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Abstract

In this lecture we discuss the generation of nonequilibrium electrons in metals, their properties, and how
they can be utilized in two emerging applications: for extending the capabilities of photodetection, and
for photocatalysis: lowering the barriers of chemical reactions. Because direct illumination of
noble/coinage metal nanoparticles results in the excitation of their localized surface plasmons, these
nanostructures can serve as active optical antennas, central to the goal of efficient hot electron generation
to drive these processes. Currently, noble/coinage metal nanoparticles are being supplemented by earth-
abundant, sustainable alternatives. Here we discuss how active optical antennas can expand the
wavelength accessibility and alter the properties of traditional photoconductive detectors in new ways.
We also examine how active optical antennas, when combined with conventional catalytic nanoparticles
in an integrated manner, can convert catalysts into photocatalysts to change chemical product
specificities and even alter chemical reaction pathways.

Introduction

The topic of this, the 300t Faraday Discussion, lies at the confluence of electricity, chemistry, and
nanoscience, a region of interest that owes a great deal to Faraday himself. Metals are appreciated for
their ability to conduct electricity, a phenomenon that Faraday took advantage of with his invention of
the electrical motor (alternator) in 1831, the first reliable method for generating electrical current. Prior
to that, as a chemist working with Humphry Davy, his interest in how chemical reactions could induce
electrical currents provided much of the foundation of electrochemistry and the design of electrical
batteries. Even metal nanoparticles and their interaction with light captured Faraday’s attention: he was
the first scientist to realize that the optical properties of gold were dramatically transformed from
reflection into the absorption of green light, once the metal was reduced in dimension to size scales far
smaller than an optical wavelength. Our modern understanding of electrons that follow Fermi-Dirac
statistics has spawned interest in phenomena associated with electron populations driven out of
equilibrium in metals, where optical excitation can give rise to electrons with energies as high as the
energy of the photon that excited them. While photons with energies greater than the work function of
a metal result in electrons that are photoemitted from the metal into vacuum, the regime where electrons
in a metal are excited but have insufficient energy for photoemission provides its own distinct
phenomena. Here visible light can excite electrons at a metal-semiconductor interface that can traverse
an interfacial barrier, or that can tunnel into an unoccupied energy level of a molecule adsorbed at the
metal surface. To study and ultimately exploit this regime of electron behavior, however, requires that
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nonequilibrium electrons be excited efficiently. While in bulk metals, the direct optical excitation of hot
electrons is an inefficient process, the excitation of surface plasmons can result in the generation of hot
electrons through plasmon decay. In metallic structures of subwavelength dimension or in periodic arrays,
surface plasmons can be easily excited by direct optical illumination.! In other words, the direct optical
excitation of surface plasmons by illuminating specific types of metallic structures provides an efficient
mechanism for the generation of nonequilibrium, or “hot” electrons (and holes).

The development of metal nanoparticles and nanostructures specifically for the direct optical
excitation of surface plasmons- the coherent oscillation of electrons within the metal- has been the topic
of intense research activity during the past two decades, and, as an extremely active and dynamic field,
has been reviewed extensively.?1® Much of the earlier research on this topic focused on the dependence
of the plasmonic properties of nanostructures on their shape, size, and dielectric environment, primarily
for sensing applications.'’?! The intense near field that can be generated in the junction between two
metallic nanostructures in close proximity to each other when appropriately illuminated has been shown
to give rise to surface-enhanced Raman spectroscopic enhancements. This has also been the topic of
multiple reviews, as well as a recent past Faraday Discussion.???® The near-field enhancements of
plasmonic structures have also been shown to benefit device properties, in particular, enhancing
photovoltaic efficiencies.?®32 While the focus of this field on hot electron science has been a more recent
development,?*3* in many ways it has the potential to eclipse earlier advancements in importance.
Because there are already several useful and comprehensive reviews on hot carriers in plasmonics,3>3® in
this introductory article, we will focus specifically on two topics within hot electron science: hot electron
photodetection, and hot electron photocatalysis. Our introduction begins with a theoretical analysis of
hot carrier generation in metallic nanoparticles induced by plasmon decay.3” Here, through a
straightforward theoretical model, we examine some of the essential dependencies of hot carrier
generation, such as the dependence of hot carrier generation rate and the energies of the hot carriers
produced on the absorption spectrum of a particle, particle size and carrier lifetime. We then turn to hot
electron-based photodetection, a mechanism that drives a subset of the growing number of plasmonic
photodetection devices of various types.3® Hot electron-based photodetection brings new light-detection
mechanisms to photocurrent-based photodetector devices, making it possible to detect light below the
semiconductor bandgap.3*4° The combination of plasmonics and electronic photodetection allows for
spectral and polarization selectivity in light detection, which offers the opportunity to design specialized
photodetection strategies that would by conventional approaches be far more complex.3**! Hot electron-
based photodetection can also provide insight into the properties of the hot carrier generation process
itself, providing clues to how enhancing this process could result in higher-performance photodetectors.*?
On the topic of plasmon-based photodetection, extending device designs to new materials such as
graphene creates new benchmarks for photodetector device performance.3** Hot-carrier photocatalysis
provides new approaches to the design of catalysts for chemical reactions, and offers new possibilities for
converting thermally-driven catalytic processes into light-driven processes that require substantially
lower operating temperatures. We also discuss the importance of incorporating new materials, in
particular, catalytic metals whose surface reactivities but poor optical absorptive properties complement
those of noble/coinage metals alone, and how plasmonic and catalytic metals can be combined into
“antenna-reactor” complexes. Finally, since the nonradiative decay of a surface plasmon results in both
hot electron generation and photothermal heating, we discuss how to clearly distinguish between the two
processes in plasmonic photocatalytic reactions.
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Properties of plasmon-induced hot carriers in metal nanoparticles
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Figure 1.(A) Schematic of theoretical model for plasmon-induced hot carrier generation. (B) Calculated
optical absorption of Ag nanoparticle. (C) Number of hot electrons generated per unit time and
volume as a function of wavelength. (D) Hot carrier number and energy distribution for a resonantly
illuminated Ag nanoparticle with diameter of 15 nm, for carrier lifetimes ranging from 0.05 to 1 psec.
Red: electrons; Blue: holes. (E) hot carrier number and energy distribution for a resonantly illuminated
Ag nanoparticle with diameter = 25 nm, for the same range of carrier lifetimes as in (D). (F) The
efficiency of hot electron generation due to resonant illumination of an Ag nanoparticle, as a function
of particle diameter and carrier lifetime. The decrease in hot electron generation efficiency which is
clearly indicated for both increasing particle diameter and decreasing carrier lifetime is clearly
reversed for nanoparticle diameters in the 5 nm range. From Reference 37.

