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ABSTRACT: The damping of surface plasmons generates hot
carriers, which hold promise for photoelectric conversion and
photocatalysis. Recent studies have revealed the nonequilibrium
characters of the plasmonic hot carriers and their nonadiabatic
coupling to molecular vibrations. However, the precise mechanism of
plasmonic photocatalysis remains elusive and controversial. Here, we
present a unified description of thermal and nonthermal hot carriers in
the dynamics of vibrational excitation and photodissocation, in which a
quantitative comparison between the two mechanisms can be made.
We revisit a well-studied system, O2 dissociation on silver nanoparticles. The nonthermal hot carriers are found to promote
molecular dissociation in the low-temperature or high-intensity regime. With increasing laser intensity, the dissociation rate exhibits a
transition from a linear to nonlinear dependence, due to the onset of vibrational heating, as observed in experiments. Our model
provides a unified framework to understand the mechanism and dynamics of photocatalysis and reveals the nonthermal pathways for
energy harvesting and conversion with surface plasmons.

■ INTRODUCTION
Since the pioneering works of plasmon-induced dissociation of
O2/H2 on noble metal nanoparticles,

1−4 plasmonic photo-
chemistry has evolved into an active research field with
promising energy applications.5−29 The hot carriers generated
by Landau damping of surface plasmons have been suggested
to be the dominant mechanism,1−18 due to the efficient
injection and separation of plasmonic hot carriers across the
interface.30−39 Such an electronic mechanism is common in
electron- and photochemistry on solid surfaces, which is
inevitably competed by possible thermal heating at ambient
conditions and under irradiations.21,22,40,41 This competition
can be more complicated at the plasmonic hot spots of
nanoparticle aggregates, where local heating42,43 is hard to
measure experimentally.21,41 Recently, progresses have been
made to disentangle the effects of hot carriers from
photothermal heating using improved control measurements
of surface temperatures,44−49 yet the debate between thermal
and nonthermal mechanisms remains inconclusive.
Theoretical studies of plasmon-induced hot carrier gen-

eration based on electron gas models50−54 or atomistic
simulations55−65 have shown highly nonthermal characters in
the energy distributions. Whether and how these nonthermal
hot carriers participate directly in surface photochemistry
remain challenging for first-principles time-dependent density
functional theory (TDDFT) simulations.24−27 Phenomeno-

logical descriptions of molecular dissociation have been based
exclusively on Arrhenius laws with modified energy barriers
and/or local temperatures,10−12,21,22 which literally assume
quasi-equilibrium distributions achieved in the electronic and/
or vibrational degrees of freedom. Such an assumption
contradicts with more recent experiments and TDDFT
calculations, which show: (1) highly nonthermal characters
of hot carrier injection and separation at the metal−
semiconductor interface in first-principles simulations,36,37,39

(2) ultrafast time scale of charge transfer in comparison with
the much longer thermalization time within the nano-
particles,32−35 (3) nonthermal hot carrier distributions in
direct optical measurements,66−70 and (4) nonthermal vibra-
tional populations71,72 and mode-specific vibrational temper-
atures of adsorbed molecules.18,73−75 All of these observations
demonstrate the nonequilibrium nature of the plasmonic hot
carriers and the induced vibrational excitations, which remain
to be understood.
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The Anderson−Newns Hamiltonian76,77 with a linear
electron-vibration coupling to truncated harmonic oscillators
has been appealing to effectively account for the dynamical
activation of molecular vibrations by plasmonic hot
carriers,71,72,78−80 treating bond breaking in the DIET
(desorption induced by electronic transition81,82) and/or
DIMET (desorption induced by multiple electronic tran-
sitions83) mechanisms. For example, Linic and co-workers
have adopted this model to explain their experimental
findings,1,2 including the light intensity dependence and the
kinetic isotope effect. Unfortunately, the invoked formulation84

considered only a single inelastic scattering event with fixed
carrier energy at the molecular resonance and literally omitted
all possible contributions from hot carriers in a wide energy
spectrum with nonthermal distributions, which have been
identified by numerous TDDFT simulations36,37,64,65 and the
latest experimental measurements.66−70 As a result, the effects
of nonthermal hot carriers on photocatalysis, and their possible
competition with thermal carriers and the photothermal
heating mechanism,12,21,22,41,44−49 remain unresolved.
We have recently developed a unified description of

