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Catalytic conversion of solar to chemical energy
on plasmonic metal nanostructures

Umar Aslam, Vishal Govind Rao, Steven Chavez and Suljo Linic*

The demonstrations of visible-light-driven chemical transformations on plasmonic metal nanostructures have led to the emer-
gence of a new field in heterogeneous catalysis known as plasmonic catalysis. The excitement surrounding plasmonic catalysis
stems from the ability to use the excitation of energetic charge carriers (as opposed to heat) to drive surface chemistry. This
offers the opportunity to potentially discover new, more selective reaction pathways that cannot be accessed in temperature-
driven catalysis. In this Review, we provide a fundamental overview of plasmonic catalysis with emphasis on recent advance-
ments in the field. It is our objective to stress the importance of the underlying physical mechanisms at play in plasmonic
catalysis and discuss possibilities and limitations in the field guided by these physical insights.

etal nanoparticles are an important class of materials
I\/\ used as heterogeneous catalysts for a number of indus-

trial chemical transformations including dehydrogena-
tions, partial oxidations, reduction reactions, ammonia synthesis
and hydrocarbon reforming, among others'-"*. These processes are
typically performed at relatively high temperatures to provide suf-
ficient energy for activating chemical bonds on the surfaces of the
nanoparticles'*>. An unavoidable side effect of this approach is that
energy is deposited into every available reaction coordinate. This
can result in the simultaneous activation of unselective reaction
pathways leading to the undesirable formation of by-products and
chemical waste. An alternative mechanism for activating chemical
bonds on metal surfaces involves the excitation of energetic charge
carriers (typically via photoexcitation) into the reactants (adsor-
bates)'-*, These electronic excitations can lead to chemical trans-
formation. Under this mechanism, it is in principle possible to have
improved control over the outcome of chemical reactions by specifi-
cally targeting electronic excitations that result in the preferential
activation of desired chemical transformations.

Early observations of charge-carrier-mediated reactions on met-
als were primarily made on extended metal surfaces in the 1980s
and 1990s***. In these studies, high-intensity lasers were used
to excite energetic charge carriers at appreciable rates near the
adsorbate/metal interface. The need to use high-intensity lasers
to achieve measurable rates made this mechanism of activating
chemical reactions generally impractical for technological applica-
tions such as heterogeneous catalysis. In recent years, however, it
has been shown that plasmonic metal nanoparticles can perform
charge-carrier-mediated reactions under lower-intensity visible
light illumination, of the order of solar intensity?***’. These find-
ings have reignited interest in charge-carrier-mediated chemical
transformations on metal surfaces and led to the emergence of a
vibrant, new area of research in heterogeneous catalysis known as
plasmonic catalysis*-'.

In this Review, we will provide an overview of plasmonic cataly-
sis with emphasis on recent advancements, discuss the limitations of
plasmonic catalysis, and comment on future directions in the field.
We begin by introducing plasmonic metal nanoparticles and their
interaction with light through the excitation of localized surface
plasmon resonance. This is followed by a discussion of the mecha-

nisms of energy transfer from plasmonic metals to reactants and the
resulting charge carrier-mediated activation of chemical bonds. We
then describe the limitations of plasmonic catalysis on monometal-
lic nanostructures and possibilities for guiding plasmonic energy to
more reactive, non-plasmonic sites. Finally, we conclude by provid-
ing our perspective on the current state of the field and opportuni-
ties for further advancements.

Plasmonic metal nanoparticles

Plasmonic metal nanoparticles are light-harvesting materials that
interact with visible light through the excitation of localized surface
plasmon resonance (LSPR)*>%. LSPR is established when light of
wavelengths longer than the size of the metal nanoparticles causes
a resonant, collective oscillation of the free electrons in the metal
nanoparticles. This physical process allows the nanoparticles to
collect the energy of visible light, concentrate it near the surface of
the particles, and ultimately convert light energy into the energy of
excited charge carriers. We present a detailed discussion of these
processes in the following sections.

Optical properties of plasmonic nanoparticles. A key characteris-
tic of plasmon excitation is a large optical extinction cross-section
of the metal nanoparticles at resonant frequencies due to a collec-
tive excitation of electrons®*. At the LSPR frequencies, the extinc-
tion cross-section of plasmonic nanoparticles can be up to ten times
their geometric cross-section for single nanoparticles and even
larger for nanoparticle clusters™. For a spherical nanoparticle, using
Mie approximation, the extinction cross section (o,,,) is related to
the complex dielectric function of the metal as follows:
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where ¢, is the real part of the dielectric function of the metal, ¢, is
the imaginary part of the dielectric function of the metal and ¢, is
the dielectric constant of the medium*-**. This relationship helps us
identify physical criteria that must be satisfied for a metal to undergo
plasmon excitation. It is clear that the extinction cross-section is the
largest as the denominator approaches zero. This stipulates that
&, ~ —2¢, and ¢, should be small for plasmon excitation to occur.
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Fig. 1| Dielectric properties of metals. a, The real part of the dielectric
function for the plasmonic metals (Ag, Cu, Au) and other transition metals.
The black line represents the case where ¢, = —2¢, .. b, The imaginary

part of the dielectric function for the plasmonic metals and other transition
metals. ¢,d, Sketches of the representative density of states of a plasmonic
metal (¢) and non-noble transition metal (d). Intraband s-to-s transitions
are accessible with visible light photons for all metals. As the d band lies far
before the Fermi level (E;) for plasmonic metals, only high-energy photons
can induce interband d-to-s excitations for these metals. In the case of
non-noble metals, the d band intersects the Fermi level allowing for d-to-s
excitations to take place throughout the visible range.

