Published on 02 November 2018. Downloaded by Ben Gurion University of Negev on 4/27/2019 8:06:43 PM.

Faraday Discussions s

Cite this: DOI: 10.1039/c8fd00147b

Assistance of metal nanoparticles in
photocatalysis — nothing more than
a classical heat source

Yonatan Sivan, 2 *29 leng Wai Un®9 and Yonatan Dubi®®

Received 4th October 2018, Accepted 2nd November 2018
DOI: 10.1039/c8fd00147b

In a recent paper, we derived a self-consistent theory of the steady-state electron
distribution of a metal under continuous wave illumination which treats thermal and
non-thermal effects on the same footing. Here, we re-derive the main analytical results
of that study from very simple arguments, and draw a series of conclusions which
contradict claims made in previous studies of the steady-state distribution. In particular,
we show that the faster chemical reactions reported in many previous papers are
extremely unlikely to originate from high energy non-thermal electrons. Instead, the
faster reactions very likely originate from a purely thermal effect.

. Introduction

In recent years, a central focus of research into nanoplasmonics has been on
finding ways to exploit the enhanced absorption exhibited by nanoplasmonic
systems. Two main routes are discussed in the literature. First, it was shown that
plasmonic nanostructures can be efficient sources of heat on the nanoscale,*?
a research topic that is usually referred to as thermo-plasmonics. This has
enabled a wide range of emerging applications at different temperature ranges,
such as photothermal imaging,®* cancer treatment,” plasmonic photovoltaics,®
water boiling, sanitation and super-heating,” solvothermal (hydro-thermal)
chemistry,” thermo-photovoltaics,"** diffusive switching,” thermoelectrics,**
plasmon-assisted chemical vapor deposition® and heat-assisted magnetic
recording,'® which may involve temperatures even higher than 2000 K.

Clearly, the generation of heat is a result of internal thermalization processes
that convert the high energy non-thermal electron distribution generated initially
by the absorption of photons to a thermal distribution. In that context, a second
way to exploit heat has emerged - it was hypothesized that the initially generated
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high energy non-thermal (frequently (ill-)referred to as “hot”) electrons could be
used as a means to catalyze photochemical reactions,"”** as well as in artificial
photosynthesis,>*** photo-detection,”**° frequency upconversion®-** etc. Specifi-
cally, a large number of experimental studies have reported faster chemical
reactions in the presence of illuminated metal nanoparticles.*>** However, it
was not clear whether this acceleration of chemical reactions occurred due to the
increased population of high energy carriers, or due to the mere (consequent)
increase in temperature; in other words - is it thermal or non-thermal effects that
are responsible for the faster chemistry? This is important to know because
although heating is frequently used in catalysis, it is accompanied by various
undesired side effects (such as the enhancement of additional parasitic reac-
tions)* and incurs significant practical and financial complications for real-life
applications. As a result, heating is generally avoided in practice.

Very few attempts have been made to distinguish experimentally between
thermal and non-thermal effects. This should be done by reproducing the same
temperature rise caused by laser illumination through the use of purely external
heating. Clearly, it is very difficult to measure temperature on the nanoscale with
sufficient spatial resolution; indeed, thermometry methods for metal nano-
structures have emerged only in the last few years (e.g. ref. 34-36). An alternative
determination of the temperature via numerical simulation is simple for a single
nanoparticle (NP),*”*® but non-trivial in the presence of many nanoparticles due
to the long range inter-particle thermal interactions**® which give rise to (highly)
non-uniform temperatures on multiple length-scales. For example, in ref. 41 the
control experiment showed that the chemistry is sensitive to the external
temperature, i.e. the metal does more than just enhance photon absorption.**
However, the control experiment was carried out at a temperature measured far
away from the illuminated nanoparticles, and this was most likely lower than the
actual nanoparticle temperature, as noted later on by the same group of authors*
and by others.** Even if the temperature is known, it is not easy to perform
meaningful control experiments due to the difficulty in reproducing the non-
uniform temperature distribution across the typical suspension volume with an
external heat source. In pulsed experiments, this is even more difficult due to the
transient nature of the temperatures and the differences between the electron and
lattice temperatures.

