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The traditional Haber-Bosch process for ammonia production is energy-intensive and relies on harsh
conditions. Plasmonic materials are considered a sustainable alternative to this process. In
plasmonics, the ability to localize and enhance light fields beyond the diffraction limit offers a
promising avenue for harnessing visible light for photocatalysis. Moreover, the integration of
plasmonic metals with various catalysts presents a promising avenue to improve efficiency and
selectivity. However, cost and stability challenges hinder large-scale applications. Researchers are
actively exploring new materials, optimizing catalyst design, and improving stability to overcome
these hurdles. This Reviewdelves into the intricacies of plasmonic catalysis, includingmaterial design,
co-catalyst selection, and the use of nanotechnologies for precise control of metal properties in
plasmonic catalysis. It emphasizes understanding energy flow at material interfaces. Ultimately, the
Review aims to establish a foundation for efficient nitrogen fixation through plasmonic photocatalysis,
paving the way for a more sustainable future.

Nitrogen fixation is a fundamental chemical process crucial for the eco-
system. Ammonia synthesis, relying on nitrogen (constituting 78% of the
atmosphere), produces a versatile, non-carbon-based compound with
broad industrial applications, including fertilizer production, pesticides,
dyes, wastewater treatment, fermentation, and explosives1–4. Given its sig-
nificance, nitrogen fixation procedures warrant thorough examination.
Since the 1930s invention of the Haber-Bosch process, which utilizes pure
hydrogen (H2) and atmospheric nitrogen (N2) to produce ammonia (NH3)
(N2+ 3H2→2NH3, Eq. 1), global ammonia production has primarily relied
on Haber’s method due to its higher yield. In 2016, statistics indicated the
mass production of 175 million metric tons of ammonia annually for
agricultural and industrial needs5. The process involves high temperature
(300–500 °C) and pressure (150-200 atm) along with Iron or Ruthenium
catalysts. However, a persistent challenge is finding ways to utilize nitrogen
under ambient and milder conditions.

N2þ3H2�!cat:Fe3O4=K2O=Al2O3 ; 150�200 atm; 300�500 ∘C2NH3 ð1Þ

The formidable strength (941 kJ mol−1) andnon-polar nature of triple-
bonded nitrogen molecules contribute to a substantial activation barrier.
This characteristic highlights the energy-intensive nature of industrial sites
employing the Haber-Bosch process, leading to significant CO2 emissions,
surpassing 300 million metric tons annually from fossil fuels6,7. Notably,
1–3%of theworld’s electrical energy and 2–5%of theworld’s natural gas are

consumed exclusively for mass ammonia synthesis. Furthermore, carbon
dioxide generated as a byproductduringhydrogenproduction in theHaber-
Bosch process is a major contributor to global carbon emissions. The
continuous reliance on fossil fuels also raises concerns about their dimin-
ishing availability, prompting research efforts to develop sustainable and
environmentally friendly methods for nitrogen fixation4.

Although highly effective nitrogen fixation occurs in biological sys-
tems, particularly through nitrogenase in bacteria (Azotobacter, Bacillus,
Clostridium, etc.), mimicking enzymatic reduction has proven insufficient
to meet the increasing demands for ammonia production6,8. Nitrogenase,
featuring a catalytic site in a heterotetrameric MoFe protein, facilitates
nitrogenfixation activities throughmetal hydride intermediates, leading to a
several-fold increase in turnovers9–12. However, this approach lacks the
robustness required for large-scale ammonia production. To address the
growing demand for ammonia, researchers are exploring the use of
renewable energy sources as inputs.

This review focuses on the utilization of plasmonic nanomaterials for
green nitrogen fixation, leveraging advances in nanotechnology. Imple-
menting metals as catalysts at the nanoscale has demonstrated significant
enhancements in optical properties, plasmonic effects, surface-area-to-size
ratio, magnetic properties, and more13. According to the free-electron the-
ory, nanosizedmetals support localized surface plasmon resonance (LSPR).
LSPR arises from the collective oscillation of free electrons induced by
incident light, creating strong light-matter interactions at the metal surface.
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The recognition that LSPR excitation facilitates field localization beyond the
diffraction limit and yields exceptionally high field enhancement opens vast
opportunities for light harvesting in photocatalysis. The intense field energy
near the nanoparticle (NP) surface dissipates either through the radiative
scattering of photons or via nonradiative decay, leading to the generation of
a nonequilibrium distribution of hot charge carriers14,15. Depending on the
electronic band structure of the nanomaterial, the potential energy of these
charge carriers dictates their contribution to the overall free energy of
chemical reactions occurring on the nanoparticle surface16,17. Consequently,
these hot charge carriers show significant potential in reshaping the
potential landscape of both thermodynamically and kinetically challenging
chemical reactions18. Nevertheless, the extremely brief lifetime and short
mean free paths remain fundamental hurdles to overcome for the efficient
extraction andutilization of these hot charge carriers19. Variousmethods for
employing plasmonic nanomaterials, such as electrocatalytic nitrogen
reduction, single plasmonic nanosheets, metal-organic frameworks, hybrid
nanostructures, and surface defect-induced reduction, are explored (Fig. 1).

Twowidely acceptedmechanisms can induce activation of the reactant
and consequent product formation. The first mechanism relies on the
transient exchange of hot charge carriers between the NP and adsorbate/
reactant, leading to vibrational excitation of the reactant. This mechanism
pertains to transient charge transfer20 (the charge stays in the hybrid state for
a few femtoseconds~10−15 s)21,where the energy is transferred in the formof
vibrational excitation of the N2 molecule. It is followed by the immediate
decay of the hot electrons back to the metal surface following one of the
manydissipative pathways (vide infra). It is to be noted that transient charge
transfer is sufficient to initiate chemical transformations on the adsorbates,
but to make the process more competent for light-harvesting applications,
permanent charge extraction is needed. Thus, it is crucial to develop
interfaces that permanently extract the energetic charge carriers once they

are generated so they do not relax back into themetal. This process requires
a hole scavenger that compensates for the hole (h+) left behind after per-
manent electron (e−) injection into the adsorbate from the metal center,
thereby prolonging the electron–hole (e-h) separation lifetime20,22. Perma-
nent extraction of the charge carriers from the metals and their transfer
either to the antibonding orbital of nitrogen or the conduction band of a
semiconductor, depending on the system used is catalytically more desired
than transient charge extraction. This method of extracting charge carriers
from photoexcited plasmonic metal NPs resembles the classical photo-
catalytic reactions on semiconductors or molecular photocatalysts. The
electric field induced by LSPR also facilitates direct charge transfer within
the molecule-adsorbate system, a topic that has garnered significant atten-
tion in recent years23. Extensive research efforts have been dedicated to
achieving optimal charge extraction and separation at interfaces by
exploring various plasmonic nanostructures to drive selective and efficient
N2 reduction

24–30. Traditional catalysis methods for N2 dissociation require
elevated temperatures and pressures, leading to substantial energy con-
sumption. In contrast, plasmonic catalysis utilizes the unique properties of
metallic nanostructures, particularly their ability to generate hot electrons
through surface plasmon resonance decay. These hot electrons can selec-
tively transfer energy toN2molecules, potentially breaking the robust N≡N
bond under milder reaction conditions, offering a promising avenue for
more efficient and selective nitrogen fixation.

This review aims to provide a comprehensive understanding of N2

reduction, emphasizing its thermodynamic and kinetic attributes and dis-
cussing various challenging mechanisms involved. It delves into the intri-
cacies of plasmonic catalysis, offering insights into material design
optimization and the role of co-catalysts for enhanced efficiency and
selectivity. Advances in nanotechnologies are explored, showcasing diverse
metal structures in plasmonic photocatalysis. Additionally, the review

Fig. 1 | An overview of various aspects of plas-
monic photocatalysis. Nitrogen fixation via plas-
monic catalysis can proceed through two primary
pathways: direct involvement ofmetal nanoparticles
(NPs) or indirect involvement utilizing semi-
conductor substrates. The former entails intricate
mechanistic processes, while the latter necessitates
additional substrate materials. In the direct
approach, a metal facilitates both light harvesting
and the chemisorption of nitrogen molecules.
Conversely, the indirect method employs a semi-
conductor in intimate contact with the plasmonic
metal for nitrogen chemisorption. This indirect
approach was developed to address limitations
associated with plasmonic metals in nitrogen che-
misorption. Commonly used semiconductors
include titania (TiO2), (BiO)2CO3, CeO2, SrTiO3,
among others.
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highlights the processes associated with plasmonic photocatalysis, empha-
sizing how plasmonic chemistry aids in this energy-intensive process.
Furthermore, the latest developments in devising plasmonic nanostructures
for N2 reduction and the fundamental physical principles governing the
nitrogen reduction reaction (NRR) are thoroughly examined. Finally, the
review addresses bottlenecks to efficient N2 fixation, proposes an ideal
catalyst scenario, and discusses strategies for refining catalytic activity to
overcome current limitations. By offering insights into these aspects, the
review contributes to enhancing nitrogen fixation efficiency and provides a
comprehensive overview of the field’s current state and future prospects.

Key considerations in choosing plasmonic and nonplasmonic
materials
Plasmonic metal nanoparticles manipulate electromagnetic energy at the
nanoscale by exciting LSPR upon light illumination. This resonance con-
centrates energy into amplified electromagnetic fields at the nanoparticle
surface, which dissipates either through radiative scattering or nonradiative
excitation of energetic charge carriers31–33. Utilizing these hot carriers offers
control over reaction selectivity in catalysis, altering the potential landscape
of challenging chemical reactions based on the nanomaterial’s electronic
band structure34,35. The dynamics of plasmon decay and the characteristics
of absorption processes vary depending on the type of plasmonic metal36.
This is because the generation of charge carriers throughnonradiative decay
can occur via intraband s-to-s excitation or interband d-to-s excitation, with
interband transitions dominating when energetically feasible. Noble metals
such as Ag have d-bands situated well below the Fermi level, making
interband excitations forbidden with visible light22,37. However, metals like
Au and Cu have d-bands closer to the Fermi level, allowing for interband
transitionswith visible light above a specific threshold. In non-noblemetals,
the d-states intersect the Fermi level, enabling interband transitions across
the entire visible range38.

Understanding the dynamics of plasmon decay is crucial for charge
extraction before relaxation through various pathways39,40. Following plas-
mon excitation and charge carrier generation within a short timeframe of
1–100 fs, the charge carriers undergo electron–electron relaxation,
electron–phonon relaxation, and phonon–phonon relaxation steps. Hot
electron–hole pairs primarily dissipate their energy through
electron–electron scattering on a 100 fs–1 ps timescale, followed by
electron–phonon scattering on a 1–10 ps timescale, and phonon–phonon
scattering on a100 ps–10 ns timescale, leading toheating of thenanoparticle
and its surroundings21,41.

The energetics, lifetime, and transport of these generated charge car-
riers determine the overall efficiency of the targeted catalytic reaction42. The
relative position of the s and d-bands of the plasmonic metal can influence
the energy distribution of hot charge carriers, while electron–phonon
interactions regulate hot-carrier energy loss and transport43. Energy dis-
tribution, relaxation time, and mean free path of hot charge carriers sig-
nificantly differ between intraband and interband excitation regimes17.
Extracting hot holes poses challenges due to their ultrashort lifetime, shorter
mean free path, and faster relaxation dynamics, necessitating considerable
efforts to overcome these constraints44. Charge carrier transport is affected
by the energetics of hot electrons and holes, particularly across various
interfaces, and must be considered when engineering interfaces for charge
localization19,45.

Moreover, plasmonic metals have the capability to create complexes
with adsorbates, facilitating the direct excitation of charge carriers from the
metal-adsorbate interface. This capability enhances the catalytic efficiency
of nitrogenfixationprocesses by enabling ahigher rate of direct excitation of
charge carriers into the adsorbate surface states compared to the indirect
injection of carriers into the adsorbate states26. Such investigations have
paved the way for novel approaches to mitigate energy losses.

In addition, careful consideration of co-catalysts becomes crucial in
tailoring the catalytic activity and selectivity of these processes while miti-
gating potential issues like adsorbate poisoning.Overall, plasmonic catalysis
offers an innovative and sustainable route to achieve nitrogen fixation into

ammonia under more benign conditions, presenting a viable alternative to
the energy-intensive Haber-Bosch process. Thanks to the advancements in
nanotechnologies, the surface energies, numbers of adsorption sites, and
optical properties of metals can be finely tuned with several techniques. The
size and shape of themetalNPs govern the surface energies, which direct the
adsorption strategies46–48. Better adsorption of the adsorbate is detected at
sites with higher surface energies. Several metal structures, including
mesoporous (honeycomb), spheres, rods, wires, cages, cubical, helical fra-
meworks, ultrathin sheets, andmany others, were nanoengineered to tweak
the plasmonic characteristics according to the materials used. For instance,
ruthenium-embedded Au composite1, plasmonic metal governed metal-
organic framework49, hybrid hollow Au-Ag2O cages50, ultrathin titania
sheets decorated with gold particles51, and surface imperfections52 are few of
the widely investigated areas in plasmonic photocatalysis.

Recently, the plasmonic local heating effect has also been used to
promote solar ammonia synthesis beyond the limits of thermal catalysis53.
Understanding the complex synergy between plasmonic/nonplasmonic
heterostructures, which dictates the flow of energy at the interface, is crucial
to take this field forward. Efficiently extracting and utilizing charge carriers
in various applications depends on designing plasmonic nanostructures
with highly localized charge generation. Coating these structures with
nonplasmonic metals can preferentially dissipate energy in the non-
plasmonic metal, influenced by the constituent metals’ electronic structure.
The energy flow in multimetallic plasmonic nanostructures relies on two
critical factors: the electric field intensity at LSPR frequencies and the
availability of direct transitions in the nonplasmonic metal relative to the
plasmonic metal. Nanoparticles with higher field intensities under LSPR
conditions more effectively dissipate energy through the nonplasmonic
metal shell. Moreover, the extent of energy transfer to the nonplasmonic
shell depends on the ratio of the imaginary part of the material’s dielectric
function (ε2) of the core and shell materials at the LSPR wavelength. A
higher shell-to-core ε2 ratio results inmore energy transfer to the shell. This
framework enables the design of hybrid nanostructures that localize charge
carriers and potentially extract charge carriers with different energy dis-
tributions than those generated in plasmonic metals54.

