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ABSTRACT

Plasmonic photocatalysis uses the light-induced resonant oscillation of free electrons in a metal nanoparticle to concentrate optical energy for
driving chemical reactions. By altering the joint electronic structure of the catalyst and reactants, plasmonic catalysis enables reaction path-
ways with improved selectivity, activity, and catalyst stability. However, designing an optimal catalyst still requires a fundamental understand-
ing of the underlying plasmonic mechanisms at the spatial scales of single particles, at the temporal scales of electron transfer, and in
conditions analogous to those under which real reactions will operate. Thus, in this review, we provide an overview of several of the available
and developing nanoscale and ultrafast experimental approaches, emphasizing those that can be performed in situ. Specifically, we discuss
high spatial resolution optical, tip-based, and electron microscopy techniques; high temporal resolution optical and x-ray techniques; and
emerging ultrafast optical, x-ray, tip-based, and electron microscopy techniques that simultaneously achieve high spatial and temporal resolu-
tion. Ab initio and classical continuum theoretical models play an essential role in guiding and interpreting experimental exploration, and
thus, these are also reviewed and several notable theoretical insights are discussed.
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NOMENCLATURE

AFM  Atomic force microscopy
CARS  Coherent anti-Stokes Raman scattering
CPD  Contact potential difference
CT  Charge transfer
CW  Continuous wave
DFT  Density functional theory
DOS  Density of states
DTEM  Dynamic transmission electron microscopy
e-h  Electron-hole
EDX/EDS  Energy dispersive x-ray spectroscopy
EELS  Electron energy loss spectroscopy
ETEM  Environmental transmission electron microscopy
EXAFS  Extended x-ray absorption fine structure
FTIR  Fourier-transform infrared
FWHM  Full width at half maximum
GGA  Generalized gradient approximation
IETS Inelastic electron tunneling spectroscopy
IR Infrared
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KPFM  Kelvin probe force microscopy
LDA  Local density approximation
LSPR  Localized surface plasmon resonance
LUMO  Lowest unoccupied molecular orbital
MBPT  Many-body perturbation theory
MOF  Metal-organic framework
NIR  Near-infrared
PES  Potential energy surface
PIICT  Plasmon-induced interfacial charge transfer
PIRET  Plasmon-induced resonant energy transfer
PL  Photoluminescence
SEM  Scanning electron microscopy
SERS  Surface-enhanced Raman spectroscopy
SMJ  Single-molecule junction
SNOM  Scanning near-field optical microscopy
SPM  Scanning probe microscopy
SPV  Surface photovoltage
STEM  Scanning transmission electron microscopy
STM  Scanning tunneling microscopy
STS  Scanning tunneling spectroscopy
TA  Transient absorption
TDDFT  Time-dependent density functional theory
TEM  Transmission electron microscopy
TERS  Tip-enhanced Raman spectroscopy
TIR  Total internal reflection
TRXAS  Time-resolved x-ray absorption spectroscopy
UEM  Ultrafast transmission electron microscopy
UHV  Ultrahigh vacuum
UV Ultraviolet
UV-Vis  Ultraviolet-visible
XANES  X-ray absorption near-edge structure
XAS  X-ray absorption spectroscopy
XC  Exchange-correlation
XFEL  X-ray free-electron laser
XRD  X-ray diffraction
XRM  X-ray microscopy

I. INTRODUCTION

Eliminating the use of fossil fuels is one of the most pressing chal-
lenges of our time. Ever since the Industrial Revolution, advances in
energy production, chemical manufacturing, and infrastructure have
had a dramatic impact on our quality of life.”” However, these pro-
cesses have made us dependent on fossil fuels and we now produce
enormous amounts of climate-changing greenhouse gases.”* The det-
rimental impacts of carbon emissions, together with the fact that fossil
fuels are finite and unevenly distributed around the world, require us
to find alternatives to fossil fuels.

To reach a green future and meet global climate targets, the
chemical industry must be decarbonized.” * This task is challenging
due to the variety of emission sources, including fuel consumption
for reactor heating and by-products from manufacturing pro-
cesses.”” Promising advances in renewable energy, including solar
and hydropower, pave the path to sustainable energy use in the
chemical industry.m However, to eliminate emissions from on-site
fuel consumption and by-products, industrial processes have to be
fundamentally changed.” New reaction pathways that do not rely on
high reactor temperatures, do not produce carbon emissions as
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by-products, and/or do not utilize fossil feedstocks have to be devel-
oped and implemented.

Inspired by natural processes such as photosynthesis, researchers
have become interested in using light to drive chemical reactions.'' "
By directly harvesting sunlight or using light from energy-efficient
renewably powered light-emitting diodes (LEDs), energy can be sup-
plied to catalysts to induce chemical reactions."” Furthermore, driving
chemical reactions using light rather than heat allows access to transi-
tion states that are not thermally attainable, enabling new reaction
pathways.'“*® However, many light-driven catalytic processes are cur-
rently limited by low catalyst turnover and low quantum efficien-
cies.””*” Advances in nanoscience, both experimental and theoretical,
offer an ever-increasing ability to manipulate light-matter interactions
and design new, higher efficiency photocatalysts.”'

Plasmonic photocatalysis takes advantage of the light-induced
resonant collective oscillation of free electrons in a metal nanoparticle,
known as a localized surface plasmon resonance (LSPR). LSPRs con-
centrate optical energy to sub-particle scales, which can induce and
control chemical reactions.”*” Changing the composition and struc-
ture of a metal nanoparticle alters the LSPR, thereby allowing the exci-
tation wavelength to be aligned to a particular spectrum, such as the
solar spectrum, or tuned to selectively induce specific chemical reac-
tions.”””” Numerous applications of plasmonic catalysis have been
proposed and demonstrated, including solar hydrogen and fuel pro-
duction,”*”* ammonia synthesis,"”"” and various organic reac-
tions.”’”’ To fully harness the potential of these systems and translate
lab-scale proofs-of-concept into industrial processes, an improved the-
oretical and experimental understanding of excited-state potential
energy surfaces (PESs) and excited-state electronic and optical proper-
ties is needed.

In this review, we examine methods for elucidating the underly-
ing mechanisms of plasmonic photocatalysis. We focus on methods
that enable the characterization at the spatial and temporal scales rele-
vant to charge transfer and chemical reactions, with particular empha-
sis on those which can be performed in situ.”* We begin with a review
of the relevant mechanisms in plasmon-induced heterogeneous cataly-
sis, followed by a brief discussion of the available materials in plasmon
catalysis. A detailed discussion of high spatial resolution methods
(optical, scanning probe, and electron microscopies) is followed by a
discussion of high temporal resolution methods (ultrafast transient
absorption spectroscopies). We then examine ongoing efforts to com-
bine high spatial and temporal resolution methods (ultrafast optical,
x-ray, scanning tunneling, and electron microscopies). Many of these
methods are made especially powerful by correlation to theoretical
models, used to calculate potential energy surfaces and electronic and
optical properties; thus, these will be reviewed as well. We conclude
with a brief discussion of the needed developments in characterization
methods in order to further address the open questions in the field and
the authors’ outlook on the future of the field.

Il. BACKGROUND
A. Heterogeneous catalysis

Heterogeneous catalysis, in which the catalyst is in a different
phase than the reactants and products, is the predominant method of
facilitating chemical reactions.”” In order to maximize the surface area
available for chemical reactions, catalysts often take the form of nano-
particles”® supported on a porous material to improve the diffusion of
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reactants and products and to facilitate separation.”” The basic steps
of a reaction are as follows: (1) diffusion of the reactants to the cat-
alyst surface, (2) adsorption of the reactants to the surface, (3)
chemical reaction on the catalyst surface, (4) desorption of prod-
ucts, and (5) diffusion of the products away from the catalyst.
While diffusion is essential and can limit the activity of a catalyst,
in this review we will focus on the interaction between the reac-
tants, intermediates, products, and the catalyst (steps 2-4). These
interactions determine the activity, selectivity, and stability of the
catalyst. The adsorption of a molecule to the catalyst surface is
determined by its interaction with the electronic states of the cata-
lyst and is described by a ground- or excited-state PES.”® The PES
indicates potential reaction pathways, intermediates, and energy
barriers. Faceting, size, shape, and composition all alter the surface
electronic structure of the catalyst and thus the PES.
Computational techniques, especially ab initio methods, are power-
ful tools for predicting PESs and the evolution of chemical reactions
in time.lT,ZZB‘),(w()

To overcome the ground-state activation barrier, catalytic reac-
tions often still require high temperatures and pressures.”" > As an
alternative to energetically demanding thermal reaction conditions,
photocatalysis uses light to access excited-state energy landscapes.”’
These include not only reduced energy barriers leading to increased
reaction rates”’ but also new pathways enabling higher selectivity and
improved catalyst stability'*'” or entirely new products inaccessible in
thermal equilibrium.”" **

B. Mechanisms of plasmon-induced chemistry

Plasmon excitation can be used to drive chemical reactions using
light. When the free electrons in a metal nanostructure coherently cou-
ple to the oscillating electric field of incident photons, a plasmon oscil-
lation is induced. The plasmon resonance results in an increased
optical absorption cross section and electric near-field enhancement of
more than an order of magnitude around the particle.”* The plasmon
begins to decay within 10 fs, either scattering light into the far-field
(larger particles, >50 nm) or forming electron-hole (e-h) pairs (small
particles).”**” There are several microscopic mechanisms by which the
plasmon can interact with adsorbates:

1. Indirect charge transfer (CT) [Fig. I(a)]: Also referred to as
plasmon-induced hot-electron transfer. A plasmon decays to
form a non-thermal distribution of e-h pairs, including a small
population of high-energy (hot) carriers. Electron-electron scat-
tering produces near-zero momentum intraband (s to s) e-h
pairs. Electron-phonon, electron-defect, or electron-surface
scattering transfers finite momentum from the LSPR, producing
high-energy intraband e-h pairs. In contrast, interband (d to s)
transitions can proceed directly with no momentum transfer
from the LSPR. Plasmonic enhancement of reactions may occur
if hot carriers produced in the nanoparticle can travel to the sur-
face and transfer to unoccupied states of a molecular adsorbate
or adjacent semiconductor.”” ** Hot carriers must be extracted
quickly for hot-carrier-driven catalysis before their rapid
decay.”"”

2. Plasmon-induced interfacial charge transfer (PIICT) [Fig. 1(b)]:
The plasmon decay resonantly excites an electron from the metal
into the lowest unoccupied molecular orbital (LUMO) of the
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adsorbate, or into the conduction band of a semiconductor.”””"
Electronic states in the adsorbate couple to the coherent
LSPR oscillation and provide an additional decay pathway
for the plasmon.’”” This approach avoids the challenges
associated with the internal relaxation of electrons and
holes.””””

. Plasmon-induced resonant energy transfer (PIRET) [Fig. 1(c)]:
The electric field of the plasmon and the transition dipole in the
adjacent material couple, forming an exciton in the coupled
material (adsorbate or semiconductor).”*”® Energy transfer effi-
ciencies of up to 50% have been reported, and no direct electrical
contact between the nanoparticle (donor) and acceptor is neces-
sary. Both PIICT and PIRET manifest themselves through broad-
ening of the resonance linewidth as an additional plasmon decay
pathway and are often referred to as chemical interface
damping.” "

4. Photothermal heating [Fig. 1(d)]: Collisions of excited electrons
with phonons increase the temperature of the nanoparticle, lead-
ing to thermal catalysis.””*’

5. Nanoantenna effects [Fig. 1(e)]: The plasmon-induced electric
field can enhance existing optical processes such as interfacial
charge transfer and interband transitions.””*" The plasmonic
nanoparticle can act as an antenna to enhance the performance
of nearby photocatalysts through near-field confinement and far-
field scattering.””** A forced plasmon in a non-plasmonic nano-
particle is induced when a plasmonic nanoparticle is close by,

PIICT c PIRET

O
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generating an antenna-reactor structure where catalytically
. ies s 17,84
active transition metals can be used as reactor sites.

All of these methods change the energy landscape on which the
catalyst and reactants/products interact, and thus alter chemical pro-
cesses. Transfer of an electron to an adsorbate can lead to desorption
induced by electronic transitions, introducing new reaction pathways
that are not accessible through thermal catalysis.””*” Charge and
energy transfer from plasmonic metal nanoparticles onto transition
metals or semiconductors allow non-plasmonic materials with high
catalytic activity to take advantage of the strong light-matter interac-
tions of plasmonic nanoparticles.”””*®

The challenge to distinguish between these mechanisms and
clarify the role of light in a reaction cannot be overstated. While all
of the above mechanisms have been reported to drive catalysis, it is
often not clear which pathway dominates for which sys-
tem, 0> 0070747950 However, to optimize an existing catalyst sys-
tem, the exact mechanism has to be known. For example, indirect
CT across a metal-semiconductor interface is most efficient when
the hot carrier energy is highest,””*” while PIRET depends on the
spectral overlap between the plasmonic nanoparticle and the
acceptor.””

To form a complete picture of a catalytic mechanism, a broad
toolset of in situ methods is required. The spatial and temporal regimes
of these processes vary by orders of magnitude. The small length scales
at which reactions happen and the small size of catalytically active

e Nanoantenna

()
2, >’

d  Heating

2 s

Energy

5
Reaction coord.

o— ) o |o A o—>
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° ° o |o & °
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FIG. 1. Mechanisms of plasmon-induced catalysis. The top row is a schematic representation of the reaction, the middle row is a PES schematic, and the bottom row is an
electron energy distribution and transfer schematic. (a) Indirect charge transfer (CT): hot carriers from non-radiative plasmon decay are injected into adsorbed molecules, form-
ing transient negative ions (TNIs). (b) Plasmon-induced interfacial charge transfer (PIICT): plasmon decay results in the transfer of electrons between the nanoparticle and
adsorbates. (c) Plasmon-induced resonant energy transfer (PIRET): resonant coupling of the plasmon and adsorbates results in electron excitation in the adsorbate. PIICT and
PIRET both cause accelerated plasmon dephasing and are often referred to as chemical interface damping. (d) Heating: plasmon decay results in heating of the nanoparticle
and adsorbate, leading to photothermal catalysis. (e) Nanoantenna: the nanoparticle acts as an antenna, enhancing light-matter interactions in a nearby reactor.

Chem. Phys. Rev. 4, 041309 (2023); doi: 10.1063/5.0163354
Published under an exclusive license by AIP Publishing

4,041309-4

€2:8€:G ¥20z Aenigad 9z


pubs.aip.org/aip/cpr

Chemical Physics Reviews

sites—often just single atoms—requires spatial resolution down to the
nanometer and angstrom scale.'””* Plasmon dephasing occurs in sev-
eral femtoseconds, hot electron thermalization by electron-electron
scattering in hundreds of femtoseconds, and electron-phonon scatter-
ing in several picoseconds.””” Observing charge transfer requires
techniques with pico- to femtosecond temporal resolution; otherwise,
only quasi-steady-state observations can be made.””"” Finally, these
techniques need to be combined and correlated to gain a complete pic-
ture of catalysis.

I1l. PLASMONIC CATALYST MATERIALS

We briefly discuss catalyst nanoparticles that support a plasmon
resonance and material aspects that specifically influence its plasmonic
behavior. We refer the reader to other resources for the fundamentals
of material choice and design in heterogeneous catalysis.”*

A. Metal nanoparticles

Metal nanoparticles smaller than the corresponding wavelength
of light both support LSPRs (if they have suitable electronic structure)
and have a large surface area-to-volume ratio, making them suitable
for plasmonic catalysis.”* * The canonical plasmonic metals (copper,
silver, and gold) have visible LSPRs due to their full d-bands lying
below the Fermi level”’ and are readily synthesized into nanopar-
ticles.”” " Due to a higher likelihood of populating the hybridized
adsorbate anti-bonding modes, these metals typically have a weaker
affinity for binding.'"’ Nevertheless, there are numerous demonstra-
tions of plasmon-driven reactions catalyzed on these plasmonic pure
metals. For example, both electrons and holes generated by plasmon
decay were used to drive the oxidative coupling of benzylamine on
gold (Au) nanoparticles through indirect CT [Fig. 1(a)], as depicted in
Fig. 2(2).”" A benzylamine radical cation was generated by hot
hole-induced oxidation of the amine group, followed by hydrogen
abstraction through O, radicals originating from the interaction of hot
electrons with atmospheric oxygen. The benzylamine radical was fur-
ther converted into benzaldehyde and reacts with another benzylamine
to form the imine.

Nanoparticles made of other metals, such as more earth-
abundant aluminum and magnesium, can support LSPRs as well, but
they often require particular morphologies such as shapes with a large
aspect ratio to tune the LSPRs into the visible.”"'"'"'"* For example,
Trinh et al. have photocatalyzed Suzuki coupling over hexagonal palla-
dium nanoplates; "' Zhou et al. have photocatalyzed hydrogen dissoci-
ation over faceted aluminum nanocrystals;'”” and Lomonosov et al.
have photocatalyzed acetylene hydrogenation over hexagonal magne-
sium nanoplates and rods decorated with palladium.'*

The electric-field enhancement induced by the LSPR depends on
the shape of the nanoparticle, with stronger enhancement occurring at
sharper tips when excited on resonance.”” Combining multiple plas-
monic nanoparticles leads to emergent behavior, for instance in the
case of nanoparticle dimers, in which the small gap between two nano-
particles leads to significant E-field enhancement.'”” More complex
arrangements have been nanofabricated for even higher
enhancements.”

B. Multimetallic nanostructures

Combining multiple metals in one nanoparticle system has
enabled researchers to take advantage of synergistic effects to create

REVIEW pubs.aip.org/aip/cpr

improved catalysts."”*'"” Plasmonic materials such as gold and silver

can be combined to fine-tune the absorption spectrum of the catalyst
and to modify catalytically relevant electronic properties such as the
Fermi energy and the interband transition threshold.'' Catalytically
desirable metals that otherwise do not support the desired plasmon
can also be combined with a plasmonic metal to drive photochemical
reactions by absorption and electric field enhancement through the
plasmonic metal.”* Thus, multimetallic systems can achieve synergistic
optical and catalytic properties, which are not readily available in
single-metal systems. Multimetallic nanoparticle systems have three
main spatial configurations: antenna-reactor, core-shell, and alloy.""”
In an antenna-reactor system, the metals are formed as distinct par-
ticles either in direct contact or separated by a small gap. The plas-
monic metal acts as the “antenna,” strongly absorbing incident light
and transferring energy to the coupled “reactor” metal particle that cat-
alyzes the reaction on its surface.' "' * In a core-shell system, the met-
als are still in distinct volumes, but one completely or partially
envelops the other. Core-shell particles have substantial direct interfa-
ces, affecting both metals’ electronic states."” Typically, the plasmonic
metal is the light-absorbing core, while the active metal is the outer
shell, which is accessible by reactant molecules.""* Finally, in alloyed
systems, the metals are mixed to varying degrees in the same particle,
forming a material with new properties."'”""” As the fraction of non-
plasmonic to plasmonic metal increases, the plasmon resonance will
generally be damped. However, the optical and electronic properties of
the particle are not a simple linear combination of the component met-
als, even in a homogeneous alloy.''* In the extreme case of single-atom
alloys, an isolated atom of one metal sits atop a more extended lattice
of the other [Fig. 2(b)]."” The Halas group was able to demonstrate a
new reaction pathway for methane reforming where PIICT triggered
the desorption of carbon-containing intermediates from the catalyst
surface, preventing catalyst poisoning from coking, a common issue
when this reaction is performed thermally. The parameter space
extends even further by incorporating more than two metals for more
precise control over the desired plasmonic and catalytic properties of
the components. This extension is demonstrated in Figs. 2(c)-2(e),
where various antenna-reactor configurations composed of three met-
als have been fabricated and the catalytic properties are shown to vary
depending on the precise configuration.”” The orientation of the reac-
tor relative to the incident illumination determines whether a forced
plasmon is excited in the reactor. H, + D, — 2HD and NH; + D, —
NH,D + HD were investigated and synergistic effects were found
depending on the orientation and the reaction, demonstrating a photo-
catalytically driven process with spatial and chemical control. For
more detail on bimetallic nanostructures for plasmonic catalysis, we
refer to another review by Sytwu et al.'””

