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ABSTRACT: Recent reports have shown that plasmonic nanostructures can be
used to drive direct photocatalysis with visible photons, where nanostructures act
as the light absorber and the catalytic active site. These reports have showcased
direct plasmon driven photocatalysis as a route to concentrate and channel the
energy of low intensity visible light into adsorbed molecules, enhancing the rates
of chemical transformations, and offering pathways to control reaction selectivity.
In this perspective, we will discuss the fundamental photophysics of localized
surface plasmon resonance (LSPR) excitation in the context of driving chemical
transformations. The various demonstrated chemical conversions executed using
direct plasmonic photocatalysis will be reviewed. Experimental observations, such
as the dependence of photocatalytic rate on illumination intensity and photon
energy, will be related to microscopic mechanisms of photocatalysis. In addition, theoretical treatments of various mechanisms
within the process of direct plasmonic photocatalysis will be discussed and related to experimental studies. Throughout the
Perspective, the possibility of activating targeted adsorbate bonds to allow rational manipulation of reaction selectivity in direct
plasmonic photocatalysis will be discussed.
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1. INTRODUCTION AND BACKGROUND

The utilization of solar energy to drive catalytic chemical
transformations on surfaces has been touted as an environ-
mentally friendly potential alternative to traditional thermally
driven heterogeneous catalysis.1−4 The diffuse nature of
sunlight, making solar photons a fairly expensive feedstock,
dictates that utilizing solar energy to drive chemistry is
primarily worthwhile for chemical transformations that are
not attainable with thermal catalytic processes.5 The most
studied examples are endothermic reactions, such as H2O
splitting and CO2 reduction, where the energy of solar photons
can be stored in chemical bonds.6−8 Another interesting, but
scarcely demonstrated, example is the utilization of photo-
catalysis to manipulate and control selectivity in chemical
transformations on surfaces with the end goal of executing
reactions that have not been achieved via thermal catalysis.9,10

Thermally driven heterogeneous catalytic processes rely on
manipulation of activation barriers and adsorption energies of
intermediates in competing chemical pathways to control
product selectivity. However, relationships inherent in nature
dictate that adsorption energies of surface bound intermediates
and activation barrier heights of elementary steps are related in
a predictable, linear fashion.11−13 As a result, optimization of
catalytic selectivity is limited because the manipulation of
energetics associated with a single elementary step will affect
the energetics of other elementary steps in a predetermined
manner.14−16 Breaking down these intrinsic relationships
through manipulation of energetics associated with a single
elementary step without affecting the energetics of other steps
has proven to be a very difficult task in heterogeneous thermal
catalysis. Alternatively, photocatalysis at surfaces has the

potential to allow control of single elementary step energetics,
but this control hinges on the design of materials that
selectively deposit the energy of photons into targeted
adsorbate orbitals associated with the activation of desired
chemical bonds.10

In this Perspective, we will discuss recent results that
demonstrate the execution of photocatalysis on coinage (Ag,
Au, and Cu) metal nanoparticles through the excitation of
localized surface plasmon resonance (LSPR). The use of LSPR
excitation to drive photocatalysis falls primarily into two
categories: (a) indirect photocatalysis, where excitation of
LSPR is used to transfer photon energy to nearby semi-
conductors,17−20 molecular photocatalysts, and other metals21

to drive chemistry remotely and (b) direct photocatalysis,
where coinage metal nanoparticles act as the light absorber and
the catalytically active site.22 In other words, we consider direct
plasmonic photocatalysis as chemical transformations that
occur on the surface of plasmonic nanostructures in response
to photoexcitation of LSPR on plasmonic nanostructures. This
Perspective focuses on direct photocatalytic reactions driven by
low-intensity (within an order of magnitude of solar intensity)
visible photons on plasmonic nanoparticle surfaces. Readers
should refer to previous reviews for discussions on indirect
photocatalytic processes mediated by LSPR excitation.23−25

It is not surprising that plasmonic nanoparticles have been
considered for photocatalysis, based on their well-known
surface catalytic properties and strong light-matter interac-
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tions.22 Regardless of the strong and tunable interaction
between visible light and excited plasmonic nanoparticles,
direct plasmonic photocatalysis was initially regarded as
improbable because of the short lifetimes of plasmon derived
charge carriers and extremely fast quenching of electronically
excited adsorbates on metal surfaces.26 Against intuition that
long-lived charge carriers and excited states are requisite for
photocatalytic functionality, demonstrations of direct plasmon
driven photocatalysis are becoming numerous, and the
underlying mechanisms that allow for relatively high efficiencies
in the utilization of photons to overcome activation barriers are
starting to be understood.
We will begin this Perspective with a discussion of LSPR

excitation and the necessary photophysics required to under-
stand how LSPR excitation could induce direct plasmonic
photocatalysis. Following this is an overview of the
demonstrations of direct plasmonic photocatalysis by LSPR
excitation. The remainder of the Perspective is dedicated to a
critical analysis of the mechanisms associated with LSPR driven
direct photocatalysis, relating mechanistic details to exper-
imental observations. The salient role of plasmon excitation in
various demonstrated model reactions will be highlighted, and
the potential for driving selective chemical reactions via LSPR
excitation will pervade the discussions. We will conclude with

an outlook on the direction this field is moving and a discussion
of the unanswered questions that have been raised.

2. LOCALIZED SURFACE PLASMON RESONANCE

Our discussion on LSPR excitation is from a dynamical,
temporally evolving point of view. We feel that this allows a
better understanding of the potential energy exchange between
plasmon derived energetic charge carriers and adsorbates. The
excitation of LSPR occurs when a nanostructured material with
high free electron mobility (Ag, Au, Cu, Al, doped semi-
conductors, etc.) interacts with photons that match the
resonance energy of the oscillation of surface valence electrons
against the restoring force of the positively charged surface
nuclei.27,28 In the case of Ag, Au, and Cu this resonance energy
occurs in the visible regime. The interaction of resonant
photons and surface electrons initially results in the coherent
oscillation of electrons in space and energy. This leads to the
confinement of photon energy to the surface of nanostructured
materials for much longer time scales than photons would
spend in the same control volume traveling at the speed of
light. As a result of this interaction, the very high absorption
coefficient of photons in resonance with plasmon excitation and
capacitive coupling between clusters of plasmonic particles,
LSPR excitation produces a large buildup of photon intensity
(strong electric fields) and a high concentration of energetic