Nitrogen fixation
The conversion of nitrogen and water into ammonia under ambient con-
ditions is a highly attractive yet challenging reaction pathway. Despite the
abundance of nitrogen in the atmosphere and the exothermic nature of the
ammonia synthesis reaction according to thermodynamics, the process
encounters significant obstacles due to the chemical inertness and stability
of N2. In the following section, we delve into the intricate thermodynamic
aspects of nitrogen fixation. It provides insights into the energetics asso-
ciated with breaking the strong triple bond between nitrogen atoms in
atmospheric nitrogen. This bond requires a substantial amount of energy to
be overcome, thereby we shed light on how realizing each step of the
reduction process can aid in optimizing the catalytic processes for NRR. N2

reduction reactions primarily occur on surfaces, andN2 adsorption can take
place via associative or dissociative methods. Therefore, this section aims to
enhance the mechanistic understanding of these two different mechanisms
and highlight their contributions in NRR.

Thermodynamic and kinetic standpoint. The chemical inertness of
nitrogen molecules attributes to their strong π bonding. This results in a
significantly high energy gap (10.82 eV) between the highest occupied
molecular orbital (HOMO) to the lowest unoccupied molecular orbital
(LUMO) as shown in Fig. 2a, which thereby makes the ionization
potential relatively high (~15.5–15.8 eV). Besides this, the non-polar
nature of this diatomic molecule also accounts for its’ negative electron
affinity (−1.9 eV)55–57. These parameters contribute to its high activation
barrier, curtailing the chemical transformations under mild conditions5.

Owing to the high threshold values of the intermediates, the
stepwise reduction of nitrogen to ammonia is energetically cumbersome
despite having favorable thermodynamics (ΔG0

f =−16.7 kJmol−1;
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ΔH0
f =−92.2 kJmol−1 at room temperature)5,58.

N2H2 cisð Þ : ΔH0
f ≈212:9 kJmol�1;

N2H2 transð Þ : ΔH0
f ≈204:1 ± 2:2 kJmol�1

N2H4 : ΔH
0
f ≈95:4 kJmol�1

The above data suggests that the initial nitrogen reduction demands a
significant amount of energy, hinting at the potential rate-determining
nature of the first step (Fig. 2b)59. This inference aligns with previous studies
highlighting the substantial energy barrier associated with the initial stages
of nitrogen reduction processes. Figure 2b illustrates the state free energy
(eV) versus the reaction coordinate for the reduction of N2 toNH3, with the
generation of subsequent intermediate species (adsorbed species indicated
with a star *).

N2 þ e� ! N�
2 g
� �

;� 2:9V vsRHE ð2Þ
The rate-limiting behavior can be understood by considering nitro-

gen’s initial bond dissociation energy, 410.0 kJ mol−1, which is over half the
energy necessary for its complete dissociation (941.0 kJ mol−1). This is in
direct contrast to the energy required for acetylene’s initial bond cleavage
(222.0 kJ mol−1)60. The nitrogen activation begins with the first electron
insertion into the LUMO, partially stretching the bond length (Eq. 2). In an
aqueous medium, the reduction is preferable because the successive inter-
mediates have larger proton affinities (N2H2: 803.0 kJ mol−1; N2H4:
853.2 kJ mol−1) than nitrogen (493.8 kJmol−1)57. Furthermore, a smaller
HOMO-LUMO gap for the intermediates (N2H4: 7.4 eV) enhances the
kinetic accessibility of nitrogen (10.8 eV). Even though the reaction is
exothermic overall, mediators are used to generate the first intermediate.
One such influential and well-known biologically mediated reaction occurs
via the nitrogenase enzyme. The enzyme functions efficiently at room
temperature and fixates about 108 T/y of N2 to NH3. Other approaches,
namely, photocatalytic and electrocatalyticmethods, have been investigated
to execute this reduction reaction.

Surface mechanisms for nitrogen reduction to ammonia. It is
important to understand the mechanistic pathway of a catalytic N2

reduction process to design and tune the catalyst. Most N2 reduction
reactions are surface reactions, where N2 adsorption may occur in one of
two ways: associative or dissociative (Fig. 3)61.

In the dissociative method, the N2 molecule is dissociated before any
hydrogenation and then chemically adsorbed onto the surface, like

conventional thermal catalysis such as Haber’s process. On the other hand,
the molecule adsorbs in an associative manner. There are two methods for
this to happen: distal and alternatingmechanisms. In the distal mechanism,
the N2molecule is assumed to be coupled in an end-on coordinationmode.
The nitrogen farthest from the surface undergoes successive hydrogenation,
resulting in theM≡Nunit,which can also be further hydrogenated. A single
molecule of N2 creates one ammonia molecule at a time. In the alternating
mechanism, both nitrogen atoms are protonated simultaneously, forming
two equivalents of ammonia per N2.

Compared to the distal, the alternating mechanism is not thermo-
dynamically inclined considering the end-on mode. This is because the
proximity of onenitrogen ismore than the other.Nonetheless, it is preferred
over the distalmechanismduring side-on bridging. Throughout this review,
the primary aim is to emphasize the benefits of plasmon-driven nitrogen
fixation employing energy in the form of photoexcitation, not simply stoi-
chiometrically but catalytically, ensuring the mechanistic understanding of
the overall process.

Plasmonic catalysis
Solar energy as a light source can be used as a broadband light source or can
be accommodated by selecting a single-colored light depending on the need
and catalyst design.Metals whose LSPR peaks lie outside the solar spectrum
are seldom used for photocatalysis62. Themetals reported for their plasmon
effect arenoblemetals (Au,Ag,Ru, Pt, Pd) andnon-noblemetals (Bi, Fe,Cu,
Al, Mg, Co, Ti, Ni, In, and Ga)63. Amongst plasmonic metals, Au remains
extensively researched. It is to be comprehended that surface plasmonic
excitations are not limited to metals but can also be induced in other 2D
materials with sufficient charge carrier densities on the surface, such as
MXenes64,65, chalcogenides66–68, graphene69–71, black phosphorous72 and,
hexagonal boron nitrides73.

Surface-confined electrons on metals at the nanoscale can resonate
with the visible light of a specific wavelength. Unique optoelectronic
properties are observed when the frequency of the incident electromagnetic
radiation and the free electrons on themetal surface are in phase. It leads to
the generation of an oscillating dipole constituting hot charge carriers in the
same direction as the electric field of light, thereby enabling the LSPR. This
dramatically amplifies the collision frequency between the oscillating elec-
trondensity and the lattice atoms, causing Joule heating to induce additional
vibrational energy74. Sole focus on employing this heat, however, shifts the
paradigm to another field of plasmonics, namely thermoplasmonics. This
entire enhancement of inherent characteristics of plasmonic metals can be
used effectively in catalytic processes at the surface, also referred to as
plasmonic catalysis.

Plasmonic excitation induced by the illumination of visible light plays a
crucial role in influencing the activation of adsorbates on nanoparticle

Fig. 2 | Molecular orbital landscape guides
understanding of the rate-limiting step in N2 to
NH3 conversion. a Simplified molecular orbital
diagram of N2, the highest occupied molecular
orbitals of N2 (σ2p and π2px, π2py) are strongly
bonding: the energy of the σ2p orbital is –15.6 eV,
and of the π2px, π2py orbital is –17.1 eV. The lowest
unoccupied orbital energy (π2p*) is strongly anti-
bonding: its energy is+7.3 eV.bFor the reduction of
N2 to NH3 with the subsequent intermediate gen-
eration (transient species indicated with a star (*)
indicates adsorbed species), the plot of state free
energy (eV) versus Reaction coordinate is shown.
The maximum state free energy is found during the
injection of the first electron into the LUMO of the
N2 molecule, suggesting that this is the rate-limiting
step59 (b reprinted with permission from ref. 59.
Copyright. 2018, American Chemical Society).
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surfaces, potentially facilitating chemical transformations75,76. Essentially,
the generation of hot charge carriers subsequent to plasmonic excitation
enables the transfer of energy to adsorbates, thereby initiating oxidation/
reduction half-reactions42,77–80. The collective resonance of hot electrons on
nanoparticles with the incident visible light frequency results in excess
energy, necessitating equilibration. Prior to plasmonic excitation, adsorbates
reside at the ground state of the potential energy surface, requiring an energy
of Ea to initiate chemical transformations (see Fig. 4a). Following excitation,
two possibilities arise. Firstly, transient electronic excitation may guide the
evolutionof adsorbates along anexcitedpotential energy surface,with excess
energy inducing atom reconfiguration, ultimately perturbing bond length or
angle and initiating chemical transformation at the excited potential energy
surface. Secondly, if the reactant does not remain in the excited state long
enough to undergo a chemical reaction, it returns to the ground state with
excess vibrational energy, facilitating the overcoming of the high activation
energy barrier with greater ease (see Fig. 4b)75,76,81,82. It is important to

emphasize that the activationof adsorbates in this context does not entail the
permanent extraction of charges from themetal, leaving it in a charged state.
Rather, it involves a transient electronic exchange between the metal and
the reactant, resulting in the formation of transient adsorbates that
persist for tens of femtoseconds before relaxation. This transient state is
adequate to initiate chemical reactions or impart excess vibrational energy
with a longer lifetime, such as picoseconds. In fact, for weakly bonded
molecules on plasmonic metals (e.g., Au or Ag), energy dissipation routes
are highly restricted, thus it is reasonable to assume that excited vibrational
states will have a longer lifetime. This implies that a molecule on the
metal surface can participate in a chemical reaction while in an excited
vibrational state76,82,83.

For aplasmonicmetal to exhibit LSPRproperties, thewavelengthof the
incident light must be greater than the size of the metal. The total radiant
flux, known as the extinction cross-section (σext), is significantly higher than
the geometric cross-section of the metal. The σext is determined by the

Fig. 3 | The generic surface mechanism for nitrogen reduction to ammonia61. Adapted with permission from ref. 61. Copyright. 2016 Elsevier B.V. All rights reserved.

Fig. 4 | Schematic of the desorption induced by electronic transitionsmechanism
for a dissociation reaction on a photoexcited plasmonic metal. a The adsorbate is
initially in an equilibrium position on its ground-state potential energy surface,
demanding activation energy Ea to dissociate. bThe plasmonicNP’s photoexcitation
deposits plasmon energy in the adsorbate and raises it to an excited potential energy

surface. The adsorbate gains kinetic energy and may react in the excited state as it
travels along the excited potential energy surface. If the adsorbate does not react in
the excited state, it falls back to the ground-state potential energy surface in a
vibrationally excited state. This lowers the barrier to dissociation. (a, bAdapted with
permission from ref. 76. Copyright. 2018, Nature catalysis).
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dielectric constants of the metals, expressed as:

σext ¼ σabs þ σscat ∼
ε2

ðε1 þ 2εmÞ2 þ ε22
ð3Þ

This relationship, known as the Mie approximation (Eq. 3), is
applicable primarily to spherical nanoparticles84. Here, σabs represents the
absorption cross-section, σscat denotes the scattering cross-section, and ε2
(the imaginary dielectric function) signifies dielectric loss, which indicates
the amount of energy dissipated or lost from the electric field in the form of
heat. The decay of energy in LSPR modes via the generation of energetic
carriers is favored for large ε2 values. It is apparent from the aforementioned
relation that σext achieves its maximum value when ε1 (the real part of the
dielectric function of the metal) is approximately equal to – 2εm (where εm
represents the dielectric constant of themedium). Experiments have shown
that such conditions are predominantly met in the ultraviolet-visible range
for plasmonic metals.

The selection of plasmon metals for surface chemical reactions pri-
marily hinges on the prominence of specific transitions (Fig. 5)85. These
transitions leading to the formation of electron–hole pairs entail two pos-
sibilities: indirect s-to-s intraband excitation from filled s states below the
Fermi level to empty s states above it, and direct interband d-to-s excitation
from d band below the Fermi level to s band above it. The proximity of d
states to the Fermi level dictates the accessibility of these transitions. While
the filledd band of Ag, situatedwell below the Fermi level, does not undergo
interband transitions under visible light, the fully filled d-bands of Au and

Cu lie closer to the Fermi level. In noble metals like Pt and Pd, interband
transitions can occur across the visible light spectrum due to the overlap
between the Fermi level and the d band (Fig. 5a). Noble plasmonmetals are
chosen to have a filled d orbital with the Fermi level positioned above them.
A lower Fermi level facilitates electron capture by the metal, significantly
curtailing intraband transitions (Fig. 5a)76. Consequently, interband tran-
sitions prove more advantageous in initiating chemical transformations,
with a rate constant as high as 1015s�186–88.

Upon excitation of a plasmonic mode in a conductive nanostructure,
nonradiative energy is dissipated either through a cascade of charge transfer
events or via near-field interaction, contributing to the heating of the
nanostructure and dispersing heat into its surroundings89. The plasmonic
energy generated arises from various mechanisms including phonon-
assisted, surface, geometry-assisted, and direct transitions, encompassing
resistive losses or Landau damping. These contributions vary with incident
light frequency and are influenced by the geometries and sizes of the
nanocrystals. The Atwater group corroborated similar findings for both
bulk gold surfaces and spherical gold nanoparticles of varying sizes
(Fig. 5b)17.

Similarly, Clavero emphasized the importance of plasmonic nanos-
tructure size and shape in excitation and charge carrier generation90.
Not only do they govern the LSPR excitation wavelength, but they
also influence the charge separation process. Small nanostructures of Au
andAg (20–40 nm) tend to exhibit nonradiative decay in experiments, such
as electron–electron scattering (<100 fs), phonon–phonon (~100 ps) cou-
pling, and electron–phonon scattering (1–10 ps). In contrast, larger

Fig. 5 | Plasmon excitation in metals: Electronic transitions, size effects, and
relaxation dynamics. aDepiction of the density of states in a plasmonic metal. The
accessibility of interband d-to-s transitions depends on the position of the Fermi
level concerning the d band. However, the intraband s-to-s transitions can be
attained via visible light photons. In the case of non-noble metals and for Pd and Pt
noble metals, interband excitation occurs throughout the visible range due to the
intersection of the d band and Fermi level76. (aAdaptedwith permission from ref. 76.
Copyright 2018, Nature Catalysis) b The difference in relative contributions of

resistive, geometry-assisted, phonon-assisted, and direct transition to absorption in
Gold as a function of frequency for a semi-infinite surface, 40 nm, 20 nm, and 10 nm
diameter sphere17 (b reprinted with permission from ref. 17. Copyright 2016,
American Chemical Society). c Representation of the multiple steps involved in the
internal relaxation of a collective plasmonicmode in a nanocrystal following a pulsed
excitation on the ultrafast and fast time scales89 (c adapted with permission from
ref. 89. Copyright 2020, American Chemical Society).
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nanostructures (>50 nm) favor radiative decay via photon emission (see
Fig. 5c)90. The optical characteristics of the nanostructures determine the
dimension at which radiative decay becomes the predominant relaxation
mechanism. Only electrons decaying through nonradiative pathways
facilitate the chemical transformation.