C. Heterostructures

The design of heterostructures allows non-plasmonic catalyst
materials with tunable optoelectronic properties, such as semiconduc-
tors, organic molecules, and metal-organic frameworks (MOFs), to
take advantage of the strong and tunable light-matter interactions
enabled by plasmonic nanoparticles.''” The plasmonic domain con-
centrates light on the nanoparticle surface, creating a large absorption
cross section and redistributing the energy or charge to the catalytically
active material.'””'*""'** This approach allows superior tunability of
reaction selectivity and activity as the electronic structure of the

Chem. Phys. Rev. 4, 041309 (2023); doi: 10.1063/5.0163354
Published under an exclusive license by AIP Publishing

4,041309-5

€2:8€:G ¥20z Aenigad 9z


pubs.aip.org/aip/cpr

Chemical Physics Reviews

02
quasi Fermi level

Energy ——

NH, Light irradiation
Au NP a

CH4+CO2

f Hot electrons
No Spectral
Contact Overlap
Au@TiO,
"
s
g
.6 o
Ol
[
-
2 Ag@Tio,
+
-
e
o
a
Spectral
Overlap

FIG. 2. Examples of materials commonly used for plasmonic catalysis. (a) Pure gold nano-
particle (Au NP) catalyst for the oxidative coupling of benzylamine to an imine. (b) Copper
(Cu) nanoparticle with single ruthenium (Ru) atom dopants for dry reforming of methane,
showing high selectivity and stability. (c}e) Heterodimers and heterotrimers consisting of
an aluminum (Al) antenna and (c) palladium (Pd), (d) iron (Fe) and palladium at 180, and
(€) iron and palladium at 90. (f) Diagram showing the properties that affect plasmon-
induced charge and energy transfer. Electrical contact and spectral overlap between the
nanoparticle and co-catalyst enabled charge and energy transfer, respectively. (a) Adapted
with permission from Swaminathan et al., Angew. Chem., Int. Ed. Engl. 60, 12532-12538
(2021).% Copyright 2021 Wiley-VCH GmbH. (b) Adapted with permission from Zhou et al,
Nat. Energy 5, 6170 (2020)."” Copyright 2020 Springer Nature Limited. (c)-(¢) Adapted
with permission from Yuan et al, ACS Nano 16, 17365-17375 (2022).° Copyright 2022
American Chemical Society. (f) Regnnted with permission from Cushing et al, J. Phys.
Chem. C 119, 1623916244 (2015).” Copyright 2015 American Chemical Society.
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catalyst material can be tuned by controlling the materials, doping,
and physical structure of the semiconductor or polymer. Depending
on the energy-level alignment, interface, and spectral overlap, charge
and energy transfer between the plasmonic nanoparticle and the reac-
tor material may be possible.

Metal-semiconductor heterostructures combine catalytic materi-
als such as TiO,, Cu,0, ZnO, and CdSe with plasmonic antennas to
generate value-added chemicals through photocatalytic small-
molecule activations.”*'*”"* To help elucidate the underlying mecha-
nisms in such structures, Cushing et al. showed that in Ag@TiO,
core-shell nanoparticles both energy and charge can be transferred
from the plasmonic antenna to the semiconductor due to excellent
electrical contact and spectral overlap [Fig. 2(f)].”* When an interstitial
layer of insulating silica was added between the silver and TiO,, charge
could no longer be transferred, but energy transfer was still possible
through dipole-dipole coupling between the plasmonic nanoparticle
and TiO,. In contrast, the plasmon resonance of gold does not spec-
trally overlap with TiO,, and only charge transfer was possible for
Au@TiO,. After adding an insulating layer of silica, TiO, could no lon-
ger be sensitized by the gold plasmon.

Plasmonic metal-organic heterostructures have been developed
using 2D/3D carbon materials, > '** graphitic carbon nitride (g-
C3N4),'457150 and MOFs for CO, hydrogenation, water splitting, and
dye decomposition.'”'~'** These hybrid materials provide vast syner-
gistic impacts toward various small molecular activations, delivering
high electrical conductivity, controllable porosity, and ease of incor-
porating catalytically active functional groups. Furthermore, various
governing factors, such as nanoparticle size and metal co-catalysts,
have been investigated for high photocatalytic performance. Cheng
et al. presented a combination of gold clusters and nanoparticles on
g-C3N, to achieve efficient plasmonic hot electron injection in photo-
catalytic H, generation.'” The high H, generation rate was attributed
to the synergetic effect of a reduced Schottky barrier between gold
and g-C3N, by strong sp hybridization and the prolonged lifetime of
hot electrons. While not discussed in detail here, metal oxides and
metal nitrides can independently support plasmon resonances and be
used as stable and relatively cheap plasmonic photocatalysts." "'’
2D transition metal carbides, nitrides, and carbonitrides, classified as
MZXenes, have also been recently explored as photocatalysts for water
treatment and CO, reduction.'”''®” MXenes may also support a
plasmon resonance, which has been used to boost their photocatalytic
properties.' "%

The lifetime of charge carriers in plasmonic heterostructures can
be increased by introducing heterojunction interfaces, ”'**'** oxygen
vacancies, ”° and defect sites in catalytic active domains. In addition,
these catalysts can be highly nanostructured and often contain com-
plex geometries, multiple components in various configurations, and
spatially discrete optically and chemically active sites.'””*"'*

IV. CHARACTERIZATION METHODS OVERVIEW

As discussed in Sec. I1 B, there is a need to ascertain the mecha-
nisms underlying plasmonic photocatalysts. Ensemble-scale methods
demonstrate the improved activity and selectivity of plasmonic photo-
catalysts and contribute mechanistic insights. Optical characterization
methods, such as ultraviolet-visible (UV-Vis) extinction, photolumi-
nescence (PL), and dark-field spectroscopies, can be performed
in situ."*”'%* Tools from analytical chemistry such as gas chromatogra-
phy and mass spectroscopy are used to analyze reaction products.'®’
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TABLE 1. Overview of methods discussed in this review. The table is not meant to be all-inclusive, but rather to highlight the elements that will be covered in the text.
Submethods are italicized, with general information that applies to all submethods provided with the main method.

Method

Origin of signal

Information derived

Practical considerations

Optical microscopy

Single-particle scatter-
ing spectroscopy

PL microscopy

Vibrational
spectroscopy

Fluorescence
microscopy

Scanning probe
microscopy

ST™M

AFM

Electrochemical SPM

Optical SPM
AFM-IR

SNOM

TERS

Electron microscopy

SEM

Scattering, transmission, emission,
or absorption of light by particles
or reactants

Inelastic light scattering by particle

Light emission from hot carrier
decay

IR absorption and inelastic
(Raman) scattering

Fluorescence

Interaction of chemical or physical
processes with a scanning tip

Tunneling current

Short-range forces

Interfacial charge transfer or solu-
tion conductivity

Light- and/or tip-matter
interactions
IR absorption

Transmitted or reflected near-field
light

Inelastic scattering of light with
molecules

Scattering or transmission of
electrons

Back and secondary scattering of

e Optical properties of materials

o Particle size and shape'”*

® Refractive index of surrounding
mediuml/""l,ll—’B

o Plasmon decay time’"’"

o Particle size and shape'”®

o Charge transfer'’”

o Chemical identification of mole-
cules on nanoparticle surface'’®

o Molecular orientation'””

o Molecular temperature'*’

o Transformations of fluorescent
molecules'”'

e Location of fluorescent molecules
on or close to nanoparticles'"

e Topography and/or electronic
information

o Surface density of states'”’

o Reaction time'"’

o Vibrational signatures

o Particle size and shape

o Charge transfer and
redistribution (KPFM)'®"~'%?

o Electrochemical reaction
kinetics'™*

185,186

o Local optical properties of
materials

o Near-field vibrational
signatures'””

o Near- and far-field optical
scattering, transmission,
and absorption spectra’”®

o Vibrational signatures'”’

o Chemical identification
of molecules close to TERS tip

198

o Particle size and morphology
e Elemental identification (EDS)

o Surface morphology'””

o Easy in situ implementation

e Noninvasive

o Often inexpensive

e Often combined with other
techniques

® Requires super-resolution techniques
to overcome diffraction limit

o Particle size and shape are
determined indirectly

o Particle size and shape are deter-
mined indirectly

o Strong water background (IR)

® Molecule of interest must be
fluorescent

e Sample must be relatively flat
o Serial scanning

o Sample must be conductive

o Atomic resolution

o Easy in situ implementation

o Liquid only

e Easy in situ implementation

o Sometimes difficult to determine the
source of current

o Serial scanning

o Complex instrumentation compared
to other optical methods

o Strong water background in IR
® SERS electric field enhancement from
tip (not substrate)

o Difficult in situ implementation

o Difficult to control for e-beam
effects

o Serial scanning
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Method Origin of signal Information derived Practical considerations
electrons o Grain orientation o Charging on non-conductive samples
199 o Cannot be performed in liquid
TEM Transmission and diffraction of e Lattice structure o Atomic resolution
electrons o Optical properties (EELS)""" " o Serial scanning (STEM)
e Electronic and bonding structure e Sample must be thin
and energy transfer (EELS)”' "
o 3D structure (tomography)”"
o Electric and magnetic fields
(holography,”"” 4D-
STEM)ZIG 218
o Vibrational signatures
(EELS)ZI‘)fzﬁU
Ultrafast TA Absorption of light pulses o Carrier and phonon e Process must be reversible
spectroscopy lifetimes™ ">
° Temporjaglﬂ evolution of
carriers™

Ultrafast x-ray probes

Ultrafast x-ray
absorption

Absorption, scattering, or emission
of x rays due to a light pulse

X rays absorbed by core-electron
transitions due to a light pulse

e Carrier—phonon coupling
constants””’

o Changes in absorption cross
section”””

e Atomic structure

o Elemental identification™*

o Electronic and oxidation states
(XANES)Z?)TfZ}L)

o Arrangements and properties of

® Requires XFELs for pulsed x rays

e Measurements in reciprocal space

o May require high vacuum (soft x
rays)

neighboring atoms
(EXAFS)* "

Ultrafast x-ray
scattering

X rays scattered by electron density
due to a light pulse

e Lattice structure
o Longer-range order

240-242

o Highly penetrating (hard x rays)

243,244

Wavelength- and power-dependent measurements can be used
together to calculate apparent activation barriers.”” The difference in
reaction rates when a reactant is exchanged with one of its isotopes is
regarded as one of the more conclusive ensemble methods to distin-
guish between thermal and electron-mediated reactions as the effect of
changing isotopes will be much more pronounced in the case of an
electron-mediated reaction.'”*'”” Several relatively simple experimen-
tal methods for distinguishing between photothermal and photochem-
ical effects have been proposed,”’ and other standard characterization
methods from the surface science and heterogeneous catalysis commu-
nities provide valuable insights.'”" While ensemble methods have
contributed substantially to our mechanistic understanding of plas-
monic photocatalysis, they alone are not sufficient. The chemical and
optical properties of nanoparticles strongly depend on local, atomic-
scale structure. To identify how atomic structure, crystallinity, and
active site reconstruction impact plasmon excitation and catalytic
activity, sub-particle resolved techniques are required.'''’>'"”
Ultrafast methods must be also incorporated, in order to distinguish
between the various plasmon decay processes and methods of electron

transfer on their relevant timescales. Studying catalysts in situ often
requires specialized equipment that is both robust to reaction condi-
tions and accessible to stimuli and detection methods (e.g., light, elec-
trons, and x rays). Below, we review several state-of-the-art methods
for high spatial resolution and real-space imaging of plasmonic cata-
lysts, before discussing ultrafast methods, and finally the prospects for
combining the two. The individual nanoscale and ultrafast characteri-
zation methods discussed and their suggested use are summarized in
Table 1, while the methods combining both limits of resolution are
more nascent and found discussed in the text only.

V. HIGH SPATIAL RESOLUTION TECHNIQUES
A. Optical microscopy

Optical microscopy is a noninvasive and relatively low-cost
method for characterizing nanoscale materials by detecting light scat-
tering, emission, or absorption from nanoparticles, surrounding mole-
cules, or semiconductors. Changes to the plasmon resonance,
observable in single-particle scattering and photoluminescence (PL),
give information about catalytic reactions and plasmon or hot-carrier
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lifetimes.'”***> Meanwhile, techniques that detect molecules, such as
surface-enhanced Raman spectroscopy (SERS) and fluorescence
microscopy, give information about chemical reactions occurring on a
nanoparticle and, in some cases, even resolve reactive sites on nano-
particles.*"**>**” One of the primary challenges in using optical
microscopy for plasmonic catalysis is that these methods will generally
be limited by the diffraction of light, which practically limits the spatial
resolution to about 200 nm.'”* Emitters or scatterers smaller than the
diffraction limit can still be detected but will appear as diffraction-
limited point spread functions.'”* Given that nanoparticles of interest
are often on the order of 10nm, this limits the applicability of
diffraction-limited optical methods. However, when the sample is
dilute enough that the point spread functions of single emitters do not
overlap, the position of the emitter can be superlocalized by fitting the
emission and finding the center, overcoming the diffraction limit of
light.”** The noninvasive nature, relative ease of in situ implementa-
tions, and ability to be combined with tip-based techniques (Sec. V B)
make optical microscopy a promising method for studying photocata-
lysts. Several of the most relevant methods in the area of plasmonic
photocatalysis are discussed below. A more detailed review of nano-
scale optical imaging was written by Wilson et al.”"

1. Single-particle scattering spectroscopy

In single-particle scattering spectroscopy methods, nanoparticles
are excited with light, and the light scattered by the nanoparticles is
collected. Different illumination geometries are used to avoid collecting
the overpowering excitation light, the most common of which is dark-
field microscopy. Normal incidence and high-angle dark-field methods
use far-field light to excite the nanoparticles and collect only light scat-
tered in geometric directions different from the incident light.””"*"'
Dark-field methods based on near-field excitation, most notably total
internal reflection (TIR) geometries, excite with near-field light and
collect only the far-field scattered light.””” *** The far-field scattered
light is collected by an objective and spectrally resolved for individual
nanoparticles.'”* Near-field excitation typically results in higher signal-
to-noise, but sample geometries and the ability for refractive index
matching are limited."”**”” Spectra are often collected by sending light
to a spectrograph,” although other techniques such as interferometry
and ratiometric imaging have been employed.”” *** The scattering
intensity of nanoparticles scales with the square of the volume, making
detection increasingly difficult for smaller particles.”’ Dark-field
techniques typically cannot measure particles smaller than 30nm;
however, nanoparticles as small as 2nm have been measured using
interferometric scattering microscopy.”””*" A detailed review of exci-
tation and detection methods for single-particle scattering spectros-
copy was written by Al-Zubeidi, McCarthy et al.' ™

While the shape of nanoparticles smaller than the diffraction
limit of light cannot be seen directly in optical microscopy, the plas-
mon spectrum depends on the size, shape, material, and chemical
environment of the particle.””” *** Reactions that change the nanopar-
ticle, such as etching, growth, or deposition of another material, can be
monitored through spectral changes, providing insight into the reactiv-
ity of nanoparticles.””” *”* By optically tracking decreases in scattering
intensity during the hot-hole-assisted dissolution of gold nanorods,
Al-Zubeidi et al. were able to determine that holes from interband
transitions are more reactive toward oxidation compared to holes in
the sp-band due to the generation of highly energetic holes in the

REVIEW pubs.aip.org/aip/cpr

d-band.””” For anisotropic nanoparticles like nanorods or nanocubes,
changes in the peak position of the scattering spectrum allow further
insight into shape changes, thus giving information about reactive sites
on nanoparticles.””* *’® Since nanoparticle size and shape uniquely
determine the spectrum, it has recently been possible to predict nano-
particle sizes from dark-field spectra within 10% error in width and
length with the help of simulated spectra and machine learning,””*"*
The ability to gain information about particle size and morphology
using light makes single-particle scattering spectroscopy a relatively
noninvasive technique. Although light can cause damage to some
catalyst materials and interfere with chemical reactions, the condi-
tions are typically less invasive than those used in electron micros-
copy. Single-particle spectroscopy, especially in combination with
simulations, is therefore a powerful technique for structure—function
correlation.

Single-particle scattering spectroscopy can also be used to quan-
tify plasmon decay pathways. The linewidth of the plasmon resonance
[full width at half maximum (FWHM)] of a single nanoparticle is
inversely proportional to the plasmon damping time. Processes that
add additional plasmon decay pathways, such as PIICT and PIRET,
lead to additional linewidth broadening.”"”**”” Unlike ensemble
UV-Vis spectroscopy where the linewidth is dominated by the distri-
bution in particle size, the linewidth in single-particle spectroscopy can
be used to calculate plasmon dephasing times and thus charge and
energy transfer efficiencies.”” By comparing the linewidth of individual
particles before and after deposition of the energy-accepting polymer
poly-nickel(II)-tetra(amino)-phthalocyanine, work by Collins et al.
found that up to 50% of the plasmon’s energy could be transferred
onto the polymer [Figs. 3(2)-3(c)].”® The PIRET efficiency (ngpr) was
calculated from the homogeneous plasmon linewidth and followed the
spectral overlap between the nanostructure resonance energy (E,e)
and the polymer absorption spectrum. Even though plasmon decay
happens on the order of femtoseconds,”” single-particle spectra can be
used to determine plasmon decay times and provide valuable insight
into reaction mechanisms.

2. Photoluminescence microscopy

The photoluminescence (PL) of nanoparticles provides informa-
tion on nanoparticle shape and hot carrier lifetime."”®*****" Radiative
recombination of hot carriers leads to the emission of photons. The
plasmon resonance acts as an antenna through the Purcell effect,
increasing the emission brightness and enabling diffraction-limited
single-particle PL measurements.”"’ The Purcell effect and, thus, the
PL spectrum resemble the plasmon spectrum and can be used to
report on chemical reactions similar to dark-field spectroscopy.'”***’
PL microscopy has also been recently established as a viable technique
for in situ monitoring electrochemical charging of nanoparticles, by
observing plasmon shifts resulting from charge density tuning and
changes in absorption cross section.””” However, unlike scattering, PL
is Stokes or anti-Stokes-shifted relative to the excitation, allowing spec-
tral filtering of the emitted light to reduce the background.”*" PL
microscopy setups, therefore, do not require particles to be illuminated
in a dark-field geometry and epi-illumination is common.”*' The exci-
tation light is spectrally removed using longpass, shortpass, or notch
filters.””" Only one excitation wavelength is needed to collect an entire
PL spectrum.
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The PL quantum yield gives information about hot carrier
recombination. Lee et al. used decreases in PL intensity to study charge
transfer from gold nanorods to TiO,, ITO, and Si0,."”” Compared to
the insulator SiO,, which cannot accept charge, PL quantum yields on
TiO, and ITO were lower and depended on the plasmon energy due
to the charge transfer of hot electrons from gold into the semiconduc-
tor, reducing the number of hot electrons in gold that could radiatively
recombine.

3. Vibrational spectroscopy

Vibrational spectroscopy can be used to detect molecules, there-
fore allowing the direct monitoring of chemical transformations.

REVIEW pubs.aip.org/aip/cpr

Infrared (IR) and Fourier-transform infrared spectroscopy (FTIR)
measure the absorption of light by the vibrational modes of molecules.
Raman spectroscopy measures the inelastic scattering of light from the
molecules.””’