By applying a straightforward theoretical model, Manjavacas and Nordlander have elucidated
several essential characteristics of hot carriers resulting from plasmon-resonant excitation of a metal
nanoparticle.3” Their model describes a spherical Ag nanoparticle with a diameter ranging from 5 to 25
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nm (quasistatic limit) as free carriers in a finite spherical potential well, considering only the conduction
electrons (Fig. 1A). External illumination results in the excitation of a plasmon, described as a classical
field. Hot carriers are generated by the action of the external and the plasmon-induced electric fields,
which act upon the conduction electrons, inducing transitions from initial states below the Fermi level to
final states above it. The probability of hot electron generation is calculated using Fermi’s golden rule.
Within this picture, the particle size and the carrier lifetimes are both varied to better understand hot
carrier properties. Carrier lifetimes (not to be confused with plasmon lifetimes of ~10 fsec) are limited by
electron-electron, electron-surface, and electron-phonon scattering, and range between 0.05 < T < 1 psec.
Although this model does not capture the fully quantum nature of the plasmon response of the metal, #*
several important aspects of hot electron generation rates and energies are well described with this
model. First, the number of hot electrons generated by illumination per unit time and volume as a
function of wavelength established that hot electron generation directly follows the absorption spectrum
of the nanoparticle (Fig. 1B, C). This means that direct excitation of hot electron-hole pairs, which is
present also for nonresonant excitation, is a many orders of magnitude less efficient process for hot carrier
generation than plasmon decay. This result was also compared directly with equivalent calculations
performed using density functional theory (DFT) (Fig. 1C). The striking similarity of the two theoretical
approaches verified that this model was useful for the regime being studied, and also that many-body
effects such as exchange-correlation have only a minor impact on hot carrier generation in the regime
considered (high plasmon quantum number; classical excitation) and can be neglected. The energy
distribution of hot electrons and holes was then calculated for a range of carrier lifetimes and nanoparticle
diameters (Fig. 1D, E). This calculation contains several striking results. It is clearly apparent that the
carrier lifetime has a direct influence on the energy of the hot carriers that can be generated by
illumination (this model applies to illumination times much longer than the carrier lifetimes). Short carrier
lifetimes result in higher number but lower energy, “cooler” hot carriers. The particle diameter has a
similar influence, with smaller nanoparticles yielding more energetic carriers, a result that reflects several
experimental plasmonic photocatalysis studies where smaller nanoparticles appeared to more efficiently
generate transient negative ion states of adsorbate molecules than larger nanoparticles.*® However,
when we look at the total generation rate independent of energy distribution, we find that it is largest for
larger nanoparticles and shorter carrier lifetimes (Figs. 1D and E, y axes). A hot carrier generation
efficiency was also defined as the number of hot electrons generated per excited plasmon that have an
energy larger than a certain threshold (Figs. 1F) . This generation efficiency was calculated as a function
of nanoparticle diameter, for the range of hot carrier lifetimes being considered. Here we see that the
hot carrier generation efficiency decreases with increasing nanoparticle diameter for sizes 10 nm and
larger, and also decreases with shorter carrier lifetimes. For nanoparticles smaller than 10 nm, these
trends do not hold, most likely because of the discrete nature of the energy levels that begins to become
apparent for this smaller size regime.