N2 fixation using plasmonic nanocomposites with enhanced
charge separation
When passed over a plasmonic metal surface under specific conditions,
atmospheric nitrogen chemisorbs onto themetal surface. Instead of directly
photoexciting the nitrogen molecule, highly energetic charge carriers
(electron–hole pairs) activate the nitrogen molecule91. These energetic
electrons transiently occupy the nitrogen’s empty antibonding orbital,
allowing sufficient time to energize the molecule vibrationally. The gen-
erationof hot electrons and their insertion into the nitrogenmolecule occurs
within femtoseconds, as experimentally proven using ultrafast femtosecond
visible and infraredpump-probe transient absorption spectroscopy 92,93. The
temporary hole formed during electron injection initiates charge separation
through the electron–hole pair, inducing instability in the system, com-
pelling the electron to return to its sourcemetal. If the transient hole remains
uneliminated within nanoseconds to picoseconds of electron injection, the
charge carrier recombines20,90. This transient process facilitates the charge
carrier’s residence in the adsorbate’s empty orbital (Fig. 6a, b). The insertion
of hot electrons, whether transiently or permanently, results in bond elon-
gation. Permanent electron transfer leads to a more significant decrease in
bond order than transient transfer1,21,34,41.

LSPR plays a crucial role here, as highlighted by the inhibition of
nitrogen reduction in dark reactions, underscoring the significance of
plasmonic assistance94. The enhanced electric field resulting from the
localization effect and larger surface area lays the groundwork for sustained
reaction pathways under benign conditions94. Electron transfer from the
plasmonicmetal reduces the high thermodynamic activation energy barrier
essential fornitrogenfixation. Semiconductors offer additional active sites to
assist in the passage of accumulated hot electrons to adsorbed molecules,
resulting in the formation of active intermediate species95.When plasmonic
metals interact with semiconductors, two main events occur at the semi-
conductor interfaces: Schottky barrier formation and surface plasmon
resonance-induced changes in interfacial charge transfer dynamics.

Thebandalignment andpossible charge transfermechanism inametal
and metal/semiconductor assembly are shown in Fig. 7a–c. The parameter

φM is themetal’s working function, defined as the energy needed to bring an
electron from the metallic Fermi energy to the vacuum. XS is the electron
affinity, the energy difference between the lowest-lying conduction band
(CB) and the vacuum (Vac) energy. The description of the semiconductor
dictates the shape of the CB after combining the semiconductor with the
metal.Metals with lower Fermi energy than semiconductors aremore likely
to trigger electron flow from semiconductor to metal, and vice versa when
the metal’s Fermi energy is higher than the semiconductor. This process
continues until their Fermi levels align in equilibrium. A Schottky barrier
caused by these deformations at the interface must be crossed for effective
charge separation. The work function of the metal is greater than the work
function of the semiconductor in n-type electronics, and the electrostatic
attraction between the positively charged semiconductor surface and the
negatively charged metal surface ends up bending the valence band (VB)
and CB upwards (Fig. 7b) at the boundary of the metal/semiconductor.
Additionally, only the energetic electrons from the plasmonic metal can
transcend the Schottky barrier to travel across the semiconductor’s con-
duction band, leaving the hot holes in the metal96,97. The lower the Fermi
level, the easier it is for themetal to capture electrons, enable efficient charge
extraction, and thus, they serve as potential electron reservoirs98. Likewise,
for p-type semiconductors, the opposite flow of electrons (from metal to
semiconductor) is linked to the lower work function of the plasmonicmetal
relative to the semiconductor. Consequently, in contrast to the n-type
semiconductor, the Schottky barrier is generated with the downward
bending of the VB and CB at the interface (Fig. 7c), and only the hot holes
having adequate energy are carried to the VB of the semiconductor,
resulting in an effective separation of charges99. These pathways extend the
lifespan of the hot electron–hole pair requisite for the photoreaction in both
n-type and p-type semiconductors. Such isolation of the charge carriers
becomes valuable and relevant for accelerating chemical reactions.

Electron transfer is facilitated in a nearby electron-trapping orbital of a
semiconductor or an adsorbate. The photoexcited electrons transfer to the
vacant LUMO of the adsorbed molecules on the metal surface. Numerous
surface-enhanced Raman spectroscopic (SERS) and photocurrent studies
have corroborated this hot electron flow100. Fig. 7 (d–f) highlight the two
probable charge transfermechanisms at the interface ofmetal/adsorbate. In
such an assembly, it is noteworthy that orbital overlap is a prerequisite for
direct and indirect electron transfer from the metal to the adsorbate.

Various transitions elucidate the mechanism of nitrogen fixation.
Water serves both as a hydrogen source and a hole scavenger101. The general

Fig. 6 | Plasmon-mediated electron and energy transfer in metal-semiconductor
systems. a SPR-induced mechanism for electron transfer. (i) electron excited from
the metal Fermi level to surface plasmon (SP) states, (ii) Electron transfer to the
nearest conduction band of the semiconductor, (iii) transferred electron utilized for

reduction such as hydrogen evolution here, the same premise could be implemented
for nitrogen reduction as well. b Energy transfer from photoexcited SP state to
unpopulated adsorbed states wherein SP states are seen to interact with the adsorbed
states via electron scattering processes.
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outline is shown in Eq. 4, where it is used as a hole scavenger.

3H2Oþ 6hþ ! 3=2 O2 þ 6Hþ ð4Þ

6Hþ þN2 þ 6e� ! 2NH3 ð5Þ

Equation 5 shows the successive protonation to the surface-adsorbed
dinitrogen molecule.

The size and shape of NPs predominantly determine the efficacy of the
light absorption and adsorption of the nitrogen molecule. Especially the
surface energies are primarily dictated by the shapes of the metal nanos-
tructures. Density functional theory (DFT) calculations can assist in pre-
determining the surface sites at which maximum absorption can occur as
per the sites having high surface energies. While size can ascertain the
predominant decay, shape governs the surface energies and the wavelength
at which LSPRpeaks are observed102. The LSPRpeak obtained for anAu rod
differs from that of spheres.

Surface imperfections, metal, and semiconductor doping, and hetero
interface fabrication can all overcome the electron–hole pair’s ultrashort
lifespan and poor chemisorption on the metal surface. When a small
quantity of another material is attached to the surface of a plasmonic NP to
create a hybrid plasmonic material, the NP’s optical, physical, and chemical
properties vary 38. Heterogeneous catalysts have been frequently employed
to drive chemical processes. Numerous Au-based hybrid nanostructures
havebeenactively used todissociate nitrogenamongplasmonicmetals. This
review analyzes Au and a few other noble and non-noble metal-based
hybrid structures that have already performed admirably in reducing N2.
Many of these techniques impose a competition between hydrogen evolu-
tion reaction (HER) and nitrogen fixation. We have also covered ways to
circumvent this hurdle by modifying specific reaction conditions.

Advancements and challenges in plasmonic catalysis and engi-
neering of plasmonic photocatalysts
In the realm of plasmonic photocatalyst engineering, a deep understanding
of the catalytic process is crucial. Nanoplasmonics, with their ability to
manipulate light and heat at the thermodynamic limit, offer exciting pro-
spects. One promising avenue involves utilizing ‘hot’ carriers generated
through surface plasmon decay. Theoretical insights into plasmon decay
processes, supported by first-principles calculations, have unveiled micro-
scopicmechanisms governing this decay and enhanced our grasp of excited
carrier distributions. These calculations, involving phonon-assisted optical
excitations and energy-dependent lifetimes, expand the potential of none-
quilibrium plasmonics across various domains, including photodetection,
photovoltaics, chemical transformations, and spectroscopy.

Plasmonic catalysis and nonequilibrium plasmonics. None-
quilibrium plasmonics has advanced to quantify carrier energy dis-
tributions impacted by electron−phonon and electron−electron
scattering, as well as optical responses linked to direct and phonon-
assisted transitions. To collect hot carriers efficiently for plasmon-driven
chemistry and photodetection, understanding momentum conservation,
surface scattering, and charge carrier transfer to adsorbates is vital. Small
plasmonic nanoparticles near metal-environment interfaces are pro-
mising for charge injection, despite challenges like rapid relaxation times,
low excitation rates for high-energy carriers, andmomentum constraints.
Innovative approaches and precise system design invigorate research.
However, a comprehensive theoretical framework for efficient nanoen-
gineering of hot-carrier injection systems remains a challenge. Further
research is needed, addressing momentum distribution in plasmonic
excited electrons, energy profiles of initial carriers, and interfaces’ roles in
hot-carrier dynamics. Quantifying energy distribution and collection
efficiency remains active research. Theoretical models and experiments
clarify the effects of charge separation across metal/semiconductor
interfaces on available hot carriers for photocatalysis. Resolving

Fig. 7 | Plasmon relaxation and charge carrier generation inmetal systems and at
interfaces. Plasmon-induced energetic charge carrier generation in the a cleanmetal
system and relaxation, b, c metal/n type, and metal/p-type semiconductor, respec-
tively. Localized surface plasmons can decay radiatively through reemitted photons
or non-radiatively through the excitation of hot electrons. Schottky barrier forms at
the interface; electrons with sufficient energy to overcome the Schottky barrier

(φSB = φM - χS) are injected into the conduction band Ec of the neighboring semi-
conductor. Where φM is the work function of the metal, φSB is the work function of
the Schottky barrier, χS is the electron affinity of the semiconductor. d–fHot electron
transfer or back transfer in metal/adsorbate assemblies. The shaded area represents
the electron state density90,95. (Adapted with permission95. Copyright 2018, Amer-
ican Chemical Society).
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discrepancies between ultrafast spectroscopy and steady-state measure-
ment, understanding interfacial states, and quantization effects are
essential for plasmonic hot-carrier catalysis. Investigating nonlinearities
in high-field plasmonic systems and modulating plasmonic absorption
through thermal injection hold promise. In summary, plasmonic cata-
lysis aims to harness sunlight for external manipulation of chemical
reactivity through theory and experimentation.

Engineering plasmonic photocatalysts. The field of engineering
plasmonic photocatalysts has shown promise in recent years, where
notable achievements include the precise control of plasmonic nanos-
tructures, enabling tailored light absorption and catalytic enhancement.
Several promising strategies and emerging techniques are being explored
that account for excited states involved in photocatalytic reactions on
plasmonic surfaces are essential. Robust multiscale methods are needed
to understand mechanism interactions and guide nanoengineering
efforts for efficient plasmonic reactors.Modeling catalytic reactions using
well-established mechanisms and quantifiable parameters can deepen
our understanding of processes and exclude side reactions. Small-scale
studies at the single-particle level provide valuable insights into localized
temperature effects and their role in accelerating thermo-chemical
reactions. Optimizing plasmonic metasurfaces for efficient light-to-heat
conversion can enable large-scale thermal reactors with potential appli-
cations in various fields. Designing high-temperature plasmonic systems
should consider the mutual influence between optical and thermal
responses, leveraging nonlinear photothermal phenomena for optimi-
zation. Sustainable plasmonic materials and understanding excited states
in molecular targets contribute to sustainable plasmonic photocatalysis.
Exploring atomic-scale catalysis and controlling selectivity within pico-
cavities represents a promising frontier in plasmonic research. In con-
clusion, the field of engineering plasmonic photocatalysts faces
challenges but is evolving towards comprehensive theoretical models,
experimental advancements, and diversified applications. Progress in
scalability, control, and sustainability is expected through the exploration
of emerging strategies in the coming years. The following section
examines the evolution of plasmonic photocatalysis seeking inspiration
from earlier endeavors. For instance, it could be clubbing semiconductors
with noblemetals and introducing vacancies onto the surface to augment
the lifetime of electron–hole separation. It could also be by incorporating
Au NPs in the porous metal-organic framework (MOF) or by utilizing
electrochemical reduction in synergywith plasmon resonance to improve
the surface adsorption of N2 molecules. Furthermore, we have also
highlighted how leveraging the properties of non-noble metals and the
development of 2D plasmonic nanosheets seem to be promising for
overcoming the barriers associated with conventional noble plasmonic
metals. We have presented a detailed outline for the readers to establish a
comprehensive picture and offer new insights into the fabrication of
prospective plasmon-based photocatalysts (Table 1).

Noble metal-mediated plasmonic catalysts for NRR
For a surface reaction to occur proficiently, the plasmonic properties must
cooperate with the surface adsorption sites with close reference to the gaps
between two nano-plasmonic metals or the overlapping region of the
electric field between adjacent plasmonic metals termed hotspots81. The
inability of the plasmonicmetal on its own to effectively chemisorb nitrogen
molecules on its surface has led to the formation of composite structures.
Anchoring the semiconductor to the plasmon metal overcomes the ineffi-
cacies of the plasmonmetal, keeping the crux of themechanism as plasmon
resonance intact. Plasmon/Semiconductor composites improve charge
separation between hot electrons and hot holes across the composite
interface, minimizing their recombination rate103. Additionally, photo-
current increases significantly when an appropriate semiconductor is
anchored to the plasmon metal104,105. The mechanistic path to couple the
plasmonic metal with a semiconductor is generally through an interfacial
hybridization between them, depending upon the choice of the

semiconductor. A spike in semiconductor photoluminescence for nano-
composites confirmed the radiative energy transfer from an excited plas-
monic metal to the semiconductor, supporting the metal SPR34. The choice
of semiconductors depends on several factors, the pivotal of which is
bandgap106. Bandgap energy keeps a hold on numerous elements of the
reaction mechanism, including impacting the resonance wavelength and
altering the probability of the electron–hole pair recombination.

LSPR coupled with semiconductors majorly initiates surface chemical
reactions through three different mechanisms, namely DET—Direct elec-
tron transfer, where the hot electrons from the Fermi level of the plasmon
metal inject themselves into the conduction band of the semiconductor,
overcoming the Schottky barrier (vide supra). Oscillating dipole propagat-
ing on the metal surface allows for another mechanism—resonance energy
transfer (RET), where the excitation energy is decayed into the
electron–hole pairs in semiconductors. Another possible mechanism for
plasmon energy flow into the semiconductor is local electromagnetic field
enhancement, where the charge separation of hole and electron is
amplified81,107,108. However, these mechanistic details are subject to
improvement and further research. Several semiconductors have been used
and researched as nonstoichiometric photocatalyst to fix nitrogen. Some
used quite widely are Ru, TiO2, ZnO,AgO, CeO2, SrTiO3, CdS, In2S3,MoS2,
InVO4, Bi2MO6, Bi2WO6, Na2Ti3O7, BiOBr, and many others are still in
progression101,109–116.

Among these, (BiO)2CO3 (BSC) has attracted research attention due to
itsdiverseuses inphotocatalysis, supercapacitors, sensing, andanti-bacterial
agents117–120. Xiao et al. studied the hybrid Au/(BiO)2CO3 to fix nitrogen
where Au NPs have homogeneously been distributed over the (BSC)
nanodisks (NDs) (Fig. 8)117.