vibrational excitation induced by both thermal and nonthermal
hot carriers,23 where an explicit form of the nonthermal
distribution of plasmonic hot carriers has been introduced. It
allows for a quantitative comparison between nonthermal and
thermal excitation mechanisms. This paper presents a
comprehensive description of the model and important
extensions to separate the electron and hole channels of
nonthermal excitations, and to incorporate vibrational heating
in a wide range of temperatures and light intensities. The
mode-specific electron-vibration coupling provides direct
physical insight into the mode-dependent vibrational excita-
tions observed in recent experiments.18,71−75 As an application
of this model, we reanalyzed O2 dissociation on silver
nanoparticle (AgNP) as functions of light intensities and
temperatures. We found that beyond a moderate light
intensity, local vibrational heating through multiple electronic
scatterings outweighed the DIET mechanism for plasmonic
photocatalysis. This reproduced the nonlinear dissociation
rates at higher light intensities.2,3,9−11 Our work provides a
unified framework to understand hot carrier photochemistry
starting from optical absorption and electron-vibration
coupling and bridges the gap between the thermal and
nonthermal mechanisms for plasmonic photocatalysis.

■ METHODS
Hamiltonian. The nanoparticle−molecule system is

described by the Anderson−Newns model76,77 with a linear
electron-vibration coupling to a truncated harmonic oscil-
lator.84−90 The total Hamiltonian is comprised of the following
three parts:

= + +H H H He v i (1)

where

= + + +† † †H c c c c v c c( H. c. )
k
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The electronic Hamiltonian He consists of a molecular
resonance |a⟩ with energy εa, the continuum states of the metal

nanoparticles |k⟩ with energies εk, and the tunneling coupling
vak between them. The molecular vibration Hv is approximated
by a harmonic oscillator with vibrational frequency Ω.
In the resonance electron-vibration coupling, vibrational

excitation is induced by the temporary occupation of the
resonance state (na = ca†ca), resulting in vibrational motion on
an excited state, which is described by a shifted harmonic
oscillator with reaction coordinate q. The coupling constant λ
for the linear electron-vibration interaction is determined by

= | =q
q

2
d

d
( ) q qa 0 (3)

where μ is the reduced mass for the oscillator, and q0
corresponds to the equilibrium position of the ground state.
This term is mode-dependent, which may lead to mode-
specific vibrational excitations in adsorbed molecules, as
demonstrated in early calculations91 and recent experi-
ments.18,71−75 Such a model Hamiltonian has been generally
used to describe various dynamical processes in surface
sciences, including vibrational damping,85 electron energy
loss spectroscopy,86 dissociation induced by tunneling
electrons,90,92 and femtosecond laser-induced desorption and
dissociation.84,87−89

Vibrational Transition Rates Induced by Plasmonic
Hot Carriers. To describe plasmon-induced photocatalysis
under CW laser irradiation, it is essential to consider the
nonthermal hot carriers that are constantly generated during
plasmonic damping. These hot carriers can couple to the
molecule on a time scale given by the tunneling lifetime of the
resonance state, which is typically a few femtoseconds.32−37

This is much shorter than the thermalization time on the
picoseconds for hot carriers in metals and within the
nanoparticles.60,93−96 The persistent generation of hot carriers
by CW lasers makes it possible to maintain a nonthermal
distribution on top of the thermal distribution governed by the
Fermi−Dirac distribution f 0(ε, T) with an electron temper-
ature. The nonthermal distribution function under CW
illumination is defined as23

=f ( )
( )

( )nth
DOS (4)

Here, ρDOS(ε) is the electronic density of states of the
nanoparticle, and δρ(ε) is the density response of hot carriers
generated by Landau damping of plasmons, following
Govorov50,55 as
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with Vkk′ as the optical transition matrix element, ℏω as the
energy of incident photon, and Γkk′ = Γkk = ℏ/τ as the
relaxation matrix element in the relaxation time approximation.
This f nth can be treated on an equal footing with the
equilibrium counterpart f 0.
For an electron bath with a general distribution function

f(ε), the inelastic transition rate from vibrational state |n⟩ to
state |n′⟩ of the admolecule can be evaluated as86,87,90

