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ABSTRACT

It has been known for many years that metallic nanoparticles can catalyze various chemical reactions, both in the dark and under
illumination, through different mechanisms. In the last decade or so, many claims of plasmon-assisted “hot” electron driven catalysis of
bond-dissociation reactions have been put forward. These claims were challenged in a recent series of papers where both the underlying
theory of “hot” electron generation and the use of specific experimental setups to discover them in chemical reactions were examined in
detail. The conclusion that arose from these works is that as long as temperature gradients exist inside the system (as for typical experimental
setups), a quantification of non-thermal effects is close to impossible. Instead, a standard thermal theory was shown to be capable of explain-
ing the experimental findings quite accurately. Here, we review the central lines of thought that led to these conclusions from a personal
point of view. We lay out the key aspects of the theory and point to the specific caveats one must be aware of in performing photo-catalysis

experiments. Finally, we provide some future directions of study.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0021197

Metal nanoparticles (NPs) are known to exhibit unusual optical
properties, in particular, for having absorption and scattering cross
sections that exceed their physical size. This was predicted to enable a
long list of potential applications in diverse fields." Unfortunately,
however, the strong absorption in the metal severely limits many of
these applications.”” Since the energy absorbed in the metal gets con-
verted to heat almost in its entiretyf"3 in more recent years, attention
was diverted into applications that exploit the absorption, like high
temperature chemistry, thermal treatment of cancer, water purifica-
tion, etc.” !’

Adding to these, one of the most promising such applications
was predicted to be the speeding up of chemical reactions, usually
referred to as plasmon-assisted photocatalysis. In particular, it was
envisioned that the absorption of photons promotes the generation of
a non-equilibrium (also known as non-thermal or “hot”) carrier distri-
bution such that electrons in the high-energy tail of this distribution
can tunnel out of the metal into high-energy orbitals of the surround-
ing molecules and then catalyze the chemical reaction. This was usu-
ally referred to as the “hot carrier mechanism” (or “indirect” plasmon-
assisted photocatalysis'' ~'*). We note that the term “hot carriers” is
somewhat unfortunate, as it implies that the carriers are in thermal
equilibrium (ie., their distribution is Fermi-like) albeit with a

temperature higher than the ambient (such that the system in general
is out of equilibrium). Yet, the common practice in the field refers to
“hot electrons” as having a distribution that is different from a thermal
distribution with the ambient temperature (see, e.g, the title of
Ref. 14). Hereafter, we use the terms “non-thermal” and “hot” inter-
mittently, as is accustomed in the literature.

The “hot” electron mechanism was introduced to explain two
main phenomena. First, it explained the ability of a high energy metal
electron to tunnel through the Schottky barrier to an adjacent semi-
conductor and then be used for photodetection at frequencies lower
than the gap energy of the semiconductor.”” ' Elaborate models of
this effect provided a very good quantitative agreement with experi-
mental findings (see, e.g., Ref. 22) Second, motivated by this first effect,
the “hot” carrier mechanism was also employed to explain why noble
metals, which are not known as particularly good catalysts, did provide
significant catalysis when subjected to optical illumination. The effect
was primarily explained as enabling low activation energy pathways.
In some studies (e.g., Refs. 14 and 23-26) it was claimed that the mere
presence of “hot” carriers reduces the activation energy of the favor-
able reaction pathways, as a function of their number density (hence,
as a function of the incoming light intensity). This approach was pre-
dicted to surpass the efficiency of traditional catalysis approaches™**
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and to circumvent the well-known limitations associated with catalysis
using high temperatures. The latter includes high energy consumption,
shortened catalyst lifetimes™ through sintering deterioration, and
especially non-selectivity, which enables undesired reactions to
take place, hence, to loss of yield and efficiency, see e.g., discussion in
Ref. 30. This conclusion led to a rapid growth of interest in plasmon-
assisted photocatalysis, mostly as a viable pathway towards a cheap
and efficient way to produce “green” fuels.”"”' "