In addition to all these practical complications, there has been also a funda-
mental controversy regarding the definition of temperature for metal nano-
structures under illumination. Indeed, one could naively argue that upon
illumination, the system is out of equilibrium, meaning that temperature -
inherently an equilibrium property - cannot be well defined.*> Accordingly, while
temperatures were defined after the initial non-equilibrium stage that follows
ultrafast illumination (see for example ref. 46 and 47), all previous theoretical
studies of continuous wave (CW) illumination treated the non-equilibrium in
great detail, but ignored the possibility of an increase in the electron and phonon
temperatures to above the environment temperature.

In order to reconcile this paradox, in ref. 48 we suggested a unique solution for
the determination of the steady-state temperature developing in a metal nano-
structure, based only on energy conservation and basic thermodynamics.
Specifically, we developed a self-contained theory for the photo-generation of non-
thermal energetic carriers in metal nanostructures based on a quantum-like
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version of the Boltzmann equation (BE).***”**” To the BE we added, in a self-
consistent way, electron-phonon scattering and energy leakage to the environ-
ment via phonon-phonon coupling, such that the electron and phonon (lattice)
temperatures in the plasmonic nanostructure can rise above the ambient
temperature. The steady-state solution of this set of equations ensures energy
conservation - the power flowing into the metal due to photon absorption is
exactly balanced by heat leakage to the environment. Since there is obviously only
one pair of values for the electron and phonon temperatures for which this
happens, the approach of ref. 48 enables a determination of the temperature(s) of
a system which is out of equilibrium in a unique and unambiguous way. This
approach also enables a comparison, for the first time to our knowledge, of the
relative importance of thermal and non-thermal effects.

The simulations showed that the population of non-thermal energetic elec-
trons and holes® can increase dramatically under illumination, yet this process is
extremely inefficient, as the majority of the absorbed energy leads to heating; the
electron and phonon temperatures are found to be similar, thus justifying the use
of the (classical) single temperate heat model.> Somewhat surprisingly, we found
that just above (below) the Fermi energy, the non-equilibrium consists of holes
(electrons), rather than the other way around; we showed that this behaviour is
due to the dominance of e-ph collisions.

The results of ref. 48 were based on a rather complicated and slowly converging
numerical procedure involving standard but cumbersome scattering integrals. This
approach also lacks deep physical insights. In the current manuscript, we provide
several simple estimates of the numerical results obtained in ref. 48 that partially
obviate the need for the heavy/lengthy numerical procedure performed so far. We
also apply the results of ref. 48 to show that, unlike what is frequently claimed in the
literature, the density of high energy non-thermal carriers is, to leading order at
least, independent of the NP size and shape, and that in fact, small spherical NPs
are the least efficient source of high energy non-thermal carriers. Furthermore, we
develop a simple model for photocatalysis which shows that it is highly unlikely
that the faster chemical reactions observed experimentally are due to the generation
of non-thermal, high energy carriers in the metal. The faster reactions much more
likely originate from a purely thermal effect. Finally, we describe several experi-
ments that have to be carried out to confirm our predictions.

Il. A simple calculation of the electron
distribution and temperatures

In this section, we briefly reintroduce the theoretical model reported in ref. 48 and
show how to obtain some of its numerical results without going though a full-

scale numerical calculation, based on standard, physically-sensible assumptions.
The Boltzmann equation (BE) is

W:@+@+@ (1)

photon absorption e—e collisions e—ph collisions

Here, fis the electron distribution function at an energy, &, electron temperature,
T. and phonon temperature, Ty, representing the population probability of
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electrons in a system characterized by a continuum of states within the conduc-
tion band. The first term on the right-hand-side (RHS) of eqn (1) describes the
excitation of conduction electrons due to photon absorption (see Appendix: A for
its explicit form). The second term on the RHS of eqn (1) describes the energy
relaxation due to collisions between electrons and phonons (see ref. 48 and 54 for
its explicit form). The third term on the RHS of eqn (1) represents the thermali-
zation induced by e-e collisions, i.e. the convergence of the non-thermal pop-
ulation into the thermalized Fermi-Dirac distribution, given by

