
structural tunability of the superlattice, including nanoparticle
size, gap distance, and stacking layers, allows optimization of
the plasmon resonance conditions to match the incident solar
spectrum. As a result, the plasmon-assisted hot electron transfer
and concentrated local heating synergistically promote efficient
hydrogen evolution, achieving high reaction rates under visible
light.

In the field of water evaporation, the design of nickel-cellulose
hybrid metamaterials (NCM) offers a highly efficient approach
for solar-driven water purification (Figure 8c).[81] The key struc-
tural feature lies in the nanoscale confinement of nickel nanopar-
ticles (smaller than 40 nm) uniformly embedded within the
porous cellulose nanofiber network through nano-confinement
synthesis. First, the interband transitions (IBTs) of nickel directly
contribute to broadband light absorption enhancement, extend-
ing solar harvesting from visible to near-infrared regions, and
yielding a solar-weighted absorptivity of up to 97.1% (Figure 5d),
which corresponds to the optical absorption engineering mech-
anism. Second, the spatial confinement of metallic nanoparti-
cles within the low-refractive-index cellulose matrix suppresses
reflectance and scattering losses, ensuring more efficient pho-
ton trapping and light utilization. Third, the absorbed solar en-
ergy is effectively converted into localized photothermal heat-
ing at the water–vapor interface, which minimizes bulk thermal
dissipation and improves heat localization consistent with the
photothermal conversion mechanisms described in Section 2.
In parallel, the porous cellulose framework provides continu-
ous capillary water transport toward the heated interface, main-
taining steady-state evaporation under prolonged illumination.
As a result, NCM achieves solar-to-water conversion efficiencies
ranging from 47.9% to 65.8% under simulated solar illumina-
tion (Figure 8e). The system also demonstrates excellent long-
term operational stability and scalability, which highlights its
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practical potential for large-scale solar desalination and wastew-
ater treatment.

7. Future Outlook

Table 1 provides a concise summary of the various metamate-
rial architectures discussed above and their corresponding pho-
tocatalytic applications. To translatemetamaterial-enhanced pho-
tocatalysis from lab-scale innovation to real-world application,
key challenges must be addressed. These include scalable fab-
rication, system integration, long-term stability, and complex de-
sign optimization. The following sections outline promising di-
rections to overcome these hurdles and advance the field toward
practical deployment.

7.1. Scalable Manufacturing and Integration into Real-World
Systems

Metamaterials for solar-driven photocatalysis have demonstrated
remarkable performance enhancements at the laboratory scale,
but translating these advances into real-world systems remains
challenging. A major hurdle is the lack of economical, high-
throughput fabrication methods for large-area metamaterial
structures.[3,8,24,34] Conventional nanofabrication (e.g., electron-
beam lithography) is too slow and costly for scalable produc-
tion. Recent research has therefore explored alternative man-
ufacturing techniques.[3,8,24,34,82,83] For instance, nanoimprint
lithography has been used to pattern semiconductor meta-
surface photoelectrodes over wafer-scale areas,[24] bridging the
gap between single-nanostructure studies and practical device
sizes. Self-assembly and colloidal approaches are also emerging,
whereby nanoparticles or “meta-atoms” organize into periodic
architectures (“meta-colloid” clusters) that exhibit metamaterial
properties.[24] Such bottom-up methods, combined with roll-to-
roll processing or template-assisted deposition, could dramati-
cally improve throughput and reduce costs.
In addition to planarmetasurfaces, 3Dprinting is opening new

avenues for integrating metamaterial concepts into catalytic re-
actors. A striking example is a wood-inspired lattice metamate-
rial catalyst 3D-printed in stainless steel and coated with active
cobalt.[84] This structure achieved high mechanical strength, en-
hanced mass transport, and improved reaction kinetics for water
purification, illustrating how architected materials can be scaled
to centimeter dimensions without sacrificing functionality. Al-
though it itself does not constitute a photonic metamaterial, it
underscores the potential of additive manufacturing to produce
catalyst supports with tailored geometry. Looking ahead, simi-
lar 3D fabrication strategies might be adapted to create hierar-
chical photonic structures (e.g., photonic crystal fibers or mono-
liths) that maximize light delivery to photocatalytic sites in large
reactors.
Effective integration of metamaterial photocatalysts into real-

world systems will require close collaboration between materi-
als scientists and process engineers. Unlike conventional pho-
tocatalysts (often used as powders or thin films), metamaterial
structures may need specialized reactor designs. For example,
a metamaterial-coated photoelectrode for solar water splitting

must be incorporated into an electrochemical cell without obscur-
ing its active surface.[84] Likewise, metamaterial-enhanced photo-
catalytic surfaces could line the walls of flow reactors or be com-
bined with light-concentrating optics. In this regard, concepts
from solar concentrator technology (such as compound parabolic
collectors) could be coupled with metamaterial absorbers to en-
sure efficient utilization of sunlight in large volumes. Modular
reactor designs might employ removable metamaterial panels or
inserts that can be swapped in as catalytic cartridges.
To realize these integrations, researchers are developing de-

sign approaches that maintain performance uniformity over
large areas and non-flat geometries. Techniques like substrate
conformal lithography and flexible metasurface patterning have
been studied to transfer nanopatterns onto curved or irregu-
lar surfaces.[84] Moreover, advanced simulation tools are helping
to scale up designs. Recent efforts highlight the use of neural-
network-based modelling and inverse design to optimize meta-
surface performance on expanded footprints.[85] By reducing
computational cost, these approaches enable the design ofmeter-
scale metamaterial components with minimal loss of efficiency
at the edges or between tiled units. Such innovations, alongside
progress in manufacturing, point toward a future where meta-
material photocatalysts can be produced in rolls or sheets and in-
tegrated much like conventional catalytic liners or solar absorber
panels.
In summary, achieving scalable manufacturing and integra-

tion will demand interdisciplinary efforts. Nanofabrication ex-
perts are needed to refine large-area patterning and printing tech-
niques, while chemical engineers must adapt reactor configura-
tions to accommodate and leverage metamaterial components.
Material cost andmanufacturability considerations should be fac-
tored into metamaterial design from the outset, favoring simpler
architectures or inexpensive base materials (e.g., aluminum or
plastics withmetamaterial coatings).[86] By addressing these prac-
ticalities, the field can move beyond proof-of-concept devices to-
ward deployable photocatalytic systems that exploit the full power
of metamaterials under real sunlight and operating conditions.

