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Abstract

Photocatalysis with plasmonic nanostructures has lately emerged as a new, transformative paradigm to
drive and alter chemical reactions using light. At the surface of metallic nanoparticles, photoexcitation
results in strong near fields, short-lived high-energy 'hot' carriers, and light-induced heating, thus creating
a unique local environment where reactions can occur with enhanced efficiencies. In this context, it is
critical to understand and how to manipulate the nonequilibrium processes triggered by light, as their
ultrafast (femto- to picoseconds) relaxation dynamics compete with the process of energy transfer towards
the reactants. Accurate predictions of the plasmon photocatalytic activity can lead to optimized
nanophotonic architectures with enhanced selectivity and rates, operating beyond the intrinsic limitations
of the steady state. Here, we report on an original modeling approach to quantify, with space, time, and
energy resolution, the ultrafast energy exchange from plasmonic hot carriers to molecular systems adsorbed
on the metal nanoparticle surface while consistently accounting for photothermal bond activation.

Our analysis, illustrated for a few typical cases, reveals that the nonthermal fraction of carriers (i.e., with
the highest excess energies) may introduce a wavelength-dependence of the reaction rates and sheds light
on the role of nonequilibrium thermal carriers (i.e., those closer to the Fermi level), in particular regarding
the photothermally heated lattice, suggesting ways to enhance and optimize each contribution. We show
that the overall reaction rates can benefit strongly from using pulsed illumination with the optimal pulse
width determined by the properties of the system. Taken together, these results pave the way for the rational
design of nanoreactors for pulsed catalysis, leveraging predictive modeling of the ultrafast hot carrier-hot
adsorbate energy transfer.



Introduction

The use of light and nanoparticles (NPs) to drive chemical reactions has recently gained increasing
attention as an innovative, sustainable solution for the chemical industry. This sector, typically fed by fossil
fuels, represents one of the largest energy consumers globally (~2.5% of the world's usage), with annual
greenhouse gas emissions near the gigaton level (~1.5% of global values)" 2. Incident photons on these
metallic nanostructures can excite electron-hole pairs and promote peculiar optical phenomena to create a
unique local environment where reactions can proceed by light*. In particular, the resonant photoexcitation
of plasmonic NPs produces a coherent oscillation of charges, known as Localised Surface Plasmon (LSP),
which confines electromagnetic fields in nanometric volumes’ 8. Upon dephasing, the LSP decays by
generating charge excitations, i.e., high-energy 'hot' carriers (HCs)® ', that can interact with nearby
reactants while in their nonequilibrium state via the injection into an unoccupied molecular orbital'!"!4,
Through subsequent electron-electron and electron-phonon scattering, HCs equilibrate with the lattice,
dissipating heat and locally increasing the temperature'> '°. By leveraging synergistically these light-
induced effects, plasmonic photothermal catalysis has opened unprecedented opportunities for studying and
controlling chemical reactions in optical systems!” '3, To date, several experimental demonstrations have
been reported, indicating the possibility of, e.g., driving unfavorable reactions at low temperatures and
pressures, modifying reactivities, or unlocking reaction pathways otherwise inaccessible!'*-?°.,

In this framework, understanding the interaction mechanisms between light, charge carriers, and
phonons in the metal and the molecules adsorbed at the NP surface is of paramount importance. A
systematic, quantitative description of these phenomena could contribute to developing optimized
nanophotonic platforms and identify the design principles for enhanced-performance nano-reactors. The
task, however, requires accounting for a variety of interdependent events taking place on mismatched
length, energy, and time scales. This is especially true for the HC component, which is concurrently the
most intriguing (it leads to unique phenomena, e.g., changes in energy barriers for specific reactions?’")
and the most challenging to control, mainly due to the short lifetimes of the carriers®?. Once photogenerated,
HCs undergo ultrafast relaxation processes, returning them to equilibrium within a characteristic time
ranging from hundreds of femtoseconds to a few picoseconds®* **. During these ultrafast timescales, the
HC relaxation competes with the injection and energy transfer to the adsorbate®>-’. It is therefore essential
to gain insight into the dynamical interactions of HCs and chemical species at the surface of plasmonic
NPs.

Importantly, investigating photocatalytic events in the time domain is not only of fundamental

interest. Recent studies have reported significant advantages in terms of chemical reactivity when working
in the pulsed regime over the steady state, i.e., under continuous-wave (CW) illumination.
Changes in the rate-limiting steps of a reaction upon periodic illumination*® and modified sub-ps HC
dynamics in the presence of adsorbates®® have been experimentally demonstrated. In addition, numerical
predictions have revealed that inducing photothermal heating of plasmonic NPs via ultrafast light pulses
matching the timescale of elementary reaction steps (ps to ns) can lead to a favorable, dynamic mode of
operation with higher energy efficiency and catalyst activity***?, along the same lines of a few theoretical
studies of chemical activity under thermal modulation**#*. These intriguing results, together with the great
promise of using solid-state lighting sources such as lasers and LEDs to excite photocatalytic
nanostructures?’, bring the ultrafast regime of plasmonic photocatalysis to the spotlight and call for a
comprehensive modeling approach to interpret and gauge the HC- and temperature-driven photocatalytic
processes at the NP surface in the time domain.



To date, several theoretical studies have focussed, primarily via accurate first-principle
calculations, on the photogeneration of HCs***® and their photocatalytic role*! in the steady state. In
parallel, the femtosecond dynamics of HCs can be readily examined, typically via optical means, by
employing ultrashort optical pulses to photoexcite the metallic NP3% 33, However, reports on the electron-
adsorbate energy transfer and catalytic activities are mostly limited to flat surfaces®” 53¢, representing a
completely different landscape than nanostructures. Towards this direction, ref.*’ successfully combined a
description of the HC dynamics in plasmonic nanostructures with a quantum formalism to describe the
ultrafast transfer of energy to the adsorbate. Yet, the model did not include the impact of the latter on the
former, i.e., neglected effects of transient spectral distortion of the carrier energy distribution and altered
HC dynamics due to the energy exchange with the adjacent adsorbate. Moreover, the model proposed did
not incorporate a spatial dependence of the HC population, which is a fair assumption in the case of small
NPs, but poses some limitations when considering larger NPs or more complex geometries as, €.g., NPs
with hot spots3*-¢° or antenna-reactors®" ®2, which are known to outperform the conventional systems.

A modeling approach for ultrafast photothermal catalysis has also been proposed in ref.*’, which explored
the light-induced thermal effects in the pulsed illumination regime. A time-resolved description of the
optical heating in plasmonic arrays was successfully coupled with chemical microkinetic modeling to show
the advantages of ultrafast thermal modulation of the NP active sites. While the results clearly indicate that
the pulsed illumination can outperform the steady state, the model focussed on photothermal effects,
disregarding any electronic contribution.