The real part of the dielectric function (¢,) describes the polarizabil-
ity of the metal with respect to wavelength. It is generally negative
for metals across a wide range of wavelengths as shown in Fig. 1a.
From the data in Fig. 1a, it can be concluded that the first condition
for plasmon excitation (g, & —2¢,,) can be established for many met-
als in air at ultraviolet-visible wavelengths.

The imaginary part of the dielectric function (g,) is directly
related to the probability of photon absorption (mainly through
one-electron excitations) in the metal at a particular wavelength
(Fig. 1b). There are two types of electronic excitations that can take
place in these materials. It is possible to have electronic excitations
from filled s states below the Fermi level to empty s states above
the Fermi level, known as intraband excitations. These excitations
are generally available for all transition metals in the visible range.
The s-to-s excitations are indirect electronic excitations (that is,
forbidden) that require the involvement of a third entity to pro-
vide the required change in the momentum of the charge carriers.
This change in momentum can be supplied by lattice phonons, the
nanoparticle surface or plasmons. Because these excitations require
a third entity, intraband excitations exhibit a relatively small char-
acteristic rate constant of ~10" s7! (ref. *). In addition to the s-to-s
excitations, the excitations from filled d states below the Fermi
level to empty s states above the Fermi level, known as interband
excitations, can also take place. The availability of these transitions
in the visible range for different metals depends on the location
of the metal d states relative to the Fermi level. For instance, Ag is
characterized by a full d band that lies well below the Fermi level
(Fig. 1c). Consequently, d-to-s interband excitations cannot be
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induced by visible light photons in Ag. Au and Cu are also char-
acterized by a full d band that lies below the Fermi level (Fig. 1c);
however, the energy of the d band is higher compared with Ag, and
visible light photons above a specific threshold energy are able to
induce d-to-s interband excitations in these metals. In contrast to
noble metals, the d states for the non-noble transition metals (Pt,
Pd and so on) are not completely full and intersect the Fermi level
(Fig. 1d). As a result, these metals can absorb photons via interband
excitations throughout the visible range. In the case of the d-to-s
interband excitations, no change in the momentum of the charge
carriers is required, resulting in a larger characteristic rate constant
for these excitations of ~10" s! (ref. *°). The difference in the inher-
ent rates of the s-to-s compared with d-to-s excitations translates to
higher values of €, in the metals at the wavelength where the inter-
band transitions are allowed. This means that non-noble metals
have higher values of ¢, compared with the noble metals at visible
wavelengths. The data in Fig. 1b show that for visible wavelengths,
g, is small for Ag (across the entire visible range) as well as for Cu
and Au above a threshold. The combination of &, ¥ —2¢,, and low ¢,
stipulate that Ag, Au and Cu exhibit LSPR in the visible range. These
metals are typically regarded as the plasmonic metals.

Characteristics of plasmon excitation. A direct consequence of
plasmon excitation is the confinement of light energy near the sur-
face of metal nanoparticles in the form of elevated electric fields*.
The distribution of the confined electric fields in the metal is spa-
tially inhomogeneous with the maximum field intensities localized
at the surface of the nanoparticles*’. The intensity of these fields
decays dramatically with distance from the surface*. For isolated
particles, the elevated field intensities can be up to 10? times the
intensity of the incoming electromagnetic field and up to 10° times
the intensity at corners or other sharp features of the nanopar-
ticles*”. Furthermore, the field confinement can reach 10*-10°
times the intensity of incoming radiation in the space between
two closely positioned plasmonic nanoparticles. These regions of
extremely high field intensities are commonly referred to as plas-
monic hotspots. The amplification of the electric field intensity
near the surface of the nanoparticles amplifies photophysical pro-
cesses such as absorption (that is, excitation of energetic electron-
hole pairs) and photon scattering, and it has been leveraged for
applications in spectroscopy, chemical sensing and cancer therapy,
among others*~". A classic example of this is the amplification of
inherently weak Raman scattering in surface-enhanced Raman
spectroscopy”' .

