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ABSTRACT: The use of nanoplasmonics to control light and heat close to the
thermodynamic limit enables exciting opportunities in the field of plasmonic
catalysis. The decay of plasmonic excitations creates highly nonequilibrium
distributions of hot carriers that can initiate or catalyze reactions through both
thermal and nonthermal pathways. In this Perspective, we present the current
understanding in the field of plasmonic catalysis, capturing vibrant debates in
the literature, and discuss future avenues of exploration to overcome critical
bottlenecks. Our Perspective spans first-principles theory and computation of
correlated and far-from-equilibrium light—matter interactions, synthesis of new
nanoplasmonic hybrids, and new steady-state and ultrafast spectroscopic probes
of interactions in plasmonic catalysis, recognizing the key contributions of each
discipline in realizing the promise of plasmonic catalysis. We conclude with our
vision for fundamental and technological advances in the field of plasmon-

driven chemical reactions in the coming years.

hemical reactions are ubiquitous and play critical roles

in everyday life. For decades, chemists have increased

the rate of chemical reactions using metal surfaces,
enzymes, molecular catalysts, or photocatalysts. However,
traditional catalysts have well-known limitations regarding
reactivity, selectivity, and/or stability. Moreover, for most
current industrial catalytic processes, the catalysts require high
temperatures and/or pressures to operate efficiently. An
emerging field in catalysis is the use of plasmon resonances
in metal nanoparticles (NPs) to control the rate and selectivity
of photocatalytic reactions. This research sits at the interface
between chemistry, plasmonics, and cavity quantum electro-
dynamics and has opened a new avenue for catalysis, leveraging
the excitation of carriers in irradiated metal NPs as well as the
quantum nature of light—molecule interactions to drive
chemical reactions. The control of light and heat close to the
thermodynamic limit enables exciting opportunities to explore
the nascent field of plasmonic catalysis. Whereas most
reactions obey Kasha’s rule, in which photochemistry proceeds
from the lowest excited energy states regardless of excitation
wavelength, concepts from the fields of plasmonic chemistry
and quantum optics present a pathway to correlated light—
matter interactions that overcome conventional limits in
chemical dynamics and quantum chemistry. Indeed, the fact
that photoexcited carriers can affect the reactivity of molecules
adsorbed on metal surfaces has been known for quite some
time."”” However, these transformations typically required
high-power pulsed laser excitations, which is far from the
dream of sunlight-driven chemical transformations.’™®
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In recent years, the idea of using the energy gathered by
plasmon excitations in nanomaterials for catalyzing chemical
reactions has garnered considerable interest.” Here, we discuss
the current understanding and future outlook of the field from
an interdisciplinary perspective, spanning across first-principles
theory and the computation of correlated and nonequilibrium
light—matter interactions, synthesis of nanoplasmonic hybrids,
and spectroscopies and probes of interactions in plasmonic
catalysis. In this Perspective, we highlight the remarkable
advances the field has made juxtaposed with the plethora of
open questions.

Our Perspective is organized as follows. We begin with a
discussion of predictions and theoretical approaches to
describe plasmonic systems out of equilibrium. Next, we
present a discussion of thermal effects in plasmonic catalysis,
underlining the advances in theoretical and computational
descriptions of these fields. Building on these concepts, we
present spectroscopic and chemical signatures of plasmon-
induced transformations, highlighting the convolution of direct
charge transfer and strongly temperature-dependent effects.
The collection of plasmonically excited carriers forms the
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Figure 1. (a) Schematic of the relevant ultrafast and fast time scales of different steps involved in the internal relaxation of a collective
plasmonic mode in a nanocrystal after a pulsed excitation. The initial out-of-equilibrium carrier distribution excited by the plasmon
thermalizes in the scale of ~100 fs, to then share their energy with the lattice and ultimately with its environment as heat. Adapted with
permission from ref 39. Copyright 2019 Elsevier. (b) Schematic of a metal nanoparticle (NP) under illumination, depicting sample
trajectories of individual electrons, color coded by their kinetic energies. The indirect injection of plasmonic excited carriers (i) is limited in
several ways. The carriers need to have sufficient kinetic energy to surpass any potential barrier separating metal and environment, and the
majority of excited plasmonic carriers will not have sufficient energy to leave the system (ii). The schematic plot depicts a typical steady-state
population of excited intraband carriers for a small NP, over those at equilibrium with the lattice temperature, with small overall numbers of
high-energy hot electrons. These carriers have very short lifetimes, limiting their capacity to reach the surface before losing a fraction of their
kinetic energy, as it has been discussed in the context of Au, Ag, Cu and Al plasmonics (jii). Last, conservation of momentum at the interface
also constrains the directions of propagation that avoid reflection at the surface (iv). (c) Illustration of two common pictures for the initial

excited carriers’ profile under pulsed excitation. Adapted from ref 40. Copyright 2017 American Chemical Society.

subject of the next two sections, with an in-depth presentation
of different interfacial approaches, including plasmonic metal—
semiconductor junctions and metal-metal and metal—
molecule hybrids. We further discuss plasmonic chemistry at
the picoscale, highlighting the atomic nature of chemical
reactivity. We end the discussion section by presenting the
incipient and promising intersection of plasmonics with strong-
coupling chemistry. Finally, we present our vision of the
current bottlenecks in the field of plasmon-driven catalysis and
propose future directions to pursue.

PREDICTING AND UNDERSTANDING
NONEQUILIBRIUM NANOPLASMONICS AT THE
MICROSCOPIC LEVEL

Predictions of the optical response of complex photonic
structures have relied for decades on (semi)empirical
constitutive parameters, namely, the material permittivity and
permeability. However, as nanophotonics approaches the
atomic limit, the predominantly empirical nature of these
dielectric functions renders a number of questions unclear. In
particular, because at these short length scales spatial
nonlocality becomes relevant and most constitutive parameters
are measured near zero wavevector, these susceptibilities
quickly become inapplicable for describing quantum optics at
the extreme atomic scale. Simultaneously, driving nano-

plasmonic systems out of equilibrium via laser-induced
excitation introduces an ultrafast time scale to the problem.
Understanding the dynamics of nonequilibrium electrons in
materials is critical for a wide array of applications ranging
from photovoltaic or photochemical energy conversion devices
to nanoscale transistors for computing. However, several
competing effects in such ultrafast experiments are obscured in
typical empirical analyses. An unambiguous resolution of the
experimental signatures of hot-carrier dynamics using a
predictive ab initio theory would therefore be highly desirable.
This challenge naturally grows when the initially excited metal
is interfaced with another material, for instance, a semi-
conductor, bringing nanoscale energy transfer to the ultrafast
regime. As we briefly introduce in this Perspective, the field has
made tremendous progress toward such an ab initio under-
standing in modeling and interpreting nonequilibrium
plasmonics as well as introducing first-principles calculations
to unravel plasmonic chemistry at the atomic scale.

Decay of surface plasmons to excited “hot” carriers is a
direction that has attracted considerable interest from the
nanoscience community.”*~'" A theoretical understanding of
plasmon decay processes and the underlying microscopic
mechanisms has enabled a spectrum of recent demonstrations
in plasmonic nanochemistry. Early reports of first-principles
calculations that describe all of the significant microscopic
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mechanisms underlying surface plasmon decay and predict the
initial excited carrier distributions resulting from decay
appeared in 2014. In particular, ab initio calculations of
phonon-assisted optical excitations in metals were critical to
bridging the frequency range between resistive losses at low
frequencies and direct interband transitions at high frequen-
cies. Similarly, calculations of energy-dependent lifetimes and
mean free paths of hot carriers, accounting for electron—
electron and electron—phonon scattering, offered critical
insight toward the transport of plasmonically generated carriers
at the nanoscale. These predictions widened the impact of
nonequilibrium plasmonics to a variety of fields in which
observation or exploitation of plasmonically excited hot
carriers is important, including photodetection, photovoltaics,
chemical transformations, and spectroscopy.