As such, despite the promising advances, a comprehensive description of the ultrafast dynamics of HCs and
ensuing thermal effects across extended plasmonic nanostructures in the presence of adsorbed molecules
resonantly accepting energy from the photoexcited electrons is still elusive.

Here, to integrate the distinct effects involved in plasmonic catalysis in a selfconsistent manner, we
propose an original approach based on a rate-equation model of the ultrafast relaxation of nonequilibrium
carriers, where the transfer of electrons to the molecule acts as an extra decay channel. Our method
combines the well-established quantum formalism of inelastic electron scattering with 'hot' adsorbates
(generating transient negative ions)®> ® with a semi-classical description of plasmonic HCs dynamics,
resulting in a compact model able to track over energy, time, and space the evolution of the electronic
energies and the photoinduced thermal gradients following femtosecond-pulse illumination. Moreover, the
contributions to the reactivity arising from charge transfer and thermal effects can be disentangled and
assessed upon changes in input variables such as pulse fluence and duration, photon energy, nanostructure
dimension, and shape.

By applying our model to a few relevant reactions we validate our results while elucidating and
providing deeper insight into some mechanisms observed for the analyzed reactions based on their energy
landscape. Specifically, we predict wavelength-dependent reaction rates due to the hot carriers with the
highest energies, as well as rates varying non-trivially with the pulse duration due to the spatio-temporal
dynamics and inherent nonlinearities of both carriers close to the Fermi level and the NP lattice temperature.
As a whole, the presented model provides a comprehensive, selfconsistent picture of the main processes of
energy exchange between photoexcited plasmonic nanostructures and molecular adsorbates and offers a
powerful tool to study light-driven chemical events in the temporal regime down to the ultrafast timescales.

57, 65, 66

Results and Discussion

Figure 1 provides a schematic overview of the typical system under investigation with its nonequilibrium
photophysics, and illustrates our modeling approach for the description of the main mechanisms at play. In



particular, Fig. 1a depicts a metallic nanoparticle interacting with a molecular species (e.g., in its gas phase,
as it happens in heterogeneous catalysis) upon illumination by an ultrafast optical pulse. Photoexciting the
plasmonic NP generates®> - ©7: (i) high-energy hot carriers, resulting from plasmon dephasing and
producing nonequilibrium, short-lived (hundreds of fs to a few ps) electronic distribution f{E); and (ii) an
elevated temperature of the metal lattice within the NP (®.), resulting from electron-phonon scattering
events (occurring from a few to tens of ps) and subsequently heating the surrounding local environment.
Both these processes can contribute to altering chemical reactions on the NP surface®’. We refer to 'hot
carriers' (HCs) to describe the nonequilibrium, higher-energy states of electrons and holes, including
'nonthermal' HCs (i.e., those with an energy spectrum differing from a Fermi-Dirac distribution) and
'thermalized' HCs (i.e., described by an effective elevated electronic temperature ®g > ®o, which fully
determines their energy-dependent occupation via an out-of-equilibrium Fermi-Dirac distribution).
Following pulsed photoexcitation, if electrons have transiently acquired sufficiently high energy to match
an available state of the chemical species adsorbed onto the NP surface, a resonant transfer of energy can
take place (inset in Fig. 1a). The process occurs on ultrafast timescales, and in the most general case,
competes with electron relaxation. It can be interpreted as an inelastic scattering event between
photoexcited HCs in the metal NP and the molecular system, leading, for example, to the desorption of the
adsorbates,*" ¢ as sketched in Fig. 1b. More precisely, the process is triggered by a nonequilibrium
mechanism where the HC from the metal NP (e.g., a hot electron as in Fig. 1b) transfers into the adsorbate,
thus creating a transient negative ion (TNI)* 6% The TNI potential energy surface (PES, red curve in Fig.
1b) typically has a different minimum than the ground state PES (black curve in Fig. 1b) along a specific
reaction coordinate (for desorption, this is the distance from the surface). This causes the TNI state to follow
new reaction trajectories on the excited PES, determined by the TNI PES slope over a characteristic time
Trni- The adsorbate then returns to the ground PES in a vibrationally excited state, and the HC is scattered
back to the NP with decreased energy. If the HC energy transfer into the adsorbate surpasses the activation
energy (Ea), it can trigger a chemical reaction. More generally, the TNI mechanism could apply to reactions
besides desorption, including diffusion” % and dissociation’®7?, which our model also could describe. The
electronic process contributes to the chemical activity synergistically with photothermal effects, in which
the light-induced lattice temperature increase brings the adsorbate to a vibrationally excited state within the
ground PES, possibly overcoming the activation barrier Ea.

To describe the rich landscape of intertwined ultrafast mechanisms plasmonic HCs undergo, we propose a
modeling approach starting from a rate-equation, thermodynamical description of the ultrafast energy
exchange in photoexcited plasmonic nanostructures known as the Extended Two-Temperature Model
(E2TM). The E2TM, initially proposed in ref.”> and subsequently shown to accurately reproduce
experimental investigations of femtosecond dynamics in various metallic systems’ 7>, considers the out-
of-equilibrium metal as an ensemble of three coupled energy reservoirs: (i) the thermal electrons,
energetically described by a temperature ®¢ and corresponding Fermi-Dirac distribution, (ii) the phonons
of the metal lattice, at temperature @, and (iii) a fraction of non-thermalized electrons described in terms
of a suitable occupation probability variation with respect to the equilibrium one, Afyr. More details are
provided in the Methods section, as well as in refs.”> 7% 77 and references therein. In the model we present
here, we expand the E2TM, and hence referred to as the Generalized E2TM (GE2TM), by introducing
additional electronic relaxation channels to account for the interaction with hybridized TNI states in the
adsorbate. To better visualize the rationale of our model, Fig. lc presents a Sankey diagram showing an
overview of how energy flows through the different channels in the GE2TM, specifically delineating the
various electron de-excitation channels integral to our proposed approach. This figure serves as a
comprehensive guide to illustrate the interrelated processes involved in our modeling framework.