The energy stored in the elevated LSPR fields is dissipated either
through radiative photon scattering or nonradiative absorption
in the metal nanoparticles within a very short time period, as the
lifetime of a plasmonic excitation is in the femtosecond range®’->".
Nonradiative absorption results in the generation of energetic
charge carriers in the metal nanoparticles®'. As discussed earlier,
absorption (that is, the generation of energetic charge carriers) in
metals can occur through either intraband s-to-s excitations or
interband d-to-s excitations (Fig. 2a). Due to the inherently larger
rate constant of interband excitations, plasmon decay via these exci-
tations is the dominant decay pathway when available. Recent first
principles calculations by Atwater et al. shed light on this phenom-
enon®. The data in Fig. 2b show the partitioning among various
absorption pathways in plasmonic gold nanoparticles versus plas-
mon (photon) energy for different particle sizes. The data show that
direct interband excitations are the dominant pathway for plasmon
decay (photon absorption) in Au nanoparticles at energies where
they are energetically accessible regardless of nanoparticle size. The
contribution of the other absorption processes (that is, the phonon-
assisted or surface-assisted intraband s-to-s excitations) are size
dependent and only dominate for plasmon energies at which direct
interband transitions are inaccessible®**.
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Fig. 2 | Plasmon decay through electronic excitations. a, Band diagram (energy (E) versus momentum (k)) depiction of photon absorption in metals
through either s-to-s intraband excitations (i) or d-to-s interband excitations (ii). Intraband excitations require a change in momentum whereas interband
excitations are direct electronic excitations, which do not require a change in momentum. b, Relative contributions of resistive, geometry-assisted,
phonon-assisted and direct excitations to absorption in a semi-infinite gold surface and spherical gold nanoparticles of various sizes as a function of
plasmon energy. Direct excitations in Au dominate when available regardless of the size of the Au particles. ¢, Energy distributions of initially excited

hot carriers (P(w,e)) in Al, Ag, Au and Cu as a function of plasmon frequency (w) and carrier energy (e). Excitation of intraband transitions results in the
generation of equally energetic electrons and holes. Excitation of interband transitions generates an asymmetric distribution of low-energy electrons and
high-energy holes. Panels adapted from: a, ref. *°, Springer Nature Ltd; b,¢, ref. ®2, American Chemical Society.

The pathway of plasmon decay governs the energy distribution
of the initially excited hot charge carriers. It has been shown that
the excitation of intraband transitions, which is the dominant plas-
mon decay absorption pathway in Ag at LSPR frequencies, results in
the formation of hot electrons and holes in the s states of the metal
that are of relatively equal energies, yielding a flat charge carrier
distribution function (Fig. 2¢)® In contrast, excitation of interband
transitions in Au and Cu results in an asymmetric initial energy
distribution of energetic charge carriers wherein low-energy s elec-
trons and high-energy d holes are produced (Fig. 2¢). This distribu-
tion of energetic charge carriers is a direct consequence of exciting
electrons from low-lying filled d states to empty s states above the
Fermi level of these metals.

These initially formed high-energy charge carriers redistrib-
ute their energy through a number of relaxation processes. These
relaxation processes are generally well understood'”*. The initially
excited energetic charge carriers primarily redistribute energy
through electron-electron collisions on the femtosecond timescale.
This results in the secondary excitation of charge carriers near the
Fermi level leading to a hot Fermi-Dirac distribution of energetic
charge carriers on the approximately tens of femtoseconds tim-
escale. These charge carriers further cool by coupling to phonon
modes of the metal nanoparticles ultimately resulting in heating of
the metals on the picosecond timescale. The energy is lost in the
final process of energy exchange with the environment.

While the above-described relaxation processes and the dynam-
ics of these processes have been illuminated mainly based on the
behaviour of free electrons and holes (s band), there are no funda-
mental reasons to suggest that the lifetime of the d electrons or holes
are significantly different. It has been suggested that hot d holes
relax via an Auger process whereby an s electron fills the d hole
creating an energetic s hole in the process®. This energetic s hole
then relaxes via the electron—electron and electron-phonon interac-
tions described above. Wolf and colleagues have suggested that this
mechanism of energetic d-hole relaxation could slightly prolong the
lifetime of energetic charge carriers in metals.

Activation of chemical bonds on plasmonic nanoparticles

When we entered this field, we postulated that the strong light-mat-
ter interaction displayed by plasmonic nanoparticles could result in
surface chemical reactions. We demonstrated this by showing that
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partial oxidation reactions on plasmonic Ag nanoparticles can be
induced by relatively low-intensity resonant light*. These initial
studies were followed by an avalanche of reports of plasmon-driven
reactions on Ag and Au nanoparticles”~"®. For instance, plasmonic
excitation of Ag and Au nanoparticles has been shown to activate
CO oxidation, hydrogenation of carbonyls, dissociation of H, and
reduction of nitroaromatics, among others®’->. We argued that the
energy required to activate chemical bonds on the surfaces of plas-
monic nanoparticles was provided by plasmon-mediated excitation
of energetic charge carriers, which somehow end up in the reactants
causing the reaction (Fig. 3a). We proposed this mechanism of bond
activation (surface chemical transformation) on the plasmonic
metal surfaces based on the above-mentioned studies of high-
powered laser-induced reactions on bulk metal surfaces? "%,
We note that the important difference here is that on the plasmonic
nanoparticles, these reactions did not require high laser intensi-
ties. We come back to this point later. This transfer of energy to
the molecule (reactant), in the form of hot charge or an electronic
excitation, forces the molecule to evolve along a charged (or excited)
potential energy surface, that is, the atoms of the molecule reconfig-
ure to accommodate the potential energy surface. This molecular
evolution can lead to a chemical transformation on the charged (or
excited) potential energy surface, or once the charged (or excited)
state decays, the molecule can return to the ground-state potential
energy surface but with additional vibrational energy (Fig. 3a).

