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Plasmonic-driven photocatalysis is one of the most vibrant and promising field in nanoscience. Out of
the various mechanisms known to activate chemical reactions in molecules interacting with optically
excited nanostructures, the one involving production and transfer of Hot Carriers (HCs) is among the
most relevant. Over the past decade, along with stunning advances on HCs control and manipulation,
a variety of theoretical and computational strategies have been developed to model this phenomenon
and explore its underlying physics. These techniques have provided comprehensive understandings
of HCs life stages and dynamics, and allowed valuable insights on their role in photocatalysis.
However, to date it is hard to extricate within the plethora of methods developed and the growing
number of applications they found. The purpose of this review is to survey the approaches employed
so far to model HCs photophysics, rationalizing and classifying the different studies in terms of

modelization, theoretical approaches, and approximations.

The study of light-matter interaction at the nanoscale is driving great
research efforts at the corner between physics, chemistry, biology, material
science and engineering'~. This because enhancing and manipulating such
interaction at the nanometric and sub-nanometric length scales could
provide enormous advances on a variety of fields including photonics,
catalysis, nanomedicine, and renewable energy“’.

Such progresses can be achieved by controlling the excitation of
Localized Surface Plasmon Resonance (LSPR), i.e., specific collective oscil-
latory modes of the electronic cloud, typical of nanoparticles (NPs). By
properly tuning structural properties of nanostructures namely their shape
and/or composition, it is indeed possible to finely manage the physics of the
LSPR and in turn control the wide variety of effects arising from it .

An important class of technologically relevant phenomena is related to
the LSPR decay into Hot Carriers (HCs), out of equilibrium non-
thermalized electrons and holes, which have already been exploited in
several fields like light harvesting, solar energy and photosensing
applications'’™"”. In addition, since the past decade, much effort was spent to
understand and optimize the role of HCs dynamics in the field of
photocatalysis'®>". This opens new perspectives on the technological
applications of plasmonic NPs, since they may be used for instance, to
effectively exploit solar power as a renewable energy source”” or to produce
sustainable fuels starting from simple molecules like water or carbon-
dioxide™ ™. Indeed, the high yield and selectivity commonly found in HCs-
mediated reactions’”, stimulated the scientific community to understand

the mechanism of these processes in details. To date, plasmon enhancement
of reaction rates is considered a multifactorial phenomenon possibly trig-
gered by several fundamental processes, such as charge transfer to specific
adsorbates’ antibonding orbitals, reaction barriers lowering in excited state
pathways, resonance of near fields with intramolecular transitions, and local
increase of temperature, eventually with some of these processes occurring
simultaneously” . The possible coexistence of all of these effects drama-
tically increases the complexity of the phenomenon translating into intrinsic
difficulties in distinguishing the involved mechanisms. As a consequence,
the effects of HCs dynamics can typically be only inferred and not directly
observed by experimental techniques*’™, motivating in turn the large effort
spent to investigate the problem using theoretical and computational
approaches. Indeed, in the recent years a growing number of theoretical
approaches has been applied and/or developed to study plasmonic-
generated HCs, causing the proliferation of a rich and original literature. As
schematized in Fig. 1, the amount of publications dealing with HCs mod-
eling and simulations dramatically increased over the past decade and is
certainly going to grow substantially in the next future® .

The variety of this literature is remarkable: some of the studies simulate
directly HCs generation from LSPR dephasing to the chemical reaction
ignition, others provide information on HCs dynamics and decays; in some
works the system is treated on fully atomistic grounds, in others the plas-
monic NPs are treated as a jellium; the electron-electron (e-e) interactions
are taken into account at many different levels of accuracy ranging from

"Department of Physics, University of Milan, Milano, Italy. 2Department of Chemical Sciences, University of Padova, Padova, Italy. *Department of Physics and

Astronomy, University of Bologna, Bologna, Italy.

e-mail: mirko.vanzan@unimi.it; margherita.marsili@unibo.it

npj Computational Materials | (2024)10:222


http://crossmark.crossref.org/dialog/?doi=10.1038/s41524-024-01412-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41524-024-01412-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41524-024-01412-5&domain=pdf
http://orcid.org/0000-0003-3521-8045
http://orcid.org/0000-0003-3521-8045
http://orcid.org/0000-0003-3521-8045
http://orcid.org/0000-0003-3521-8045
http://orcid.org/0000-0003-3521-8045
http://orcid.org/0000-0003-1009-287X
http://orcid.org/0000-0003-1009-287X
http://orcid.org/0000-0003-1009-287X
http://orcid.org/0000-0003-1009-287X
http://orcid.org/0000-0003-1009-287X
mailto:mirko.vanzan@unimi.it
mailto:margherita.marsili@unibo.it
www.nature.com/npjcompumats

https://doi.org/10.1038/s41524-024-01412-5

Review article

300
Searched keywords
- Hot carriers modelling
250 - Hot carriers simulation

200

150

Number of publications

50

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

Fig. 1 | Number of publications per year, containing the words “Hot carriers
modeling” and “Hot carriers simulation” in their title and/or abstract. Publica-
tions include original articles, proceeding papers, reviews, book chapters, early
access resources and meeting abstracts. Citation Report graphic is derived from
Clarivate Web of Science, Copyright Clarivate 2024. All rights reserved”**”".

independent particles level to highly correlated quantum chemistry meth-
ods; in some cases electron-phonon (e-ph) and electron-holes (e-h) inter-
actions are explicitly considered while in others they are neglected and,
finally, the LSPR is either described as an additive effective field acting on the
system, or as stemming directly from the electronic system, being one of its
possible neutral excitation.

The large amount of methods used to approach this topic is an evidence
of the interest it raised over the years, of the challenges it poses and of the
different communities that are involved*. Rationalizing this huge amount of
original theoretical works is the purpose of this review, which is organized as
follows. First, we will provide a brief description of the physics behind the
HCs phenomena, focusing on their generation, evolution and decays within
a metallic NP. We will also describe the various ways in which these carriers
can be exploited to catalyze chemical reactions at the NP surface. After that
follows the core of this work, where the various strategies developed to
investigate HCs phenomena are reviewed and rationalized. A first major
distinction here is made between studies employing jellium models and
those that adopt an atomistic descriptions of the NP. Within those two
frameworks, broad sets of techniques have been developed in order to
describe the evolution of the electronic system, going from rate-equation
based models*"**, to ab-initio approaches based on Density Functional
Theory (DFT) and Many-Body Perturbation Theory (MBPT)**". A specific
section is then devoted to the strategies that allow to increase the size of the
simulated systems, focusing in particular on multiscale techniques, where
different parts of the system are treated with different level of theoretical
sophistication. Finally, perspectives on how the field might develop in the
future are provided, taking into account the constraints and limitations that
currently affect the available methodologies, and suggesting possible devel-
opements while also considering the most recent advances in the field of
plasmonics. As Supplementary Information, we provide a brief overview of
the main theoretical approaches mentioned in the review, in order to ease
readers unfamiliar with these methods to quickly grasp their main features
and basic principles. Classical electromagnetic techniques (which are able to
describe LSPR features of large metallic NPs, local electric field enhance-
ments and even some features of e-h spatio-temporal dynamics™), are
already extensively reviewed™ and thus intentionally left out from the pre-
sent work when they are not part of a multiscale description of the system.

A challenging problem
A general outline of plasmon generated HCs lifecycle is schematically shown
in Fig. 2, panels a-d. Following the optical excitation (Fig. 2a), and

disregarding radiative recombination, (which can reasonably be neglected
considering small sized NP*~*), within the firsts tens of femtoseconds the
collective motion of the electronic cloud starts to dephase and decays in e-h
pairs (Fig. 2b)'*”. Before going on into the description of the fate of these
photoinduced electronic excitations, it is worth noting that a unified picture
of this preliminary decay is not yet available, as its theoretical description
depends on the scheme chosen to model the process and on the assumed
corresponding approximations™. In particular, there are two major
approaches that intimately depend on the description of the LSPR:

(I) the LSPR is considered in its polaritonic nature as a mixed light-
electronic mode, either quantizing the corresponding field”™' or con-
sidering it at the semiclassical level”, and its decay into e-h pairs is ascribed
to the so called Landau damping which, in the quantized case, takes the form
of polariton-electron interactions®. In this class of approaches the electronic
system of the metallic NP is first treated macroscopically, providing a local,
space, and frequency-dependent dielectric function e(r, w) which is used to
compute the polaritonic local fields by solving the Maxwell’s equation with
the appropriate boundary conditions given by NP shape and size. Even-
tually, such fields can be treated as quantum objects, following a quantiza-
tion procedure™”. Secondly, the electronic system is considered as a
quantum system and its interactions with the (classical or quantized)
polaritonic field is typically treated at the lowest order of perturbation
theory, most of the times using the Fermi’s golden rule. In this framework,
the effects on e-h pairs generation from the scattering with phonons, defects,
and NP surface might also be included'"*.