SUET) = (14l ™, )

Here, kg is the Boltzmann constant and & is the Fermi energy.* The explicit form
of the e-e relaxation term used in our formulation can be found in ref. 48. Note
that eqn (1) does not account for interband transitions. In that sense, it is suitable
for describing Ag NPs, but is relatively less accurate for Au NPs. See ref. 47 and 48
for a detailed justification of this model.

We now split the electron distribution into a thermal and non-thermal part,
namely, we define AfNT=f (&, Te, Tpn) — fT (€, Te) in ref. 48. We then multiply the
resulting equations by the product of the electron energy, £, and the density of
electron states, p.(€), and integrate over the electron energy. The resulting
equations describe the dynamics of the 3 energy channels, namely, non-thermal
electron energy, thermal energy and phonon energy:

duNT
d; = _I/Ve—e - Wiﬂgh + WeT;IT7
du’
a = Wee= Wy + W5,
du,
dlp = WeT—ph + WPh*C“V + Wel\fl[-)h'

Here, UYT = J&oe(ﬁ)[f —f"]d€ is the total energy of the non-thermal electron

sub-system, and we define the energy change rates due to photo-excitation

(WS(TE Jé'pe(é’) K%) - (%:) ej d€ and Wi= Jgpe(f) (%:) exdc‘:), e-e

[ S}
collisions (Wee = J Epe(€) (a—]:) dE), e-ph collisions <W§Tph5 — [&pe(E)
e—e

[(%) . — (aaﬂt) }dé’ and WeTfphE — [&pe(E) (%) ephd5>, and the

e—ph
coupling of energy to the environment (Wph-env)-

A. Determining the steady-state temperatures

We now show how the steady-state electron and phonon temperatures can be
determined without the need for the lengthy exact numerical calculations of the
Boltzmann equation.
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In order to avoid the heavy numerical computation of the BE and the rate
equations above, we adopt several standard approximations. First, we approxi-
mate We_ and We pn as Telfs" and I'pnlds", where I'. and I'py, are the effective time
scales that represent the decay of the non-thermal energy due to e-e and e-ph
collisions, respectively. Such an estimate is customary within the approach
known as the (extended) Two Temperature Model ((e)TTM), initially introduced
phenomenologically®® and later derived from a classical point of view in ref. 59. As
an initial guess, we can set I'.' ~ 0.5 ps and I'pn ~ 1 ps.***** We also replace
Wz,ph with Ge_ph(Te — Tpn), an approximation which has been shown to be an
excellent approximation for T, < 3000 K.****¢%* Following this, the above rate
equations become

dug"
4 = T = Tld + W,
du.”
dr = Feui\]—r - Ge—ph(Te - Tph) + VVexTa
du
d;h = Ge—ph(Te - Tph) - Gph—env(Tph - Tenv) + Tphu?rr»

where we also set Wppeny = Gph-env(Tph — Tenv)- This set of equations in fact
provides a self-consistent derivation of the (¢)TTM from the BE; similar deriva-
tions were previously suggested in ref. 64-66, 90 and 91.
For CW illumination, the system 1is in a steady-state. Thus,
UNT = W /(Te + I'pn),
Fe

ngT + We = Gepn(Te — Trn)

and

T
e (T2 = Tiw) = G- (T = Ton) = T2

Therefore, via simple algebra, we can derive the following equations:

I ¢ NT T
—W /4
T ¢ + I ph o + o
T. =T+ C \ (3)
e—ph
W 4 W
Tph = 1oy + —= & (4)

Gph—env

Eqn (3) and (4) show that T, and Ty, grow linearly with the incident intensity
(via the absorbed power density, eqn (A1)-(A6)). The difference between the
temperatures is also proportional to the absorbed power density. Most
importantly, the difference between the two temperatures is independent of
the particle size and coupling to the environment; it instead depends only on
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the internal details of the electron subsystem and on the e-ph coupling
coefficient, Ge_ph.