It is important to stress, as it is often misunderstood, that this
process does not require charge extraction out of the metal (that
is, the metal nanoparticle does not end up in a charged state). This
process only leads to a transient electronic exchange between the
metal and reactant (an electronic excitation in the adsorbate-metal
complex), yielding transient adsorbate ions (or excited states local-
ized on the reactant). These adsorbate ions survive on metal sur-
faces tens of femtoseconds before the relaxation, which is sufficient
to induce chemical transformation or add vibrational energy to the
reactant leading to the reaction. It is also important to stress that
the lifetime of a vibrational excited molecule on metal surfaces is
generally assumed to be in the picosecond range; however, a recent
study by Wodtke et al. showed that in some cases, the vibrational
lifetime extends to longer than 107" seconds®. We anticipate that
this long lifetime of vibrational excited states might be a regular
feature of weakly bonded molecules on Ag and Au as the energy
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Fig. 3 | Mechanism of plasmon-mediated bond activation and evidence of charge-carrier-mediated reactions. a, Schematic of the desorption induced by
electronic transitions mechanism for a dissociation reaction on a photoexcited plasmonic metal. (1) The adsorbate initially sits at the equilibrium position
on its ground-state potential energy surface, requiring activation energy E, to dissociate. (2) Photoexcitation of the plasmonic nanoparticle deposits
plasmon energy into the adsorbate and elevates it to an excited potential energy surface. The adsorbate then moves along the excited potential energy
surface, gaining kinetic energy and possibly reacting in the excited state. (3) If the adsorbate does not react in the excited state, it decays back down to the
ground-state potential energy surface in a vibrationally excited state effectively lowering the barrier for dissociation. b, A parity plot of the calculated and
experimentally measured KIE for oxygen dissociation on Ag nanocubes. The KIE is elevated under the influence of light. ¢, The photocatalytic rate of HD
formation on Au nanoparticles compared with the purely thermal rate. It is clear that heating the catalyst to 100 °C results in a negligible increase of the
rate compared with the photoexcited case at room temperature. Panels adapted from: b, ref. ¢, Springer Nature Ltd; ¢, ref. 5, American Chemical Society.

dissipation pathways are more limited on these metals. This long
lifetime would imply that a molecule can react on a metal surface in
a vibrational hot state, that is, before it loses its vibrational energy
to the surface. The above-described mechanism of bond activa-
tion, which involved electronic transitions, is known in the surface
chemistry community as desorption induced by electronic transi-
tions, where the reference to desorption comes from the fact that
the initial reports of laser-induced surface chemistry were focused
on desorption from metal surfaces”.

These charge-carrier-driven reactions on metals exhibit a few
unique experimental signatures compared with thermal reac-
tions”*. A classic signature of the charge-carrier-mediated reac-
tions on metals that involve electronically excited states, suggested
based on the laser-induced chemistry experiments on extended
metal surfaces, is an elevated primary kinetic isotope effect (KIE)
compared with the KIE associated with the thermal reaction®”’.

Motivated by seeking to demonstrate that the light-driven reac-
tions on metals were indeed driven by energetic charge carriers, our
group examined the KIE for the dissociation of O, on plasmonic
Ag nanoparticles”™*”. We hypothesized that plasmon-excited ener-
getic charge carriers drive dissociation of O, on the photoexcited Ag
nanoparticles. We performed reactor experiments for O, dissociation
on plasmonic Ag using '°O, and '*O, under purely thermal conditions
and under illumination. The KIE for both experiments were com-
puted by taking the ratio of the '°O, reaction rate to the '*O, reaction
rate. The results from the KIE experiments are shown in Fig. 3b. Under
purely thermal conditions, a KIE of 1.06 was measured. However,
photoexcitation of the plasmonic catalyst resulted in an elevated
KIE of up to 1.48. This stark contrast in the observed KIE supports
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the conclusion that O, dissociation under photoexcitation was aided
by plasmon-induced excitation of energetic charge carriers.

These findings of charge carrier-mediated reactions on photoex-
cited plasmonic catalysts were corroborated by several other groups
for a number of different chemical transformations on Ag and Au
nanoparticles. For example, Halas et al. demonstrated that photo-
excited Au nanoparticles catalysed the dissociation of H, at room
temperature whereas little-to-no dissociation took place under
purely thermal conditions even at temperatures as high as 100 °C
(Fig. 3¢)**%. Furthermore, it was shown that the photocatalytic rate
of H, dissociation was proportional to the plasmon intensity of the
Au nanoparticles, which demonstrated that plasmon-mediated
excitation of energetic charge carriers was involved in the activa-
tion of H, on the Au nanoparticles. In a separate case, Moores et al.
showed that plasmonic Ag nanoparticles could drive photocatalytic
hydrogenation of carbonyls under plasmon excitation®. Here again,
no chemical conversion was observed under purely thermal condi-
tions, suggesting that the reaction was driven by plasmon-derived
energetic charge carriers.