(II) The LSPR emerges as one of the possible optical excitation of the
electronic system, and is excited by an external electromagnetic field, usually
treated classically in the dipole approximation. The decay in e-h pairs is the
result of e-e interactions and can be witnessed for example through the
analysis of the contributions of single particle transitions at different times**
or by projecting the system’s total density matrix on the basis of the atomic
orbitals, to analyze the s, p and d character of the bands HCs populate®. In
this second class of approaches, the electronic system is treated consistently
at a microscopic level throughout the calculations.

The choice of one approach over the other sensibly influences the
possible information and interpretation that can be obtained by the com-
putational study, especially the ones focusing on the HCs generation, as we
will discuss later. However, in both of these pictures, these preliminary
energy and momentum transfers within the electronic system, result in an
out-of-equilibrium distribution of the carriers (Fig. 2b) which rapidly
relaxes to an equilibrium Fermi-Dirac distribution with an apparent tem-
perature higher than the one of the lattice (see Fig. 2¢) through e-e scattering.
Without any intervention, carriers thermalize to ambient temperature by
e-ph scattering (see Fig. 2d), recovering the original Fermi-Dirac distribu-
tion of the NP*®. However, in the presence of appropriate species at the NP
interfaces, the energetic carriers could be collected, for instance, into a
semiconductor upon overcoming the Schottky barrier”’, or interact with
molecular adsorbates triggering chemical reactions.

Several fundamental mechanisms underlie HCs-molecule interactions
and their combination/competition drives the molecular evolution toward a
specific reaction product™”"””. As schematized in Fig. 2e, the main processes
that are possibly involved are:

1. Direct Charge Transfer: the electromagnetic radiation directly excites
electrons (or holes) into the target molecule’s orbitals leaving a cor-
responding hole (or electron) in the NP. The presence of this additional
charge on the molecule eventually weakens (or strengthens) the
interatomic interactions favoring the cleavage (or formation) of certain
covalent bonds, in the simplest cases because antibonding (or bonding)
orbitals are populated. This process requires the molecular orbitals to
be strongly hybridized with the NPs bands and molecular unoccupied
levels properly aligned with the HCs distribution;

2. Intramolecular excitation: the optical excitation promotes an intra-
molecular electronic transition from a molecular binding state to an
antibonding orbital. Here, the role of the NP is to provide the near-field
enhancement of the radiation impinging the target molecule. The
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Fig. 2 | HC:s life stages and possible effects on molecular adsorbate. a-d Graphical
scheme of the different HCs life stages. Upper panels show what happens inside the
NP, lower panels display how the occupancy of system’s energy levels changes along
the process. Central arrow marks the time evolution of the phenomenon. a LSPR
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of e-h pairs. ¢ Intracarriers scattering and electronic cloud thermalization. d HCs
energy dumping and equilibration to lattice temperature. Adapted with permissions
from refs. 11,272 Copyright 2015, 2022 Springer Nature. e Scheme and short list of
the mechanisms behind HCs catalyzed chemical reactions. Adapted with permis-
sions from ref. 20 Copyright 2023 Springer Nature.

constraint in this case is that the energy of the external field must be
resonant with a bright transition leading to the intramolecular
excitation;

3. Indirect Charge Transfer: the optical excitation generates an excited
e-h pair population within the NP. Subsequently, part of this
population moves towards the target molecule. Here what matters is
the alignment between the molecular electronic energy levels and the
energy of the excited carriers;

4. Transient HCs Spillover: the carriers transiently spill out from the NP
and interact with the absorbed species, transferring part of their energy
into specific molecular vibrations, which in turn ease the cleavage of
chemical bonds. This mechanism, which may be triggered by HCs
lying below the molecules antibonding energy level, is not expected to
provide much energy to the molecular species, but it could persist as
long as the HCs energy is completely dissipated;

5. Increase of Local Temperature: when HCs dissipate their energies by
e-ph scattering, the temperature of the system sensibly increases and
this induces excitations of molecular vibrational modes which may
favor the chemical reaction.

Simulations of HCs generation and evolution allow a fine control
over all the factors brought into play and therefore represent a privileged
point of view, potentially able to unambiguously unravel the physics
behind HCs-related phenomena. Of course such large advantages are
balanced by great challenges which are not only ascribed to the modeling
of non-equilibrium excited state dynamics of an interacting electronic
system (and its eventual coupling to the nuclear degrees of freedom) but
also to the presence of different components and different space and
time scales. For instance, in the modeling of plasmon-enhanced pho-
tocatalysis, the electronic coupling at the NP-adsorbate interface
requires an atomistic description of the region, whereas common plas-
monic NP size ranges between 10 nm to 100 nm; the LSPR decays within
10 fs, but HCs generation may take 10-100 fs, while the their relaxation
occurs in about 100-1000 fs""*7".

In the next sections we will try to summarize and rationalize the efforts
that the scientific community has spent to face these challenges in the recent
years. In order to ease the discussion on the various methods, in Table 1 we
provide a scheme to summarize and quickly compare what will be exten-
sively explored in the following sections.

Jellium models

Within the category ellium models’, we group all the techniques where the
electronic wavefunctions explicitly include only valence electrons, and
where core electrons and nuclei are accounted implicitly as an homogeneous
background. This kind of modeling has been successfully applied to study
HCs generation, relaxation, and transfer as the relatively light amount of
computational resources required allows the simulations of large-sized
systems (up to tens of nm), properly taking into account the effects coming
from NPs geometries, compositions and arrangements. The relative cost-
effective use of computational resources makes this technique very flexible
and suitable for the investigation of collective plasmonic modes, extra-
polation of general trends, and identification of novel effects. However, as
they lack of chemical details, these methods do not allow insights related to
specific energy level alignments or orbital population. Moreover they can
not be used to study dynamical processes involving nuclear dynamics, as in
the case of plasmonic-driven chemical reactions. Nevertheless, despite the
lack of atomistic resolution, jellium methods provided important insights on
the physics underlying HCs dynamics, with the carriers being treated with
different levels of theoretical sophistication. In some cases valence electrons
are described as independent particles, in others they are subjected to a mean
field produced by the other carriers. More refined correlation effects are also
included at the DFT or MBPT level. As already mentioned, the plasmonic
excitation are either treated as classical (or quantized) field or as one of the
possible neutral excitations of the electronic system.