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.4c08348
J. Phys. Chem. C 2025, 129, 12804−12813

12805

D
ow

nloaded from
 pubs.​acs.​org/​jpccck/​article-pdf/​129/​28/​12804/​42554275/​jp4c08348.​pdf by guest on 11 O

ctober 2026



= [ + ]| |

= [ + ]

× | |
+ +

W f f T

f f

n m m n
i

4
d ( ) 1 ( ) ( )

4
d ( ) 1 ( )

n n
a

nn

m n m

2
2

a
2

a a

2

(6)

where Tnn′ is the transition amplitude between two bound
levels |n⟩ and |n′⟩ via intermediate states |m⟩, εn = nℏΩ is the
vibrational energy of state n, and δε = εn − εn′ is the energy
transfer between electrons and the molecule. Δa = ∑kπvak2 δ(ε
− εk) is the broadening of molecular resonance, which
effectively accounts for tunneling coupling with the electron

bath. Its Hilbert transform = dk
v

a
k

k

a
2

yields the

energy shift of the resonance state εã = εa + Λa.

For an electron bath with a thermal Fermi−Dirac
distribution at an electron temperature Te, it is not necessarily
in equilibrium with the lattice or the environment in a
dynamical process. The integration over the energy distribu-
tion can be evaluated in the wide-band approximation,86,87,90

using the analytic expression of the Franck−Condon factors
between two displaced harmonic oscillators.97 The result reads

= ×

+ + +

W
n n

n T n n

F m n n
n n m i

4 ( )
( , ( ) )

( , , ; )
( 2 ) /2

n n

m

th a
2

B e

F a a

2

(7)

where nB(Te, ε) = [exp(ε/kBTe) − 1]−1 is the Bose−Einstein
distribution at Te, β = λ/(ℏΩ), and
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Eq 7 guarantees detailed balance between vibrational
transitions, Wn→n′

th /Wn′→n
th = exp[(εn − εn′)/kBTe]. When the

lattice and the electron bath are in equilibrium at the same
temperature, eq 7 represents the vibrational transition rate
without laser irradiation, namely, under dark condition.
To incorporate the nonthermal hot carriers generated by

plasmon damping, the electron distribution function can be
generalized to include the nonthermal term as23

= +f T f T f( , ) ( , ) ( )0 nth (9)

since these nonthermal hot carriers also participate in
molecular scattering and vibrational excitation. In order to
separate the thermal and nonthermal contributions, the
product between distribution functions in eq 6 is partitioned
into four parts,

+
= + + +
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Here, the first term corresponds to the contribution from the
thermal distributions. Under normal laser intensity, f nth should
be much smaller compared to f 0. Therefore, the last term can
be neglected. The second and third terms correspond to the
contributions from nonthermal hot electrons and hot holes,
respectively. The non thermalvibrational transition rates can be
reorganized as
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Eq 11 can be numerically evaluated. This provides an
unambiguous and concise way to calculate the nonthermal
transition rates from hot electrons and holes, which was done
by qualitatively dividing the distributions into three energy
regimes.23

Reaction Rates in DIET and DIMET Regimes. In the
truncated harmonic oscillator approximation, molecular
dissociation occurs when the vibrational energy surpasses the
dissociation barrier. By considering the vibrational transitions
from all bound states up to the dissociation level, nd, the
dissociation rate under laser excitation is given by

=
=

R p T W( )
n

n

n n ndis
0

1d

d
(12)

where pn(T) is the thermal population of vibrational state n at
temperature T. For reactions induced by single electronic
transitions (DIET regime), their vibrational populations follow
exactly the Bose−Einstein statistics at the electronic temper-
ature Te, which is assumed to be in thermal equilibrium with
the environment.
The rate of dissociation in the DIET mechanism only

accounts for a single inelastic scattering from the bound state.
It does not include possible modifications of vibrational
populations by multiple scatterings of nonthermal carriers in
the DIMET regime. Experimentally, vibrational heating could
occur under high laser irradiations98 or in plasmonic gaps with
strong local field enhancement.2,3,9−11 This can be described
efficiently by introducing a modified vibrational temperature
Tv, which in principle should be determined by solving the
Pauli master equation.87,90