Au NPs are highly attracted to the surface of the BSC nanodisks;
together, they operate synergistically to improve charge separation and
transfer. In addition to augmenting the visible light absorption by LSPR, Au
NPs function as an electron sink by trapping and transferring electrons to
adsorbednitrogenmolecules accountable to its highwork function (Fig. 8a).
It was observed that with the exact reaction conditions, BSC resulted in a far
smaller quantity of ammonia output than the Au/BSC hybrid (Fig. 8b), and
this further substantiated the function of plasmon metal in the chemical
process121. Rate of ammonia production with Au/BSC illuminated in theN2

atmosphere, while no NH3 was detected in the Argon atmosphere or the
dark further highlights the role of N2 and light (Fig. 8c).

In the recent past, ABO3-typemetal-oxide perovskite has been used to
extend the lifetime of the photogenerated carrier when decorated with a
plasmonicmetal. Extrapolating this, KNbO3has been consideredwithAg to
construct composite suchasAg/KNbO3

122.While hot electrons generated in
Ag NPs due to LSPR could travel to the CB of KNbO3 under visible light
exposure, the higher work function of Ag (4.3 eV) stimulates electron
transport from KNbO3 to the metal center (vide supra). Therefore, the
loadedAgNPs act as the electron trapper and photosensitizer, similar to the
aforementionedAu.Both electron transfers areopposite; hence excessiveAg
loading can inhibitNH3 production. The highest ammonia yield is obtained
at 0.5% Ag loading with a value of 385.0 μmol L−1 g−1, four times that of
KNbO3, which showed almost no catalytic activity under visible light illu-
mination (Fig. 8d).

Large-scale solar energy harvesting could be impeded by the Au NPs’
narrow and sharp LSPR. Jiang et al. used an intriguing strategy to develop a
novel Schottky barrier-free catalyst to overcome the inadequacy associated
with limited LSPR. Recently discovered plasmonic semiconductors (vide
infra) with carefully tailoredmorphology and surface treatment can display
tunable LSPR over the entire solar spectrum (visible to NIR), rendering
themsuitable alternatives forAu.Accordingly, they constructedhierarchical
nanoarrays comprisingAu/KxMoO3/Mo/KxMoO3/Au to leverage theLSPR
of MoO3 and the active sites of Au123. Besides, the HER was attenuated by
conducting theNRR in aKClO4 than in an aqueous solution. They reported
the highestNH3production at 808 nm,which perfectly alignedwith theAu/
KxMoO3 LSPR. We argue that inserting defects in such nanoarrays to
produce a composite such as Au/KxMoO3-x/Mo/KxMoO3-x/Au might
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provide an attractive alternative.However, thiswouldneed a careful studyof
hot electron flow (vide supra).

Plasmonicmetals, notably gold, have been at the forefront recently and
are the subject of in-depth research by experts. Numerous hybrid catalysts
containing Cu, Ru, Fe, Sr, Mo, Rh, and other metals have lately been
investigated and display promising outcomes in heterogeneous catalysis.
Systems comprising plasmonic NPs (the antenna) decorated with reactor
particles such as islands, clusters, or single atoms of platinum groupsmetals
(PGMs) are typically known as antenna reactor complexes15. Herein, the
catalytic activity and charge separation efficiency is governed mainly by the
spatial distribution of the two components124.

Hu et al. usedRuas a photocatalyst that adsorbsnitrogen via an end-on
configuration1. Through the alignment of energy levels and interfacial
hybridization, bimetallic noble hybrids such as Ru-coatedAu generated the
proper channel for energy and charge carrier transport, resulting innitrogen
fixation via a dissociative mechanism the same as the one involved in the
Haber-Bosch process (Fig. 9a). However, instead of elevated temperature
and pressure, AuRu composite allows a novel technique to accomplish the
same reaction at low temperature and pressure through an identical route.
The plasmon-enhanced local electric field activates the chemisorbed
nitrogen molecules on the Ru surface1. This justification seems quite rea-
sonable from Fig. 9b, which shows a characteristic peak around 500 nm.
Figure 9c highlights the relevance of light intensity in stimulating NRR
under ambient conditions. The precise catalytic process at the boundary of
the hybrid nanostructures remains amatter of contention, and scientists are
designing experiments to unravel the feasible charge transfer pathways.

Structures with plasmonicmetal coresmay gather light and are known
to channel energy flow selectively to the desired metal site with adsorbed
nitrogen. They can increase overall extinction and electricfield intensities125.
Besides that, the ammonia evolution rate parallels the apparent quantum
efficiency (AQE), which is expressed as follows (Eq. 6)126

AQE ¼ no of electrons reacted
no of incident photons

× 100% ð6Þ

Under the irradiation of a 300W Xe lamp, an ammonia production
rate of 101.4 μmol g−1 h−1 has been recorded without any sacrificial donor
and with a Ru loading of 31% (Fig. 9d). Analogous to the Au-Ru hybrid, a
bimetallic Au-Mo composite has also been reported to perform nitrogen
reduction26. As per the emb-NEVPT2 (A density functional embedding
theory in combinationwith n-electron valence second-orderperturbation is
used to estimate the corrected ground and electronic state energies) com-
puted barrier for N2 dissociation, the Au-Mo catalyst outperforms any
existing commercial catalyst, including Iron126. The LSPR reaction shown
here demonstrates howonemay change the surface chemistry ofMo-doped
Au NPs, eventually overcoming the constraints of ground-state catalysts.

Au NP’s catalytic performance was upgraded with black silicon (bSi)
and Cr. Ali et al. achieved improved results with Au NPs by exploiting the
properties of bSi and Cr (Fig. 10a). The bSi’s ability to operate as a light
absorber is due to its low reflectance, large and chemically active surface
area, high hydrophobicity, and high luminescence efficiency. On the other
hand, Cr functions as a sacrificial hole sink, limiting Si oxidation and pro-
moting charge separation (Fig. 10b)127. Sodium sulfite was retained as an
alternative photogenerated hole scavenger to preserve the Cr anode from
oxidizing. After 24 h at ambient temperature and pressure, the final
ammonia production was reported to be 13:3mgm2h�1 under two suns
illumination. Although the precisemechanism has yet to be discovered, it is
crucial to note that a thorough knowledge of the reaction’s kinetics may
allow it to be scaled up several times.

Besides conventional semiconductors, MXenes have been marginally
explored for their plasmonic properties. These are 2D materials with the
general formula Mn+1XnTx where M-early transition metal, X-C/N,
T-surface terminating moieties such as -O, -OH, -F, x-population of such
surface terminated entities. Ti3C2 is the most studied MXene by far. Chang
et al. reported a sandwich-like r-Ti3C2/Au composite and demonstrated N2T
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photo fixation in aqueous media128. r-Ti3C2 (partially reduced Ti3C2 with
-O, -F, and -OH functionalization on the surface) effectively exposed low-
coordinated Ti sites for N2 chemisorption. Upon adsorption, a substantial
lengthening of the N2 bond is seen (Free N2 −1.114 Å to 1.345-1.351 Å
dependingon theTi sites). It is essential tonotice that theywere able to avoid
any competitive HER.

Besides the experimental proof, the ongoing study has backed the use
of several different semiconductors to modulate their energy levels with the
plasmon noble metal. Semiconductors, metal, or metal oxide coupled with
plasmonic metals, offer intriguing signs of accelerated reduction-oxidation
reactions under atmospheric temperature and pressure.

Vacancy-assisted composites. Vacancies are induced as the result of
imperfections or low coordination sites that alter the electrical and optical
properties of the solid structures. DFT studies have revealed that oxygen
vacancies (OVs) on oxide surfaces have low formation energy, which has
encouraged several researchers to explore the possibilities of usingOVs to
increase the rate of catalytic processes at the surface129. Imitating a bio-
logical phenomenon that uses a Mo-dependent enzyme nitrogenase
where two metalloprotein clusters (electron-donating Fe and MoFe
protein) work cooperatively to produce NH3 in a placid condition has
always been an ultimate goal. In this process, however, the high energy
barrier of N2 makes the route more laborious than that of CO2 reduction
and H2 evolution. It turned out that such inadequacy could be incapa-
citated by introducing several types of imperfections, such as OVs, Sulfur
vacancies (SVs), and Nitrogen vacancies (NVs) on the semiconductor
surface. Upon literature survey we have observed two types of vacancy-
based photocatalyst into multi and single components; single nanosheets
will be discussed in “2D-Nanosheets: defects induced plasmonic cata-
lysis” section.

The number of applications for plasmon absorption and scattering in
AuNPs is remarkable. The unique characteristic of gold to exhibit LSPRhas
been broadly used to improve product formation. The selective growth of
Ceria (n-type semiconductor) onto Au NPs anchored by a bilayer of
cetyltrimethylammoniumbromide (CTAB)bearspromise toward initiating
N2 activation (Fig. 11a; vide supra).The surfaceof the grownceria, abundant

inOVs, not only expedites theN2 adsorption but also ensures the activation.
TheAu/end-CeO2 catalyst’s spatial separationdesignprovides reaction sites
for oxidation and reduction (Fig. 11b), producing 114.3 μmol g−1 h−1 of
NH3, which is almost six times faster than the core-shell Au-CeO2 catalyst
(Fig. 11c)111.

Moreover, Li et al. reported a new plasmonic metal catalyst of Au
supported on BiOCl, which contains OVs that utilize the synergistic
behavior of hot electrons and holes to oxidize benzyl alcohol130. Generally,
OVs act as catalytic sites forN2molecules and enhance the lifetimeof charge
carriers, leading to the weakening of the triple bond of N2 (Fig. 12a)51.
Although the hot holes keep the substrate from being over-oxidized, low
group velocities and short mean free paths cause a rapid decay rate22 of the
energetic charge carriers in the range of femtoseconds, which demands
careful attention. The lifetime of the charge carriers can also be fostered by
introducing oxygen vacancy-induced low-lying localized electronic states in
the adsorbate (Fig. 12b), which typically act as very efficient trapping sites.

A UV-Vis study of Au-BiOCl-OVwith defect-free BiOCl, BiOCl-OV,
andAu-BiOCl revealed that Au-BiOCl-OVhas the combined effect of both
BiOCl-OV and Au-BiOCl. The absorption of Au-BiOCl-OV is in perfect
accordance with the solar emission range (450–650 nm), which verifies the
high uptake of light energy. The structure of the OVs has proven to be a
crucial parameter in ammonia production. BiOCl is utilized as a model
catalyst to investigate the effect of OVs on the thermodynamic and kinetic
activation of N2 (Fig. 12a).

Compared to BOC (BiOCl Single-Crystalline nanosheets) 001, con-
trolled tests have indicated that the N2 binding mode in BOC 010 is more
effective in activating nitrogen (4.6 μmol h−1 ammonia production rate).
This accounts for the excellent stability of the side-on bridging mode of N2

on BOC 010 than the terminal end-on binding on BOC 001131. End-on
coordination involves an asymmetric distal pathway in which consecutive
protonation is performed on one remote nitrogen atom to generate the first
NH3, and the coordinating nitrogen is hydrogenated to yield the second
NH3. The side-on bridging involves alternate hydrogenation on both
nitrogen atoms of the coordinated N2 moiety to generate N2H2 and N2H4

intermediates successively132. The formation of intermediates is a high-
energydemandingprocess; yet,due to the low-energy reaction steps, anOV-

Fig. 8 | Plasmon-enhanced photocatalysis for N2

reduction: synergistic effects and performance
evaluation. a Schematic depiction of the charge
transfer in Au/BSC hybrids where the synergetic
effect of Au NPs and Bi2O2CO3 facilitates the triple
bond cleavage of the N2 molecule. b Comparison of
ammonia yield between BSC and Au/BSC over dif-
ferent periods. c Rate of ammonia production under
different conditions. A considerable amount of NH3

was detected with Au/BSC illuminated in the N2

atmosphere, while noNH3was detected in the argon
atmosphere or the dark. A higher yield of NH3 with
Au/BSC in N2 compared to only BSC in N2 justifies
the role of plasmonic metal in enhancing the cata-
lytic process117 (a, b, c reprinted with permission
from ref. 117. Copyright, 2017, American Chemical
Society). d Performance of KNbO3 and with 0.5%
deposition of Ag under different light irradiation122.
(d reprinted with permission from ref. 122. Copy-
right, 2019, American Chemical Society).
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mediated reduction on BOC surfaces has proven to be thermodynamically
advantageous. Theoretical analysis suggests that as long as N2 is bound to
the OVs of BiOCl, the first electron addition to the π* antibonding orbital,
which usually is an endothermic step, changes into an exothermic step, with
a free energy change of 41.7 kcal mol−1 for the terminal end-on mode and
53.3 kcal mol−1 for the side-on binding mode. Similarly, a BiOBr surface
with surface defects has been claimed to trigger N2 activation and generate
NH3 in pure water without requiring a sacrificial agent

116. Researchers were
tempted to manufacture composite structures of morphologically modified
δ-Bi2O3 for nitrogen photofixation since the p-type bismuth oxide is sub-
stantially rich in anionic OVs. Gao et al. devised a simple method for
producing 2D ultrathin Ag/AgI- δ-Bi2O3 and recorded an NH3 output of

420.0 μmol.L−1 g−1 h−1, which is much higher than that of δ-Bi2O3

(Fig. 13a)133. The bigger surface area increased the visible light absorption by
the plasmonic Ag metal, oxygen vacancy-driven charge separation,
adsorption, and activation of N2 molecules on the surface, and they are all
involved in the elevated photochemical activity98.

In addition to OVs, nitrogen vacancies (NVs) and sulfur vacancies
(SVs) have been the scientists’ focus for quite some time. SVs have assumed
a prominent role when combinedwith a noble plasmonicmetal, in linewith
the catalysts stated in thepreceding sections. Yuan et al. demonstrated sulfur
vacancy-induced plasmonic catalysis to degrade N2 to NH3 with a yield of
438.0 μMg−1 h−1. They synthesized a bimetallic structure of Ru/CoSx con-
taining sulfur vacancies on g-C3N4 nanosheets. The increased electric field

Fig. 9 | Au-Ru catalysts for N2 photo fixation. a Schematic illustration of N2 photo
fixation of AuRux via a dissociative mechanism, showing Ru dispersed over the gold
core. b Calculated apparent quantum efficiency (AQE) for N2 photo fixation over
AuRu0.31 in pure water under 20 mW cm−2 monochromatic light irradiation about
UV-vis spectrum which indicates the high light utilization by the catalyst. c Linear
dependence of the NH3 fixation rate with AuRu0.31 on the light intensity. This

suggests that a single charge carrier drives the reaction. d Catalytic ammonia for-
mation rates by bare Au and different compositions of AuRu catalyst in the first two
hours (full spectrum, 400 mW cm−2, purewater, and 2 atmN2).Maximumefficiency
of NH3 was found for AuRu core antenna structure with 31 wt% of Ru (molar ratio)1

(a, b, c,d reprinted with permission from ref. 1. Copyright 2019, AmericanChemical
Society).