7.2. Environmental and Long-Term Stability in Harsh Conditions

Stability under operational conditions is a critical concern for
any photocatalyst, and the complex nanostructures of metamate-
rials introduce additional challenges. Solar-driven reactions fre-
quently occur under harsh conditions. These include strong ul-
traviolet exposure, reactive radical species, contact with water
or electrolytes, and repeated thermal cycling. Such conditions
can gradually degrade metamaterial performance. Indeed, the
poor long-term durability of many photocatalytic materials has
been a key factor limiting their practical application.[87] For meta-
materials, which commonly incorporate nanoscale metals or
semiconductors, maintaining structural and chemical integrity
is paramount. For example, plasmonicmetamaterial catalysts us-
ing silver or aluminum can suffer oxidation, corrosion, or ag-
glomeration of nanostructures upon prolongedUV exposure and
contact with water or oxygen. Even gold, while chemically inert,
may undergo surface restructuring or coarsening at elevated tem-
peratures, blunting the nanoscale features responsible for its op-
tical response.

Adv. Sci. 2025, 12, e08046 e08046 (15 of 21) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

 21983844, 2025, 34, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/advs.202508046 by A

ustralian N
ational U

niversity, W
iley O

nline L
ibrary on [18/03/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

Ta
bl
e
1.
O
ve
rv
ie
w
of
m
et
am

at
er
ia
ls
fo
r
va
ri
ou
s
ap
pl
ic
at
io
ns

in
ph
ot
oc
at
al
ys
is
.

M
at
er
ia
l

Pr
in
ci
pl
e

A
pp
lic
at
io
n

Pe
rf
or
m
an
ce

R
ef
.

N
i-b
as
ed

ph
ot
ot
he
rm

al
m
et
am

at
er
ia
l

En
ha
nc
es

lo
ca
le
le
ct
ri
c
fie
ld
vi
a
ni
ck
el
pl
as
m
on
ic

re
so
na
nc
e,
pr
om

ot
in
g
C
O
2
ad
so
rp
tio
n
an
d
ac
tiv
at
io
n

C
O
2
re
du
ct
io
n

C
O
2
co
nv
er
si
on

ra
te
of
51
6.
9
m
m
ol
g−

1
h−

1
w
ith

90
%

C
O
se
le
ct
iv
ity
,s
ta
bl
e
fo
r
10

h
[7
1]

St
ac
ke
d
pl
as
m
on
ic
m
et
am

at
er
ia
l

A
SA

-c
-A
g8
C
u1

U
ltr
a-
br
oa
db
an
d
lig
ht

ab
so
rp
tio
n,
su
rf
ac
e
te
m
pe
ra
tu
re

>

30
0

°C
,p
er
io
di
c
A
u
tr
ia
ng
ul
ar
ar
ra
y
cr
ea
te
s
st
ro
ng

lo
ca
l

el
ec
tr
ic
fie
ld
s,
pr
om

ot
in
g
pl
as
m
on
ic
“h
ot
-e
le
ct
ro
n”

in
je
ct
io
n

C
O
2
re
du
ct
io
n

C
O
11
06

m
m
ol
m

−
2
an
d
C
H
4
30
1
m
m
ol
m

−
2
(2
4
h)

[7
6]

B
i 2
S 3
/P
-Z
nO

S-
sc
he
m
e
m
et
am

at
er
ia
l

S-
sc
he
m
e
he
te
ro
ju
nc
tio
n
fo
r
effi

ci
en
tc
ha
rg
e
se
pa
ra
tio
n

an
d
en
ha
nc
ed

lig
ht

ab
so
rp
tio
n

C
O
2
re
du
ct
io
n

3.
45
×
hi
gh
er
C
O
pr
od
uc
tio
n,
4.
65
×
hi
gh
er
C
H
4

pr
od
uc
tio
n
th
an

P-
Z
nO

al
on
e

[4
2]

B
io
m
im

et
ic
Ti
O
2
st
ru
ct
ur
e

In
cr
ea
se
s
lig
ht

ab
so
rp
tio
n
fo
r
en
ha
nc
ed

ph
ot
oc
at
al
yt
ic

ac
tiv
ity

O
rg
an
ic
po
llu
ta
nt

de
gr
ad
at
io
n

A
ch
ie
ve
s
90
%

M
B
de
gr
ad
at
io
n
un
de
r
su
nl
ig
ht

w
ith

in
3

h
[7
9]

N
an
op
or
ou
s
C
u
st
ru
ct
ur
e

G
en
er
at
es

•
O
H
ra
di
ca
ls
in
Fe
nt
on
-li
ke

ox
id
at
io
n
to

en
ha
nc
e
or
ga
ni
c
po
llu
ta
nt

de
gr
ad
at
io
n

O
rg
an
ic
po
llu
ta
nt

de
gr
ad
at
io
n

D
eg
ra
de
s
99
%

of
M
B
in
10

m
in

[8
0]

Sw
is
s
ro
ll
m
et
am

at
er
ia
l

M
at
ch
es

ch
ir
al
ity

w
ith

ci
rc
ul
ar
ly
po
la
ri
ze
d
lig
ht

to
in
cr
ea
se

de
gr
ad
at
io
n
ra
te
of
or
ga
ni
c
po
llu
ta
nt
s

O
rg
an
ic
po
llu
ta
nt

de
gr
ad
at
io
n

En
ha
nc
es

R
hB

de
gr
ad
at
io
n
ra
te
by

2.
05
–2
.4
2×

un
de
r

ch
ir
al
ity
-m

at
ch
ed

lig
ht

[5
8]

C
hi
ra
lS
iO

2
@
A
u@

Ti
O
2

Pl
as
m
on
ic
en
ha
nc
em

en
ta
nd

Po
la
ri
za
tio
n-
de
pe
nd
en
t

“h
ot
”
el
ec
tr
on

ge
ne
ra
tio
n
an
d
in
je
ct
io
n
in
to

Ti
O
2
un
de
r

ci
rc
ul
ar
ly
po
la
ri
ze
d
lig
ht

(C
PL
)

