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ABSTRACT: Significant endeavors have been dedicated to the
advancement of materials for artificial photosynthesis, aimed at
efficiently harvesting light and catalyzing reactions such as
hydrogen production and CO2 conversion. The application of
plasmonic nanomaterials emerges as a promising option for this
purpose, owing to their excellent light absorption properties and
ability to confine solar energy at the nanoscale. In this regard,
coupling plasmonic particles with molecular catalysts offers a
pathway to create high-performance hybrid catalysts. In this
review, we discuss the plasmonic−molecular complex hybrid
catalysts where the plasmonic nanoparticles serve as the light-
harvesting unit and promote interfacial charge transfer in tandem with the molecular catalyst which drives chemical transformation.
In the initial section, we provide a concise overview of plasmonic nanomaterials and their photophysical properties. We then explore
recent breakthroughs, highlighting examples from literature reports involving plasmonic−molecular complex hybrids in various
catalytic processes. The utilization of plasmonic materials in conjunction with molecular catalysts represents a relatively unexplored
area with substantial potential yet to be realized. This review sets a strong basis and motivation to explore the plasmon-induced hot-
electron mediated photelectrochemical small molecule activation reactions. Utilizing in situ spectroscopic investigations and ultrafast
transient absorption spectroscopy, it presents a comprehensive template for scalable and sustainable antenna-reactor systems.
KEYWORDS: Plasmon, Small molecule activation, Noble metal, Plasmon−molecular catalyst hybrids, Artificial photosynthesis,
Hot electron utilization, Photosensitized chemical reaction, Solar energy harvesting

■ INTRODUCTION
The worldwide energy system is unequivocally reliant on the
consumption of fossil fuels, which accounts for a staggering
75% of the global emissions of greenhouse gases. At present,
there are ongoing efforts to expedite the shift toward a
sustainable and affordable clean energy platform, with the aim
of mitigating climate change effects. Therefore, implementa-
tion of decarbonization strategies is vital to achieving net-zero
emissions and carbon-negative goals by 2050.1 Solar irradiation
serves as the primary source of energy for the majority of the
Earth’s ecosystem, driving the global energy cycle. Over an
entire year, approximately 342 W of solar energy falls upon
every square meter of Earth. Therefore, it is one of the most
abundant and easily accessible clean energy sources.2 However,
the intermittent and dilute nature of solar power necessitates
its storage and portability in the form of chemical fuels or
“solar fuels” to tap its full potential.3,4 The impending global
climate change can be combated by harvesting photons
covering the full solar spectrum, ranging from ultraviolet

(UV) to visible to near-infrared (NIR) regions, to provide a
direct energy resource or to reduce atmospheric CO2 into
valuable chemical feedstocks. Hence, solar energy can play a
key role in establishing an efficient carbon-neutral economy via
multiple pathways.5,6 Solar hydrogen production, as well as its
subsequent storage and transportation, is another critical
enabler in a paradigm shift to a decarbonized energy sector.
Green hydrogen, produced through the chemical process of
water splitting, is an energy-intensive, storable chemical fuel
with a minimal carbon footprint. In addition, the significance
of water evolution and oxygen reduction technology cannot be
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understated in the context of energy storage and conversion
devices.

The intricate architectural blueprint of natural metal-
loenzymes has inspired the design of several biomimetic
catalytic systems. Photosynthesis is fundamental in creating a
balance in the carbon and oxygen cycles for driving life on the
earth. It involves the absorption of sunlight by chlorophyll in a
light reaction, followed by the concomitant oxidation of water
to oxygen. In the dark side of this process CO2 is reduced to
carbohydrates.7,8 This process was imitated by the appropriate
combination of photocatalytic small molecule activation, where
solar energy absorption by the photosensitizer generates
charge-separated states. This charge separation creates the
reducing and oxidizing equivalents to steer the molecular
transformation at the active sites with minimal external bias
while operating at ambient reaction conditions.8 The energy
input during this process can be further decreased through
photoelectrocatalysis (PEC), where solar energy harvesting is
performed in tandem with an applied voltage. Thus, carbon
neutrality can be achieved by rationally designing artificial
photosynthetic models with proper solar energy harnessing.

Hitherto, a wide range of photosensitizer-containing devices,
such as dye-sensitized organic cells and perovskites with
varying absorption bands and solar cells utilizing semi-
conductors with different band gaps, were employed for
light-driven charge separation.9−13 Albeit, these systems
introduce several limitations, including photobleaching of
dyes under prolonged photoexcitation, complex fabrication
methods, low charge separation efficiency, and covering only a
narrow solar energy spectrum <600 nm with poor energy
efficiency.14−17 Homogeneous small molecule activation
reactions employ first-row transition metal-based molecular
catalysts that incorporate the vital architectural features of
natural metalloenzymes, light absorbers, sacrificial electron
donors, and electron relay.18 Such a bioinspired photocatalytic
system facilitates real-time monitoring with in operando
spectroscopic techniques, unravelling reaction mechanisms,
and a profound understanding of the key reaction
intermediates.19 These photocatalytic models provide the
template for designing photoreactors utilizing finely tuned
catalysts with the desired product selectivity and reactivity.
Organic dyes and molecular metal coordination complexes
have been extensively investigated as efficient photosensitizers
due to their strong visible-light absorption and tunable
photophysical activities.15,20,21 Nevertheless, the instability
caused by their photobleaching during prolonged irradiation
and the absorption of only a limited portion of the solar
spectrum raise serious concerns regarding their practical
applications. Later, the strategy to anchor molecular complexes
covalently or noncovalently on wide and narrow band gap
semiconductor surfaces has been explored in both homoge-
neous and heterogeneous media.22 This material−molecular
complex hybrid is a relatively robust catalytic system with
extended photostability. Their improved stability is accredited
to a rapid transfer of photogenerated charge carriers to
molecular catalysts from the photocathode surface, enhanced
recovery and reusability, and easy separation of final products.
However, the narrow absorption profile of these semi-
conductors spanning the lower visible regions and chemical
instability under harsh industrial conditions have limited their
practical utility.