Figure 1. (a) Electric field intensity distribution calculated using the Finite Difference Time Domain (FDTD) method of an isolated 75 nm Ag
nanocube (bottom), and two Ag nanocubes separated by 1 nm (top) at their respective LSPR peaks. Reproduced with permission from ref 31.
Copyright 2012 Nature Publishing Group. (b) Schematic showing the three dephasing mechanisms of oscillating surface plasmons. (c) The impact
of chemisorption on the HOMO−LUMO intermolecular (IM) excitation band gap of the adsorbate. (d) A series of two-photon photoemission
(2PPE) spectra captured from a Cu single crystal at various delay times following a pulsed femtosecond photon excitation. This shows the evolving
electron energy distribution above Ef after photon excitation. Reproduced with permission from ref 35. Copyright 1997 Elsevier Inc. (e) Proposed
mechanism of direct charge injection from metal to molecular states occurring during plasmon dephasing in the CID mechanism.
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electrons at nanostructured surfaces.27,29,30 For example,
resonant photon excitation of isolated cubic shaped Ag
nanoparticles can enhance incoming light intensity up to 103

fold at certain areas on the nanoparticle surface, and junctions
between Ag particles can enhance the light intensity by up to
106 times, see Figure 1a.31 The lifetime of the coherent electron
oscillation due to a plasmon excitation is ∼5−100 fs,32 and can
dephase through three mechanisms, (1) elastic radiative re-
emission of photons, (2) nonradiative Landau damping,
resulting in the excitation of energetic electrons and holes in
the metal particle, and (3) the interaction of excited surface
plasmons with unpopulated adsorbate acceptor states, inducing
direct electron injection into the adsorbate acceptor states,
called chemical interface damping (CID), see Figure 1b.33,34

The magnitude of field enhancement, resonant wavelength, and
fraction of plasmon excitations decaying through mechanisms
(1)−(3) is a function of nanostructure geometry, composition,
and local environment.27,29

All three plasmon decay processes can deposit energy into
adsorbates, although they have different mechanisms. In this
section we will discuss mechanisms of energy transfer from
excited surface plasmons to adsorbates and will describe how
the energy transfer can result in photocatalytic reactions later in
the Perspective. In the radiative plasmon decay process, (1),
adsorbed molecules can gain energy through the absorption of
photons from intense, reradiated photon fluxes from the
plasmonic nanostructure. Energy gain through this mechanism
is most commonly seen when adsorbates have an intra-
molecular, allowable electronic transition with energy of similar
magnitude to the energy of reradiated photons. If this condition
is met, vibrational energy can be gained by the adsorbate
through photon absorption induced vibronic energy exchange,
typically discussed in the context of the Franck−Condon
Principle.36 In this case, the plasmonic metal nanostructure acts
to modify the energy of the internal molecular electronic
transition of a molecule, compared to the molecule’s gas phase
gap between the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO), through
chemical bonding to the nanostructure surface, see Figure 1c.
This type of photochemical process has been observed for small
molecule activation at nonplasmonic metal surfaces, but a
commonality of these cases is the requirement of UV photons
to excite the internal electronic transition in the adsorbate.36 It
is worth mentioning that this mechanism is analogous to the
well-known electromagnetic enhancement mechanism in sur-
face-enhanced Raman spectroscopy (SERS). Although, in
SERS, photon interaction with the adsorbate polarizes electrons
along the axis of a chemical bond by exciting electrons to virtual
states, rather than well-defined states associated with allowable
electronic transitions.37 The electromagnetic SERS excitation
mechanism is less likely to induce chemical reactions compared
to adsorbate photon absorption via allowable electronic
transitions and also requires the bond to be polarizable.
Although we caution that photon absorption by adsorbed
molecules should be considered when analyzing mechanisms of
surface mediated photocatalytic processes, particularly with
large dye-like molecules that have electronic transitions in the
visible regime, we will not focus on these processes because of
our interest in visible photon driven photocatalysis with small
molecules.
Energy exchange to adsorbates by plasmon decay process (2)

can occur via transient transfer of plasmon derived energetic
charge carriers, energetic electrons (holes), between metal

nanoparticle surfaces and unpopulated (populated) orbitals of
adsorbed species. Later in the Perspective the details of the
interaction between energetic charge carriers and adsorbates
will be discussed; here we focus on the evolution of the system
after plasmon decay via mechanism (2). In process (2),
plasmons decay through Landau damping where photon energy
is converted to single electron/hole pair excitations, occurring
∼10 fs after initial plasmon excitation.34 The single electronic
excitations will occur from below the metal Fermi level energy,
Ef, to above Ef creating a constant probability distribution of
finding primary excited electrons at energies between Ef and Ef
+ hν. The probability distribution is relatively constant because
Landau damping occurs as intraband transitions between states
of sp character that have constant density a few eV above and
below Ef in coinage metals.38

The excited primary electrons interact with other electrons
through Coulombic inelastic scattering, where a cascading
process spreads the energy of the primary electron across many
electrons. Electrons and holes created in metals are not
intrinsically correlated as they are in semiconductors and as a
result, energy relaxation via electron/hole pair recombination is
minimal. During the first few hundred fs the distribution of
electron energies is considered to be “athermal”, because it does
not follow the thermal Fermi−Dirac distribution.39,40 Through
this cascading electron energy exchange process the distribution
of electron energies in the nanostructure evolves temporally.
Experimentally, the temporally evolving energetic electron
distribution above Ef has been measured using spectroscopic
techniques, such as time-resolved two-photon photoemission
spectroscopy (2PPE).41 A variation of the femtosecond laser
pump and probe pulse time delays in 2PPE reveal snapshots of
the evolution of electron energies at given time steps, see
Figure 1d.35 The evolution of energetic electron distribution
after plasmon dephasing is important for understanding the
time scale of energy transfer from energetic electrons to
adsorbates via transient charge transfer.
In parallel with the cascading process of electron energy

spreading, low energy electrons couple to phonon modes
thereby heating up the metal lattice with a time scale of ∼1 ps,
followed by the dissipation of this heat to the surrounding
environment in a time scale of 10−100 ps.40,42 Plasmon
mediated nanostructure heating could result in energy transfer
to adsorbates, which would drive chemical transformations
through an Arrhenius dependence of rate on surface temper-
ature. Experimental and theoretical analyses of plasmon
mediated nanostructure heating have shown that under
illumination of solar intensity (100 mW/cm2), maximum
transient temperature increases of only ∼10−2 K can be
achieved.43,44 Assuming that the rate of a thermal reaction
doubles with a 10 K increase in operating temperature
(apparent activation barrier of ∼100 kJ/mol), an illumination
intensity of 106 mW/cm2 would be necessary to produce a 2-
fold increase in the rate of reaction due to plasmonic heating.
Although, the plasmonic heating mechanism should be
considered when analyzing photocatalytic reaction mechanisms
on illuminated plasmonic particles, under low intensity
illumination this mechanism most likely does not play a role
in inducing chemistry, particularly when reactions are run in
continuous-flow, isothermal environments.
The first two plasmon decay mechanisms occur regardless of

environmental conditions, but the addition of adsorbates to the
surface of plasmonic nanostructures can induce a new, ultrafast
dephasing pathway, occurring on the scale of ∼5 fs, through
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CID (3).45−47 The interaction of coherently oscillating
plasmons with unpopulated electronic states of adsorbates has
been shown to induce dephasing through the direct transfer of
energetic charge carriers to unpopulated adsorbate states, see
Figure 1e. CID is thought to be similar in a microscopic picture
to the interaction of energetic electrons produced through
Landau damping with adsorbates, with the main differences
being the time scales of the processes, the coherent nature of
the energy transfer process, and potentially the resonant
wavelength dependent energy transfer efficiency. Atomic scale
insights into the electronic and energetic exchange processes
involved in CID are still being developed, although recent
advances in time dependent density functional theory
(TDDFT) are beginning to answer some of these questions.48