In the field of nonequilibrium plasmonics, theoretical
approaches can readily account for the time dependence of
the energy distribution of carriers due to electron—phonon and
electron—electron scattering as well as the optical response
corresponding to direct and phonon-assisted transitions, all
including detailed electronic—structure effects. This finding
critically results in quantitative agreement with both the
spectral and temporal features of the transient absorption
measurements, a key achievement in this field. In addition,
recently generalized calculation methodologies enable re-
searchers to avoid effective electron temperature approxima-
tions, thereby retaining microscopic details and naturally
describing nonthermal, thermalizing, and thermalized elec-
trons, as we discuss next.

When a plasmonic mode is excited in a conductive
nanostructure, all of the energy that is not radiated, transferred
through a near-field interaction, or shared through charge
transfer events eventually ends up contributing to heating up
the nanostructure and dissipating into its environment as heat
(see Figure 1la). Although deploying plasmonic NPs as
nanoheaters is useful for a variety of applications, including
thermal photocatalysis—as described in detail in one of the
next sections—this approach lacks some of the properties that
make plasmonic catalysis most promising,” which can instead
occur through charge carrier injection. This context has
justified increased interest in probing the internal descriptions
of the out-of-equilibrium electronic states in plasmonic
systems, to find strategies for optimizing the excitation and
extraction of these carriers. To this end, a host of modeling
approaches have been employed to address the key aspects of
carrier excitation, relaxation, and transfer, from atomistic ab
initio models to hybrids of classical and quantum mechanical
frameworks. Collectively, they have significantly deepened our
understanding of the internal carrier dynamics in plasmonic
systems.

Critically for photocatalytic applications, the optically driven
excitation of carriers in a plasmonic nanostructure is
constrained by the requirements of momentum conservation.
Both phonon and surface scattering can enable intraband
electronic transitions to high-energy states, susceptible to
escaping the metal, with the latter mechanism having the
additional advantage of promoting transitions near the metal—
environment interfaces. As a result, the probability of
successful charge carrier transfer to a molecular adsorbate is
increased.'” It has been shown that this process dominates in
systems with small features,'” pointing to the advantage of
using small plasmonic NPs for charge injection. These results
are in line with previous models of plasmon dephasing in small

metal NPs'* and are consistent with recent experimental
findings on size-dependent efficiency of intraband photo-
luminescence in Au nanorods.'> Importantly, even though in
larger plasmonic systems the excited populations are
dominated by lower-energy carriers, the surface-mediated
mechanism remains relevant, and we can exploit it to enhance
the excitation of high-energy carriers by employing geometries
with hot spots or high surface curvature, such as octopods and
nanostars. °~"*

There are, however, fundamental limits to the overall
efficiencies achievable in using plasmonic hot electrons for
practical apylications, introduced by considerations of detailed
balance."”'” These limits stem from (1) the fast typical
relaxation times of excited carriers with large kinetic energies,
arising from electron—electron scattering;”’ this process
restricts their mean free paths, limiting the system’s volume
that can effectively generate injectable carriers; (2) the
relatively low rates of excitation for carriers with high energies
due to the limitations imposed by conservation of
momentum;'>”" and (3) constraints on the magnitude and
direction of the carriers’ momentum required to avoid
reflection at the interface.'””” Figure 1b illustrates these
factors. These constraints are fundamental and impose hard
limits on the efficiency of carrier injection for a given
plasmonic nanostructure and its interface with the environ-
ment.”®> However, despite these fundamental limitations, some
parallel approaches for photocatalysis using plasmonic hot
carriers have been introduced in recent years, reinvigorating
research in the topic. By careful system design®*~>" or by the
exploitation of phenomena such as strong intra- and
interparticle hot spots,'****" the community is constantly
trying to push the limits of the experimentally measured
efficiencies. The comparatively underexplored channel of direct
charge promotion between metal and adsorbates also plays a
relevant role,’>** as an interfacial process that coexists with the
indirect injection channel considered above.

Notwithstanding the number of largely compatible theoreti-
cal models for the excited populations of electrons in
plasmonic materials, gaps and differences remain, so we do
not yet have a complete theoretical picture enabling the
effective nanoengineering of systems for hot-carrier injection.
For instance, investigations of the momentum distribution of
plasmonic excited electrons aimed at understanding its
injection probability are rare.”* Moreover, this aspect would
benefit from being modeled in specific nanostructures, beyond
bulk crystals, as well as from combinin$ it with a detailed
picture of spatial excitation and diffusion.'®** In addition, the
shape of the energy profile of carriers initially excited by
plasmon decay is a relevant point for which there is not
complete agreement among theoretical approaches. Although a
typical physical picture results in a distribution of intraband
excited carriers extending to a relatively flat distribution,'****°
several groups have discussed the relevance of optical and
plasmonic relaxation processes exciting large numbers of lower
energy, nonthermalized electrons in addition to high-energy
(hot) electrons.'”*"*”** Figure lc shows the characteristic
shapes for nonthermalized carriers under both perspectives, as
well as thermalized distributions, which are similar in both
cases. This figure panel assumes pulsed illumination, for clarity,
but this difference is also relevant at steady state because the
fraction of the absorbed power utilized to excite high-energy
carriers is different under each of the two frameworks. Another
aspect that requires additional investigation from the theory
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side is the effect of interfaces in hot-carrier dynamics,
particularly in their injection.

Ab initio predictions for the parameters describing the
dynamics of electrons out of equilibrium with the lattice as well
as the optical response of these hot electrons have enabled a
complete description of ultrafast laser measurements.”'~* In
the past few years, researchers have reported qualitative
differences from previous semiempirical estimates of electron—
lattice coupling due to the strong energy dependence of the
real electron—phonon matrix elements, suggesting a revision of
previous empirical models for electron relaxation. By
presenting comprehensive temperature- and frequency-de-
pendent predictions of the optical response of hot electrons
in plasmonic metals, theoretical and computational results have
opened new avenues in plasmonic catalysis. We anticipate that
open questions in metal—-molecule and metal—semiconductor
or metal—-metal hybrids in deeply nonequilibrium regimes
require a similarly focused effort to capture the dynamics
uniquely localized at the interface.

By presenting comprehensive temper-
ature- and frequency-dependent pre-
dictions of the optical response of hot
electrons in plasmonic metals, theo-
retical and computational results have
opened new avenues in plasmonic
catalysis.

Although researchers have studied surface roughness and its
role in relaxing the momentum requirements for carrier
injection,'”** our understanding of interfacial effects can still
benefit from a detailed study of the electronic configuration at
the boundary between specific material systems, especially
when considering adsorbed molecules. Exploring these points
in a manner that targets relatively large systems while including
insights from atomistic ab initio models can be challenging due
to the disparity of spatial and temporal scales relevant in a
plasmonic photocatalytic system. Thus, looking forward,
computational approaches exploring hot-carrier excitation
and injection in realistic systems can benefit from extendin:
existing phenomenological and multiscale models,”"*>*
aiming especially to extend critical insights gained by atomistic
ab initio methods beyond density functional theory'****** to
larger-scale systems. The integration of information from a
combination of atomistic ab initio methods, semiclassical
optical models, and molecular dynamics could simultaneously
account for the different factors limiting the carrier injection
pathway in plasmon-driven catalysis and its interaction with
other energy transfer mechanisms that occur concurrently.*®
This integration may be particularly relevant when studying
hybrid strategies with different nanostructures and materials,
including nonhomogeneous alloys or structures of diverse
dimensionality.