A first basic understanding of HCs generation by LSPR decay using a
jellium approach dates back to 2014”. Using a semiclassical model the
authors considered spherical Ag NPs as free electrons in spherical quantum
well, and accounted for the LSPR as a classical field added to the external
potential. HCs generation has been evaluated using Fermi golden rule taking
into account the optical matrix elements. Although not treating the plas-
monic and the single particle excitations at the same level (and thus not
taking into account the interplay between the two processes), the work
showed how the plasmonic field enhancement is responsible for HCs
generation, demonstrating that the rate of this process follows the NP
absorption cross-section profile, with a peak at the NP LSPR frequency. As
shown in Fig. 3a they also investigated the role that particle size and carrier
lifetime have in HCs production and the results qualitatively follow the
available experimental data. A similar approach has been employed to
investigate HCs production in non-conventional plasmonic materials™® and
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Table 1 | Collection of the methods employed to study HCs photophysics

Modelization

Properties

e-e and e-ph interactions approach

LSPR and e-radiation interactions approach

Jellium NP

HCs generation rates® 276777915 ' gnergy

distributions™®"*?, steady state distributions®’,
dynamics®®%, transport across junctions®"2%,
lifetimes, line widths and decay rates®'**°, optical
absorption spectra®?*®, field enhancements®?%*

Free electrons®'676-79.81-83.86.87, DETEO.

empirical e-e* and e-ph®*®**’, ab-initio
e-e°% gcattering rates; HF®®; GW®%,
TDDFT#2%

Plasmon: classical®’®"® or quantized®' solution of

continuum electromagnetic equations; e-radiation
interaction: Fermi golden rule with optical matrix
elements®’®”’, coupling to time-dependent external
field within the dipole approximation®**

Atomistic bulk

HCs distributions®®'041%8.1% ifetimes® %% decay

Empirical or fitted e-ph

Plasmon: quantized solution of continuum

and slab mechanisms®'%'% populations dynamics*®'%; coupling''%'""26426% gh-jnjtio e- electromagnetic equations*®%'91%81%%: e_radiation
charge and energy transfers''’; transient absorption ~ e*%'%4'%% g-ph?*®£0108.1%% gcattering interaction: lowest order interaction
spectra'!!112:264265. axcited state reaction rates, electronic heat capacity'""; vertex*®60:100.10810% gh_injtio e-photon-ion collision
barrierSTTS,ﬁA DFT113.114 termTUll
Atomistic NP Absorption Fd-TDDFT'2118-123.126153, e-radiation interaction: coupling to time-dependent
with frozen spectrg® 98 118-128:126,185,138-149,151-153,176-180,162,185; |ing TDDFT®4%818154 orpital-free external field within the dipole
nuclei Widthg®*119.120180.182; gingle particle TDDFT'"®"®; DFT-parametrized tight-  approximation?®6465118-123126,138-140,142-151,162,185
transitiong'1812"122:140.141,149.1%%, inqyced charge binding with time propagation of the
densitigs213199.142-144152.178.179. oy rant single-particle density matrixe 182185266
densities'*®'**'%2, field enhancements®®'**%; time-
dependent induced charge densities®'*>'*°,
transition contributions® 451",
populations®'“7'%1%5 energy distributions® 16
HCs generation'**'471%018%: charge and energy
transfers'&148.154
Atomistic NP Transient absorption spectra'®, time evolution of TDDFT-+Ehrenfest Excitation modeling: artificial population of
with nuclear charge transfers'®, dipole moments'**, HCs energy dynamicg®'4%:158,195.162,164,191,267. TDFT unoccupied orbitals'®*"*"'% initial configurations
dynamics distributions'*®, bond lengthg®® 153161162 164171186 hong | FSSH®162:166-171.266269 ' p_matrix from finite temperature adiabatic molecular
energies®”’, induced charge densities'®"'*, formalism'®’, TD-density functional dynamics®16%1712682%% o_radiation interaction:
populationg®®:69%162164.167-169171,186.267.268 oyt tight-binding'® coupling to time-dependent external field within the
energiesﬁg,171,268,269’ Chai’ge IocalizationWN,157,170,171,185, dlp0|e approximation30‘145,153,161,152,164,185,267
broadening of plasmon peaks'®; interfacial charge
transfer'®
All quantum Time evolution of induced charge densities*'*°,bond ~ TDDFT + Ehrenfest dynamics®*'® e-radiation interaction: coupling to a time-
jellium- lengths®*'®°, charge localization®*'*°, populations'®’, dependent external field within the dipole
atomistic transition contribution coefficients'®"; absorption approximation®*'®
multiscale spectra®
All quantum Induced surface dipoles'®?; plasmonic peaks DFT + HF and CASSCF'%*"%*; DFT + Does not apply to these methodologies
atomistic broadening'®; ground and excited state reaction CASSCF and NEVPT2'%'%; DFT +
multiscale pathways'®*"'%?%"; charge transfers'®; charge CASPT2!96:197.199-201
localization along reaction pathway'®’;
Quantum- Time evolution of bond lengths'®’, energy transfers®”®,  TDDFT +- discrete interaction e-radiation interaction: coupling to a time-
classical dipole moments®**; absorption'"?*?? and surface- ~ models®'%*'%; DFT + MM + dependent external field within the dipole
multiscale enhanced Raman spectra®'®; extinction capacitance polarization model®'; approximation'®'?'7:22%

coefficients®'®; induced charge densities®”; decay
rates®®, excitation energies®'**'"*

HF?'72%; TDDFT + classical
electrodynamics®®; TDDFT + MM +

PCMZ; MBPT + PCM?%?

Here we classify the main reviewed approaches based on systems modellization, computable quantities, and interactions theoretical backgrounds. Acronyms are defined as follows: Hartree-Fock (HF),
Fewest Switches Surface Hopping (FSSH), Complete Active Space Self-Consistent Field (CASSCF), N-Electron Valence state Perturbation Theory up to second order (NEVPT2), Complete Active Space
second order Perturbation Theory (CASPT2), classical Molecular Mechanics (MM) and Polarizable Continuum Model (PCM). TDDFT indicates Time-Dependent DFT, prefixes fd- and rt- refer to frequency

domain and real time, respectively.

on composite nanosystems’’, suggesting that core@shell NPs composed by
an alkaline metal core and a transition metal shell, could present remarkable
HC:s production rates. Other studies based on similar physical ingredients,
i.e,, non-interacting electrons confined within potential wells in the presence
of an external electromagnetic field plus an additional classical field repre-
senting the LSPR (calculated on the basis of Maxwell’s equations) treated as
a perturbation, showed how the energy distribution of excited carriers
strongly correlates to the NP size and, depending on the symmetry of the
nanocrystal, also on the polarization of the incident radiation’®”. In these
studies the enhancement of HCs generation is connected to the non-
homogeneity of the plasmonic field, which can be also interpreted as a
consequence of the translational symmetry breaking and consequent non-
conservation of momentum due to electron-surface scattering”. The
amplification of carriers generation in a dimer geometry has been also
studied, highlighting the important role of hot spots in these kind of
nanostructures® and to estimate the rate of HCs available for photon
upconversion in a metal-semiconductor device, obtaining a 25% yields for
small silver nanocubes®. Such a theoretical tool has been further refined in
2017 when Besteiro and coworkers computed the rate of hot electrons

production depending on the NP size, geometry, and compositions™. By
including energy-dependent e-e scattering rates, to obtain the steady state
distribution of excited electrons, the authors computed the rate of hot
electrons production in gold and silver nanosystems with different sizes,
arrangements, and morphology. An example of these results is pictured in
Fig. 3b where hot electrons production rate in two different Au structures
are shown. Such predictions were able to capture the mechanisms under-
lying LSPR dephasing, namely the Drude-like friction process and further
interband carriers excitation, plus the generation of HCs due to surfaces or
chemical hot spots. This technique revealed itself as particularly flexible
since it could to make predictions on complex NPs shapes (such as
nanostars and nanorods), confirming the main role of hot spots in HCs
generation®**. Finally a jellium model including a quantized description of
the plasmonic field coupled to a non-interacting electrons system has been
used to look at the effects that an optically active environment might have
into the LSPR decay into e-h pairs®’.

Aiming to investigate HCs relaxation dynamics, a master equation for
the time-dependent single-particle population, including the effects of e-e
and e-ph scattering, was propagated in time**"’. In these works the NPs are
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Fig. 3 | Examples of results obtained using jellium models. a HCs distributions
upon excitation of Ag nanospheres at plasmon frequency (3.65 eV). Red and blue
lines represent the distribution of hot electrons and holes. Top and bottom panels
refer to nanospheres with diameter of 15 nm and 25 nm respectively. Distributions
obtained using different HCs lifetimes 7. Calculation performed at the semiclassical
level, modeling the NP as a jellium. Adapted with permissions from ref. 62 Copyright
2014 American Chemical Society (ACS). b Rates of hot electrons generation at

6.7 eV for two different Au nanostructures as a function of their size, modeled

through a jellium approach. Systems excited with a radiation matching the LSPR.
Graph shows both numerical data and analytical results. Adapted with permissions
from ref. 83 Copyright 2017 ACS. ¢ Top: scheme of the method adopted to inves-
tigate a jellium nanosphere. Bottom: HCs distribution (left) and photoluminecence
yield (right) at 100, 250, 500, and 1000 fs upon excitation of LSPR (3.5 eV). In this
case Ag nanosphere has a diameter of 6 nm. Red and blue lines represent the dis-
tribution of hot electrons and holes respectively. Adapted with permissions from
ref. 87 Copyright 2018 ACS.

treated as jellium nanospheres, e-e scattering rates are explicitly computed
using a screened Coulomb interaction approach while e-ph scattering rates
are empirically parametrized. These studies emphasize the role of e-e
scattering and show that, while the time scale of single e-e scattering events is
very short (~10 fs), the HCs distribution lifetime is significantly larger
(~100-1000 fs) as shown in Fig. 3c. This because hundreds of scattering
events per single electron are required for a complete thermalization of the
electronic cloud. Similar results have been recently obtained using a model
which also account for the HCs generation and further extraction by an
attached molecule®.