The proposed GE2TM solves for the three coupled equations describing the nonthermal HCs, thermal HCs,
and lattice temperature of the plasmonic NP, respectively, represented by Afyr, @, and O, which reads as
follows:
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As indicated by the labels in Fig. 1c, Eq. 1a governs the spatial and energy-dependent dynamics of the
nonthermal HC distribution, with the terms on the right-hand side describing, respectively, the change in
electronic population due to electron-electron (ee) scattering (with a rate 1/t..), electron-phonon (ep)
scattering (with a rate 1/t.,), absorption, and the interaction with the chemical species. The other two
equations describe the spatial dependent dynamics of the electronic and lattice temperatures, respectively,
accounting for spatial diffusion (via a Fourier-like term), the coupling between thermalized electrons and
the lattice (via the coefficient G), and the source of energy from the relaxation of nonthermal HCs, coupled
both to thermalized electrons (phonons) through ee (ep) scattering events. Similarly to the nonthermal case,
the thermalized electrons are also able to inject energy into the adsorbates through a term Q. (1, t). While
we consider the occurrence of chemical reactions due to the lattice temperature increase at the nanoparticle
surface (through an Arrhenius term), we ignore the negligible cooling of the surface from this energy
transfer (depicted in Figure 1c¢ by the monodirectional arrow from the lattice to the injection for catalysis).
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Fig. 1: Schematics of the modeling approach. a) Sketch of the system under study. An ultrafast light pulse
photoexcites a metallic nanostructure, resulting in a nonequilibrium electronic population F) and a NP lattice
temperature (01) increase. From their photoexcited states, hot electrons and holes can transfer energy to the
unoccupied states of chemical species adsorbed onto the NP surface, thus promoting chemical transformations (e.g.,
bond breaking). According to the Arrhenius equation, the NP lattice temperature also promotes chemical reactions. b)
Schematic of the mechanism for electron energy deposition into an adsorbate. The inelastic scattering between
photoexcited electrons and molecular states produces an electronic excitation of the adsorbate, which evolves along
an excited TNI PES to return to the ground state PES in a vibrationally excited state. With sufficient excess energy to
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overcome the activation energy Ea, the reaction (here, desorption as an example) occurs. ¢) Sankey diagram of the
proposed modeling approach, visually depicting the flows of energy through the electron de-excitation channels
involved in the GE2TM.

Complete details of the terms appearing in the GE2TM, inherited by the E2TM, are provided in the Methods
section and previous reports’ 7 77, The adsorbate interaction term for nonthermal HCs, Rjp, is derived
from the quantum formalism of TNI states through the following expression:

2

Rie(r,t,E) = Z [Afar(r, &, E + nhag)P,(E + nhwy) — Afyr(r, t, )Py (E)].

surf

In essence, the quantum calculations we implemented following previous reports®’: ©  require, as input,

the following quantities: the TNI PES slope f, the ground state vibrational spacing hwg, the energy
separation between the ground and TNI states AE the average lifetime of the TNI state Tyj, and the
activation energy Ea, all illustrated in Fig. 1b. The calculation yields the probability, P, (E), that an electron
with energy E that scatters off the adsorbate will lose n vibrational quanta of energy upon interacting with
it. Additionally, the interaction rate should also depend on the probability that an electron reaches the metal
surface, i.e., where the energy transfer to the adsorbed chemical species may occur. We estimated this
quantity by assuming, following ref.”®, that all the electrons, on average (i.e., regardless of their spatial
position within the NP), reach the NP surface and scatter off the adsorbate on a nanostructure geometry-
dependent timescale t,¢. In particular, this quantity is expressed as the ratio between an effective length
(accounting for the geometry of the nanoparticle) and the material-specific Fermi velocity. For the scope
of the present work, we will use 7., as a leading-order estimate of the surface scattering rate, and more
sophisticated expressions (e.g., including space and energy dependence) will be investigated in the future.
An expression equivalent to Eq. 2 holds for thermalized HCs and the corresponding term for injection Qins,
where the variation in the electronic population is due to a perturbed Fermi-Dirac distribution, i.e., Afr =
fro (E, Op) — frp (£, ©p). Note that the quantum formalism implemented, which follows the Menzel-Gomer-
Redhead desorption model”*, is not the only option to describe the electronic energy transfer. In principle,
different approaches could be used to express the terms R;,; and Qi of the GE2TM, as long as they provide
an estimate of the probability for an electron to interact with the adsorbate.

With this set of definitions and expressions at hand, we implemented our GE2TM in a Finite Element
Method (FEM)-based simulation environment, which creates a powerful numerical platform suited to
describe with space, time, and energy resolution the ultrafast dynamics and energy injection of plasmonic
hot carriers in nanostructures of arbitrary complexity. As relevant reactions, we examine the molecular
processes of desorption of NO and the diffusion of O on a platinum nanoparticle (Pt(111) surfaces,
assuming a 1/4 monolayer of the adsorbed species) using the TNI parameters reported in ref.*’, noting that
our approach could be applied to virtually any system.
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Fig. 2: Simulating the ultrafast dynamics of plasmonic hot carriers in the presence of an adsorbate. Results of
the GE2TM for the case of a single Pt nanosphere (radius 5 nm) promoting NO desorption. A pulse with duration (full
width at half maximum in intensity) At = 100 fs centered at # = 300 fs, fluence F, = 1 mJ/cm?, at a wavelength of lp

= 350 nm (photon energy ha)p =~ 3.54 eV) is incident. a) Energy distribution of the nonthermal portion of the hot

carrier population Afyt at a delay of —50 fs, 0 fs, and 200 fs (from darker to lighter red shades) from the exciting
pulse peak to. The (normalized) probability Pi(E) of energy transfer to NO via electron inelastic scattering is shown
(light blue shaded area). The solution of the GE2TM without interaction term (i.e., in the absence of a de-excitation
channel for electrons towards an adsorbate) is also depicted for the 0-fs delay (dotted line) The panel inset shows a
zoomed-in of the spectral distortion of Afyr introduced by the interaction. b) Energy distribution of the thermalized
hot carrier population Aft at a delay of —50 fs, 0 fs, and 200 fs (from darker to lighter purple shades) from the exciting
pulse peak #. The panel inset shows a zoomed-in view around the Fermi level Er. ¢) Energy distribution of the
interaction term Rj,¢(t, E) modeling the inelastic scattering mechanism that regulates the energy transfer from the
nonequilibrium carrier population to the adsorbate. d) Temporal dynamics of the internal energetic degrees of freedom
for the photoexcited plasmonic NP: Nyt (t), the total energy stored in the nonthermal fraction of the HC population
(red, left axis); A@g(t), the electronic temperature increase (purple, right axis); Ay (t), the lattice temperature
increase (orange, right axis). The (normalized) temporal profile of the exciting pulse is also shown (shaded grey area).
e) Temporal dynamics of the instantaneous (dotted lines and shaded areas, left axis) and cumulative (solid lines, right
axis) percentage of energy (normalized to the absorbed energy) of nonthermal (red) and thermalized (purple) electrons
transferred into the adsorbate. f) Temporal dynamics of the cumulative number of reactions induced by nonthermal
(red, left axis) and thermalized (purple, left axis) electrons, assuming an energy threshold for NO desorption expressed
as Npeacnwy > E4 = 1.29 eV, which occurs for Npeye = 7, following ref.>’. The dynamics of the cumulative
contribution due to the lattice temperature increase according to the Arrhenius law (normalized to the rate at room
temperature) is also shown (orange, right axis).