These initial mechanistic findings of charge-carrier-mediated
reactions on photoexcited plasmonic nanoparticles inspired fur-
ther interest in this field as it offered opportunities to move away
from reaction outcomes (selectivity) induced by thermal fluxes
and potentially develop more selective catalytic processes. As we
mentioned above, in temperature-driven reactions, energy is pro-
vided to all available degrees of freedom (all vibrational, rotational
and translational modes) resulting in the simultaneous activation
of many reaction pathways. Alternatively, charge-carrier-mediated
reactions potentially offer the opportunity to push the evolution of
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Fig. 4 | Mechanisms of plasmon-mediated energy transfer to reactants. a, Indirect energy transfer mechanism. Plasmon relaxation results in an electron
distribution that is characterized by a high concentration of low-energy charge carriers. Charge carriers with adequate energy can transfer to metal-
adsorbate states at the interface. b, Direct energy transfer mechanism. Plasmon decay results in the direct excitation of charge carriers to states of the
adsorbate-metal complex at the interface. ¢, A band structure representation of the direct energy transfer mechanism. The adsorption of molecules on the
metal surface create new metal-molecule states at the interface that can allow for direct, momentum-conserved electronic excitations between the metal
and these new states. d, Temperatures of different vibrational modes of MB adsorbed on Ag. Under 532 nm illumination, the vibrational temperature is
nearly equal to the set temperature (represented by the black line). Under 785 nm illumination, the vibrational temperatures for all modes are significantly
increased above the metal nanoparticle temperature, indicating a resonant, selective energy transfer into the MB adsorbate. e, Excitation of Au
nanoparticles strongly coupled with CdSe nanorods causes plasmon decay by directly creating an electron in the conduction band of the semiconductor
and a hole in the metal, which results in a damped SPR band of the Au nanoparticles and a continuous absorption feature extending to the near-infrared
spectrum. Panels adapted with permission from: d, ref. ®°, American Chemical Society; e, ref. 5, AAAS.

reactants to a desired product state by selectively depositing energy
in a particular reaction coordinate (for example, a particular vibra-
tional mode through the above-described hot-electron heating)***.

Transient electronic excitations into reactants

While many groups focused on demonstrating plasmonic chemistry
for different chemical transformations, we decided to spend consid-
erable time attempting to understand the mechanism that leads to
the electronic excitations in the adsorbate-metal complexes, that is,
how an energetic carrier finds its way to the reactant. Our motiva-
tion for focusing on this question came from the simple observation
that the above-mentioned photoinduced reactions on extended,
bulk metal surfaces required significantly higher light intensity
compared with the reactions on plasmonic metal nanoparticles.
While some of this difference arises from the significantly larger
optical cross-sections and surface-to-volume ratios of plasmonic
metal nanoparticles compared with extended metal surfaces, it was
clear that there might be additional factors that allowed plasmonic
nanoparticles to be significantly more efficient.

The accepted mechanism of energy transfer from metals to adsor-
bates, which was observed on extended metal surfaces illuminated by
high-intensity lasers, is termed the indirect mechanism. It assumes
that photon absorption results in the generation of energetic charge
carriers within the metal followed by charge injection into acces-
sible adsorbate orbitals. We postulated that in the plasmonic metal
nanoparticles, an alternative direct mechanism might play an impor-
tant role. Under this mechanism plasmon decay results in direct
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electronic excitations at the adsorbate or at the adsorbate/metal
interface. This effectively means that the fundamental photophysical
process underlying the plasmonic chemistry is different than the one
underlying the chemistry on extended metal surfaces. We discuss
both mechanisms in more detail in the following sections.

Indirect transfer of energy. In this mechanism, photoexcitation of
the plasmonic metals results in the excitation of energetic charge
carriers in the metal nanoparticle as discussed above. These charge
carriers then collide with other charge carriers forming an ener-
gized (hot) Fermi-Dirac distribution. Energetic charge carriers
from this distribution can transfer from the metal to unpopulated
states (orbitals) at the adsorbate (Fig. 4a).

In this mechanism, the transfer of energetic charge carriers to
adsorbates will depend on the positioning of the adsorbate states
relative to the Fermi level of the metal. Since the Fermi-Dirac distri-
bution is characterized by an elevated concentration of hot carriers
close to the Fermi level, the adsorbate states closer to the Fermi level
will always experience higher rates of energy transfer. Although this
energy transfer mechanism could in principle produce reaction out-
comes unique from thermal reactions, it does not allow for signifi-
cant control of the energy transfer process (that is, ability to target
particular orbitals), which ultimately limits the ability to control
product selectivity.

Direct transfer of energy. We postulated that in plasmonic
nanoparticles, the indirect mechanism, while potentially important,
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was not the only way by which plasmonic energy was transferred
to the reactants. We hypothesized an alternative mechanism that
involved the direct excitation of charge carriers within the metal-
reactant complex at the adsorbate/metal interface, as depicted in
Fig. 4b****. In this mechanism, interactions between the adsorbate
and the metal result in the evolution of electronic states at the
interface. These interfacial electronic states provide an additional
energy dissipation pathway for the energy collected via LSPR excita-
tion through direct momentum-conserved excitations of electrons
involving these states (Fig. 4c)®. In contrast to the indirect mecha-
nism, the direct mechanism avoids the excitation of charge carri-
ers in the metal, suggesting that plasmon energy can be channelled
to particular adsorbates by targeting specific states at the interface
with resonant photons.