O
rg
an
ic
po
llu
ta
nt

de
gr
ad
at
io
n

L-
Si
O
2
@
A
u@

Ti
O
2
un
de
r
L-
C
PL

sh
ow

s
a
2.
93
×
hi
gh
er

ph
ot
od
eg
ra
da
tio
n
ra
te
vs

R
-C
PL

[5
9]

C
u-
Pt

co
re
–s
he
ll
st
ru
ct
ur
e

U
se
s
su
rf
ac
e
la
tt
ic
e
re
so
na
nc
e
to

in
te
ns
ify

el
ec
tr
om

ag
ne
tic

fie
ld
,b
oo
st
in
g
H
ER

effi
ci
en
cy

W
at
er
sp
lit
tin

g
In
cr
ea
se
s
H
ER

effi
ci
en
cy

by
ov
er
60
%

un
de
r
w
hi
te
lig
ht

[3
8]

Ti
N
m
et
as
ur
fa
ce

A
ch
ie
ve
s
br
oa
db
an
d
ab
so
rp
tio
n
in
th
e
vi
si
bl
e
sp
ec
tr
um

,
im

pr
ov
in
g
th
er
m
al
st
ab
ili
ty
an
d
lo
ng
-t
er
m

pe
rf
or
m
an
ce

W
at
er
sp
lit
tin

g
H
ER

pe
rf
or
m
an
ce

30
0%

hi
gh
er
th
an

co
nv
en
tio
na
lT
iN

fil
m

[7
7]

A
u-
N
P/
Ti
O
2
/A
u-
fil
m

st
ru
ct
ur
e

Pr
om

ot
es

ch
ar
ge

se
pa
ra
tio
n
th
ro
ug
h
st
ro
ng

co
up
lin
g

eff
ec
ts
fo
r
en
ha
nc
ed

ph
ot
oc
at
al
yt
ic
effi

ci
en
cy

W
at
er
sp
lit
tin

g
11
×
hi
gh
er
w
at
er
sp
lit
tin

g
effi

ci
en
cy

th
an

co
nfi
gu
ra
tio
n

w
ith

ou
tA

u
fil
m

[7
8]

A
u-
Pt

2D
su
pe
rla
tt
ic
e

U
se
s
pl
as
m
on
ic
en
ha
nc
em

en
tt
o
bo
os
tl
ig
ht

ab
so
rp
tio
n

fo
r
hy
dr
og
en

pr
od
uc
tio
n

H
2
ge
ne
ra
tio
n

H
yd
ro
ge
n
pr
od
uc
tio
n
ra
te
of
up

to
13
9
m
m
ol
g−

1
h−

1

vi
a
fo
rm

ic
ac
id
de
hy
dr
og
en
at
io
n

[1
8]

N
i-c
el
lu
lo
se

co
m
po
si
te
m
at
er
ia
l

U
til
iz
es

ni
ck
el
’s
br
oa
db
an
d
ab
so
rp
tio
n
fo
r
hi
gh

so
la
r-
th
er
m
al
ev
ap
or
at
io
n
effi

ci
en
cy

W
at
er
ev
ap
or
at
io
n

So
la
r-
to
-w
at
er
co
nv
er
si
on

effi
ci
en
cy

be
tw
ee
n
47
.9
%

an
d
65
.8
%
,s
ui
ta
bl
e
fo
r
w
as
te
w
at
er
an
d
se
aw

at
er

pu
ri
fic
at
io
n

[8
1]

Adv. Sci. 2025, 12, e08046 e08046 (16 of 21) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

 21983844, 2025, 34, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/advs.202508046 by A

ustralian N
ational U

niversity, W
iley O

nline L
ibrary on [18/03/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

To improve robustness, researchers are exploring material
substitutions and protective strategies. One promising direction
is the use of refractory plasmonic materials such as titanium
nitride (TiN), zirconium nitride, or tungsten, in place of tradi-
tional noble metals.[54] These materials support plasmonic reso-
nances and strong light absorption, yet exhibitmuch highermelt-
ing points, hardness, and resistance to oxidation. A recent study
demonstrated an ultrabroadband absorber based on a TiN/TiO2
heterostructure that retained performance at temperatures and
conditions that would damage conventional plasmonic.[54] Sim-
ilarly, high-index dielectrics (e.g., silicon or gallium nitride) can
be structured to produce Mie resonances or photonic band ef-
fects without relying on metal at all, thereby avoiding issues of
metal corrosion. An example is gallium phosphide (GaP) meta-
surface photoelectrodes, which were chosen not only for suitable
bandgap but also for their stability in aqueous electrolytes.[24]

Another approach is encapsulation or surface engineering of
metamaterials to shield them from the environment. Thin ox-
ide or carbon coatings can sometimes protect metallic nanos-
tructures from oxidation while allowing light to pass. Core–shell
nanoparticle architectures (for instance, a plasmonic core with
a thin silica shell) have shown improved stability in photocat-
alytic conditions, as the shell can prevent direct contact with cor-
rosive species. In the context of metamaterials, implementing
such coatings uniformly over a periodic nanostructure is non-
trivial but could significantly extend lifetime. Likewise, careful
choice of support substrate can help using chemically inert and
thermally conductive supports (like sapphire or ceramics) may
mitigate thermal hotspots and prevent catalysis-induced stress
cracking.
Long-term stability testing is becoming an essential compo-

nent of metamaterial photocatalysis research. Recent reports
have started to include multi-cycle reaction tests and extended
illumination trials. For example, a TiN/TiO2 metamaterial pho-
tocatalyst was shown to sustain enhanced H2 evolution over re-
peated on/off light cycles, outperforming an unstructured cata-
lyst in both activity and endurance.[54] Such studies point to an-
other benefit of metamaterials: by concentrating light and reac-
tions at specific “hot spots,” they might enable lower overall light
intensity or shorter reaction times for the same output, poten-
tially reducing cumulative stress on the material. Nonetheless,
systematic aging experiments (e.g., hundreds of hours of contin-
uous solar illumination, or outdoor exposure tests) are still rarely
reported and will be crucial for understanding failure modes.
Photocatalytic reactors often face fouling (deposit buildup) and
abrasion (fromfluid flow); hownanostructuredmetamaterial sur-
faces handle these issues remains to be seen.
Future research directions should prioritize stability engineer-