We now present a relevant example to highlight the predictive capabilities of the model and
showcase the typical outcomes and available quantities computed. Figure 2 shows the results obtained for
a single Pt nanosphere with a radius of 5 nm, acting as a catalyst in promoting NO desorption, similar to
the case-study system examined in previous reports®’. Exploiting axial symmetry, simulations were
conducted in 2D, employing a semicircle to mimic the response of the nanosphere and assuming a spatially
homogeneous absorption within the NP, given its small size. We consider an ultrafast optical pulse with a
duration (full width at half maximum in intensity) of Az = 100 fs, centered at o = 300 fs, and fluence (F7)
of 1 mJ/cm? at a wavelength (A;) of 350 nm (photon energy #m, = 3.54 ¢V). In Fig. 2a, the ultrafast evolution
of the nonthermal portion of the HC population (Afnr) is shown. Their energy distributions are depicted at
different time delays from the peak of the exciting pulse, as indicated in the legend. For reference, the
normalized probability, Pi(E), of energy transfer into NO via electron inelastic scattering is shown (shaded
area), highlighting the strongly energy-dependent impact of the de-excitation channel for electrons towards
the adsorbate. Clearly, near the peak of this probability (at ~1.8 eV for NO), the nonthermal electron
population develops a dip as energy is transferred into the chemical species, while an excess population
develops at approximately hw, lower in energy. This is the fingerprint of vibrational energy transfer from
nonequilibrium HCs to the chemical species. The effect is more apparent when the estimated Afnr is
compared to its counterpart computed in the absence of the adsorbate interaction term. Specifically, the
dotted curve shows the solution obtained in the absence of the chemical species, which does not exhibit any
spectral distortion close to the peak of Pi(E). As expected, the electron transfer into the adsorbate competes
with electronic relaxation, as shown by comparing the spectra of Afxr at the pulse peak (orange shade) and
at longer delays (200 fs, darker red shade), i.e., when, following ee scattering, the higher-energy electrons
are brought back closer to the Fermi level on ultrafast timescales. In principle, the same energy transfer
mechanism also occurs for thermal HCs. Figure 2b shows the ultrafast evolution of the thermalized electron
population (Afr). The inset shows a zoom-in around the Fermi level (£r) for increased visibility. In this
case, no impact of the adsorbate de-excitation channel on the evolution of Afr is observed. This is due to
the energy difference between the hot electrons and the adsorbate resonance. Our calculations provide direct
insight into the evolution of the interaction terms, evolving in time and electronic energy based on the
nonequilibrium states involved in the adsorbate excitation. In particular, Fig. 2¢ analyzes the interaction
term that models the inelastic scattering for nonthermal HCs, Rin (¢, E). The observed peculiar energy
spectrum, consisting of a dip (peak) at lower (higher) energies, stems directly from the character of the
injection mechanism, where electrons scatter off the adsorbate, lose a fraction of their initial energy hw,,
and then return to the metal. By inspecting the energy distribution of this term at the same time delays as
in the previous panels, the simulations show that in agreement with what was predicted for electrons, Rint
(¢, E) changes in amplitude throughout the photoexcitation and tends to shift towards the Fermi level while
electrons progressively decrease their high-energy content via ee relaxation.

To track more closely the ultrafast dynamics of the nonequilibrium state of the plasmonic NP, in
Fig. 2d, we show the temporal evolution over a long time interval of the total energy density stored in the
nonthermal HCs (red curve, left axis) along with the temperature increase of the thermalized HCs (purple
curve, right axis) and the lattice temperature increment (orange curve, right axis). The exciting pulse profile
is also overlaid for reference (black curve). We observe that nearly all the nonthermal HCs have relaxed
back to equilibrium within ~1 ps of delay from the pulse peak, while the thermalized HCs and the lattice
take ~3 ps to thermalize with each other. These dynamics are mostly consistent with the ones typically
observed in plasmonic systems?. Eventually after a few nanoseconds, the distributions thermalize with the
environment. Similarly, from the standpoint of the ultrafast energy transfer, Fig. 2e reports the temporal
dynamics of the instantaneous (dotted curves) and cumulative percentages (solid curves) of the energy
transferred into the adsorbate by nonthermal (red curves) and thermalized electrons (purple curves).
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Interestingly, these quantities effectively highlight, even for the simple case here examined, how the two
different kinds of carriers contribute differently to the reaction, with thermal HCs overtaking the nonthermal
ones when, after a few hundred fs, ee scattering has made the latter vanish.

Besides information on the electronic populations and the ultrafast dynamics of internal energetic degrees
of freedom, our model allows for estimating experimentally accessible quantities directly related to the
chemical transformation induced at the metal NP surface. In Fig. 2f, we show the cumulative number of
reactions induced by nonthermal (red curve, left axis) and thermalized electrons (purple curve, left axis),
considering the activation energy for NO desorption. Furthermore, the differential contribution (i.e., with
respect to room temperature) due to the lattice temperature increase, following the Arrhenius law, is
presented (orange curve, right axis, normalized to the reactivity at room temperature).

Note that our model considers reactions to be instantaneous after the adsorbate energy exceeds the
activation barrier and does not track the dynamics of the vibrationally excited state of the adsorbate. While
this is a fair assumption for NO desorption®” *!, including a more detailed description of the molecule
dynamics may be of great relevance, especially when the considered reactions require nano- to
microseconds to occur®,

By resolving the cumulative number of reactions over time into electronic and phononic contributions, it
can be noted that the contributions substantially follow the dynamics of the corresponding energetic degree
of freedom (Fig. 2d, same color coding). First, following impulsive ultrafast illumination, nonthermal
electrons contribute to depositing energy into the adsorbate and quickly reaching a plateau in reaction
number. Thermal electrons are then excited within the first ps, and the number of reactions activated by the
increased electronic temperature rises until complete relaxation. A similar behavior is predicted for the
lattice temperature contribution, yet with slower dynamics, mainly boosted when ep scattering becomes
more effective.

This comprehensive analysis of the results obtained by solving the GE2TM offers valuable insights into the
intricate interplay between hot carrier dynamics and catalytic processes, setting the stage for a deeper
understanding of light-driven chemical transformations. Besides, the numerical platform implemented here
allows for examining any interaction conditions by adjusting the geometry and active material of the
nanostructure, the optical pulse parameters, and the monitored reaction. The impact of such parameters on
the chemical reactivity can be assessed quantitatively and rationalized in terms of distinct contributions
arising from the main energetic degrees of freedom (nonthermal HCs, thermalized HC, and the lattice) of
the plasmonic NP.