The main difference between LSPR mediated electronic
energy transfer to adsorbates via processes (2) and (3) is
whether energetic electrons are initially generated in the metal
due to Landau damping and subsequently scatter into
adsorbate states, (2), or energetic electrons are directly injected
into adsorbate states at the instant of plasmon dephasing, (3).
The physical manifestation of this distinction is that adsorbates
may experience a large difference in electron energy
distribution depending on whether the energy transfer occurs
directly, or some time after dephasing. As a result of the
temporally evolving electron energy distribution in process (2),
photocatalytic reactions induced through processes (2) and (3)
may display very different photocatalytic efficiencies and
mechanistic characteristics.

Based on our analysis of the viability of potential plasmon
induced photocatalytic mechanisms, the remainder of this
Perspective will focus on the ability of energetic electrons
(either directly transferred to adsorbates, or generated within
the metal structure followed by transfer to the adsorbates)
produced through Landau damping to drive photocatalysis
through low intensity visible light excitation. In the next section
we provide an overview of the reports of plasmon driven
photocatalysis, followed by a detailed discussion of their
mechanistic characteristics.

3. OBSERVATIONS OF PLASMON DRIVEN
PHOTOCATALYSIS ON METALLIC NANOPARTICLES

Photon mediated, electron driven chemical transformations on
metal surfaces have been studied in detail for the past 40 years.
Until recently, heterogeneous photocatalysis on metal surfaces
has primarily involved the execution of single elementary steps
(desorption or dissociation) occurring on metal single crystals
induced by intense laser irradiation.49−51 The fundamental
physics governing the interaction of energetic electrons in
single crystals and adsorbates provides much of the physical
framework for understanding direct plasmon driven photo-
catalysis. These studies have identified crucial mechanistic
characteristics of electron driven processes at metal surfaces and
have shown conclusively that energetic electrons can execute
reaction pathways that thermal energy cannot.10 But, it has also
been shown that extended structures are highly inefficient
photocatalytic materials.33 Our interest in direct plasmon

Figure 2. (a) The dependence of Na desorption rate from 50 nm Na clusters on the photon excitation wavelength (energy). Reproduced with
permission from ref 57. Copyright 1988 American Physical Society. (b) Magnitude of HCHO conversion to CO2 measured under blue light (blue
bars) and red light (red bars) for Au nanoparticle catalysts on various oxide supports. Reproduced with permission from ref 60. Copyright 2008
Wiley-VCH. (c) The rate of ethylene oxide formation via the ethylene epoxidation reaction measured at 450 K with 250 mW/cm2 visible
illumination, and without illumination. Reproduced with permission from ref 43. Copyright 2011 Nature Publishing Group. (d) (Left) Proposed
Electronic band structure of supported Au nanoparticles under different color illuminations: (i) 420 nm, (ii) 550 nm, and (iii) 600 nm. (Right)
Overlap of the Au band structure with the reduction potentials for various reduction reactions. Modified from ref 65. Copyright 2012 Royal Society
of Chemistry. (e) Thermal (dark) and photothermal (under illumination) selectivity of propylene epoxidation to propylene oxide as a function of
reaction rate. Reproduced with permission from ref 9. Copyright 2013 American Association for the Advancement of Science.
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driven photocatalysis is motivated by the opportunity to control
reaction selectivity and the potential for performing these
chemistries with high efficiencies under solar irradiation.
The majority of research studying plasmonic nanoparticles

interacting with adsorbates has focused on SERS, where
plasmon-induced local field enhancements cause significant
enhancements in Raman signals from molecules near nano-
structured noble metal surfaces. Indirect evidence of electron
driven catalytic reactions mediated by LSPR excitation comes
from reports of bond scission induced by plasmonic excitation
during SERS experiments.52−54 It was seen that molecules
examined via SERS would exhibit unexpected vibrational
signatures, which were attributed to the well-known “chem-
ical-enhancement mechanism”.55 In addition, it was noted that
Raman signals of molecules on Ag and Au surfaces would
change during Raman experiments, indicating that some
chemical transformation occurred. The mechanism of these
unexpected results remains a topic of significant interest, but
ties between SERS experiments and plasmon driven photo-
catalysis are providing important mechanistic insights. It is also
worth noting that theoretical descriptions of the “chemical
enhancement” mechanism in SERS are similar to models for
electron driven reactions developed by the surface science
community and those discussed in this Perspective.56

The first convincing evidence of a plasmon mediated,
electron driven chemical process was reported in 1988 based
on visible photon-induced desorption of Na atoms from 50 nm
Na particles deposited on optically transparent LiF substrates.57

The rate of Na desorption as a function of photon wavelength
was similar to the wavelength dependent LSPR spectrum of the
Na clusters providing evidence that Na desorption was due to
plasmon excitation of the Na clusters, see Figure 2a.
Furthermore, the authors state that the intensity of the visible
light and the low energy of the photons preclude any thermally
induced Na desorption or Na ionization, indicating that the
process was electron-driven.57 Other reports of low intensity,
photon driven molecular desorption from roughened Ag
surfaces and Ag nanoparticles mediated by LSPR have been
published, providing a solid foundation for the execution of
direct photocatalytic reactions on plasmonic nanostruc-
tures.58,59

The first report of a complete catalytic cycle executed due to
low intensity visible light excitation of a plasmonic nanostruc-
ture on a nonphotoactive support (a support that cannot be
electronically excited with the incident photon energy used in
the experiments) came in 2008.60 It was shown that Au
nanoparticles supported on optically inert SiO2 were active
under red light illumination (600−700 nm) for HCHO
oxidation to CO2 at ambient temperatures. Figure 2b shows
the conversion of HCHO over a series of Au based
photocatalysts under blue or red light illumination. Although
the figure shows results of photocatalysis with Au nanoparticles
on visible light active semiconductors (Fe2O3), the photo-
catalytic activity of Au on SiO2 clearly demonstrated that Au
nanostructures on optically inactive supports could induce
chemical reactions through direct plasmonic photocatalysis.
The photocatalytic activity was attributed to a plasmonic
heating effect, but in subsequent papers the group considered
the effect to be electronic in nature.61 The same group followed
this initial publication with a series of other reports showing the
unique properties of Ag and Au (on supports that cannot
absorb visible light) for driving reactions at room temperature,
such as sulforhodamine-B oxidation on Au and Ag,62 selective

reduction of various organics and nitroaromatics on Au,63 and
hydroamination of alkynes on Au.64