ing on equal footing with performance. One vision is the devel-
opment of “rugged” metamaterials: architectures designed with
damage mitigation in mind. This could include self-cleaning
hydrophobic coatings to prevent fouling, sacrificial layers that
can be periodically peeled off and renewed, or modular de-
signs where a degradedmetamaterial component can be replaced
without discarding the entire system. Another important direc-
tion involves testing metamaterials under realistic solar spectra
and weather conditions. This includes assessing photochemical
changes caused by UV exposure or thermal stress from day-to-
night temperature fluctuations. Insights from corrosion science

and mechanical durability studies, such as fatigue testing, will
be critical. Addressing these challenges requires interdisciplinary
collaboration. By working with chemical engineers and environ-
mental scientists, materials researchers can identify which fail-
ure mechanisms (photocorrosion, oxidation, mechanical wear,
etc.) are most problematic in practical operation, and then tailor
the chemistry and structure of metamaterial catalysts to counter-
act those specific issues.
Ultimately, improving the environmental and long-term stabil-

ity of metamaterial photocatalysts is essential for their commer-
cialization. Success in this area will enable future metamaterial-
enhanced reactors to operate reliably for months or even years
under sunlight, maintaining high performance with minimal
maintenance. Achieving such stability may involve trade-offs,
such as modest reductions in peak efficiency to improve dura-
bility. However, these compromises can be optimized through
strategic choices in materials selection, protective coatings, and
structural reinforcement. The continued evolution of stable,
sunlight-hardy metamaterials will pave the way for real-world
solar-to-chemical energy conversion systems that are not only ef-
ficient but also robust and trustworthy in the field.

7.3. Advanced Techniques in Metamaterials

As metamaterial design spaces become ever more complex and
high-dimensional, advanced computational methods are increas-
ingly indispensable.[88,89] Inverse-design strategies now allow re-
searchers to specify a desired optical or catalytic response and let
algorithms determine the required nano-geometry. For example,
genetic algorithms (GA) and evolutionary optimizers have been
applied to metasurfaces to discover counter-intuitive unit-cell ar-
rangements that maximize broadband absorption or tailor spec-
tral coloration.[90] In one study, expanding the number of “meta-
atoms” per unit cell and using a GA-based optimizer yielded
metasurfaces with dramatically improved absorption and color-
gamut performance.[90] Similarly, deep neural networks have
been trained to map between geometric parameters and optical
spectra, enabling true inverse design of plasmonic metasurfaces.
Ramakrishna et al. demonstrated a bi-directional deep network
that could infer subwavelength nanoparticle geometries from far-
field spectra and vice versa, effectively solving the inverse prob-
lem and allowing rapid on-demand design of complex metasur-
face elements.[91]

Machine learningmodels serve as fast surrogates for expensive
electromagnetic simulations, massively accelerating the search
for optimal designs.[92] For instance, convolutional neural net-
works (CNNs) or graph neural networks can predict a metama-
terial’s band structure or absorption spectrum from its geometry
in milliseconds, after which optimization routines (GAs, parti-
cle swarm, gradient-based methods, etc.) refine the design. Tran
et al. recently used a CNN in tandem with a conditional varia-
tional autoencoder (cVAE) to inverse-design photonic metama-
terial unit cells with arbitrary target bandgap characteristics.[93]

In their framework, the CNN first learns to predict the bandgap
width and center frequency of a structure, and then the cVAE
generates new unit-cell topologies that achieve a user-specified
bandgap. This data-driven approach bypasses lengthy trial-and-
error scans and directly yields feasible designs for custom
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photonic bandgaps.[93] More generally, nature-inspired artificial
intelligence (AI) methods have proven effective for metamaterial
lattices: genetic algorithms combined with neural-network sur-
rogate models efficiently explore vast parameter spaces. As Cer-
niauskas et al. note, GA schemes are widely used in metasurface
optimization, andwhen pairedwithML (e.g., neural-network sur-
rogates) they can uncover novel lattice structures that satisfy com-
plex multi-constraint objectives.[9]

Beyond purely planar designs, emerging metamaterial con-
cepts like optical chirality are also being integrated into AI-
driven workflows. Chiral plasmonic metamaterials, which lack
mirror symmetry and distinguish left- and right-circularly polar-
ized light, open new degrees of freedom for photocatalysis (e.g.,
by inducing spin-selective carrier dynamics). At the microscopic
level, Ai et al. showed that introducing an atomic-scale helical
twist in ZnO crystals (via chiral templating) created an effective
spin filter: the resulting chiral ZnO exhibited spin-polarized pho-
tocarriers and roughly twofold higher O2 evolution under illumi-
nation, compared to achiral ZnO.[25] At the metasurface level, en-
gineered anisotropic or twisted nano-antenna arrays can produce
strong circular dichroism and circular-polarization conversion.
Designing such 3D chiral structures with multiple free parame-
ters (e.g., twist angle, layer sequence, strain) is well-suited to AI
algorithms. Zhang et al. demonstrated an AI-guided approach
to chiral film design using a generative adversarial network: a
trained forward neural network first predicts the circular dichro-
ism (CD) spectrum of a candidate film from its layer parame-
ters, and then a neural “generator” proposes new layer parame-
ters that move the spectrum toward a desired CD target.[62] By it-
erating this generator–discriminator loop, the system converges
on film geometries that achieve user-defined chiroptical indices.
In this way, AI can efficiently navigate the high-dimensional de-
sign space of chiral metamaterials and films, locating structures
that might be impossible to find by intuition alone.[62]