Potentially, because of the complex multi-disciplinary nature of
this problem, the exact manner in which “hot” electrons assist the
reaction rate was not supported by a quantitative, first-principles type
theory but, instead, has remained at the phenomenological level.
Moreover, not only was it unclear how the “hot” electrons mechanism
related to the so-called “direct” mechanism™”* traditionally associated
with “standard” metal catalysts such as Pd, Pt, Ru, and Rh (see discus-
sions in Refs. 41 and 42), this explanation also ignored the role of
mere near-field enhancement,”” as well as the buildup of temperature
that follows the decay (thermalization) of the “hot” electrons.”” The
relative importance of these effects is particularly interesting in the
context of standard catalysts (see, e.g., Ref. 44) and even in the so-
called antenna-reactor systems (see, e.g., Refs. 45-47) which combine
a plasmonic metal (as a light harvester) and a catalytic metal (as a
reaction site).

From a more general perspective, the relative importance of ther-
mal and non-thermal effects in illuminated plasmonic NPs remained
an issue under debate.”® ! In this context, while in some works the
importance of thermal effects was acknowledged and harnessed for
useful applications,”*”” many early (experimental as well as theoreti-
cal) studies overlooked thermal effects or concluded that they were
small. In some cases, this may have originated from the conceptually
difficult distinction between thermal and non-thermal effects or from
the common incorrect conception that at low illumination intensity,
non-thermal effects dominate over thermal effects.”” Other studies
estimated thermal effects crudely and/or employed too simplistic con-
trol experiments, most likely because of the limitations of existing reli-
able thermometry techniques, especially in the early stages of this line
of research. The fact that quantum mechanical effects on the nanoscale
are more attractive than “macroscale” thermal effects may have also
offered some incentive for the downplaying of the latter.

In a series of recent works, we have shown how to separate ther-
mal and non-thermal effects using a simple addition to standard theo-
retical approaches.”” We have also shown that standard modelling
and careful temperature measurements can provide a purely thermal
quantitative explanation to many (although not all) reports of
faster chemical reactions in the presence of illuminated metal
nanoparticles.*" >

Below, we review this line of work, aiming at the non-expert
audience. Notably, we do not aim to review all the vast literature on
the topic (especially, not all the experimental work), noting that since
our first publications in the field,””” several review papers and view-
points have already been published.*”* ' Rather, we wish to take the
reader through the reasoning that guided us in our studies and how it
collides with many of the conclusions drawn previously in the litera-
ture. More generally, our aim in this Perspective is to promote the
implementation of simple, intuitive, and quantitative physical argu-
ments before employing exciting yet speculative and/or highly sophis-
ticated ones.

PERSPECTIVE scitation.org/journal/apl

Evidence for thermally-driven photo-catalysis from theory and
analysis of experimental data. The starting point of our work was a
simple question—what happens to a small piece of metal when it is
continuously illuminated? This simple looking question turns out to
be hard to answer. Specifically, there seems to be a clash between the
naive intuitive answer “it heats up” and the strict physical statement
that since the metal is out of equilibrium, temperature is no longer
well-defined and one cannot talk about heating at all. This may have
been the reason that several theoretical papers tried to answer the
aforementioned question by considering only how light would affect
the electron distribution inside the NP (see, e.g., Refs. 62 and 63) or
considering heating by taking the temperature of the electrons as a
fixed parameter (and guessing it rather than calculating it), or assum-
ing that phonons do not heat up at all.”" It is, however, not hard to
appreciate that while ignoring heat generation and heat leakage to the
environment may be valid at the early stages of an ultrashort excita-
tion, these effects cannot be ignored when studying the steady-state
case and evaluating the full electron distribution.