Recently, plasmonic gold nanomaterials have received
increasing attention as photocatalysts owing to their large

optical cross-section, photochemical stability, and strongly
enhanced yet tunable absorbance profile, covering the majority
of the solar spectrum by extending from the visible to the NIR
region.23 The optical properties of plasmonic gold nanostruc-
tures originate from the strong light absorption through the
collective oscillation modes of their free electrons in the
conduction band. This movement of the electrons is termed
surface plasmon resonance (SPR), which presents rich
opportunities for harvesting solar energy. Following the
photoexcitation, surface plasmons undergo Landau damping,
where plasmon resonance in the metal is damped non-
radiatively into energetic charge carriers referred to as “hot
electrons” and “hot holes”. However, swift hot electron−hot
hole recombination occurs in femtoseconds and lowers the
possibility of plasmon-induced photocatalysis. Thus, in an
efficient approach to utilize the hot carrier charge separation
for photocatalysis, the light-harvesting-antenna plasmonic
metal is combined with catalytic units through the Schottky
junction. Plasmonic nanomaterials prove their mettle as
photosensitizers in artificial photosynthetic systems and
support the overall photocatalytic reaction, relaying the
energized electrons to the immobilized catalyst. Plasmonic
nanostructures are reported to be photocatalytically active for
small molecule activation. However, the high energy penalty
associated with these nanomaterial-driven catalyses seriously
impedes their overall energy efficiency. Therefore, to overcome
their limitations, plasmonic nanostructures are combined with
appropriately chosen catalytic units. Wide band gap semi-
conductors, perovskites, MOFs, and molecular complexes are
often employed as catalytic units in this strategy.24−26 These
hybrid systems improve the charge separation efficiency and
utilize the photothermal and electromagnetic field enhance-
ment properties of plasmonic nanomaterials. First-row
transition metal based synthetic molecular models of enzymes
have also emerged as unique catalytic systems for generating
plasmon−catalyst assemblies, where they showcase high
catalytic activity and selectivity.27−29 These bioinspired
complexes can be selectively tuned in terms of size,
composition, and reactivity and offer controlled, easy
modulation of their structural or electronic properties for
targeted reactivity. Additionally, the presence of the molecular
catalysts in the assembly provides an opportunity to get a
glimpse of the underlying mechanism in the catalytic pathway
with the deployment of suitable spectroscopic techniques.
Despite the immense potential of such plasmonic-assisted
molecular catalysis (PAMC), a thorough review of its
application has primarily been limited to a few examples of
organic transformations.30 Here, in this review, we have
expanded the horizon and discussed the use of plasmonic−
molecular complex hybrids for energy-relevant small molecule
activation reactions, including CO2 reduction, hydrogen
production, and water splitting. Plasmonic mediated catalysis
entails thermal and nonthermal contributions from photo-
excited charge carriers. This review primarily focuses on
plasmon catalysis driven by photoinduced hot carrier
generation and injection rather than photothermal effects
activated by light-excited phonons. We shall provide a
summary of various composites of plasmon-assisted molecular
catalysts, in which the incorporation of plasmonic metal
nanoparticles has improved reaction rates, specificity, and
efficiency of product conversion through the utilization of solar
energy. Our discussion will delve into the methodologies
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employed by researchers in this novel domain to elucidate the
fundamental mechanistic routes.

■ PHOTOPHYSICAL PROPERTIES OF PLASMONIC
NANOPARTICLES

Plasmonic nanomaterials are leading the way in the photo-
catalytic conversion of solar energy to chemical feedstocks.
Their unique optical properties allow tunable light−matter
interactions and enhanced reaction efficiencies.31 The
remarkable light-harvesting properties of plasmonic NPs are
attributed to their large optical extinction cross-section,
trapping of incident light in deep subwavelength regions,
strong near-field enhancement, and tunable absorption in the
visible to near-infrared spectral range. Metals consist of a free
electron cloud plasma called a “plasmon” encircling a fixed
positive atom nucleus. The surface-confined free electron
cloud resonantly couples with incident light via collective
coherent oscillations at a specific wavelength to give rise to the
localized surface plasmon resonance (LSPR) phenomenon
(Figure 1a).31

The strongly confined LSPR of plasmonic metal nano-
particles attributed to their sizes smaller than the wavelength of
light is extensively employed for solar energy conversion,
resulting in enhanced local electric field strength and efficient
charge carrier creation and separation. Consequently, these
noble metal nanoparticles demonstrate the “nanoantenna”
effect, which is often harnessed for solar energy utilization.34

The spectral position of the LSPR of noble metal plasmonic
nanoparticles, Ag and Au, is characteristic of the extent of
polarization on interaction with electrical components of
incident light. Therefore, resonant conditions are determined
by the particle’s geometry, the dielectric constant of the metal,
and the local environment.35 A transition in the shape of
AuNPs from nanospheres to asymmetric structures such as Au
nanorods leads to the splitting of the SPR band into a strong
and a weak band absorbing in the NIR and visible regions,

respectively, similar to nanospheres.10 The LSPR of these
asymmetric AuNPs can be finely tuned to utilize a broad swath
of the solar spectrum for photocatalysis (Figure 1b−d). The
large optical extinction cross section (σext) of such metal
nanoparticles ascribed to their localized surface plasmon
resonance is defined by the Mie approximation, as shown
below. Plasmonic nanoparticles can exhibit large optical
extinction cross-section on LSPR photoexcitation which is up
to 10 times larger than their geometric area for spherical
nanoparticles and even larger for nanoparticle clusters.33 The
extinction cross-section for spherical nanoparticles is intricately
linked to the complex dielectric function of the metal, as
follows:

[ + ] +2ext
2

1 m
2

2
2

Here, ε1 and ε2 are real and imaginary parts, respectively, of the
dielectric function of the metal, and εm is the dielectric
function of the medium. The LSPR in metal nanoparticles
depends on the real and imaginary parts of the dielectric
constant. The real part of the dielectric function (ε1) describes
the extent of polarizability of the metal with respect to
wavelength and should be large and negative, whereas the
imaginary part (ε2) is supposed to be negligible and positive.
The dielectric function (εm) for noble metals exhibits a strong
correlation with the wavelength of the electromagnetic field.
The physical significance of this relation can be explained such
that when the denominator approaches zero, the optical
extinction cross-section will be maximum; thus, ε1 = −2εm and
ε2 should be small for plasmonic excitation. Polarizability, the
real part of the dielectric function central to the plasmonic
effect of metals, is comparatively easier. Therefore, their real
part is generally negative, and for many metals ε1 = −2εm holds
true in air at UV−visible wavelengths. Therefore, size and
shape of plasmonic nanoparticles can be explicitly manipulated

Figure 1. (a) Schematic illustration of localized surface plasmon resonance for spherical and anisotropic plasmonic metal nanoparticles. Optical
extinction spectra of (b) spherical metal nanoparticles and (d) anisotropic metal nanorods under plasmonic excitation. Recreated from ref 32.
Copyright 2003 American Chemical Society. (c) Surface plasmon decay occurs via both radiative and nonradiative mechanisms. This includes the
emission of photons into the far-field and the nonradiative stimulation of charge carriers within the nanoparticle.
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to absorb in the visible to near-infrared regions of the
broadband solar spectrum.