AI techniques are likewise being applied to LSPR and pho-
tonic band structures in tandem. Dense plasmonic metasurfaces
create intense near-fields (hotspots) that can drive surface reac-
tions, and AI optimization can tune their geometry and material
composition for maximal field enhancement at catalytic sites. Si-
multaneously, manymetamaterial architectures aim to introduce
photonic bandgaps or slow-light effects to trap light; these objec-
tives can be incorporated into the inverse design as well. For ex-
ample, as noted above, deep learning frameworks have been de-
veloped that directly output structures with prescribed bandgap
frequencies.[93] By combiningmultiple objectives (such asmatch-
ing an LSPR to a catalyst’s bandgap while also opening a pho-
tonic bandgap), these multiphysics algorithms can propose un-
conventional, multiscale architectures. Such hybrid designs (e.g.,
multilayer metasurfaces with embedded dielectric photonic crys-
tals and metal nano-antennas) would be nearly impossible to
optimize by hand but become tractable with AI-driven search.
In short, advanced algorithms enable exploration of structural
motifs—including nonperiodic or hierarchical unit cells—that
defy simple pattern intuition, while ensuring that both optical
and catalytic criteria are met.
Looking forward, these advanced methodologies promise to

dramatically shorten the design–test cycle for metamaterials.
One vision is to integrate AI with high-throughput fabrication
and characterization. In this scenario, an AI model proposes a

set of candidate metastructures, a robotic nanofabrication plat-
form prints or assembles them in parallel, and automated spec-
troscopy measures their response–feeding the results back into
the learning algorithm for further improvement. Such closed-
loop experimental platforms are already emerging in related
fields and could soon apply to photocatalytic metamaterials. In
practice, this means the AI continuously refines its own surro-
gate models and generator networks using real-world data, ul-
timately converging on high-performance designs much faster
than traditional Edisonian approaches. In summary, the conver-
gence of AI-driven inverse design with advanced metamaterial
concepts (chirality, LSPR engineering, bandgap control, etc.) is
giving rise to a new design paradigm. This paradigm empha-
sizes methodology: algorithms discover novel nano-architectures
that engineer light–matter interactions in precise ways. The ex-
pected outcome is a generation of photocatalyticmetamaterials—
potentially involving nonintuitive, multifunctional, or reconfig-
urable geometries—that maximize solar-to-chemical conversion
in ways human designers would find very difficult to uncover.
By embracing these advanced techniques, researchers aim to ex-
plore the full design landscape of metamaterials and accelerate
the discovery of practical, optimized structures for solar fuels and
environmental catalysis.

8. Conclusion

Metamaterials have opened new frontiers in the rational de-
sign of photocatalytic systems by enabling precise control over
light harvesting, charge dynamics, and surface chemistry. Their
unique optical responses have significantly enhanced the perfor-
mance of CO2 reduction, hydrogen evolution, water splitting, wa-
ter evaporation and pollutant degradation reactions under solar
irradiation. However, several practical challenges remain, partic-
ularly in relation to manufacturing scalability, material stability,
and reactor-level integration. Overcoming these barriers will re-
quire collaborative efforts across materials science, chemical en-
gineering, and optical physics. The adoption of artificial intelli-
gence for inverse design and performance prediction is expected
to accelerate progress, enabling the discovery of unconventional
architectures and material combinations. With these advances,
metamaterial-enhanced photocatalysts are expected to play a crit-
ical role in the development of next-generation clean energy and
environmental remediation technologies.

Acknowledgements
X.J. and Z.S. contributed equally to this work. The authors acknowledge
the financial support from the Australian Research Council (FT230100059,
DP240100687, IH220100012) and the International Research Training
Group Meta-Active (437527638).

Conflict of Interest
The authors declare no conflict of interest.

Data Availability Statement
Data availability is not applicable to this article as no new data were created
or analyzed in this study.

Adv. Sci. 2025, 12, e08046 e08046 (18 of 21) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

 21983844, 2025, 34, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/advs.202508046 by A

ustralian N
ational U

niversity, W
iley O

nline L
ibrary on [18/03/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

Keywords
AI-assisted designs, CO2 reductions, metamaterials, organic pollutant
degradations, photocatalysis, solar energy conversion, water treatment

Received: May 4, 2025
Revised: June 22, 2025

Published online: July 21, 2025

[1] S. Chu, Y. Cui, N. Liu, Nat. Mater. 2017, 16, 16.
[2] R. Djellabi, L. Noureen, V.-D. Dao, D. Meroni, E. Falletta, D. D.

Dionysiou, C. L. Bianchi, Chem. Eng. J. 2022, 431, 134024.
[3] N. I. Zheludev, Y. S. Kivshar, Nat. Mater. 2012, 11, 917.
[4] A. Zaleska, A. V. Krasavin, A. V. Zayats, W. Dickson,Mater. Adv. 2024,

5, 5845.
[5] X. Xu, Q. Wu, Y. Pang, Y. Cao, Y. Fang, G. Huang, C. Cao, Adv. Funct.

Mater. 2021, 32, 2107896.
[6] F. Sordello, C. Duca, V. Maurino, C. Minero, Chem. Commun. 2011,

47, 6147.
[7] C. Li, J. Liu, Z. Wu, Z. Chen, J. Jiang, Z. Dou, X. Liu, M. Fu, D. He, Y.

Wang, Adv. Opt. Mater. 2021, 9, 2100778.
[8] Z. Fusco, T. Tran-Phu, A. Cembran, A. Kiy, P. Kluth, D. Nisbet, A.

Tricoli, Adv. Photonics Res. 2021, 2, 2100020.
[9] G. Cerniauskas, H. Sadia, P. Alam, Oxford Open Mater. Sci. 2024, 4,

itae001.
[10] Z. Sun, S. Cheng, R. Luo, X. Jing, H. Yin, K. Liu, A. A. Wibowo, K. H.

Lim, H. T. Nguyen, N. Cox, G. K. Li, W. Zhou, S. Kawi, Z. Yin, ACS
Catal. 2025, 15, 2250.

[11] Z. Sun, S. Cheng, X. Jing, K. Liu, Y. L. Chen, A. A. Wibowo, H. Yin, M.
Usman, D. MacDonald, S. Cheong, R. F. Webster, L. Gloag, N. Cox,
R. D. Tilley, Z. Yin, Adv. Mater. 2024, 36, 2406088.

[12] S. Cheng, Z. Sun, K. H. Lim, C. Li, M. Judd, N. Cox, R. Hocking, Y. Liu,
X. Jing, X. Liao, G. Jia, S. Kawi, Z. Yin,Nano Energy 2025, 139, 110917.

[13] H. Zhou, A. N. Grigorenko, V. G. Kravets, Chemistry 2024, 30,
202403050.

[14] J. Wohlwend, O. Wipf, D. Kiwic, S. Käch, B. Mächler, G. Haberfehlner,
R. Spolenak, H. Galinski, Nano Lett. 2025, 25, 3740.

[15] P. Wang, A. V. Krasavin, L. Liu, Y. Jiang, Z. Li, X. Guo, L. Tong, A. V.
Zayats, Chem. Rev. 2022, 122, 15031.