We demonstrated the existence of the direct charge excitation
mechanism as an important pathway for energy transfer to adsor-
bates in a case study of methylene blue (MB) chemisorbed on Ag
nanoparticles®**. In this study, we used LSPR-enhanced Raman
spectroscopy (essentially surface-enhanced Raman spectroscopy)
to probe the energy transfer between plasmonic Ag and MB mol-
ecules attached to Ag. It is well-established that charge excitation
in an attached molecule (in this case MB) or transfer of energetic
charge carriers to the molecule leads to vibrational heating of
the molecule®*¥. This can be measured by comparing the inten-
sities of the anti-Stokes and Stokes Raman scattering processes.
We found that the photoexcitation of the system with a 785 nm
Raman laser resulted in significantly more energy transfer to the
MB molecule compared with photoexcitation with 532 nm light
of the same photon flux. This resonant energy transfer induced
by 785 nm photons resulted in the non-equilibrium heating of the
molecule, compared with the Ag substrate, as shown in Fig. 4d.
The non-equilibrium heating of the molecule was not observed for
the 532 nm laser®**°. The results suggested that the interaction of
the adsorbate with the metal nanoparticles opened new channels
for energy dissipation that could be induced using 785 nm light
but were inaccessible to 532 nm light. Based on these findings,
we suggested a resonant flow of energy involving direct electronic
excitations at the MB/Ag interface.

Similar findings demonstrating the importance of interfacial
states on the flow of LSPR energy were reported in a few other stud-
ies that relied on variations of pump and probe measurements®-'.
For example, Lian et al. argued that the chemical attachment of Au
nanoparticles to CdSe nanorods resulted in strong mixing of the
electronic states of the two materials®. This interaction opened a
new, very fast pathway for the dissipation of plasmon energy via
interfacial charge carrier excitations. Optical measurements com-
bined with transient absorption spectroscopy (Fig. 4e) demon-
strated that plasmon excitation of the Au nanoparticles resulted in
energy transfer to the CdSe nanorods via direct electronic transi-
tions from filled metal states to the conduction band of the semi-
conductor at the interface between the two materials. Similarly,
Petek etal. applied ultrafast two-photon photoemission spectroscopy
to demonstrate the emergence of a direct charge excitation path-
way across a Ag/TiO, heterojunction®. The photoexcitation of the
Ag/TiO, heterojunction resulted in dephasing of the plasmon exci-
tation in Ag, which generated hot electrons with anisotropic and
non-thermal distributions in TiO, near the metal/semiconductor
interface. Furthermore, time-resolved measurements showed ultra-
fast relaxation (<10 fs) of the hot electrons consistent with direct
excitations taking place between Ag and TiO,, rather than by excita-
tions in Ag followed by charge injection into TiO,. Another recent
study by Kazuma et al. reported on the real-time observation of
the plasmon-induced dissociation of dimethyl disulfide via a direct
excitation mechanism using scanning tunnelling microscopy™. It
was argued that the intense fields generated between a Ag scanning
tunnelling microscope tip and a metal substrate (where the probe
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molecules were located) facilitated the dissociation via direct excita-
tions at the interface. Wavelength-dependent measurements of the
LSPR-induced dissociation rate (when the field is present) and the
photoinduced dissociation rate (when the dissociation is triggered
by tunnelling electrons) demonstrated that the plasmon-generated
fields promoted direct excitations at the interface and dissociation
of the molecules.

This direct mechanism of energy transfer is in line with previ-
ously suggested chemical interface damping of plasmons™**. The
advancement made by recent contributions is that previously we had
no clear models that shed light on when this mechanism of LSPR-
energy transfer was functional and therefore no clear understanding
of how to take advantage of these physical processes. Based on our
work on various probe molecules (including the above-mentioned
MB), we proposed that there were at least two critical requirements
for the exchange of energy between plasmonic nanostructures and
reactants™®. One requirement is the intense electric field generated
at the surface via LSPR excitation that essentially reroutes charge
excitation processes to the surface. The second requirement is the
existence of the electronic states at the surface that allow for inher-
ently fast, momentum-conserved direct electronic excitations at the
locations where the LSPR field intensities are high.

Multicomponent plasmonic catalysts. This understanding of the
mechanisms associated with the energy flow in plasmonic catalysis
provided us with a framework for integrating plasmonic nanostruc-
tures with other non-plasmonic materials into multicomponent
plasmonic catalysts. In particular, we were interested in designing
hybrid plasmonic-catalytic materials where the energy harvested
by the plasmonic particle is efficiently transferred to a different
catalytic material where chemical transformations can take place.
This development of multicomponent plasmonic catalysts is critical
due to the limited catalytic activity of plasmonic metals (Cu, Ag and
Au), which constrains the phase space of reactions that could be
activated using these strategies.