Jellium approaches where the electron correlation is treated at the DFT
level have been employed to study electron transport through an atomic
junction in a plasmonic dimers®. Here the authors found a strengthening of
the electronic current with the decrease of the NP-NP gap size, and this has
been ascribed to the plasmonic local field enhancement which was found
being strongly anisotropic and frequency dependent. Similarly in ref. 90 a
plasmonic dimer has been modelled as a two levels system, showing that the
presence of low energy plasmons can lead to remarkable charge transfers
rates if the resonance between the two levels system matches the Fermi
energy level of the NPs. Analogous effects on the tunneling currents between
NPs and a two levels quantum dot have been also found”.

Modeling the plasmonic NP as a jellium allowed also to explore the
impact a dielectric environment has on HCs generation and thermalization.
Using DFT to calculate the effective e-e interaction, it was possible to show
how different dielectric environments modifies the NPs density of states and
thus influences the HCs production rate. In particular higher generation
rates are found when the host materials has large dielectric constants, since it
produces larger electron-plasmon couplings™.

MBPT approaches have been seldomly applied to this kind of systems
within the jellium framework. In ref. 93 the authors adopted an equation of
motion for the density matrix to study the time-dependent dynamics of

photoexcited electrons within a 0.5 nm sphere, treated as a jellium system,
including also the Coulomb interaction at the mean-field HF level, yielding
resonances shifts and state mixing at the linear response level. The lifetime of
single particle excitations for jellium spheres with sizes up to 10 nm have
been studied using the GW approximation for the electronic self-energy™.
The calculated lifetimes are in the femtosecond range and resulted almost
independent by the NP size. Their energy dependence however strongly
deviates from the bulk one and this is explained in terms of localization of
the excited electrons close to the surface, where screening is reduced”. More
recently, the adoption of MBPT within the GW approximation lead to the
estimation of coupling strength of quasiparticles to neutral excitations in a
series of sodium NPs”. This approach shows how in those systems HCs
distributions present discrete peaks, with hot electrons collecting a con-
siderable fraction of the LSPR energy. Moreover, compared to semiclassical
models, this approach allowed the estimation of more accurate production
rates, especially in smaller NPs.

Ab-initio atomistic approaches, frozen nuclei

While providing important insights on the general mechanism of HCs
generation and dynamics, jellium models can not explicitly account for the
material dependency of the processes”. Indeed the inclusion of the nano-
system’s nuclear texture and its consequent well defined band structure,
strongly influences optical excitation, carriers’ generation rate, transport
properties, and fields enhancements™. This in turn has remarkable impact in
determining absorption spectra, carriers’ lifetimes”, energy and momentum
distributions'”, vibronic couplings'®, and the dynamics of carriers
population”. Moreover, the atomistic structure plays a dominant role in how
metal-adsorbate interfaces affect the plasmon damping and therefore deeply
affects the photocatalytic properties of the systems'”’. For these reasons, in the
past years the computational nanoscience community devoted huge efforts in
modeling HCs phenomena using fully atomistic first principles approaches'”.
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Such methods indeed explicitly account for the existence of the atomic
nuclei, providing a detailed description of the system’s electronic band
structure. This comes at the cost of a higher consumption of computational
resources. Therefore such techniques are typically employed when inves-
tigating the opto-electronic properties of small sized structures (composed
by hundreds of atoms), and when modeling specific electronic process (such
as carriers transfer). However, strong efforts are made in the community to
increase the size of the systems that can be studied (see section “Increasing
the size of the system”). As summarized in line 2 of Table 1 a first class of
studies characterizes the first phases of the LSPR decay through the deter-
mination of transport properties such as HCs lifetimes and mean free paths
built upon calculations of bulks or slabs-related quantities**'**'”*, The DFT
bulk density of state, for instance, has been used in ref. 104 to build an
effective one-band model from which Seibel and coworkers derive the
collision integrals for the electron-elctron and absorption terms of the
Boltzmann equation for time-dependent electron distribution of noble-
metal nanoparticles.

The computational strategy used in these works relies on considering a
quantized LSPR field of an infinitely extended interface between a metal,
with its own frequency-dependent dielectric function, and a dielectric
material, whose electromagnetic response are modelled through a
frequency-independent dielectric constant; in the meantime, the coupling of
the LSPR with bulk carriers is computed using the lowest order interaction
vertex’”'”. In this framework, the plasmon decay and consequent carriers
distributions and lifetimes have been studied for a range of materials using a
first principle approach based on DFT coupled with Wannier interpolation
methods to calculate the band structure and the entity of e-ph interaction,
while the description of e-e contribution to the carriers lifetime relied on the
GW approximation'”. Distinct microscopic decay mechanisms can be
evaluated in this way, from direct interband excitations to indirect phonon-
assisted and intraband geometry assisted ones'””'”. As represented in
Fig. 4a, these studies show how in the HCs generation phase, the direct
excitation mechanism dominates above the interband threshold, while the
geometry assisted one, relevant at lower energies, becomes more and more
relevant as the size of the system shrinks. The importance of the direct
process for Au and Ag is reported also in ref. 60, where similar energy-
dependent carriers lifetimes (1 to ~30 fs) and comparable (~10 fs) e-e and
e-ph scattering rates and relaxation times were reported”.

In search for the optimal plasmonic material, the optical properties and
carriers lifetimes of bulk transition metal nitrides have been studied using a
similar methodology'”. In this case, the more complex bands structure leads
to exotic carrier distributions, covering the entire range from the Fermi level
to the photon energy, and interband direct processes dominate HCs gen-
eration while the indirect phonon assisted ones are important at lower
energies. By combining the aforementioned approach with non-linear
Boltzmann equations it was possible to study the excited carriers population
dynamics for the interpretation of pump probe experiments in gold NPs*.
With this setup the authors proved that the optical stimulation generates a
non-equilibrium electron distribution, which in the first 100 fs decays and
populates levels close to the Fermi energy, thermalizing in ~700 fs. Further
thermalization with the lattice happens over several ps.

Concerning ultrafast femtosecond spectroscopies on plasmonic
nanostructures, it is worth mentioning in this section the so called Three
Temperatures Model (3TM), a semiclassical rate equation approach which
typically gets from experiments, but in principle also from ab-initio calcu-
lations, part of its microscopic ingredients such as the e-e scattering rates
and e-ph coupling coefficients"”. The rate equations of the 3TM describe the
temporal evolution of three energetic variables: the excess energy density of
non-thermalized electrons, an electronic term directly related to the optical
excitation, and the electronic and lattice temperatures. The dynamics of
these three variables are coupled by coefficients that include e-e and e-ph
scattering rates and are modulated by temperature dependent electron and
lattice heat capacities. This approach has been applied to study the HCs
generation yield in metal-oxide nanocomposites decorated by plasmonic
Au NP', the ultrafast non-radiative relaxation of optically excited free

carriers in CuFeS,'", and more in general the ultrafast dynamics of non-
thermal electrons in gold nanostructures'”.

Atomistic slabs models were employed to study how HCs affect
reaction energy profiles in plasmonic-driven molecular reactions: com-
bining the DFT - Nudge Elastic Band (NEB) method ASCF-DFT (in which
the electronic population is constrained in an excited state configuration), it
was shown how the presence of extra electrons coming from metallic sub-
strates might promote their evolution towards reduced species'*"**. Also in
these cases the plasmonic NP was modeled as an extended surface; the
optical excitation, on the other hand, has been indirectly introduced,
mimiking its effect through the presence of an additional electron or an
excited e-h pair in the system. When describing the entire NP on atomistic
footing, as shown in the third row of Table 1, most of the studies rely on
TDDFT, which, within the available approximations of the exchange-
correlation kernel, allows the simulations of moderately large and complex
structures'”. Within TDDFT, the LSPR consistently develops as the
response of the whole electronic structure to the external field coupled to it
through the dipole approximation.