[16] X. Liu, X. Jing, R. Liu, P. Guo, Z. Yin, Energy Fuels 2024, 38, 4966.
[17] R. Verma, G. Sharma, V. Polshettiwar,Nat. Commun. 2024, 15, 7974.
[18] M. Herran, S. Juergensen, M. Kessens, D. Hoeing, A. Köppen, A.

Sousa-Castillo, W. J. Parak, H. Lange, S. Reich, F. Schulz, E. Cortés,
Nat. Catal. 2023, 6, 1205.

[19] Y. Liu, X. Zhang, Chem. Soc. Rev. 2011, 40, 2494.
[20] V. G. Kravets, A. V. Kabashin, W. L. Barnes, A. N. Grigorenko, Chem.

Rev. 2018, 118, 5912.
[21] H. Jia, C. C. Tsoi, A. E. Abed, W. Yu, A. Jian, S. Sang, X. Zhang, Laser

Photonics Rev. 2023, 17, 2200700.
[22] H. Matsui, M. Shoji, S. Higano, H. Yoda, Y. Ono, J. Yang, T. Misumi,

A. Fujita, ACS Appl. Mater. Interfaces 2022, 14, 49313.
[23] F. Martinez, M. Maldovan,Mater. Today Phys. 2022, 27, 100819.
[24] J. Y. Y. Loh, Small 2025, 21, 2405140.
[25] M. Ai, L. Pan, C. Shi, Z.-F. Huang, X. Zhang, W. Mi, J.-J. Zou, Nat.

Commun. 2023, 14, 4562.
[26] R. Naaman, Y. Paltiel, D. H. Waldeck, Acc. Chem. Res. 2020, 53, 2659.
[27] O. Durante, M. Magnozzi, V. Fiumara, J. Neilson, M. Canepa, G.

Avallone, F. Bobba, G. Carapella, F. Chiadini, R. DeSalvo, R. De
Simone, C. Di Giorgio, R. Fittipaldi, A. Micco, I. M. Pinto, A.
Vecchione, V. Pierro, V. Granata, Opt. Mater. 2024, 157, 116038.

[28] A. N. Koya, X. Zhu, N.Ohannesian, A. A. Yanik, A. Alabastri, R. Proietti
Zaccaria, R. Krahne, W. C. Shih, D. Garoli, ACS Nano 2021, 15, 6038.

[29] M.-I. Mendoza-Diaz, A. Lecestre, L. Salvagnac, B. Bounor, D. Pech,
M. Djafari-Rouhani, A. Esteve, C. Rossi, Appl. Surf. Sci. 2022, 588,
152919.

[30] E. Cortes, F. J. Wendisch, L. Sortino, A. Mancini, S. Ezendam, S. Saris,
S. M. L. de, A. Tittl, H. Ren, S. A. Maier, Chem. Rev. 2022, 122, 15082.

[31] Y. Paudel, D. J. Chachayma-Farfan, A. Alu, M. Y. Sfeir, J. Chem. Phys.
2024, 160, 144710.

[32] H. Hu, T. Weber, O. Bienek, A. Wester, L. Huttenhofer, I. D. Sharp, S.
A. Maier, A. Tittl, E. Cortes, ACS Nano 2022, 16, 13057.

[33] G. Barbillon, Int. J. Mol. Sci. 2022, 23, 10592.
[34] X. Zhou, L. Ren, Z. Song, G. Li, J. Zhang, B. Li, Q. Wu, W. Li, L. Ren,

Q. Liu, Composites, Part B 2023, 254, 110585.
[35] W. Huang, H. Mei, P. Chang, Z. Jin, S. Bai, L. Pan, L. Cheng, J. Environ.

Chem. Eng. 2023, 11, 109337.
[36] C. Clavero, Nat. Photonics 2014, 8, 95.
[37] S. Cheng, Z. Sun, K. H. Lim, C. Li, M. Judd, N. Cox, R. Hocking, Y. Liu,

X. Jing, X. Liao, Nano Energy 2025, 139, 110917.
[38] S. Deng, B. Zhang, P. Choo, P. J. M. Smeets, T. W. Odom, Nano Lett.

2021, 21, 1523.
[39] M. P. McOyi, K. T. Mpofu, M. Sekhwama, P. Mthunzi-Kufa, Plasmonics

2024, 1, 40.
[40] Z. Lu, J. Ji, H. Ye, H. Zhang, S. Zhang, H. Xu, Nat. Commun. 2024,

15, 8803.
[41] H. Yin, Z. Sun, K. Liu, A. A. Wibowo, J. Langley, C. Zhang, S. E. Saji,

F. Kremer, D. Golberg, H. T. Nguyen, N. Cox, Z. Yin,Nanoscale Horiz.
2023, 8, 1695.

[42] L. Pan, L. Yao, H. Mei, H. Liu, Z. Jin, S. Zhou, M. Zhang, G. Zhu, L.
Cheng, L. Zhang, Sep. Purif. Technol. 2023, 312, 123365.

[43] J. Low, C. Jiang, B. Cheng, S. Wageh, A. A. Al-Ghamdi, J. Yu, Small
Methods 2017, 1, 1700080.

[44] Q. Xu, L. Zhang, B. Cheng, J. Fan, J. Yu, Chem 2020, 6, 1543.
[45] S. Cheng, Z. Sun, K. H. Lim, T. Z. H. Gani, T. Zhang, Y. Wang, H. Yin,

K. Liu, H. Guo, T. Du, Adv. Energy Mater. 2022, 12, 2200389.
[46] A. Nawaz, S. Goudarzi, M. A. Asghari, S. Pichiah, G. S. Selopal,

F. Rosei, Z. M. Wang, H. Zarrin, ACS Appl. Nano Mater. 2021, 4,
11323.

[47] C. S. Ha, D. Yao, Z. Xu, C. Liu, H. Liu, D. Elkins,M. Kile, V. Deshpande,
Z. Kong, M. Bauchy, X. Zheng, Nat. Commun. 2023, 14, 5765.

[48] L. Wang, B. Zhu, J. Zhang, J. B. Ghasemi, M. Mousavi, J. Yu, Matter
2022, 5, 4187.

[49] B. Qi, H. Shou, J. Zhang,W. Chen, J. Feng, T. Niu, Z.Mei, Int. J. Therm.
Sci. 2023, 194, 108580.