A simple and approximate way to determine the vibrational
temperature in the DIMET regime can be obtained by
extracting the temperature from the vibrational transitions
between the ground state n = 0 and the n = 1 excited state, i.e.
W0→1
tot = Γ↑

tot and W1→0
tot = Γ↓

tot, as

= =
+
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T
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B B
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i
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{
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With the vibrational temperature, the dissociation rate within
the DIMET mechanism can now be evaluated using the
modified vibrational populations pn(Tv). We will later discuss
the effect of the DIMET mechanism and make comparison
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with the DIET mechanism,23 as well as compare with other
theoretical descriptions available in the literatures.2,84

■ RESULTS AND DISCUSSIONS
Here, we apply the above model to study the vibrational
excitation and dissociation of O2 on AgNP, which has been
intensively investigated experimentally.1,2 Upon adsorption,
the O−O bond lies parallelly to the surface,99−101 suggesting
no direct coupling between the molecular dipole and the local
field. Hence, direct photolysis by the electric field can be ruled
out. To describe the electronic structures of AgNP, we adopt a
jellium sphere model50−52 for the ground state spectrum of
spherical nanoparticles with a diameter up to D = 25 nm and
the Wigner−Seitz radius rs/rB = 3.02, where rB is the Bohr
radius. In the low-coverage limit, the effect of molecular
adsorption on the plasmon properties, the so-called chemical
interface damping,35,102−105 is minor and has been neglected.
The adsorbate-specific parameters are extracted from first-
principles calculations of O2 chemisorbed on Ag(100),

2 with
Δa = 0.6 eV, εa = 2.4 eV corresponding to the 2π* resonance of
the O2 on the Ag(100) surface formed by hot electron transfer,
and ℏΩ = 0.10 eV being the vibrational energy of the adsorbed
O−O stretch mode.
Hot Carrier Distribution. As the first step, the nonthermal

distribution defined in eq 4 is evaluated as a function of
wavelength and laser intensity. Figure 1a shows the energy and

wavelength dependence of the nonthermal distribution
function. When illuminated by light with a given energy hν,
the hot carriers generated are essentially distributed within the
energy range (εF, εF + hν) for electrons and (εF − hν, εF) for
holes, respectively. Both distributions of electrons and holes
are plotted by the absolute magnitude. For a given particle size
D and carrier lifetime τ, the nonthermal carriers are distributed
predominantly near the Fermi level due to the available

thermal electron−hole pairs near the Fermi surface. The hot
carriers are therefore affected by the populations of thermal
electron−hole pairs during Landau damping. Apart from this
thermal character, there are purely nonthermal distributions at
energies far from the Fermi level. Increasing the carrier lifetime
or reducing the nanoparticle size favors hot carrier generation
and thus enhances the nonthermal distributions.51 In the
dependence of photon energy, a clear resonance enhancement
can be observed at hν ∼ 3.5 eV, which coincides with the
calculated plasmon resonance ℏωp of the AgNP at the given
diameter.106 This resonance effect confirms that plasmon
excitation is dominant in hot carrier generation.
Figure 1b shows the hot carrier distributions as a function of

the light intensity. These distributions have the same energy
profiles. The magnitude of the distributions depends linearly
on the light intensity I0, as expected from linear response
theory.40 Under near-resonant excitation, the local field
experienced by the conduction electrons is dominated by the
plasmonic field, whose intensity scales linearly with that of the
incident light.50−52

Figure 2a shows, in more detail, the total hot carrier
distribution function at T = 300 K including both the thermal

and the nonthermal distributions. The overall distribution is
dominated by the thermal distribution, as expected. Non-
thermal distributions are substantially smaller in magnitude for
low-energy electrons and holes near the Fermi level. However,
away from the Fermi level, the thermal distributions decay
exponentially, while the nonthermal distributions do not. This
implies that the high-energy distributions should always be
dominated by the nonthermal electron−hole pairs. To help
understand the different contributions from the thermal and
nonthermal carriers, we could qualitatively divide the total
distribution function into three regions. The thermal (TH)
region near the Fermi level contains both thermal and
nonthermal components but is overwhelmingly dominated
by the thermal carriers. The hot hole (HH) and hot electron
(HE) regions predominantly consist of hot holes and hot

Figure 1. (a) Wavelength and (b) light intensity dependence of the
nonthermal energy distributions of plasmonic hot carriers. A
significant resonance enhancement appears at hν = 3.5 eV,
corresponding to the plasmon resonance of a silver sphere with a
diameter D = 25 nm. Based on the linear response framework, the hot
carrier generation depends linearly on light intensity. The calculations
are taken at T = 300 K, and τ = 100 fs.