Despite relatively low hot-carrier injection efficiencies,
plasmon catalysis is still of fundamental scientific and
technological relevance. As we discuss in this Perspective,
indirect hot-electron injection is not the only relevant energy
transfer mechanism.” Furthermore, beyond extending our
understanding of energy conversion and transfer mechanisms,
the field can pursue strategies that exploit several of these
mechanisms simultaneously, either synergistically or contribu-

. . . . . 49
ting to several processes in a multireaction scenario.

Moreover, there are new approaches for photocatalysis in
which plasmonic systems provide unique advantages. A recent
example is the proposed use of chiral plasmonic systems in
combination with photocatalysis and photothermal effects,
which, with the circular polarization of light, provides an
additional dimension over which to control photocatalytic
reaction rates’’ and heat generation;”' in a complementary
approach, growth induced by circularly polarized light can also
introduce chirality in nonchiral structures.”

THERMAL EFFECTS IN PLASMONIC SYSTEMS

Major challenges in plasmonic catalysis originate from the
diverse physical phenomena and broad time scales involved.
Whereas plasmonic relaxation and field scattering happen on a
femtosecond time scale and can be considered virtually
instantaneous from a chemical reaction perspective, hot-carrier
thermalization and lattice temperature increase (through
electron—electron and phonon—phonon interactions) typically
span between hundreds of femtoseconds and tens of
nanoseconds, as shown in Figure la. Such a wide time
window broadly overlaps with the time constants of typical
chemical reaction mechanisms. As such, singling out the
influence of each physical phenomenon in plasmonic reactivity
is a challenging task.”>™>° In the present section, we describe
some important considerations in the broader field of
thermoplasmonics that can impact plasmonic catalysis, and
in the next section, we highlight different experimental
approaches used to discriminate and to quantify thermal and
nonthermal effects.

Thermal transfer is the primary energy equilibration channel
between a NP and the environment. Regardless of the energy
conversion pathway, a portion of radiation absorbed by NPs is
always dissipated as heat. As described in the previous section,
small metal NPs are particularly relevant and attractive for
plasmonic catalysis, so let us first analyze the thermal behavior
of this type of system.

For sufficiently small metal particles at their plasmonic
resonance, far-field scattering is minimized and the vast
majority of the electromagnetic energy interacting with the
particle ends up increasing its temperature. However, under
conventional, wide-field illumination geometries, single/few
NPs alone can hardly be used for practical applications in
thermal-related processes, as shown in Figure 2a. By fixing the
illumination intensity and absorption efficiency (the absorption
cross section divided by the geometric one), the temperature
increases proportionally to the radius of the NP. Small particles
will therefore give rise to limited, although localized,
temperature increases. For example, to increase by 1 K the
temperature of a 15 nm Ag nanosphere with an absorption
efficiency close to 15—a relatively large value, reachable close
to the particle localized plasmon resonance at a wavelength of
~390 nm—would require an input intensity of more than 20
MW/m? This large optical intensity corresponds to ~20,000
times the full spectrum solar irradiation and is significantly
larger than the optical intensity used in conventional ensemble
photochemical setups using wide-field illumination. For this
reason, single-particle photothermal studies typically use
focused lasers that combine wavelength selectivity with large
intensities, to achieve significant absorption efficiencies and
high temperatures. Single-particle photothermal approaches
have been demonstrated for nanomaterial synthesis and could
be useful, for example, for advancing nanothermolithography
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Figure 2. (a) Calculated temperature profiles of a single and arrays of nine Ag 7.5 nm radius nanoparticles (NPs) in a square lattice with
lateral distances from 5 to 200 nm. In all cases, input light intensity is constant at I, ~ 21.4 MW/m? The absorption efficiency of each NP is
assumed constant, 7, = 15. Surrounding material is water. (b) Thickness of a homogeneous light-absorbing layer required to absorb 65%
(light gray), 90% (dark gray), and 99% (black) of solar radiation, depending on the material absorption coefficient, averaged over the solar
spectrum. Typical values for selective solar absorbers such as Pyromark 2500,%” carbon black NPs,°® and plasmonic metasurfaces®® are
shown in red. (c) Typical thermalization time scale, 7, for single Ag NPs of different radii, in the case of water (solid) and air (dashed)
surrounding medium. Insets show the temperature profiles of a 15 nm radius Ag NP after 0.1, 1, and 100 ns since the beginning of
irradiation (I, ~ 21.4 MW/m?) at the particle dipolar plasmonic resonance (1,,; = 15). (d) Time evolution of the longitudinal plasmon
resonance of Au nanorods during the growth of a silver shell (black) in the dark, (red) under 55 mW of 730 nm laser light, and (green)
under 240 mW of 532 nm laser light. The NP suspension is stirred and actively cooled to 6 °C, and the total absorbed optical power under
730 and 532 nm irradiation is the same. Adapted from ref 53. Copyright 2020 American Chemical Society. (e) Kinetic isotope effect (KIE)
measured for the photocatalytic ethylene epoxidation (limited by the dissociation of O,) on Ag nanocubes at constant reaction rate, as a
function of light source intensity. Note that for the range of temperatures explored in this study, the KIE for the thermal (dark) process
changes by less than 1%. Adapted with permission from ref 74. Copyright 2012 Springer Nature. (f) Left panel: Rates of CH, (green) and
CO (black) production at 623 K on plasmonic Rh nanocubes supported by Al,O; under dark and UV illumination. Neither products are
observed in a control experiment with only Al,O; (dotted lines). Right panel: Selectivity toward CH, as a function of the overall reaction
rate in dark (black circles) and under UV light (red squares). Adapted with permission from ref 75. Copyright 2017 Springer Nature.

techniques, designing versatile optothermal nanophotonics be numerically described employing Monte Carlo-based

devices, or conducting mechanistic studies in plasmonic approaches.“’64

catalysis.s‘s_60 Nanoparticle-based steam generation65 and nanophotonics-
Plasmonic NPs under mild illumination intensities represent enabled solar desalination have been demonstrated on the

a valuable platform for large-scale photothermally driven basis of cumulative photothermal effects in NP ensembles. In

processes when considered in an ensemble. Analogous to the such cases, one major advantage of using nanostructures as

distance dependence of the electric potential from a charged heating sources is the small amount of material required to

achieve eflicient light-to-heat energy conversion. Following this
concept, Figure 2b shows the minimum required thickness of a
homogeneous layer absorbing 65, 90, and 99% of the solar
spectrum, depending on the material average absorption
coefficient. The cases of typical solar absorbers, such as
Pyrornark,67 carbon black NPs,°® and plasmonic metasurfa-
ces,®® are highlighted. Due to the strong electromagnetic
energy confinement effect, customized plasmonic-based layers
typically need tens to hundreds of nanometers to absorb most
of the solar spectrum, holding promise for large-scale, ultrathin

sphere, temperature drops relatively weakly as ~1/r from the
surface of a heated NP.°’ When multiple NPs are irradiated
within the same system, the temperature contributions from all
heat sources must be added®® and the overall temperature of
an ensemble can reach large, though typically homogeneous,
values. Figure 2a shows simulations of the radically different
temperature profiles emerging when either one single or nine
differently separated NPs are irradiated at the same intensity.
The resulting temperature profiles exhibit localized or uniform