The detection of reactant and product molecules at a single and
sub-particle level is possible through Raman scattering.”***** *”" The
Raman signal is increased by the nanoparticle’s electric field enhance-
ment by 5-10 orders of magnitude, enabling surface-sensitive
nano-localized detection of molecules.”***”" Raman microscopy setups
function similarly to PL microscopy; the substrate is illuminated and
Stokes or anti-Stokes Raman scattering is collected using an objective
and spectrally filtered.”® This technique is particularly useful for study-
ing plasmon-driven chemical processes, as the signal from only the
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FIG. 3. Optical methods. Noninvasive optical microscopy can track photocatalysis on single nanoparticles. (a) Nanoparticles were illuminated in an in situ spectroelectrochemi-
cal cell, and light scattered from individual nanoparticles was collected by an objective and sent to a spectrograph. (b) Plasmon broadening due to energy transfer onto a spec-
trally overlapping polymer. (c) Linewidth broadening of single-particle spectra due to PIRET (I'rer) as a function of the resonance energy of the hybrid structure. (d) PIRET
efficiency follows the polymer spectrum. (e) Dark-field image of silver nanoparticles used for CO, reduction. (f) and (g) Waterfall plot of SERS spectra acquired in air and during
plasmon-induced CO, reduction of single nanoparticles, respectively. (h) Super-resolved map of fluorescent events on a nanorod-nanosphere aggregate. The nanosphere was
at the center-right of the nanorod where the highest number of fluorescent events was observed. (i) Simulated electric field enhancement at 532 nm for the structure used in
(h). The electric field hot-spot was located in the same location where the highest number of products was observed. (a)-(d) Adapted with permission from Collins et al., ACS
Nano 15, 9522-9530 (2021).”° Copyright 2020 American Chemical Society. (¢)-(g) Adapted with permission from Kumari et al., ACS Nano 12, 8330-8340 (2018)."" Copyright
2018 American Chemical Society. (h) and (i) Adapted with permission from Zou et al., ACS Nano 12, 5570-5579 (2018)."*" Copyright 2018 American Chemical Society.
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molecules that are located in electric field hot-spots, and thus those
which are susceptible to plasmon-driven processes, will be
enhanced.”” By choosing a chemical reaction where the reactants,
intermediates, and products are Raman active, chemical transforma-
tions can be monitored using SERS.**'7****** Kumari et al. used
SERS to elucidate the mechanism of CO, reduction on plasmonic sil-
ver nanoparticles [Figs. 3(e)-3(g)].""" SERS spectra were measured in
air and under CO,. In air, no change in SERS spectra was observed,
while under CO,, time-resolved photocatalytic activity was observed.
The band near 1600 cm ™' corresponds to CO. Kumari et al. correlated
in situ SERS with single-particle dark-field and PL to monitor the sur-
face restructuring of nanoparticles during photocatalysis.”* By simulta-
neously monitoring and correlating the structure and catalytic
hydrogenation of CO,, the authors concluded the catalytic activity of
silver nanodisks is affected by the transient formation of silver clusters
on the nanoparticle surface. The high number of Raman active mole-
cules allows this technique to be broadly applicable to many reac-
tions,”>*”® making Raman spectroscopy one of the only methods that
can directly monitor the reactions of industrially relevant chemicals.
While product quantification in ensemble photocatalysis using mass
spectrometry can prove that a catalyst produces products, SERS offers
the opportunity to conduct mechanistic studies on individual nanopar-
ticles. However, this abundance of Raman signals can also make data
collected using this technique difficult to interpret, and quantification
is difficult due to the complex nature of SERS enhancement.””” Raman
spectroscopy can also be used to determine the temperature of mole-
cules using the relative intensity of the Stokes and anti-Stokes signals
(see Sec. VII A 2).

4. Fluorescence microscopy

Fluorescence microscopy enables the visualization of reactive sites
on nanoparticles. Fluorescent molecules can be detected in a micros-
copy setup by illuminating the field of view and collecting the spec-
trally shifted fluorescence of individual molecules.””” "’ A commonly
employed technique is total internal reflection (TIR) fluorescence
microscopy, where near-field light from TIR at the substrate interface
is used to excite the molecules.””’ The resulting evanescent field only
extends ~100 nm away from the surface, exciting only dyes close to
the surface to minimize imaging the background.””’ Alternatively, far-
field light, e.g., from epi-illumination or a light sheet, can be used to
also excite dyes away from the surface.”” Similar to Raman scattering,
the fluorescence of molecules is enhanced by the electric field enhance-
ment of plasmonic nanoparticles, generating bright signals that allow
the detection of single molecules.”””" Superlocalization of these mol-
ecules has been used to detect reactive sites on nanoparticles with
~30 nm localization precision.'******** " However, coupling of plas-
mon modes from nanoparticles with single-molecule fluorescence can
also result in the mislocalization of the emitter.””**”

Zou et al. used this technique to map the reductive deoxygenation
of resazurin to the fluorescent molecule resorufin on gold-silver nano-
particle dimers.'®' By correlating sites with high fluorescence intensity,
and hence high reaction rates, with scanning electron microscopy
(SEM) and finite-difference time-domain electric field simulations, the
authors found excellent agreement between electric field intensity and
reactive hot-spots [Figs. 3(h) and 3(i)]. While limited to fluorescent
molecules, this technique is powerful for superlocalizing reaction hot-
spots due to low background and high localization precision.

REVIEW pubs.aip.org/aip/cpr

5. In situ optical microscopy

A substantial benefit of optical methods is that they are easy to
perform in situ since photocatalysts are inherently designed to operate
under illumination. While many of these methods were initially devel-
oped for dry and static samples, all techniques mentioned here have
been performed in liquid cells and time-resolved. For measurements in
liquid, illumination and/or collection of light through a liquid medium
become necessary. When samples are built into cells for measurements
in liquid or gas, additional interfaces are introduced into the illumina-
tion and detection geometry, lowering the signal and introducing back-
ground from scattering.”* These issues are mitigated by using liquid
immersion objectives directly in the sample liquid.”'’ Additionally, the
effect of the refractive index of the medium has to be considered, as a
setup that is designed to achieve TIR at a glass—air interface (critical
angle 41°) may no longer achieve TIR at a glass—water interface (criti-
cal angle 61°), requiring modifications in the setup.'”* When optical
microscopy is used to monitor reactions in real time, the temporal res-
olution is limited by the intensity of the signal or the frame rate of the
detector, although millisecond and sub-millisecond temporal resolu-
tions are achievable with optical microscopy.”'''* Due to their experi-
mental similarities, different optical techniques can be performed
using the same setup with only minor modifications, making it possi-
ble to collect complementary data, such as nanoparticle spectra and
SERS signals from molecules from the same sample, potentially even
simultaneously. Optical microscopy can also be combined with other
techniques, especially tip-based techniques.

B. Scanning probe microscopy

While there is a suite of methods within optical microscopy that
provide insight into optical, electronic, and chemical properties with
relative ease, they rarely achieve the nanometer-scale resolution
required to identify active sites on a catalyst and distinguish between
local effects. Scanning probe microscopy (SPM) can exceed the spatial
resolution achieved by optical microscopy, directly imaging molecular
transformations such as dissociation.'®*”'* Various forms of SPM, dis-
cussed below, have been used to determine the density of states (DOS)
near a surface, map charge separation, calculate hot carrier popula-
tions, detect molecular vibrations, and perform spectroscopy to
provide mechanistic insight into plasmon-driven chemical transforma-
tions. In SPM, a probe is rastered across a surface to form an image.
The probe is often atomically sharp, with material, shape, and elec-
tronic density of states at the tip all potentially affecting the resolution,
depending on the interaction mechanism being investigated. However,
it is often performed on a smooth surface with an LSPR excited in the
tip. Hot carrier transfer rates are highly sensitive to the band structure
and geometry of the plasmonic element (see also Sec. VIII),"" """ so
extending the insight inferred here to industrially relevant systems is
an outstanding challenge.

1. Scanning tunneling microscopy

Scanning tunneling microscopy (STM) achieves spatial resolution
on the order of 1A in the lateral direction and sub-angstrom in the
vertical direction.”’” The resolution is determined by both the tip
diameter and the electronic properties of the tip and sample. In STM,
a conductive tip is precisely scanned over a conductive surface with a
piezoelectric transducer, producing a map related to the topography
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FIG. 4. Scanning probe methods. (a) STM image showing dissociation of dimethyl disulfide on Ag(111) surface (scale bar = 0.5 nm) from excitation of an LSPR under a silver
tip. The time required for the molecule to dissociate (tg) is read from the current trace (I with gap resistance V. (b) Hot-electron distribution for a single-molecule junction
(SMJ) on a gold film as a function of energy relative to the Fermi energy. (c) Schematic for KPFM. (d) AFM topography of a gold nanoparticle on TiO, from a different study per-
formed under humid ambient conditions, showing KPFM maps (e) in the dark (f) under illumination and (g) the SPV map from subtracting (e) from (f). (h) SEM and (i) electro-
chemical current map (hydrazine oxidation) of poly-crystalline gold nanoparticles. (a) Adapted with permission from Kazuma et al., Science 360, 521-526 (2018).°"* Copyright
2018 American Association for the Advancement of Science. (b) Adapted with permission from Reddy et al., Science 369, 423-426 (2020).°'° Copyright 2018 American
Association for the Advancement of Science. (c) Adapted with permission from Gao et al., Angew. Chem., Int. Ed. Engl. 59, 18218-18223 (2020).'"’ Copyright 2020 Wiley-
VCH GmbH. (d)-(g) Adapted with permission from Wang et al., J. Am. Chem. Soc. 139, 11771-11778 (2017)."® Copyright 2017 American Chemical Society. (h) and (i)
Adapted with permission from Bentley et al., J. Am. Chem. Soc. 139, 1681316821 (2017)."** Copyright 2017 American Chemical Society.

and electronic structure of the surface.'” The ideal tip is mechanically

robust, with a flat density of states at the tip to ease deconvolution with
the local density of states of the sample.”'® When the tip is brought suf-
ficiently close to the surface, the electronic wavefunctions of the tip
and sample overlap, and electrons are able to tunnel through the gap,
which can be facilitated by an applied voltage. STM can operate in a
constant-current mode, where the map corresponds to the height of
the tip necessary to maintain this current.”'” If the surface is suffi-
ciently flat, the tip can also be held at a constant height over the surface
and the change in current is mapped.”’ The constant-current mode
provides higher resolution because of the reduced tip-sample distance,
but the tip has an increased chance of being damaged, while thermal
drift is an issue in constant-height mode.

Typical STM tips such as tungsten and platinum-iridium are not
plasmonic. To study a plasmonic process on a smooth surface (i.e., one
without plasmonic nanoparticles), a sharp plasmonic tip (e.g., silver,
gold) is brought close to the surface and optically excited at the reso-
nance frequency, producing a plasmon resonance in the junction.””’
This method has been applied to investigate the optical and electronic
properties of plasmon resonances.”””**” Kazuma et al. observed the
catalytic dissociation of a dimethyl disulfide molecule mediated by the
optical excitation of a plasmon in the gap between a silver STM tip
and metal (silver or copper) surface at cryogenic temperatures under
ultrahigh vacuum (UHV).”" The time required for the reaction was

read directly from the current trace, and the rotation and dissociation
of the molecule were directly imaged [Fig. 4(a)]. The authors con-
cluded PIRET explained the energy transfer.”** Kazuma et al. have also
examined the dissociation of molecular oxygen on an Ag(110) surface,
which chemisorbs more strongly than dimethyl disulfide, concluding
plasmon-induced hot-electron transfer was the primary transfer mech-
anism.'”" Bockmann et al. investigated the tautomerization of porphy-
cene on a Cu surface with a gold tip.””” By varying the distance
between the tip and surface, as well as the wavelength of the excitation
laser, it was theorized that the enhancement in tautomerization
observed when the laser was on resonance with the LSPR was domi-
nated by plasmon-induced hot-electron transfer, although they did not
rule out contributions from other mechanisms. Pensa and Albrecht
used in situ STM to study the substrate-induced restructuring of cata-
Iytically active 1-3 nm gold nanoparticles at an atomic level.”"
Scanning tunneling spectroscopy (STS), an extension of STM, is
performed by measuring the current as a function of bias voltage (i.e.,
differential conductance), tip height, or time. Differential conductance
measurements lend additional insight into the electronic structure of
metals by inducing tunneling to unoccupied (occupied) states above
(below) the Fermi level by applying a positive (negative) bias."** An
action spectrum is produced by measuring the reaction yield as a func-
tion of applied bias, which can help elucidate mechanisms as exempli-
fied below.”’ In inelastic electron tunneling spectroscopy (IETS), the
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second-derivative spectrum is measured.'”’ IETS provides vibrational
information, useful for identifying chemical species.'”"** In their
study of dimethyl disulfide, Kazuma et al. recorded an action spectrum
to help elucidate the dissociation mechanism.”"” In their investigation
of the dissociation of molecular oxygen, action spectroscopy led
Kazuma et al. to conclude that the adsorbate states below the Fermi
energy contributed more to the dissociation reaction than the states
above the Fermi energy.** Combining these insights with the density
functional theory (DFT) (see Sec. VIIIB 1), they concluded that the
plasmon-induced dissociation and inelastic tunneling-induced dissoci-
ation were both driven by hot hole transfer to the antibonding orbitals,
creating a transient positive ion state. Studies of inelastic electron
transfer resulting from the injection of tunneling electrons have been
compared to hot carrier transfer as both produce a broad distribution
of electrons and the reaction should proceed by the same pathway
regardless of the source of excitation.””* STS was used by Reddy et al.
to directly quantify steady-state hot carrier energy distributions for a
single-molecule junction (SMJ]) on a gold film using the measured
tunneling current as a function of applied bias and transmission func-
tion for the SMJ [Fig. 4(b)] (see also Sec. VIII B 1).""* Wieghold et al.
used single-molecule optical absorption STM to show that plasmon
excitation in a gold thin film resulted in a change in the occupation of
electronic states in Pt clusters on the surface of the film.”” Both STM
and STS have been performed in non-conductive liquids, which do not
contribute to the electronic states near the Fermi level of the examined
sample and therefore do not generate any tunneling currents.”” >

2. Atomic force microscopy

Atomic force microscopy (AFM) was developed to overcome one
of the primary limitations of STM: it requires a conductive sample.
Instead of relying on tunneling currents, AFM makes use of Pauli
repulsion, electrostatic interactions, short-range chemical forces, and
van der Waals forces to determine the topography of a sample.'"’
These interactions enable imaging at larger tip-sample distances com-
pared to STM.”" Extensions of AFM can monitor total electron den-
sity and interfacial charge separation, although only in the steady state.
By combining AFM with IR spectroscopy, chemical characterization
becomes possible, which may serve to increase the applicability of
AFM methods to photocatalysis in the future. In contact mode, a tip
on the end of a cantilever is scanned across the sample. A laser reflects
off the back of the cantilever, and the motion of the laser spot on a
photodiode corresponds to changes in topology. AFM can also be per-
formed in tapping mode, where the cantilever oscillates as it scans the
sample and the frequency or amplitude of the oscillations is
recorded.”” This approach preserves the sample and tip by minimiz-
ing lateral friction as the tip is scanned and can provide a greater vari-
ety of spectroscopic information. While AFM with a standard silicon
or silicon nitride tip cannot discriminate between different materials
or chemical species, functionalization of the tip is used to measure the
adsorption properties of molecules.”””

Kazuma et al. used AFM to determine morphological changes in
pyramidal silver nanorods on a TiO, surface."*” They mapped the sur-
face before and after illumination in an inert gas atmosphere at 0 and
50% humidity and tapping-mode AFM images revealed the dissolution
and redeposition of silver ions resulting from the plasmon-induced
charge separation at the interface. Tanabe and Tatsuma performed
similar work with silver nanospheres on TiO, where, when combined

REVIEW pubs.aip.org/aip/cpr

with optical spectroscopy, selective excitation of the modes resulted in
color changes in the scattering spectrum.'“® While these studies focus
on observing morphological changes, coating standard AFM tips with
a plasmonic metal can excite resonances near the sample.””” Giugni
et al. demonstrated the efficient generation of hot carriers at a gold tip
from which a surface plasmon polariton was launched, resulting in
plasmon-induced charge transfer to a GaAs substrate.”* Lee et al.
used photoconductive AFM with a metallic tip to spatially resolve the
photocurrent generated at the interface between a gold nanoprism and
TiO, surface, demonstrating the photocurrent distribution aligns with
that of the plasmonic electric field determined by simulations.”””
Galarreta et al. mapped the near-field enhancement of silver or gold
nanotriangle arrays with AFM using a photopolymer, which migrates
based on electric field intensity, thus allowing topography to be used as
a proxy for field distribution.””* AFM can be performed in situ, as
demonstrated by the monitoring of the surface structure of a zeolite
material in various liquid environments.”*”

The resolution of AFM depends on the size and shape of the tip.
In general, the complex relationship between the forces, which
contribute to the signal in AFM, makes it harder to obtain high spatial-
resolution images compared to STM, where the current-distance
relationship is more straightforward.'” The ability of standard AFM
methods to directly monitor electric fields or chemical properties in
plasmonic catalysts is somewhat limited. However, numerous exten-
sions of AFM provide a huge range of additional information relevant
to plasmonic catalysis. These methods include AFM-based infrared
spectroscopy (AFM-IR), also known as photothermal-induced reso-
nance'”>*** (Sec. V C 1) and Kelvin probe force microscopy (KPFM).*

a. KPFM. When different materials are in electrical contact and
their Fermi levels are able to equilibrate, charging at the surface
occurs.”*" This charging results in a change in the contact potential dif-
ference (CPD). By measuring the CPD in the dark vs under illumina-
tion, the surface photovoltage (SPV) is determined. In KPFM, the
CPD is determined by measuring the external bias voltage needed to
minimize the electrostatic force between an AFM tip and the sample.
KPFM correlates electronic properties (i.e., charge transfer and redis-
tribution) and structure with lateral spatial resolution on the order of
10nm.”*" This method has been used by Kazuma and Tatsuma to
study Au/TiO, interfacial charge separation, showing that electrons
were transferred from gold nanoplates to the conduction band of TiO,
when excited resonantly.'”” Gao et al. used KPFM to show that the
charge density at an Au/TiO, interface was greatest when the electric
field vector of the illuminating laser was oriented perpendicular to the
interface [experiment schematic shown in Fig. 4(c)]."”” In another
study, Wang et al. used selective photodeposition to map the spatial
distribution of reaction sites in the Au/TiO, system and KPFM to
determine the hole distribution.'” The KPEM measurements were
carried out in ambient conditions and 50% humidity, resulting in a
water layer on the sample surface to mimic the conditions for water
oxidation. The surface potential was found to be higher at the Au/TiO,
interface due to hole accumulation [Figs. 4(d)-4(g)].

Other systems studied include plasmon-induced charge separa-
tion between silver nanoparticles and organic semiconductor nano-
wires'”" and between noble metals and the semiconductor NMTO
(NagoMgg 45Tis5503).”” As described in greater detail by Chen
et al, CPD changes could also arise from photothermal heating or
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photo-induced changes in the atmosphere, which will not be readily
apparent in the SPV signal.”*' The authors developed frequency-
modulated spatially resolved SPV spectroscopy to overcome this limi-
tation, applying the method to reveal anisotropic photogenerated hole
transfer on differing crystal facets of the (non-plasmonic) photocata-
lyst BiVO,."”” In KPFM, the tip must be calibrated in order to know
the work function, and contamination can ruin this calibration. KPFM
also suffers from slow acquisition times, which generally limits its
application to determining steady-state charge accumulation.
Modulated methods help to deconvolve slow processes that are hard to
isolate in KPFM measurements.”"’