Based on the proposed direct mechanism of energy transfer,
we hypothesized that the energy of light concentrated through
LSPR excitation in a plasmonic nanoparticle could be transferred
to a catalytic material, attached to the nanoparticle, via LSPR-
induced direct electronic excitations in the catalytic material. In
the case of catalytically active metals, this hypothesis relied on the
fact that the electronic structure of most catalytic metals (Pt, Pd,
Ru and so on) feature d bands at the Fermi level, which allow for
direct, momentum-conserved interband excitations in the visible
range. We postulated that this enables catalytic metals to act as
absorption sinks for the electromagnetic energy concentrated by
plasmonic metals.

We recently tested this hypothesis in a bimetallic model sys-
tem composed of a relatively large Ag nanocube core (75 nm) sur-
rounded by a thin ~1 nm shell of Pt (Fig. 5a)°. Measurements of
the optical properties of monometallic Ag nanocubes showed that
plasmon decay primarily resulted in photon scattering. However,
coating the Ag nanocubes with a 1-nm-thick shell of Pt resulted
in a drastic change in the plasmon decay pathway where absorp-
tion was now strongly favoured over scattering (Fig. 5b). These data
suggested that the thin Pt at the surface was providing an efficient
pathway for the dissipation of plasmonic energy thereby redirecting
plasmon energy to the thin Pt shell. The spatial distribution of the
LSPR energy dissipation was modelled using electrodynamic simu-
lations. The simulation data showed that the majority of the absorp-
tion in the particle was taking place in the thin Pt shell (Fig. 5c).
These hybrid plasmonic-catalytic nanoparticles were then used to
perform plasmon-enhanced preferential CO oxidation in excess H,.
The reactor experiments demonstrated that the charge carriers pro-
duced in the Pt shell by LSPR excitation from the Ag core could be
used to perform Pt surface chemistry.
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Fig. 5 | Multicomponent plasmonic catalysts. a, Dark-field scanning transmission electron microscopy image (left) and energy-dispersive X-ray
spectroscopy elemental map (right) of a Ag-Pt core-shell nanocube showing distributions of Ag (blue) and Pt (red). b, Extinction, absorption and
scattering spectra of Ag (left) and Ag-Pt nanocubes (right). The absorption-to-scattering ratio is drastically altered in favour of absorption when the Ag
nanocube is coated with ~1 nm of Pt. ¢, Simulated power dissipated through Ag and Ag-Pt nanocubes. Left: contour map of power dissipated through a
Ag (upper) or Ag-Pt (lower) nanocube. The thin coating of Pt strongly biases energy dissipation through the nanoparticle shell. Right: simulated light
absorption in the core versus the outermost layers of a Ag nanocube (top) and a Ag-Pt nanocube (bottom). In the pure Ag nanocube, nearly all the
absorption takes place in the core of the nanoparticle. In contrast, the thin coating of Pt re-routes the flow of energy so that most of the absorption takes

place in the thin ~1 nm shell of Pt. d, Studies of antenna reactor systems. Left:

schematic of the bimetallic antenna-reactor system. Middle: normalized rate

of HD production on Al-Pd heterodimers and absorption in the Pd disk as a function of light polarization. Right: simulated absorption maps in the Al-Pd
heterodimers. Collectively, the data show that reaction rate and absorption in Pd are the highest when the plasmon-induced electric fields are the highest.
Panels reproduced from: a-c, ref. °°, Springer Nature Ltd; d, ref. ¥/, AAAS (left); ref. °, American Chemical Society (middle and right).

Similar to our work, Halas and colleagues demonstrated the
design of antenna-reactor systems in which a plasmonic metal (that
is, the antenna) acts to collect and concentrate visible light energy
and transfer that energy to a catalytic metal (that is, the reactor)
where it is used to drive a chemical reaction (Fig. 5d)°"*. This con-
cept was demonstrated using Al surrounded by a thin layer of AL,O,
as a plasmonic antenna and Pd nanoparticles as catalytic reactors
to drive photocatalytic reduction of acetylene and dissociation of
H,. Because the Pd nanoparticles were not in direct contact with
the plasmonic Al, it was argued that the energy transfer resulting in
increased reaction rates could only take place via a field effect where
the field from the plasmonic Al was felt by the catalytic Pd nanopar-
ticles resulting in the excitation of charge carriers in Pd.

We have also recently investigated this energy transfer mecha-
nism in more detail. From this work, it is clear that the two main
requirements for energy transfer are (1) high electric field intensities
provided by LSPR excitation of plasmonic metals and (2) the avail-
ability of direct, momentum-conserved electronic transitions in the
catalytic material at the LSPR excitation frequencies. By positioning
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the catalytic material at the positions where the electric field intensi-
ties are the highest (that is, at the surface of the plasmonic metal), the
energy transfer from the plasmonic metal to the catalytic metal can
be maximized. A crucial feature of this mechanism is that it avoids,
to a large extent, the loss of energy via absorption in the plasmonic
metal allowing for high-energy carriers to be generated directly in the
catalytic metal. The understanding of this mechanism now allows for
the conceptualization of new designs of hybrid plasmonic-catalytic
metal nanoparticles for performing chemical reactions beyond those
for which only Ag and Au are catalytically active.