B. High energy non-thermal carrier density

In order to determine the density of high energy non-thermal carriers, we exploit
the fact that e-ph interactions are important only near the Fermi energy (see
specifically ref. 48, Fig. S2(b)). The reason for that, by the FLT, is that the energy
lost by a high energy non-thermal electron in a collision is a significant part of its
excess energy with respect to the Fermi energy. Since that energy is much higher
than the phonon energies, they are not generated during collisions of high energy
non-thermal electrons. Thus, the electron population far away from the Fermi
energy can be determined simply by balancing the electron excitation rate with
the e-e collision rate. Indeed, we show in Appendix: A that the density of high
energy non-thermal carriers is given by

ANT(E) ~ e e(E)RIEP, (5)
deoen (wp) &

i 3Emaxle
in Appendix: A) and E is the local electric field. This is found to be in excellent
agreement with the numerical results (see Fig. 1).

Eqn (5) not only provides a simple way to compute the high energy, non-
thermal carrier population, but also provides fundamental insight into the
physics of non-thermal carrier generation. Specifically, it shows that the non-
thermal carrier population is independent of the ambient temperature, phonon
temperature and the temperature of the electrons, as well as of the thermal
properties of the system. This means that previous studies of the steady-state
electron distribution (e.g. ref. 67-70) could have been used to calculate quanti-
tatively the high energy non-thermal carrier density correctly.”” However, they
could not have been used to obtain the distribution near the Fermi energy
because of the neglect of the temperature rise; accordingly, the relative amount of
power going to the thermal and non-thermal channels has not been evaluated
thus far. This also means that previous approaches incorrectly account for the
role of interband transitions which, due to the need to bridge the bandgap energy,
cause an increase in the non-thermal carrier distribution relatively close to the

where R=

(definitions of the various parameters can be found
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Fig. 1 The population f(€) of holes at £ =1.8 eV (<hw) below the Fermi level (blue
rectangles) and electrons at £ = 1.8 eV above the Fermi level (orange triangles), compared
with the estimate (5) (black dashed line).
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Fermi energy.®® In fact, assuming that the number of excess electrons generated
near the Fermi energy is comparable to that in the high energy shoulders, it is
most likely that their contribution would be negligible with respect to the thermal
changes. Accordingly, one should re-examine all claims about the relative
importance of interband transitions for the generation of non-thermal carriers.”

A further implication of the accuracy of the estimate (5) is the independence
of the density of high energy non-thermal carriers on the shape and size of the
metal nanoparticle. Indeed, since it has been shown via fully quantum
mechanical calculations that the e-e collision rates are independent of the
particle size (e.g. ref. 47 and 72), it follows from eqn (5) that the density depends
on the NP size and shape only via the value of the local field. This claim is
corroborated by the numerical results of Section III below & Fig. 2. This result is
in contradiction to the claims that have frequently appeared in previous studies.
It should be noted that the metal interface may support long-lived surface states
which, in turn, might allow for a higher density of high energy non-thermal
carriers. However, the importance of such states should be weighted by their
relative number, which is surely small, especially for spherical nanoparticles of
more than a few nm in size.

Finally, we note that the estimate (5) is essentially identical to the result for
the population of the excited state in a system with discrete energy states (e.g.
a two level system) in the weak excitation limit. This means that (t._.R) ™ *? is
essentially the effective saturation field for the metal, |Egy| = \/ZIsae/(21).%
Then, assuming that the absorptivity of a single metal atom is comparable to that of
a single gas atom or a semiconductor atom, it follows that since the relaxation rate of
the metal electron is about 6 orders of magnitude faster compared with the relax-
ation of a gas or semiconductor atom, then the square of the saturation field, |Eg,|?,
of the metal will be 6 orders of magnitude higher than in an atomic gas or a semi-
conductor. For I, ~ 10’ W cm™? (typical for a gas or semiconductor atom), it is
easy to see that |Egy|> ~ 100 Q10" W ecm > = 10" V> m ™2 In Appendix: A, we
obtained |Egy|* ~ 2.5 x 10'° V> m~2, which is in excellent agreement with the above
estimate.