3. In situ SPM

SPM can be performed in gaseous or liquid environments; how-
ever, these environments introduce new challenges. In STM, instabil-
ities from the ambient gas can affect tunneling currents in the
junction, and water films formed at the air-sample interface can com-
plicate results, but instrumentation development has made observa-
tions in reactive gases possible.””"*’ In liquid environments, the
chemical composition is more readily controllable, improving the uni-
formity at the junction.'”"* However, when STM is performed in
polar liquids such as water, the flow of the liquid can produce currents
substantial enough to obscure the tunneling current, although coating
the tip with an insulator helps minimize this effect.”** Achieving realis-
tic temperatures is also a challenge, with low temperatures stabilizing
the system and reducing the thermal spread of electrons (an energy
resolution of 10 ueV has been achieved with a dilution fridgem)
Appropriate microscope stage design and feedback mechanisms have
been developed to overcome thermal drift, enabling operating temper-
atures as high as 850 K.”* Ultimately, in situ experiments are typically
limited by the characteristics of the tip, which can lack sufficient chem-
ical and thermal stability to endure in situ experiments,”” although
this can be minimized by limiting the tip-sample interaction time
when fast dynamics are being investigated.”*” The tip can also perturb
surfaces and adsorbates, compromising the results. As a consequence
of these limitations, STM in particular is often performed in ultrahigh
vacuum at low temperatures on smooth surfaces, while AFM is typi-
cally performed under ambient conditions. Frenken and co-workers
have developed in situ systems for monitoring reactions at high tem-
peratures (600 K) and pressures (several bar) for both AFM and STM,
including a coupled mass spectrometer to monitor the reaction prod-
ucts.”**"*” Using this system, Groot and co-workers observed the
restructuring of the Pt(110) and Pt(111) surface during CO oxidation
and NO reduction, and MoS, hydrodesulfurization over MoS,
nanoislands.”" ***

The ability to achieve atomic resolution is often difficult, with the
precise structure at the tip determining the resolution. Methods to
sharpen and functionalize the tip within the apparatus are often
needed and cannot necessarily be performed in a reactive environ-
ment. STM tip sharpening is done by applying a high voltage to the tip
(~10V), while the tip is about 1 nm from the sample to produce field
emission.'” For AFM, a sharp tip can be prepared by picking up a
small cluster of atoms on the tip by touching it to the sample.'*’
However, the near-field properties of a plasmonic tip that has been
prepared in situ cannot necessarily be determined, thus limiting quan-
titative conclusions.””

REVIEW pubs.aip.org/aip/cpr

4. Electrochemical scanning probe microscopy

Electrochemistry is a powerful in situ technique to drive and
monitor catalytic reactions by directly observing and manipulating
charge transfer events.”””””* Scanning electrochemical probe micros-
copies enable monitoring reactions electrochemically at a single-
particle and sub-particle level.”””""® Three main techniques have been
developed; scanning electrochemical microscopy, scanning ion con-
ductance microscopy, and scanning electrochemical cell microscopy.
In scanning electrochemical microscopy, the local concentration of
redox species is measured using an ultramicroelectrode positioned in
solution close to the sample.”” **’ In scanning ion conductance
microscopy, the changes in local ionic conductivity due to chemical
reactions are monitored using a nanopipette with an opening on the
order of tens of nanometers to tens of micrometers.’*"~"** In scanning
electrochemical cell microscopy, a tip filled with electrolyte and a pro-
truding nanosized droplet is brought close enough to a sample to cre-
ate an electrochemical cell the size of the droplet."”*"”” In all three
setups, the tips can be scanned to obtain spatial maps of the electro-
chemical activity of nanoparticle-decorated substrates or held station-
ary to locally study electrochemical reactions over time. Scanning
electrochemical cell microscopy was employed by Bentley et al to
study sub-particle-resolved variations in the catalytic activity of gold
nanoparticles with 30 nm spatial resolution [Figs. 4(h) and 4(3)].14
Scanning probe techniques can be correlated with electron microscopy
or dark-field spectroscopy to determine structure-function relation-
ships in electrochemical catalysis.”” While single-entity electrochemis-
try is powerful in quantitatively monitoring how much charge is
passed by a catalyst, reaction products are not directly observed, as
they are for example in SERS. Therefore, rigorous control experiments
have to be performed to ensure the observed current comes from the
desired reaction. Additionally, corrections for Ohmic potential drop
have to be applied to obtain quantitative data.”"* Currents measured in
scanning probe microscopy experiments are typically on the order of
picoamperes, ***** corresponding to the transfer of about 10" elec-
trons per second, far from the single-molecule sensitivity of fluores-
cence microscopy.”"** However, the ability of electrochemistry to
directly monitor charge transfer from an electrode to the reactant
promises opportunities for electrochemical scanning probe microscopy
to study hot carrier-driven reactions by quantifying changes in reac-
tion rate and onset potential of individual nanoparticles.””®

C. Scanning probe optical microscopy

Optical and scanning probe microscopies are complementary
techniques. In several of the discussed methods, the tip of the scanning
probe was excited optically to establish a plasmon resonance. The opti-
cal excitation of the tip can also be used to perform optical spectros-
copy. These methods can be used to gain local vibration information
and provide near-field maps of surfaces.

1. IR atomic force microscopy

FTIR is a widely used infrared spectroscopic method that detects
molecular bonds indicative of the chemical structure of a sample.’*”
However, FTIR is a traditional optical method insofar as it is limited
by the diffraction of light, preventing it from providing nanoscale
chemical insights. In AFM-IR, the tip acts as a near-field detector and
changes in the tip oscillation amplitude are correlated with thermal
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expansions resulting from localized IR absorption at the tip."”” AFM-
IR has found applications, particularly in the characterization of
MOFs.”*>*°**” While it is often possible to perform IR spectroscopy
under ambient gas conditions, in situ IR spectroscopy in liquid envi-
ronments remains a challenge due to the strong absorption of IR light
by water and the impact on cantilever vibrations.'*> However, methods
for liquid environments, which are particularly important for electro-
catalysis, have been demonstrated using graphene liquid cells for
nano-FTIR " and resonantly enhanced AFM-IR with attenuated total
reflectance illumination.”*”"

2. Scanning near-field optical microscopy

Scanning near-field optical microscopy (SNOM) images the elec-
tric field below the diffraction limit using evanescent waves generated
at the surface of an aperture smaller than the wavelength of the light.
This method has been used to investigate the optical properties of, for
example, dewetted gold plasmonic structures on TiO,.””" SNOM using
an aperture achieves a spatial resolution of around 50 nm, and the
introduction of substantial artifacts complicates analysis. However,
when operated in an apertureless configuration by confining the light
between a sharp metal tip and the sample, spatial resolutions below
20nm can be achieved.”’” Instead of collecting light that has been
transmitted or reflected as is standard in SNOM with an aperture, scat-
tered light is collected (thus, the method is also called scattering-
SNOM or s-SNOM). Due to poor scaling of transmitted power
through the aperture with the wavelength of light, the apertureless
method is particularly useful for detecting IR signals.”’” While AFM-
IR probes the photothermal expansion of the material, in s-SNOM, the
electric field enhances the IR absorption in the tip region, and back-
scattered IR light is collected, providing a near- and far-field IR finger-
print."”” SNOM can be performed with a modified AFM apparatus
and thus is a complementary technique, although similar information
can be acquired with the relatively more straightforward methods dis-
cussed in Sec. V A.

Both standard Si or Si;N, AFM tips and plasmonic tips have
been used in s-SNOM.””* IR-SNOM using a synchrotron light source
was used to correlate reactivity with surface sites of Pt nanoparticles on
a Si substrate for oxidation and reduction using N-heterocyclic carbene
molecules as indicators.””” The response to liquid and gas phase oxi-
dizing conditions on this system was also studied, by exposure prior to
the measurement, which was performed at room temperature in nitro-
gen.”’” SNOM has been used for near-field hyperspectral imaging of
plasmonic nanostructures and, given the coherent and pulsed nature
of the method, has potential for ultrafast applications. ”* While exam-
ples of in situ IR-SNOM for catalysis are relatively limited, Karst et al.
developed a custom cell that allowed exposure of a magnesium film to
hydrogen gas from below, while the top is available for measure-
ments.'”” As discussed previously, substantial challenges exist for
extending any IR method into liquid systems (Sec. V C 1).

3. Tip-enhanced Raman spectroscopy

The ability to precisely position a sharp tip in tip-enhanced
Raman spectroscopy (TERS) allows Raman imaging below 1 nm spa-
tial resolutions by only enhancing the Raman signal in a small
area.'””7 %% A tip that supports high electric field enhancement,
such as a sharp STM tip, is positioned close to the substrate.

REVIEW pubs.aip.org/aip/cpr

The electric field enhancement from the tip amplifies the Raman signal
of molecules similar to SERS. However, because the tip can be posi-
tioned with nanometer resolution and because the near-field excitation
is not limited by the diffraction limit, this method achieves sub-
nanometer and single-molecule resolution.”®" TERS can be used in
vacuum or in a gaseous or liquid environment, allowing in situ track-
ing of hot carrier-driven chemical reactions.””” **” Additionally, the
electric field enhancement used to increase the Raman signal is inde-
pendent of the catalyst, which allows the detection of molecules on
substrates that do not support strong electric field enhancement.
Huang et al. mapped the hot-hole-driven decarboxylation of 4-
mercaptobenzoic acid to thiophenol between a silver tip and gold sub-
strate.””” The authors locally generated hot holes in a 6-nm area and
then performed a line scan of the reactant and product profiles. The
profiles extended more than 20 nm in either direction, leading to the
conclusion that holes had traveled up to 20 nm from their generation
sites, comparable to the expected 10-40nm mean free path of hot
holes in gold.””**"”"* Time-resolved TERS with a silver-coated AFM
tip was used to monitor hot electron-induced N-N bond formation
between p-nitrothiophenol groups on a gold film.”** Kusch et al.
equipped an s-SNOM setup with a spectrometer to correlate elastically
scattered light and Raman scattering from the same spots.” "’

D. Electron microscopy

Electron microscopy is a high spatial resolution method that can
directly image atomic sites on catalysts; determine oxidation states, ele-
mental compositions, and plasmonic properties through spectroscopy;
and provide real-time observation of restructuring in catalytic nano-
particles. A major limitation is the difficulty of observing molecular
species, although methods to perform vibrational spectroscopy in an
electron microscope are becoming increasingly available and are
poised to become increasingly important for the monitoring of chemi-
cal reactions in environmental electron microscopy experiments.
Compared to optical microscopy (wavelength ~300-1000 nm), the
wavelength of an imaging electron is ~5 pm, thus providing far supe-
rior spatial resolution, although the resolution is practically limited by
the difficulty of focusing electrons. In electron microscopy, a beam of
electrons incident on a sample will produce transmitted, scattered, or
secondary electrons (the result of inelastic interactions between the
sample and beam), as well as other signals such as characteristic x
rays.”“

There are two main types of electron microscopy that will be con-
sidered here: scanning (SEM) and transmission (TEM) electron
microscopy. SEM is primarily a surface-sensitive technique, forming
topographical images from secondary electrons emitted by atoms
upon interaction with an electron beam. Backscattered electrons give
information from hundreds of nanometers within the sample, includ-
ing compositional information since heavier atoms scatter electrons
more strongly.””’ SEM operates with accelerating voltages between 0.5
and 30kV, achieving resolution on the order of 1nm.””” In TEM,
transmitted and forward-scattered electrons are detected, producing a
2D projection of the sample. Accelerating voltages are typically
between 80 and 300 kV, although accelerating voltages as low as 30kV
are possible, and spatial resolution below 1A is readily achievable.
Operation at lower voltages reduces beam-induced knock-on damage,
although there is not a threshold voltage at which radiolysis (ionization
damage) disappears.”” While SEM more readily provides 3D and
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FIG. 5. Electron microscopy. (a) Finite-difference time-domain calculated near-field distribution for a silver bowtie. The surface was coated in 4-NTP. Upon illumination, a six-
electron-mediated reduction forms 4-ATP, to which functionalized gold reporter nanoparticles bind, shown in the representative SEM micrographs. The histogram shows the fre-
quency of gold reporters by pixel for 100 silver bowties. Scale bar, 100 nm. (b) Statistics for nucleation site in dehydrogenation of PdH, nanorods on gold nanobars. (c) The dif-
fraction pattern for a PdH, nanorod and (d) zoomed-in regions of the diffraction pattern used for the displaced-aperture dark-field images shown in (e). (f) Schematic of
homemade liquid flow holder and optical fiber inserted into the pole piece gap of a TEM and resulting (g) low-loss and (h) core-loss EELS spectra indicating the presence of
hydrogen nanobubbles and a hydrogenated shell, which is shifted relative to the spectrum of pure anatase TiO,. (a) Adapted with permission from Cortés et al., Nat. Commun.
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topographical information than TEM by collecting scattered electrons
rather than transmitted ones, the spatial resolution is typically not suf-
ficient for directly imaging catalytic active sites. TEM allows for direct
imaging of the atomic-scale structure of catalysts, and numerous meth-
ods exist to perform in situ experiments.

After a brief discussion of SEM, we will discuss TEM, including
some of the relevant operating modes and spectroscopies, as well as
the methods that have been developed to enable in situ reaction moni-
toring within TEM. A more detailed discussion of general TEM meth-
ods and their relevance to studying solid catalysts are provided in a
2015 review by Su et al.””* Methods such as photoemission electron
microscopy and low-energy electron microscopy can also be used to
observe surface reactions in situ, although they are not as widely used
as TEM for the investigation of photocatalysts and will not be dis-

395-397

cussed here.’

1. Scanning electron microscopy

While the higher spatial resolution of TEM compared to SEM
means it is more often the method of choice for imaging atomic-scale
catalytic active sites, such measurements are still possible in the SEM.
Cortés et al. used SEM to record the position of reporter nanoparticles
after various illumination times for mapping the hot carrier-induced
transformation of 4-NTP to 4-ATP [Fig. 5(a)] (see also Sec.
VIIIB1)."” A monolayer of 4-NTP was formed on silver bowtie or
bar dimers. When illuminated at the plasmon resonance, the silver
structures generated hot electrons that locally reduced the terminal

group of the 4-NTP, converting it to 4-ATP primarily at the hot-spot
in the dimer gap. Methods such as SERS do not give complete infor-
mation about the chemical reactivity because only molecules in the
electromagnetic hot-spot are detected. Additionally, the system studied
here is light-sensitive, and thus, tip-based vibrational methods would
affect the reaction. Instead, functionalized 15-nm gold nanoparticles,
which can be imaged by SEM, were allowed to interact with the surface
and selectively bonded only to the 4-ATP. SEM has also been used in
conjunction with electron beam resists to image electron emission
from gold nanorods. Hobbs et al. excited the LSPR in lithographically
fabricated gold nanorods covered in resist with a femtosecond pulsed
laser.”” The two resists used, poly(methyl methacrylate) (PMMA) and
hydrogen silsesquioxane (HSQ), both reacted at the tips of the nano-
rods, where electron emission caused by high-field enhancements was
the greatest. HSQ also reacted at the center of the nanorods, which the
authors hypothesized is due to hot electron-induced dissociation of
water.”””*"” The exposure of the HSQ and PMMA was performed in
an ambient environment, but the resists had to be developed before
SEM was used to map the exposed areas; thus, this is an ex situ
method. SEM has also been used extensively to monitor morphological
changes and correlate these observations with methods such as dark-
field microscopy (see Sec. IX B for further discussion of correlative
methods).”””

Environmental SEMs have been used to observe chemical vapor
deposition of graphene'’"*"” and vapor-liquid-solid growth of semi-
conductor nanowires."””*”* Modified sample holders provide sample
heating, e.g., to induce in situ graphene formation on a carbon layer on
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a Ni substrate."”* Barroo et al. detected the adsorption and desorption
of gaseous NO, on platinum by changes in the intensity of secondary
electrons over several minutes, arising from modulation of the work
function of the platinum.'” Electron backscatter diffraction was used
to map the grain orientations, which allowed the authors to correlate
surface reactivity with grain orientation. While its ability to provide
insight into surface dynamics for plasmonic catalysis is limited, envi-
ronmental SEM has been used to record reaction dynamics, which
benefit from multiscale observation and large dynamic pressure ranges
(e.g., chemical vapor deposition)."””

2. Transmission electron microscopy

While there are a large number of imaging modalities in TEM,
the general principle is to accelerate electrons down an evacuated col-
umn and collect them after they pass through the sample. The elec-
trons are either directly transmitted or elastically or inelastically
scattered by the sample. Image contrast is based on both the relative
phase and the amplitude of the transmitted beams. TEM can be per-
formed in bright field, where only the direct beam is used for image
formation, dark field, where only diffracted electrons are used, and a
combination of the two. Scanning transmission electron microscopy
(STEM), a variation of TEM in which a focused probe of electrons is
scanned across the sample, can achieve higher resolution when probe-
correcting electron optics are used and produces images with greater
atomic-mass contrast. More details regarding the operating principles
of both TEM and STEM are provided in the textbook by Williams and
Carter.”” Basic TEM imaging provides insight into the overall nano-
particle structure such as its size, shape, and crystallinity. The crystal
structure and faceting are probed directly by electron diffraction. As
catalysts are known to restructure under reaction conditions, dramati-
cally altering their behavior, in situ observations of morphology are
particularly useful. TEM is generally preferred to STEM for in situ
imaging given that TEM acquires snapshots of the entire field of view
while STEM requires serial scanning of the sample. While both are
limited by the amount of time required to build up enough electron
signal for a clear image (and thus, temporal resolution of real-time
imaging is determined by the beam brightness and detector sensitiv-
ity), the time resolution is typically ~ms for standard TEMs and ~s
for STEM.

Non-plasmonic catalyst behavior has been observed in near-
reaction conditions, lending valuable mechanistic insight into pro-
cesses such as growth and etching’”" "'’ and dynamic restructuring
and deactivation.”"" *'” A more detailed discussion of such experi-
ments is provided in several reviews.” "1 Below, we discuss several
examples relevant to plasmonic photocatalysis.

a. Imaging. Direct imaging of plasmonic photocatalysts has
allowed for tracking the progress of chemical processes in real time.
Using dark-field imaging and contrast changes in STEM"'"” and TEM
imaging,"'” Dionne and co-workers directly observed the first-order
phase transition between hydrogen-rich (alpha) and hydrogen-poor
(beta) PdH, nanoparticles. More recently, Dionne and co-workers have
coupled PdH, nanoparticles to gold nanoparticles, demonstrating the
excitation of an LSPR in the gold nanoparticle altered the dehydrogena-
tion reaction rate and active sites for the catalytic splitting of H, and sub-
sequent intercalation into the palladium lattice [Figs. 5(b)-5(e)]."" """
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These experiments reveal the importance of plasmonic hot-spots for
locally and selectively initiating chemical transformations.”"” Other
plasmon-mediated processes, such as the growth of silver nanotriangu-
lar plates, have been monitored in situ and in real time.**

As discussed previously, catalysts can undergo significant restruc-
turing under reaction conditions, with such changes impacting the sta-
bility and activity of the catalyst. Weng et al. recently investigated the
photostability of gold nanoclusters smaller than 1nm on TiO,. "’
While such clusters are too small to host collective plasmonic proper-
ties, they have emergent molecule-like properties, which cause them to
interact strongly with light. The authors observed the agglomeration of
gold clusters protected by the tripeptide glutathione stabilized on
branched poly-ethylenimine-modified TiO, nanosheets.””' Gold clus-
ters were found to fuse by both migration and coalescence and
Ostwald ripening, with an inert atmosphere being more favorable than
an oxidizing environment to stabilize the clusters.

b. Spectroscopy. In the electron microscope, energy dispersive
x-ray spectroscopy (EDX or EDS) and electron energy loss spectros-
copy (EELS) provide chemical and optical information with the same
electron beam and therefore simultaneously with imaging.
Spectroscopy relies on inelastic interactions between the electron beam
and the sample. Due to the high energy of the electrons (80-300 keV in
a TEM), these interactions can occur at virtually all relevant energies. In
TEM mode, spectra can be rapidly collected over an ensemble of par-
ticles, whereas in STEM mode, serial collection of spectra across each
scan point forms a spectral map at the same spatial resolution but
reduced temporal resolution. A much more detailed discussion of EDX
and EELS and their practical application are provided by Williams and
Carter’” and Egerton"zz"123 (which both refer to EDX as XEDS).