temperatures, depending on the total number of involved NPs photothermal devices. Efficient, thin light-absorbing surfaces
and their relative distances. Baffou et al. have shown how such also play a key role in flow-driven thermal oscillators.?’ In such
thermal patterns can be estimated for regular arrays of NPs and systems, a thermal process can be described as a resonant
how to evaluate the homogeneity of the resulting temperature phenomenon and enhanced at its resonant condition.
maps.62 Three-dimensional (3D) or more disordered systems Researchers have increased the efficiency of thermal water
of NPs, which are commonly used in plasmonic catalysis, can distillation, an Arrhenius-like temperature-dependent process,
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by ~500% by applying this resonant heat-transfer mecha-
nism.”” Plasmonic metasurfaces, by acting as quasi-two-
dimensional (2D) heat dissipators, squeeze light-to-heat
conversion into nanometer-sized layers and hold promise for
enabling nanophotonics-driven ultrathin resonant thermo-
chemical reactors.

Another property of plasmonic particles that deserves
attention for thermal applications is their fast thermalization
dynamics. The typical thermalization times of a plasmonic NP
scale as the square of its radius,”' and if fast thermalization
times are sought, heating time scales benefit from the small size
of nanostructures. In Figure 2c, we plot the heating time
constant as a function of the NP radius for both water and air
environments. The insets show the temperature profiles for the
case of a 30 nm Ag particle immersed in water and irradiated at
~21 MW/m?® after 0.1, 1, and 100 ns. Interestingly,
macroscopic temperature increases can be achieved on the
nanosecond time scale, opening opportunities for the study of
ultrafast nanoscale thermochemical reactions. Indeed, temper-
ature increases of hundreds of Kelvin can be achieved in
focused-light single NP and wide-field NP ensemble experi-
ments. If particles are heated at these relatively large
temperatures, the absorption efficiency itself starts to exhibit
temperature dependence, inducing photothermal nonlinearities
that have to be accounted for in order to make accurate
thermal predictions.”” This optical absorption—temperature
dependence can be engineered, for example, to increase or to
decrease heat dissipation in rod-shaped nanostructures.””

DIFFERENTIATING THERMAL AND NONTHERMAL
EFFECTS IN PLASMONIC CATALYSIS

As discussed above, photocatalytic reactions on plasmonic NPs
can be influenced by a variety of factors, including the
generation and ejection of nonthermalized (“hot”) charge
carriers and the heating of the NP upon light absorption. Due
to the extremely short lifetimes of hot electrons and holes in
plasmonic metals,”’® in many cases, the latter photothermal
effect dominates. In this section, we address the often-subtle
impact of photothermal effects on plasmonic chemistry and
highlight different experimental approaches that are capable of
discriminating and, in some cases, quantifying their contribu-
tions.

The rate of (photo)catalytic reactions depends exponentially
on the temperature via the Arrhenius relation. For this reason,
even small uncertainties in the determination of the temper-
ature of the catalytic active sites can result in large over- or
under-estimations of the reaction rate enhancement due to
nonthermal plasmonic effects. A common method used to
distinguish between thermal and nonthermal photocatalytic
processes is to study the reaction rate under varying
illumination powers.”*””~* As several authors have pointed
out, however, due to the typically limited range of accessible
optical powers in practical experiments, this method alone is
often insufficient to completely rule out thermal contributions
to the measured rate enhancements.®’™® As a result,
additional experimental evidence for the role of nonthermal
effects in plasmon-driven photocatalysis is typically necessary.

Arguably, the simplest method for determining potential
thermal contributions is via direct measurement of the catalyst
temperature during operando conditions.”> Although this
approach seems rather obvious, it is often experimentally
challenging because of complex light absorption and scattering
pathways, large temperature gradients across the samples,

nontrivial mass and heat transport, the photosensitivity of
thermocouples, and the uncertainty associated with infrared
(IR) thermal camera measurements.’>**7%%4=%7

Even small uncertainties in the deter-
mination of the temperature of the
catalytic active sites can result in large
over- or under-estimations of the
reaction rate enhancement due to
nonthermal plasmonic effects.

Processes driven by hot charge carriers are characteristically
“resonant” because they strongly depend on the excitation
wavelength. On the contrary, photothermal effects are
dissipative and only depend on the total absorbed optical
power in the NP catalysts.*® This difference can be exploited to
distinguish thermal and nonthermal activation mechanisms by
comparing the reaction rate, normalized by the total absorbed
optical power, under different irradiation wavelengths. Such an
approach has recently been successfully applied in the study of
several plasmon-driven reactions, including the photocatalytic
decomposition of methylene blue on Ag nano’cubes,89 the
plasmon-driven electropolymerization of aniline,” the electro-
chemical oxidation of glucose,90 and the plasmon-driven
synthesis of core—shell NPs in solution (Figure 2d).>’ In
addition, the time differences between heat dissipation (long-
range) and carrier transport (short-range) have been used to
disentangle each contribution in plasmon-assisted electro-
chemical measurements on Ag electrodes.”!

Catalytic reactions on metallic surfaces exhibit kinetic
isotope effects (KIEs): conversion rates that depend on the
isotopic composition of the reactant molecules (Figure 2e).
The magnitude of these effects depends on the nature of the
activation process, with electron-driven reactions having larger
KIEs than phonon-driven (thermal) ones. By comparing the
KIE of catalytic reactions under plasmon excitation and under
dark conditions, it is possible to confirm the electronic,
nonthermal nature of several plasmon-driven enhancement
processes.”””>”® Other experimental approaches that have
successfully been used to demonstrate the existence of
nonthermal activation pathways in plasmon-driven photo-
catalytic reactions include ultrafast spectroscopy,”* photo-
electrochemical measurements,””> spatially resolved reactiv-
ity,”'*’ and selectivity studies (Figure 2f).”>"" "%

Processes driven by hot charge carriers
are characteristically “resonant” be-
cause they strongly depend on the
excitation wavelength. On the contrary,
photothermal effects are dissipative
and only depend on the total absorbed
optical power in the nanoparticle
catalysts.
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Figure 3. (a) Schematic depiction of the hot-carrier separation across a metal (gray)/n-type semiconductor (light blue) interface during
steady-state photoelectrochemical measurements (top) and probed with ultrafast spectroscopy methods (bottom). (b) Infrared ultrafast
spectroscopy of hot-electron injection from Au nanoparticles into n-type TiO, (red curve). A sub-50 fs injection time is estimated from the
rising edge. Adapted with permission from ref 108. Copyright 2013 Elsevier. (c) Infrared ultrafast spectroscopy of hot-hole injection from
Au into p-type GaN (black squares). A sub-200 fs injection time is estimated from the instrumented limited rising edge. Adapted with
permission from ref 46. Copyright 2020 Springer Nature. (d) Hot-electron (E — E; > 0) and hot-hole (E — Ep < 0) charge-carrier
distributions in a Au film as a function of time estimated from ultrafast spectroscopy data. Adapted with permission from ref 109. Copyright
2018 Springer Nature. (e) Hot-hole (left) and hot-electron (right) charge-carrier distribution in an ultrathin Au film measured with scanning
tunneling microscopy under steady-state surface plasmon polariton excitation. Adapted with permission from ref 111. Copyright 2020
American Association for the Advancement of Science. (f) Density functional theory calculation of the charge distribution at an Ag
nanocrystal/TiO, interface. Reprinted with permission from ref 113. Copyright 2017 Springer Nature. (g) Transmission electron
micrograph showing a highly controlled aluminum/germanium interface used to study hot-electron injection. Reprinted from ref 112.
Copyright 2020 American Chemical Society.