Fig. 10 | Photoelectrochemical N2 reduction with chromium-enhanced charge
separation. a A schematic depiction of a photoelectrochemical cell. The photo
reduction cell was illuminated with 300W light (artificial solar light) with steady N2

bubbling over the surface of theGNP/bSi/Cr composite. bNH3 output recorded over

24 h on various composites. The improved NH3 generation rate when Cr was
employed confirmed the role of Cr as a hole sink127 (a, b reprinted with permission
from ref. 127. Copyright 2016, Springer Nature).
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produced by the LSPR effect of the plasmonic Ru NP triggered a six-fold
increase in the vis-NIR absorption of the Ru-SV-CoS/CN composite, which
in turn stimulated the generation of highly energetic charge carriers, and
thereby, the N2 fixation rate in pure water was amplified. Due to their low
coordination, Ru and Co atoms near the interface are excellent active sites
for the side-on chemisorption of nitrogen molecules134. The Ru/CoSx
interface was shown to have a ninefold increase in electron-oscillation
absorption, making it a catalytic hotspot. The asymmetrical transfer of
electrons by Ru and Co to the N atoms at both ends of N2 leads to a highly
polarized and significantly weakened N–N bond. On the downside, the
LSPR of Ru is not that effective without the support of localized electron
states and is exhibited mainly in the UV region.

Apart from SVs, NVs operate as excellent electron-capturing sites, and
the associated transient defect states can act to promote the lifetime of the
energetic electron–hole pair. They promote the chemisorption and activa-
tion ofN2 during the reduction process. The effect of Au-loaded g-C3N4 (n-
type semiconductor) with numerous NVs in the N2 reduction process was

addressed by Wu et al. 135. Au NPs were loaded on the CNNVs (Carbon
nitride nitrogen vacancies) using an impregnation-calcination procedure.
The increased yield of NH3 on the vacancy-incorporated surface of CN
compared to bulk CN outlined the value of NVs in driving chemical reac-
tions (Fig. 13b). The reaction is further stimulated by the LSPR effect of the
plasmonic Au NPs, yielding a 93.0 μmol g−1 and 184.0 μmol g−1 NH3

without any sacrificial agent under visible and full light irradiation,
respectively (Fig. 13c, d).

The Schottky barrier between Au NPs and g-C3N4 permits energetic
electrons to travel over the surface while preventing them from being
transferred from g-C3N4 to Au. The energetic hot electrons populate the
g-C3N4 conduction band, which subsequently diffuses and becomes con-
fined in the NVs with the chemisorbed N2 molecules (vide supra). The hot
electron degraded the activated nitrogen molecules on NVs sites to
ammonia. Au embellished over hollow carbon nitride spheres
(Au@HCNSs-NV) has also been reported with an NH3 production rate of
783.4 μmol h−1 gcat

−1 under visible light136. It is to be recognized that NVs

Fig. 11 | Overcoming charge recombination:
unveiling the role of spatial design in Au/CeO2

photocatalysis. a Schematic illustration of an Au/
end-CeO2 nanostructure synthesis process.
b Comparison of NH3 production on Au NRs, Au
core-shell, and Au/end-CeO2. The core-shell
nanostructures fully encapsulate the Au nanocrystal
in the oxide shell; this inhibits the energetic heated
electrons from reaching the reactant molecules,
inhibiting catalytic activity. On the other hand, the
spatially separated end-on modification permits the
reactant to interact with the hot electrons and holes,
boosting photocatalytic activity. c Hot-carrier
separation behaviors of the Au/end-CeO2 nanos-
tructure with that of the core-shell nanostructure111

(a, b, c reprinted with permission from ref. 111.
Copyright, 2019, American Chemical Society).

Fig. 12 | Oxygen vacancies: Boosting N2 conversion through catalysis and charge
separation. a Illustration of oxygen vacancy mediated catalytic process. OVs act as
catalytic sites for N2 molecules and boost the lifetime of charge carriers, thereby
weakening the triple bond ofN2 (a reprinted with permission from ref. 51. Copyright

2017, American Chemical Society). b Schematic depiction of hot electron dynamics
within Au-BiOCl-OV130 (b reprintedwith permission from ref. 130. Copyright 2017,
American Chemical Society).
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outperformOVs in N2 bond elongation (Free N2−1.114 Å; NVs adsorbed-
1.236 Å; OVs adsorbed- 1.173 Å).

This study presents a novel methodology for engineering highly effi-
cient vacancy-based photocatalysts in solar-driven ammonia synthesis. It is
fair to say that combining plasmonnoblemetals with vacancy-incorporated
semiconductors might significantly enhance catalytic processes. We are
optimistic that the fabrication of such hybrid structures will introducemore
refined ways of heterogeneous catalysis in the near future.

Fabricating ensembles andplasmon-embedded frameworks.When
inorganic clusters or metal ions combine with organic molecules, they
form a highly organized porous framework known as a metal-organic
framework (MOF). Variable pore sizes and high surface area enable these
frameworks to suit the demands of the applications, making them ver-
satile. MOFs work on the molecular sieving effect, which utilizes the
porous interior area to encapsulate molecules of various sizes137,138.
Research has been conducted employingMOFs to improve the efficiency
of plasmon-mediated processes such as water splitting and carbon diox-
ide reduction137,139,140. This prompted whether the same process could
fixate nitrogen.

Chen et al. reported using a metal-organic framework (UiO-66) for
direct plasmonic NRR (PNRR) with gold inserted within the porous region
(Fig. 14)49. On the surface of Gold embedded metal-organic framework
(Au@MOF), they synthesized ammonia in a gas membrane solution.
Besides the improved localized electric field generated by the Au NPs, the
intimate interaction of the Au NPs with the adsorbed nitrogen molecules
aids activation by improving the energy transfer (ET) process and electric
field (EF) polarization (Fig. 14a). These three mechanisms work in tandem
to promote more vibrational transitions in the N2 molecule, which

lengthens the N–N bond and promotes fixation. Other mechanisms sti-
mulating the N2molecule to higher energetic levels include energy transfer,
photothermal effect, and a strong localized electric field. This contributes to
the production of intermediates via the lowest energy pathway. A lifetime of
vibrational relaxation is a few picoseconds that further support the gas-
phase chemical reactions. It paves the way for a reactant molecule to reach
the transition state quickly. Nitrogen was purged via the PTFE (polytetra-
fluoroethylene) polymer linked to the matrix’s other interface (Fig. 14b).
This polymer has a low friction coefficient and an optimum pore size,
allowing nitrogen flow to permeate quickly to the Au@MOF surface.
Considering the adaptability of inorganic NPs, plasmonic metals have
been integrated into the porous matrix (Fig. 14c). Their design allows
gold to harvest solar energy to generate hot electrons via surface plasmon
resonance and boosts its dispersibility and stability. The confinement of
goldNPs in thismatrix assures nitrogen availability in the vicinity of the Au
NPs and accelerates the molecule’s mass transfer (Fig. 14d)141. It also
overcomes nitrogen’s poor solubility in water (20mg L−1). Using this setup,
their group attained an ammonia evolution rate of 18.9 mmol gAu

−1 h−1 (in
the visible light range of >400 nm) with a quantum efficiency of 1.5 percent
at 520 nm.

Multiple metal-based frameworks have been investigated during the
past few decades, for instance—Zr (UiO-66, UiO-67, ZIF-8)142–144, Cr (MIL-
100), Zn (MOF-5), etc. Amongst these, Zr-based UiO-66 has been
demonstrated to reduce nitrogen145. UiO-66 has the edge over other com-
monMOFs (such as UiO-67) owing to its inability to exhibit absorption in
the 350–1200 nm region. As an outcome, the plasmonic metal acts as the
sole absorber in the LSPR region, and it has evolved as an efficient means of
modulating the collective oscillation of free electrons through changes in the
local refractive index in response to light irradiation. Sucha setuphasproven

Fig. 13 | Engineering vacancies for enhanced photocatalytic N2 reduction.
a Illustration of proposed nitrogen reduction pathway on Ag/AgI-δ-Bi2O3. Effective
adsorption occurs at higher concentrations of oxygen vacancies. Upon illumination,
AgNPs create energetic electrons, which are transferred to the δ-Bi2O3 and captured
by OVs, while hot holes move from the δ-Bi2O3 to AgI. The energetic electrons
participate in the reduction of N2, and the photogenerated holes oxidize the H2O to

O2
133 (a reprinted with permission from ref. 133. Copyright 2019, Nanomaterials).

b Photocatalytic nitrogen fixation performance control to determine the role of
CNNVs. c Comparison of performance of CNNVs v/s AuCNNVs under visible and
full spectrum radiation under 300W Xe lamp. d CN with different hydrogen
reduction temperatures (b, c, d reprinted with permission from ref. 135. © 2020
Wiley‐VCH Verlag GmbH & Co. KGaA, Weinheim).
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to be robust in terms of chemical and colloidal stability. Themost prevalent
techniques for synthesizing MOFs are one pot and multistep, with one pot
involving temperature initiationby combiningall substratesnecessary in the
same medium.

On theotherhand,Chenet al. usedamultistepprocedure that included
numerous seeding strategies49. A maximum yield was obtained with an
Au mass loading of 1.9 wt% Au@UiO-66 (Fig. 15a). Both the size of the
matrix UiO-66 (146 ± 14 nm) and the size of the Au NPs (2.4 ± 0.6 nm)
function efficiently in synergy with the LSPR wavelength at 520 nm in this
composition (Fig. 15b). Studieshave shown that similarmass loadings ofAu
embedded in the MOF matrix displayed a higher ammonia evolution rate
than with semiconductors such as ZrO2 (1.05mmol gAu

−1 h−1; 2.0 wt%
of 3.7 ± 0.7 nm Au NPs) and SiO2 (1.42mmol gAu

−1 h−1; 1.9 wt%
of 9.1 ± 1.5 nm Au NPs) as well as unsupported Au NPs (Fig. 15c).
Unsupported Au NPs tend to agglomerate during photocatalytic
conversion, lowering the production rate. There are numerous ways to
improve the efficiency of ammonia synthesis; one typical method is to raise
the intensity of visible light, which can factorize the rate by up to six times

(Fig. 15d). Despite exhibiting considerable potential, the field of plasmonic
MOFs for N2 fixation has remained unexplored.

Recently, Boong et al. developed a novel design to localize and con-
centrate light intensity, creating a strong field by synthesizing Ag-based
plasmon ensembles with dense electromagnetic hotspots146. The group
synthesized Ag octahedra and adopted a biphasic self-assembly method to
build three unique 2D superlattices (ensemble): square, hexagonal, and
disordered (Fig. 16a). The 2D ensemble showed exceptional field
enhancement via extensive coupling and eliminated theneed for a cocatalyst
whatsoever (Fig. 16b). Upon several control experiments and analysis, the
Ag-square superlattice observed ~15 fold, ~4 fold, and ~103 fold increase in
NH3 production to the hexagonal, disorganized lattice, and traditional
catalysts, respectively (Fig. 16c, d). They addressed the poor field
enhancement issue and reduced the charge recombination rate. The
ensemble remained steady over numerous cycles and demonstrated a rather
consistent photocurrent at ~70 μA cm−2 supporting the hot electron flow.

One advantage of employing MOFs and plasmon-based ensembles is
the capacity to adjust numerous response parameters. However, because of

Fig. 14 | Synergistic LSPR effects in Au@UiO-66: unveiling the mechanism for
enhanced N2 reduction. a Schematic depiction of direct PNRR on Au NPs
encapsulated in UiO-66 matrix. a The activation of adsorbed N2 molecules (*N2)
and other critical chemical intermediates (e.g., *NNH) is aided by synergistic LSPR
effects such as hot electron formation, electron transfer (eT), energy transfer (ET),
and localized-electric-field polarization (EF-polarization). When hot electrons (e−)
and protons (H+) approach, N2 is reduced and protonated to NH3 (NH4

+). b Gas
membrane solution (GMS) reaction interface model. Nitrogen gas can be diffused in

high flux through the gas-permeable Au@UiO-66 membranes supported by porous
polytetrafluoroethylene (PTFE) films. c, d Schematic diagram showing the disper-
sion of plasmonic Au NPs within the cavities of MOFs matrix. The cage-like
structure of the Au @UiO-66 matrix promotes N2 gas diffusion. As an outcome, the
proximity orientation is far more effective, allowing for a higher radiant flux
absorbed by N2

49 (a, b, c, d reprinted with permission from ref. 49. Copyright 2021,
American Chemical Society).
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its low yield, these applications for ammonia synthesis are a relatively new
sector, making it industrially unusable in the current environment. None-
theless, we postulate that if further investigated, such plasmon-mediated-
macrostructures may open up pathways for nitrogen fixation under
environmentally sound settings.

Plasmon-assisted electrochemical reduction. Following plasmon-
mediated CO2 reduction and water splitting83,147,148, it remains unknown
whether the same might be replicated for nitrogen in classic electro-
catalytic systems. In this section, we highlight the synergistic effect of
electricity and visible light-induced LSPR of the plasmonic NPs (in
particular Au) to accelerate the ammonia production rate. The likelihood
of directing the effect of local photothermal heating of an irradiated
plasmonic material-coated electrode enables the enhancement of the
electrosynthesis of ammonia. This enhancement factor refers to the non-
thermal effects of plasmonic excitation, mostly energetic carriers and
charged interfaces, and depends on the applied potential. When the
electrode is illuminated with light of a wavelength coinciding with the
LSPR of plasmonic material, energetic charge carriers are generated
through inter and intraband transitions. These photoexcited carriers are
responsible for enhanced nitrogen reduction activity. Furthermore,
compared to the colloidal solution, the red-shifted LSPR of the surface
coated on the electrode accounts for the strong plasmonic coupling
among the deposited plasmonic NPs149. Besides the applied potential,
oscillating surface potential generated plasmonic NPs further aids in the
electrochemical NRR (ENRR).

From our previous discussions regarding the metal-metal composite,
we vividly understand the broad applicability of Au. Can we design an
antenna reactor type, however, with another plasmon metal functioning as
the antenna?Moreover,what if such adesign could input solar and electrical
energy? Experimenting along the same line, Cheng et al. synthesizedAu-Cu
hollow beveled nano boxes, where they were successful in highlighting the
synergy between solar and electrical energy (Fig. 17)150. The groupdeposited
the hollow nano boxes onto the working electrode and carried out solar-
illuminated ENRR. Increase in current density with intermittent light show
that the improvement was made possible by an oscillating electric field
brought on by plasmonic stimulation. At −0.2 V, current density
(3.8mA cm−2) under irradiation was found to be 2% (3.7 mA cm−2) ele-
vated than in light (Fig. 17a). The rateof ammoniaproductionhighlights the
synergy between Cu and Au to aid in better NRR (Fig. 17b). Aside from
boosting the electric field, the charge transport resistance of the catalysts at
the interface of the working electrode in the presence of light was also
lowered from 71.08 Ω to 64.36 Ω. Additionally, faradaic efficiency rises by
~0.4% under irradiation precisely points towards the existence of LSPR and
its assistance for NRR (Fig. 17c).