While this study yields insight into the properties of plasmon-induced hot electrons, the essential
point of this analysis is that the time-dependent E field within the nanoparticle during plasmon-resonant
optical excitation is directly responsible for hot carrier generation. This is the essential starting point for
the design of effective structures and devices that use hot electrons for various applications. This is a
unique aspect of plasmonic behavior that differs from the properties of bulk metals, since bulk metals
screen external fields extremely well. In the sections that follow, we will examine the importance of this
property in two applications: hot electron-based photodetection and hot carrier plasmonic
photocatalysis.

Page 4 of 20
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Figure 2. (A) Band diagram for plasmonically driven internal photoemission over a nanoantenna-
semiconductor Schottky barrier (fB). (B) Representation of a single Au resonant antenna on an n-type
silicon substrate. (C) Scanning electron micrograph of a representative device array prior to ITO
coating, imaged at a 65° tilt angle. (D) Photocurrent spectra of nine devices with arrays of nanorods
of various lengths (shown). (E) Corresponding calculated absorption spectra. From Reference 39.

Hot electron-based photodetection

A hot electron-based photodetector is created when a plasmonic structure is on a semiconductor
such that a Schottky barrier is formed at the interface (Fig. 2A).3%%° When the plasmon energy is larger
than the Schottky barrier height, hot electrons are injected into the conduction band of the
semiconductor. The plasmonic nanostructures must be electrically connected to avoid charging and to
complete the electrical circuit, which in this case is accomplished by covering the front face of the active
area of the device with a conductive transparent oxide (indium tin oxide, ITO) layer (Fig. 2B). The initial
device consisted of a square array of nanorods of equivalent length (Fig. 2C) patterned by e-beam
lithography onto an n-type silicon substrate with a titanium adhesion layer, followed by deposition of the
ITO layer. The device can be operated without a bias voltage, although applying a bias voltage greatly
improves its responsivity. There are several interesting and unique properties of this type of
photodetector. First, this photocurrent generation mechanism is not limited by the bandgap of the
semiconductor, enabling photocurrent generation at longer wavelengths, where the photon energy is
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insufficient to create electron-hole pairs in the semiconductor itself (Fig. 2D). Second, the resonance of
the plasmonic nanostructure used for hot carrier generation defines the spectral response of the
photodetector. Therefore this type of photocurrent generation mechanism is inherently spectrally
selective, which enables the possibility of hot electron photodetector arrays of various resonances serving
as a fully integrated spectrometer-detector. For plasmonic nanostructures with polarization sensitivity,
this characteristic as well is imparted onto the photodetector. By systematically modifying the aspect
ratio of the nanorod components of the array, the spectral response of the detector can be tuned (Fig.
2D). As mentioned in the earlier theoretical discussion on the spectral response of hot electron
generation, we see that the photocurrent spectral response here follows the optical absorption of the
nanorod arrays used in each device (Fig. 2E).

By modifying photodetector device design, one can directly investigate and quantitatively
compare the properties of hot electrons induced by plasmon excitation relative to those induced by
absorption in the metal itself.*? As we saw in the theoretical study discussed earlier, hot carrier generation
is dependent upon the E-field inside the metal, strongly enhanced when illuminated on resonance.
Generally, it is localized to regions of large field enhancements on more complex structures. Hot carriers
can also be generated due to light absorption in the metal, limited by its optical absorption depth at that
wavelength. In Au, carrier generation by direct photoexcitation results from the excitation of d-band
electrons into the conduction band.