TDDFT equations can be solved either in frequency or time domains.
In the frequency domain, a configurational representation in the space of
single-particle transitions is used, leading the so called Casida’s
equations''’. This approach provides important information on excited
states (such as its decomposition in terms of single particle transitions) but
is computationally demanding, especially if looking at the high energy part
of the spectrum'"”'"*,

First TDDFT studies of the plasmonic response of metallic nanos-
tructures focused on systems composed of a few tens of atoms. For instance,
in 2008 a TDDFT-based determination of the absorption spectra of small Ag
nanoclusters (ranging from 20 to 120 atoms) showed how the energy of the
main absorption peak, associated to the LSPR, decreases as the size of the
nanosystem increases, while the peak width stays approximately constant'",
thus suggesting a common time scale for the dephasing of bright transitions
(like the LSPR). Later, the optical responses of Au nanoclusters with sizes up
to 172 atoms were analyzed, focusing on the dependence of the LSPR peak
position'”’. The results confirmed the picture found on Ag based systems,
highlighting at the same time the main role that the system’s geometry has in
determining the spectral shape. Further insights on Au structures with
smaller sizes revealed that the main absorption peaks in the optical spectrum
are composed by mixed intraband and interband transitions'"'*.
Frequency-domain TDDFT calculations were succesfully applied also in the
case of multi-particles systems'” nanoalloys'**'”, and demonstrate the
existence of long-living triplet excited states in small metallic
nanosystems'”. While novel algorithms based on the complex dynamical
polarizability allowed the application of frequency-domain TDDFT also to
larger size systems up to ~400 atoms'*'”"** the standard frequency-
domain approach method has been effectively employed also in the study of
the optical transitions involved in photocatalysed reactions, such as the
reduction of organic molecules over metallic surfaces™ and the CO,
methanation over Ag,s nanocluster, as show in Fig. 4b'*".

Linear response properties can be addressed within TDDFT also
employing real-time propagation (rt-TDDFT). In this case the optical
response of the system is obtained by Fourier transforming the real-time
evolution of the electronic dipole excited by a delta-like external pulse which
equally excites all possible electronic modes. While no energy limitations
due to computational burdening is present within rt-TTDFT, part of the
information on excited states, such as the single particle transition con-
tributions, is typically lost (although techniques are being developed in order
to recover it'"*°). Moreover the quality of the simulation and in particular the
absorption peaks resolution strongly depends on the choice of calculation
parameters such as the trajectory length or the size of the box containing the
system (in the real-space framework)"”. This kind of time propagation is
anyway really powerful and largely employed in the study of the optical
properties of a variety of systems, including plasmonic structures like
nanotube assembly'** and Na ring dimers"”. These works showed the effect
different incident field polarizations have on various aggregates
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Fig. 4 | Examples of results obtained using ab-initio atomistic models. a HCs
energy distribution as a function of plasmon frequency and carrier energy for Auand
Ag semi-infinite surfaces. Here the first principle calculations allow to account for
the decay of LSPR due to indirect (phonon-assisted, red) and direct (blue) transi-
tions. Adapted with permissions from ref. 108 Copyright 2016 ACS. b Experimental
absorption spectrum (blue line) and TDDFT calculated excitations (red lines) for the
Ag,5(SPhMe,) ;4 cluster. The calculations, based on Casida equation, allow to
decompose the excitations into single orbital contributions. Highest Occupied and
Lowest Unoccupied Molecular Orbital (HOMO and LUMO) are here depicted as
they are involved in several optical excitations. Adapted with permissions from
ref. 135 Copyright 2021 ACS. c. rt-TDDFT optical response of Agss; NP upon
excitation with a laser pulse (green line). Top: (1) to (5) show the oscillations of the
electronic density at different time frames; red and blue colors marks electron
accumulation and depletion respectively. Bottom: time evolution of NP dipole

moment, together with the dynamics of the total energy acquired by the NP, and its
decomposition in terms of resonant and non-resonant transitions and Coulomb
energy. Adapted from ref. 64 Copyright 2020 Authors, licensed under a Creative
Commons Attribution (CC BY) license. d Snapshot of Au,, nanocluster surrounded
by water molecules, together with the time evolution of the laser field and O-H bond
lengths (dop) of the water molecules, calculated coupling rt-TDDFT with Ehrenfest
dynamics. Adapted with permissions from ref. 161 Copyright 2018 American
Chemical Society. e Time evolution of C-O bond length in a Ag;4,-CO, system
(shown enclosed) at different electric field intensities (E,,,y) calculated through a
Non-Adiabatic Molecular Dynamics (NAMD) approach. On the right side, dyna-
mical changes in the occupation of the Kohn-Sham states obtained upon excitation
with a laser pulse where Epo= 0.1 V/A. Adapted from ref. 30 Copyright 2022
Authors, licensed under a CC BY license.

configurations, addressing the origin of the low energy charge-transfer
excitation and suggesting a way to tune the optical response based on the
relative position of the components. rt-TDDFT allowed also to look at the
optical spectra and plasmonic character of excitations in noble and transi-
tion metals arrays'*’ whereas, in linear metallic chains the dependence of the
LSPR with respect to chains lengths and nature has been accurately inves-
tigated confirming the presence of non-linear effects connected to the
Landau damping of the collective oscillations'"'. As already mentioned, with
rt-TDDFT approaches it is possible to investigate systems with larger sizes
compared to frequency-domain techniques. For example, it have been
possible to explore the LSPR of ichosaedral gold'** and silver'*’ aggregates
made of more than 1000, allowing to study the development of the plas-
monic modes with increasing cluster sizes and the screening effect caused by

the d electrons. The optical spectra of Al and Ag NPs of up to c.a. 560 atoms
have been also characterized'*.

Going beyond the determination and characterization of the optical
linear response of the system, if the external field is set resonant with the
LSPR, rt-TDDFT simulations can be applied to study directly the dynamics
of plasmonic HCs witnessing the microscopic mechanisms of generation
and injection. For example, in this way, it was possible to study HCs gen-
eration in Agss nanoclusters favored by the presence of single band tran-
sitions resonant with the LSPR'*, and HCs injection in a variety of systems:
in 2019, a rt-TDDFT study of prototype metal-acceptor interface
Ag4,Cd;35Ses3; showed the existence of a direct hot electrons transfer
between the metallic center and the semiconductor'*’, whereas in the case of
the Ag,, interface with TiO,, charge separation happened in two steps

npj Computational Materials | (2024)10:222


www.nature.com/npjcompumats

https://doi.org/10.1038/s41524-024-01412-5

Review article

consisting in a first fast (~10 fs) electron injection from the cluster to the
semiconductor due to the LSPR decay, followed by a second charge sloshing
between the two components due to a low frequency charge transfer plas-
monic mode'”’. The simulation of CO absorbed on Ag, 4, instead showed
how hot electrons stemming from LSPR decay could be actually transferred
to the molecular adsorbate and how the transfer probability dependeds on
the adsorption site'*. The important role played by the NP-molecule cou-
pling for HCs generation and injection was also shown in the cases of
sodium cluster-hexacene' and Ag, Cu, and Au clusters-CO systems'”.
Analysis on the role of the local atomic environment on the HCs generation
unveiled how in Agse; the energy of an external pulse is distributed among
resonant and non-resonant transitions, with the former responsible for the
HC:s generation, receiving the largest part of the pulse energy, as shown in
Fig. 4c. Moreover with this method it was possible to demonstrate how low-
coordinated sites produce larger amounts of hot electrons while hot holes
are produced more homogeneously within the NPs, this difference being
addressed to the different sp and d character of the bands*. In the meantime,
a plasmon-mediated non-linear response has been found in the electronic
dynamics of an Agg cluster'”'. Linear chains of metallic atoms have been
studied to investigate the dynamics and catalytic properties of HCs,
demonstrating that molecular bond cleavage can be catalyzed by non-linear
effects in tunneling currents'”, plasmonic enhancement of local electric
field"™ and by the activation of inner vibrational modes by hot electrons
injections"™. Interestingly, all these studies highlight the paramount
importance of the chemical property of molecule over other features such as
the NP nature or shape.