The shape and sizeofAuNPsas an electrodemaymodify the selectivity
and photocatalytic efficiency by tuning the LSPRpeaks from635 to 795 nm.
Under ambient circumstances, gold hollow nano cages (AuHNCs) may
achieve the maximum Faraday efficiency and ammonia evolution rate. The
charge or electron-transfer efficacy during an electrochemical process is
referred to as faradaic efficiency. Due to their higher surface area and
capacity to contain the reactant molecule, allowing for proximity

Fig. 15 | Tailoring Au@UiO-66 for efficient N2 reduction: impact of metal
loading, light, and stability. a Ammonia evolution rate for plasmon-induced
photocatalytic NRR (P2NRR) on bare UiO-66 and Au@UiO-66 particles with dif-
ferent mass loadings (0.9- blue, 1.9- green, 3.0- yellow, 4.1- orange, 5.2—red wt%
respectively). The highest yield is obtained with 1.9 wt% b AQE (left axis) and
Extinction (right axis) of P2NRR on Au@UiO-66 (1.9 wt%) particles at different
wavelengths. At 520 nm, the highest ammonia output is obtained, which correlates
to the LSPR peak, indicating the relevance of plasmonic metal in catalysis
enhancement. c Cycling tests for P2NRR under visible light (>400 nm,

100 mW cm−2) on Au@UiO-66 (1.9 wt%), Au/SiO2 (1.9 wt%), Au/ZrO2 (2.0 wt%),
and unsupported Au NPs. Reproducible results over time imply the stability of the
matrix. Bare Au NPs, Au@SiO2, and Au@ZrO2 resulted in lower ammonia yield due
to the lack of confinement ofN2. dAmmonia yield (left axis) andApparent quantum
efficiency (AQE- right axis) of P2NRR on Au@UiO-66 (1.9 wt%) particles under
520 nm irradiationwith different intensities. The rate of ammonia evolution exhibits
superlinear dependency on intensity49. (Reprinted with permission from ref. 49.
Copyright 2021, American Chemical Society).
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orientation, AuHNCs show a considerable variation when compared to
AuNSs (Nanospheres), AuNCs (Nanocubes), and Au NRs (Nanorods)151

(cage effect) (Fig. 17d)152,153. Amongst all shapes, Nazemi et al. achieved the
highest NH3 yield rate (3.7 μg cm−2 h−1) and faradaic efficiency (35.9%)
using AuHNCs –750 nm at−0.4 V vs. RHE.

Liang et al. have developed a technique to improve the catalytic effi-
ciency and selectivity of theENRR154. The group, however, employedNRs as
the electrode and achieved an optimum yield. The working electrode was
synthesized using the drip coating approach to prevent Au NP aggregation
and retain the LSPR capabilities of Au nanorods (Fig. 18a, b).

The ammonia output surged by 63.3 percent under light compared to
dark conditions, verifying the photocatalytic effect. The rate of nitrogen
evolution was much higher than the rate of hydrogen yield, further pro-
moting ENRR. Two LSPR peaks, transversal (512 nm) and longitudinal
(756 nm), were obtained due to the shape of the Au NRs. Furthermore, the
extinction spectrum of Au NRs and Au NR-electrodes were very similar,
indicating that Au NRs on carbon paper were dispersed uniformly
(Fig. 18a).

While maintaining the LSPR, the uniform distribution allowed for a
significant proportion of active catalytic sites. The higher intensity of the
extinction spectrum correlates to a stronger electromagnetic field, which
generates energetic charge carriers (e-h pairs) under ambient conditions
(Fig. 18b). Chronoamperometrymeasurements were used to determine the
NRR performance of the AuNRs electrode and the enhancement impact of
illumination. Under illumination, the photocurrentmeasurement of theAu
NRs electrode at various laser intensities may provide information on the
mechanistic intricacies, even though the precise process has yet to be
investigated. ENRR is influenced by various parameters, including current
density, incident light wavelength and intensity, potential and electro-
magnetic field intensity, shape, size, and composition of electrodes

(Fig. 18c–e)155. In one such example, the longitudinal LSPR peak shows a
redshift to 808 nmdue to some aggregation on theAuNRs electrode, unlike
the transversal. The strongest electromagnetic field was localized at both
ends at 808 nm. The Irapid/Itotal ratio reaches its maximum value (37.4%) at
thiswavelength, indicating thatmore hot electrons are involved, resulting in
a greater photocurrent density. Irapid and Itotal are defined as the following
Eqs. 7 and 8.

Irapid ¼ I1 � Ion
� �

ð7Þ

Itotal ¼ Ioff � Ion
� � ð8Þ

Where I1 is the current response after 1 s of laser illumination. Ioff and Ion are
the current responses at the end and the beginning of the laser illumination.
Their group recorded amaximumammoniaproductionof 0.54 μg h−1 cm−2

at 808 nm with a laser intensity of 80mW cm−2 and a potential of−0.4 V,
which is 63.6% higher than that achieved in the dark (0.3 μg h−1 cm−2 at
−0.5 V). The ammonia production rate is calculated using the following
relation (Eq. 9)154.

r ¼ cV
tA

ð9Þ

Where c = ammonia concentration in μgmL−1; r = rate of production;
V = volume of electrolyte in mL; t = time in hour; A = area of working
electrode in cm2.

The Au NRs electrode structural stability was also crucial since the
ammonia rate after each cycle was identical to that of the fresh electrode.
Because of the slow convoluted reaction, the yield of plasmon-enhanced
ENRR is inapplicable for industrial uses. Recently, Jain and the group

Fig. 16 | Plasmonic superlattices with tunable surfaces for photocatalytic N2

fixation. a Graphic illustration of nitrogen fixation over the superlattice. Maximum
field confinement was seen at the octahedral tips/edges. Capping with various
molecules such as C12SH for square, C4SH for disorganized, and PVP for hexagonal
setup was used to modulate lattice build-up through Ag octahedra. Water was used
as a hydrogen source, and recombination was mitigated using 1-propanol as a hole
scavenger. b SERS (surface-enhanced Raman spectroscopy) enhancement factor is a

clear indicator of magnification of the Raman signal of molecules interacting with
the surface of plasmonic nanostructures. c Comparison of NH3 generation rate for
different ensembles under Ar and N2 atmospheres. d Evidence of N2 fixation via a
photocatalytic pathway with significantly less contribution from photothermal
effect146 (Reprinted with permission from ref. 146. © 2022 Wiley-VCH GmbH).
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elucidated a gold-based electrocatalyst for ammonia synthesis from
nitrate149. Incorporating the light-harvesting capability of AuNPs as a result
of LSPR and electrochemical nitrate reduction activity, they increased
ammonia synthesis 15-fold over conventional electrocatalysis. This occurs
primarily because plasmonic excitation generates nonequilibrium condi-
tions. We predict that further research into this arena, such as employing
AuHNCs as electrodes and experimenting with alternative composite
structures, might lead to new advancement pathways in plasmon-mediated
electrocatalysts.

Using the merits of metal-metal-oxide composites as an electrode can
also help advance the electrochemical reductionofN2. For instance,Vu et al.
reported a novel photocatalyst by assembling Au NPs with a Fe-doped n-
type semiconductor (W18O49NRs)

156. Fe acts to eliminate the bulk defects of
W18O49,while theAu-W18O49 composite assists in inducing LSPR aswell as
reducing the recombination time of the energetic charge carriers. Also,
Ag2O, a p-type semiconductor, was also combined with Au in the form of
hollow nanocages. The novelty of such a photoelectrode design lies in
integrating two light-sensitive species, which increases the density of ener-
getic electrons upon visible light irradiation. The electron from the con-
duction bandofAg2Ocanbe transferred to the surfaceofAuNPs, and at the
same time, the photogenerated hot electrons in Au can be injected into the
Ag2O conduction band.Henceforth, both can act as active catalytic sites and
increase theNRR efficiency. It is to be noted that, here, Au also increases the
e-h separation by accepting electrons fromAg2O and aids in enhancing the
photocatalytic activity50. Furthermore, Niobium (Nb) doped strontium
titanate (Nb-SrTiO3) loaded with Au NPs, and Ru cocatalyst was proven
highly effective in electrocatalytic nitrogen reduction. Oshikiri et al.

designed a two-chamber approach to separate the oxidized and reduced
products157. The extended charge separation at the Au/Nb-SrTiO3 interface
allows for simultaneous ethanol-water oxidation at the anode and nitrogen
reduction on the Ruthenium surface at the cathode. The rate of ammonia
synthesis increased linearly with intensity when exposed to visible light with
wavelengths longer than 550 nm, confirming the assistance from the LSPR
effect of Au NPs. It is to be noted that SrTiO3 does not absorb light with a
wavelength longer than 390 nm. On top of that, the nature of the cocatalyst
can vary the selectivity and catalytic properties of the reactions; for instance,
introducing a thin coating of Zirconium/Zirconium oxide (Zr/ZrOx)
instead of Ru improves selectivity by dampening the hydrogen evolution
reaction110. As perDFT, theZr surface preferentially adsorbsNatomsdue to
the smaller adsorption energy of N (ΔN*) value relative to the adsorption
energy of H (ΔH*), whereas ΔH* value on the Ru and a variety of transi-
tional metal surfaces is smaller than ΔN*, which resulted in a hydrogen
production rate that was 15 times greater than that of the ammonia
synthesis rate. However, with a Zr/ZrOx cocatalyst, not only did the NH3

generation rate rise by a factor of 6 (1.1–6.2 nmol h−1 cm−2) but the H2

evolution rate was found to be also lower than the NH3 evolution rate.
Another two-electrode-based electrochemical approach was reported by
Oshikiri et al. consisting of SrTiO3 photoanode coated with Au NPs and Zr
coil cathode. The more significant reaction rate of NH3 production can
be governed by efficient ion transport, the greater cathode surface area, and
the continuous supply ofN2 (to avoid air contamination in an open cathode
chamber). The novel plasmonic photoanode development could enhance
charge separation efficiencies, such as the coupling between plasmons and
the other photonic modes158. Electrochemical reduction in coherence with

Fig. 17 | Exploring catalyst performance and mechanisms in plasmonic photo-
catalysis. a Current density (J) v/s time plot for Au-Cu hollow nano boxes (HNB)
catalyst under solar irradiation. Rise in J with light is evidence of electric field
enhancement provided by LSPR. b Comparison of ammonia rate production for
controls to prove the synergy betweenCu andAu to aid in betterNRR. cEscalation in
current density under the light compared to dark; maximum obtained at−0.2 V v/s

RHE150 (a, b, c reprinted with permission from ref. 150. Copyright 2021, American
Chemical Society). dAmmonia yield rate or Faradaic efficiency for various types and
shapes of NPs at the potential of −0.4 V in 0.5 M LiClO4 aqueous solution

152

(d reprinted with permission from152. Copyright 2018, Elsevier B.V. All rights
reserved).
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plasmon resonance is a step in the right direction toward lowering the
kinetic barrier encountered during nitrogen reduction, but it has drawbacks
such as yield and selectivity with regard to hydrogen evolution.

Non-noble metals for plasmon-enhanced nitrogen reduction
Initiating progress in terms of economic viability and abundance, several
non-noblemetals, such as Al,Mg, Co, Ni, In, Bi, Ga, and Fe have been used,
amongst which Bismuth (Bi) has recently attracted significant research
attention as a noble metal substitute63. It is a semi-metal (with a work
function of 4.5 eV) that inherits the same SPR property near the infrared
region as the noble metals. SPR property is more diffused than LSPR and
does not necessarily require nanosized particles for its exhibition159. To
engineer an efficient composite structure at the nanoscale, Bi can be coupled
with several noblemetals, semiconductors, or both to formahybrid that can
effectively adsorb and activate the Nitrogen molecule. Focusing first on the
Bi-Metal-oxide semiconductors (Bi2O3, TiO2, Cu2O, BiO2(CO3),
Bi2WO6

160) hybrid nanostructures, higher selectivity for charge separation
and migration rates can be achieved.

While various metal-oxide semiconductors such as TiO2 have been
highly versatile, the wide bandgap (3.2 eV)160 imposes a challenge of rapid
recombination of charge carriers, i.e., the holes and electrons. The separa-
tion efficiency can be determined through time-resolved photo-
luminescence, where a lower PL intensity indicates slow recombination,
thereby increasing the lifetime of the charge carriers. Thewide bandgap also
shifts the energy gap to the far UV region. Therefore, to expand the utility of
such semiconductors, they are engineered in composite with other semi-
conductors (forming a heterojunction), doped with metal having enhanced
photocatalytic response, or a narrow bandgap photocatalyst replaces them.
Wang et al. proposed the use of InVO4 possessing a narrow bandgap,
facilitating the lower separation of the photogenerated charge carriers. The
group synthesized homogenized ultrathin sheets of Indium vanadate cou-
pled with 5% Bi161.

Here, the specificity of the reaction, optical response, and surface
activation sites are all influenced by the composition of the metal and
semiconductor. Numerous techniques such as X-ray diffraction, atomic

forcemicroscopy, Transmission electronmicroscopy (TEM), and Scanning
electron microscopy (SEM) can be utilized to confirm the deposition of the
metal onto the semiconductor surface, the thickness of the hybrid structure,
andaccuratenanoscaled sizes.Their hypothesis of employing a lowbandgap
semiconductor and embedding it with Bi to catalyze the reaction was vali-
dated when the yield of NH3 synthesized turned out to be 626 µmol g−1 h−1

(5.2 times higher) on Bi/InVO4 than with pure InVO4.
In contrast to noble metals, Bi has a different mechanism for nitrogen

fixation. The conduction band of the semiconductors aligns itself to slightly
higher negative energy than Bi’s Fermi level.When the light is irradiated, an
enhanced electric field generated due to Bi plasmon resonance influences
the movement of the electrons from the valence band to the conduction
band of the semiconductor, followed by hole reduction by water molecules
eliminate a proton where minor changes in the momentum allow it to be
trapped at the metal site162. Nitrogen adsorbed at metal surfaces can get
activated through these hot electrons. N2 adsorbed in associative pathways
where arises two possibilities- distal and alternating pathways163. Although
this cascade of charge transfer has boosted ammonia synthesis, several
minute details must be taken care of while designing the nanostructure.
Even though the plasmonic effect is increased many folds at the nanoscale
leading to a higher extinction cross-section, hydrogen evolution remains the
main challenge. The proton released through water oxidation via holes can
form radical species combining further to evolve hydrogen gas.