This shows that accounting for the discreteness of the energy states (as for the
atomic physics case) or neglecting it (as in our approach) has, at most, a minor
effect on the resulting density of high energy electrons. This conclusion is the
opposite of the conclusions drawn in previous studies.

1.3 -6
@ 1 o0 ® 10
12 . - " 10"
= < 002 " L
11 ° = . e U
b 0.018 . 107
] .
1 2 3 4 5 1 2 3 4 5 3 4 5 6 7
Aspect ratio Aspect ratio £ (eV)

Fig. 2 (a) Geometric rescaling factor of the thermal conductivity of the host for metal
nanorods with different aspect ratios.*” (b) Electron (yellow dots) and phonon (green
squares) temperature rises of nanorods with different aspect ratios but identical wave-
length (2.5 eV), volume and averaged field (|E]? = 108 (v m™3?). (c) Deviation from the
equilibrium distribution for the aspect ratios 1 : 1 (blue solid line) and 1 : 5 (red dashed line),
respectively. The green dotted line shows the deviation from the equilibrium distribution
for a different wavelength (1.75 eV) with an aspect ratio of 1: 1.
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Ill. Dependence on nanoparticle size and shape

Previous studies have claimed that particles with sharp edges, for which regions
of strong electric fields (also confusingly referred to as “hot spots”®*) of electric
fields occur, are superior for the purpose of generating high energy, non-thermal
carriers. Unfortunately, however, these claims were based on what we believe to
be a somewhat improper comparison.

Specifically, while previous comparisons were carried out for particles of the
same volume (and probably the same incident intensity), the changes in size and
shape incur changes in the resonance position and quality, therefore resulting in
a change in the local electric field within the NP. Thus, the differences observed in
such comparisons ensue partially (if not completely) from these purely classical
electromagnetic effects, meaning that it is not clear what conclusion can be made
from such a comparison.

In that sense, a better suited comparison should be made for particles with the

same volume and the same average internal (squared) fields, J |E[*dV. Such
14

a comparison would also allow one to isolate the role of additional quantum
mechanical effects from the purely classical electrodynamic considerations
associated with the quality and position of the optical response. Since we
observed in ref. 48 that away from the Fermi energy the density of high energy
carriers is proportional to the square of the local field, f ~ |E|?, it is immediately
obvious that, to leading order, the total number of carriers at a given energy (away
from the Fermi energy) is the same for NPs with the same (average) internal field,
regardless of their shape and of the electric field distribution.

Some differences may still exist due to field and temperature gradients. These,
however, are expected to be weak - the charge currents created by the electric field
non-uniformity are assumed to be weak (due to the fast e-e collisions and the
high conductance of the metal); heat currents are definitely weak - indeed, the
temperature uniformity is excellent due to the high thermal conductivity within
the metal. Either way, the neglect of these currents is, to the best of our knowl-
edge, common to all previous studies, and will accordingly be adopted here as
well.

Having said that, we should emphasize that the electron distribution near
the Fermi energy (hence, the electron temperature) might be very sensitive to
the shape and size of the NP. Indeed, the particle size and shape affect the
coupling efficiency of heat to the environment, manifested via the phonon-
environment coupling coefficient Gph.eny (introduced in Section A). In ref. 37,
Baffou et al. used exact numerical simulations to provide accurate empirical
expressions for the effective thermal coupling coefficient to the environment for
various generic particle shapes. In particular, they showed that since a spherical
nanoparticle has a minimal surface area-to-volume ratio, it is optimal in terms
of holding on to the heat generated within it. Accordingly, one can expect that
for a given average (squared) local field (which is directly proportional to the
absorbed power, see eqn (A4)), a sphere will be the hottest among all other
particles. Thus, overall, while the number of non-thermal carriers generated
within a sphere is the same as in any other particle (for a given average local field
and particle volume), it exhibits the poorest relative efficiency of thermal vs.
non-thermal energy partition.
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These expectations are confirmed by numerical solutions of the Boltzmann
eqn (1) for Ag rods with various aspect ratios but with the same volume. As the
input electromagnetic field, we used a fixed value representing the averaged
square of the local electric field rather than the field itself (see our justification
above). One can see that the lowest temperature is attained for a rod witha 1:5
aspect ratio due to its 30% stronger coupling coefficient of heat to the environ-
ment (Fig. 2). The population of the high energy, non-thermal carriers is, however,
the same for the different rods.