Our own initial report, concurrent with those above, showed
that the rate of ethylene epoxidation (C2H4 + 1/2O2 →
C2H4O) executed over Ag nanocubes supported on Al2O3
could be significantly enhanced due to low intensity visible light
illumination.43 This work showed that production rate of
ethylene oxide at 200 °C in the dark, was identical to that of a
catalyst operating at 160 °C under 250 mW/cm2 visible
illumination (∼2−3 suns), indicating that the plasmonic activity
of the Ag catalysts allowed a unique route toward enhancing
the energy efficiency of important selective chemical reactions,
see Figure 2c. It was also shown that the rates of CO oxidation
and NH3 oxidation by O2 over the Ag nanocube catalyst were
significantly enhanced due to visible light illumination of the
catalyst. The mechanistic details will be discussed later, but it is
worth mentioning that this was the first report to show
convincing evidence that the direct plasmon driven catalytic
cycle was electronic in nature. Over the past few years there
have been a number of other reports of direct plasmon driven
photocatalysis including the unique coupling of an aldehyde,
amine, and phenylacetylene to produce proparglyamines over
Au surfaces,66 photo-Fenton reactions on Au,67 9-anthralde-
hyde oxidation by Au,68 N−N bond formation to produce p,p′-
dimercaptoazobenzene,69 methylene blue decomposition,70

Suzuki coupling,71 among others.53,72,73 A commonality
among all of these studies is the use of low intensity visible
photons to execute chemical reactions on the plasmonic
surface, although the level of mechanistic analysis varies
significantly in each report.
A majority of the direct plasmonic photocatalysis reports

show that the excitation of LSPR on catalytically active
plasmonic nanoparticles acts to enhance the rate of a particular
reaction compared to the rate in the dark, basically a
photoassisted catalytic reaction. In a few cases it has been
shown that the plasmon driven chemical processes display
unique selectivity compared to pure thermal counterparts. For
example, Zhu et al. showed that in the visible light driven
reduction of nitrobenzene on Au nanoparticles, azobenzene
could be produced whereas in a pure thermal process,
nitrobenzene was over reduced to form aniline.63 It was
suggested that the low temperature operating conditions
allowed by the plasmon-enhanced catalysis enabled the unique
selectivity. Another approach to controlling selectivity recently
demonstrated by Ke and co-workers showed that there was a
relationship between the reduction potential of organic
molecules and the required photon energy to drive the
reactions.65 Molecules with high reduction potentials required
higher energy photons to induce the reactions, indicating a
novel potential route to control selectivity, see Figure 2d. In
addition, it was shown recently by Marimuthu et al. that
plasmon excitation of Cu2O@Cu core shell nanoparticles could
induce a reduction of the Cu2O shell, thereby exposing the
metallic Cu surface and significantly enhancing the selectivity in
the gas phase epoxidation of propylene, see Figure 2e.9 In each
of these cases, the mechanisms of selectivity control were
proposed as being induced by different physical phenomena.
The reports of direct plasmonic photocatalysis to date show

conclusively that excitation of LSPR via low intensity
continuous wave photon illumination can induce significant
enhancement in rates of reactions that are typically performed
exclusively with thermal energy. Following a simple thought
process, this means that in each reaction the LSPR excitation

ACS Catalysis Perspective

dx.doi.org/10.1021/cs400993w | ACS Catal. 2014, 4, 116−128120



channels photon energy to speed up the rate-limiting step.
Furthermore, the few examples where catalytic selectivity was
modulated by LSPR excitation provide initial evidence that
direct plasmon driven photocatalysis may allow for unique
routes to control catalytic selectivity. Although, significantly
more insights into how LSPR excitation affects various
elementary steps on surfaces will need to be developed before
it can be concluded that LSPR excitation can be utilized to
manipulate the energetics of a single elementary step in an
overall catalytic cycle. In the next section, we will discuss a
mechanistic picture of direct plasmonic photocatalysis driven by
low intensity illumination that is consistent with all reports. In
addition, we will discuss the effect of plasmon decay
mechanism, operating temperature, and excited state potential
energy surface (PES) characteristics on the efficiency of direct
plasmon driven photocatalytic processes.

4. IMPACT OF ILLUMINATION INTENSITY ON DIRECT
PLASMONIC PHOTOCATALYSIS

Very early in the study of heterogeneous photocatalysis on
surfaces, researchers found that macroscopically observable
photocatalytic rate dependence on illumination intensity
provides microscopic mechanistic information.36 Detailed
intensity dependent studies of photocatalysis on metals and
semiconductors have been performed under a wide range of
conditions, and generally the intensity, I, dependence of
photocatalytic rate falls into 4 categories: sublinear (Rate ∝

In, n < 1), linear (Rate ∝ I), superlinear (Rate ∝ In, n > 1), and
exponential (Rate ∝ ef(I)). Each of these dependences can be
mathematically derived using rate equations of the elementary
steps involved in the photocatalytic cycle, and are signatures
that provide information about the mechanism of photon
utilization. Direct plasmon driven photocatalysis has been
observed to display each of these dependences, (except for the
sublinear relationship that is only observed in semiconductor
photocatalysts when bulk electron hole pair recombination is
prevalent) which occur under different operating conditions.
We will relate the observed intensity dependent relationships
for direct plasmonic photocatalysis to experimental conditions
they have been observed under, in an attempt to provide a
holistic picture of the different mechanisms by which direct
plasmon driven photocatalysis can be executed and the salient
role of plasmon excitation in each case.
Exponential relationships between photon-induced rates of

chemical transformations and illumination intensity, (Rate ∝
ef(I)), provide evidence that reactions are driven through a
thermal process.43 Heating of nanoparticles via plasmon
excitation has been studied in detail, experimentally and
theoretically, showing that there is a linear relationship between
the change in surface temperature of plasmonic nanoparticles
and the illumination intensity.44 Coupling this linear relation-
ship with the Arrhenius expression for thermally driven
chemical reactions shows that plasmon heating induced
chemistry will display an exponential dependence of rate on