In Figure 3 we show a hot-electron photodetector that consists of an Au grating that extends from
an Au film. The grating structure is fabricated onto a TiO, substrate, a wide bandgap n-type
semiconductor. The wide bandgap of the semiconductor allows preferential collection of electrons.
Surface plasmons are launched by illumination onto the grating structure®! (their resonant wavelength is
~675 nm); the film “pad” allows for good electrical continuity between the plasmonic grating structure
and the semiconductor substrate. When the Au grating structure is fabricated directly onto TiO,, it forms
a Schottky barrier measured to be, on average, 1.07 eV (Fig. 3A). This compares quite well with the
literature value of 1 eV. When an intervening Ti layer is deposited on the TiO, prior to Au deposition and
fabrication, the barrier is Ohmic instead (Fig. 3B). The band diagrams for the Schottky and Ohmic devices
are shown in Figures 3C and 3D, respectively. For the Schottky device, the photocurrent must be due to
hot electrons, while all photocurrent generated will be detectable in the Ohmic device. Resonant
illumination of the grating for TE polarization (Fig. 3E) results in plasmon excitation. By scanning the
device and measuring the photocurrent response, a photocurrent map is created (Fig. 3F for the Schottky
case and Fig. 3G for the Ohmic case). This map indicates from what location on the device structure the
detected photocurrent originates. For the case of plasmon excitation, we observe that there is a relatively
strong photocurrent signal originating from the region of the grating structure, for both the Schottky and
the Ohmic cases (Figs. 3F, G). By rotating the polarization of the incident light (Fig. 3H), plasmons are not
excited on the grating structure. In this case, the photocurrent maps show that the photocurrent,
substantially less for both the Schottky and the Ohmic devices, originates in different regions of the device.
For the Schottky case, virtually no photocurrent is observed for illumination either of the grating or the
Au film, with only a minor response observed on the edges of the structure where the film meets the
grating. For the Ohmic case, the observed photocurrent originates primarily on the Au film, with a smaller
contribution from the grating structure. These data show that plasmon excitation results in much hotter
electrons (Fig. 3F) than non-plasmonic direct excitation of carriers, with the latter excitation mechanism
resulting in virtually no electrons with sufficient energy to traverse the Schottky barrier (Fig. 31). In the
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Figure 3. Schematic of hot-carrier generation and collection over a Schottky (A) or an Ohmic barrier
(B). Band diagram schematics of (C) a Au-TiO, Schottky device and (D) a Au-Ti-TiO, Ohmic device. (D-
J) Photocurrent mapping. (E) Schematic of TE excitations used to generate photocurrent maps. The
laser wavelength is tuned to the resonance of the plasmonic nanowires. Photocurrent maps of a (F)
Schottky and (G) an Ohmic device using TE-polarized light. (H) Schematic of TM- polarized light
excitation. Photocurrent maps of a (l) Schottky and (J) an Ohmic device. From Reference 42.

Ohmic, barrierless case, we can see that plasmon excitation of the grating gives rise to more than seven
times as many carriers in the grating itself (Fig. 3G) than in the case where optical absorption is the only
mechanism for photocurrent generation (Fig. 3J). Theoretical analysis of the photocurrent response of
this detector shows explicitly that the photocurrent in the Schottky case depends only on the near-field
inside the metal generated by plasmon excitation, while the photocurrent in the Ohmic case depends on
both the inherent material absorption as well as the plasmonic near-field induced by plasmon excitation.*?
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This device provides clear evidence of what was shown theoretically, 3’ that the internal near-field
generated by plasmon excitation is the quantity that determines hot carrier generation.

Since initial demonstrations, hot-carrier photodetectors have been demonstrated using 2D
materials such as MoS,, graphene,'? and other materials as the current collector. Greater sophistication
in the development of plasmonic antennas with Fano resonances*®, 43 and perfect absorber geometries3?
have also been implemented to increase device responsivities. Combining these effects with other
current-enhancing properties in semiconductors, most notably free-carrier absorption, has also been
demonstrated.*” Further developments of hot electron-based photodetectors should ultimately lead to
performance comparable to current commercial systems, which should result in new spectrally sensitive
detection capabilities in compact lightweight device geometries.

Plasmon-induced hot electron-based photocatalysis

Emerging primarily from earlier studies of femtochemistry on well-defined index faces of metallic
crystals, the transition to metallic nanoparticle-based photocatalysis enabled the direct optical excitation
of nanoparticle plasmons, substantially boosting hot electron generation. The transition from index face
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Figure 4. (A) Schematic of plasmon excitation, (B) e-h pair generation, and (C) hot electrons available
at the nanoparticle surface. (D) Schematic of Fermi-Dirac distribution of hot electrons permitting hot
electron transfer into the antibonding state of H,. (E) Proposed mechanism of hot-electron induced
dissociation of H, at the Au nanoparticle surface. (F) Schematic of H, dissociation mediated by hot
electron transfer and formation of transient negative ion state, H,? followed by dissociation. From
Reference 45.
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studies using high-power lasers to studies of metal nanoparticles was motivated by the desire to develop
photocatalysts for reactions that are of direct industrial interest. The chemical industry is one of the
highest consumers of energy worldwide, and lowering this energy consumption level has long been a
primary motivating factor for catalyst development. On metallic nanoparticles, processes that are driven
by hot electrons can dominate surface chemistry, change reaction outcomes relative to thermal
processes, and lower reaction barriers such that reactions can proceed at substantially lower
temperatures than under conventional conditions.*® Pioneering work in the area of hot electron
photocatalysis includes liquid phase water splitting,*->* H, production from alcohol,>?>>3 gas phase
oxidation reactions,>*>> and hydrocarbon conversion.>®

In plasmonic photocatalysis, plasmon excitation leads to hot electron-hole pairs: the hot electron
cloud extends from the nanoparticle surface due to the shape of the surface potential (Figs. 4 A-C).*> For
the case of plasmonic H, dissociation illustrated here, if an H, molecule is present, the electron can
transfer from the metal to the LUMO level of the adsorbed species on or near the metal surface, creating
a transient negative ion, H,? (Fig. 4D, E). In general, the detailed nature of this charge transfer process in
specific systems has been studied and debated in the literature. However, its role as an important
mechanism in plasmonic photocatalysis is widely accepted. The additional Coulomb repulsion in the
molecule increases the H-H bond distance and lowers the barrier to dissociation relative to the case of the
neutral molecule (Fig. 4E). Calculations on an isolated hydrogen molecule show that H, has a metastable
state located about 1.7 eV above the ground state of the neutral molecule.*>” The bond dissociation
energy for this state is 2 eV lower than for the neutral case (2.6 eV vs. 4.6 eV). The process occurs at room
temperature with visible light at a wavelength that corresponds to excitation of the localized surface
plasmon of the nanoparticle.