Coupling electronic and nuclear motion

Nuclear degrees of freedom and their coupling with the electronic system
may influence carriers generation and transfer®”'”. Indeed, in order to be
efficient, charge separation should be faster than energy relaxation through
vibrational degrees of freedom and, at the same time, the role of vibrations,
associated to local heating, might promote the photocatalytic performance
of plasmonic devices”. The role of HCs as main actors of photocatalysis is
indeed questioned in a number of works that identify pure local thermal
enhancement as the source of the high photocatalytic performances of
plasmonic systems**"**"'®’. The inclusion of nuclear dynamics in electronic
calculations is therefore fundamental to elucidate the competing, or possibly
synergic, roles of the various phenomena and is necessary to precisely
determine the mechanism of the reactions catalyzed by HCs. Such a huge
predictive power however is accompanied by highly cost-intensive simu-
lations. In fact, in addition to the electronic structure and dynamics, these
calculations have to consider the ions dynamics and relative phonon
structure, and the mutual interactions between nuclei and the excited car-
riers. Although these aspects can be accounted through various levels of
approximation (as we are going to describe in this section), the complexity of
the simulations is intrinsically higher compared to frozen-nuclei approa-
ches, making the calculations more computational demanding. These
methods are therefore suitable to explore local and specific photochemical
processes (such as bond breaking or formation), are not currently usable to
model long-lasting phenomena on large-sized systems. Moreover, most of
the studies that couple electronic and ionic degrees of freedom employ
TDDFT to model the electronic part, using approximated kernels which are
not fully adequate for the description of charge transfer phenomena. In this
framework, rt-TDDFT coupled to Ehrenfest dynamics]60 has been suc-
cessfully applied to study the interplay between LSPR decay and vibrational
modes in a silver particle composed of 55 atoms'*’. Here e-h pairs generation
depends strongly on the availability of single-particle excitations resonant
with the plasmon frequency (if available the decay time scale would be in the
~10fs range, whereas if unavailable a much slower dynamics and Rabi
oscillations emerged). In the studied time scale (~100 fs) the effect of e-ph
interactions were negligible. Instead, ~ 40 fs seemed enough to activate the
cleavage of a O-H bond in H,O molecule upon photoexcitation of a Auy
tetrahedral structure embedded in liquid water, as visible in Fig. 4d'*". This
study showed also the concomitant importance of plasmonic field

enhancement and charge transfer from the nanocluster to the antibonding
orbitals of the water molecule.

N, splitting at the edge of linear silver chains has been studied using the
same approach'*>', Also in this case, upon photoexcitation of the metallic
system, the cleavage of the molecular adsorbate, which can be linked to the
direct excitation of charge transfer states involving Ag states and N, anti-
bonding orbitals, occurs in tens of fs, well within HCs lifetime (see Fig. 2).
This work also elucidated the role played by the external (static or dynamic)
electric field in metal-catalyzed H, photodissociation'®.

A plasmon enhanced intramolecular charge transfer instead, is
responsible for the photodecomposition of NH; on Ag clusters simulated
within rt-TDDFT and Ehrenfest dynamics®'. Similar calculations demon-
strated that a rapid plasmon-induced water splitting can be obtained by
substitution of an Ag atom by a Pb atom in a Ag cluster'*". Interestingly,
without Pb substitution the water molecule would not split. The Pb atom in
this case provided both an increase in optical absorption and in the
molecule-cluster coupling.

Plasmonic-driven CO, photoreduction has been further investigated
by means of rt-TDDFT and Ehrenfest dynamics on silver nanostructures
finding evidences of a cooperative interplay between indirect and direct HCs
transfer, leading to effective photoreduction (see Fig. 4€). Interestingly, these
results show that the contributions of the two physical processes can be
tuned changing the intensity of the external electromagnetic field”. Starting
from the population of a plasmonic-like single particle orbital, a combina-
tion of rt-TDDFT and NAMD implementing the FSSH technique provided
insights on the electron injection dynamics from a photoexcited Au cluster
into a TiO, surface'®. The delocalization of the excited state lead to an
immediate charge transfer with 50% probability. In the remainig 50% of
times the e-h pair is generated within the NP and the electrons are subse-
quently transferred to the TiO, slab within 100 fs while releasing energy to
the lattice phonons. A follow up study on similar NP-semiconductor sys-
tems reveal that charge transfer can occur according to both the direct and
indirect mechanisms described in the section “A challenging problem”,
which can coexist and cooperate providing a faster and more effective
charge separation'®. A sub-picosecond hot hole transfer from a gold
nanocluster to a GaN slab has been found using similar NAMD
techniques'”’. The net hot holes transfer from the metal to the semi-
conductor, occurring in a subpicosecond scale, is followed by a back-flow of
carriers toward the metal species. The authors suggest that such back-flow
could be controlled by applying an external potential that modified the
Schottky barrier, or by interposing another species such as ZnO between the
metal and the semiconductor. A slower, indirect charge transfer mechanism
concerns the photoinduced electron injection from Au nanorods to MoS,,
as shown in ref. 168. In this case a fast (30 fs) LSPR decay in HCs pairs within
the Au nanorod is followed by a subsequent transfer to the MoS, within 100
fs. The relaxation due to e-ph interaction would not show its effect before
200 fs. To rationalize the results of the Au cluster-TiO, interface (direct
charge transfer) and those of the Au nanorods-MoS, ones (indirect charge
transfer) it was argued that the specific character of the charge transfer could
be ascribed to the degree of coupling between the NP and the
semiconductor'®. The FSSH technique has also been used to study the effect
of Sn substitution on hot electrons lifetime in Pt nanoclusters-
semiconductor devices'”’, and was useful to introduce a new mechanism
for energy transfer from a Au plasmonic layer to a semiconductive substrate
in which the overlap between the electronic wavefunctions of the two
materials allow the transfer of energy without effective charge transfer'”. rt-
TDDFT coupled with FSSH NAMD has also been used to investigate CO,
photoreduction on rutile TiO,(110) showing an important interplay
between electronic and nuclear degrees of freedom: the excitation of specific
vibrational modes stabilizes the CO, LUMO which can then trap photo-
excited electrons coming from the substrate so that CO, gets reduced'”".
This step, which typically takes place spontaneously on transition metal
surfaces'”*, is prodromal to further reduction steps leading to the synthesis of
small hydrocarbons and thus to a sustainable and effective CO, recycling

26,173,174
process .
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Increasing the size of the system

As mentioned in the section “A challenging problem”, the main challenges
in the simulation of HCs mediated processes in hybrid NP-molecular sys-
tems arise from the combination of different length and time scales, and
from the variety of phenomena that are involved. While the molecular
system, the interface region, the charge transfer, and excitation (at least
concerning the molecular part) require atomistic quantum-mechanical
treatment in the A length scale, the typical dimensions of plasmonic NPs are
within the 10-100 nm range and can reach even the yum'”>"”°. To enlarge the
size of the simulated systems while maintaining the computational

feasibility, two possible routes are available: using a lower level of approx-
imations of the whole system or using multiscale approaches'”’. Following
the first route, approximations to the kinetic term of the standard TDDFT
approaches lead to an orbital-free formulation of TDDFT which has been
applied to Na NPs with diameter up to 12.3 nm'”®, Na NPs dimers and
trimers'”, and to Na nanorods'®. All these studies showed non-trivial
behaviors upon bridging the quantum and classical regimes: for instance the
sodium NPs absorption spectra would alternately blue shift, red shift and
blue shift again upon size decrease as shown in Fig. 5a'”. Another way to
make TDDFT calculations more affordable is to exploit the tight-binding
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Fig. 5 | Examples of results obtained using tight-binding and multiscale models.
a Top: Optical absorption spectra of Na NPs which sizes range between 0.7 and 12.3
nm, calculated at the orbital-free TDDFT level. Bottom: Color map of the induced
charge densities upon excitation of the Na NPs at the LSPR frequency. Adapted with
permission from ref. 178 Copyright 2014 ACS. b Scheme of dissociative adsorption
of CH;F (left side) and associative desorption of CH, (right side) on a Pd surface,
with relative ground-state (S0) and excited-state (S1-S9) potential energy surfaces.
Reaction schemes depict reactant, transition-state and product geometries. Possible
electronic transitions are marked with vertical arrows while possible trajectories on
the potential energy surfaces, calculated with an ECW approach, are marked with
blue dashed lines. Adapted with permission from ref. 199 Copyright 2020 Springer
Nature. ¢ Geometrical configuration and charge distributions of thymidine on