Figure 3. (a) CO production rate from a CO2 and H2 mixture over Au nanoparticles supported on ZnO as a function of continuous wave laser
intensity (532 nm) and the calibrated steady state temperature. Reproduced with permission from ref 74. Copyright 2013 Royal Society of
Chemistry. (b) The rate of photothermal ethylene oxide formation as a function of visible light intensity. Reproduced with permission from ref 43.
Copyright 2011 Nature Publishing Group. (c) Schematic of the proposed mechanism for electronic excitation of adsorbed molecules through a TNI
PES. This process can result in the adsorbate (i) gaining vibrational energy, or (ii) overcoming an activation barrier, inducing a chemical
transformation. (d) Ethylene epoxidation photocatalytic rate measured as a function of visible light intensity for various temperatures. Reproduced
with permission from ref 31. Copyright 2012 Nature Publishing Group. (e) Proposed mechanism of the linear dependence of photocatalytic rate on
source intensity (left) and for the superlinear dependence of rate on source intensity through multiple electronic excitations of a single adsorbate
(right). Reproduced with permission from ref 24. Copyright 2011 Nature Publishing Group.
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illumination intensity. For example, a recent study of CO2 and
H2 conversion over Au/ZnO showed an exponential depend-
ence of CO production rate on laser intensity, which
quantitatively matched expected results in a thermally driven
process, see Figure 3a.74 ZnO is a semiconductor with a band
gap of ∼3.3 eV, thus visible light absorption in these
experiments only occurred by the Au nanostructures. An
intensity of 250 W/cm2 was required to observe any CO2
conversion, which is greater than 3 orders of magnitude higher
intensity than average solar irradiance. In addition, the study
was performed in a batch reactor with no thermal cooling.
Based on the high photon flux required to drive chemistry
through plasmonic heating, even in static, unregulated temper-
ature environments, we suggest that the heating mechanism will
play a minor role in observations of direct plasmonic
photocatalysis under irradiation of similar intensity to the
sun. Thus, even though plasmonic nanoparticles are excellent
photon-induced heat generators under resonant excitation,
owing to their very high absorption coefficients, it is not
expected that the exponential dependence of rate on intensity
will be observed with low intensity photon illumination of
temperature regulated reactors. Furthermore, the utilization of
the plasmon heating mechanism to drive chemistry is analogous
to externally heating the system and does not provide a unique
pathway to control reaction selectivity.
The most commonly reported dependence of direct

plasmonic photocatalytic rate on photon intensity has been a
linear relationship, (Rate ∝ I). For example, linear relationships
have been observed for ethylene epoxidation on Ag nano-
cubes,43 NO desorption from Ag nanoparticles,75 photo-Fenton
reaction on Au nanoparticles,67 H-D formation from H2 and D2
dissociation on Au nanoparticles,73 among others, see Figure
3b.43 These observations were reported for a wide range of
photon intensities and catalyst geometries, making it difficult to
generalize the conditions under which this behavior dominates
direct plasmonic photocatalysis. We note that in the case of
Au/TiO2,

73 visible light induced energetic electron transfer
from the metal to support could occur, raising the question of
whether chemistry occurs on Au or on TiO2. Linear
relationships have been reported many times previously for
heterogeneous photocatalysis on semiconductor and metal
single crystal surfaces and are evidence of first order processes
in photons. In the context of direct plasmonic photocatalysis, a
first order process in visible photons suggests that each reaction
is induced by a single photon absorption event followed by the
interactions of the resulting electronic charge carriers and the
adsorbate.
Further evidence that the linear rate dependence on intensity

is associated with an electron driven process was provided by
isotopic labeling experiments.76 Isotopic labeling of reactants
involved in thermally driven catalytic processes has been used
to identify rate-limiting steps through measurement of the
kinetic isotope effect (KIE). KIE is obtained by measuring the
change in rate due to the introduction of a labeled reactant and
can be theoretically predicted using transition state theory.
Studies of electron driven processes at metal surfaces have
shown that electron driven processes display enhanced KIEs as
compared to the thermal reactions. KIE measurements were
performed for ethylene epoxidation on Ag nanocubes by
comparing the rate of reaction using O2

16 and O2
18 for the

thermally driven reaction and the plasmon enhanced process.43

It was seen that the KIE, Rate(O2
16)/Rate(O2

18), for ethylene
epoxidation is much larger under LSPR excitation (KIELSPR =

1.19) than the KIE of the pure thermal reaction (KIEThermal =
1.06). This enhanced KIE was a clear signature that the
energetic electrons, created due to plasmon excitation, were
acting to facilitate the O2 dissociation reaction (the rate limiting
step in ethylene epoxidation).49,77,78

The proposed mechanism of first order intensity dependent
LSPR mediated photocatalysis is analogous to processes of
desorption induced by electronic transitions (DIET).79

Plasmon derived charge carriers that have an energetic and
spatial overlap with unpopulated adsorbate electronic states can
transiently scatter through the unpopulated adsorbate states for
∼1−20 fs, see Figure 3c, creating a transient negative ion
(TNI) adsorbate.80 Once the TNI is created, the adsorbate
transitions to the TNI PES. The TNI PES typically has a
different equilibrium bond distance compared to that of the
ground state PES. As a result of the altered equilibrium bond
distance, the adsorbate experiences acceleration along a
particular nuclear degree of freedom. This acceleration results
in either a chemical transformation on the TNI PES, or a gain
in vibrational energy upon return to the electronic ground state
PES, i.e. when the electron decays back to the metal, Figure
3c.50,81−83 When the adsorbate returns to its electronic ground
state PES in an excited vibrational state, the gained energy is
dissipated through coupling to the metal surface over the
course of 1−10 ps. The first order rate dependence on intensity
indicates that vibrationally excited adsorbates that do not
undergo a chemical transformation due to TNI formation
dissipate the gained vibrational energy into the metal prior to
subsequent electron scattering events. It is worth noting that a
mechanism called electronic friction has been proposed for
electron driven reactions at metal surfaces.84 But, in the case of
low intensity illumination in the linear rate dependence regime,
this mechanism will not play a major role in driving chemistry
because of the relatively low electronic temperature under solar
intensity illumination.85