The experimental system for H, dissociation is shown in Figure 5. Very small Au nanoparticles
were dispersed in an oxide matrix (TiO,). The size dependence of the Au nanoparticles proved to be quite
important, and for nanoparticles larger than 10 nm in diameter the photocatalytic activity was reduced
relative to the smaller nanoparticles. Smaller size Au nanoparticles likely have slower electron
thermalization rates due to reduced electron-phonon interactions. The role of the TiO, matrix is to reduce
the diffusion of the gas molecules on the surface of the Au, and does not directly participate in the
reaction. It was discovered subsequently, by performing the same experiment using an SiO, matrix, that
TiO, can actually compete as an electron scavenger with the H, adsorbate molecules. °7 H, dissociation is
detected by using both H, and D, reactants and looking for the presence of HD using a mass spectrometer
(Fig. 5C). The HD signal corresponds to illumination of the plasmonic photocatalyst (Fig. 5D). The small
amount of photothermal heating, roughly 5-6 degrees Celsius, does not contribute significantly to HD
formation (Fig. 5E). This very simple chemical reaction with no side products can serve as a benchmark
for plasmonic photocatalyst design, and allows us to learn in greater detail about the role of the metal
nanoparticle in mediating hot electron processes. For example, the same experiment was performed on
Aluminum nanocrystals (Al NCs), which were found to be photocatalytically reactive relative to Au
nanoparticles for the case of H, dissociation.”® Here Al was chosen as the plasmonic metal because it is
the most earth-abundant plasmonic metal, and also because of its highly attractive properties in
nanostructure form.>® In the case of Al NCs acting as the plasmonic photocatalyst for H, dissociation,
charge transfer was already found to be substantial for ground state H,, suggesting that the electron
affinity level of the H, molecule lies very close to the Fermi level of the Al NC. Because the affinity level is
close to the Al Fermi level, it overlaps the photo-induced hot electron distribution. The reaction barrier
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Figure 5. Plasmon-induced dissociation of H,/D, using 1.75 wt % Au/TiO2 photocatalyst at room
temperature (297 K). (a) Scanning transmission electron micrograph showing distribution of 1.75 wt
% AUNPs (dark particles) over a TiO, support (gray). (b) High-resolution transmission electron
micrograph of a single Au NP supported on TiO, matrix showing darker contrast of Au NP as compared
to TiO2 support. Characteristic lattice fringes of Au (111) and (200) are visible at ~2.8 A and 2.3 A,
respectively. (c) Schematic of overall experimental setup. (d) Real time monitoring of rate with laser
excitation (on 2.41 W/cm2) and without laser excitation (off). During 8 min of laser irradiation on the
photocatalyst, the temperature increases by 5 K as shown in the figure, from 297 to 303 K. The dotted
vertical lines indicate the laser on/off times. (e) Distinction between the photocatalytic rate (only laser
on, 2.41 W/cm2) and thermal heating rate (laser off, heating on). The shaded gray area displays the
photocatalytic rate due to the laser. The shaded red area displays the rate of HD formation due to
heating of the photocatalyst sample from room temperature (297 K) to 303 K without laser
illumination. From Reference 45.

for hydrogen dissociation is further lowered after injection of a hot electron from the Al nanoparticle into
the antibonding orbital. For Al, the energy of maximum HD generation corresponds to its interband
transition, not its plasmon resonance.

Antenna-Reactor Hybrid Nanoparticles for Hot-electron Photocatalysis

Plasmon-based photocatalysis was initially demonstrated with noble/coinage metals, with their
strong plasmon-derived optical near field and resultant hot carrier generation. Conventional
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heterogeneous catalysis has developed using weakly light-absorbing metals such as Pd, Pt, Ru, or Rh to
lower the activation energy for chemical reactions under conditions that typically require high
temperatures and pressures. Combining the optical properties of plasmonic metals with the chemical
reactivities of catalytic ones would open the door to new types of photocatalytic processes, essentially
converting catalysts into photocatalysts. This can be accomplished by developing hybrid systems where
a plasmonic nanoparticle acts as an “antenna” for a nearby catalytic “reactor” nanoparticle. Other
variations of this concept, such as reactive surface alloys on a plasmonic nanoparticle, can be developed
based on the same principle.