Figure 2. (a) Total electronic energy distribution at T = 300 K and I0
= 107 W/m2. Carriers are segmented into three regions. The TH
region around the Fermi level contains mostly the thermal carriers,
while the HH and HE regions consist of hot holes and hot electrons,
respectively. The nonthermal characters are colored for clarification.
(b) Schematic of a unified treatment of thermal and nonthermal hot
carrier distributions in the vibrational heating mechanism.
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electrons, respectively. The insets are close ups of distributions
in the HH and HE regions.
Rates of Vibrational Transitions. To explore how the

nonthermal hot carriers affect the vibrational excitation of the
molecules adsorbed on the nanoparticle surface, whose general
picture involving tunneling coupling is schematically shown in
Figure 2b, we plot in Figure 3a the rate of vibrational excitation

W0→1 as a function of temperature, with separate contributions
from hot electrons (red line), hot holes (blue line), and
thermal carriers (black line). The thermal contribution
increases with temperature, while those of hot electrons and
hot holes are temperature-independent due to their non-
thermal characters. Excitation by nonthermal hot carriers
dominates at low temperatures and is outweighed by the
thermal contribution at temperatures above 220 K. Moreover,
the unoccupied O2 2π* resonance obviously favors vibrational
coupling with hot electrons rather than hot holes, leading to
larger vibrational excitation rates for the hot electrons.
Figure 3b shows the light intensity dependence of W0→1 at a

fixed temperature of 300 K. Contributions from different
carriers are presented in the same way as shown in Figure 3a.
Here, the nonthermal contributions increase linearly with the
light intensity, as expected from linear response theory. It is
clear that thermal excitation dominates W0→1 under weak
illumination and is overtaken by hot electrons for light
intensities higher than ∼4 × 109 W/m2. For vibrational
transitions involving larger energy transfers, nonthermal hot
carriers can dominate vibrational excitations at much lower
light intensities.
Dissociation Rate and Vibrational Heating. We next

analyze the dissociation rate of O2 on AgNP. A laser with hν =
3.5 eV is used for resonance plasmon excitation, and the
dissociation level is taken as nd = 6. In our previous work,

23

only the DIET regime with a fixed light intensity has been
considered. However, vibrational heating has been reported at

high light intensities in the same system.2 To account for the
modified vibrational distribution induced by multiple elec-
tronic scatterings, a vibrational temperature approximation87,88

can be introduced. In Figure 4a, the vibrational temperatures

Tv given by eq 13 are displayed as a function of light intensity
at a fixed environmental temperature Tenv = Te = 300 K. As
shown in Figure 3b, the vibrational excitations are still
dominated by thermal activation at low light intensities. The
vibrational temperatures are thus in equilibrium with the
electronic temperature. However, as the light intensity
increases, the populations on higher vibrational states are
increased consequently, which result in elevated vibrational
temperatures. Indeed, mode-specific vibrational temperatures
in adsorbed molecules have been reported using Raman
thermometry18,71−75 and have been suggested as a signature of
the hot carrier mechanism in plasmonic photocatalysis.
The modified vibrational temperature leads to enhanced

rates of dissociation, especially in the DIMET regime. Figure
4b shows the light intensity dependence of the dissociation
rates with separate contributions from thermal and nonthermal
hot carriers. Both the DIET (dashed lines) and DIMET (sold
lines) mechanisms are shown. For the thermal channel (TH),
the vibrational temperature remains unperturbed (Tv = Te),
resulting in identical rates in both mechanisms. The thermal
electronic distribution is independent of light intensity, leading
to a constant dissociation rate. In contrast, nonthermal hot
carriers lead to distinct intensity dependence of the
dissociation rates. At low intensities, dissociation is governed
by the DIET mechanism with a linear intensity dependence. As
the light intensity increases, a transition from the linear to
superlinear dependence occurs due to the onset of vibrational
heating. The superlinearity results from the additional
vibrational transitions from higher vibrational states and
elevated vibrational populations.84,86−90 This effect can be
rationalized as a reduced dissociation barrier1−3,10−12 without
considering the modified vibrational temperatures. However,
the microscopic description of vibrational temperature
presented here is more physical and aligns with experimental

Figure 3. (a) Temperature and (b) light intensity dependence of the
vibrational excitation rate W0→1 with contributions from hot electrons
(red lines), hot holes (blue lines), and thermal carriers (black lines).
The nonthermal carriers are efficient in promoting the activation of
molecular vibrations in the low-temperature and/or high-light-
intensity regime.