[50] M.-J. Yu, C.-L. Chang, H.-Y. Lan, Z.-Y. Chiao, Y.-C. Chen, H. W. Howard
Lee, Y.-C. Chang, S.-W. Chang, T. Tanaka, V. Tung, ACS Photonics 2021,
8, 3125.

[51] W. Chen, Y. Gao, Y. Li, Y. Yan, J. Y. Ou, W. Ma, J. Zhu, Adv. Sci. 2023,
10, 2206718.

[52] B. Bai, C. Zhang, Y. Dou, L. Kong, L. Wang, S. Wang, J. Li, Y. Zhou,
L. Liu, B. Liu, X. Zhang, I. Hadar, Y. Bekenstein, A. Wang, Z. Yin, L.
Turyanska, J. Feldmann, X. Yang, G. Jia, Chem. Soc. Rev. 2023, 52, 318.

[53] J. Y. Y. Loh, M. Safari, C. Mao, C. J. Viasus, G. V. Eleftheriades, G. A.
Ozin, N. P. Kherani, Nano Lett. 2021, 21, 9124.

[54] M. Go, I. Hong, D. Lee, S. Kim, J. Jang, K.-W. Kim, S. Shim, K. Yong,
J. Rho, J. K. Kim, NPG Asia Mater. 2024, 16, 4.

[55] K. C. Zobenica, M. Obradov, M. Rašljíc, I. Mladenovíc, Z. Jakšíc, D.
V. Radovíc, Opt. Quantum Electron. 2020, 52, 140.

[56] N. B. Ali, R. Agravat, S. K. Patel, A. Armghan, M. Kouki, O. P. Kumar,
Sci. Rep. 2025, 15, 10429.

[57] E. Ashalley, C.-P.Ma, Y.-S. Zhu, H.-X. Xu, P. Yu, Z.-M.Wang, J. Electron.
Sci. Technol. 2021, 19, 100098.

[58] Y. Wang, B. Ai, Y. Jiang, Z. Wang, C. Chen, Z. Xiao, G. Xiao, G. Zhang,
J. Colloid Interface Sci. 2025, 678, 818.

[59] Y. Negrin-Montecelo, A. Movsesyan, J. Gao, S. Burger, Z. M. Wang,
S. Nlate, E. Pouget, R. Oda, M. Comesana-Hermo, A. O. Govorov, M.
A. Correa-Duarte, J. Am. Chem. Soc. 2022, 144, 1663.

Adv. Sci. 2025, 12, e08046 e08046 (19 of 21) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

 21983844, 2025, 34, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/advs.202508046 by A

ustralian N
ational U

niversity, W
iley O

nline L
ibrary on [18/03/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

[60] W. Wang, L. V. Besteiro, T. Liu, C. Wu, J. Sun, P. Yu, L. Chang, Z. Wang,
A. O. Govorov, ACS Photonics 2019, 6, 3241.

[61] B. P. Bloom, Y. Paltiel, R. Naaman, D. H. Waldeck, Chem. Rev. 2024,
124, 1950.

[62] Y. Xie, S. Feng, L. Deng, A. Cai, L. Gan, Z. Jiang, P. Yang, G. Ye, Z. Liu,
L. Wen, Q. Zhu, W. Zhang, Z. Zhang, J. Li, Z. Feng, C. Zhang, W. Du,
L. Xu, J. Jiang, X. Chen, G. Zou, Nat. Commun. 2023, 14, 6177.

[63] Z. Zhang, Z. Yang, L. Liu, Y. Wang, S. Kawi, Adv. Energy Mater. 2023,
13, 2301852.

[64] T. Wang, J. Chen, X. Ren, J. Zhang, J. Ding, Y. Liu, K. H. Lim, J. Wang,
X. Li, H. Yang, Angew. Chem., Int. Ed. 2023, 62, 202211174.

[65] T. Zhang, F. Meng, M. Gao, J. Wei, K. J. H. Lim, K. H. Lim, P.
Chirawatkul, A. S. W. Wong, S. Kawi, G. W. Ho, Small 2023, 19,
2301121.

[66] T. Zhang, T. Li, M. Gao, W. Lu, Z. Chen, W. L. Ong, A. S. W. Wong, L.
Yang, S. Kawi, G. W. Ho, Adv. Energy Mater. 2024, 14, 2400388.

[67] Y. Zhou, W. Yang, L. Feng, J. Hong, M. Abbas, S. Kawi, Appl. Catal., B
2025, 363, 124782.

[68] S. Zhang, X. Jing, Y. Wang, F. Li, ChemNanoMat 2021, 7, 728.
[69] W. Wang, B. Li, J. Shi, K. Zhu, Y. Zhang, X. Liu, C. Li, F. Hu, X. Xi, S.

Kawi, Appl. Catal., B 2025, 362, 124766.
[70] W. Wang, F. Hu, B. Li, D. Ma, J. Shi, Y. Zhang, X. Liu, P. Dong, X. Xi,

S. Kawi, Appl. Catal., B 2025, 367, 125103.
[71] S. Liu, X. Wang, Y. Chen, Y. Li, Y. Wei, T. Shao, J. Ma, W. Jiang, J. Xu,

Y. Dong, C. Wang, H. Liu, C. Gao, Y. Xiong, Adv. Mater. 2024, 36,
2311957.

[72] L. Mascaretti, Y. Chen, O. Henrotte, O. Yesilyurt, V. M. Shalaev, A.
Naldoni, A. Boltasseva, ACS Photonics 2023, 10, 4079.

[73] R. Ju, G. Xu, L. Xu, M. Qi, D. Wang, P. C. Cao, R. Xi, Y. Shou, H. Chen,
C. W. Qiu, Adv. Mater. 2023, 35, 2209123.

[74] L. Mascaretti, A. Schirato, P. Fornasiero, A. Boltasseva, V. M. Shalaev,
A. Alabastri, A. Naldoni, Nanophotonics 2022, 11, 3035.

[75] Y. Wang, W. Sha, M. Xiao, C. W. Qiu, L. Gao, Adv. Mater. 2023, 35,
2302387.

[76] T. Shao, X. Wang, H. Dong, S. Liu, D. Duan, Y. Li, P. Song, H. Jiang,
Z. Hou, C. Gao, Y. Xiong, Adv. Mater. 2022, 34, 2202367.