Current trends and outlook

In our discussions above, we have mainly focused on discussing
plasmonic chemical transformations that involve one-electron
(one-hole) or one electronic excitation process. We have discussed
these reactions in the context of a transient charge excitation within
the metal-reactant complex, where this excitation results in energy
transfer into the reaction coordinate. The mechanism we discussed
does not require multiple electronic excitations, a long lifetime
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of the electronic excitation or charge extraction from the metal
nanoparticle. This mechanism allows for the plasmonic acceleration
of processes that already take place thermally or potentially for an
activation of alternative chemical routes (different product selectiv-
ity compared with the thermal process) via the direct mechanism of
energy exchange between a plasmonic structure and an adsorbate.

There have been a number of recent reports of multi-electron
(or -hole) reactions, such as CO, or N, reduction, on plasmonic
nanoparticles, akin to the processes that could take place on semi-
conductor light absorbers or in electrochemical systems. Although
this idea is intriguing, there are several potential issues that need to
be addressed, understood and explained. First, these multi-electron
processes have been observed mainly when charge scavengers have
been employed, so to fully understand these process it is critical to:
(1) establish that the products are actually derived from the reac-
tants (N, or CO,) rather than from the scavengers or impurities,
(2) evaluate the quantum efficiencies in terms of the reaction rates
obtained and the light intensity used in the experiments — very low
rates or large intensity requirements would be discouraging in this
context — and (3) critically assess the overall thermodynamic effi-
ciencies of these processes as these processes often employ high-
energy scavenger molecules. The promise of solar-to-chemical
energy conversion (CO, or N, reduction) rests on the ability to
use sunlight to power endothermic processes, and for these par-
ticular reactions, it implies that the reducing hydrogen molecules
are derived from water and not from a scavenger. Furthermore, to
execute these multi-electron reactions, multiple electrons (or holes)
need to transfer to reaction intermediates quite rapidly. This rapid
transfer is required as the reaction intermediates are unstable and
the reverse reactions are thermodynamically preferred. In highly
endothermic reactions (H,O splitting or CO, reduction that uses
water as the source of hydrogen), the energy of these charge carriers
also needs to be high. In electrochemical metallic systems, execu-
tion of these multi-electron reactions requires changing the voltage
of the metal, thereby lifting the energy of every charge carrier in the
metal. This ensures that the electrochemical potential of the charge
carriers is sufficiently high to allow for a rapid transfer to the reac-
tants. This often leads to high electrochemical losses (overpotential)
associated with these reactions. As discussed earlier, in plasmonic
nanostructures single-electron excitations take place, the lifetime
of photogenerated high-energy charge carriers in metals is short
(approximately tens of femtoseconds), and the time between excita-
tion events is relatively long at low light intensities (for example, one
Sun). Given these physical constraints, it is difficult to argue that
multiple electronic excitations, required to execute multi-electron
reactions, can take place faster than the reverse reactions. Therefore,
in our view different mechanistic explanations are required to
explain the observations of plasmon-driven multi-electron (-hole)
reactions. The central question is how can multiple high-energy
charge carriers be supplied to the high-energy intermediates in
short times under moderate light intensities (sunlight) without the
aid of high energy scavengers?

Ultimately, the promise of plasmonic catalysis rests on the ability
to perform surface chemistry with higher control over the product
selectivity than in purely temperature-driven chemical reactions.
The above-described experimental observations and models sup-
porting the direct energy transfer mechanism imply that it is in
principle possible to selectively excite specific electronic excitations
at the molecule/nanoparticle interface. Whether these excitations
yield a preferential heating of specific vibrational modes is ulti-
mately related to the distribution of this electronic energy among
different vibrational modes, which is in turn governed by the shape
of the excited potential energy surface (that is, the transient ion
potential energy surface). Clearly, engineering selective chemis-
try will require engineering of not only optical properties of the
plasmonic metal, but also the electronic structure of the reactants
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adsorbed on the active centres as well as the ground and excited
potential energy surfaces. In principle, this will require a complete,
almost atomistic control over the entire multifunctional plasmonic
catalyst. Quantum chemical calculations can be very helpful in
identifying the desired structures and potentially guiding us in the
discovery of selective plasmonic catalysts™'®.

As the field of plasmonic catalysis continues to grow, it is becom-
ing ever more important to avoid missteps that could lead the field
in wrong directions or overpromise and underdeliver. For instance,
it is not uncommon to see optical and catalytic data exaggerated or
incorrectly interpreted to support certain claims in the literature.
Similarly, claims about physical phenomena are often presented
without providing the appropriate data to support them. These
practices, although common in emerging fields, hinder progress
and hopefully will be minimized and avoided. Nevertheless, plas-
monic catalysis has seen significant growth over the past few years.
With continued progress in the areas of quantum chemistry and
precision synthesis of nanomaterials, we anticipate the field will
experience significant advancements in the coming years.
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