Figure 4. (a) Light intensity dependence of the vibrational
temperature (solid lines) under resonant illumination. As compared
to the electronic temperature (dashed lines), dramatic vibrational
heating of admolecule can be observed, especially at high values of
light intensity. (b) Dissociation rates as a function of light intensity in
the DIMET regime (solid lines) and are compared to the
corresponding DIET curves (dashed lines). The transition from a
linear to a superlinear dependence can be observed, indicating the
onset of vibrational heating.
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observations of elevated and mode-dependent vibrational
temperatures.18,71−75

The light intensity dependence of the dissociation rate
suggests that the thermal contribution dominates only under
low light irradiation and is gradually prevailed by the
nonthermal contribution at increasing light intensities. Such
an unambiguous distinction between the thermal and non-
thermal effects is crucial in understanding the mechanism
involved, which has not been achieved in previous models.2,84

This benefits from a unified treatment of the thermal and
nonthermal hot carrier distributions. Moreover, the non-
thermal hot electrons are found to be more favorable to trigger
molecular dissociation, with the corresponding rate being
several orders of magnitude higher than the hot holes. This is
consistent with the vibrational transition rates shown in Figure
3, which originates from the better energy alignment between
hot electrons and molecular resonance. We note that recent
experiments proposed an alternative hot hole mechanism for
single O2 dissociation in a tunneling configuration,

107,108 which
is interesting and deserves future investigation. Therefore,
Figure 4b suggests that at relatively high light intensities,
nonthermal hot carriers can greatly promote and even
dominate plasmonic photocatalysis, and the reaction mecha-
nism evolves from single to multiple electronic transitions at
the onset of significant vibrational heating.
Figure 5 shows the dissociation rate as a function of

temperature in the vibrational heating mechanism. The

thermal rate (Thermal) corresponds to a background
dissociation rate under dark condition. It essentially follows
the Arrhenius law. Plasmonic hot carriers under light
irradiation open a nonthermal channel of dissociation that
increases with light intensity. Such a nonthermal enhancement
is more dramatic in the low-temperature regime, where
thermal carrier excitation is suppressed and the dynamic
activation to the dissociation level is thus only accessible
through nonthermal hot carriers. As the temperature increases,
the thermal excitation of higher vibrational states becomes
more efficient. It effectively diminishes its nonthermal
counterpart. The results here are in line with earlier data in
the DIET mechanism23 and expose additional light intensity
dependence in the vibrational heating mechanism. Figure 5
indicates that plasmonic hot carriers can promote photo-
dissociation mostly in the low-temperature and high-light-
intensity regimes, where vibrational heating induced by
nonthermal hot carriers becomes efficient and dominant.

While the model captures the essential features of non-
thermal hot carriers in the rate of plasmonic photodissociation
and its transition from linear to superlinear light intensity
dependence, the calculated threshold (∼108 W/m2) of the
transition is considerably higher than the light intensity
measured in the experiment (∼103 W/m2).2 This difference
between theory and experiment could be attributed to the
extra local field enhancement present at the plasmonic gaps in
the experiment. Typically, the experiment was performed on an
ensemble of nanocubes, where the photodissociation mostly
took place at hot spots in narrow plasmonic gaps.2 The local
field therein is substantially higher than the surface field on a
single spherical nanoparticle treated in our calculations.109 For
instance, the field enhancement at the hot spot of the
nanoparticle dimer can be more than 3 orders of magnitude
higher than that near an individual nanoparticle.2 This local
field argument is also consistent with the experimental
observation that a single nanoparticle did not yield photo-
dissociation at the same experimental conditions.2 In addition,
dynamics beyond the one-dimensional harmonic oscillator,
and a possible inhomogeneous density distribution of hot
carriers,64 which are neglected in our model but may be
present in the larger nanoparticles used in the experi-
ment,7,14,17 may be additional factors contributing to the
discrepancy.
Which Hot Carriers Are Operative? The answer to this