The initial realization of the antenna-reactor principle is shown in Figure 6(A).%° The idea is based
on the concept originally discussed in Figure 1: that the photoexcited plasmon decays by generating hot
electrons. Here, the plasmon mode of the antenna itself is photoexcited, and if the reactor nanoparticle
is within the antenna particle’s near field, it will also be photoexcited even though it may have no inherent
optical absorption itself at the plasmon-resonant wavelength of the antenna particle. It is important to
realize that this photoexcitation of the reactor particle by the antenna particle does not require the two
to be conductively coupled: there need be no charge transfer between the antenna and reactor
nanoparticles. In fact, if the two particles were in conductive contact with each other, the reactor would
likely dampen the plasmon resonance of the antenna particle. The case illustrated in Figure 6(A) involves
two nanoparticles deposited adjacent to each other on a planar substrate, for example, where the only
(nonmechanical) coupling between the two nanoparticles is through the antenna particle’s fringing field.
Physically, the fringing field of the antenna particle induces a similar electron oscillation in the reactor
particle as in the antenna particle itself: we can think of this as a “forced plasmon” in the reactor driven
solely by the antenna particle under photoexcitation. In contrast to direct excitation of hot electron hole
pairs which is a single-particle excitation process, this forced plasmon is a collective but strongly damped
excitation which only can decay nonradiatively. Just as the plasmon mode of the antenna particle decays
by the generation of electron-hole pairs, the same process should occur in the “forced plasmon” of the
reactor particle. In Figure 6(B), the geometry of an Al nanoantenna particle (approximated as a sphere),
with a 2-4 nm thick native oxide coating, on with a Pd hemispherical reactor particle is deposited, is shown.

cJ

Calalytic
Reactor

Plasmonic D
Antenna

Hybrid Plasmonic
Materials

Figure 6. (A). The antenna-reactor concept, which shows a plasmonic nanoparticle being illuminated
and the near-field being generated, with the catalytic reactor nanoparticle located within the fringing
field of the antenna nanoparticle. (B) a prototype antenna-reactor is illustrated consisting of an
Aluminum nanocrystal antenna with a small Pd reactor nanoparticle (C) the local field enhancement
of (B) shows a strong field on the Pd surface at the resonant plasmon wavelength of the Al NC. (D) for
a Pd reactor on an Aluminum oxide nanoparticle, no light absorption, and therefore no near field at
the Pd surface, is visible. (F) the modularity of the antenna-reactor concept is illustrated, where a
range of different type of catalytic reactor nanoparticles can be adsorbed onto the Al NC surface for
enhancing specific reaction rates and outcomes. From Ref. 60 (A-E) and Ref. 61(F).
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Under resonant illumination of the antenna particle, the local |E|? at the reactor particle surface is
calculated (Fig. 6(C)). This geometry is compared to the case of a Pd hemispherical reactor particle
deposited instead on a nanosphere consisting entirely of Al,O3: in this case there is no field enhancement
at the Pd surface (Figs. 6D, E). A schematic illustration of the spherical antenna-reactor geometry as
envisioned as a modular photocatalyst design is depicted in Figure 6F. Here, the Al NC antenna, whose
plasmon mode can be tuned in energy by varying the particle size, can be decorated by a variety of
different catalytic metals as reactor particles.5?

In light of our previous discussion regarding H, dissociation on plasmonic Au and Al antenna
particles, it is interesting to see how this reaction proceeds on an antenna-reactor particle. As illustrated
in Figure 6, the Al NC antenna-Pd reactor particle was both chemically synthesized®® and also fabricated
using a planar plasmonic heterodimer geometry. 2 A head-to-head comparison of H, dissociation on
pristine Al NC nanoparticles and chemically synthesized Al NC-Pd antenna-reactor particles is shown in
Figure 7. The wavelength dependence (Fig. 7(A)) clearly indicates that the reaction proceeds differently
on the two different plasmonic photocatalysts. What is not indicated in Fig. 7(A) is that the HD yield for
the antenna-reactor particles is almost two orders of magnitude higher than for the pristine Al NCs.®° For
the antenna-reactor complex, the maximum reactivity occurs when the dipolar plasmon of the antenna
particle is excited, in stark contract to the pristine Al NC case, where maximum reactivity occurs at
wavelengths consistent with the interband transition of Al. From these data it is clear that the reaction
pathways on the two photocatalysts are very different. It is well established that dissociative adsorption
of H, occurs in an essentially barrierless manner on Pd.%3%* |n contrast to the hot electron transfer process
for H, dissociation on pristine Au and Al nanoparticle surfaces, here the hot electrons generated in the Pd
by forced plasmon decay are responsible for inducing desorption of H and D, which quickly recombine.
This is a charge neutral process: once the chemical reaction is completed, the hot electrons recombine
with the holes in the Pd islands. It is also evident in Fig. 7(A) that the HD production on Al NC-Pd antenna-
reactor nanoparticles follows the optical absorption of the nanoparticle complex very closely, in
agreement with our earlier-discussed theoretical analysis of hot electron generation in plasmonic
nanoparticles (Fig. 1B, C). In Figure 7(B) the laser power dependence of the HD generation rate is shown
for the two wavelengths corresponding to the dipolar antenna-reactor plasmon mode and the interband
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Figure 7. (A) The wavelength dependence of the H, photocatalytic dissociation reaction performed
using Al NCs (green) and Al NC-Pd antenna-reactor complexes (red). (B) power dependence of H2
dissociation on Al-Pd antenna-reactor particles. (C) Acetylene hydrogenation reaction on Al NC-Pd
antenna-reactor particles: here we examine the ethylene/ethane selectivity, comparing the
photocatalyzed reaction (red) and the thermally catalyzed reaction (same complexes, reaction run
thermally with no photoexcitation, black). From Reference 60.
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transition at 800 nm, respectively. The supralinear power dependence observed here is consistent with
other hot electron-induced photocatalytic processes.®®