INTERFACIAL PROBLEMS AND CURRENT SOLUTIONS
FOR EXTRACTING THE CARRIERS

Although the roles of hot carriers in plasmon-driven chemistry
have been hotly debated,'* the possibility of collecting them is
best demonstrated by the numerous sub-band-gap photo-
detection devices reported in the past 10 years. Starting from
the demonstration of near-IR light detection with Au active
optical antennas on Si,” this field has experienced rapid growth.
Initially, research focused on maximizing light absorption and
enabling new functionalities.'”" Subsequently, increasing effort
has been devoted to understanding the generation, transport,
and collection processes in hot-electron devices and, more
recently, in hot-hole devices, as well. Detailed experiments
combined with theoretical calculations have suggested that
photodetection devices primarily operate thanks to the
collection of ballistic hot carriers (Figure 3a).'%% Ultrafast
spectroscopy measurements have also confirmed that both hot
electrons and hot holes can be collected at ultrafast time scales
(<200 fs),****'%* as shown in Figure 3b,c. Importantly, in the

dramatically modify the extraction efficiency. Strategies such as
embedding the nanoantennas'” and roughening the inter-
face'”® can improve the device performance by relaxing the
momentum matching conservation conditions. Recent con-
ductive atomic force microscopy measurements have also
shown that hot carriers are preferentially transferred to the
semiconductor in regions of high electric field,""’ similarly to
charge transfer to adsorbed molecules.'

Going beyond solid-state photodetectors, efficient collection
of hot carriers across a metal semiconductor/interface plays an
important role in plasmonic catalysis (Figure 3a): the long-
lived charge-separated state that is established counteracts the
ultrafast recombination of hot electrons and hot holes in the
metal.**'% Efficient hot-carrier collection also permits the
realization of photoelectrodes, preventing charge buildup in
the metal and avoiding the use of electron/hole scavengers in
solution. Therefore, quantifying the energy distribution of the
collected charge carriers as well as their collection efficiency is
critical for understanding and engineering hot-carrier catalysis.
Yet, many points remain unresolved. Theoretical calculations

visible regime and for d-band metals, hot-electron devices are
primarily limited by the energy distribution of the active charge
carriers, ** whereas hot-hole devices are hindered by their
extremely short mean free paths.***® In addition, momentum
matching conditions at the metal/semiconductor interface can
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and ultrafast spectroscopy data reveal a strongly non-
e A . 13,109
equilibrium energy distribution at early time scales
(Figure 3d). In addition, theoretical modeling that tracks the
spatiotemporal distribution of the charge-carrier population
with and without hot-carrier extraction suggests that ballistic
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collection of hi§h-energy carriers in the proximity of electric-
field hot spots,’® which typically occur close to the metal/
semiconductor interface, may be possible.”> This result is in
excellent agreement with the modeling of ballistic collection of
high-energy electrons/holes above a Schottky barrier in solid-
state devices.’***'*> However, recent experimental quantifica-
tions of the energy distribution of the hot carriers''”""" based
on scanning microscopy show charge-carrier populations with
extremely small fractions of high-energy electrons/holes
(Figure 3e). These results match calculations of the steady-
state distribution of plasmonic hot carriers that do not include
any ballistic harnessing of the highest energy carriers.'"'
Importantly, recent ultrafast spectroscopy results suggest that
the removal of highly energetic carriers of one type (e.g, holes)
results in a lower thermalization temperature and, hence, lower
peak energy of the complementary carrier (e.g., electron) that
remains in the metal.*®

Thorough modeling and experimental
research are critical to clarify the effects
of charge separation across a metal/
semiconductor interface on the hot-
carrier population that remains avail-
able for photocatalysis.

Overall, thorough modeling and experimental research are
critical in clarifying the effects of charge separation across a
metal/semiconductor interface on the hot-carrier population
that remains available for photocatalysis. In this respect, as
shown by recent results,"'” it is necessary to improve control
over the interface properties (Figure 3g). Furthermore,
advanced ultrafast experimental techniques are needed to
probe these electronic processes at different time scales.'" " "*

Remarkably, a major discrepancy remains between the hot-
carrier-collection efficiencies estimated by ultrafast spectrosco-
py experiments (>40%; as shown in refs 32, 44, and 46) and
those measured in solid-state or photoelectrochemical devices
(<1%) under steady-state conditions. Although interfacial
excitation can enhance charge separation in metallic nano-
crystals (Figure 3f),*>'"? such discrepancies persist for metal/
semiconductor interfaces employed in larger-scale devices that
are accurately described by a three-step generation and
collection model (e.g,, Au/p-GaN). Therefore, following the
example of recent spectroscopic analysis,'*” further studies are
needed to understand the role of interfacial states on plasmon

dephasing as well as hot-carrier generation and collection.
Importantly, a deeper understanding of quantization effects on
the thermalization of plasmonic hot carriers''® must be
achieved to compare high-intensity ultrafast studies with low-
intensity solid-state and photoelectrochemical device measure-
ments correctly. Further, the role of nonlinearities in high-field
plasmonic systems and modulation of plasmonic absorption by
ballistic thermal injection remain open questions.''”'"®
Overall, resolving these apparent contradictions and advancing
the understanding of hot-carrier collection processes is of the
greatest importance for the future of plasmonic hot-carrier
catalysis.

COLLOIDAL STRUCTURES FOR PLASMONIC
PHOTOCATALYSIS

In the same way that semiconductor—metal junctions have
been proposed to increase the lifetime of plasmonic electron—
hole pairs,'"” catalytic—plasmonic metal heterostructures have
been postulated to merge the reactive and photon-harvesting
abilities of different materials.'>*”"*> A group of hybrid
colloids designed to act as plasmonic catalysts has emerged
recently, including core@shell, antenna—reactors, and hetero-
dimers, to name a few. In general terms, these bimetallic
systems have shown efficiencies higher than those of their
monometallic counterparts. However, these methods of
combining plasmonic and catalytic metals have failed to
improve the efficiency of photocatalytic reactions significantly,
and we remain far from having materials of industrial
relevance. Closer inspection reveals that photon absorption is
the first step and injection of the energy into molecules is the
last step in a complex process that needs to be optimized to
increase the efficiency of light-driven (and possibly sunlight-
driven) plasmonic catalysis. Energy storage and distribution in
hybrid nano-systems are fundamental open questions, as
discussed above. Having excellent charge harvesters and
injectors such as the plasmonic and catalytic examples,
respectively, is the first step toward increasing the efliciency
of photoreactions. However, the best possible method of
combining them remains unknown, highlighting the critical
role of the interface for extracting energetic carriers. Figure 4
shows transmission electron microscopy (TEM) images of
hybrid colloidal structures fabricated to work under many
different mechanisms: hot-carrier separation,123 direct in-
jection of plasmonic hot electrons into a second material,"*'
near-field-induced enhanced absorption on catalytic metals,'**
and near-field increased at the surface of the catalyst,"** among
many others.