To further illustrate the chemistry that can occur, we analyzed the effects of (i) changing adsorbate
energetics by driving different chemical reactions on the photoexcited NP surface and (ii) varying the
exciting pulse wavelength A,. In particular, Figure 3 provides a detailed exploration of the outcomes
generated by the GE2TM for an individual Pt nanosphere (radius 5 nm), focusing on its catalytic role in
either NO desorption (left panels, same reaction as Fig. 2) or O diffusion (right panels) with respect to a
varying pulse photon energy. In Fig. 3a, the spectral distributions of the nonthermal portion of the HC
population (Afxr, red shades, left axis) and thermal HCs (Afr, purple shades, right axis) are depicted at the
peak of the exciting pulse (0 fs delay) for three distinct pulse wavelengths A, of 400 nm (solid), 600 nm
(dotted), and 800 nm (dash-dotted). Note that we normalize these quantities to the NP absorption efficiency
(Qavs) at the corresponding pulse wavelength to make them more comparable.
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Fig. 3: Ultrafast hot carriers in Pt nanosphere for different photon energies. Results of the GE2TM for the case
of a single Pt nanosphere (radius 5 nm) promoting either NO dissociation (left panels) or O diffusion (right panels) as
a function of the exciting pulse photon energy. a) Energy distribution of the nonthermal portion of the hot carrier
population A fyt (red shades, left axis) and of the thermal hot electrons A f (purple shades, right axis) at a delay of 0
fs from the exciting pulse peak to, for pulse wavelengths lp of 400 nm (solid), 600 nm (dotted) and 800 nm (dash-
dotted). The changes in electron distributions are normalized to the NP absorption efficiency Q,ps at the
corresponding pulse wavelength. The (normalized) probability Pi(E) of energy transfer to NO via electron inelastic
scattering is shown (light blue shaded area). b) Left axis: total percentage of energy (normalized to the absorbed
energy) of nonthermal (red solid, magnified by a factor of 10 for better reading) and thermalized (purple solid)
electrons transferred into the adsorbate as a function of the pulse wavelength. Right axis: total number of reactions
induced by nonthermal (red dash-dotted) and thermalized (purple dash-dotted) electrons as a function of the pulse
wavelength. c-d) Same as (a)-(b) respectively, for O diffusion.

Additionally, the light blue shaded area represents the normalized probability Pi(E) of energy transfer to
NO via electron inelastic scattering. Consistent with our description of HC photogeneration” 7 (see also
the Methods section), excited electrons reach states with energies as high as Er + A®,. As such, longer pulse
wavelengths lead to less broad energy distribution of HCs (compare red solid and dash-dotted lines in Fig.
3a). In the framework of promoting catalysis, this relation is an extra knob for tailoring the energy overlap
between HCs and adsorbate states, hence promoting or hindering the transfer. The optimal flow of energy
to the molecular system is expected for a maximized overlap.

10



In this regard, in Fig. 3b, the left axis illustrates the total percentage of energy (normalized to the energy
absorbed by the NP) of nonthermal (red solid, magnified by a factor of 10 for clarity) and thermalized
(purple solid) electrons transferred into the adsorbate (a NO molecule) as a function of pulse wavelength,
while the right axis portrays the total number of reactions induced by nonthermal (red dash-dotted) and
thermalized (purple dash-dotted) electrons over the pulse wavelength range. By inspecting the wavelength-
dependence of these quantities, the energy transfer from nonthermal HCs (solid red) exhibits a resonant
trend with a maximum peaking at ~600 nm (~2 eV) as a result of the mechanism outlined above regarding
the overlap between Afyr, and Pi(E). The same does not hold for thermal electrons, whose distribution Aft
remains mostly localized around Er regardless of the pulse photon wavelength. The energy transferred into
the adsorbate increases with increasing Ap, but with a non-resonant profile. Despite these differences
between nonthermal and thermal HCs in the energy transfer (Fig. 3b left axis), the cumulative number of
reactions induced (Fig. 3b right axis) exhibits a similar trend with pulse wavelength. These quantities (dash-
dotted lines) mostly follow the spectral shape of the NP absorption efficiency (shown in Fig. S1), which
ultimately dictates the amount of energy entering the system. While this effect dominates the observed
spectra of the reactions induced by electronic energy, the (albeit minor) distortion of the curve referring to
nonthermal HCs (red dash-dotted) compared to the thermal electron one (purple dash-dotted) is indeed
understood as resulting from the optimal energy transfer for a 600 nm pulse. Figure 3c and 3d mirror the
format of Figs. 3a and 3b, respectively, but focus on O desorption. Notably, the non-resonant spectrum of
the percentage of energy from nonthermal electrons to the adsorbate (red solid curve) in Fig. 3¢ stands in
stark contrast to the corresponding result for NO desorption, Fig. 3b, underscoring the diverse catalytic
behaviors resulting from different photon energies. Given the energetics of O diffusion, whose Pi(F) has a
peak at approximately 1.4 eV, i.e., closer to Er, any pulse photon energy in the visible range provides a
comparable overlap with Afnr, resulting in a non-resonant profile of the energy transferred from nonthermal
electrons. As for NO, the thermal electron contribution (solid purple) shows a trivial dependence on the
pulse photon energy. This, in turn, causes the two curves for the cumulative number of reactions (dash-
dotted, right axis) to exhibit the same dependence on A,, precisely reproducing that of the plasmonic
nanosphere absorption cross-section. Overall, our model provides predictions that are consistent with the
results obtained with similar numerical techniques®’, while expanding the capabilities of previous
approaches thanks to the fully selfconsistent coupling between the electron spatio-temporal dynamics, the
resonant interaction with the adsorbate, which distorts the electronic distribution, as well as including the
lattice heating.

The small spherical Pt nanoparticle represents a system that could be described as a 2D problem.
We now move to a more complicated geometry, a 3D bowtie nanoantenna. This geometry is selected
because it can produce a highly localized absorption spatial pattern with resonant hot spots® %4, The study
of this system will highlight the impact of electronic spatial inhomogeneities and intra-particle (electronic
and phononic) diffusion in the model®>*’. Figure 4 summarizes the results from the GE2TM applied to a Pt
bowtie, with a length (L) of 45 nm, height (H,) of 5 nm, width (Wy) of 20 nm, and a 5 nm gap. Focusing
on the light-driven promotion of NO desorption, simulations are conducted in 3D, for a pulse with duration
of At =100 fs centered at #o = 300 fs. The pulse has a fluence (F}) of 75 pJ/cm?, a wavelength A, of 600 nm
(hwp = 2.06 eV), and is linearly polarized along the bowtie (x-) axis, impinging at normal incidence (i.e.,
along the z-axis). The NP geometrical parameters were adjusted to tune the plasmonic bowtie resonance to
the pulse wavelength, at which the light absorption pattern exhibits a strongly inhomogeneous spatial
pattern with enhanced near fields localized at the tips (see Fig. S2). Throughout the ultrafast optical
illumination, the same pattern (encoded in the term Rabs in our model) is inherited by nonthermalized HCs
first (their diffusion is neglected in the GE2TM, as it would be expected to occur on timescales comparable
with their ultrafast relaxation), then by thermal HCs, which diffuse across the NP%. Figure 4a illustrates the
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space-dependent effects of the photoexcitation by displaying the spatial distribution across the plasmonic
bowtie of the total energy density stored in nonthermal electrons (Nnt) on the left and the electronic
temperature increase (A®g) on the right, both evaluated at the exciting pulse peak . Besides their spatial
dependence, these quantities also evolve in time over ultrafast timescales, as illustrated in Fig. 4b, where
we show the temporal dynamics of internal energetic degrees averaged over the bowtie volume, including
Nnr (red, left axis), A®g (purple, right axis), as well as A®y (orange, right axis). The normalized temporal
profile of the exciting pulse is overlaid with a grey curve. Note that, compared to what was observed in the
previous case of a small nanosphere (Fig. 2), the system reaches much higher nonequilibrium states, with
the nonthermal electron energy ~2 orders of magnitude larger than for the sphere (compare with Fig. 2d),
the electronic temperature as high as ~1800 K, and the lattice temperature reaching up to ~500 K. Such
high transient levels of excitation and temperatures (of both electrons and phonons) reached on ultrafast
timescales enables several nonequilibrium mechanisms otherwise unattainable. For instance, considering a
continuous-wave illumination with the same average power as the pulse, much lower temperature increases
of only ~3 K are obtained. This result clearly shows the potential for ultrafast pulsed catalysis. The electron-
phonon equilibration is achieved within a few ps, in agreement with previous reports®, while the total
relaxation (equilibration with the surrounding environment) requires a few ns.