When the electron beam interacts with the sample, it can eject
core electrons with an accompanying emission of characteristic x rays.
These x rays are detected in EDX, and their energy is indicative of the
elemental composition of the sample. Compared to EELS, EDX is pref-
erable for its relative ease of data collection and processing (and can
also be performed to an extent in SEM). Quantification methods are
well-developed and robust, with software able to automatically deter-
mine elemental concentrations from the measured x-ray signal given
known coefficients (k- and zeta-factors). These factors can vary for
each particular EM system and thus should be measured from a stan-
dard for optimal precision. However, EDX should be limited to detect-
ing heavier atoms (e.g., Z> 10), since for lighter atoms, the x-ray
signal is less reliable: emission of Auger electrons dominates over x-ray
emission, and any emitted x rays are of lower energy, which are more
likely to be absorbed by the sample, experience a higher background
signal, and are less spectrally separated.’”’ For multimetallic nanoparti-
cle catalysts, EDX maps are useful for measuring the relative concen-
tration and spatial distribution of their constituent metals."”*

EELS is a versatile technique that extends beyond elemental anal-
ysis alone. Where EDX is valued for its accessibility, EELS can obtain
much richer information from the sample. In EELS, the energy of the
electron beam is measured after interacting with the sample, with
losses in kinetic energy resulting from the electrons inducing an excita-
tion event in the material. Electrons detected in the core-loss region
(>50eV) correspond to excitations of core electrons, giving the same
elemental information as EDX but viable for lighter atoms as well.
Additionally, the electronic and bonding structure of single atoms can
be interrogated from the near-edge fine structure of the EELS core-loss
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feature, analogous to x-ray absorption near-edge structure (XANES) in
x-ray spectroscopy (Sec. VIB1)."” Electrons in the low-loss region
(<50€V) result from excitation of transitions at optical and vibrational
energies such as plasmon resonances, providing similar information as
many other spectroscopic techniques, which probe the same energies
but at the nanoscale.

One of the primary uses of TEM in plasmonic photocatalysis is to
characterize the plasmonic properties of nanoparticles with EELS.
Since the LSPR of plasmonically active materials is directly excited by
the electron beam, low-loss STEM-EELS maps are used to determine
the location and energies of plasmon modes within and around a plas-
monic nanoparticle. Modern TEMs equipped with cold-field emission
guns, monochromators, and highly energy-dispersive electron spec-
trometers can routinely achieve spectral resolutions of <200 meV after
signal processing, allowing precise measurement of individual LSPRs
in the visible and near-IR (<3 eV).”’**°" Monochromated EELS maps
have been used to probe the plasmon resonances in, for example, silver
nanodisks and nanotriangles,z”z’m4 small silver nanoparticles with
varying diameters,”””"" aluminum nanotriangles,””” and several bime-
tallic systems.””” *'" EELS has also been used specifically to probe
energy transfer in bimetallic plasmonic systems”'” and between plas-
monic metals and semiconductor substrates’'” to help elucidate the
mechanism of plasmon-driven chemistry. Li et al. used electrodynam-
ics simulations and the extended plasmon hybridization theory along-
side EELS data to distinguish between energy transfer arising from
PIRET vs indirect charge transfer.”"”

The current state-of-the-art monochromation has brought the
pinnacle of EELS energy resolution into the <10 meV range, first dem-
onstrated in 2014 by Krivanek et al.”"" Among widely available com-
mercial TEMs, <50meV resolution is now readily achievable,"°
enabling the detection of lower-energy mid-IR plasmons (<400 meV),
such as those observed in lengthy gold"*” and copper nanowires,'*” in
addition to meaningful measurements of LSPR line widths, which can
inform plasmon damping and thus plasmon energy transfer
dynamics.”"

These advances in energy resolution have also enabled vibrational
spectroscopy with the spatial resolution of the TEM.”'” Vibrational
spectroscopy (see Sec. V A 3) is used to identify molecular species and
characterize material phonons. Vibrational EELS has been used to
detect mobile hydrogen in TiH,, as well as vibrations in biogenic gua-
nine crystals, magnesium oxide nanocubes, and cubic and hexagonal
boron nitride; at a grain boundary in SrTiO;; and in an ionic lig-
uid.”"” **® The distinct vibrational modes of carbon isotopes were used
to map differently labeled alanine crystals””’ and determine the diffu-
sion of carbon during self-healing in a cracked graphene flake.””*
Similar to methods such as SERS, EELS vibrational signatures can be
modified by plasmons and the resulting enhancement has been dem-
onstrated in the coupling between plasmonic modes in silver nano-
wires and phonon modes in h-BN flakes.”*”**"

Baldi et al. first detected the alpha to beta phase transition in
PdH, nanoparticles using EELS, owing to the bulk plasmon shift
between these two hydride states.”” The plasmon resonance of PdH,
and gold crossed bars determined by EELS was compared to
wavelength-dependent nucleation dynamics, demonstrating that
unfavorable nucleation of the phase transition is induced when the
illumination wavelength overlaps with the resonance.''' Lu et al.
examined the formation of a hydrogenated shell on anatase TiO, in
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water, using imaging to observe the shell and EELS to investigate its
chemical composition [Figs. 5(f)-5(h)].>*®

c. Tomography. Electron microscopy tomography elucidates the
3D structure of a nanomaterial from a series of 2D images. Images are
acquired, either in STEM or TEM mode, as the sample is tilted.
Geometric limitations of the apparatus generally limit tilt angles
beyond 79°, leaving a “missing wedge,” which is not imaged. The miss-
ing wedge together with sample drift, small structural changes over the
acquisition time, and additional sources of misalignment make exten-
sive algorithmic realignment and image comparison necessary for
accurate reconstruction of the 3D image. However, with the latest
advances in electron microscopes and reconstruction algorithms, 3D
structures can be obtained of nanoparticles with atomic resolution."”’
Zhou et al. used atomic-resolution electron tomography to track the
precise 3D arrangement of atoms in bimetallic FePt nanoparticles at
different annealing time points, informing their nucleation and growth
dynamics."”’

Tomography is similarly used to map nanoparticle catalysts that
undergo complex structural changes during a reaction, such as hollow-
ing or segregation, which are not necessarily discernible from a 2D
projection. Han et al. combined electron tomography with environ-
mental TEM (ETEM) to track the change in the structure of a Ni,Co
particle as it oxidized.”'" The particle was oxidized by heating in an
oxygen environment, during which time only projection images could
be collected as the particle evolved. To get 3D structural information,
the temperature was lowered to quench the reaction and tomography
was performed using annular dark-field STEM. STEM-EELS tomogra-
phy was used to determine chemical structure before and after oxida-
tion. A current limitation to using tomography for systems that cannot
easily be quenched is the timescale for data collection (tens of minutes
to hours), although fast tomography is an active area of research."””
An additional challenge is the need for specialized environmental or
light-coupled holders, which can further limit the tilt range.

d. Detecting adsorbates. A needed step in the field is developing
method to identify intermediate species adsorbed to the catalyst sur-
face. While the motion of single atoms on a nanoparticle surface has
been recorded in situ,”' " it is generally not possible to directly
observe molecular adsorbates on the surface of a nanoparticle due to
their low atomic weights and beam sensitivity. Numerous improve-
ments are making vibrational EELS for detecting adsorbates increas-
ingly possible.”"”

Raman spectroscopy, as discussed in Sec. V' A 3, could also be
complementary to vibrational EELS for the identification of chemical
species adsorbed to a nanoparticle surface. The direct incorporation of
the Raman spectroscopy into electron microscopes has been demon-
strated so far for determining sample temperature and structural
changes in 2D materials.”* **” Using a free-space parabolic mirror on
a hollow rod inserted into the objective aperture port on an environ-
mental STEM, Picher et al. collected Raman spectra during and after
the growth of single-walled carbon nanotubes, although the high tem-
perature of the growth limits the signal.”’* The temperature of the
sample can be determined by measuring the shift in Raman peaks,
allowing for the quantification of sample heating due to illumina-
tion."”" Allen et al. inserted a Raman probe directly into the column,
with an additional feedthrough for optical fibers in the sample holder
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to investigate laser-induced phenomena.*” This setup was used to col-
lect Raman spectra before and after pulsed laser ablation of MoS,
flakes. In both these systems, the Raman signal is limited to probing
extended structures and the signal is collected from the entire laser
spot size (2 yum to 15 um) and thus cannot be correlated with TEM
data from a specific nanoscale section of the sample. Saleh et al. have
proposed stimulated Raman for TEM, in which a laser is used for the
Stokes excitation and plasmonic cathodoluminescence enhances the
Raman scattering exclusively from the particle, which has been excited
by the electron beam.”® This approach would allow for nanoscale
maps of Raman scattering, rather than a spectrum that is indiscrimi-
nately produced by the entire laser spot size.

Another method that has recently been demonstrated for investi-
gating adsorbate properties is off-axis electron holography."” This
method is used for detecting electric and magnetic fields on a sample
as these fields will produce a phase shift determined by the recorded
interference pattern, making it useful for detecting adsorbate-induced
changes to electronic structure and chemistry at the catalyst surface.
Electron holography has been used to identify the charge state in plati-
num nanoparticles.”'” Electron holography depends on the coherence
of the beam, which will be negatively impacted by the presence of gas-
eous species inside the microscope, but is nevertheless possible."””

Four-dimensional STEM, or 4D-STEM, is an emerging technique
that can similarly measure electric fields and thus charge densities and
charge transfer.”'*”'® Zachman et al. have demonstrated using 4D-
STEM to determine the direction of charge transfer between gold
nanoparticles and an oxide support, which varied based on chemical
treatment and was correlated with CO oxidation catalytic perfor-
mance.”*” With advancements in electron detectors and data analysis
processes enabling 4D-STEM, this technique shows promise for plas-
monic photocatalysis by measuring charge transfer in other hetero-
structure systems, which again can be affected by the presence of
adsorbates. In addition, the diffraction patterns acquired in 4D-STEM
can be used to map strain across a catalyst,”'® which can be caused by
non-uniform adsorbate binding as well as affect adsorbate binding
energies.”' """ Mapping strain from other nonuniformities in a plas-
monic photocatalyst, such as the heterogeneous mixing of metal atoms
in a bimetallic nanoparticle, can also be used to characterize spatially
resolved photocatalytic behavior.**

e. In situ TEM. To observe photocatalysts under reaction condi-
tions, the reactive species of interest need to be introduced to the cata-
lyst sample, whether in a gas or a liquid environment. However,
interactions with gaseous or liquid species will reduce the coherence of
the beam; thus, these media are generally confined to a small volume
close to the sample to maintain high vacuum throughout most of the
column, minimizing electron beam decoherence and preventing con-
tamination of the electron gun.

Gas is introduced to the sample using either a differentially
pumped system or a specialized sample holder. A more detailed dis-
cussion of both methods is found in the recent review by He et al."'®
In order to monitor gaseous products during a reaction for in oper-
ando studies, a sensitive mass spectrometer (residual gas analyzer) and
EELS can both be used, the respective advantages and disadvantages of
each have been discussed in detail by Crozier and co-workers.”****

In a differentially pumped system, also known as an environmen-
tal TEM (ETEM), gas is introduced directly to the column and
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confined to a small region around the sample using differential aper-
tures. This method eases sample preparation and allows simultaneous
use with a specialized holder (e.g., one which allows illumination of the
sample). The maximum pressure when differentially pumping is
around 15Torr,”” substantially lower than the 760 Torr (1 atm)
achievable with a specialized holder. Methods to further increase pres-
sure in a differentially pumped system generally come at the cost of
resolution due to increased noise."'®

Early examples of ETEM photocatalyst studies were conducted
by Zhang et al.*** and Hansen and co-workers,"*”*** who flowed water
vapor over metal oxide semiconductor photocatalysts under simulta-
neous illumination and used a combination of imaging and EELS to
detect changes in the catalyst structure and oxidation states, respec-
tively. All of the previously mentioned work by Dionne and co-
workers studying the phase transitions of PdH, used ETEM to flow H,
gas over their Pd nanoparticles, combined with a sample holder
equipped with temperature control to adjust the hydrogenation ther-
modynamics." "' '** %% Yang et al. introduced CO gas into their
ETEM to monitor plasmonic CO disproportionation by triangular
gold nanoprisms supported on TiO,."” They used STEM-EELS to
map the nanoprism LSPRs, measure shifts in those LSPRs with chang-
ing CO adsorption, and detect the presence of amorphous-carbon
products. As evidence of spatially controlled plasmonic catalysis, they
observed that the gold nanoprism tip furthest from the TiO, both
exhibited the highest field enhancement and largest carbon buildup
when excited by the electron beam.

If a dedicated ETEM is not accessible, a specialized environmen-
tal holder can be used in a standard TEM. This technique is also used
to introduce liquid to the sample. A specialized holder can not only
achieve higher pressures, but it also inputs a user-defined flow rate,
allowing for further tailoring of reaction conditions.””’ While a special-
ized holder does not require additional pumps to be connected to the
microscope, the medium must be trapped between two windows,
which can decrease the spatial resolution and reduce the quality of
EELS and EDX data due to increased scattering off the windows."’
Windows are typically made of SiNy for gas and SiNy or graphene for
liquid.””"*** A variety of other TEM holders are commercially avail-
able, which can control reaction conditions, such as illumination, heat-
ing, cooling, and electrical biasing holders; and more-advanced holders
often combine multiple capabilities at once.

Light is introduced to the sample by either one of the aforemen-
tioned specialized sample holders or modifications to the microscope
column. While a holder is more versatile and readily swapped between
instruments, it generally precludes coupling of gas or liquid into the
system through the same holder, thus requiring a differentially
pumped system, although new custom holders are being developed,
which can combine both illumination and fluid flow.””” In their ETEM
photocatalyst experiments, Hansen and co-workers used both a fiber-
coupled holder that can couple to any external light source and a lens-
based holder with built-in internal optics to illuminate photocatalytic
Cu,O nanocubes and Pt on GaN:ZnO nanoparticles with 405-nm
light.**”*** Dionne and co-workers also used a fiber-coupled holder to
illuminate their plasmonic antenna-reactor gold-palladium catalysts
with an external tunable laser and induce plasmon-mediated dehydro-
genation reactions.'"''” Alternatively, optics can be inserted directly
into the column, but this requires modifications of the microscope that
are not always feasible. For their previously mentioned ETEM

Chem. Phys. Rev. 4, 041309 (2023); doi: 10.1063/5.0163354
Published under an exclusive license by AIP Publishing

4,041309-19

€2:8€:G ¥20z Aenigad 9z


pubs.aip.org/aip/cpr

Chemical Physics Reviews REVIEW pubs.aip.org/aip/cpr
Transient absorption spectroscopy Optical X-ray
5
a °Au < oAu f oo
Ti:Sapphire Laser ~ 08 Au/Pt 4 4 © Au/Pt
g AAuNI| AAU/Ni
S 23 0.8 ;
o o
= ~ 1
g s '
v E & 2 ) 0.74 :
< 1 e & & T‘:n\ =2 1
: : E 0615 120 125 130 13 !
d Delay Stage 2 2 6 10 14 00 20 20 50 5 Photon Energy (eV) ! )
White Light Time delay (ps) Absorbed energy density x 108 (J/m3) 5 <
Continuum > 3 0.5
(Sapphire, 7] 02fd  629ps Au 1000[@ Au/Pt 2
CaF2) i ] < g4l
SHG/THG - M, —~ 800 :
& OPA/OPG £ 0 2 1
PuTP 5 782ps AUPL| S0
\ \ £ 0.2 § 0.3 ——Ce0,
Probe I Detector E 0 — 2400 ——Ag@CeO,
t 349 ps Au/Ni ] N
L <02 L\“\“LH 200 il -
Sample M - , . ;
K _/ %0 200 400 600 %75 48 485 49 100 1;?] . 120 y 130
Time delay (ps) JZo oton Energy (eV)

FIG. 6. Ultrafast absorption spectroscopies. (a) Schematic of a common ultrafast TA spectroscopy setup design. (b) Transient absorption traces of gold, gold—platinum, and
gold-nickel nanoparticles, showing a dependence of the transient decay on the particle composition. The solid lines correspond to exponential fit functions. (c)
Electron—-phonon coupling times of the sample in (b) as a function of the absorbed energy density and linear fit functions (solid lines). (d) Transient absorption traces from (b)
over long time delays. (e) Phonon—phonon coupling times of the different nanoparticle samples, extracted from the traces in (d), plotted against the ratio of the acoustic impe-
dances Z of the metals in each sample. (f) Time-resolved XAS of cerium in Ag@CeO,. Solid lines are experimental measurements, and dashed lines are reference values.
The purple vectors indicate energies measured in TRXAS, corresponding to the highlighted points on literature spectra in the inset, as Ce** is reduced to Ce®*. (b)~(e)
Adapted with permission from Sim et al., Nanoscale 12, 10284-10291 (2020).“°* Copyright 2020 Royal Society of Chemistry. (f) Adapted with permission from Pelli Cresi et al.,
Nano Lett. 21, 17291734 (2021).“° Copyright 2021 Author(s), licensed under a Creative Commons Attribution.

photocatalyst study, Zhang et al. inserted a separate optical fiber into
the microscope aimed at the sample holder tip and used a broadband
white light to illuminate TiO, nanocrystals, observing surface layer
amorphization.”** Other methods for introducing light include using a
microelectromechanical chip outfitted with a light-emitting compo-
nent at the holder tip.””***” Numerous papers discuss the construction
of illumination holders,””************7 and several recent reviews
cover the topic of sample illumination in a TEM in greater detail.****°

With developments in TEM such as spherical aberration correc-
tors and monochromators, which improve spatial and energy resolu-
tion, respectively, quantitative information from in situ experiments is
increasingly accessible. Despite the many advancements, there are still
essential limitations of in situ TEM methods. One outstanding chal-
lenge is to minimize electron beam effects and to distinguish such
effects from those caused by optical excitation."” The electron beam
can cause knock-on damage of the sample and radiolysis of gaseous
and liquid environments, which forms reactive radical species.”” Such
effects make extensive control experiments necessary and limit the
researchers’” ability to draw quantifiable conclusions from the data.
One recent advance that reduces these effects is direct electron detec-
tors, which allow researchers to produce atomic-resolution data with
lower electron doses. Despite these limitations, TEM stands as an
incredibly powerful technique for characterizing plasmonic photocata-
lysts at the nanoscale, especially when many or all of the above sub-
techniques are combined.

VI. HIGH TEMPORAL RESOLUTION TECHNIQUES

Relevant hot carrier relaxation processes happen on the order of
hundreds of fs to tens of ps.”" While the above-mentioned in situ

techniques offer spatial resolutions down to picometers, they perform
steady-state measurements and do not provide the temporal resolution
to directly study these ultrafast carrier dynamics."”” However, a mech-
anistic understanding of charge carrier lifetimes is crucial to optimize
plasmonic materials for applications, which generally benefit from
long-lived carriers to, e.g., create electric currents or drive chemical
reactions.”

We will describe in Secs. VI A and VI B the use of ultrafast meth-
ods when exciting plasmons using a pulsed pump beam at UV/VIS/
near-infrared (NIR) wavelengths, then performing time-resolved mea-
surements with a pulsed probe beam at either optical or x-ray wave-
lengths, depending on the desired spectroscopy.