Figure 4. Transmission electron microscopy images of different types of hybrid colloids proposed and tested for plasmonic catalysis. (a)
Au@Pd nanorods. Reprinted from ref 125. Copyright 2017 American Chemical Society. (b) CdSe—Au hybrid nanorods. Reprinted with
permission from ref 32. Copyright 2015 American Association for the Advancement of Science. (c) Ag@Pt core—shell nanocubes. Reprinted
with permission from ref 121. Copyright 2017 Springer Nature. (d) Al-Pd antenna—reactor complexes (image credit: D. Swearer/Rice
University). (e) Au—CeO, site-selective nanorods. Reprinted from ref 123. Copyright 2019 American Chemical Society.
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For metal—metal interfaces, such as those shown in Figure
4a,c,d, electrons flow in the direction that decreases the
gradient of their electrochemical potential, until it vanishes.
This process is known as Fermi level equilibration, and it can
be highly dependent on the sizes of the structures and the
contact surface area between materials.'*® This dependence
points toward a highly interface-dependent electronic structure
in bimetallic colloidal systems. Also, the electrons’ and holes’
removal capabilities can be fairly different depending on the
bimetallic system under consideration; in some systems, there
is only one metal exposed for both processes, whereas in
others, there are two different metal sites for extraction.
Moreover, colloids shown in Figure 4b,e have metal—
semiconductor interfaces similar to those described in the
previous section. As such, plasmon excitation and decay in
each of the systems described in Figure 4 are fundamentally
different. Further understanding of these processes could help

The possibility of using sunlight to alter
the activation barrier of certain chem-
ical reaction pathways is undoubtedly a
major step toward controlling chemical
reactivity by external means.

to optimize the materials, shapes, and combination methods at
the nanoscale.

Recent advances in the ultrafast responses of bimetallic
core@shell systems, for example, point toward plasmon-
enhanced dephasing and energy transfer to a second metal at
the interface as the dominant plasmon-decay mechanism.'*”
This energy transfer resembles the plasmon-induced interfacial
charge transfer mechanism in metal—semiconductor struc-
tures.”” This crosstalk between plasmon excitation and a
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Figure S. Plasmonic picocavities. (a) Picocavity creates an additional field enhancement localized around the atomic protrusion (full orange
line) compared to just the plasmonic nanocavity (dashed black line). (b) Diagrammatic representation of the picocavity relative to the
nanoparticle and nanocavity size, (c) showing the field gradients around the atomic protrusion. The dashed circles indicate the Au atoms.
Adapted with permission from ref 139. Copyright 2016 American Association for the Advancement of Science. (d) Relative positioning of
the atomic protrusion (picocavity) with respect to the molecule leads to the emergence of additional Raman lines for both density functional
theory predictions and experimental measurements. Adapted with permission from ref 139. Copyright 2016 American Association for the
Advancement of Science. (e) Schematic representation of the experimental setup for an Ag tip-apex with an atomic protrusion that produces
confined electromagnetic fields to image a single ZnPc molecule. Adapted with permission from ref 144. Copyright 2020 Springer Nature.
Peak energy maps obtained (f) experimentally and (g) numerically. Adapted from ref 17. Copyright 2020 American Chemical Society.
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second dephasing material can also be extended to molecules.
Molecular adsorbates can act as scattering centers, also
favoring plasmon dephasing in a phenomena known as
chemical interface damping.'”® These phenomena are
fundamentally different from those operating in antenna—
reactor types of complexes, where a detailed balance of local
field enhancement, scattering, and absorption determines their
catalytic performance.'”” Also, as mentioned earlier, the
possibility of extracting both type of carriers (electrons and
holes) is remarkably different in each of the structures shown
in Figure 4. This fact is often overlooked in colloidal plasmonic
catalysis: the energetic requirements of the counter reactions as
well as the composition and shape of the colloids can
contribute to the overall efficiencies in these systems.'”'?9~"3?
Greater understanding of energy management in hybrid
systems could illuminate and guide the synthesis of a new
generation of colloidal plasmonic catalysts.

In addition to the efficiency of colloidal plasmonic catalysts,
the selectivity aspect of chemical transformations using
sunlight is particularly promising for the field.””*”"*>'** The
possibility of using sunlight to alter the activation barrier of
certain chemical reaction pathways is undoubtedly a major step
toward controlling chemical reactivity by external means.'*’ In
order to advance toward this goal, unraveling the reactive sites
and their wavelength dependence reactivity on the surface of
these hybrid plasmonic systems is of utmost importance."*
Because the chemical bond is by nature on atomic length
scales, final control of reactive sites on colloidal structures
should aim at controlling colloids at this scale.'** Some recent
and elegant studies on single-atom plasmonic catalysis have
shown great results at achieving atomic control on plasmon
reactivity,"””"** and this is an emerging and highly promising
area to move the field forward.

ATOMIC-SCALE PLASMONICS FOR CATALYSIS

Plasmonic picocavities are formed in metal—insulator—metal
structures when a single metal atom protrudes out of one of
the metal structures, as shown in Figure Sa—c. A picocavity was
realized in a nanoparticle on a mirror (NPoM) configuration,
which is composed of a flat, Au surface and a Au NP separated
by a molecular monolayer (see Figure Sa—c)."*” Earlier work
showed that under continuous-wave laser irradiation (447 nm,
0.2 mW), one can controllably reshape the geometry of a
nanoplasmonic structure, tuning its optical properties.'*’ The
laser produces strong field enhancement, delivering energy to
the surface Au atoms on the NP. Some of the surface Au
atoms, especially at atomic sites with local defects where the
surface energy is lower, are mobilized and migrate, changing
the geometry of the nanoplasmonic structure.

To produce stable and robust picocavities where only a
single Au atom is mobilized and stabilized at a specific
position, one needs to perform a similar but more controlled
experiment. In the seminal work from Baumberg and co-
workers,"” the plasmonic system (NPoM) was cooled at
cryogenic temperatures to reduce thermal effects in reconfigur-
ing the surface. The laser pump was kept at sub-100 yW power
levels, and the laser irradiation wavelength was set at 633 nm
to ensure that the field enhancement was in the middle of the
gap, where the picocavity should be formed. The energy
delivered by the laser enabled a single Au atom to be pulled
down and to protrude from the NP, as shown in Figure Sc.
The protruded atoms remained in position (i.e., stabilized) as
long as the laser power was kept at low values. The single Au
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atom protruding out of the NP facet may be pulled from either
a vacant atom site or local defects formed at the junction of
two or more different crystalline Au-plane orientations that
exist in the NP.

Picocavities have the ability to enhance plasmon fields even
further and to produce strong field gradients, as shown in
Figure Sa. The picocavity (ie., the single Au atom protrusion)
does not give rise to additional resonant modes, and it is not
resonant itself (at least not at optical frequencies) but instead
only provides an additional field enhancement superpositioned
on the existing plasmon mode fields without the protrusion
(Figure Sb,c). The additional field enhancement is confined at
extremely small volumes,"*' enough to encompass a single
molecule (see Figure Sc,d). In addition, the strong field
gradients from the picocavity can illuminate only parts of a
single molecule, activating specific vibrational modes of
chemical bonds within a single molecule (see Figure 5d)."*
This effect appears as additional surface-enhanced Raman
spectroscopy (SERS) lines in both Stokes and anti-Stokes
Raman spectra of the molecule in the picocavity. Using density
functional theory (DFT) numerical calculations, the authors
identified the relative position of the molecule with respect to
the picocavity for the measured extra SERS lines that emerged
(see Figure Sd). Since then, other tip-based techniques with
atomic light confinement have been reported, achieving
angstrom resolution for imaging the normal modes and
intramolecular charges/currents in single molecules, using
either the Raman signal emerging from specific chemical
bonds'**'** or photoluminescent measurements at the
submolecular level."** Recent theoretical work combined
DFT and classical calculations to map the Raman behavior
of single molecules in strongly inhomogeneous fields and
demonstrated that picocavities are capable of probing and
revealing “intramolecular features of single molecules in real
space”.'* Hence, picocavities provide unprecedented access to
specific chemical bonds within a single molecule, opening
pathways to modulate and to control opticall?r specific
intramolecular bonds and site-selective chemistry.'*

Although thus far picocavities have
been used to access vibrational modes
at the submolecular level, they have
the potential to offer extraordinary
control over catalytic reactions at the
single-molecule level as well.