[77] M.-J. Yu, C.-L. Chang, H.-Y. Lan, Z.-Y. Chiao, Y.-C. Chen, H. W. Howard
Lee, Y.-C. Chang, S.-W. Chang, T. Tanaka, V. Tung, H.-H. Chou, Y.-J. Lu,
ACS Photonics 2021, 8, 3125.

[78] X. Shi, K. Ueno, T. Oshikiri, Q. Sun, K. Sasaki, H. Misawa, Nat. Nan-
otechnol. 2018, 13, 953.

[79] M. Zhu, H. Zhang, S. W. L. Favier, Y. Zhao, H. Guo, Z. Du, J. Mater.
Sci. Technol. 2022, 105, 286.

[80] Y. Gao, Q. Zhu, Z. Huang, S. Zhang, Y. Wang, G. lv, H. Li, X. Zhang,
Z. Hou, H. Zhang, Chem. Eng. J. 2023, 477, 146902.

[81] Y. Yuan, C. Dong, J. Gu, Q. Liu, J. Xu, C. Zhou, G. Song, W. Chen, L.
Yao, D. Zhang, Adv. Mater. 2020, 32, 1907975.

[82] P. P. Meyer, C. Bonatti, T. Tancogne-Dejean, D. Mohr, Mater. Des.
2022, 223, 111175.

[83] D. Lee, W. W. Chen, L. Wang, Y. C. Chan, W. Chen, Adv. Mater. 2024,
36, 2305254.

[84] L. Zhang, H. Liu, B. Song, J. Gu, L. Li, W. Shi, G. Li, S. Zhong, H. Liu,
X. Wang, J. Fan, Z. Zhang, P. Wang, Y. Yao, Y. Shi, J. Lu,Nat. Commun.
2024, 15, 2046.

[85] M. Choi, J. Park, J. Shin, H. Keawmuang, H. Kim, J. Yun, J. Seong, J.
Rho, Nanophotonics 2024, 1, 31.

[86] X. Jing, F. Li, Y. Wang, Catal. Sci. Technol. 2022, 12, 2912.
[87] X. Li, Y. Chen, Y. Tao, L. Shen, Z. Xu, Z. Bian, H. Li, Chem. Catal. 2022,

2, 1315.
[88] Z. Wang, Z. Sun, H. Yin, X. Liu, J. Wang, H. Zhao, C. H. Pang, T. Wu,

S. Li, Z. Yin, Adv. Mater. 2022, 34, 2104113.
[89] H. Zhao, W. Chen, H. Huang, Z. Sun, Z. Chen, L. Wu, B. Zhang, F.

Lai, Z. Wang, M. L. Adam, Nat. Synth. 2023, 2, 505.
[90] C. Liu, S. A. Maier, G. Li, ACS Photonics 2020, 7, 1716.
[91] I. Malkiel, M. Mrejen, A. Nagler, U. Arieli, L. Wolf, H. Suchowski, Sci.

Appl. 2018, 7, 60.
[92] Z. Sun, H. Yin, Z. Yin,Matter 2023, 6, 2553.
[93] T. V. Tran, S. S. Nanthakumar, X. Zhuang, Artif. Intell. 2025, 1, 2.

Xuechen Jing is currently a Ph.D. student at theResearchSchool of Chemistry, TheAustralianNational
University.He receivedhisM. Eng. degree from theUniversity of Sydney andB.S. degree fromNorth-
east PetroleumUniversity.His research focuses on single-atomcatalysis and thedevelopment of
functional nanomaterials for energy conversion applications.

Adv. Sci. 2025, 12, e08046 e08046 (20 of 21) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

 21983844, 2025, 34, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/advs.202508046 by A

ustralian N
ational U

niversity, W
iley O

nline L
ibrary on [18/03/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

ZhehaoSun receivedhisB. Eng. andM.Eng. degree in Energy andEnvironmental Engineering from
theDalianUniversity of Technology, andhis Ph.D. inChemistry from theAustralianNationalUniver-
sity (ANU).He is currently a Postdoctoral ResearchFellowat theResearchSchool of Chemistry, ANU.
His research interests include functional nanomaterials, first-principles calculations,machine learn-
ing, and solid-state physics for energy conversion.

ProfessorZongyouYinobtainedhisB.S. andM.S. degrees at JilinUniversity inChina, and completed
his Ph.D. atNanyangTechnologicalUniversity (NTU) in Singapore. Then, he startedhis postdoc
careers atNTU/Singapore, IMRE/Singapore, followedbyMIT and thenHarvardUniversity.Dr Yin
startedhis ownResearchGroupatAustralianNationalUnivesrity (ANU) from2017.His group’s re-
search is interdisciplinary, encompassingAI-drivenmaterials innovations, nano-to-atomicmaterials
science, fundamental relationship amongmaterials-structures-devices, and synergistic integrationof
multi-functions towards systems for energy andwearable applications.

Adv. Sci. 2025, 12, e08046 e08046 (21 of 21) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

 21983844, 2025, 34, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/advs.202508046 by A

ustralian N
ational U

niversity, W
iley O

nline L
ibrary on [18/03/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advancedscience.com

	Metamaterial-Enhanced Solar-Driven Processes for Energy Conversion and Water Treatment
	1. Introduction
	2. Metamaterial-Enabled Enhancement Mechanisms in Photocatalysis
	2.1. Light Absorption and Control
	2.2. Localized Surface Plasmon Resonance
	2.2.1. Near-Field Enhancement
	2.2.2. Photothermal Effect

	2.3. Enhanced Charge Separation and Carrier Dynamics
	2.3.1. Metamaterial-Engineered versus Conventional Heterojunctions

	2.4. Bandgap Engineering
	2.5. Polarization-Dependent Photocatalysis

	3. Metamaterials for CO2 Reduction
	4. Metamaterials for Water Splitting
	5. Metamaterials for Organic Degradation
	6. Metamaterials for Hydrogen Evolution and Water Evaporation
	7. Future Outlook
	7.1. Scalable Manufacturing and Integration into Real-World Systems
	7.2. Environmental and Long-Term Stability in Harsh Conditions
	7.3. Advanced Techniques in Metamaterials

	8. Conclusion
	Acknowledgements
	Conflict of Interest
	Data Availability Statement

	Keywords