Semiconductor depositions are commonly used to prolong photo-
generated charge carrier lifetime.Dong et al. usedBi as a photocatalyst using
BSCmicrospheres anddiscovered improved catalytic activitywhen exposed
to visible light. This further demonstrated the SPR impact of Bi164. Another
semiconductor-based heterojunction witnessed is via graphitic-C3N4, hav-
ing a unique 2D framework and viable synthetic methodology165. Owing to
the high work function, Bi decoration allows for the facile transfer of elec-
trons from g-C3N4 to Bi (Fig. 19a). Bi decoration on g-C3N4, shows a
bathochromic shift compared to g-C3N4 (Fig. 19b). It aids in increment in
adsorption sites, validated from theDFT calculation. The adsorption energy
of Bi/g-C3N4 (−2.3 eV)was found to be 7.6 times higher greater than that of
pure g-C3N4 (−0.3 eV), clearly indicating thermodynamic accessibility of

Fig. 18 | Enhancing electrochemicalN2 reductionwithAunanorods: Fabrication,
LSPR mechanism, and performance analysis. a Schematic depiction of the fabri-
cation of Au NRs electrode. Drip coating Au NRs on naphthol onto carbon paper
prevents Au NPs agglomeration. b Schematic diagram of LSPR enhanced ENRR.
cComparison of extinction spectrum of AuNRs (black line) and ammonia yield rate
under different wavelengths (red column). The maximum absorption occurs at the
LSPRwavelength (808 nm), which corresponds to the highest ammonia production.

d The ammonia yield rate of Au NRs electrode under different laser intensities.
Strong linear dependency is observed. e Ammonia yield (red column—under illu-
mination; blank column—in the dark) rate and faradaic efficiency (solid blue—
under illumination; dashed blue—in the dark) at various potentials under dark and
808 nm laser illumination154. Reprinted with permission from ref. 154. Copyright
2022, Elsevier B.V. All rights reserved.
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N2 on active sites (Fig. 19c). While Bi decoration enhances the visible light
absorption via SPR, its excess loading can lower the NH3 production rate.
This arises from thermodynamic competition between electron transfer
from Bi/g-C3N4 to inert N2 and Bi. The maximum yield
(1025 μmol L−1 g−1 h−1) was obtained at 30%mass loading of Bi on g-C3N4

(Fig. 19d).
Aside from semiconductor deposition, in situ Bi reduction methods

have been used to build composite structures such as Bi/Bi2WO6
160. Chen

and the group used preferential arrangements to prolong charge carrier
separation upon realizing the lattice match between Bi and Bi2WO6. Pure
Bi2WO6 showed zero response to nitrogen fixation, whereas oriented-Bi/
Bi2WO6 produced a significant amount of NH3 (86 μmol g−1 h−1).

Bi provides a hurdle since it quickly oxidizes in air to Bi2O3, despite its
adaptable qualities and technological advancements. Bi-based non-
stoichiometric catalysts may exhibit remarkable selectivity due to their
unique photochemical characteristics. Still, they can also facilitate the
alteration of band structures and the formation of catalytic defects such as
oxygen vacancies.

In accordance with the prior-mentioned examples, we may lay the
groundwork for points to consider when developing any photocatalyst that
captures the essence of Bi’s SPR. Interestingly, the plasmonic attribute of
another non-noble metal, namely Al (abundant, highly stable, and non-
toxic), has been exploited to perform NRR at room temperature when
clubbed with a semiconductor (vide supra)80,166,167.

Another intriguing insight would be the employment of Cu due to the
low cost and tendency to induce surface plasmon resonance, which has
prompted researchers to synthesize composites incorporating Cumetal. Fe
can also be used with Cu to photo-fixate nitrogenmolecules. Porous Cu-Fe
hybridswithdifferentmolar ratioswere synthesizedby selectively etchingFe

fromCu21Fe79with varied quantities ofH2SO4
87. The formation of an active

nitrogen-containing complex on the Fe surface is supported by an increase
in the valence state of Fe and coordination number during the catalytic
process. This active nitrogen-containing complex on the Fe atoms produces
ammonia with the help of energetic charge carriers generated fromCu. The
porous network further enhances the catalytic process by providing much
better stability than the individual NPs. These factors lead to a high
ammonia production rate of 342 μmol gcat –1 h–1 for Cu96Fe4 without uti-
lizing any sacrificial agent. These heterogeneous catalysts have a pro-
nounced absorption peak at 550 nm, which reflects plasmon-induced
absorption. However, one of the most significant obstacles in this arena is
the use of Cu, which may get oxidized in both air and water.

2D-Nanosheets: defects induced plasmonic catalysis
The limited capacity of the noble plasmonic metals (Au, Ag) to effectively
adsorb nitrogen and the heterogeneous interface’s inability to allow for
charge transport (attributable to the Schottky barrier or any unwanted
charge trapping site) prompted the development of a single plasmonic
nanostructure with a rich number of vacancies as active sites. Wu et al.
developed semiconducting plasmonic MoO3-x (x essentially denotes the
excess of Mo or O site left uncoordinated) that outperformed four earlier
reported catalysts (TiO2,W18O49, BiOBr11, and g-C3N4)

156,168 at wavelength
>580 nm, emphasizing the benefit of employing MoO3-x for performing
solar energy-driven chemical transformations. Low-valence Mo moieties
and intrinsicOVs boost theNRRon the nanosheets in pure water. TheOVs
increase the longevity of highly energetic charge carriers while impeding
electron–hole recombination.A significant quantity ofNH3 generation rate,
328 μMgcat

−1 h−1was foundunder the complete sun spectrum.Low-valence
Mo facilitates N2 chemisorption by electron-back donation. The

Fig. 19 | Tailored Bi/g-C3N4 photocatalysts: Unveiling the synergy between
plasmonics and material properties for N2 conversion. a Schematic depiction of
nitrogen fixation aided by the surface plasmon effect (SPR) of the Bi. b UV-DRS
spectra, Bi/g-C3N4, show a bathochromic shift compared to g-C3N4. Higher

absorption plainly indicates more exciton generation. c N2 adsorption-desorption
isotherms imply an abundance of active sites. d Ammonia yield achieved the
maximum in 30% mass loading of Bi165. Reprinted with permission from ref. 165.
Copyright 2021, American Chemical Society.

https://doi.org/10.1038/s43246-024-00510-7 Review article

Communications Materials |            (2024) 5:69 21



introduction of excess electrons by the OVs in the conduction band
improves the LSPR throughout a broad spectrum (vis to NIR), which
provides hot electrons. Low-valence Mo5+ species were speculated to be
produced by reducing Mo6+ by free-electron trapping. It should be noted
that, despite the enhanced separation, a large number of hot charge carriers
are lost upon passing the Schottky barrier allowing random movement of
the carriers.With this knowledge, Bai et al. proposed a Schottky barrier-free
semiconducting plasmonic MoO3-x spheres with reduced recombination
rates and hot charge carrier loss.MoO3-x spheres were synthesizedusing the
aerosol-spray method under an oxygen-deficient environment for incom-
plete precursor oxidation169. The three inequivalent oxygen sites in the
MoO3 lattice, namely O1, O2, and O3 (Fig. 20a), allow for different com-
binations of OVs, causing defect states to form near the conduction band.
Their analysis suggests that the Fermi level is above the conduction level,
implying the metallic nature of MoO3-x. In comparison to typical metal-
semiconductor devices, the barrier-less nature allows for the unfetteredflow
of hot electrons. This model achieved the highest apparent quantum effi-
ciency of 1.2% generating 435.6 µmol g−1 h−1 of NH3.

Recently, plasmonic SrMoO4 withOVs has been a potential candidate
for NRR under the UV, vis, and near-infrared range (λ > 420 nm)170. The
pure SrMoO4 was prepared by the facile solvothermal method, followed by
introducing OVs by annealing the pure SrMoO4 in H2/Ar (5%/95%),
reducing the atmosphere to 500 °C for 10min. When pure SrMoO4 was
irradiated with visible light, no NRR was detected, proving the role of OVs.
The innate band excitation of SrMoO4 releases electrons from the valence
band, leaving holes behind. Evanescent bands formnear the Fermi level due
to the abundanceofOVs. Excitation causes plasmonichot electrons tomove
from these evanescent bands to the conduction bandor higher energy levels,
allowing for the effective harvesting of visible and near-infrared light
(Fig. 20b). Electrons from the valence band excitation and the plasmonic
excitations (LSPR) contribute to the thermodynamic photocatalytic
reduction ofN2 toNH3 in ultrapurewater with a yield of 3.9 μmol gcat–1 h–1.

MXenes mentioned in “Noble metal-mediated plasmonic catalysts for
NRR” section also belong in this category, which can either be used as a
semiconductor or plasmonic material. Clubbing all properties (such as
effective adsorption of the substrate, enhanced photon absorption, fulfilling
thermodynamic energy requirement, etc.) to build effective single nanos-
tructures is still in its infancy, making it difficult to forecast the specific
mechanistic pathway.

TiO2 integrated plasmonic composites for N2 reduction
Titanium dioxide (TiO2) is a superior choice within the industry and fun-
damental research, necessitating a whole section devoted to it. An optical
bandgap near the UV region (~380 nm) shows efficient photoactivity
(although limited to UV), high stability, and low cost. It is an n-type
semiconductor and is extensively used as a photocatalyst because of its high

electron-accepting ability (amplified by introducing defects—TiO2-x) and
surface tunability. However, the lack of sufficient photogenerated electrons
accessible at theTiO2 surface impedes both the reaction rate and theproduct
yield. Noble and non-noble metals both are often anchored to the TiO2

surface to bypass the aforesaid drawback and prolong the lifetime of the
excitons, thus aiding in the optimization of the catalytic activity171. Activated
charge carriers could be generated close to the surface of the semiconductor
as a consequence of interactions between the metal and the augmented
localized electromagnetic field produced by the illumination of the metal
center. These charge carriers can now reach the surface catalytic sites,
enabling spatially separated redox reactions. This section highlights recent
advances inTiO2-basedplasmonic composites for the ambientN2 reduction
reaction. The following examples demonstrate how to promote the reaction
yield by combining the merits of doping, defect state-controlled catalysis,
and electrochemical catalysis.

Yang et al. devised a nitrogen reduction catalyst employing Au and
OV-containing TiO2 nanosheets. It was proven effective in reducing
nitrogen to ammonia, with a 66.2% increase in the production rate com-
pared to bare Au NPs. Au/TiO2 systems have been the most researched for
nitrogen fixations. Fast electron injection (<50 fs) from the gold NP to TiO2

was seen in all Au-TiO2 systems172,173. The OVs and Au work in tandem to
fixate nitrogen.Hot electrons generated by plasmonicAunanocrystals cross
the Schottky barrier and inject into the TiO2-OV conduction band. The
injected hot electrons diffuse and become entrapped at the transient OV
defect states (Fig. 21a, b).

The trapped hot electrons convert OV-activated N2 to NH3. Further-
more, the adsorption efficiency of the catalytic surface was traced by aDFT-
monitored clear charge density difference for the defect-incorporated TiO2

surface, unlike the OV-free TiO2 surface (Fig. 21c). In temperature-
programmed desorption (TPD) analysis, pristine, defect-free TiO2, andAu/
TiO2 surfaces onlydisplayedonepeak,whichwas assigned tophysisorption.
In contrast, the peak for TiO2-OV and Au/TiO2-OV surfaces at elevated
temperatures was attributed to N2 chemisorption at the OVs on the TiO2

surface (Fig. 21d). Impediment ofNH3production rate by the addition of an
electron-capturing agent (i.e., Cr2O7

2−) or an electron transport inhibitor
(CTAB or SiO2 shell) to the catalyst reinforced the necessity of energetic
electron generation as well as transport (Fig. 21e)51. Finely tuned OV-
induced catalytic reduction of N2 molecule could also be achieved by using
an amorphous TiO2 (a-TiO2) layer on plasmon-enhanced surface oxygen
vacancy modified rutile TiO2/Au photoelectrode112. The formation energy
of suchOVs in the amorphous structure of TiO2 is 3 to 4 eV lower than that
of crystalline TiO2

129. It has grabbed much attention owing to its ability to
possess muchmore OVs (higher carrier concentrations) than its crystalline
counterparts. The interfacial electron transfer from Au particles and bulk
rutile TiO2 to the π* LUMO of N2 to produce NH3 is facilitated by intro-
ducing transient electronic states in the a-TiO2 bandgap. SPR of Au NPs

Fig. 20 | Exploiting oxygen vacancies and plas-
mons for enhanced N2 conversion. a Crystal
structure of oxygen vacancy-rich MoO3-x single
nanostructures showing three inequivalent oxygen
vacancies169 (a reprinted with permission from
ref. 169. © 2021 Wiley‐VCH GmbH). b The pro-
posed nitrogen fixation mechanism by LSPR exci-
tation in SrMoO4 nanostructure. Abundant OVs
source both the formation of add-on states near the
Fermi level and collective oscillations of unpaired
electrons responsible for generating LSPR. Plas-
monic excitations from these add-on states to the
conduction band or nearby higher energy level and
the usual band excitations suffice for NRR170

(b reprinted with permission from ref. 170. Copy-
right 2021, Elsevier B.V. All rights reserved).
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augments light absorption and synergistically enhances the photocatalytic
N2 reduction on TiO2 photoelectrodes. The successive protonation leading
to an associative mechanism of the adsorbed N2 on an a-TiO2 surface has
been supported by DFT studies. The UV-Vis spectra of TiO2/Au and TiO2/
Au/a-TiO2 samples exhibit a substantial bathochromic shift at 544 nm
compared to TiO2 and TiO2/a-TiO2 samples that display a strong band at
410 nm, indicating that the surface plasmons are offering photo-induced
electrons that accelerate N2 reduction

174. Au NPs and an amorphous TiO2

layer, when encumbered onto the TiO2 NRs, exhibit a 2.6-fold increase in
the production of NH3 (rate = 13.4 nmol cm−2 h−1) compared to bare TiO2

(rate = 5.1 nmol cm−2 h−1). Such rates for different photoelectrodes were
measured by plunging in N2 saturated water with continuous N2 bubbling,
then illuminated with visible light, eventually generating NH3. No such
detectionofNH3was observedwhen the reactionwas carried out in thedark
and with argon instead of N2, corroborating that N2 bubbling was the sole
source of NH3.