Although thus far picocavities have been used to access
vibrational modes at the submolecular level, they have the
potential to offer extraordinary control over catalytic reactions
at the single-molecule level, as well. Recent advances in
following chemical transformations at the single-molecule level
using enhanced Raman spectroscopy bring us one step closer
to this goal."*~"*' However, there remain open questions on
many different fronts related to the formation of picocavities:
how hot carriers are generated at picocavities and how a
picocavity can affect catalytic reactions at the single-molecule
level.

It is currently believed that picocavities are formed at
specific atomic sites where localized deformities between
different crystalline lattices exist. We also know that the
chemical reactivity of chemisorbed molecules depends on the
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molecule orientation with respect to the surface.'”*'** Still,
questions remain. Can a picocavity trigger a catalytic reaction
on a single molecule? Would the same molecule exhibit
different catalytic properties if placed in a different position
relative to the picocavity? At the picocavity level, where a
single Au atom is involved, quantum effects are expected to be
more prominent, with the Au atom protruding electron orbitals
overlapping with the single-molecule orbitals in a different
manner than on a flat metal surface. These quantum effects are
expected to affect the hot-carrier transfer process, but it is not
yet clear how hot carriers emerge from picocavities. Can
picocavities increase the injection efficiency of ballistic
electrons because there is less probability for collisions to
occur? What roles do defects and roughness play in the
plasmonic reactions that have been explored so far? Does the
injection of picocavity hot carriers into a single molecule
depend on the positioning of the molecule with respect to the
picocavity? Can the strong field gradient of a picocavity modify
specific chemical bonds within a molecule such that more
efficient absorption of hot carriers occurs or enable a catalytic
reaction that otherwise would not occur? To the best of our
knowledge, no experiments have been reported with picocavity
hot carriers that are able to measure or to distinguish such
phenomena. In addition, theoretical modeling of picocavity hot
carriers is in its infancy and extremely challenging because it
requires a combination of quantum and classical descriptions
that are usually applicable at different length scales.

QUANTUM ELECTRODYNAMICAL CONTROL OF
CHEMICAL DYNAMICS AND REACTION PATHWAYS

A complementary regime of molecule—material coupling
relevant to nanophotonic catalysis is the “strong-coupling”
regime. Driven by ever-increasing capabilities in the fabrication
of nanostructured systems, novel states of matter with hybrid
and strongly correlated light—matter characteristics have been
created.'>® In this regime, where light and matter intersect on
the same quantized footing, quasi-particles that have both light
and matter characteristics, polaritons, are formed. Research has
driven the effective strength of the light—matter interaction to
the strong-coupling regime and opened new avenues for
quantum chemistry and catalysis paradigms. Traditionally, the
quantum nature of light has been the focus of the established
field of quantum optics. In recent years, however, various other
research fields have also leveraged the quantum nature of light
to drive molecular and material transformations. By interfacing
these different fields, the strong coupling of light and matter
has been demonstrated to modify and to improve various
properties of technological interest dramatically. Specifically,
experimentalists have demonstrated light—molecule coupling
in the strong-coupling quantum optical regime. In the strong-
coupling regime, the original constituents of the system lose
their individual identity and hybrid quasi-particles with novel
characteristics are formed. These hybridized states with mixed
light—matter characteristics can dramatically change the
chemical landscape.'>* Experiments in strong-coupling chem-
istry have presented the intriguing possibility of changing
chemical reactions or controlling their selectivity.*>~"*’
Combining approaches from diverse fields presents an
opportunity to create a predictive theoretical and computa-
tional approach to describe cavity-correlated chemical
dynamics from first principles.'”*'®* Many key theoretical
challenges remain. In this novel regime, the well-established
theory concepts of quantum chemistry, nanophotonics, and
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quantum optics are no longer individually sufficient. Tradi-
tional methods from quantum chemistry such as the Born—
Oppenheimer approximation, Hartree—Fock theory, coupled-
cluster theory, or DFT describe the quantum mechanical
nature of the states in matter, but they do not account for the
quantized nature of the electromagnetic field. On the other
hand, methods from quantum optics typically explore the
quantum electromagnetic field in considerable detail, but the
molecule is described via simplified models. Both over-
simplifications, in quantum chemistry and quantum optics,
are far from realistic ab initio descriptions of the relevant
chemical dynamics, where many atoms and molecules (each
with electronic and nuclear degrees of freedom) are coupled
strongly to the vacuum electromagnetic field. In this few-
photon limit, the quantized nature of the electromagnetic field
is a key aspect that has to be considered to describe
fluctuations, spontaneous emission, polariton-bound states,
and/or thermalization correctly in tandem with a description
of the quantum chemical behavior of the material-metal or
metal—molecule hybrid. From a theoretical perspective, it is
particularly exciting to note the intersection between
plasmonic nanochemistry and the work in strong-coupling
chemistry. We anticipate several advances and breakthroughs
in the field at this vibrant intersection.

From a theoretical perspective, it is
particularly exciting to note the inter-
section between plasmonic nano-
chemistry and the work in strong-
coupling chemistry.

PERSPECTIVES

To offer a future outlook, we provide our overview of the

current bottlenecks and future challenges in the field. Table 1

summarizes a series of topics and ideas that we believe will

surface in the field in the next couple of years. We envision

remarkable progress in the field of plasmonic catalysis if some

of these challenges can be tackled in the near future.
Theory. Bottlenecks:

e Scale disparity. The disparity between the relevant
spatial and temporal scales of different mechanisms in
plasmonic catalysis challenges our ability to create
computational models with a general, explicit descrip-
tion of plasmon catalysis.

Molecular-plasmonic dynamics. Similarly, the differ-
ences in characteristic scales between energy-transfer
mechanisms and molecular dynamics represent an
obstacle for including both in a holistic computational
description of the photocatalytic process.
Comprehensive theoretical approaches need to be
developed to model the excited states involved in
photocatalytic reactions on plasmonic surfaces.

Challenges:

o Efficiency estimates. Detailed estimates are necessary
for maximum attainable efficiencies for the different
channels of energy transfer, both for specific NP reactors
and in different optical regimes to set clear goals for
experimentalists and to create a framework for seeking
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Table 1. Our Vision of Current Bottlenecks and Future Opportunities for the Field

Current bottlenecks Topic Future challenges
Scale disparit Theory
¢ >caedisparity . . e Efficiency estimates
e Molecular-plasmonic dynamics )
e Excited states in photocatalysis *  Multiscale methods
P v =
Mechanisms Focus on model systems

Reproducibility and control
Activation pathways

o

e Explore multidimensional
parameter space

e Size or intensity for heating Temperiture e Smallis fast
e Thermal confinement E e large-scale metasurfaces
e Temperature feedback
e Feasibility of plasmonic catalysis in L High added value chemicals
. o Applications :
practical applications 2D flow photochemistry
e Industrial level trials A Cheap / large scale production

e Simple reactions are usually linked
to low-value products
e Scale-up photocatalytic hardware

Stable nanomaterials
Knowledge transfer to other
fields

*® o o o o

Collection efficiency
Thermalization dynamics
Extraction mechanisms
Composition and morphology in
hybrid colloids.

e o o

Materials

(5

e Device efficiency >5%
e Targeted charge transfer
e Sustainable plasmonics

e Atomic scale characterization
e Formation of picocavities
e Dynamics of atomic vacancies

Atomic level

e

e Experimental realization

e Controlling selectivity

e Theoretical modeling for hot-
carriers in picocavities

alternative photocatalytic strategies that circumvent
some premises of the models.