It is imperative to understand the charge and energy transfer
dynamics involved in the excitation of reactants at plasmonic
metal surfaces when exposed to light for tailoring and tuning
the absorption profile and achieve optimum energy conversion
efficiencies.35 There exist two distinct forms of electronic
excitation that can occur within plasmonic metal-based
systems, namely, interband excitation, which involves the
transition of electrons from filled d states to vacant s states
situated above the Fermi level, and intraband excitation, which
entails the transition of electrons from filled s states to vacant s
states (Figure 1c). The intraband transitions are forbidden and
thus have a low rate constant of ∼1013 s−1 and are promoted
only on the change in momentum of charge carriers induced
by lattice phonons and plasmons. However, interband
excitation is allowed, and the absorption wavelength required
for transition depends on the position of the d band below the
Fermi level. The position of the d band in Ag is significantly
lower in energy than the Fermi level. Hence, the d−s excitation
for silver nanoparticles does not take place in the visible region.
The d band of Au and Cu is much higher in energy and near
the Fermi level, thus allowing the d−s excitation in the visible
region. Thus, Ag, Au, and Cu having considerably small ε2
(real part) values and ε1 = −2εm allow surface plasmon
resonance in the visible region which can be extended to the
NIR region.36

Strong plasmonic confinement of light energy leads to
considerable electric field intensity enhancement at the
interface of the metal nanoparticle surfaces, resulting in

unparalleled optical extinction properties and thermal effects
of the nanoparticles. Consequently, these strong light
absorption properties in the visible to NIR regions have
been extensively utilized in photocatalysis for small molecule
activation and are known to be a potential gateway for
harvesting renewable energy.37 LSPR excitation not only
harnesses solar energy but also enhances the selectivity and
rate of chemical transformations, thus proving the mettle of
metal nanoparticles in catalysis. These plasmonic nanomateri-
als can harness a broad range of the solar spectrum from visible
to NIR regions; therefore, we can utilize the most abundant
renewable energy resource, solar energy, directly in catalyzing
reactions of utmost importance such as in carbon capture and
utilization and green hydrogen production.38−40 In an effort to
reduce the greenhouse gas CO2 in the environment, plasmonic
nanomaterials can simultaneously capture solar energy and
enhance the catalytic rate of molecular activation due to
energetic charge carriers. LSPR on photoexcitation undergoes
damping of surface plasmon resonance either radiatively or
nonradiatively (Landau damping), subsequently leading to
nonthermal distribution of energetic charge carriers (hot
electrons and holes) (Figure 1c). The energy of these hot
carriers is further redistributed in a Fermi−Dirac distribution
followed by a fast hot electron−hole recombination on some
order of femtoseconds with dissipation of energy thermally to
the surroundings (Figure 2a−d). Following the absorption of
light and subsequent photoexcitation, the dephasing stages of
LSPR take place within a femtosecond time frame. Various
experimental conditions have been explored through exper-
imental and theoretical investigations to elucidate the hot-

Figure 2. (a−d) Successive surface plasmon excitation and relaxation mechanisms encompassing temporal elements and the distribution of charge
carriers across electronic states. (a) Excitation of a localized surface plasmon on interaction with incident photons. (b) Surface plasmons on
photoexcitation undergo Landau damping (1−100 fs), wherein plasmon resonance in the metal is damped nonradiatively into energetic charge
carriers referred to as “hot electrons and holes”. (c) Redistribution of thermal energy among hot carriers occurs through the electron−electron
scattering mechanism (time scale ∼100 fs to 1 ps). (d) Thermal dissipation to the surroundings via thermal conduction (time scale ∼100 ps to 10
ns). Schematic depiction of hot electron transfer from plasmonic nanomaterials to adsorbate molecules through (e) the indirect energy transfer
pathway and (f) the direct energy transfer pathway. Recreated from ref 14. Copyright 2022 American Chemical Society.
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carrier dynamics driving the desired chemical reaction.
Nonetheless, a pressing requirement remains to distinguish
the specific energy transfer mechanisms contributing to
plasmonic enhancement. These mechanisms may include
plasmon-induced injection of hot electrons, plasmon-induced
resonance energy transfer, plasmon-induced re-emission of
photons (radiative energy transfer), as well as direct electron
injection to the adsorbate.10,41 The molecular activation by
energetic hot carriers at the metal−molecule interface is
presumed to follow either a direct or indirect pathway. In the
indirect energy transfer pathway, hot carriers of appropriate
energy are transferred to the lowest unoccupied molecular
orbital of the reactants adsorbed on the metal surface, which
leads to nonthermal activation of the chemical bonds of
adsorbates (Figure 2e). The efficiency of indirect electron
excitation from the metal to the unoccupied orbital of the
reactant depends on the location of its LUMO near the Fermi
energy level of the metal.7−14 In contrast, in the direct energy
transfer pathway, the metal and molecule concomitantly
generate new electronic states at their interface, and the
energy transfer takes place from the occupied orbitals of the
composite to the unoccupied orbitals (Figure 2f). It results in
chemical transformation at the interface of the complex via
electronic or vibrational excitation of the adsorbates.7−11,13

Thus, LSPR-generated energetic charge carriers can be
explicitly employed for enhancing catalytic rates with a greater
selectivity of the reaction upon photoirradiation of suitable
wavelengths.41−43

Of the light that reaches the earth’s surface, infrared
radiation makes up 49.4%, visible light contributes 42.3%,
and ultraviolet radiation constitutes slightly over 8% of solar
radiation. So far, noble metal-based nanoparticles, namely, gold
and silver, and nonprecious copper and aluminum have been
reported to demonstrate plasmonic properties, each having
exclusive plasmonic properties in different spectral ranges43−47

(Figure 3a). Copper is an earth-abundant and inexpensive
metal and, thus, a prospective alternative to the rare and

expensive noble metal nanoparticles. Copper nanoparticles
(CuNPs) are known for their excellent optical and catalytic
properties arising from the large surface area to volume ratio
and quantum confinement effects.48 LSPR in CuNPs is
observed due to interband transitions between the valence
and Fermi energy levels of the copper, which could be the
principal reason for the comparatively weaker resonance shift
of the CuNPs. However, CuNPs are not very stable under
atmospheric conditions and are prone to oxidation. Much
research effort to stabilize CuNPs under air, water, and
chemical environments has been reported involving complex
synthetic structures.49 Copper, being a first-row transition
element, has fascinating physical and chemical properties, such
as its multiple accessible oxidation states, and offers excellent
catalytic properties. Optical extinction properties of plasmonic
nanoparticles can be readily tuned to absorb in a wide
spectrum, from the visible to NIR region. However, shifting
the absorption to a higher energy region, i.e., the UV region, is
comparatively more challenging. In contrast, gold nano-
particles (AuNPs) experience loss of energy via increased
scattering channels for wavelengths below 550 nm due to
interband transitions. Silver nanoparticles (AgNPs) are known
to absorb down to 350 nm yet suffer from loss of plasmonic
properties due to rapid oxidation. Aluminum has emerged as a
rising star owing to its excellent plasmonic properties in the
UV and visible regions of the spectrum, low cost, earth-
abundance, and high compatibility with semiconductor metal
oxides.50 Nonetheless, experimental optical responses of
aluminum nanoparticles (AlNPs) have been inconsistent due
to the oxidation of AlNPs under atmospheric conditions,
creating ambiguity due to a difference in the expected active
plasmonic surface. Therefore, AlNP plasmonic resonances are
sensitive to the presence of oxides within the metal. This
comparison establishes AuNPs as the best possible option for
photocatalyst due to their large optical cross-section, increased
photostability, ability to enhance intense local electromagnetic
fields within a few nanometers at the metal−dielectric