There are many different factors that impact the efficiency of
the transient electron transfer for inducing a chemical
transformation. The first factor is the probability of the
electron transfer from the metal to the adsorbate, which is
governed by the electron transfer coupling efficiency.86 The
second factor is how much energy gain is required to induce the
chemical reaction, which is governed by the activation barrier
for the reaction and the temperature of the system.31 The
system temperature plays a role in controlling the required
energy gain for reaction based on the exponential increase in
the population of higher energy vibrational states with
temperature. Basically, if the temperature of a system is
increased, molecules will populate vibrational states closer to
the activation barrier threshold energy and will require less
energy exchange from the electron scattering through the
adsorbate to overcome the activation barrier. The third factor is
the amount of energy the TNI process deposits into the
molecule. The amount of energy gained through the TNI
process is a function of the shapes of the ground state and TNI
PESs, the lifetime of the electronic state, the congruence of the
scattering electron energy and the unpopulated adsorbate
energy level, and the temperature of the system.87 Many of
these factors are adsorbate dependent, such as the coupling
efficiency, shape of the PESs, and the energy of the
unpopulated adsorbate level. These characteristics could play
a role in inducing unique selectivity compared to a pure thermal
process, through favorable interactions of plasmon derived
charge carriers with targeted adsorbates.
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Before discussing the unique role of LSPR excitation in the
linear electron driven mechanism, we will discuss the
superlinear (Rate ∝ In, n > 1) dependence of photocatalytic
rate on intensity due to similarities between the mechanisms.
Superlinear behavior has been observed for H-D formation
from H2 and D2 dissociation on Au nanoparticles,73 and for
plasmon driven ethylene epoxidation on Ag nanocube
clusters,31 see Figure 3d. In both cases the rate exhibited a
linear dependence on intensity at low photon intensities and a
transition to superlinear behavior at higher intensity (>300
mW/cm2 in the case of ethylene epoxidation on Ag). In the
case of H-D formation on Au the superlinearity was attributed
to nanoparticle heating, although no evidence was provided to
substantiate this mechanism.73 On the other hand, for ethylene
epoxidation it was stated that the superlinear behavior could
not be explained by a superposition of linear (1 photon
process) and exponential (heating process) functions indicating
that the mechanism was not based on nanoparticle heating.
Further evidence that the superlinear transition was not
thermally based was provided by the positive relationship
between the measured KIE for ethylene epoxidation on Ag
nanocube clusters and illumination intensity during the
transition between the linear and super linear regimes.31

This transition from linear to superlinear behavior has
previously been observed for CO and O2 desorption from Pt
surfaces at orders of magnitude higher photon intensities and
has been explained previously in terms of the desorption
induced by multiple electronic transitions (DIMET) model.88

In the linear regime, DIET, molecules dissociate or desorb
when a single electron scattering event deposits sufficient
vibrational energy in the reaction coordinate. If the amount of
energy deposited is insufficient to overcome the activation
barrier, the adsorbate dissipates the excited vibrational energy,
returning to the equilibrium thermal vibrational distribution
before a subsequent scattering event. The transition to the
superlinear regime occurs when the frequency of electron-
molecule scattering events becomes sufficiently high, such that
the time scale between subsequent electronic excitations of an
adsorbate become shorter than the time scale for molecules to
dissipate their gained vibrational energy, see Figure 3e.36 In the
super linear regime, each molecule that reacts has interacted
with charge carriers deriving from more than one photon.
As mentioned above, the linear and superlinear relationships

between rate and intensity have been observed on metal single
crystal surfaces, albeit with lower quantum yields (number of
molecules produced per photon) and at much higher
illumination intensities (for the transition to super linear
regime) compared to plasmonic nanostructures. For example,
the observation of the transition from the linear to superlinear
regime in O2 dissociation (the rate limiting step in ethylene
epoxidation) on Ag nanocube clusters occurred at 109 lower
illumination intensity compared to O2 desorption on a Pt single
crystal.31,88 The significant enhancements in photocatalytic
efficiency of plasmonic nanostructures compared to single
crystal surfaces has been proposed to be due to a combination
of multiple factors. First, the absorption coefficient of
plasmonic nanostructures is significantly enhanced compared
to metal single crystals. Second, plasmonic nanoparticles
selectively absorb resonant photons at their surfaces, and
their length scale is similar to that of the mean free path of
electrons in these materials, giving energetic electrons a high
probability of interacting with adsorbates.27 On the other hand,
photon absorption by single crystals mostly occurs in the bulk,

and the large thickness of these crystals suggests a significant
fraction of charge carriers will never reach the surface of the
crystal.79 Third, collections and 3-D assemblies of plasmonic
nanoparticles are known to have enhanced optical cross
sections and selectively channel photon energies into small
volumes, known as hot spots, where photocatalysis may be very
efficient.89 It is expected that hot spots will have very high rates
of localized energetic electron generation and thus higher rates
of direct plasmonic photocatalysis. Lastly, light absorption by
adsorbate covered plasmonic nanostructures may have a higher
cross section for direct charge injection into the adsorbate,
compared to adsorbate covered single crystals, which could
drive chemistry very efficiently. Individually these mechanisms
have been discussed in various contexts, but a quantitative
description of each of these effects in the context of direct
plasmon driven photocatalysis has yet to be achieved.
In this section we have discussed the various macroscopically

observable relationships between photon intensity and induced
reaction rates and related these to microscopic reaction
mechanisms. Observations of both the linear and the
superlinear processes, particularly at intensities below where
significant heating is expected to occur, are clear signatures of
electron driven processes on the metal surface. Although, these
intensity dependent relationships substantiate the electron-
driven nature of the observed photocatalysis, they do not
provide evidence that LSPR excitation is responsible for
observed photocatalysis. Further evidence implicating LSPR
excitation can be drawn from wavelength dependent photo-
catalytic measurements, which we will discuss in the next
section.

5. PHOTON WAVELENGTH DEPENDENCE OF
PLASMONIC PHOTOCATALYSIS

Wavelength dependent photocatalytic measurements have
classically been used to relate photon absorption properties
of photocatalysts to their performance. In addition, comparing
the wavelength dependence of two different photocatalytic
reactions (different bonds being activated in the rate or
selectivity controlling steps) on the same photocatalyst
provides information regarding the impact of the adsorbate
on photocatalytic efficiency. In the context of electron driven
reactions on metal surfaces, there are two primary mechanisms
by which adsorbate-specific bond activation could be
manifested in wavelength dependent photocatalytic measure-
ments. In the first mechanism different reactions may have
similar qualitative trends in wavelength dependent photo-
catalytic rate, but different magnitudes in efficiency.87 This
would suggest that the difference in photocatalytic efficiencies is
due to adsorbate dependent efficiency in the electron scattering
process, which could be due to any of the variables mentioned
above (e.g., coupling efficiency, shape of the PESs, etc.). In the
second mechanism, two reactions may display different
qualitative trends or shapes of the wavelength dependent
photocatalytic rates.90 This difference would suggest that
adsorbates are having an impact on the photon absorption
event (adsorbate or adsorbate induced states are involved in the
photon induced electronic transition) and that this unique
photon absorption event is driving the chemistry. It is
anticipated that if plasmon dephasing occurs through a direct
charge injection into the adsorbate (rather than into the metal
and subsequent transfer to the adsorbate) the wavelength
dependence would resemble an overlap of the LSPR spectrum
and the molecular resonance absorption spectrum.
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Although, reports to date of wavelength dependent photo-
catalysis on plasmonic nanoparticles are sparse and cannot yet
resolve the aforementioned adsorbate dependent effects,
unresolved mechanistic issues may point toward plasmon
excitations allowing targeted bond activation through both of
the mechanisms mentioned above. The wavelength dependent
rate of direct plasmonic photocatalysis has been measured for
ethylene epoxidation on Ag nanocube clusters,31 H-D
formation on Au nanoparticles,73 and Na desorption from Na
clusters.57 In the case of ethylene epoxidation, the photo-
catalytic rate of reaction was measured as a function of long
pass filter energy. The derivative of this dependence was
compared to the relative plasmon intensity, which was
calculated as the overlap integral of the source intensity and
the UV−vis spectrum of the Ag nanocube catalysts, providing a
measure of the rate of plasmon excitation. The action spectrum,
on a constant power basis, shows that there is a reasonable
agreement between the wavelength dependence of the
photocatalytic rate and the plasmon intensity, see Figure 4a.31