Multiscale methods. Robust multiscale methods must
target specific questions about mechanism interactions
and should serve as guiding tools for detailed nano-
engineering of efficient plasmonic reactors.

Mechanisms. Bottlenecks:

e Reproducibility and control. Since there is a strong

dependence of the dominant activation mechanism on
experimental parameters such as photocatalyst (size,
shape, composition, surface chemistry), reactants (con-
centration, phase, flow rate, pressure), illumination
(wavelength, intensity, flux), and reactor geometry
(2D, 3D, colloidal suspension, gas phase), maintaining
consistency and homogeneity is a must.

Activation pathways. Claims of nonthermal activation
pathways should be corroborated by a description of
which nonthermal mechanism is active (hot electrons,
hot holes, near-fields) and a discussion of its limitations
(generation, extraction efficiencies, average energy of hot
charge carriers, intensity of near-field enhancements,
etc.).

Challenges:

e Focus on model systems. (1) Catalytic reactions must
be modeled with simple, well-established mechanisms,
for which we can exclude side reactions and for which
reaction rates are easily and quantitatively assessed (e.g,
via absorption spectroscopy). (2) Modeling must also be
performed on samples and reactor geometries for which
we can quantitatively measure or predict the optical and
thermal properties under operando conditions. (3)
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Finally, it is critical to model reactant molecules for
which we already have independent information on their
electronic and vibrational states in homogeneous media
and when adsorbed to a metallic surface.

Experiments should carefully explore the typically
multidimensional parameter space of photochemical
plasmonic reactions. It would be desirable to vary one,
and only one, of the following parameters at the time:
(1) excitation wavelength, total absorbed optical power,
and sample temperature; (2) NP size, composition, and
surface chemistry; and (3) reactant mix, plasmonic
photocatalyst, and illumination geometry.

Thermal Effects. Bottlenecks:

o Size or intensity for achieving high temperatures. To

achieve high temperatures—that can assist photothermal
reactions—it is possible to use either large plasmonic
systems or high illumination intensities. Wide-field
setups and mild irradiation intensities are effective for
heating only when using large ensembles of plasmonic
nanoparticles, where collective thermal effects are at
play. Small arrays of plasmonic NPs reach sizable
temperatures only when interacting with very high
intensity light sources.

Thermal confinement. To localize photothermal
reactions in proximity to plasmonic NPs, either single/
few particles should be irradiated or the particles need to
be distanced from each other. If high temperatures are
sought on a large scale, temperature localization close to
the particles is lost because collective thermal effects
tend to homogenize the overall thermal map. To recover
the temperature selectivity near the particles, the
distance among them can be increased but higher

https://dx.doi.org/10.1021/acsnano.0c08773
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e Highly stable nanomaterials should be developed to
compete with current technology and thermal catalysts.
Examine sintering and poisoning effects in plasmonic
catalysts.
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irradiation intensities are required to maintain the same
peak temperatures.

Challenges:

e Small is fast. Ultrafast studies (~nanoseconds) of
thermal processes at the single-particle (or few-particle)
level. Temperature localization is enabled by single/few

Materials. Bottlenecks:

o Collection efficiency. More must be understood to

particle systems and, if high intensity sources are
available, photothermal studies at the single particle
level can exploit localized temperatures and large
nanoscale temperature gradients. Additionally, small
particles thermalize fast and their fast temperature
increase can be utilized to monitor nanoparticle
accelerated thermo-chemical reactions at the nano-
second time scale.

Large-scale metasurfaces. Exploit large-scale and highly
absorptive plasmonic metasurfaces as large power
density sources to sustain nanophotonics-based ther-
mo-driven chemical processes. While large-scale plas-
monic systems typically lead to homogeneous temper-
ature patterns, plasmonic metasurfaces can be optimized
to dissipate the incident light in much thinner layers
than conventional absorbers. In this context, easily
realizable and cost-effective plasmonic metasurfaces can
lead to large-scale ultrathin light-to-heat converters
which potential applications in compact thermal reactors
and possibly adaptable to mechanically flexible sub-
strates.

Temperature feedback. Properly design high-temper-

reconcile current contradictory experimental observa-
tions during hot-carrier collection at ultrafast time scales
versus at the steady state.

Thermalization dynamics. The effects of charge-carrier
removal as well as quantization onto the thermalization
dynamics of carriers in the metal must be understood.

e Extraction mechanisms. Work is needed to quantita-

tively distinguish and compare interfacial excitation and
three-step injection is needed.

There is a need to correlate composition and
morphology with carrier-extraction dynamics in bimet-

allic and hybrid colloids.

Challenges:

e Device efficiency. A principal goal is to improve

efficiency of steady-state devices beyond 5%.

Targeted charge transfer. Designing the most desirable
hot-carrier energy distribution tailored for collection at
the desired energies will require substantial achievement
of the aforementioned bottlenecks.

Sustainable plasmonics. Work is needed toward
abundant plasmonic materials for accessing the excited

ature plasmonic systems by taking into account the state in molecular targets.

mutual influence between optical and thermal responses.
The optical response of plasmonic system at high
temperatures is modified and the light-to-heat con-
version efliciency depends on the temperature itself in a
nontrivial way. Future plasmonic-based thermal reactors
will exploit the nonlinear photothermal phenomena for
system optimization in different temperature regimes.

Atomic Plasmonic. Bottlenecks:

e Atomic-scale characterization of picocavities must be
verified by independent methods.

e Mechanistic insight into the formation of picocavities
will require improved theoretical models and character-
ization.

o e The dynamics of picocavities must be understood at

Applications. Bottlenecks: room temperature.

e Currently, there is a lack of quantitative feasibility
studies on plasmonic photocatalytic processes at relevant
industrial levels. Our prediction is that such studies
would likely indicate the presence of two major
bottlenecks in the industrial application of plasmonic
catalysis: the small penetration depth of visible light
through plasmonic photocatalysts (in bulk-reactors) and
the high capital costs associated with photocatalytic
reactors.

Challenges:

e Experimental realization of catalytic reactions with
atomic picocavities must be understood at ambient
conditions.

e Work is needed to control selectivity in photochemical
and photocatalytic reactions in a picocavity by tailoring
the excitation of different reactive bonds/pathways
within a molecule.

e Theoretical modeling will be required of the processes
involved for catalytic reactions in picocavities and at the
single-molecule level.

Challenges:

e High-added-value products and two-dimensional flow
photochemistry will become areas of great focus. In
addition, given the potentially limited scope for
plasmonic catalysts in large-scale industrial reactors,
there must be work to apply the lessons learned on hot
charge carrier generation and ejection, near-field
manipulation, and localized and collective photothermal
effects to other fields of applications, such as photo-
thermal therapy, light-driven drug delivery, single
(bio)molecule sensing, and optoelectronic devices.
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