Additionally, the model allows for accessing each quantity of interest locally, i.e., at arbitrary positions
around the nanoparticle. The energy content of nonequilibrium electrons, the occupancy distribution
variations of the nonthermal portion of the hot carrier population (Afxt) and thermalized hot electrons (Afr)
are shown in Fig. 4¢ close to the bowtie tip, with the (normalized) probability of energy transfer to NO via
electron inelastic scattering also presented as a light blue shaded area. As for the nanosphere (Fig. 2), Afnt
is distorted due to the inelastic scattering with the adsorbate (see orange curve), a mechanism competing
with relaxation, which tends to bring electrons closer to the Fermi level. Moreover, for the bowtie and the
present interaction conditions considered, and especially given the high electronic temperature, Afr is more
spread out in carrier energy than in the sphere case. This increases the energy overlap with Pi(FE) and is
expected to enhance the contribution to the reaction due to thermalized HCs.
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Fig. 4: Simulating the ultrafast dynamics of plasmonic hot carriers in the presence of an adsorbate across
designer nanostructures. Results of the GE2TM for the case of a single Pt bowtie (length Lx = 45 nm, height H, =5
nm, width Wy =20 nm, and a 5 nm gap between them) promoting NO desorption. A pulse with a duration (full width
at half maximum in intensity) At = 100 f5s centered at # = 300 fs, fluence F, = 75 pJ/cm?, at a wavelength of /1p: 600
nm (photon energy fla)p = 2.06 eV), linearly polarised along the bowtie (x-) axis and impinging at normal incidence
(z-axis) is considered. a) Spatial distribution of the total energy density stored in the nonthermal electrons Nyt (left)
and of the electronic temperature increase A@g (right) at the exciting pulse peak to. b) Temporal dynamics of the
internal energetic variables of the photoexcited plasmonic NP, averaged over its volume: Nyr (red, left axis), A®g
(purple, right axis), A®; (orange, right axis). The (normalized) temporal profile of the exciting pulse is also shown
(grey shaded area). ¢) Energy distribution variations of the nonthermal portion of the hot carrier population A fy (red
shades) and of the thermalized hot electrons A f1 (purple shades) evaluated at a position close to the bowtie tip at time
delays of —50 fs, 0 fs, and 200 fs (from darker to lighter shades) from the exciting pulse peak to. The (normalized)
probability Pi(E) of energy transfer into NO via electron inelastic scattering is shown (light blue shaded area). d)
Temporal dynamics of the cumulative number of reactions induced by nonthermal (red, left axis) and thermalized
(purple, left axis) electrons, averaged over the NP volume. The dynamics of the cumulative contribution due to the

lattice temperature increase according to the Arrhenius law (normalized to the rate at room temperature) is also shown
(orange, right axis). The panel inset shows the temporal dynamics of the corresponding instantaneous reactions rates

(averaged over the NP volume) for the electrons (nonthermal and thermal, left axis, in ps_l) and the lattice
(normalized to the Arrhenius-like rate at room temperature).

Lastly, Fig. 4d displays the time evolution of the cumulative number of reactions induced by nonthermal
and thermalized electrons, averaged over the NP volume. Additionally, the cumulative contribution due to
the lattice temperature increase according to the Arrhenius law (normalized to the rate at room temperature)
is presented on the right axis. Our calculations predict that the electronic terms (red, purple) reach a plateau
relatively quickly and then relax back to equilibrium with energy flows to the lattice. As a result, the phonon
contribution (relative to the room temperature reactivity) is delayed by a few ps. However, it then keeps
increasing along the entire time interval considered (up to ns), with minor changes in lattice temperature
affecting the reaction exponentially. Moreover, the inset in Fig. 4d details the instantaneous reaction rates
(averaged over the NP volume) for both electrons (nonthermal and thermal, left axis, in ps™') and the lattice
(normalized to the Arrhenius-like rate at room temperature, hence unitless). The results clearly suggest that
each of these contributions dominates over distinct timescales, with purely electronic effects at the early
stages following impulsive photoexcitation and the lattice temperature taking over at longer times. This
feature, inherent to the pulsed illumination regime, could contribute to fundamental insights into the
interplay of these effects.

To complete our investigation, we used our model to examine the effect of the exciting pulse temporal
duration on the chemical reactivity for the two reactions considered (NO desorption and O diffusion on the
Pt bowtie). In light of recent reports on the topic®®*, this analysis is of particular relevance, as it could shed
light on the role of pulsed illumination and transient nonlinearities in light-driven chemistry beyond the
stationary regime.

Figures 5a and Fig. 5b show, respectively, the total number of reactions of NO and O induced by the Pt
bowtie (same geometrical parameters as before) under varying pulse durations, ranging from 100 fs to 1 ns.
The other pulse parameters are the same as in Fig. 4, including the pump fluence, which implies that pulses
with different durations feature the same total energy but are distributed differently in time.