Figure 3. (a) Summary of predominant absorption spectral ranges of different plasmonic metals for utilization of broadband solar spectrum by
different shapes and sizes of metal nanoparticles. Gold (Au) primarily absorbs in the visible (520−550 nm) range and exhibits significant optical
response in the NIR region (700−1000 nm) with precisely engineered anisotropic nanostructures. Silver (Ag) typically absorbs and scatters in the
UV−visible region (400−500 nm) and has limited NIR absorption on modifications. Nonprecious metals: Aluminum (Al) absorbs in the UV
region (200−300 nm) with weak and broad absorption extending into the Vis−NIR range for different shape and size nanoparticles. Copper (Cu)
harnesses the full visible region of the solar spectrum and conventionally not employed in absorption in the NIR region due to poor stability. (b)
Schematic drawing comparing characteristic optical and physical properties of noble and nonprecious plasmonic metal nanoparticles.
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interface, and easy surface functionalization.44 The optical
absorption properties of gold nanoparticles can be simply
tuned from the visible to NIR regions by modulating the shape,
size, and morphology. AuNPs remain inert under atmospheric
conditions. Hence, AuNPs are stable under oxygen and can be
synthesized at room temperature using simple wet chemical
methods. AgNPs, on the other hand, show strong plasmonic
interplay with light and have the largest scattering cross-section
compared to other metals.45 Their absorption profile can be
tuned from ultraviolet to visible regions by tuning their size,
shape, and dielectric environment. Silver nanoparticles exhibit
sharper LSPR bands and thus exhibit an optimum application
in sensors. However, silver nanoparticles tend to photodegrade
under prolonged visible photoexcitation.46,47 This descriptive
comparison establishes the advantages of exploiting noble
metal plasmonic nanoparticles in small molecule activation
reactions (Figure 3b).

■ PLASMONIC METAL−MOLECULAR COMPLEX
HYBRIDS FOR CO2 REDUCTION

CO2 reduction is a multistep redox process. It starts with a
one-electron reduction of a linear and chemically inert CO2
molecule to a bent CO2 radical anion (CO2

•−). This step is
endergonic and kinetically sluggish.51 The formation of the
CO2

•− anion is a thermodynamically uphill reaction and
requires high negative potential (E° = −1.90 V vs SHE in
aqueous media) due to the internal reorganization of the
molecule and solvent effect.52 Therefore, designing an efficient
catalyst exhibiting high catalytic activity and selectivity is

challenging in overcoming the kinetic and thermodynamic
barrier associated with multistep electron reduction of CO2
and negating the formation of mixed products. A basic
understanding of the CO-dehydrogenase (CODH) enzyme,
known for catalyzing CO2 reduction to CO in nature, paved
the way for designing artificial constructs that simulate the
architectural blueprint of these enzymes.53 CO2 binding and
reduction on the [NiFe] cluster of the CODH enzyme involves
its activation by two metal centers and subsequent stabilization
through hydrogen bonding by appropriate pendant proton
donors in the outer coordination sphere.54 Inspired by this
natural and extremely effective catalyst design, continuous
efforts have been put in by the scientific community to pursue
efficient artificial CO2 reduction.55 Therefore, combining
plasmonic nanomaterials with molecular catalysts is a new
strategy to fabricate catalysts with high catalytic activity and
selectivity. Molecular catalysts can act as functional mimics of
natural metalloenzymes by incorporating unique enzymatic
features in their framework.56 They can also be selectively
tuned in terms of size, composition, and reactivity, offering
controlled, easy modulation of their structural or electronic
properties for increased reactivity.57 However, these metal
complexes are commonly employed in homogeneous catalysis
and have several demerits, such as slow charge transfer rates
and tedious separation of the reaction mixtures, thus, posing
difficulties in their practical applicability. The catalytic activity
of such systems is typically slow, as they display turnover
numbers (TON) in the range of 15−30 over a period of hours
and often require elevated pressure and excess organic solvents

Figure 4. (a) Z-Scheme CO2 reduction using a hybrid of a semiconductor and a binuclear Ru(II) complex. (b) Various Ru(II) complexes used by
the Ishitani group68−73 for photocatalytic CO2RR. Adapted with permission from ref 70. Copyright 2016 American Chemical Society.
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to expedite the reaction. Integrating molecular complexes with
plasmonic NPs resolves the above limitations, making a hybrid-
type photoelectrode where the inherent tunable reactivity and
selectivity of molecular complexes are complimented by
efficient light harvesting and charge transfer by plasmonic
materials.58 In the past few years, the ability of such hybrids
has been greatly exploited for efficient reduction of CO2. In the
following section, we will provide a concise overview of several
pioneering instances where hybrids combining plasmonic
nanomaterials and metal catalysts have been employed.

Hybrids of molecular catalysts and semiconductors are
promising photocatalysts for CO2 reduction.22,59−61 Here, the
inorganic/organic semiconductors act as photosensitizers, and
photoexcited electrons are transferred to the molecular
catalyst, enhancing the catalytic reaction.61,62 The introduction
of noble metal nanoparticles often facilitates interfacial charge
transfer between semiconductors and molecular catalysts. In
the following reports, we shall investigate the mechanisms by
which plasmonic metal nanoparticles facilitate interfacial
charge transfer via the enhancement of charge carrier
generation induced by LSPR, injection of hot electrons into
the conduction band of neighboring semiconductors, direct
transmission of energy to semiconductors through resonant
energy transfer, separation of photogenerated electrons and
holes, and provision of additional catalytic sites for the
reduction of CO2 to augment the overall catalytic efficiency of
CO2 conversion.

Recently, Wang et al. studied a hybrid of ZnIn2S4 (ZIS) and
the tetra(4-carboxyphenyl)porphyrin iron(III) chloride
(FeTCPP) molecular catalyst for CO2RR.63 ZIS, with its
excellent visible-light response, often exhibits low photo-
catalytic efficiency due to rapid charge recombination.
Introducing Au/Ag nanoparticles in the mix enhances the
charge separation and promotes interfacial charge transfer from

ZIS to FeTCPP, boosting photocatalytic CO2 conversion.
These results reveal that appropriate loading of Ag nano-
particles can act as a promoter for interfacial electron transfer
from ZIS to FeTCPP. However, excess AgNPs can aggregate
and cover the active sites of the ZIS surface, hindering the
redox reactions and thereby lowering the overall efficiency. In
contrast to Ag, introducing Au nanoparticles decreased the
selectivity toward CO production and enhanced H2 yield,
assuming the lower overpotential of Au nanoparticles for
proton reduction. These hybrid catalysts showed good stability
up to 9 h of illumination.

Au/TiO2 hybrids have been extensively investigated because
of their efficient light-harvesting properties and ability to
generate plasmon-induced hot electrons.64−66 In an interesting
study, Nam et al. immobilized the RuCY molecular catalyst
onto the Au/TiO2 heterostructure through a stable Ti-
phosphonate linkage to develop an effective photocatalyst for
CO2 conversion (Figure 4a).67 The plasmonic Au/TiO2
heterostructure promotes multielectron transfer toward the
active catalyst through efficient charge separation at a Schottky
junction, enhancing the photocatalytic activity. The hybrid
system showed remarkable stability and reusability, maintain-
ing its catalytic activity over 50 h without any loss. The
abundant electron supply from the plasmonic nanostructure
contributes to the remarkable selectivity toward formic acid
(95%) even at low pH, as the formation of formic acid is
favored when multiple electrons can be supplied simulta-
neously.