Our approach also shows the differences in the non-thermal distributions
near the Fermi-energy for two different wavelengths. Specifically, the change
in wavelength affects the shoulder width (due to the change in Aw,) and
height (due to the change in the density of states at £ and pap,s with the illumi-
nation wavelength®®). For example, ¢a175 ev/Pazas eov = 1.3 and
Na(1.75 eV)/Na(2.25 €V) = ¢ (1.75 eV) /el (2.25 eV) = 1.35 (ref. 73) for the same
average field. As aresult, |Af175 ev|/|Af2as ev] = (Na(1.75 €V)Pa 1.75 ev)/(Na(2.25 €V)
$an25 ev) = 1.76, which is in excellent agreement with the numerical results.

IV. Non-thermal carriers and photocatalysis

We now wish to make the connection between our theory, in which the (non-
thermal) carrier distribution is evaluated, and photocatalysis, namely the
enhancement of a reaction rate due to the presence of an illuminated nano-
particle (NP). The first stage is to understand the nature of the photocatalytic
process, and its relation to the electron distribution in the NP. To this end, we
follow the reasoning (based on the specific example of hydrogen molecule
dissociation) presented in ref. 41, as depicted in Fig. 3. Consider a reaction
pathway defined by a free energy curve in some reaction coordinate (blue solid
line) leading from the initial state to the product state (in H, dissociation the
initial and product states are H,o, and the dissociated molecule 2H, respectively,

Reaction
coordinate (a.u.)

>

NP electron reservoir \ product state

Fig. 3 Schematic illustration of the photocatalytic process. The molecule absorbs an
electron from the NP, thus going from the initial state to the excited state. The barrier that
has to be crossed to reach the product state is much smaller now, resulting in a much
higher reaction rate. During the relaxation process the excess electron returns to the NP.

Initial state
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and the reaction coordinate is the H-H bond length). This reaction is limited by
the energy barrier & (~2.3 eV for H, dissociation), which is practically
unreachable at room temperature.

Now, the molecular system is placed in the vicinity of a NP, from which elec-
trons with energy &, can hop onto the molecule (dashed gray arrow), thus
generating a charged excited state (the state H] o, in the H, dissociation
example). In this sense, the NP is nothing but an electron reservoir available to the
molecular system. The excited state molecule has a different reaction path (solid
orange line), with a smaller energy barrier for the reaction. This reduction of the
energy barrier is the essence of the catalytic process. At some point along the
reaction path, the excess electron returns to the NP with energy oy (dotted gray
arrow), and the system returns to the neutral-state reaction path. The concept of
“hot electron-assisted photocatalysis” is based on the concept that illumination of
the NP will dramatically increase the probability of electrons (in the NP) having
energy &in, thus making their excess energy available for the chemical reaction to
occur.

We can now try to relate this description to the evaluation of the electronic
distribution function in the NP. For the electrons in the NP, the nearby molecule
that undergoes the reaction can be considered as a source of irreversible energy
loss, whereby electrons come in with energy &, and leave, after some reaction
time, t,, with energy ou. Therefore, within a Boltzmann equation description of
the electron distribution, this term can be written as

<%> react ~ S () (1 = f(Eow)), ©)

where v, = 1; ' is the bare reaction rate, i.e. the rate at which the chemical system
undergoes the reaction after being excited by an additional electron (which is the
rate-limiting step). More realistically, one can assume that there is some broad-
ening to the energies &in out, resulting in a term that looks like

(%) N ~ 7, Jdgjdg’g(é'; Ein, 0)2(&; Eout, 0)f (E) (1 _f(gl)>’ )

where g(&; &y, 0) is a Gaussian centered around &, with width ¢. Eqn (6) is
reproduced if the limit ¢ — 0 is taken, i.e., taking g to be a é-function.