Parallel to the Au/TiO2 hybrid, a K/Ru/TiO2-x Hx (3 wt% Ru) catalyst
has been developed175, where the electron trapping property of OVs and the
proton trapping property of reversibly incorporatedH atoms (Hinc) work in
synergy to accelerate solar energy-drivenN2 reduction at room temperature
(Fig. 22a, b, c).

With 300W Xe lamp illumination, they attained an NH3 yield of
112.6 μmol g−1 h−1 at 360 °C temperature175. In a similar line, leveraging the
plasmonic properties of Agmetal, a heterostructure composed ofAg/PW12/
Zr-mTiO2 was reported by Feng et al. (Fig. 23)176. They used interfacial
engineering and doping approaches to target faster recombination rates and
improve charge transfer. Zr doping in TiO2 modulates the overall porosity,

which eventually augments the active sites for N2 chemisorption (Fig. 23a).
Phosphotungstic acid (PW12 optimal 10 wt%) andAgNPs (optimal 1 wt%)
interface allow for smooth hot electron transfer averting the exciton com-
bination probability (confirmed by photocurrent response) (Fig. 23d). An
intriguing prospect relating to this scheme is flexibility in both light
(324.2 μmol gcat

−1 h−1) and electrochemical conditions (55.0 μgmgcat
−1 h−1

at −0.6 V v/s RHE) individually (Fig. 23b, c).
The fundamentals behind each composite design are the appropriate

wt% loading of each element. The same group simultaneously came upwith
another hybrid design-Ag/PW10V2/am-TiO2-X, however, explicitly for
solar177. Engineering vanadium substituted PW drew its inspiration from
band matching with TiO2-x, which allows TiO2-x to act as the electron
reservoir. Photogenerated electrons from LUMO of PW10V2 to VB of
TiO2-x combine with the holes, thus reducing recombination considerably.
Hot electrons formed as a result of Ag NPs LSPR, pool themselves into the
conduction bandofTiO2-x. Another critical aspect is the amorphousTiO2-x,
which generates localized electronic trap states close to it, allowing for
copious electron input.

Despite all the encouraging optical and catalytic properties, Ag andAu
are unstable under high temperatures. With this viewpoint, Thangamuthu
et al. engineered an Al-based composite providing a cheap, efficient, and
scalable method80. For the first time, the group used aluminum nano-
triangles (AlNTs) embedded in TiO2 photoelectrodes on Indium tin oxide
(ITO). Plasmonic near-field coupling to TiO2 prolongs the charge carrier
generation efficiency over bare TiO2.

In “Noble metal-mediated plasmonic catalysts for NRR” section, we
have witnessed the use of Ti3C2Tx MXenes as a semiconductor; however,

Fig. 21 | Unraveling the mechanisms of N2 fixation on Au/TiO2-OV catalysts:
insights from photofixation, adsorption, and temperature-programmed deso-
rption studies. a Schematic illustration of photo fixation of N2 with Au/TiO2-OV
catalyst upon the irradiation of visible light. The hot electrons generated due to the
LSPR effect of Au nanocrystals are further transferred to the transient electronic
states induced by theOVs, which are subsequently injected into the LUMOof theN2

molecule. b Schematic depiction of plasmon-induced N2 photo fixation on Au/
TiO2-OV surface, c Adsorption (left) and charge density difference (right) of N2

molecules at the oxygen vacancies (OVs) on the TiO2 surface. The light blue depicts
the charge accumulation, and the yellow portion shows the charge depletion in

space. d Temperature-programmed desorption (TPD) of four different Au-based
catalysts. For TiO2 and Au/TiO2 catalysts, only one peak was observed at low
temperatures owing to the physisorption of N2 molecules. In addition, a peak at
higher temperatures was observed for bothAu/TiO2-OV andTiO2/OV samples; this
is attributed to the chemisorption of N2molecules at the OVs of TiO2. (e) Adding an
electron-capturing agent (Cr2O7

2−) and electron transport inhibitor (SiO2 shell)
significantly lowers the ammonia production rate, suggesting the role of electron
generation and transport in photocatalytic nitrogen reduction51. Reprinted with
permission from ref. 51. Copyright 2018, American Chemical Society.

https://doi.org/10.1038/s43246-024-00510-7 Review article

Communications Materials |            (2024) 5:69 23



Fig. 22 | Enhanced solar-driven ammonia synthesis using K/Ru/TiO2-xHx cata-
lyst: Mechanistic insights and comparative analysis. a Schematic depiction of K/
Ru/TiO2-xHx based solar-driven ammonia synthesis b Comparison of ammonia
synthesis rates of 4 Ru catalyst at 360 °C. The highest ammonia production rate
(black bar) was obtained with K/Ru/TiO2-xHx, which is about 140.7 and 6.7 times
those of K/Ru/Al2O3 and K/Ru/MgO. The TOF (Turnover frequency, red bar) value

was also enhanced with a higher flow rate. This result is comparable to the con-
ventional Haber-Bosch process. cEnergy alignment of the Fermi levels (Ef) for TiO2,
TiO2-xHx, and Ru. The Fermi level of TiO2-xHx is above the Fermi level of Ru, so the
localized electron could be transferred to the Ru center, unlike the Fermi level of pure
TiO2, where it lies below the Fermi level of Ru175. Reprintedwith permission from ref.
175. Copyright 2017, Elsevier B.V. All rights reserved.

Fig. 23 | Comprehensive investigation of Ag/PW12/Zr-mTiO2 photocatalyst for
N2 reduction. aMechanistic details of NitrogenReduction bNH3/NH4

+ yield under
simulated light irradiation for different controls. c UV-Vis Diffuse Reflectance
spectra undermonochromatic light irradiation. dTransient photocurrent responses

showing separation efficiency for photogenerated electron-hole pairs for different
controls; maximum for Ag/PW12/Zr-mTiO2

176. Reprinted with permission from
ref. 176. © 2021 Wiley-VCH GmbH.
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due to substantial charge carrier densities on their surface, they were also
seen to exhibit surface plasmon excitations at near-infrared regions (NIR)
frequencies178. Its optimal utilization of plasmonic properties coupled with
robust charge dynamics in TiO2 yielded a 422 μmol gcat

−1 h−1 179. Low-
energy infrared light was sufficient to produce hot holes on the surface of
Ti3C2Tx and N2 adsorption was taken care of by defect sites on TiO2.

We have addressed the plenitude of examples majorly (Table 1);
however, there is one additional peculiar approach forN2fixationput to trial
by Mao and the group53. They proposed the dual temperature zone-based
catalysis producing high-temperature N2 activation on Fe and low-
temperature NH3 generation on TiO2-x. The approach considers the plas-
monheating effect of Fe and amplifies itwithTiO2.TiO2’s broadapplication
in many forms and its inherent synergy with most hybrids contribute to its
appeal.

Conclusion and prospects
In this review, we delve into recent advancements in plasmonic catalysis-
directed nitrogen fixation, providing a comprehensive guide for system-
atically designing potent photocatalysts. Beginning with the initiation of
chemical reactions on single noble metal surfaces, this field has evolved to
incorporate a diverse array of hybrid structures, showcasing incremental yet
significant progress over time.

This exploration is particularly crucial as plasmonic catalysis in
nitrogen fixation holds the potential to significantly impact global sustain-
ability, addressing key issues related to food security and environmental
protection. The technology offers an energy-efficient and environmentally
friendly approach to ammonia production, potentially enhancing agri-
cultural productivity while reducing the carbon footprint associated with
fertilizers. By exploring alternative materials and optimizing catalysts,
plasmonic catalysis shows promise in mitigating resource constraints.
Moreover, its capacity for distributed production challenges the conven-
tional centralized model, potentially improving fertilizer accessibility in
regionswith limited infrastructure. In summary, the broader implications of
plasmonic catalysis position it as a transformative solution with substantial
benefits for addressing critical global challenges.

The effectiveness of surface plasmons in expediting diverse processes
underscores the critical need for selecting compatible plasmonic metals
prior to fabrication. Specifically, plasmonicmetals with LSPR in theUV-Vis
range are essential for efficiently utilizing solar energy as a light source.
Metalswith a low imaginary dielectric constant enhancephoton absorption,
resulting in increased radiant flux (σext , aiming to generate long-lifetime,
highly energetic charge carriers (e-h) crucial for driving challenging reac-
tions. Overcoming obstacles such as the inert nature of N2 and various
factors affecting reaction dynamics requires strategic approaches, including
hybrid constructions integrating plasmonic metals with semiconductors or
metals. This integration amplifies near-field effects or extends exciton
lifetimes.

However, the reported semiconductors suffered from several limita-
tions, namely, the inability to absorb visible light or maintain long-term
catalytic performance. The two primary objectives of synthesizing any
photocatalyst, besides enhancing the rate of chemical processes, are (i)
effective adsorption of reactantson the catalyst surface and (ii) absorptionof
incident light to generate excitons. The concurrent effect of plasmonmetals
and semiconductors can remarkably improve photocatalytic activity. This
core structureof thephotocatalystwasdesigned forplasmonmetals todirect
energy flow, concentrate the electric field intensity, and transfer energetic
charge carriers to the adsorbed nitrogen molecules.

Semiconductor selection mainly depends on bandgap alignment,
which triggers electron flow from the metal to the semiconductor or vice
versa depending on the Fermi level position; band bending at the plasmon
metal-semiconductor interface enables the creation of a Schottky barrier.
Although this enhances the overall energetic charge dynamics, a large
proportion of hot electrons is lost while crossing the Schottky barrier. In
addition, interfacial energy loss also climbs as the number of components in
the hybrid system increases. Furthermore, the high work function of noble

metals (Au- 5.1 eV, Ag- 4.3 eV) stimulates a competitive side electron
transfer, functioning as an electron sink. Hence, there is only a threshold to
which plasmonic materials can be incorporated into a hybrid, after which
the catalytic response gets lowered. Optimal plasmon loading provides
viable degrees of freedom to tune the LSPR properties within the
visible range.

To target the exceptionally high e-h recombination rate (~fs), surface
imperfections, including oxygen vacancies (OVs), nitrogen vacancies
(NVs), and sulfur vacancies (SVs), have been introduced in semiconductors.
They provide transient electronic states that serve as electron-trapping sites.
These surfaces are also paramount for enhancing nitrogen adsorption per
unit area. Note that NVs are more susceptible to N2 bond elongation than
OVs and SVs. Nevertheless, surface defects have the downside of being very
reactive. For example, OVs that interact with water and oxygen can readily
poison them. Hence, the inadequacies of heterostructures spurred a further
exploration into integrating plasmonic properties, such as enhanced LSPR
and efficient photon absorption, with the traits of a semiconductor, i.e.,
effective adsorption sites into single nanostructures.

While offering appealing characteristics, plasmon-aided N2 reduction
also presents significant challenges. The concentration of solar energy on
less reactive noblemetals and the limitedwindow for LSPR tuning aremajor
setbacks. Researchers seek novel approaches to extend the plasmonic
resonancewavelength. For instance, dendriticNi-basedblackAuplasmonic
colloidosomes enable plasmonic excitation across the entire visible spec-
trum, independent of a specific wavelength for catalytic activity180. Nano-
particle clustering offers a solution for LSPR broadening20,181. Despite
advancements, the scarce abundance and high cost of noble metals limit
their industrial applications. Non-noble plasmonic metals (NNPMs) pro-
vide an alternative due to their availability, low cost, and broader spectral
SPR tuning. However, NNPMs require further modifications to maintain
LSPR functionality. Reaction parameters subtly influence ammonia pro-
duction rate, including solvent, temperature, N2 pressure, pH, light inten-
sity, and irradiation time. Higher reaction rates are observed under N2-
saturated atmospheres. Catalysts utilizing solar energy and electricity can
promote NRR. Mechanistic routes and analyses contribute to developing
effective plasmonics-mediated catalysts. Spectroscopic methods such as IR
and SERS improve under plasmonic excitation, revealing mechanistic
details. Combining these measurements with electrochemistry offers
insights into catalytic activity’s influence.

A deep understanding of catalyst topology and underlying mechan-
isms greatly influences next-generation catalyst fabrication. Theoretical
assessments, including correlational analyses and in situ ab initio calcula-
tions, contribute significantly to improving plasmonic catalysts. Various
computational approaches alleviate hydrogen evolution bottlenecks, while
DFT experiments effectively evaluate stability of adsorption sites in diverse
materials. These methodologies enhance catalyst morphology under-
standing, leading to precise breakdowns of reaction mechanisms. This
precision contributes to more specific and selective product formation
compared to current approaches. For instance, in a recent 2023 report,
Herring et al. used real-time time-dependent DFT (RT-TD-DFT) coupled
withEhrenfest dynamics to demonstrate that both charge transfer andnear-
field enhancement drive N2 dissociation on Au or Ag NPs182.

Post-reaction identification and quantification of ammonia are crucial
to assess photocatalyst efficiency and specificity. Spectrometric methods
such as indophenol blue andNessler’s reagent (K2HgI4) are commonly used
for NH3 quantification. However, due to Hg toxicity in Nessler’s reagent,
faster photodegradation of indophenol dye, and ion chromatographic
methods have becomemore reliable for real-timemonitoring. UC Berkeley
chemists recently designed a new variety ofMOF comprising Cu (linked via
cyclohexane dicarboxylate) to selectively bind and release ammoniawithout
compromising structural integrity, offering novel pathways for precise
ammonia separation.

Overall, we can affirm that plasmonic catalysis holds promise for
nitrogen fixation.However, its transition from laboratory to industrial-scale
applications demands careful consideration of key factors. Scalability relies
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on effectively addressing challenges related to cost, catalyst stability, and
reactor design. The inherent cost of noble metals in plasmonic catalysts
presents an economic obstacle, necessitating strategies such as exploring
alternative materials or optimizing catalyst composition.

Ensuring catalyst stability is pivotal for sustained performance, espe-
cially in the demanding conditions of industrial processes. Exploring stra-
tegies such as protective coatings, novel catalyst formulations, or recycling
methods becomes crucial to enhance stability and extend the lifespan of
plasmonic catalysts.

Optimizing reactor design plays a central role in achieving efficiency
and scalability. Essential adjustments in configuration include uniform light
distribution, efficient mass transfer, and scalability. Moreover, integrating
considerations for potential by-products and waste management into
reactor design is imperative for environmental sustainability.

To replicate the Haber-Bosch process using light, a photocatalyst must
possess several key characteristics: broadband absorption, the ability to
generate highly energetic charge carriers, extended excited state lifetime,
numerous active sites (as unsupported nanoparticles agglomerate during
the reaction, leading to catalyst degradation), increased selectivity, effi-
ciency, and stability over multiple catalytic cycles. In Fig. 24, we present a
scheme that considers these desired attributes and the latest developments
in the field of plasmon-assistedNRR, while also highlighting the limitations
hindering further progress toward the creation of potent photocatalysts.
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