In an effort to develop an artificial Z-scheme system, the
Ishitani group utilized a hybrid photocatalyst that consists of a
supramolecular bimetallic ruthenium complex (RuBLRu′)
adsorbed onto Ag-loaded TaON (Ag/TaON).68,69 In this
work, methanol is used as a reducing agent and a sacrificial
electron donor. Methanol is oxidized to formaldehyde in this

Figure 5. Structures of Ren-MOF and Ag⊂Ren-MOF for photocatalytic CO2 conversion. (a) Zr6O4(OH)4(−CO2)12 secondary building units are
combined with biphenyl-4,4′-dicarboxylic acid (BPDC) and ReTC linkers to form Ren-MOF. The structure of Re3-MOF identified from single-
crystal X-ray diffraction is shown. The 12-coordinated Zr-based metal clusters are interconnected by 21 BPDC and 3 ReTC linkers in a face-
centered cubic array. Atom labeling scheme: C, black; O, red; Zr, blue polyhedra; Re, yellow; Cl, green; H atoms are omitted for clarity. (b) Ren-
MOF coated on a Ag nanocube for enhanced photocatalytic conversion of CO2. Adapted with permission from ref 87. Copyright 2016 American
Chemical Society.
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process, and it donates two electrons that reduce CO2 to
formic acid. The Ag nanoparticles enhance the photocatalytic
activity of the hybrid system by facilitating electron transfer
from the valence band of TaON (tantalum oxynitride) to the
excited or oxidized photosensitizer unit (Ru/Ru′) (Figure 4b).
Additionally, Ag nanoparticles can act as an electron pool,
enhancing the electron−hole separation in the excitation of
TaON and subsequently improving the efficiency of methanol
oxidation. In the overall process, light energy converts to
chemical energy with ΔG° = +83.0 kJ/mol. However, the Ag/
TaON system showed moderate selectivity (60%), which was
further modified using metal-free graphitic carbon nitride
(C3N4) semiconductors in their following work. Further
continuing along the same line, this group successfully
developed an artificial Z-scheme system that mimics natural
photosynthesis.70 In this work, the C3N4 semiconductor was
modified by loading Ag nanoparticles and coupled with the
Ru(II) binuclear complex (Ru/Ru′) to construct a RuRu′/Ag/
C3N4 photocatalyst. This hybrid material exhibited CO2RR
activity, displaying a high turnover and selectivity for formic
acid production. This catalytic assembly was efficient and
durable even under aqueous conditions, despite the hydro-
phobic nature of C3N4 and the low solubility of CO2 in water.
The researchers conducted several control experiments,
varying the reaction environments (argon and CO2) and
catalytic components to establish the synergy between hybrid
components. Without Ru/Ru′, the selectivity for formate was
greatly reduced as competitive H2 production occurred.
Interestingly, the loading of other metals, such as Au/Pt,
onto C3N4 dominantly generated H2. The results indicate that
the key to the high efficiency and selectivity of such a hybrid
system is the use of a Ag modifier that has a large overpotential
for proton reduction and mediates interfacial electron transfer
from C3N4 to the excited state of Ru/Ru′.

Later, in very similar studies, they utilized Ag-modified C3N4
nanosheets (NS-C3N4) along with a mononuclear Ru(II)
complex (RuP)71 and the binuclear RuRu′72 to obtain visible-
light-driven efficient CO2-to-formate conversion. Very recently,
they have substantially improved the catalytic performance of

the hybrid by modifying the molecular complex by inserting a
methylene spacer between the diamine ligand and phosphonic
acid group to construct RuCP.73 The modified hybrid RuCP/
Ag/C3N4 demonstrated significantly increased CO2 reduction
activity with higher HCOOH yields and selectivity than those
of RuP/Ag/C3N4. Figure 4a displays a schematic representa-
tion of the mechanism involved in the plasmonic-assisted
photocatalytic process by the various ruthenium complexes
(Figure 4b) utilized by their group.

There have been various studies involving photoactive metal
complexes,56,74−76 MOFs,77−83 and inorganic nanostruc-
tures16,84−86 with varying levels of CO2 reduction performance.
On this front, Choi et al. reported a MOF-coated nanoparticle
hybrid catalyst that consists of a Re complex (ReTC)
covalently attached to a zirconium MOF, UiO-67 (Figure
5).87 The MOF unit prevents dimerization, which leads to
deactivation of the molecular photocatalyst. The researchers
have quantitatively controlled the density of the molecular
photocatalyst in the frame to construct Ren-MOF (n = 0, 1, 2,
3, 5, 11, 16, and 24 complexes per unit cell), and the highest
activity was found for Re3-MOF. Further incorporation onto
Ag nanocubes (Ag⊂Re3-MOF) as plasmonic enhancers
increased the photocatalytic CO2-to-CO conversion by 7-
fold. On irradiation, the Ag nanocubes can generate intensified
near-surface electric fields with significantly higher magnitudes
than the incident electromagnetic field. As a result, the
photoactive Re centers in the Ren-MOFs are spatially localized
to the intensified electric fields, leading to a significant increase
in the photocatalytic activity. Additionally, the Ag⊂Ren-MOF
exhibits long-term stability, maintaining its photocatalytic
performance for up to 48 h.

N-heterocyclic carbenes (NHCs) also emerged as promising
candidates for surface functionalization of gold nanoparticles to
develop sustainable hybrid-type photocatalysts.88−90 In this
context, Chang et al. have demonstrated that an NHC-
functionalized AuNP catalyst can exhibit improved Faradaic
efficiency (FE = 83%) for CO2 reduction in water at neutral
pH compared to the parent AuNP (FE = 53%).91 Further, Jun
et al. reported an example of a ruthenium molecular complex

Figure 6. Schematic representation of (a) photoelectrochemical CO2 conversion reaction on α-Fe2O3/fluorinated tin oxide (FTO)∥p-GaN/
AuNP/RuCY and (b) immobilization of RuCY on the surface of AuNPs via the NHC ligand. Recreated with permission from ref 92. Copyright
2020 American Chemical Society.
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(RuCY) grafted onto plasmonic p-GaN/AuNPs via NHCs as
linkers instead of conventional thiol linkers for CO2-to-formate
conversion.92 The photoelectrochemical setup consisting of (p-
GaN/AuNP/RuCY) demonstrated a full reaction (Figure 6a).
Here, water oxidation occurred at the anode in tandem with
reduction of CO2 to formate at the cathode. The NHC-RuCY
covalent linkage could lessen the overpotential and surface
resistance for efficient hot electron transfer at a lower
overpotential than bare p-GaN/AuNPs (Figure 6b). This
unique functionalization ensured selectivity for formate as the
desired product instead of CO, with a FE of 96.8%. Thus, there
is ample room for improvement in molecular catalyst and
plasmonic nanoparticle heterojunction design, and a pool of

easily tunable hybrid systems can be developed for better
reactivity and selectivity.