We observe that, in both cases, the contributions from the nonthermal electrons (red curves) are constant
with respect to the pulse duration. This is because (i) decreasing the pulse duration leads to higher peaks
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over shorter durations (see Fig. S3) and (ii) multielectron processes are neglected, which is a reasonable
assumption for the reactions considered here. By replacing our quantum formalism with other models, such
as e.g., those considering the regime of desorption induced by multiple electronic transitions (DIMET)®-,
our approach could be straightforwardly extended to more complex reactions. While a similar trend is
obtained for the electronic temperature itself (featuring higher peaks over shorter durations; see Fig. S3 for
further details), the nonlinear relation introduced by the Fermi-Dirac exponential connecting the electronic
temperature and the carrier energy occupancy distribution allows, in principle, the thermal electronic
contribution to vary with pulse duration. For the specific reactions considered here, this electronic
nonlinearity is the main reason for the trend observed for NO desorption (Fig. 5a, purple line), where the
number of reactions due to thermal hot carriers decreases with increasing pulse duration.
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Fig. 5: Ultrafast hot carriers in Pt bowtie for varying pulse temporal duration. Results of the GE2TM for the
case of a single Pt bowtie (same geometrical parameters and illumination conditions as in Fig. 4) as a function of the
temporal duration At of the exciting pulse, varied while conserving the pulse fluence (F, = 1 mJ/cm?). a) Total number
of NO desorption reactions induced by nonthermal (red, left axis) and thermalized (purple, left axis) electrons averaged
over the NP volume for varying pulse durations. The total number of reactions due to the lattice temperature increase
according to the Arrhenius law (normalized to the rate at room temperature, hence in units of s) averaged over the
nanoparticle surface (orange, right axis). b) Same as (a) for O diffusion reactions. ¢) Temporal dynamics of the lattice
temperature increase (NO desorption) evaluated at a position close to the bowtie tip (solid), far from the tip at the
bowtie back (dash-dotted), and averaged over the NP volume (dotted) for varying pulse durations. d) Analysis of the
terms involved in the dynamic lattice heating (see Eq. 1c), evaluated locally at a position close to the bowtie tip (NO
desorption). The peak of the lattice temperature increase [marked by colored points in panel (c)] as a function of the
pulse duration (yellow) is compared with the cumulative heating source up to the time of the corresponding
temperature peak resulting from electron relaxation (black) and the dissipation term resulting from heat diffusion
(green).
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While this behavior is very prominent for NO desorption, it is almost absent when O diffusion is considered
(Fig. 5b, purple line). This difference is due to the different dynamics (see Fig. S4) and energetics of the
two reactions. For NO (with the peaks of P,(E) at higher energies®”), the reactions occur only in the presence
of a large O and the onset of the electronic nonlinearities is at ~500 K, as we show in Fig. S4. This implies
that most of them happen in time near the peak of the electronic temperature, which, here, exceeds
thousands of K (see Fig. S3), and are therefore strongly dependent on the peak value reached. Conversely,
O diffusion (lower energy transfer probabilities) does not require particularly high electronic temperatures
to occur, and the nonlinearity of the electronic temperature is displayed for ®g>~600 K. Therefore, most
reactions happen on longer timescales when the electronic temperature increase is only ~400 K, which is
in the linear regime, yet it remains at this value for a longer time. The further major difference in the
electronic contributions between the two reactions is the relative weight of the term due to nonthermal
carriers compared to that arising from thermalized electrons. For NO desorption (Fig. 5a), nonthermal
carriers dominate, while they provide only a small contribution to O diffusion. Consistent with what is
observed in Fig. 3, this effect can be rationalized by considering the distinct energetics of the adsorbates,
which produce a different overlap in energy between the transfer probability and the nonequilibrium
electron population. Interestingly, the contribution from the lattice (yellow curves) displays a peak around
1-2 ps pulse durations for NO desorption At Fig. 5a) and then decays for increasing At . For very long
pulses ~1 ns, the peak lattice temperature decreases because, on those timescales, the particle loses heat to
the environment. On the other hand, to explain the trend at shorter pulse durations, the intra-particle ultrafast
heat diffusion across the bowtie needs to be considered. In particular, for NO desorption in Fig. 5S¢ we show
the local dynamics of the lattice temperature at two positions, near the tip of the bowtie (solid curves) and
its back (dash-dotted curves), as well as the volume average over the entire particle (dotted curves) for
various pulse durations (increasing from lighter to darker color shades). The lattice temperature increases
up to a peak (more pronounced for shorter pulses) and then slowly decreases back to equilibrium on longer
timescales. By varying the pulse duration, the peak temperature (marked by circles in Fig. 5c¢) is not
monotonic and tends to increase up to the case with 1 ps pulse At, then decrease for longer pulses. The
origin of this effect lies in the local interplay between the source for the temperature increase and its
dissipation term, respectively, electron relaxation and heat diffusion (see Eq. 1c¢). More precisely, in Fig.
5d, we track the maximum lattice temperature increase at the tip for various pulse durations (yellow curve,
made up by collecting the peaks of Fig. Sc, see white circles with same color coding). The black and green
curves display, respectively, the amount of heat that has locally entered (black) and left (green) that position
due to heating from electron-phonon exchange and cooling from diffusion. Although both quantities tend
to increase with At, their difference, which ultimately determines the lattice temperature, displays a peak.
This is because of the interplay between the timescales of heating, which is determined by the pulse
duration, and cooling, influenced by the geometry and material properties. At the tip location, and for
increasing pulse durations, lattice heat diffusion lags with respect to the ep scattering-driven heat input,
yielding an optimum corresponding to a peak in the lattice temperature.

In addition, differently from the tip position, the positions further away (dash-dotted lines in Fig. 5¢) balance
out the behavior observed near the tip in such a way that the peak of average lattice temperature (dotted)
remains fixed in amplitude for the different pulse durations while being shifted in time when varying
At (except for the 1 ns case, which is lower because of the heat lost to the environment). However, because
of the highly nonlinear dependence of the instantaneous reaction rate on the lattice temperature (through
the Arrhenius expression), the dominant number of reactions occur on the tip, leading to the enhanced
nonlinearity observed for an integral quantity (over the NP surface) as the number of reactions shown in
Fig. 5a. Although the dynamics of the lattice temperature are similar for both reactions, the lattice
contribution to O diffusion displays a much smaller peak in Fig. 5b, which is the result of its relatively
lower activation energy, causing a sublinear dependence of the instantaneous reaction rate on the lattice
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temperature (see Fig. S5). While we underline that reaching the optimal temperature increase at ~1 ps is a
quantitative effect specific to the NP material and geometry considered, we argue that the origin of the
phenomenon has general validity and it affects measurable quantities (such as the reaction rates). As such,
it could be further investigated to enhance photothermal effects upon ultrafast pulsed illumination beyond
the steady-state performances.

Conclusions

To conclude, in this work, we have proposed an original model for the ultrafast energy transfer between the
hot carriers in plasmonic nanostructures and chemical species adsorbed onto the metal surface to study
plasmon photocatalytic events in the ultrashort-pulsed regime of illumination.

By combining in an entirely selfconsistent fashion a rate-equation description of the spatio-temporal
dynamics of nonequilibrium carriers with a quantum formalism of the inelastic scattering with molecular
adsorbates, our model, referred to as Generalized Extended Two-Temperature Model (GE2TM), allows for
quantifying and disentangling the contributions to the reactivity arising from electrons, based on their
energy, and the metal lattice temperature. In parallel, by inherently including the temporal resolution on
ultrafast timescales, the GE2TM represents the ideal tool to investigate the effects of pulsed light in
photocatalysis, which is emerging as an attractive, promising approach to enhance reactivity and selectivity
of chemical transformations.

We applied the GE2TM to the representative cases of NO desorption and O diffusion on a Pt(111) surface’
for a small nanosphere and a larger bowtie nanoantenna. Besides being consistent with previous findings,
our analysis enabled us to explain the mechanisms determining the reaction rates typically accessible by
experimental means, as well as to predict unexplored regimes for pulsed photocatalysis.