In addition to studying the H, dissociation reaction on Al-Pd antenna-reactor particles, the
hydrogenation of acetylene was studied, comparing the photocatalytic reaction to the thermocatalytic
reaction on the same antenna-reactor complex (Fig. 7(C)). In this reaction, which is quite important
industrially, both ethylene and ethane are the reaction products, and ethylene selectivity is highly desired.
What is observed is a high selectivity of the photocatalytic process to ethylene synthesis relative to the
thermal process. Ethylene/ethane ratios as high as 37:1 were observed for the photocatalysis case, where
for the thermal case ethylene/ethane ratios never increased above 10:1. It has been postulated that the
selectivity enhancement of photohydrogenation is likely due to the availability of dissociated H, in this
case, again, induced by hot electron desorption on the reactor nanoparticles. In a theoretical analysis it
was found that the Pd-H antibonding interactions were energetically just above the Fermi level, easily
populated by hot electrons. Therefore a hot-electron-initiated destabilization of the Pd-H bond, leading
to desorption, is a plausible mechanism. The facile hot-electron-induced desorption of H, from the surface
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Figure 8. (A) Scanning Electron Microscope (SEM) image of a sample of Al-Pd heterodimers, fabricated
over alarge area (B) suitable for photocatalysis. A fabrication method known as hole-mask lithography
(C) was used to fabricate heterodimers with precisely defined nanogaps over such a large area. (D) by
performing the H, dissociation reaction on a fabricated substrate where the density of antenna-
reactors is known, the production rate of # HD molecules per laser pulse per antenna-reactor structure
was determined as a function of incident laser power density (W/cm?). (E) the Al-Pd heterodimers also
showed a polarization sensitivity to their photocatalytic response. (F) theoretical analysis using the
finite-difference time-domain method shows the absorption induced by the Al nanodisk on the Pd
nanodisk for longitudinal (top) and transverse (bottom) incident light polarization. From Reference 62.
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limits the hydrogenation of acetylene, promoting ethylene over ethane as the reaction product.
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Figure 9. (A) Schematic of the Cu-Ru antenna-reactor photocatalyst, on its MgO support. (B) the
photocatalytic behavior of the antenna-reactor towards ammonia decomposition was found to be far
greater than its thermocatalytic activity, which in turn was found to be more active than either a
pristine Cu or Ru nanoparticle. (C) both the photocatalysis and thermocatalysis reaction rates
increased with increasing surface temperature. (D) Arrhenius plots of the apparent reaction barriers
forillumination wavelengths and surface temperatures (controlled with temperature controller) were
measured for a range of illumination conditions, varying both laser power and wavelength. From this
data, a light-dependent decrease in reaction barrier can be defined, where the reaction barrier in the
dark (1.2 eV, right axis) is reduced as a function of both wavelength and light intensity, to a value as
low as 0.2 eV at 550 nm illumination wavelength. (E) this reduction in activation barrier changes the
rate-limiting step of the reaction, from associative desorption of N, to the N-H bond breaking step.
(F) the physical mechanism for the change in rate-limiting step is the hot electron-induced desorption
of N, from the Ru reactive sites (right), freeing those sites for further adsorption and decomposition
of NH; adsorbate molecules. The lack of a desorption mechanism in the thermal case (left) makes N,
desorption the rate-limiting step. From Reference 68.

To additionally demonstrate the antenna-reactor photocatalysis concept (Fig. 6(A)), a large-area sample
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of Al-Pd plasmonic heterodimers was fabricated (Fig. 8) using the method of hole-mask lithography (Fig.
8(A-C)). The heterodimers were photocatalytically active, and since their density on the sample surface
was known, the number of HD molecules produced per laser pulse, per photocatalytic antenna-reactor,
could be determined as a function of incident laser intensity (Fig. 8(D)). As plasmonic heterodimers, the
fabricated structures with well-defined gaps showed a polarization dependence for their photocatalytic
activity (Fig. 8(E)), consistent with the near-field enhancement induced in the Pd reactor disk of the
heterodimer, which varied strongly as a function of polarization angle (Fig. 8(F)). These types of
nanofabricated antenna-reactors may be useful for antenna and reactor material combinations that are
difficult to fabricate using chemical synthesis approaches.