question is relevant to the mechanism of plasmonic photo-
chemistry. Although the photodissociation of O2 has been
analyzed in a similar model,2,84 it did not explicitly account for
the hot carrier distributions and their energy-dependent
activation to a molecular resonance. Instead, it was assumed
that a single hot carrier at the plasmon resonance energy is
exclusively involved in the scattering event. To gain insight
into which carriers are important for photocatalysis, we have
segmented the dissociation rates in the hot carrier spectrum
with an energy step of 0.2 eV. As shown in the upper panel of
Figure 6, in the thermal regime, only the carriers near the
Fermi level provide the dominant contributions to molecular
dissociation. This results from the electron−hole pair
distribution factor, f(ε)[1 − f(ε + δε)] in eq 6, which is
peaked at the Fermi energy of the thermal electronic bath.

Figure 5. Temperature dependence of the total dissociation rate at
different light intensities under resonant excitation. The nonthermal
contributions are dominant in the low-temperature regime as
compared to the thermal reaction limit (gray solid line). All
calculations are taken at nd = 6, and τ = 100 fs.

Figure 6. Thermal and nonthermal contributions to reaction rates
obtained in different energy regions of the hot carriers spectrum.
While the thermal contributions are dominated by hot carriers close
to the Fermi level, nonthermal hot carriers with a broad energy range
from near the molecular resonance to the plasmon resonance provide
comparable contributions. Parameters used in the calculations are hν
= 3.5 eV, T = 300 K, I0 = 109 W/m2, and τ = 100 fs.
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Therefore, the low-energy electron−hole pairs near the Fermi
level are the most active carriers in activating the molecules
through an off-resonance excitation mechanism. In contrast,
the nonthermal distribution fnth has appreciable populations in
the high-energy regime. These energetic carriers better align
with the 2π* resonance of the O2 molecules, dominating the
contributions to molecular dissociation through a resonance
electron-molecule excitation.
A detailed look at the resonance dissociation peak in the

lower panel of Figure 6 suggests that the hot carriers involved
cannot be attributed to a single electron excitation with energy
equals to neither the plasmon energy (3.5 eV106) nor the
molecular resonance (2.4 eV2). Instead, it shows a broad
energy distribution from 1.8 to 3.6 eV, demonstrating the
combined effects of the molecular resonance and the
nonthermal hot carrier distributions. This suggests that a
proper treatment of the energy-dependent coupling with the
hot electron bath is important to understand the mechanism
and is an essential step beyond a single-electron scattering
picture.2,84 The unified description of the thermal and
nonthermal hot carriers in our model provides a concise
theoretical framework and quantitative assessment of their
relative contributions in the coupling with molecular
resonance. It offers deeper insight into the mechanism of
plasmonic photocatalysis within a well-defined model.

■ CONCLUSIONS
Based on the Anderson−Newns model of resonance electron-
vibration coupling and an explicit derivation of the nonthermal
hot carrier distribution, we have presented a unified
description of vibrational heating and dissociation induced
by plasmonic hot carriers, with the focus on the mechanism of
plasmon-induced photocatalysis. As an application of the
model, we have revisited the photodissociation of O2 adsorbed
on AgNP and systematically examined the dissociation rate as
functions of temperature and light intensity. Treating the
nonthermal and thermal distributions on equal footing has
allowed us to gain a quantitative assessment of the
contributions from nonthermal carriers in comparison with
that from thermal carriers. The results demonstrate that a small
fraction of population by energetic nonthermal carriers is
sufficient to greatly enhance the vibrational excitation, thus
promoting catalytic dissociation, especially in the low-temper-
ature or high-light-intensity regime. Furthermore, single
electronic scattering dominates the dissociation under weak
excitation; vibrational heating induced by multiple electronic
scatterings outweighs as the light intensity increases, giving a
linear-to-superlinear dependence of the dissociation rate. Our
model captures the essential physics underlying the mechanism
of plasmonic catalysis and provides a unified theoretical
framework to describe hot carrier photochemistry in both the
thermal and nonthermal regimes.
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