A. Ultrafast transient absorption spectroscopy

All-optical, ultrafast pump-probe transient absorption (TA)
spectroscopy captures ultrafast carrier dynamics with temporal resolu-
tion down to hundreds of femtoseconds by exciting and subsequently
interrogating a sample using two time-delayed femtosecond light
pulses.”" A typical setup is pictured in [Fig. 6(a)]. A Ti:Sapphire laser
provides laser pulses, and the laser light is split into pump and probe
pulses. To achieve time delay between pump and probe pulses, a delay
stage is employed in either the pump or the probe path. Harmonic
generation or optical parametric amplification is used to generate the
desired pump wavelength. In the probe path, a white light continuum
is achieved by focusing the light into nonlinear crystal plates. Both
beams are directed onto the sample, and, after removal of the pump,
the probe is collected by a detector to acquire images or spectra. A first
pulse, the pump pulse, excites carriers in the plasmonic material that
rapidly thermalize to create a Fermi-Dirac distribution. The resulting
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changes in the absorption cross section affect the interaction of the
plasmonic material with the second pulse, the probe pulse. Depending
on the measurement geometry, the pump-induced changes are then
measured in the transmitted or reflected intensity of the probe. By
varying the pump-probe time delay, it is possible to monitor the tem-
poral evolution and lifetimes of plasmonic carriers with only the pulse
lengths limiting the temporal resolution. Note that pump-probe
experiments are limited to reversible processes due to the need for
repeated measurements at various delay times. The robust experimen-
tal setup of TA spectroscopy allows for in situ measurements of plas-
monic materials in various environments.”"”**%

Using femtosecond light pulses in the VIS and NIR, TA spectros-
copy has been applied to study the dynamics of charge carriers in plas-
monic materials ranging from metallic nanoparticles to organic,
nonmetallic, and semiconductor hybrid structures.”7>?3362719 pop
example, Sim et al. utilized an ultrafast TA spectroscopy setup compa-
rable to Fig. 6(a) to study the ultrafast dynamics of pure nanoparticles
and bimetallic gold particles with the catalytic metals Pt and Ni."** The
authors found that the electron-phonon coupling times decreased for
the bimetallic particles, indicating that the coupling of hot carriers to
the lattice accelerates with the addition of catalytic elements to gold
nanoparticles, thus decreasing the hot carrier lifetimes [Figs. 6(b) and
6(c)]. They also showed that the addition of Pt and Ni led to either
increased or decreased phonon-phonon coupling times, respectively,
indicating that the radiation of heat into the environment can be mod-
ified by varying the nanoparticle composition [Figs. 6(d) and 6(e)].
These results proved that the addition of catalytic materials to nano-
particles importantly changes the charge carrier dynamics, showcasing
the importance of ultrafast TA spectroscopic measurements. Zhang
et al. used ultrafast in situ diffuse reflectance infrared Fourier trans-
form spectroscopy to show that plasmonic Au@AuRu nanoparticles
on g-C;N; efficiently hydrogenated CO, to methane.”’ The temporal
information from ultrafast spectroscopy revealed here that the combi-
nation of the metal and semiconductor materials extended the time
window of hot electrons to participate in the reaction. Similarly, Pelli
Cresi et al. used ultrafast TA spectroscopy to probe the dynamics of
charge transfer between silver nanoparticles and CeO,, observing that
long-lived hot electrons are injected into the ceria likely via both indi-
rect charge transfer and PIICT mechanisms based on the observed effi-
ciencies.”” Zhang et al. studied W50, nanowires on TiO, nanofibers
and found enhanced catalytic generation of H, from ammonium
borane compared to the case without nanofibers.”” The high temporal
resolution of their measurement allowed them to determine that the
W5049 nanowires passed hot electrons to the nanofibers within
200 fs, leading to large rate constants up to 5.5 x 1025~ ",

B. Ultrafast x-ray probes

With wavelengths of less than ~10 nm, x rays, unlike visible light,
are energetic enough to interact with the core electrons of atoms and
be diffracted by atomic lattices, giving information about a material’s
electronic states and crystal structure, respectively.'”” The probability
of absorbing an x ray is approximately proportional to the x ray’s
wavelength cubed, and hence x rays become more penetrating as their
energy increases.””” Low-energy x rays with wavelengths greater than
0.1 nm (~10keV) are considered “soft” and typically used for absorp-
tion spectroscopy, while x rays with higher energies are considered
“hard” and typically used for imaging (see Sec. VII B) or
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scattering,”*""*"**" X-ray techniques are widely used in catalysis stud-
ies to determine properties like the spatially resolved elemental compo-
sition of elements in alloys,“u’g’472 the shape and size distributions of
nanoparticles in ensemble measurements,” > elemental oxidation
state,””**”” and band structure of semiconductors.””**"”

Due to the recent advent of x-ray free-electron lasers (XFELs),
which produce extremely bright and fast pulsed x rays of durations in
the femtosecond regime,”” the same pump-probe methods described
in Sec. VI A using UV/VIS/NIR light can be performed with x rays
with similar ultrafast temporal resolution. With a pulsed optical pump
and subsequent pulsed x-ray probe, ultrafast x-ray methods can
acquire material information available from conventional x-ray tech-
niques at the pico- to femtosecond timescale to uncover plasmonic
mechanisms.****"

While studies on plasmonic photocatalysts are still emerging,
ultrafast x-ray methods have been used to track and differentiate
between plasmonic energy transfer pathways by observing the time-
resolved response of the plasmonic catalyst’s material and electronic
structures to photoexcitation.””” These preliminary studies indicate
that ultrafast x-ray techniques can be another valuable tool to quantify
charge carrier dynamics within material systems such as plasmonic
nanoparticle photocatalysts or between materials such as plasmonic
particle-semiconductor interfaces.

Before we discuss each ultrafast x-ray technique, we will briefly
introduce their conventional forms without temporal resolution.
Several other reviews discuss these base methods in greater detail,
including how they have been applied to nanoparticles and heteroge-
neous Catalysis.z 36,237,467,480,481

1. X-ray absorption

X-ray absorption spectroscopy (XAS) provides information about
the electronic structure of atoms and the local atomic environment of
a sample.”” The absorption of x rays by an atom excites core electrons
at characteristic energies, enabling elemental identification analogous
to EDX and core-loss EELS (Sec. V D 2).””* Finer details of the spec-
trum past the absorption edge provide most of the electronic and
structural information. The x-ray absorption near-edge structure
(XANES), from the edge energy to 30-40 eV above it, gives informa-
tion about the atom’s chemical states, including its oxidation state and
orbital hybridizations with neighboring atoms.”” >’ The extended
x-ray absorption fine structure (EXAFS), at energies 2 40 eV from the
edge, provides short-range structural information about the species,
number, and disorder of the neighboring atoms, as well as the distance
to them.237713‘)

After an x-ray absorption event ejects a core electron, the relaxa-
tion of a valence electron into the core hole can emit another x-ray
characteristic of the occupied valence band, measured using x-ray
emission spectroscopy or x-ray fluorescence.””’ Combining conduc-
tion band measurements from XAS and valence band measurements
from x-ray emission spectroscopy (or another method like STM, Sec.
V B 1), the bandgap of a material can be calculated.””” Finally, the dif-
ference between the incident and emitted x-ray energies can be mea-
sured as resonant inelastic x-ray scattering, analogous to Raman
scattering but in the x-ray regime, which can give information about
lower energy excited states normally inaccessible by total absorption of
x-ray energies.””’ XANES and variations thereof can be used to moni-
tor the surface coverage of adsorbates on nanoparticles and oxidation
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states of the catalyst. EXAFS has been used to determine changes
in binding between surface atoms and adsorbates.”*" Performing con-
ventional XAS experiments still requires particle accelerators to pro-
vide sufficiently high x-ray intensities and a continuous energy
spectrum.z‘zs

Ultrafast, time-resolved XAS (TRXAS) promises all of the above
information from conventional XAS with pico- to femtosecond resolu-
tion.”*” For photocatalysts, TRXAS has been used to track the dynam-
ics of excited charge carriers through different atomic species, since the
presence of excited charge carriers alters the materials’ electronic
states.”” This technique has recently been used to directly probe
charge carrier dynamics in semiconductor oxide materials such as
TiO, and Fe,05.""*%**” [smail et al. used TRXAS and time-resolved
resonant inelastic x-ray scattering to observe charge carrier dynamics
in a semiconductor oxide material. Hematite (Fe,O3) was photoexcited
with 400 nm light; then, changes in the Fe L; x-ray absorption edge
were used to track electron transfer from the hematite occupied 2p to
unoccupied 3d bands. After this initial excitation, the ultrafast time res-
olution of 180 fs allowed the authors to observe a hot carrier relaxation
process with a time constant of 0.2 ps and a subsequent carrier recom-
bination process with a time constant of 6 ps, in addition to longer-
lived photoexcited states suggesting trapped excited electrons.”””

As a first demonstration in using the technique to elucidate
plasmonic mechanisms in a photocatalyst, TRXAS has similarly
been used to probe electron transfer dynamics in a hybrid
plasmonic-semiconductor system."® Pelli Cresi et al. used TRXAS
with a time resolution on the order of ~200 fs to monitor changes in
the cerium oxidation state of a CeO, film induced by plasmonic photo-
excitation of embedded silver nanoparticles, the same system they ear-
lier investigated with optical TA spectroscopy (Sec. VIA). Upon
illumination of the silver nanoparticles” LSPR using a 430-nm pump
pulse, a 119-133 eV x-ray probe pulse was used to detect the reduction
of cerium from Ce*" to Ce*" within a few hundred femtoseconds,
based on changes in the cerium XAS signal at the probe energies, indi-
cated by the purple vectors in Fig. 6(f). This observed reduction con-
firmed the mechanism of photoexcited energy transfer in this hybrid
plasmonic-semiconductor material after decay of the silver LSPR as an
electron-transfer process from silver to cerium rather than a photo-
thermal effect. The lifetime of these transferred electrons was measured
as up to 1 ps, indicating the lack of rapid recombination.
Quantification of the TRXAS signal additionally suggested that only
the first interfacial monolayer of cerium surrounding the silver nano-
particles was excited. TRXAS has yet to be widely applied to plasmonic
photocatalysis, but this technique shows promise for more direct and
quantitative measurements of charge transfer processes compared to
other time-resolved spectroscopies thanks to its greater chemical spe-
cificity and sensitivity to changes in electronic states, as demonstrated
in Pelli Cresi et al.’s two studies on the same photocatalyst.”””**®

2. X-ray scattering

X-ray scattering methods obtain structural information about a
material system in reciprocal space by measuring the angle at which x
rays elastically scatter off the electrons.”’ In x-ray diffraction (XRD),
the scattered x rays that constructively interfere are used to calculate
the periodic structure of a sample, obtaining crystallographic informa-
tion, including atomic lattice spacings and crystal phase.”*' For
ordered materials such as nanoparticle catalysts, scattering and
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diffraction are often used synonymously.”** Atomic-scale spatial reso-
lution can be achieved by collecting angles scattered by more than
10”7 X rays at lower scattering angles are indicative of longer-
range structure, obtaining overall size and shape statistics of large sys-
tems of nanoparticles, complementary to TEM.”*’

Ultrafast, time-resolved x-ray scattering can probe a catalyst’s
structural changes immediately after photoexcitation. Plech and co-
workers used this technique to quantify the plasmonic heating of gold
nanoparticles, as measurements of lattice dynamics can be correlated
with thermal expansion as a form of nanocalorimetry."** "’ They
were able to observe ps-timescale shifts in the x-ray scattering of gold
spheres and nanorods after laser excitation and used the data to deter-
mine the nanoparticles’ lattice expansion. They then used this struc-
tural information to calculate the temperature change in the particles
over the same time frame, tracking the magnitude and rate of photo-
thermal heating and subsequent cooling. In addition, they observed
further structural changes in the nanoparticles resulting from this
heating and compared the heating efficiency of interband vs plasmon-
resonance illumination.”** **’ We predict for other plasmonic photo-
catalytic systems, ultrafast x-ray scattering can be similarly used to
monitor time-resolved temperature changes in the catalyst material
and thus differentiate between photothermal and non-thermal mecha-
nisms. Additionally, x-ray scattering can detect morphological changes
in the catalyst that could correlate with changes in reactivity, poten-
tially informing photocatalyst stability studies.

3. In situ x-ray methods

Since pump-probe methods are characterizing transient pro-
cesses induced by the pump beam, we define all the above ultrafast
x-ray techniques as in situ, especially in the context of plasmonic pho-
tocatalysis, as by default they take snapshots of photoexcited catalysts
evolving in real time with ultrafast temporal resolution. Ultrafast x-ray
measurements require XFELs at linear accelerators for adequately
intense brightness and short pulse durations, so accelerator x-ray sour-
ces typically have built-in support for optical elements to manipulate
light as needed among the x-ray source, an additional pump laser, the
sample, and detector(s), including time synchronization between the
XFEL and pump laser.””!

For more complex in situ conditions, just like in optical micros-
copy (Sec. VA5), SPM (Sec. V B3), and TEM (Sec. V D 2), tailored
reaction cells have been designed for x-ray experiments with various
specifications for a host of environments and applied conditions,
including, but not limited to, containment and flow of gas*’* or lig-
uid,**® transparency to other wavelengths of light,482 control of tem-
perature, """ application of electrical bias,””" measurement of
reaction products,”” and any combination of these in a robust man-
ner, all while maintaining sufficient x-ray signal and resolution.
Doronkin et al. have outlined a detailed list of considerations when
designing an in situ cell for x-ray experiments, both in general”” and
for catalytic reactions.”” Since hard x rays are highly penetrating and
can be used with most materials and chemical environments,"”” while
lower-energy soft x rays are more likely to be absorbed, experiments
using hard x rays have less-restrictive in situ setups,”® while experi-
ments using soft x rays can require more specialized sample chambers,
often operating in the presence of high vacuum.””’

In the ultrafast plasmon studies discussed earlier, the experimen-
tal setup varied greatly based on the applied conditions. In Pelli Cresi
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et al’s study of Ag@CeO,, they only required a visible pump beam in
addition to the XAS probe, so their sample was in an ambient environ-
ment, while they set up two separate optical paths for the pump
430 nm laser and the probe XFEL, which were synchronized jitter-free
by using the same pulse generator to initiate both sources.””® In
Ziefuss et al.’s study of gold nanosphere fragmentation after plasmonic
heating, they used a thin commercially available quartz capillary
(0.35 mm diameter) as a liquid reaction cell that was illuminated at the
same spot by both a pump 532nm laser and a probe synchrotron
x-ray beam. They flowed an aqueous suspension of nanoparticles to
introduce fresh sample to the illumination spot for every pulse."*
Ultimately, many in situ setups for ultrafast x-ray experiments may
need to be custom-built depending on the reaction needs, which can
be a significant experimental consideration and hurdle, though gener-
alized commercial reaction cells are still being actively developed.

VIl. HIGH SPATIOTEMPORAL RESOLUTION
TECHNIQUES

While the high spatial resolution methods discussed previously
have helped develop an improved understanding of the structure-
function relationship in plasmonic photocatalysis, they do not provide
information at the timescales necessary to probe electronic transitions.
Meanwhile, high temporal resolution methods tell us about electronic
properties, but cannot generally be correlated with atomic-resolution
structural properties. The spatial resolution in ultrafast pump-probe
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microscopy is generally limited by the spot size of the probe laser
beam and thus the diffraction limit of light.””" These challenges limit
the conclusions that can be drawn about how catalysts and adsorbates
are interacting. In order to further our understanding of photocatalyst
materials, methods that achieve both high spatial and temporal resolu-
tion are needed. While many of these methods are not as
developed and thus have not been demonstrated in situ, the same con-
siderations as discussed above apply. Additionally, demonstrations of
these emerging methods on plasmonic photocatalytic systems are
sparse, but we describe use cases on various photoexcited systems as
examples of how these may be applied to plasmonic photocatalysis in
the future.

A. Ultrafast optical microscopy

Several of the optical methods discussed in Sec. V' A can be made
ultrafast by replacing continuous wave (CW) illumination with a
pump-probe method. For example, ultrafast photoluminescence
microscopy has very recently been demonstrated to probe the lifetimes
of hot holes in gold nanoparticles.”” Stroboscopic scattering micros-
copy has been used to map changes in polarizability arising from the
motion of carriers in a material, a method that is poised to greatly con-
tribute to our understanding of charge transfer in plasmonic cata-
lysts.””” Below, we more extensively highlight some of the methods
which are most pertinent to studying plasmonic catalysts.

Ultrafast electron microscopy
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FIG. 7. High spatiotemporal characterization. (a) Schematic for ultrafast Raman nanothermometry. The pump pulse excites the nanoparticles and, after a variable delay, Stokes
and anti-Stokes surface-enhanced Raman spectra of the adsorbed molecules are acquired using a probe pulse. (b) When the transverse mode of the dimer was excited by a
518-nm pump, polarized transverse to the long axis, essentially no change in temperature was observed. (c) When the coupled mode of the dimer was excited using a 1039-
nm pump polarized along the long axis, the temperature increased by less than 100 K. (d) TEM image of a gold nanorod and (e) its cross-sectional intensity profile, fit to a sum
of two sigmoidal functions shown in red, taken along T and integrated along L as indicated in (d). The shift in the diameter (FWHM) at various points in (f) is shown in the lower
panels of (). (f) The displacement in the FWHM as a function of time, showing acoustic vibrations. (a)-(c) adapted with permission from Keller and Frontiera, ACS Nano 12,
5848-5855 (2018).*”” Copyright 2018 American Chemical Society. (d)—(f) Adapted with permission from Kim et al., Matter 1, 481-495 (2019).*” Copyright 2019 Elsevier B.V.
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1. Transient absorption microscopy

The lifetimes of plasmonic carriers strongly depend on the physi-
cal properties of the plasmonic material, for instance, defects, oxide
layers, particle shapes, and sizes. Similarly, defects and interfaces affect
the spatial diffusion of excited carriers. In order to obtain a mechanis-
tic understanding of plasmonic catalysis and optimize promising cata-
Iytic processes, it is crucial to consider the inherent heterogeneity and
physical structure of any plasmonic material, while retaining the
detailed temporal information of ultrafast pump-probe spectroscopy.
For this reason, researchers have employed ultrafast pump-probe tran-
sient absorption microscopy, which combines conventional TA spec-
troscopy setups with optical microscopes to focus pump and probe
beams down to the diffraction limit.”’"" Hence, ultrafast pump-probe
transient absorption microscopy couples the temporal resolution of
TA spectroscopy with diffraction-limited spatial resolution. Even
though focusing the laser beams to the minimum spot sizes through
optical objectives complicates the experimental setup, this method still
allows the investigation of materials in various environments and is
suitable for in situ studies.”””"" In addition to previous reports based
on spectroscopy, microscopic studies were able to image carrier diffu-
sion in semiconducting and plasmonic materials, illustrating the signif-
icance of interfaces, defects, and oxide layers as potential carrier traps
and obstacles for carrier dynamics.”” """ %

2. Ultrafast Raman microscopy

a. SERS. Ultrafast Raman spectroscopy allows the detection of
bond changes on the timescale in which they take place.'*”"”
Ultrafast SERS has been used to probe the transfer of hot carriers.
Brandt et al. used ultrafast SERS to investigate the plasmon-induced
dimerization of 4-nitrobenzenethiol to p,p’-dimercaptoazobenzene on
aggregates of silver particles (~100nm).”” In addition to the typical
information regarding molecular changes derived from the change in
the SERS spectrum, changes in surface electron density can also be
inferred from transient interference lineshapes. An increase in the p,p’-
dimercaptoazobenzene signal after plasmon excitation was correlated
with an increase in photoluminescence resulting from a buildup in sur-
face electrons, indicative of dimerization driven by indirect charge
transfer.

In a method known as Raman thermometry, the effective temper-
atures of molecules in a system are determined by measuring the pop-
ulation of excited vibrational states using the relative intensity of the
Stokes and anti-Stokes signals.'”’ Monitoring the temperature of the
molecules separately from the metal nanoparticles helps distinguish
between photochemical and photothermal reaction pathways. Keller
and Frontiera used this method to measure the transient effective tem-
perature evolution of analytes on gold nanoparticles. The probe was
polarized along the long axis of the dimer to measure the SERS signal
of molecules in the inter-particle gap and revealed a relatively modest
increase in temperature (~100 K) and fast dissipation, indicating pho-
toexcitation of the system was unlikely to contribute to a thermal reac-
tion pathway [Figs. 7(a)-7(c)]."”” More work is needed to apply this
ultrafast method to studying reactive molecules as a reaction pro-
gresses.'s” While CW illumination could result in cumulative effects,
another study by the same group demonstrated that CW illumination
of various viologens chemisorbed to gold film-over-nanosphere sub-
strates similarly resulted in temperature changes below 100K.””

246
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Comparisons between steady-state and ultrafast SERS help distinguish
between the unique effects arising from pulsed vs CW illumination
(see Sec. IX A)."*" Methods such as surface-enhanced femtosecond
stimulated Raman spectroscopy have the potential for achieving suffi-
cient simultaneous time and spectral resolution to correlate early LSPR
dephasing with molecular changes, which could contribute to our
understanding of direct charge transfer."*” A much more detailed dis-
cussion of Raman spectroscopy methods across time scales is found in
the review by Warkentin et al."*’

b. TERS and CARS. Beyond SERS, other Raman methods have
been implemented in ultrafast configurations with high spatial resolu-
tion. While studies are still limited, ultrafast TERS has been per-
formed.””” "' Klingsporn et al. used an optical parametric oscillator
for picosecond pulsed excitation of a silver tip in an ambient STM to
measure the Raman signal from two dyes, although the measurements
suffered from a signal decay on the order of 10 s, which was not
observed with CW illumination.”'’ Decay of the TERS signal was
reduced when measurements were performed at UHV.”"" Luo et al.
extended ultrafast TERS to 500 fs temporal resolution (limited to
maintain sufficient spectral resolution) in a low-temperature UHV
STM and found the signal to be stable for more than 270 s.””” Raman
methods relying on higher-order nonlinear optical responses to
enhance the signal can improve the spatial resolution, such as coherent
anti-Stokes Raman scattering (CARS), which has been demonstrated
in the imaging of semiconducting carbon nanotubes.”'* Further devel-
opment will be needed to make such measurements viable in varied
environmental conditions.