In addition to energy transfer, nanoparticles can offer
stability and structural support to the molecular catalyst,
shielding it from degradation. In a recent study, Baumberg and
co-workers utilized a plasmonic gap approach to create a
hybrid structure where a nickel bis(terpyridine) complex
[Ni(tpyS)2] is sandwiched between two gold surfaces forming
a nanogap (Figure 7a).93 Dark-field spectral studies were
utilized to characterize the monolayer quality in the gap. The
molecular complex exhibits high selectivity for CO2RR toward
CO production over hydrogen in the solution phase catalysis.
The reaction mechanism changes in the hybrid catalyst

Figure 7. (a) Schematic representation of [Ni(tpyS)2] sandwiched between two Au surfaces. (b) [Ni(tpyS)2]2+ (at 0 V) and its one-electron
reduced form [Ni(tpyS)2-H2O]1+ (at −0.6 V). (c) Proposed catalytic cycle of Ni(tpyS)2-mediated CO2 reduction. Ln represents tpyS ligands
forming Ni−N bonds. [L6−Ni]2+ = [Ni(tpyS)2]2+, [L5−Ni−H2O]1+ = [Ni(tpyS)2−H2O]1+ Recreated from ref 93. Copyright 2021 Springer Nature
Limited.

Figure 8. Schematic representation of the photoelectrocatalytic system for directly reducing CO2 to CO with a NiO/Au/ReI(phen-NH2)(CO)3Cl
(phen-NH2 = 1,10-phenanthrolin-5-amine) plasmon nanohybrid system. Reproduced from ref 94. Available under a CC BY 4.0 DEED License.
Copyright 2024 Ananta Dey et al., published by Springer Nature Limited.
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compared with the original molecular catalyst as the electron
transferred during reduction delocalizes over the Au−S
anchoring unit and protects the integrity of the molecular
framework by inhibiting any ligand loss (Figure 7c). The
comparison of experimental surface-enhanced Raman scatter-
ing (SERS) spectra with the density functional theory (DFT)
calculated spectra displays the weakening of the Au−S bond
while no discernible changes in the active center environment
were observed. Thus, the nature of the anchoring unit plays a
pivotal role in the selection of the catalytic mechanism.
Comparison of the cyclic voltammetry (CV) data of the
molecular complex in the presence and absence of AuNPs
shows that the catalytic reduction is more favorable in the Au−
Ni(tpyS)2 monolayer due to stabilization of reduced radical
species. The increased current density and reduced onset
potential of the Au substrate under a CO2 environment in the
presence of a molecular catalyst indicate the occurrence of
effective CO2 reduction (CO2RR). The nanoparticle stabilizes
the molecular species by withdrawing electron density from the
monolayer, making reduction easier. SERS-coupled electro-
chemistry was recorded for both the reduced ([Ni(tpyS)2]+1,
−0.6 V vs Ag/AgCl), and oxidized ([Ni(tpyS)2]+2, 0 V vs Ag/
AgCl) states to understand the changes in the chemical
bonding of the molecular complex. The resultant spectra
illustrate the emergence of several new bands along with an
enhancement in the SERS background during reduction. The
experimental spectra show best agreement with the calculated
SERS when [Ni(tpyS)2-H2O]+2 is considered as the reduced
species (Figure 7b). Additionally, the solution-state reduction
of the non-thiolated catalyst suggests the loss of one
terpyridine ligand, which is avoided in the unique sandwiched
structure of the hybrid. In accordance with the experimental
SERS results and DFT measurements, the authors proposed a
2H+/2e− reduction pathway and explored possible intermedi-
ates (Figure 7c).

Recently, Sa ́ and co-workers reported a plasmonic nano-
hybrid system NiO/Au/ReI(phen-NH2)(CO)3Cl (phen-NH2
= 1,10-phenanthrolin-5-amine) that is unstable above 580 K to
limit the plasmon thermal contribution, ensuring that hot
carriers are the primary contributors to the catalytic process94

(Figure 8). The experiment utilized a nanohybrid comprising a
NiO semiconductor as the hole accepting unit and plasmonic
AuNPs for hot electron exploitation that is functionalized with
an intricately designed Re catalyst for selective CO2 to CO
conversion. The study combines photoelectrocatalysis with

advanced in situ spectroscopies, such as transient absorption
spectroscopy (TAS), transient infrared absorption spectrosco-
py (TIRAS), and unbiased in situ FTIR studies, to establish
charge transfer dynamics and confirm the direct involvement of
hot carriers in the catalytic CO2RR at room temperature. LSPR
photoexcitation of AuNPs results in energetic hot carriers, hot
electrons and holes, where hot electrons are injected into the
Re catalyst to initiate CO2 reduction and the hot holes are then
injected into NiO to drive the oxygen evolution reaction on
the anode. The initial electron transfer to the Re catalyst
triggers the reduction of ligands as supported by TIRAS
studies and subsequently undergoes two sequential proto-
nations with the second protonation being the rate-limiting
step that leads to the release of a water molecule. In the last
stage, the second plasmon hot electron reduces ReI−CO to
release CO, thereby concluding the cycle. These findings make
a significant contribution to the continuous investigation of
plasmonic photocatalysis and offer valuable perspectives on the
direct utilization of hot carriers in catalytic processes.

■ PLASMONIC METAL−MOLECULAR COMPLEXES
FOR H2 GENERATION

Photocatalytic hydrogen production is an important method
for the conversion of solar energy into chemical energy,
providing a pathway to produce clean and renewable energy
for a green future.95 However, the implementation of a
hydrogen-energy-based economy at an industrial scale remains
challenging due to the difficulties associated with the
development of reliable H2 storage/delivery systems. The
two major categories of sources for photocatalytic hydrogen
production are as follows: (a) Water: The hydrogen evolution
reaction (HER) using water and solar power is an efficient and
environment-friendly method due to the abundance of both
water and sunlight. (b) Other hydrogen-containing compounds:
Compounds with a high hydrogen content like formic acid
(HCOOH),96 ammonia borane (NH3BH3),

97,98 or sodium
borohydride (NaBH4) are gaining traction, especially for their
ease of transport and storage. To date, inorganic semi-
conductors and organic molecules are widely utilized as
catalysts for photocatalytic HER. The molecular complexes
have the advantage of easy modulation and tunability of their
fundamental properties.28 However, molecular complexes
often suffer from poor light-absorbing ability and low
photostability, hampering the catalytic rate.99 In recent years,
there has been growing interest in utilizing molecular catalysts

Figure 9. (a) Schematic illustration of AuNP@CoTPyP nanohybrids. (b) Photocatalytic HER curves of AuNP, CoTPyP, and AuNP@CoTPyP.
Reproduced from ref 100. Available under a CC BY 4.0 DEED License. Copyright 2023 Huixiang Sheng et al., published by Springer Nature
Limited.
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in combination with plasmonic materials for efficient hydrogen
production. In this section, we will explore some of the recent
advances made in this field.