In principle, eqn (7) should be inserted into the full Boltzmann equation for
the distribution function (1). However, since chemical kinetics are substantially
slower than electronic processes, v, is much smaller than any of the other terms
(photo-excitation, electron-electron and electron-phonon scattering terms) in the
Boltzmann equation. It follows that in order to determine the steady-state
distribution, the y,term can be neglected. In other words, the chemical reac-
tion does not affect the electron distribution in the NP. The photocatalytic reac-
tion rate is therefore defined by eqn (6) or (7), and since 1 — f(Eoye) ~ 1, it can be
approximated by v,f(€in). This is a rather intuitive result; the photocatalytic rate
is proportional to the bare reaction rate multiplied by the probability of finding an
electron at the relevant energy (factors such as the density of states go into the
proportionality constant). The conclusion to be drawn from this simple set of
arguments is straightforward and unavoidable; if this mechanism indeed
describes the experiments, then the reaction rate should increase in pro-
portionality to the increase in the high-energy part of the electron distribution. In
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ref. 48 as well as above (see eqn (5)), we have shown that the high-energy part of
the electron distribution increases by ~10 orders of magnitude (and maybe
more). This is nowhere near the increase in reaction rate observed for any
experiment reporting metal NP-assisted photocatalysis; specifically, it is far
higher than what was observed in ref. 74, which found a mild 6-fold increase in
the reaction rate. We therefore conclude that “hot carriers” are extremely unlikely
to be responsible for the observed increase in the reaction rate. The strong
dependence of the photocatalytic rate on the substrate implies that the reason for
the faster chemistry is merely heating. Indeed, faster reactions were observed with
a glass substrate, which has a much lower thermal conductivity (in comparison
with the TiO, substrate used in ref. 41), thus giving rise to higher temperatures in
the nanoparticles.

V. Summary & outlook

The simplified analysis of Section II enables an effortless determination of the
electron distribution function, the electron temperature and the phonon
temperature for metals under steady-state illumination. This should motivate
a re-examination of all previous recent theoretical studies of the non-
equilibrium in metallic nanostructures that did not account for thermal
effects. It should also be the basis for improved modelling, e.g. by accounting
for more realistic band structures (thus enabling a comparison of different
metals), considering more complex nanostructures (involving different mate-
rials, especially semiconductors that provide an independent source of “hot”
carriers*?), adding (secondary) physical mechanisms (surface states, carrier
tunneling, field and temperature gradients etc.), and studying the competing
contributions of thermal and non-thermal effects to the nonlinear response of
metals etc.

Our results also enable a re-evaluation of the interpretations of previous
experiments. In particular, since the model reported in Section IV predicts
dramatically faster chemistry (many orders of magnitude faster reaction rates),
the absence of such an effect in the experimental data reported thus far implies
that it is extremely unlikely that the faster chemistry reported was indeed due
to the generation of high energy, non-thermal carriers. This conclusion
should induce a more careful examination of the origin and energy scale of
the faster reactions in those studies, which are far less sensitive to the
presence of the metal and illumination than predicted in Section IV. Most
likely, the mechanism responsible for the faster reactions will turn out to be
mere regular heating. Conversely, our theory can provide insight into the
design of experiments in which high energy, non-thermal carriers are
dominant.