B. Ultrafast x-ray microscopy

Many x-ray techniques can provide nanoscale-order information,
for example, measuring atomic lattice spacings or local atomic envi-
ronments, obtaining down to sub-angstrom resolution in terms of dif-
ferentiating between distances. However, this spatial information is in
reciprocal space, and therefore, it is an ensemble-averaged measure-
ment across the portion of the sample being probed in real space. The
spot size is often hundreds of micrometers or more and thus may con-
tain a multitude of heterogeneities. If one instead considers spatial res-
olution in real space only, for example, to probe sub-particle optical
modes within a photocatalyst, then x rays cannot yet achieve a compa-
rable resolution to electron microscopy. However, their ultrafast spec-
troscopic capabilities and ability to penetrate through bulk materials
still make x-ray microscopy (XRM), a valuable technique for the char-
acterization of plasmonic photocatalysts, and the spatial resolution is
actively being improved.”"”

In theory, the diffraction limit would allow x rays to be focused
down to a spot size just below their wavelength, but because x rays are
too energetic to refract in most materials and are also uncharged,
manipulating the beam path of x rays is difficult, further limiting the
spatial resolution achievable from many sources.”’" Developing spe-
cialized optics to improve this resolution is an active area of research.
The current record lies just below 10 nm for transmission x-ray micro-
scopes and below 5 nm using x-ray ptychography.”” '” The advances
toward more coherent x-ray sources such as XFELs and other develop-
ments promise lowering the spatial resolution to <1nm in the near
future.”'
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Realized ultrafast XRM setups have not yet reached the combined
limits of 10-nm spatial and fs temporal resolutions, but recent progress
has gradually approached it. In 2016, Zhu et al. directed synchrotron
10keV hard x-rays with a pulse duration of 100 ps through a Fresnel
zone plate and additional apertures to achieve 350-nm spatial resolu-
tion. They photoexcited a VO, thin film using an ultrafast (60 fs) Ti:
Sapphire laser, thus limiting the temporal resolution to the 100 ps of
the x-ray pulse, and monitored the phase change of the film via ultra-
fast XRD.”'® In 2021 at the same beamline, Frazer et al. focused the
same 100-ps pulsed x-ray probe using another Fresnel zone plate to
achieve 270-nm spatial resolution. They again used the probe to per-
form ultrafast XRD, measuring the time-resolved structural photores-
ponse of BiFeO; and FeRh thin films to UV excitation.”'” In 2023,
Gerlinger et al. demonstrated a vastly improved spatial resolution of
30 nm using a scanning transmission XRM directly installed at a syn-
chrotron which provided 50-ps x-ray pulses.””’ With this resolution,
the authors were able to observe ultrafast magnetization switching in
GdFe induced by an IR pump laser, occurring non-homogeneously
across a micrometer-sized region.

Dedicated XRMs have started to be used at XFELs, which have
pushed the temporal resolution to match typical ultrafast x-ray experi-
ments. A recent example outside of photocatalysis that demonstrates
the capabilities enabled by combined XRMs and XFELs is the use of
dark-field XRM by Dresselhaus-Marais et al. to image crystallographic
distortions at 30- to 150-nm real-space resolution and 100-fs temporal
resolution.”’” We expect a similar setup combined with excitation
optics will enable simultaneous sub-particle and femtosecond resolu-
tion in the near future. For plasmonic photocatalysis, this can be used
to probe plasmon-induced charge transfer dynamics with site selectiv-
ity, differentiating sub-particle regions in nanoparticle catalysts.

C. Ultrafast STM

In a typical STM, collecting an image will take tens of seconds.
The temporal resolution is improved to 1-100 frames per second in
video-rate STM by integrating various fast electronics.””' When a full
image is not required, atom-tracking can be achieved using the feed-
back loop to fix the probe to a single atom and track its motion in real
time.””” None of these methods achieve temporal resolution down to
the femtosecond to picosecond time scales over which plasmon
dephasing and hot electron relaxation occur. For this, pump-probe
methods must be incorporated.”

Most ultrafast methods involve an optical pump and/or probe,
although all-electronic STM methods using a microwave pulse genera-
tor have achieved temporal resolution down to the nanosecond
range.””* Photoconductive gates have been used in a combined electri-
cal and optical approach.””” While such methods could be helpful for
measuring fast dynamics without relying on an optical pulse, it is also
possible to measure optically induced phenomena with an optical
pump and probe. An optical pump can induce a surface voltage™ (as
measured in KPFM, Sec. V B 2), which gives rise to a tunneling cur-
rent. While the tunneling current cannot be readout quickly, the time-
averaged current signal is recorded as a function of the delay time
between the pump and probe pulses to provide dynamical insight.”*’

In addition to the fundamental limitation of only being able to
probe phenomena induced by a pulsed laser and not those induced by
CW illumination with optical pump-probe STM, there are other com-
plicating factors in these methods. The laser pulses will often induce
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transient thermal expansion in the tip, convoluting the results.
Additionally, the results are based on the correlation between the two
pulses, and thus, complicated nonlinear effects are induced, which
make data interpretation difficult.””’ One alternative method to over-
come some of these limitations is terahertz-STM, in which the STM
tip couples a THz pulse to the tunnel junction.””” This coupling results
in a sub-picosecond transient voltage, which modulates the electron
tunneling, and the time-averaged change in the current is measured.
The particular advantage of this method is that THz pulses do not
result in any substantial thermal expansion of the tip. This method has
been used to measure sub-picosecond dynamics with a spatial resolu-
tion of 2 nm.””’

As with many scanning probe methods, much of the founda-
tional work that must be extended to the current field comes out of the
surface science community from the 1990s and 2000s. Work by
Bartels et al. combined STM with femtosecond laser pulses to probe
the motion of CO molecules on a Cu(110) surface.””” In order to avoid
laser-induced thermal expansion of the tip, the tip was moved away
from the surface during irradiation and STM images from before and
after irradiation were compared. Terada et al. developed a method
using a pulse-picker to modulate the delay time between the optical
pump and probe pulses, and the time-averaged current was measured
as a function of delay time.”** By measuring the time-averaged current
and the signal as a function of set-point current at various surface sites,
the hole capture rate through the semiconductor gap-state produced
by a cobalt nanoparticle on GaAs was measured.””* Taninaka et al.
also studied the effect of molecular conformations and bonding states
on the conduction properties of a gold electrode.””” Future efforts may
include adapting these early experiments to current plasmonic systems
of interest.

D. Ultrafast electron microscopy

In ultrafast electron microscopy, transitions are excited by a
pump light pulse and monitored using a probe electron pulse. The
time resolution of a traditional TEM is typically limited to the frame
rate of a CCD camera, on the order of several milliseconds per
frame,”” while that of an SEM is lower, limited by the scanning speed
of the SEM. Direct electron detectors in TEM have much higher frame
rates, surpassing 3000 frames per second.” Slowing the kinetics of a
reaction by modifying the temperature and pressure conditions and
using a direct electron detector makes many reactions accessible for
real-time observation. However, the formation of clusters on the sur-
face and other restructuring events may still occur too quickly to be
observed by a traditional TEM, let alone electron dynamics.”””
Femtosecond optical and electron pulses can be used in a pump-probe
configuration inside an SEM or TEM to excite the plasmon resonance
and detect resulting structural transformations, and adsorbate-induced
changes in bond lengths and local electric fields can be monitored.

1. Ultrafast SEM

Ultrafast environmental SEM has been employed for investigat-
ing molecular dynamics on a surface.””” A sample is excited by an opti-
cal pump, after which an electron pulse probes the sample, and
secondary and backscattered electrons are detected for imaging and
diffraction, respectively.””" As in other pump-probe experiments, the
delay between the pump and probe determines the temporal resolution
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of the measurement. Yang et al. used differences in SEM images

obtained at varying pump-probe delays to elucidate the surface

restructuring on CdSe exposed to vacuum, ambient air, and water
533

vapor.”~ Ultrafast SEM has been used to probe the dynamics of pho-
toexcited charge carriers in semiconductors and insulators.”

2. Dynamic TEM

In dynamic TEM (DTEM), the system operates in a single-shot
mode; a single electron pulse with sufficient intensity to collect a mea-
surable signal interacts with the sample after it is excited with a laser
pulse.””” The maximum achievable temporal resolution with this
mode is around 1ns, allowing observations of fast catalytic pro-
cesses.””” The DTEM at Lawrence Livermore National Laboratory col-
lects 16 frames with interframe spacing below 100ns in movie
mode.””” The temporal region between nanoseconds and milliseconds
continues to be largely inaccessible, but the development of methods
in this time range would make even more catalytic processes observ-
able in the TEM.”" Incorporation of a liquid cell with DTEM has
allowed for imaging of laser-induced cavitation of water bubbles with a
temporal resolution of tens of nanoseconds, although the spatial reso-
lution was limited to over 100nm, in part due to the liquid thick-
ness.”*' In situ experiments involving the heating of samples by laser
irradiation have been performed.”** EELS has also been incorporated
into DTEM, opening new opportunities for observing chemical reac-
tions at their characteristic timescales.”*’ More advanced methods
have enabled the probing of electron clouds produced by irradiating a
metal substrate.”** DTEM is particularly useful for studying fast and
irreversible processes; however, it is not sufficiently fast for studying
electron dynamics.

3. Ultrafast TEM

Ultrafast TEM (UEM), pioneered by Zewail and co-workers,
offers improved temporal resolution compared to DTEM by oper-
ating in a stroboscopic mode in which a large number (~108) of
pulse cycles each containing a small number of electrons are used
accumulate signal.””’ This approach minimizes Coulomb repulsion
inside the pulse and allows a temporal resolution on the femtosec-
ond timescale,”*” although the stroboscopic mode limits its appli-
cation to processes that can be driven repeatedly in the same
sample. Laser-free methods of stroboscopic TEM using a fast beam
blocker are also possible, with the potential to reach a temporal res-
olution on the order of 100 fs.”*"

Zewail and co-workers demonstrated photon-induced near-field
microscopy in the UEM to determine near-field plasmonic properties.
The evanescent near-field induced by the photoexcitation of a metal
nanoparticle was probed by an electron pulse, which inelastically scat-
ters off the electric field. This scattering results in a quantized gain in
the energy of the electrons, which was measured similar to electron
energy loss, although the source of the energy change is different.
Energy-filtered imaging was used to isolate those electrons that had
gained energy and thus image the polarization-dependent evanescent
near-field in triangular and spherical silver nanoparticles.”*” This
method has also been used to image the near-field of entangled silver
nanoparticles,”*’ carbon nanotubes and silver wires,”’ surface plas-
mon polaritons launched along a buried silver and silicon nitride inter-
face,”” and the plasmonic coupling between individual gold
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nanocapsules and graphene step edges.””' Yurtsever et al. used ultrafast
spectrum imaging, wherein an energy gain/loss spectrum is collected
for each position in a STEM image, to map the electric field distribu-
tion and spatiotemporal dielectric response of optically excited silver
nanotriangles and the decay length and evolution of a plasmonic field
along a copper—vacuum interface.””” While methods such as dual-
color coherent anti-Stokes Raman scattering, SNOM, and time-
resolved nonlinear photoemission electron microscopy have been used
to study near-field plasmonic properties, including at buried interfaces,
they are still only sensitive to fields external to the sample.””’ As
photon-induced near-field microscopy is a transmission method, it
can probe fields within the material.

Beyond plasmonic properties, UEM has been used to probe struc-
tural dynamics in a number of systems. Valley ef al. imaged photoin-
duced acoustic phonon modes in gold nanorods.”” Diffraction
contrast in bright-field images was used to identify changes in strain
and crystal orientation. Difference images from these ultrafast
diffraction-contrast bright-field images revealed oscillations arising
from vibrational modes, both within isolated gold nanorods and across
small clusters.”” A similar study was performed by Kim et al., reveal-
ing additional details about the acoustic vibrational modes in gold
nanorods."” In addition to the diffraction-contrast imaging performed
by Flannigan and co-workers, the use of a direct electron detector
allowed the authors to further reduce the number of electrons per
pulse, increasing resolution and enabling direct observation of
angstrom-scale displacements in the particle [Figs. 7(d)-7()]."”* Van
der Veen et al. used selected area diffraction to collect single-particle
diffraction patterns of Fe(pyrazine)Pt(CN)4 MOFs.””" A single-spin
crossover transition was induced by heating due to optical excitation,
and both dark-field images and diffraction patterns were analyzed to
visualize the phase transition.””* Yoo et al. have also visualized the
transient structural changes of a titanium active center in a (non-
plasmonic) photocatalyst using electron diffraction.””” The change in
intensity of diffraction spots was correlated with the motion of atoms
in the unit cell, indicating the transformation of the titanium and oxy-
gen bond upon charge transfer from the oxygen to titanium. Ultrafast
EELS, in conjunction with molecular dynamics simulations, has been
used to study thermally induced changes in bond lengths.””® This
method was combined with ultrafast energy-filtered electron micros-
copy to study temporal changes in the valence state of iron in an iron
oxide (non-plasmonic) photocatalyst.””

Ultrafast electron diffraction provides atomic resolution in recip-
rocal space.””*””” Single-particle studies often require frequent switch-
ing between electron imaging and diffraction.””” Ultrafast electron
diffraction performed at energies much higher than typically found in
UEM (~3 MeV) was used to investigate the thermal relaxation in gold
nanocrystals with varying size and surface ligands and structural
dynamics in 2D perovskites.”’***” Ultrafast electron microscopy meth-
ods represent an exciting new frontier in the field. The unprecedented
combination of sub-nanometer spatial resolution, femtosecond tempo-
ral resolution, and energy resolution in the area of a few meV will
enable new insight into previously unreachable phenomena. While
ultrafast TEM has numerous applications in plasmonic photocatalysis
and stands to contribute majorly to the field in the next several years,
more work will be required to combine ultrafast TEM with environ-
mental TEM, which will further expand the relevance of the
method. "
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Vill. COMPUTATIONAL METHODS

The experimental techniques discussed in this review provide
information about the plasmon resonance, lattice structure, electronic
structure, and adsorbate configurations that emerge from a non-
equilibrium plasmonic catalyst system. Each is limited in spatial and
temporal resolution, observable quantities, and signal-to-noise.
Similarly, an array of theoretical approaches can provide estimates of
these quantities as well as more fundamental quantities, which are
challenging or presently impossible to observe empirically. Each offers
a trade-off between accuracy, computational cost, and computable
quantities. Taken together, combined experimental-theoretical
approaches should address critical questions in plasmonic photocataly-
sis, including: (1) What is the mechanism (Fig. 1) that drives photoca-
talysis for a given system? (2) What are the fundamental microscopic
limits in photocatalysis? (3) How can material selection, nanoparticle
shape, and environment be co-optimized for a given reaction? (4) Are
there general, robust design rules that are applicable to a large class of
reactions?

Sections VIII A and VIII B briefly review several popular theoreti-
cal frameworks (Sec. VIII A) and relevant theoretical findings (Sec.
VIII B) for plasmonic catalytic systems. In particular, we emphasize
the growing importance of ab initio methods as experimental charac-
terization techniques advance toward higher spatial and temporal
resolution.

A. Theoretical approaches

Nearly, all methods for computing material properties make
some approximation to the electronic interactions involved in the sys-
tem of interest (e.g, Born-Oppenheimer, mean-field, etc.), often
describing the truly interacting electronic system in terms of a fictitious
system with weakly interacting particles, such as within Kohn-Sham
DFT. The advantages and limitations of each approach may be under-
stood by examining the ways in which its fictitious system approxi-
mates the true interacting many-body system. Ab initio approaches
take only the atomic-scale structure and fundamental constants as
input, while empirical and semi-empirical models require additional
assumptions and parameters from experiments or ab initio models. Ab
initio theories have assumed a central role in the study of many mate-
rial classes,”*” *°° enabled by supercomputing resources and massively
parallel electronic structure codes. Quantities such as the electronic
density in real space, electronic state occupations, electronic density of
states (DOS) and projected DOS, electron-electron and electron-
phonon scattering rates, plasmon dephasing, optical absorption spec-
tra, and PESs for chemical reactions are frequently computed and used
to support and rule out possible explanations for experimental obser-
vations. Understanding the inherent approximations in each theoreti-
cal method is essential to avoid drawing unwarranted conclusions. In
particular, the prediction of optically driven excited-state properties
relevant to plasmonic catalysis such as absorption, hot carrier trans-
port, and excited-state PESs require more complex approaches than
ground-state properties.

The Kohn-Sham DFT for computing ground-state properties is
the most widely applied ab initio method due to its ability to qualita-
tively describe the electronic properties of materials within a reason-
able computational effort. Here, an interacting many-electron system
is approximated by a fictitious system of Kohn-Sham electrons, in
which each electron interacts only indirectly with others through an
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effective potential that depends on the electronic charge density.”*”"*

The 3N,-dimensional many-electron wavefunction, where N, is the
number of electrons in the system, is replaced with the electronic den-
sity as the central quantity to compute. Common implementations
rely on pseudopotentials to remove the core electrons and deal only
with the problems of valence electrons, which contribute predomi-
nantly to the physics and chemistry discussed here. DFT can in princi-
ple obtain the exact total ground-state energy for a system of
interacting electrons, but it requires a universal exchange-correlation
(XC) functional of the charge density, which must be approximated
for any practical calculations. Many forms of XC potentials beyond
those based on the local density approximation (LDA) and generalized
gradient approximation (GGA) have been recently proposed and
applied to complex chemical systems. These include, for instance,
hybrid and range-separated hybrid functionals,”*””"” which include a
fraction of the nonlocal Fock exchange, and meta-GGA functionals,””"
which typically include the kinetic energy of each Kohn-Sham orbital.
These approximations make the many-electron problem tractable
while including atomistic structural detail, scaling as O(N?) or better,
where N is proportional to the system size.

Despite these attractive features, however, the direct application
of DFT calculations to plasmonic photocatalysis has shortcomings
since it is rigorously a ground-state formalism. In addition, common
approximations of XC functionals fail to capture nonlocal dielectric
screening relevant to describe image-charge effects and electronic cor-
relation for molecules close to metallic surfaces, which arise in many
chemical reactions.”””"" Recently developed hybrid XC potentials
can address this issue to some extent at an increased computational
cost.””™77° Still, the fictitious one-electron orbitals and energy levels of
Kohn-Sham DFT do not rigorously correspond to physical observ-
ables, such as quasiparticle wavefunctions and quasiparticle excitation
energies,”’” and cannot be used to explain excited-state phenomena—
with the exception of the energy of the highest-occupied orbital, corre-
sponding to the ionization energy.”* "’ An accurate prediction of
excited-state properties requires dynamic interaction and physics
beyond the level of static mean-field theories such as DFT.

Rigorous excited-state properties of nanoparticles, as well as
dynamic interactions arising from the photogenerated excitations, can
be in principle captured in time-dependent DFT (TDDFT)**'—an
extension of DFT in which the time-dependent Schrodinger-like equa-
tions are solved as a function of time in response to a perturbation,
such as an external light pulse. In principle, TDDFT can yield exact
excited-state properties of materials, but requires a time-dependent
approximation to the exchange-correlation functional. Practical
approximations, such as the adiabatic LDA, can capture plasmons
and, hence, have been popular in describing the optical and catalytic
properties of nanoparticles. TDDFT can also approximate the dynam-
ics of hot electrons, though the eventual thermalization of the system
is not captured in standard TDDFT approaches, such as those based
on Ehrenfest dynamics.”** Additionally, adiabatic LDA cannot capture
bound excitons, which may be important in describing the optical
properties of small metallic nanoparticles,”**** and also have the
same aforementioned limitations in capturing nonlocal dielectric
screening and image-charge responses.