Quantifying hot electron and thermal contributions to plasmonic photocatalysis

Itis important to remember that the resonant illumination of a metal nanoparticle results in both
hot electron generation and photothermal heating® ¢®6’due to nonradiative energy transfer processes,
such as electron-phonon coupling in the metal. Both processes can simultaneously play a critical role in
driving chemical reactions (resonant energy transfer and radiative processes3? may also occur but are not
the focus of this article). To understand which fundamental processes are occurring in plasmonic
photocatalysis, it is important to monitor the reaction temperature at the photocatalyst surface to
elucidate the relative role of electron- and phonon-driven processes in the overall chemical reaction.

In a recent study of ammonia decomposition using a plasmonic photocatalyst,®® the relationship
between thermal and electronic excitations was addressed by introducing the concept of a light-
dependent activation barrier, to account for the effect of light illumination on both electronic and thermal
excitations within the same unified framework (Fig. 9). In this study an antenna-reactor particle of a new
geometry was developed, namely a Cu nanoparticle with a Cu-Ru surface alloy. The surface stoichiometry
was such that the presence of Ru on the surface did not appreciably compromise or dampen the plasmonic
response of the Cu nanoparticle. The Cu-Ru antenna reactor-nanoparticles were dispersed within a MgO
support matrix (Fig. 9(A)). Ru was chosen as the reactor site because of its affinity for reversible binding
of nitrogen-containing molecules, such as ammonia. The Cu-Ru antenna-reactor nanoparticle was found
to be substantially more photocatalytically active than either Cu or Ru nanoparticles alone, and
substantially more photocatalytically than thermocatalytically active (Fig. 9(B)). The ammonia
decomposition reaction was monitored by measuring the H, product generation rate under both
thermocatalytic and photocatalytic conditions (Fig. 9(C)). Here it is important to note that the
photocatalytic reaction can produce the same rate of ammonia decomposition as the thermocatalytic
reaction but at a substantially lower temperature.®® In both cases the surface temperature was monitored
using an infrared-detecting thermometer with temperatures that were found to be in excellent
agreement with theoretical simulations. Illumination of the photocatalyst also increases its surface
temperature due to photothermal heating: the question is how to quantify these two contributions. By
measuring the Arrhenius dependence of the photocatalytic reaction on surface temperature of the
catalyst, under conditions of illumination alone and combined with carefully controlled thermal heating
and monitoring, the reaction barrier was found to be reduced under illumination conditions of both
wavelength and intensity. Expressing this behavior in the form of a light-induced reaction barrier allows
one to clearly quantify the photonic versus thermal contributions. For example, if this reaction was
exclusively photothermal in nature with no hot electron contributions, the slope of the Arrhenius plot
would not change with illumination intensity or wavelength. Any change in slope due to illumination
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intensity shows that processes other than purely thermal ones are also contributing to the chemical
reaction. For ammonia decomposition, this light-reduced reaction barrier is plotted as a function of both
laser power and wavelength (Fig. 9(D)). The reaction barrier for the purely thermocatalytic reaction is
shown at the right of this contour plot, corresponding to zero illumination intensity. The reaction barrier
upon illumination is reduced, with both a wavelength and a laser power dependence. The barrier
reduction is maximum at the illumination wavelength of 550 nm, which corresponds to the spectral peak
of the plasmon resonance of the Cu-Ru antenna-reactor particle. For ammonia decomposition with this
antenna-reactor photocatalyst, the reaction barrier is reduced from 1.2 eV to 0.2 eV at the optimal
wavelength (Fig. 9(D)). This large reduction in reaction barrier changes the rate-limiting step in this well-
studied reaction: the reaction coordinate for ammonia decomposition is shown in Figure 9(E). Under
thermocatalytic conditions, the rate-limiting step for this reaction is the associative desorption of N, from
the Ru reactive sites. For the photocatalyzed reaction, the hot electrons generated by plasmon decay
contribute to a desorption of the N, from the photocatalyst surface (Fig. 9(F), similar to the photoinduced
desorption discussed earlier in the case of acetylene hydrogenation and enhanced ethylene/ethane
specificity (Fig. 7(C)). ©°

Outlook

The exciting results shown to date in the case of hot electron photodetection could potentially alter the
way that photodetectors are envisions, and in nascent field of plasmonic photocatalysis could lead to a
revolution in chemistry and in the chemical industry. Conventional chemical processes that require high
temperatures and pressures also require substantial capital investments and benefit from an economy of
scale: these practices have given rise to the large chemical processing plants that are the industry
standard. Can these new photon-driven ways of doing chemistry be translated into industrial processes
that rely on photons-either sunlight or inexpensive, high efficiency photon sources that are currently
available- for energy? To translate this work into industrial practice will require a complete change of both
education and mindset for chemical engineers, and may result in the establishment of a new field of
“photocatalysis engineer” to fully translate these new ideas into real-world applications.
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