Au(111) in vacuum (top) and in a water (bottom). Calculations are performed using
a hybrid QM/MM approach based on DFT. Adapted with permission from ref. 209
Copyright 2014 ACS. d Graphical representation of the embedding scheme used to
simulate the property of a water molecule on top of a Mg slab. Solid spheres represent
the part of the system treated at higher theoretical sophistication. (i) Absorption
spectra of the free cluster (clu-TDDFT) compared with the one embedded in
dielectric environment (env-NF). (ii) Difference in absorption coefficient between
H,O adsorbed and Mg pristine surface. (iii) amount of charge transferred to H,O.
These latter plots compare data obtained with different methods including full
TDDFT treatment of the system and embedded approaches, with quantum region
being gradually enlarged. Adapted with permission from ref. 224 Copyright 2013
American Physical Society.
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approach in which the Kohn-Sham functional is expanded up to the second
order around a reference density given by the neutral atoms, and charge
fluctuations are decomposed and approximated in atom-centered mono-
polar contributions'®'. This method has been used to study the generation of
HCs in noble metal nanoclusters and nanoalloys®'**'*, extending the
possible size of the systems beyond 30 nm'**'**. and, when applied to study
the properties of metallic structures based on alkaline-metals elements,
revealed that, upon excitation, Mg nanoclusters can produce high energetic
carriers, suggesting important consequences in chemical processes such as
hydrogen evolution'®’. With this level of theory it was possible to study the
H, photodissociation dynamics over Au and Ag octahedral nanostructures
with sizes up to 2.2 nm, elucidating also how the nature of the optical
excitations affects the photocatalytic outcome. In particular the authors
found that in Au NPs, interband excitations are more effective than LSPR to
promote the H, cleavage, while the opposite holds for Ag NPs'*. Interest-
ingly, the authors found the same size-dependance energy trend for the sp
and d nature of the optical excitations as in ref. 187. Charge separation at the
NP-semiconductor interface has been also investigate with tight-binding
TDDFT"®. This case is particularly interesting as it partially revises previous
results obtained on the very same system (Au NP over a TiO, slab) at the
TDDFT level'” and extends the analysis to the photocatalytic consequences
of interfacial charge transfer. Here, the authors demonstrate that, upon
charge separation, the carriers gets stabilized by purely electronic features
preventing charge recombination on short timescales. This gives the
transferred carriers enough time to activate specific vibrational modes in
adsorbed molecular species, which in turn leads to an easier bond
dissociation'®”. Finally, to obtain the spatial resolved energy distribution of
HCs that reach the surface of realistic nanostructures (~100 nm), a non-
equilibrium scattering in space and energy methodology has been
proposed”’. The method combines probabilistic and stochastic approaches
to classical transport in combination with source terms and collision models
based on accurate electronic structure and e-ph calculations.

To further increase the size of the system while keeping (or even
enhance) the theoretical description of a part of it, multiscale methods, in
which different regions are modeled at a different level of theoretical
accuracy, can be used'®. Many of these methodologies offer the opportunity
to take into account the presence of an entire NP regardless of its size and
shape, revealing how effects and phenomena identified by smaller scale
studies might be enhanced or hidden when the whole system is involved.
Multi-scale techniques are specifically adapted to study problems requiring
high-resolution on a specific part of the system (e.g., where a chemical
reaction take place) while explicitly accounting for the effects coming from
the environment or from another part of the structure under study. Of
course, in order to obtain meaningful results it is mandatory to have a solid
rationale that guides the division of the system into the various domains
where the different theoretical levels are applied. Moreover, the commu-
nication between these regions have to be computationally effective and
physically accurate. Extended discussions about these issues are available in
the literature, see e.g. ref. 189. As summarized in Table 1, row 5, within
multiscale methods there are cases where all regions are treated at the
quantum level, either using different system modeling (jellium or atomistic)
or different approximations for the quantum problem (e.g., DFT or wave-
function based methods), leading to the so-called QM/QM approaches. In
other cases, the system is partitioned in a quantum and a classical region
using either discrete, QM/MM methods summarized in row 5 of Table 1, or
continuum models QM/continuum methods (Table 1, row 6). Employing
different modeling of the two subsystems, hot electrons transfer from
metallic NPs approximated as jellium medium, to molecules treated ato-
mistically, has been studied using rt-TDDFT coupled to Ehrenfest
dynamics™. This allowed fundamental insights on the H, dissociation
process at the metallic NP surface. The study highlighted the importance of
the hybridization of the molecular and NP orbitals and of the specific energy
level alignment; resulting in a net charge transfer between the NP and the H,
antibonding orbitals. The magnitude of the charge transfer strongly depends
on the NP-molecule distance and, interestingly, in a dimer geometry, the

photocatalytic effect is suppressed when the H, molecule is located exactly in
between the two NPs, due to rapid population and subsequent depopulation
of the H, antibonding orbital. Water splitting reaction on Au NP has been
also investigated using a similar computational approach'®. By looking at
the time evolution of O-H bonds, the study showed how the rate of the
reaction depends on the specific plasmonic mode that is excited, suggesting
a reaction mechanism that involves the destabilization of the O-H bond
through the population of water antibonding orbitals as the LSPR decays, in
atime window of 10-20 fs.In 2021, Huang et al. provided further insights on
the plasmon-driven water splitting by Auy,y nanostructures'”'. In this case,
the rt-TDDFT and Ehrenfest dynamics of an Auy, nanocluster interacting
with an H,O molecule was carried out under the influence of an external
laser field and of the near field of a nanosized tetrahedron obtained by
classical finite-difference time-domain numerical solution of Maxwell’s
equations. This study showed the dependence of the reaction rate on the NP
size, incident light frequency and intensity, and near-field spatial
distribution.

Embedding quantum-quantum multiscale methods have been
applied to the description of the ground state'”” and photoinduced phe-
nomena in molecules chemisorbed on plasmonic NPs'”’. In particular,
within the Embedded Correlated Wavefunction (ECW) method”'* the
sensitive portion of the system (i.e. metallic cluster together with adsorbate
molecule) is treated at a high level of theory in the presence of an
embedding potential obtained through a DFT ground state calculation,
and properly accounting for the environment. ECW has been used to
study the influence of the metal-adsorbate interface on plasmon
damping'” and photocatalytic processes such as H, dissociation on Al
NPs'**, H desorption from a Pd surface'*’, ammonia decomposition on Cu
NPs"® and Cu-Ru alloyed antenna-reactor systems'”’, methane dry
reforming on Cu-Ru antenna-reactor system'”, and the activation of
carbon-fluorine bonds, as visible from Fig. 5b'”. The ECW method allows
the estimation of excited states activation energies by accurately com-
puting excited states along the geometries of the ground state reaction
pathway. Indeed a reduction of the effective barrier upon optical excita-
tion has been found for both H desorption'” (for which also vibrational
excitation seem to play an important role’”’) and ammonia decomposition
on CuNPs"°. No charge transfers has been detected in these cases whereas
it emerged in H, decomposition on Al NPs"". In the case of NH;
decomposition on the Cu-Ru system, the rate-determining step for the
excited state pathway is different than the one of the ground state
reaction'””. Recently, the very same reactions have been investigated using
a similar computational approach also on antenna-reactor systems that
use as catalytic centers Fe and Pd nanodisks™".