The many-body perturbation theory (MBPT), such as the GW
approach”™ ** to describe electronic excitations and the GW plus
Bethe-Salpeter equation approach™® *”* for optical excitations, and
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wavefunction-based quantum chemistry techniques, such as based
on coupled clusters,”” ™" are higher-level ab initio theories that
account for the dynamical and nonlocal electronic interaction and
correlation systematically, without the need for yet-to-be-determined
approximations to XC functionals. These incur a higher computa-
tional cost than DFT and TDDFT calculations [O(N?) to O(N’) in
most common implementations] but provide a theoretically rigorous
and quantitatively accurate description of excited-state properties for
weakly to moderately correlated electron systems. In particular, such
formalisms capture either explicitly or implicitly the dynamic nature
of electronic screening in such materials and the formation of corre-
lated e-h pairs (or excitons) upon photoexcitation. The latter effect
significantly impacts the excited-state properties of low-dimensional
materials like monolayer transition metal dichalcogenides,”’’ "
molecules,”” °°  and  small nanoparticles.:’s1 MBPT-based
approaches have traditionally been used to describe charged and
neutral (e.g., optical) excitations on both extended, confined, and
nanostructured materials with success, including 2D materials.’’ ¢
While calculations of realistic plasmonic systems are challenging due
to the number of atoms in the simulation cell, recent advances in
algorithms and code performance,(‘“ 7519 which can handle several
thousands of atoms, are expected to make MBPT calculations rou-
tinely accessible to predicting plasmonic photocatalysis, i.e., describ-
ing both the plasmonic properties and ground- and excited-state
PESs.

For instance, while quantum chemistry methods were previously
limited to small molecules,””" Aikens and co-workers have used quan-
tum chemistry configuration interaction methods to shed light on the
fundamental nature of plasmonic excitations in atomic silver nano-
wires.”*"*** Wavefunction-embedding approaches have also recently
become popular in the plasmonic catalysis community.'”””*" These
include exact exchange and correlation only for important sub-regions
of a system, e.g,, an adsorbed molecule and cluster of nearest metal
nanoparticle atoms.””’

For the implementation of each ab initio technique mentioned
above, the formally infinite-dimensional effective Hamiltonian must
be expressed in a finite basis. Many code implementations utilize a
reciprocal-space (plane wave) basis, which is natural for solid-state
periodic systems and often more straightforward to converge than
real-space bases.””" However, plane wave-based calculations require a
unit cell with periodic boundary conditions. For systems that are not
periodic in all dimensions (e.g., a surface, thin film, or nanoparticle),
the use of a plane wave code requires unit cells with many atoms and
large dimensions in the non-periodic directions, in order to suppress
unphysical interactions between periodic images.”** This requirement
increases the number of basis functions, making calculations expensive
in terms of both memory and computational time.

For this reason, large nanoparticles have long been treated by
classical continuum models wherein the atomistic structure is
approximated by a structure of continuously varying properties.
Then, Maxwell’s equations are solved analytically or numerically
with the frequency-dependent macroscopic dielectric response func-
tion of the nanoparticle as an input. Mie theory,”””**° finite element
methods,””’ boundary element methods,”** " finite-difference
time-domain methods,””"*** and the discrete dipole approxima-
tion®” are popular examples of continuum models of this kind,
largely inherited from the nanophotonics community. Within this
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approach, the macroscopic bulk dielectric function for a nanoparticle
is typically taken from empirical measurements,””" the classical
Drude theory,(’(’ or more recently from TDDFT calculations of bulk
metals,''? capturing some effects of interband e-h pairs. More
recently, calculations employing localized bases have been used to
describe plasmons and hot-electron generation in complex nanopar-
ticles’”” containing up to millions of atoms when utilizing less trans-

ferable, tight-binding bases.””***

B. lllustrative theoretical results
1. Bulk, surfaces, and thin films

Many experimental and theoretical studies use bulk, surface, and
thin-film geometries to probe plasmon excitation, decay, and catalytic
activity. Theoretically, such systems are often easier to treat from ab
initio calculations than confined nanoparticles due to smaller required
unit cells.

A qualitative understanding of many material-dependent effects
on hot carrier production and transport has been built through DFT
calculations. Atwater and co-workers found that the electronic structure
of different plasmonic metals (e.g., d-band position, band velocities)
gives rise to interband hot carriers with different energy distributions
and anisotropic initial momentum distributions [Figs. 8(a) and
8(b)].”***"* In contrast, the distribution of phonon-assisted intraband
e-h pairs was found to be relatively flat and material-independent.’"”
By a simple assessment of the DOS at a bulk interface between gold
and p- or n-type GaAs, the group concluded that interband electrons
excited just above the Fermi level are unlikely to overcome the Schottky
barrier and transfer to GaAs without tunneling or thermal energy, while
hot d-band holes, with energies well below the Fermi level, may transfer
freely.”'* This result was later experimentally corroborated in 7- to
15-nm-diameter nanoparticles.””” The analysis of the DFT DOS for a
gold thin film has also been used to explain the observation of enhanced
reaction rates over 10-30 nm SiO,-supported nanoparticles compared
to TiO, support.”””**’ At the DFT level of theory, interband hot
electrons in gold have sufficient energy to transfer to an adsorbed
4-nitrophenol molecule but also to overcome the Schottky barrier to
transfer to TiO, in a competing pathway.”*’

Another recent application in this field has been to aid in the
interpretation of electron and scanning probe microscopy experi-
ments. For example, DFT calculations along with electron-electron
and electron-phonon scattering rates produced a hot carrier flux at the
surface of plasmonic silver bowties in qualitative agreement with the
spatially resolved relative reactivity estimated by SEM for the hot
carrier-induced transformation of 4-NTP to 4-ATP [Figs. 8(c) and
5(a)]."”” Similarly, a DFT-parametrized tight-binding model led to an
estimated hot carrier distribution in a gold film with energies in the
range of those extracted by SPM single-molecule transport measure-
ments.”'® The qualitative effect of surface scattering was also observed
both theoretically and experimentally, with a larger hot carrier rate for
a thinner film. In mechanistic studies by Kazuma et al. on silver surfa-
ces, the analysis of the DFT DOS and projected DOS was used to sup-
port an indirect charge transfer mechanism for O, dissociation'** and
PIRET mechanism for dimethyl sulfide dissociation’'” by STM and
STM-IETS.

Recently, Carter and co-workers have developed a quantum
chemistry embedding approach to qualitatively explain ensemble
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kinetics for a number of reactions over plasmonic nanoparticles
5-10nm in diameter.'”””***""*** In their approach, a semi-infinite
metal surface is treated at the DFT level, and a subsystem of adsorbed
molecule plus a small number of surface atoms is treated with corre-
lated quantum chemistry methods. The higher-level theory allows the
computation and comparison of ground- and excited-state PESs. In
some cases, however, the quantitative accuracy of the theoretical
energy barriers is limited by the idealized surface assumption, which
neglects the contributions of plasmonic hot-spots and surface
reconstruction.”’

2. Large nanoparticles

While atomistic studies are inaccessible for large nanoparticles
(>5nm), numerous experimental studies apply continuum models to
predict the absorption spectra and near-field enhancement of plas-
monic  structures at a relatively small computational
Cost.l77,181‘215,2’17,275,273,()/1'17(1'1(7

Models of electronic phenomena such as hot carrier generation
have also been obtained from continuum models, with input from
quantum theories. For example, Govorov and co-workers have related
surface-assisted hot carrier production rates to local field strengths by
generalizing from analytical solutions to the Schrodinger equation for
non-interacting electrons confined to infinite-well potentials.”*"***
These estimates shed light on the amplified hot carrier creation in plas-
monic hot-spots™”**’ and the heavy skewing of non-thermal carrier
populations toward low-energy intraband Drude e-h pairs.”>*"’
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The latter finding is further validated by calculations within the free
electron gas”' and jellium models,””” which are non-atomistic quan-
tum toy models. From an electronic “sea” of uniform density confined
to a specific geometry, these models qualitatively capture many collec-
tive electronic phenomena (e.g., plasmons) of conduction electrons in
bulk metals and intraband surface-assisted e-h generation in nanopar-
ticles.”™ °* Unlike atomistic ab initio theories, free electron gas and
jellium models have been extended to nanoparticles up to 40 nm in
diameter, revealing that surface-assisted hot carrier production domi-
nates for nanoparticles below 10nm and is less important for larger
nanoparticles.””

However, like continuum models, free electron gas/jellium mod-
els lack the material-dependent details, which give rise to electronic
band structure and determine the contributions of interband and
phonon-assisted intraband e-h pair generation. In Sec. VIII B3, we
will consider the application of ab initio theories to smaller nanopar-
ticles to study these and other effects.

3. Small nanoparticles

For nanoparticles smaller than 5 nm in diameter, continuum and
bulk models cannot be applied; the effects of microscopically varying
electric fields, spill-out of the electronic wavefunctions, quantum
many-body physics, confinement-induced discretization of energy lev-
els, surface scattering, and the reduced screening compared to bulk
become non-negligible.””” Ab initio methods can capture these effects
and make it possible to compare across structures of varying
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FIG. 8. Computational methods for understanding mechanisms in plasmonic photocatalysis. Ab initio prediction of hot carrier populations [P(we)] as a function of plasmon
energy, carrier energy, and transition type for (a) Al, which has a relatively flat carrier distribution, and (b) gold, which has a sharply peaked carrier distribution with a high popu-
lation of d-band holes. (c) Ab initio prediction of hot carrier flux at the surface of plasmonic nanoparticles in a bowtie geometry, showing the highest flux at the tips in qualitative
agreement with reaction rates observed by SEM [Fig. 5(a)]. (d) H-H bond length in real time as computed by TDDFT with a hybrid XC potential, with rapid dissociation appar-
ent. (e) Charge on silver and H, subsystems in real time, showing a correspondingly large, rapid peak in charge transfer of 1.22e~ at 3.4 fs. (f) N-N bond length in real time.
Oscillations are visible, but no dissociation was observed within the simulation time. (g) Charge on silver and N, subsystems in real time, characterized bgﬂoscillations and a

slower, smaller peak in charge transfer of 0.94e™ at 15.3 fs. (a) and (b) Adapted with permission from Brown et al., ACS Nano 10, 957-966 (2016).

° Copyright 2015

American Chemical Society. (c) Reprinted with permission from Cortés et al., Nat. Commun. 8, 14880 (2017).'” Copyright 2017 Springer Nature Limited. (d)~(g) Adapted with
permission from Hull and Aikens, J. Phys. Chem. A 127, 22282241 (2023).”" Copyright 2023 American Chemical Society.
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microscopic composition (i.e., doping, defects, adsorbate configura-
tion) and to visualize the microscopic charge density oscillations com-
prising the LSPR.

The character of the LSPR is one fundamental focus of small
nanoparticle studies. STEM-EELS studies can resolve the LSPR energy
for individual nanoparticles.””** °*" However, the size dependence
of the LSPR energy results from an interplay of the effects mentioned
at the beginning of this section and is also affected by the dielectric
screening of the substrate and environment, making its estimation
challenging. Simple non-atomistic quantum and semiclassical theoreti-
cal models can lead to differing predicted trends for the LSPR and
qualitatively different spectra.”””*” Ab initio TDDFT calculations are
in better qualitative agreement with each other, but vary slightly
depending on the exact geometry, basis set, and XC potential.”"” "
Jellium models have shown that for nanoparticles 1-3 nm in diameter,
the LSPR couples strongly to individual e-h excitations.””' *"* TDDFT
can capture this coupling as well, including the additional damping
effects of d-band states®*”*”” and uncover a cyclical energy transfer
between the LSPR and single e-h pairs.”"* Relatively small concentra-
tions of dopants have been found to dampen the LSPR, with the effect
more pronounced for dopant atoms near the surface where the LSPR
1ives'h7(u,(177

Mechanistic insights can also be obtained from ab initio theory.
Due to the discrete electronic energy levels, ab initio estimates of e-h
generation in small nanoparticles have shown that phonon-assisted
intraband transitions contribute little””* and rates of interband and
low-energy intraband e-h pair generation deviate significantly”” com-
pared to bulk systems. TDDFT studies of small silver nanoparticles
have shown that hot electrons are more likely found on lower-
coordinated surface sites, while hot holes are distributed more homo-
geneously.””” Other such studies include adjacent carrier acceptors,
enabling the investigation of chemical interface damping, which is dif-
ficult to separate experimentally from indirect charge transfer
(Fig. 1).”° For example, the relative contributions of direct electron and
hole transfer have been quantified and found to vary with external
mechanical strain®® and adsorbate orientation.”””

To our knowledge, the largest metallic clusters treated by TDDFT
are 1415 atoms corresponding to a 3.8-nm-diameter nanoparti-
e.”*"*" Ab initio theories beyond DFT/TDDFT with semi-local XC
potentials have so far been limited to even smaller plasmonic systems
due to computational cost, but offer extraordinary fundamental insight
into these small systems. Thorough TDDFT studies on silver atomic
wires with hybrid XC potentials by Hull et al have directly
revealed the plasmon-mediated dissociation mechanisms of H, and N,
with transient negative ion intermediates, which are sensitive to
molecular orientation and the exciting electric field strength [Figs.
8(d)-8(2)].”"*** Another recent study applying correlated quantum
chemistry wavefunction methods to small jellium nanoclusters sug-
gests that excitonic and plasmonic excitations may both be present
and even hybridize for small nanoparticles,”** representing a qualita-
tive change to the current picture of their catalytic activity.

IX. CONCLUSIONS AND OUTLOOK

Plasmon-induced catalysis is promising for driving chemical
reactions using light, but an understanding of the underlying funda-
mental chemical and physical processes is required to take full advan-
tage of the opportunities in the field. Chemical reactions happen at
nanometer and sub-nanometer length scales and femto- and
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picosecond time scales, thus requiring high spatial and temporal reso-
lution techniques. In this review, we discussed in situ optical, scanning
tip-based, and electron techniques that can achieve high spatial and
temporal resolution. We have emphasized methods that are able to be
performed in situ and highlighted experiments that have already pro-
vided insight into several mechanistic uncertainties. We also
highlighted relevant theoretical methods, especially powerful ab initio
methods, which have been used to further explain mechanisms in plas-
monic catalysis.

A. Challenges

Despite the enormous progress described here, several challenges
remain.'” More improvements to resolution are needed on a per-
technique basis. While we have focused on the improved spatial and
temporal resolution here to characterize material properties and plas-
monic behavior, improved spectral resolution and lower limits of
detection for chemical species will also be necessary for in situ experi-
ments and quantification of correlated catalytic activity. Many of the
methods described here suffer from instabilities caused by reaction
conditions; realistic gas pressures and liquid environments limit the
signal-to-noise and coherence of optical and electron probes, reducing
the maximum achievable spatial and spectral resolutions. Realistic flow
conditions introduce additional instabilities, particularly in methods
that depend on a precisely positioned probe.

In some methods, even achieving the requisite resolution does
not guarantee accurate characterization. The known methods for prob-
ing ultrafast phenomena might be fundamentally unable to provide
mechanistic insights in some cases. Much of the field is motivated by
using direct solar energy or CW, low-power LEDs to drive reactions.
Exciting a system with a pulsed laser can result in nonlinear effects,
which are not achievable under CW illumination and thus may never
accurately reflect the mechanism of a reaction driven by CW illumina-
tion. Similarly, CW illumination could cause plasmonic effects to accu-
mulate, resulting in phenomena that do not occur in time-resolved
studies given the delay between pump/probe cycles.'” While these
challenges remain outstanding for many methods and reactions, direct
comparisons between steady-state and ultrafast measurements have
helped address this issue.'*’

There are also practical limitations to our ability to investigate the
behavior of plasmonic catalysts at the highest spatial and temporal
resolution. Many of the methods described in this review require hard-
to-access and/or extremely expensive and difficult-to-operate equipment,
whereas many ensemble methods are more readily available to a larger
number of researchers. Building lower-cost equipment is an active and
critical area of research, for this field and many others.””’ Beyond the
necessary developments in characterization methods, challenges such as
implementing more sustainable catalyst materials and translating our
nanoscale mechanistic insights into ensemble-scale improvements must
be addressed to drive reactions on an industrially relevant scale.

Finally, to tackle the challenge of rigorously and systematically
determining the mechanism (Fig. 1) behind plasmonic photocatalysis,
one must have computationally tractable theoretical methods that can
accurately describe the excited states, electronic correlation, electro-
n—-phonon interactions, and phonon thermalization in realistic materi-
als. Such methods are still not available, and different domain
techniques are often optimized to capture either larger nanoparticles
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(continuum models), electronic correlation (quantum chemistry/
MBPT), or dynamics (TDDFT) individually.

B. Opportunities

Many of the methods highlighted in this review have been
applied primarily to non-plasmonic photocatalytic systems, and
thus, there is plenty of opportunity in using these methods more in
future experiments to answer the open mechanistic questions on
how plasmon excitation leads to directed chemistry. We have not
covered an exhaustive list of methods, and others that have yet to
be used for ultrafast or ultrasmall measurements may be used in
the future.

There is a fundamental limit to the simultaneously achievable spa-
tial, spectral, and temporal resolution, making it infeasible to fully opti-
mize a characterization method on all fronts. Thought must be given to
choosing the method which is most well-suited for answering a given
question or finding correlative approaches that allow several methods to
be used. Correlative methods are already well established, enabling the
use of various techniques for the tasks to which they are best suited and
we expect these will play an important role in not only correlating vari-
ous temporally and spatially resolved results but also for correlating
single-particle to ensemble-scale properties. Many studies have corre-
lated optical microscopy and spectroscopy (high energy resolution) and
electron microscopy (high spatial resolution).”*>*"*******” Any number
of other methods can be correlated, such as optical microscopy with
SPM,”® electron microscopy with x-ray studies,”’” and ultrafast optical
spectroscopy with ultrafast electron diffraction.””

Many opportunities exist at the intersection of machine learning
and plasmonic catalysis and will help advance the field toward the
rational design of catalysts for a given reaction. Machine learning has
been used to determine the dimensions of gold nanorods from their
optical spectra, a task that would otherwise require electron micros-
copy.””” Improvements in synthesis using more sustainable (easily
sourced and plentiful) metals such as aluminum and magnesium will
enhance the applicability of plasmonic catalysis to solving ongoing
environmental problems.'>'"*****”" There are many opportunities
in applying this platform to address global needs beyond traditional
heterogeneous catalysis, such as in water purification.””” Plasmonic
photocatalysis sits at the intersection of two distinct and well-
established fields. Methods and findings from the early surface science
community should continue to be integrated. New interdisciplinary
possibilities also exist, such as using strong coupling or picocavities for
selective bond activation.”””

Finally, new algorithms, including those based on machine learn-
ing, may play a central role in combining different theoretical techni-
ques and capturing electronic correlation and coupling electron/ion
dynamics on the same footing. For instance, one may expect future
TDDFT calculations to employ exchange-correlation functionals fit to
MBPT or quantum chemistry calculations to describe both ion and
correlated electron dynamics on the same footing.

C. Outlook

Future advancements in the field of plasmonic photocatalysis
depend on developing a greater understanding of underlying mech-
anisms in order to design more active, selective, and stable cata-
lysts. The methods described herein are state-of-the-art for the

pubs.aip.org/aip/cpr

characterization of these catalysts at high spatial and temporal res-
olution. Unfortunately, there is no single method that allows for
the characterization of all relevant time and length scales. Similarly,
there is no universal theory that will explain every reaction, as each
is unique and the mechanism can vary widely depending on the
specifics of a given reaction. Methods to conclusively distinguish
between excitation mechanisms and isolate reaction pathways from
one another remain elusive. Advancements in our ability to observe
fast electron transfer processes and chemical intermediates on their
native time scales will be crucial, with methods such as ultrafast
electron microscopy pointing the way forward.
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