In this vein, we hope that our results will motivate a quantitative comparison
of the theoretical predictions with experimental data. The latter should include
measurements of the metal temperature using one of the emerging techniques
(e.g., ref. 34-36, 75-80) together with electron photo-emission spectroscopy
measurements.®"* Ideally, these measurements should be carried out for a single
particle (such as in ref. 42, 81, 84 and 85) in order to exclude multi-particle
heating interactions, which are relatively hard to quantify.*>**
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Appendix: A. An estimate of the quantum
mechanical excitation term for CW illumination of
a metal nanoparticle

We employ the elegant expression proposed in ref. 57; namely, we define A(; )
such that A(&; w)dwd£€ is the (joint) probability of photon absorption of frequency

between w and w + dw for the final energy £ measured with respect to the bottom
of the band at £ = 0. We define this probability as

na(w) Dy(E, € —hw)py(E,E — hw)

A (gﬁnal =&; Cz)) =
Na JDE(S, £ — hw)p;(E, € — hw)dE

, (A1)

where Dj(Efinal, Einitiat) is the squared magnitude of a transition matrix element for
the electronic process Einitial — Efinal- Furthermore, p; corresponds to the
population-weighted density of pair states,

P (Etmats Einitiat) = [f (Einitiar) Pe (Einitiar)] [1 = f (Erinat) Pe (Erinat) ] (A2)

3ne [ €, . .
5 ; o is the density of states of a free electron gas;> n. is the electron
F F

density. Finally, n,(w) is the number density of absorbed %w photons per unit time
between w and w + dw, and Na = [dwna(w) is the total number density of absorbed
photons per unit time. For CW illumination, this is given by

hw

and p, =

Np = (A3)
where the averaged absorbed optical power density (in units of W m™?) is given by
the Poynting vector,* namely

(Pabs) = 0" (0, Te, Tyn){E(F,0) EF\1)) 15 (A4)

where ¢’ is the imaginary part of the metal permittivity, and the spatio-temporal
averaging, ()t,7, is performed over a single optical cycle such that only the time-
independent component remains and is over the NP volume.

The net change of electronic population at energy £ per unit time and energy at
time ¢ due to absorption is Ny¢a, where

0

da(&w) = L dw[4(&; w) — A(€ 4 hw; w)] (A5)

describes the total (probability of a) population change at energy £ per unit time
and energy at time ¢. Altogether,

ad N, E
l _ A¢A( )’ (AG)
) pe(E)

meaning that electron number conservation is ensured,

[ aeneterar /o) ~ [aanie) =o.

For CW illumination, 7y = Nxo(& — wp) and N = 2€/, (wp, Te, Tpn) |E(wp)|* /A
For the low intensities considered here, one can ignore the temperature depen-
dence of the metal permittivity.***”
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Table 1 Parameters used in the simulations and the values chosen for (low quality)”® Ag

Parameter Parameter symbol Value

Photon wavelength A 2.25 eV

Metal permittivity eag(N) —8.5+1.81°
Fermi energy Er 5.1 eV
Conduction band Emax 9 eV

width

Chemical potential u 5.1 eV

Electron density ne 5.86 x 10** m™*
Ambient temperature Tamb 297 K

Electron mass Me 9.1 x 10*' kg

For simplicity, we now approximate p. by its value at &. In the same
spirit, we  define the normalized transition matrix element

D= JDJ(E,E — hwp)p;(E,E — hwp)dE/Dy(E,E — hwp) and  ignore its energy-
dependence. Thus, we also find that
D= JDJ(E + hwp, E)py(E + hwp, E)AE/Dy(E + hwp, E), meaning that D= JdeE:
pe?(Er)/Emax. In this case, the excitation rate (A6) can be approximated by

of N 2¢"  B(E)|E] )

= | = ==p.(Er)B(E) = -2 ————=RB(E)|E A7
(3) = e = 2 2O —reeiEt. @)
where B(&) = f(€ — hwp)(1 = f(£)) —f(E)(A = f(E+ hwp)) is a dimensionless
O(1) function representing the 2 /w;, step-like energy dependence of the quantum

4 /"
excitation term and R= Aeoem (p) B 10 m2 V2 st (see the parameter
3hne  Emax

definitions and values in Table 1). Thus, we can estimate the non-thermal carrier

density as

Af=f —fT(E, Ton) =te o RIE]’ = 4 x 102°|E[*[V* m™?]. (A8)
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