Within current implementations of the ECW approach, the embedding
potential is computed once for all at the ground state DFT level. A dynamic
coupling and feedback between subsystems is instead included in most
QM/MM and QM/Continuum methods where the NP is either treated
classically as a continuous body or as a discrete system using a MM force
field”**"". These methods accurately capture how excitation energies, optical
and spectroscopic properties of molecules are affected by the presence of
plasmonic NPs even for atomic scale protrusions” " and for complex
environments including solvents™**"". However, within the classical
region, electrons are not explicitly taken into account. This limitation does
not allow the application of these methods to study molecules chemisorbed
on the NP surface, charge transfer excitations, and transport phenomena
between NPs and molecular species, unless at least a portion of the NP is
included in the quantum region. When polarizable QM/MM techniques pair
a TDDFT description of the molecule with a classical atomistic repre-
sentation of the metal NP, it is possible to simulate NPs made of 10°-10°
atoms’"". This approach has been used to look at the optical properties of
rhodamine-6G and crystal violet adsorbed on silver and gold NPs*?, at the
study of surface-enhanced Raman scattering spectra for pyridine adsorbed
on different sites of icosahedral NPs with diameters between 1 and 8 nm?",
and at the investigation of the optical response of thymidine absorbed on

gold surfaces in an aqueous environment, as show in Fig. 5¢ *".
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PCM, originally designed to describe solvent effects, has recently been
adapted to model plasmonic NPs in the proximity of a system treated at a
quantum level, within a QM/continuum approach®”. PCM combined with
time-dependent HF and TDDFT in the frequency domain allowed to the
study of excitation energies of formaldehyde and merocyanine*”® and of
fluorescence enhancements of molecules on NPs**'°. A continuum
description of the plasmonic NP combined with many-body Green’s
function approach provided a microscopic theory of plasmon-enhanced
spectroscopies which included self-consistently the Coulomb interaction
between the NP and the molecule through an additional self-energy
term”’"”. PCM studies on plasmonic NPs were also extended to time
domain simulations™’, with the possibility of including the effects of
decoherence by environment-induced dephasing”'. By coupling this
approach with a MBPT active space for the quantum system, it was possible
to explain the how photoexcitation enhanced the selectivity towards
methane formation of CO, reduction on Rh nanocubes™?, Still within QM-
continuum approaches, a hybrid quasi-static finite-difference time-domain
model coupled with TDDFT, suggested the importance of the dynamic
coupling between the classical and quantum systems for the description of
the spectral changes and enhanced photoabsorption of a Na dimer between
two metallic NPs**. As depicted in Fig. 5d, rt-TDDFT coupled to classical
near field electrodynamics allowed to study the dynamical charge transfer
between H,O molecule and Mg(0001) slab where a small portion of the Mg
slab and the water molecule were treated quantum-mechanically’*. Con-
tinuous and classical atomistic models have been used also concurrently. For
example a multiscale approach combining PCM, MM and TDDFT allowed
to study the LH2 light-harvesting pigment of purple bacteria in protein
environment and in proximity of tip-shaped gold NPs* and gold
nanorods™; similarly the light harvesting process of the peridinin-
chlorophyll-protein complex on a silver island film has been studied
revealing the best geometries and shapes for the optimization of the fluor-
escence enhancement.

Perspectives

Developing theoretical tools able to capture and predict the behavior of
HCs given a specific combination of metallic NP, molecular species and/or
semiconductor, and external electromagnetic radiation, lead to the great
amount of theoretical and computational work that this review tries to put
together and rationalize. Given the complexity of the problem much has
still to be done in order to be able to go beyond qualitative descriptions and
become quantitatively predictive. Jellium models have provided and still
provide basic understandings on the physics behind HC generation and its
dependence on particle size and shape; the specific material dependence of
the process, especially important to describe the interaction between NP
and molecule are naturally introduced relying on DFT-based methodol-
ogies. Such ab-initio approaches provided insights on the mechanisms
behind HCs generation, transport and injection, allowing remarkable
advancements of the discipline. However, DFT-based techniques rely on
approximated kernels to tackle the electron correlation and this, in turn,
affects the computational predictions especially when dealing with sys-
tems where the relative alignment of electronic levels and charge transfer
phenomena have a primary importance™. In this view, finding ways to
implement more sophisticated theories (such as MBPT™) without
increasing too much the computational cost and/or coupling them with
multiscale' or embedding approaches could be extremely fruitful. Par-
ticularly promising are also the novel real-time non-equilibrium Green’s
function formulations™, that include e-ph and e-e scattering at the first
principle level. Indeed understanding and describing the coupling
between HCs and nuclear degrees of freedom is extremely important, not
only to monitor the onset of the chemical reaction but also to address the
relationship between improved catalytic performance and system tem-
perature, the interplay between chemical species and NP phonons™, and
the role of inelastic electron-vibrational scattering’”. In this case, to
simulate realistic conditions, further developments and applications of
multiscale approaches coupled to NAMDs simulations are highly

desirable’””. Theoretical investigation on plasmon-induced photo-

chemistry could also benefit of the novel developments concerning
NAMDs simulations themselves like trajectory-based methods, that avoid
the calculation of electronic potential energy surfaces and non-adiabatic
couplings™', or spin mapping approaches™’. Moreover a richer physics
could be grasped using recent developments that bridge quantum optics
and condensed matter, accounting explicitly for the mutual interaction
between electrons, nuclei and photons beyond the standard light-matter
coupling approaches™*. These novel strategies would provide an even
more comprehensive view to the field and include novel phenomena, such
as polaritonic-driven dynamics and chemistry™”.

To date, countless experimental studies have shown how plasmon-
mediated photocatalysis has the potential to radically transform the che-
mical industry, allowing high-efficiency production of compounds such as
NH; from atmospheric nitrogen™*, or H, via water splitting*”. In addition,
these type of processes are already being used to convert CO, into more
versatile chemicals and fuels”, and in other reactions that can significantly
contribute to mitigate the impact of climate change in the coming years™***'.
In this view, great insights on the origin of the photocatalytic activity of
plasmonic NPs have been provided by embedding multiscale methods.
Here, further progress could be achieved going beyond a static embedding
and/or using MBPT, instead of high level theoretical chemistry methods for
the sensitive portion of the system, allowing to enlarge it without losing
accuracy’®’. However, not only length scales, but also time scales strongly
vary in this class of phenomena. Therefore coupled multiscale methodol-
ogies encompassing different time scales should be developed to monitor the
evolution of the system from the light pulse to the chemical reactions. As we
tried to highlight in this review, to date there is still no a universal modeling
approach, i.e., a technique able to consider all the complexity and multitude
physical effects emerging when light interacts with hybrid NP-molecule
systems. However, this does not imply that there are no valuable tools to
study these systems in detail. Each of the existing modeling approaches have
their own peculiarities which make them suitable to investigate certain
specific phenomena. Jellium models, for example, are best suited to
understand how the opto-electronic properties of a system depend on the
morphology (size, geometry, chemical ordering etc.) of the NP, but they are
insufficient to predict reaction mechanisms. On the other hand, ab-initio
approaches can elucidate the role of the local atomistic structure in the
various HCs life stages and in the formation/destruction of chemical bonds,
but they cannot explicitly account for long-range effects coming from the
NP extended structure or from the environment. Given their multi-domain
nature, multiscale models seem to be a viable solution to combine the
advantages of the mentioned methods, and yet they are not exempt from
complications. Indeed, approximating the physics of different regions with
different levels of theoretical sophistication is extremely delicate as the cri-
terion adopt to set the boundaries has a huge impact on the quality of the
model. Further advances of theoretical and computational techniques
towards the description of plasmonic-related phenomena will also neces-
sarily deal with the new trends and evidences coming from the experimental
progresses. Indeed, in recent years, important advances have been made in
the design of efficient composite nanomaterials'®*****, exotic-shaped
nanostructures”***, and non-trivial NPs arrangements™”’ such as so-called
antenna-reactor systems'*******. Huge advances have been recently reached
in monitoring carrier dynamics”**, exploiting the gaps between NPs to
activate polaritonic effects™ ", increasing the efficiency of NP-to-
semiconductor charge transfer™* and using HCs production and transfer
as core mechanism for photodetectors™. It is worth mentioning also the
massive development of the field of chiral plasmonics, which allow to use of
external light pulse polarization as a driving force to control HCs production
and dynamics and thus to perform photocatalysis™***'. All these experi-
mental advancements poses new and exciting challenges that we believe are
going to stimulate novel developments in modeling and predicting
plasmonic-based phenomena, and will eventually be supported by the
application of frontiers technologies such as machine learning and artificial

intelligence’®.
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