Notably, we observed that, based on the adsorbate energetics, the nonlinearities intrinsic to the thermalized
hot carriers (via the Fermi-Dirac distribution) and the lattice (via the Arrhenius formula) can introduce a
non-monotonic trend of the reaction rates as a function of pulse duration. The interplay of the ultrafast
energy exchange channels available (relaxation, injection, spatial diffusion) is at the origin of enhanced
reactivities for specific ultrashort durations of the light pulse.

More generally, thanks to its flexible implementation, the GE2TM can be modified to describe a large set
of nanostructured photochemical systems, including different reactions, illumination conditions
(wavelength, intensity, pulse duration), as well as arbitrary shape, size, spatial configuration and material.
As such, the proposed model could provide accurate, data-comparable predictions and represent a
promising step toward the design and optimization of photocatalytic platforms with rationally tailored
electronic and thermal properties.

In addition, the model formulation has a rather general validity, making it straightforward to extend the
GE2TM to describe the energy transfer from photoexcited electrons in diverse contexts. For instance, by
employing different quantum formalisms for the electronic interactions, one could model multielectron
processes, the permanent injection of electrons into the adsorbate, or carrier tunneling in a Schottky barrier,
beyond the molecular realm. Including more accurate modeling of the molecular dynamics, in principle for
both electronically and vibrationally excited states, could also be envisaged to quantitatively investigate the
photocatalytic activity for elaborate reactions and larger molecular complexes.

7

Methods
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We implemented Egs. 1a-1c using the finite element method (FEM) in the commercial software COMSOL
Multiphysics. In order to incorporate the energy dependence, we employed the Extra Dimension feature
embedded in COMSOL to attach a 1D extra component representing the carrier energy axis to every point
in the nanoparticle. First, we calculated the absorption cross section o,ps(4) and the normalized spatial
absorption pattern p(r,A) across the nanoparticle using a standard electromagnetic simulation in the
frequency domain. The corresponding absorption term in Eq. 1a photoexciting nonthermal HCs is then
defined as’”%:

Raps(r, t, E) = %6NT(E) p(r,p) —Fpaal;,s ) g@®.
Here, F,, is the pulse fluence,  is the nanostructure volume, g(t) = /4 In2 /mAt2 exp [ —4 In2 (t — ty)? /
At?] the Gaussian pulse profile centered at t, of duration (full width at half maximum in intensity) At, and
Syt (E) a double-step-like distribution” 77, The quantity A4 is a normalization constant defined to ensure
energy conservation’* 7® and expressed as A = |, ¢ E DOS(E)énT(E) dE. While the energy occupancy
distribution of nonthermal electrons is fully determined by Afyr (7, t, E), the total energy density stored in
this fraction of the HC population Nyt (7, t) (in J/em?) is defined as the integral over the carrier energies

NNT(r,t) = fE DOS(E)AfNT(r,t,E)dE
E

The energy flowing from the nonthermal to the thermalized HCs is regulated by electron-electron scattering
events, whose rate is expressed as the inverse of a collision time 7, taken from Fermi liquid theory®':

Tee (E) = To

where 7, is a constant depending on the material®?, for which we set a value of 2 fs in Pt. Similarly, the rate

of scattering events between nonthermal HCs and phonons is governed by a characteristic time”
ep = Tf kh%:
BYD
where Op is the Debye temperature of the material and 7y is the quasi-particle free flight time. Values were
taken from ref.”’. Through energy conservation, these rates (7, and Te_pl) determine the source terms in

Eqgs. 1b and 1c as

T

ot B ex
where x = e or p refers to energy flowing from nonthermal HCs to either thermalized HCs or the lattice,

aUNT(r, t) 1
Tex f E DOS(E)Afyr(r, t'E)r_ dE,
E

. .. . . <)
respectively. The thermal conductivity of the thermalized electrons is defined” as kg = kK, @—E. The
L

electronic heat capacity Cg(0g), thermal electron-phonon coupling constant G (0g), and the metal density
of states DOS(E) are taken from density functional theory calculations available in the literature®. In our
calculations, we took DOS(E) to be a constant and equal to its value at the Fermi level, which is a valid
assumption in that region.

Similarly to Eq. 2, the relaxation channel of thermal electrons due to energy transferred to the adsorbed
species is expressed as:

Qint(r,t) = . f-LE DOS(E) Zn[AfT(r, t,E + nhwy)B,(E + nhwy) — Afr(r,t, E)P,(E)]dE.

Here, following previous reports®”- 6% P, (E) is defined by the equation

Pu(E) = ) P(m > n, E)po(m),
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where P(m — n, E) is the probability that an electron with energy F that scatters off the adsorbate causes
a transition from the vibrational state m to state n, and py(1m) is the probability that the adsorbate initially
occupied the vibrational state m at room temperature. The corresponding probability for a reaction with
activation barrier Ea to occur is expressed as’®’

Preac (E) = i Pa(E)

N=Nreac
where nyq,¢ 1s the integer fulfilling the condition nyeychwg > Ea, hw, being the ground state vibrational
spacing defined in the main text (refer to Fig. 1b)

To quantify the energy transferred from plasmonic HCs to the adsorbate, we defined some key quantities.
In particular, the instantaneous percentage P: of nonthermal electron energy deposited into the adsorbate
(e.g. in Fig. 2e, left axis) was expressed as the integral over electronic energies and nanostructure volume

P® = 5| [ B DOSERmetr, . E)OE AV,
abs /NP YE

where Uyps = F,0, 18 the total absorbed energy. Similarly, for thermalized electrons,

Phe(® = 75— | Que(r,0)dv.
abs /NP
The cumulative percentage of energy UII;I]:[F(T) (Fig. 2e, right axis) is then computed as the time integral of

the instantaneous one up to the current time t. Finally, the instantaneous rate of reactions induced by
nonequilibrium (nonthermal, NT, and thermalized, T) HCs (reported e.g. in Fig 4d, inset) is expressed (in
1/s) as

RO (1) = f f DOS(E)Afxrry (T, £, E) Preac (E) dE dV.
Tsurf NP

The cumulative number of reactions NreaET)(t) (reported e.g. in Fig. 2f) is then computed as the time

integral of Ri\g(cT)(t) up to the current time t. To compute instead the rate of reactions induced by the

lattice temperature increase Rl,,c(t), we employed the Arrhenius law associated with @y (r,t), and
integrated it over the nanostructure surface Syp. To avoid misevaluations of the absolute value of this rate
introduced by the pre-factor in the Arrhenius equation, we opted for normalizing RL,,.(t) to its value at
room temperature 0. The resulting normalized rate we analyzed (and showed e.g. Fig. 4d) is expressed as:
Jas

Npexp[ —k ®L<r o™,

ﬁ%eac (t)
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