Photocatalytic H-D formation on Au nanoparticles was also
measured as a function of wavelength on a per power basis,
showing a similar reasonable agreement between the absorption
spectrum of the catalyst and the photocatalytic rate, see Figure
4b.73 The Na desorption from Na clusters also displays a similar
trend as the other two systems and was also measured on a
constant intensity basis, see Figure 2a.57 It is worth noting that
these studies normalized the photocatalytic rate by power,
although it may be useful to normalize based on number of
photons to provide a measurement of the efficiency of a photon
of a given energy for driving chemistry.
The similarity between the wavelength dependent rates of

photocatalysis and absorption spectrum of the plasmonic
photocatalysts provides strong evidence that LSPR excitation
was responsible for the photocatalytic activity. Furthermore,
combining these wavelength dependent results with a linear
dependence of photocatalytic rate on intensity, as a few studies
have done, indicates that the LSPR excitation is driving
photocatalysis through an electronic (nonthermal) mechanism.
But, these results do not help to clarify whether photocatalysis
is driven by direct charge injection into adsorbate states, CID,
or through the interaction of adsorbates with energetic
electrons in the metal produced via Landau damping. Previous
reports have shown that the formation of covalent bonds
between plasmonic surfaces and adsorbates can induce shifts in
plasmon energies that are attributed to the modification of the
surface electronic structure near Ef, which is responsible for
supporting oscillating surface plasmons.91 Involving adsorbate
states in plasmon oscillation and direct charge transfer may
have an effect on photocatalysis, but the systems studied to date
via wavelength dependent measurements focus on activation of
weakly bound adsorbates (H2 and O2) and are not expected to
show a significant deviation from the LSPR spectrum. Further
investigations of direct plasmonic photocatalysis of strongly
bound adsorbates that significantly perturb the plasmonic
surface electronic structure may provide useful insight into the
efficacy of CID for driving photocatalysis.
Wavelength dependent results have clearly provided

convincing evidence in multiple cases that LSPR excitation
was responsible for driving direct plasmonic photocatalysis.
However, the limited number of experiments that have been
performed preclude us from making definitive statements on
whether charge injection into adsorbates occurs at the instant of
plasmon dephasing or sometime after desphasing and the

possible effectiveness of using LSPR excitations to modulate
selectivity through adsorbate specific activation. Although more
careful and expansive experimental measurements are expected
to provide deeper insights into unanswered questions,
theoretical treatments of direct plasmonic photocatalysis are
also expected to play a role in answering fundamental
questions; previously developed models will be discussed in
the next section.

6. THEORETICAL DESCRIPTIONS OF DIRECT
PLASMONIC PHOTOCATALYSIS

A thorough theoretical description of direct plasmonic
photocatalysis requires spanning length and time scales from
angstroms to hundreds of nanometers and femtoseconds to
tens of picoseconds. This holistic picture is far from being
achieved, but significant advances in modeling of various
regimes of length and time have been developed and provide
important insight into direct plasmon driven photocatalysis.

Figure 4. (a) Photocatalytic ethylene epoxidation rate on Ag
nanocubes supported on Al2O3 (blue squares) and plasmon intensity
spectrum (red line) measured as a function of illumination photon
wavelength. Reproduced with permission from ref 31. Copyright 2012
Nature Publishing Group. (b) Photocatalytic rate of HD formation
using Au nanoparticles supported on TiO2 (red circles) and diffuse
reflectance spectrum (blue line) measured as a function of wavelength.
Modified from ref 73. Copyright 2012 American Chemical Society.
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Following the physical phenomenon temporally, predictive
theories of plasmonic photocatalysis must first describe the
heterogeneously distributed electric fields on plasmonic
photocatalysts as a function of photon excitation wavelength
and intensity. The fastest time scale process occurring in
parallel with plasmon excitation is the direct injection of
electrons to adsorbates via CID.92 Concurrently with and
following CID, Landau damping produces a temporally
evolving distribution of energetic electrons in the metal that
could be interacting with adsorbates, during the first ∼1 ps after
plasmon dephasing.38 Finally this electronic energy will
dissipate to heat, which should also be considered in the
modeling of plasmonic photocatalysis.38 We will discuss state-
of-the-art theoretical treatments of each of these phenomena in
the context of experimental validations.
Many of the plasmonic photocatalysts studied to date can be

characterized as assemblies or collections of plasmonic
nanoparticles randomly distributed on porous 3D oxides.
Accurate descriptions of the distribution of electromagnetic
fields in collections of particles will provide useful information
about local rates of plasmon excitations and decay, which could
then be related to photocatalytic activity. This requires the use
of classical electromagnetic simulations in combination with
quantum mechanical approaches to describe fields between
plasmonic nanoparticles separated by less than 1−2 nm.
Typically, electric field distributions are calculated using either
the dynamic dipole approximation (DDA)93 or finite-difference
time-domain (FDTD) approach.94 Although, hot spot identi-
fication and relation to photocatalysis has not been achieved,
there have been many examples of correlated SERS studies
where hot spots have been identified. For example, Figure 5a
shows experimental and theoretical identification of an
intersection between two Ag nanoparticles where single

molecule SERS was achieved.95 Also, recent approaches have
been used to bridge classical and quantum mechanical
interactions to more accurately describe energy exchange and
field intensities at hot spots created by intersections of particles,
which may also provide useful information for plasmon driven
photocatalysis.96−98 The execution of correlated photocatalytic
experiments, where locations of highly active photocatalytic
sites in 3D systems are related to their relationship to
theoretical descriptions of electric field intensities, would
provide very useful information for the design of optimized
materials.
The question of how, or if, CID plays a role in driving direct

plasmonic photocatalysis necessitates an understanding of how
adsorbates impact or govern the electronic transitions occurring
during plasmon oscillation as well as dephasing and whether
these electronic transitions are related to photocatalysis.
Experimentally, CID has been observed as a significant
reduction in the dephasing time of small Au nanocrystals
upon the addition of strongly bound adsorbates, such as SO2
and thiols.45,100,101 Theoretical descriptions of the impact of
adsorbates on electronic transitions involved in plasmon
excitations have recently been achieved using variations of
TDDFT calculations.48,102,103 For example, Yan et al. examined
the impact of H adsorption on the excitation of plasmons on an
Ag surface using linear response TDDFT.48 It was shown that
the adsorption of H onto Ag red-shifted the LSPR peak energy
by 0.6 eV and that the red-shifted peak was primarily due to
electronic transitions between H 1s states and Ag p states, see
Figure 5b. This indicates that adsorbate electronic states can be
involved in electronic transitions during plasmon excitation,
which may provide a potentially useful route for adsorbate
specific photoexcitation. Regardless of the initial evidence,
theoretical treatments or experimental measurements of the