Lu et al. developed a highly efficient and stable photo-
catalytic system comprising a molecular catalyst of cobalt
porphyrin with plasmonic gold nanoparticles for the hydrogen
evolution reaction (HER) (Figure 9a).100 The synergy
between the two constituents (AuNPs and CoTPyP
molecules) enhanced the charge separation and its subsequent
transfer at the interface, leading to a remarkable enhancement
in the catalytic HER performance. The AuNPs are chemically
inert for HER reactions when used alone, and CoTPyP alone
exhibits a low HER rate of 0.09 mol g−1 h−1 (Figure 9b).
However, when combined, AuNP@CoTPyP showed strong
catalytic activity toward HER (Figure 9b). The hybrid catalyst
exhibits long-term stability up to 45 h of continuous
photocatalytic reaction. The plasmonic effects, specifically
LSPR and interface charge transfer, play pivotal roles in
augmenting the photocatalytic activity of the AuNP@CoTPyP
nanostructures. A higher concentration of CoTPyP molecules
affects the catalytic activity due to the decreased aggregation of
AuNPs, which further reduces the formation of gap-mode
plasmonic hotspots essential for photocatalytic HER activity.

In contrast to that with spherical AuNPs, the HER on gold
nanorods exhibited a marginally lower rate of 0.2 mol g−1 h−1

due to the smaller gap-mode plasmonic hotspots generated in
the nanorods. Supplementary studies revealed that the transfer
of hot carriers to the CoTPyP molecules led to inhibition of
the radiative decay pathway, resulting in an increased HER
rate. Finally, DFT calculations support the experimental
observations of enhanced charge transfer and catalytic activity
in the AuNP@CoTPyP system, providing critical insights into
the mechanism underlying the photocatalytic HER process.

Recently, Sa ́ et al. directly utilized plasmonic hot electrons
generated with visible light irradiation for catalytic HER.101

Here, the focus was to distinguish between photothermal and
hot-carrier mechanisms in plasmonic-driven catalysis. To
ensure that the hot carriers can act as the major contributors
to the catalytic process, the plasmonic nanohybrid system
NiO/Au/[Co(1,10-phenanthrolin-5-amine)2(H2O)2] was de-
liberately assembled to limit the plasmon thermal contribution.
The authors demonstrated the role of plasmonic hot electrons,
which enhanced the hydrogen evolution rate when directed
into phenanthroline ligands, as the characteristic features of a
hot-carrier-mediated process were consistent with the catalytic
response to light modulation. In the catalytic mechanism, the

Figure 10. Schematic representation of the catalytic cycle leading to H2 evolution with a NiO/Au/[Co(1,10-phenanthrolin-5-amine)2(H2O)2]
plasmonic nanohybrid system. Recreated from ref 101. Available under a CC BY 4.0 DEED License. Copyright 2024, Ananta Dey et al., published
by Springer Nature Limited.

Figure 11. (a) Schematic illustration of the involvement of hot electrons in the catalytic cycle of the [Ag0@SiO2/(Fe/PP3)/HCOOH] system. (b)
Gas production rate enhancement for the three LED light sources (purple: LED-365, orange: LED-405, green: LED-455). Adapted with permission
from ref 102. Copyright 2023 American Chemical Society.
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irradiated AuNPs generate hot electrons and holes. The hot
holes transfer to NiO, leading to O2 production at the counter
electrode. The hot electrons are transferred to the phen ligand
and delocalize in the aromatic ring. These electrons further
undergo CPET (concerted proton−electron transfer) via
either a simultaneous or a sequential pathway, leading to H2
production (Figure 10). Thus, this work sheds light on the
complex processes of thermal contribution and charge transfer
from plasmonic AuNPs, emphasizing how crucial it is to
comprehend ultrafast charge dynamics in plasmon mediated
photoelectrochemical catalytic systems. This investigation
definitively settles the enduring dispute concerning the direct
participation of hot electrons in plasmon−molecular complex
hybrid photoreactor assemblies.

Gemenetzi et al. demonstrated photoplasmon-mediated
formic acid dehydrogenation (FADH) to increase H2
production.102 The photoexcited core−shell Ag0@SiO2
plasmonic nanoparticles (PNPs) and a molecular Fe catalyst
amplified hydrogen production by ∼4-fold (TON = 35,643)
compared to the experiment where the catalyst was used alone
(TON = 9615). Hydrogen production is dependent on the
catalytic activation of formic acid, which produces a transient
intermediate called Fe-hydride (Figure 11a). The mechanism
involved in this process entails a decrease in the solution

potential (Eh) triggered by the production of reducing agents
in the reaction solution by Ag0@SiO2 PNPs. Through selective
excitation at wavelengths (λex) ranging over the photoactive
profile of the nanohybrid, maximum FADH response was
observed at λex = 405 nm (Figure 11b). Hence, these reducing
agents help to enhance the rates of H2 production. The FADH
reaction rate was further amplified by controlling the hot
electron injection rates by varying the SiO2 shell thickness,
which ranged between 3 and 5 nm. Thus, this work expands
the possibilities for producing hydrogen on an industrial scale
by using FADH.

■ PLASMONIC METAL−MOLECULAR COMPLEXES
FOR O2 EVOLUTION/REDUCTION

Aside from the CO2RR and HER, many ongoing studies on
plasmon-assisted molecular catalysis also include oxygen
reduction and oxygen evolution reactions (ORR and OER),
which are crucial for the development of fuel cells. Wan et al.
investigated a highly ordered iron phthalocyanine (FePc)
adlayer on Au(111) electrode for ORR.103 From CV results, it
was clear that FePc-modified Au(111) shows significantly
higher catalytic activity than the bare Au electrode. Similarly,
Van Duyne et al. utilized a cobalt phthalocyanine (CoPc)
modified Au(111) substrate for ORR.104 Previously, they also

Table 1. Plasmonic Metal−Molecular Complex Hybrids for Various Catalytic Processes

plasmonic
material molecular catalyst light source reaction

major product
(% selectivity) temp performance metricsa

stability
(h) PEb ref

ZIS-Au/Ag
NP

FeTCPP 300 W Xe lamp
>420 nm

CO2RR CO 9 63

Au/TiO2 RuCY 300 or 450 W Xe
lamp

CO2RR HCOOH
(95%)

TOF = 1200 h−1 50 67

Ag/TaON RuBLRu′ 500 W Hg lamp
>400 nm

CO2RR HCOOH
(60%)

Φ = 0.20, TOF = 5 h−1,
TON = 41

24 14 68

Ag/TaON RuRu′ 500 W Hg lamp
>400 nm

CO2RR HCOOH
(85%)

298 ±
2 K

Φ = 0.0023, TOF = 25 h−1,
TON = 620

24 6 69

Ag/C3N4 RuRu′ 400 W Hg lamp
>400 nm

CO2RR HCOOH
(99%)

rt Φ = 0.052, TON = 33000 48 70 70

Ag/C3N4 RuRu′ Xe lamp >400 nm CO2RR HCOOH
(98%)