Figure 5. (a) (i) High Resolution transmission electron micrograph of a single-molecule SERS active Ag dimer and (ii) the calculated spatially
dependent SERS enhancement of the same Ag dimer. Modified from ref 95. Copyright 2008 American Chemical Society. (b) Electron-energy-loss
functions (analogous to absorption spectrums) calculated using TDDFT showing a peak at (i) ∼3.7 eV for Ag(111) and (ii) ∼3.1 eV for a Ag(111)
surface coated with a monolayer of hydrogen. Modified from ref 48. Copyright 2011 American Physical Society. (c) Calculated time and energy
dependence of the electron energy distribution (hf) above Ef in a Au film following femtosecond laser excitation. Reproduced with permission from
ref 99. Copyright 2006 American Physical Society. (d) Ground state and TNI PESs calculated from standard DFT and Δ SCF-DFT, respectively, for
O2 on Ag(100). Reproduced with permission from ref 43. Copyright 2011 Nature Publishing Group.
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changes in electronic structure due to molecule adsorption on
plasmonic surfaces have yet to be related to changes in
dephasing time or photocatalytic functionality.
The process of Landau damping of the collective plasmon

oscillations to form a single electron excitation and the
exchange of energy between this excitation and other electrons
and phonons after a pulsed laser excitation are well-established
phenomena typically treated using the extended two-temper-
ature model (ETTM). The ETTM takes into account
electron−electron energy exchange through the Fermi-liquid
approximation, which states that the rate of electron scattering
(inversely proportional to the lifetime) is proportional to the
square of the difference between the electron energy and the
Ef.

39,99 Basically, the lifetime of energetic electrons above Ef
decreases quadratically with increasing energy. The energy
exchange between the energetic electrons and phonons is
modeled using standard heat transfer approaches, where the
rate of heat transferred is governed by the electron−phonon
coupling constant. Using this approach, a temporally evolving
electron energy distribution can be calculated following a
pulsed photon excitation of a given intensity and wavelength,
see Figure 5c.99 Very recently Govorov et al. developed a self-
consistent quantum mechanical description of the energetic
electron distribution in plasmonic particles under continuous
wave excitations.104 This approach allows the calculation of
steady-state energetic electron distribution in plasmonic
nanoparticles as a function of size, shape, illumination intensity
and wavelength, and local environments. These descriptions of
the temporally evolving electron energy distribution after
pulsed laser and during continuous wave excitations provide
excellent starting points for the description and time scale of
interactions between energetic electrons produced through
Landau damping and unpopulated adsorbate states.
As stated earlier in the perspective, the efficiency of an

electron scattering through an adsorbate orbital and sub-
sequently driving chemistry depends upon a number of factors.
An accurate description of the ground and TNI PESs would
provide a majority of the important variables involved in the
scattering process. Calculating ground state PESs for adsorbate
transformations on surfaces can be achieved through well-
established methods using ground-state DFT,105 but obtaining
accurate descriptions of TNI PESs is much more difficult.
There are a number of methods that have been utilized to
calculate TNI PESs of adsorbates on surfaces, such as
TDDFT,106 Δ self-consistent field theory DFT (Δ SCF-
DFT),107 and others.108 These approaches have shown good
accuracy in the calculation of resonance energies, (the energy
required to move an electron from the metal into the
unpopulated adsorbate state) for diatomic molecules on
surfaces, but experimental validation of the shape of the excited
state or TNI PESs have not been realized. An example of a
ground state and TNI PES calculated for O2 on Ag(100) using
Δ SCF-DFT is shown in Figure 5d.43 Furthermore, the ground
state and TNI PESs have recently been used in the context of
dynamic inelastic scattering models to calculate the impact of
photon intensity, electron scattering rates, temperature, and
isotopic labeling on the efficacy of plasmon driven photo-
catalysis.31 The results of these simulations have shown
excellent qualitative agreement with the various experimentally
observed signatures of plasmonic photocatalysis discussed
above. Based on the successful use of TNI PESs calculated
from first principles to predict experimental signatures, we
suggest that this approach could be used to examine the

possibility of adsorbate specific excitation to manipulate
selectivity in chemical transformations on plasmonic nano-
structures.
These initial modeling efforts of various physical and

chemical phenomena involved in direct plasmonic photo-
catalysis provide convincing evidence that the experimental
observations can derive from electron driven processes. We
expect that bringing these various phenomena together in multi
scale models will begin to elucidate many of the unanswered
questions regarding the mechanism and potential of direct
plasmonic photocatalysis for manipulating reaction selectivity.

7. CONCLUSIONS AND OUTLOOK
Experimental and theoretical evidence for the utilization of
LSPR excitations in the execution of electron-driven photo-
catalysis on plasmonic surfaces has become expansive over the
past few years. A wide range of reactions have been
demonstrated on Ag, Au, and Cu surfaces, showing that low
intensity visible photon illumination can significantly enhance
the rates of chemical transformations. In these processes, it is
clear that LSPR excitations are focusing the energy of photons
into enhancing the rate-limiting elementary steps in various
chemical transformations. In addition to enhancing rates of
chemical transformations on plasmonic nanostructure surfaces,
a few cases have also emerged where LSPR excitation can be
used to manipulate reaction selectivity, albeit with very different
mechanisms.
Mechanistic studies have suggested that the majority of

reported direct plasmonic photocatalysis occurs via the
transient transfer of energetic electrons to adsorbate orbitals.
In this process, adsorbates gain vibrational energy via vibronic
energy exchanges that drive adsorbates over activation barriers.
It has been proposed that the nature of the adsorbate may have
a significant impact on the efficiency of this process, potentially
allowing for a unique knob to control selectivity in plasmon
driven reactions, although this has not yet been conclusively
demonstrated. The development of relationships between
adsorbate electronic structure and plasmonic photocatalytic
signatures is of significant importance for designing plasmonic
systems that allow for unique control of reaction selectivity.
Another area of research that has not yet emerged in direct

plasmon driven photocatalysis is the development of structure−
function relationships based on the size and shape of the
plasmonic photocatalysis. An extremely well-known feature of
plasmonic nanostructures is their tunable LSPR wavelength and
primary plasmon decay mechanism with particle geometry. The
dependence of direct plasmon driven photocatalytic character-
istics (efficiencies, wavelength dependence, reaction selectivity,
etc.) on the structure of the plasmonic nanoparticles is expected
to be a focus of future research.
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