Φ = 0.2, TOF = 139 h−1,
TON = 2090

15 72

Ag/C3N4 RuP 400 W Hg lamp
>400 nm

CO2RR HCOOH
(95%)

473 K Φ = 4.2, TON = 5775 96 71

Ag/C3N4 RuCP LED (400 nm) CO2RR HCOOH
(95%)

Φ = 1.4, TOF = 800 h−1,
TON = 12000

60 44 73

Ag
nanocubes

[ReTC]3-MOF 300 W Xe lamp
(400−700 nm)

CO2RR CO (96%) TOF = 1.4 × 10−2 h−1 48 7 87

p-GaN/
AuNPs

RuCY Xe lamp >400 nm CO2RR HCOOH
(96.8%)

TOF = 1.46 min−1, TO
N = 1757

20 92

AuNP Ni(tpyS)2 CO2RR CO 93
AuNP ReI(phen-NH2)

(CO)3Cl
532 nm laser CO2RR CO 295 K TOF = 0.156 min−1, Φ =

0.2%
3 94

AuNP CoTPyP 300 W Xe lamp
>400 nm

HER H2 50 °C R = 3.21 mol g−1 h−1, 4650
h−1

45 20.8 100

AuNP [Co(1,10-
phenanthrolin-5-
amine)2(H2O)2]

CW laser 532 nm HER H2 265 °C 101

Ag@SiO2 Fe/PP3 300 W Xe lamp,
LED

H2
production
(FADH)

H2/CO2 (1:1) 80 °C TON = 35643, TOF =
17821 h−1

10 102

Au(111) FePc ORR H2O2 103
Au(111) CoPc ORR H2O2 104
AuTNP cobaloxime white light

supercontinuum
laser

WOR O2, H2 Φ = 0.8, RHd2
= 1.32 μmol

h−1, ROd2
= 0.66 μmol h−1

27

aPerformance of catalyst calculated only for major product in terms of TOF, TON, formation rate (R), and quantum yield (Φ). bPlasmonic
enhancement (PE)= the ratio of the overpotential shift for an electrocatalyst under illuminated conditions in the presence and absence of the
plasmonic component. As PE is a ratio, it is unitless.
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employed the CoPc/Ag(111) system and observed strong
evidence for oxygen activation due to the chemisorption of O2
on well-ordered CoPc monolayers supported on the Ag(111)
surface.105 These studies are limited to analysis of electro-
chemical catalytic activity yet quite insightful in presenting
strategies for anchoring of molecular complexes on Au/
Ag(111) electrode surfaces and outline in situ spectroscopic
studies such as in situ electrochemical scanning tunneling
microscopy (EC-STM), electrochemical tip-enhanced Raman
spectroscopy (EC-TERS), etc. to probe molecular scale
catalytic interactions. Recently, our group27 has utilized a
cobaloxime complex covalently linked with Au triangular
nanoprisms for efficient photoelectrocatalytic water oxidation
reaction (WOR/OER). The gold plasmon−cobalt catalyst
dyad retains its stability and integrity during the catalytic
reaction and successfully imitates photosystem II for neutral
water oxidation in the visible−NIR region of the solar
spectrum. Therefore, there is a substantial gap to address
and numerous opportunities to explore plasmon-induced
molecular oxygen evolution reaction (OER) and oxygen
reduction reaction (ORR) using comprehensive plasmon−
molecular complex dyads across the entire solar spectrum.

■ OUTLOOK AND CONCLUSION
In this review, we have pursued deeper insight into the
untapped potential of hybrids of plasmonic noble metal
nanoparticles and synthetic molecular catalysts leading to a
range of small molecule activation reactions. Incorporating
plasmonic nanomaterials with molecular complexes has
opened a new avenue to explore highly reactive and selective
artificial photosynthetic catalytic models. The surface plasmon
resonance phenomenon in noble metal nanoparticles allows
the harvesting of photons from visible to near-infrared spectral
regions by explicitly manipulating the shapes and dimensions
of nanoparticles. Noble metal nanoparticles, thus acting as
efficient antennas for light energy, generate energetic charge
carriers that can be harnessed to drive chemical reactions with
enhanced catalytic rate and selectivity and lowered energy
requirements. Their ultrafast charge transfer dynamics down to
a time scale of femtoseconds, however, pose difficulties in their
direct utilization as photocatalysts. Thus, plasmonic metal
nanohybrids with different catalytic units have been explored
in an efficient strategy to achieve optimum charge separation
and transfer to an adsorbate molecule for its activation. The
benefits of molecular catalysts have been widely acknowledged
in homogeneous catalytic conditions, as they allow for fine-
tuning the reactive metal centers and easy modulation of steric
and electronic features by introducing different functionalities.
Such molecular catalytic platforms offer a broad avenue for
gaining insights into the reaction mechanisms and intermediate
species formed, as revealed by mechanistic and spectroscopic
investigations. Thus, integrating the best of two worlds,
plasmonic nanoparticles for their excellent optical properties
and molecular catalysts for well-defined molecular structure
and active metal center, a wealth of prospects emerge in the
realm of catalysis.

Herein, we have briefly discussed the fundamental photo-
physical properties and plasmon-mediated interfacial charge
transfer pathways. Further, we have established a juxtaposition
among noble and earth-abundant plasmonic metals based on
their spectral absorption profiles, stability, and the convenience
of their synthesis and functionalization. After laying the
foundations of plasmonic effects, we have concisely reviewed

the plasmon−molecular catalyst photocathodes, as summar-
ized in Table 1, reported for CO2 reduction, hydrogen
evolution reaction, and oxygen evolution/reduction. The high
cost of precious-metal-based nanoparticles has often been cited
as a limitation of their large-scale production in the commercial
sector. However, the strong light−matter interactions occur-
ring in the full solar spectrum (visible to NIR) and near-field
enhancement on the order of 103 in hotspot regions in
proximity to the plasmon cannot be overlooked while proving
their mettle as robust light harvesters. In addition, grafting
molecular catalysts to plasmon-based solid photocathodes
broadens the scope of utilization of metal complexes in
heterogeneous conditions exhibiting synergistic amelioration in
catalytic activity, improved stability, and reusability. There
exists a vast potential in exploring earth-abundant plasmonic
nanoparticle and molecular catalyst hybrids to mediate
catalytic transformations such as nitrate reduction, ammonia
oxidation, nitrogen reduction, oxygen reduction reaction, etc.
Molecular catalysts integrated with PNPs can be used to
understand the underlying plasmon-induced hot carrier
generation/injection or photothermal reaction mechanistic
pathways involved in plasmonic enhancement in chemical
conversion through ultrafast transient absorption spectroscopic
studies. Therefore, the plasmonic−molecular complex hybrids
showcase the potential of an ideal photocatalytic core that can
set up the template for sustainable and scalable solar-energy-
driven energy-relevant small molecule transformation reac-
tions.
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