To reconcile the apparent paradox described above, in Ref. 4, we
took a simple route of using the Boltzmann equation, which takes into
account all possible energy transfer pathways in the system, and aug-
menting it with nothing more than the law of energy conservation in
the whole system, i.e., including not only the photons and electrons
but also the lattice and the environment. More specifically, we
demanded that at the steady-state, all the power that is pumped into
the system via photon absorption must leave it via heat current to the
surrounding host. Further simplification was obtained by naturally
separating the electron distribution into thermal and non-thermal
parts, where the thermal part is a Fermi distribution, with a tempera-
ture that is different from the ambient temperature. These two points
allowed us to calculate correctly both the electron temperature and the
steady-state electron non-equilibrium distribution (including the “hot”
electrons) under continuous wave illumination. Thus, unlike previous
studies of the electron non-equilibrium, this approach allowed us to
evaluate the full non-equilibrium electron distribution, while naturally
accounting for the effect of the nanoparticle size and shape, as well as
the thermal properties of the host on the rate of heat transfer to the
environment.

Two central findings came out of this approach. The first is that,
due to the fact that the electron—electron relaxation time is incredibly
short in metals, almost all of the power coming from the illumination
goes into heating the electrons and the phonons (which maintain
almost the same steady-state temperature) and only a tiny fraction
goes into skewing the electron distribution and generating “hot” elec-
trons. Importantly, our calculations have shown clearly that the domi-
nance of thermal effects over non-thermal (“hot” carrier) effects
becomes more significant as the illumination intensity becomes lower.
This result invalidates a common claim that since the temperature rise
associated with low illumination intensity is small with respect to the
ambient temperature, then “hot” carrier effects are dominant for low
intensities. The second finding is that in spite of the first point above,
the number of “hot” electrons, i.e., the number of electrons with an
energy excess of what they would have within a thermal-only distribu-
tion, increases by many orders of magnitude.

These two findings seem to be at odds with many claims of pho-
tocatalysis being accelerated by illuminated plasmonic nanoparticles,
most specifically with some of the seminal papers in the field."*** *°
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Specifically, simple estimates of heating suggest much higher heating
than observed in these studies (the reasons for that will be discussed
below). In addition, only a 1-2 orders of magnitude rise in reaction
rates was observed with respect to the reaction rate in the dark,
although the 8-10 orders of magnitude increase in the number of
“hot” electrons implies that a similar 8-10 orders of magnitude
enhancement should be observed in the reaction rate.”

Following these apparent discrepancies, the question arises: can
experimental reports of faster reaction rates in the presence of metal
NPs be explained solely based on thermal effects, assuming that the
only thing that is happening in experiments is that the sample heats
up? The answer to this question turns out to be yes.

It requires, however, recognizing that the measured tempera-
ture, Ty, may be lower than the actual temperature T of the cata-
lyst (this assumption will be proven correct below as was discussed
in Refs. 41 and 53). Why is this important? Because, according to
the standard Arrhenius theory of chemical reactions, the reaction
rates obey

6a

where &, is the activation energy and kg is the Boltzmann constant.
Thus, if the measured temperature, T, is smaller than the actual tem-
perature T of the catalyst (as shown in Refs. 41 and 65) it would appear
that the reaction rates overshoot the Arrhenius law - a result which,
thus, was interpreted as the enhanced reaction rate coming from “hot”
electrons.

To demonstrate that this is a plausible claim, we rely on the sim-
ple connection between the catalyst temperature, the measured tem-
perature, and the incident illumination intensity L;,,.,

T = Taark + alinc = Ty + aIim:, (2)

where Ty, is the temperature of the reactor when no illumination is
present. The photothermal conversion coefficient a depends on a
number of system-specific parameters (NP size and shape, material,
density and number, illumination wavelength, thermal properties of
the host, etc.).(”“”(‘s As explained in detail in Ref. 54, Eq. (2) can be
easily extended to account for the slower rate of heating occurring at
relatively high illumination levels, e.g., by adding a nonlinear contribu-
tion of I, to the temperature. However, this is necessary only in very
few experiments, see Refs. 41 and 56, pp. 270-271.

Equations (1) and (2) have only two unknowns for any given
photocatalytic reaction, namely, the activation energy &, and the
photo-thermal conversion coefficient a. In order to obtain these from
published data, all one needs is the reaction rate in the dark (which
provides &) and a single point of reaction rate under illumination at a
given illumination intensity (which provides a). This strikingly simple
procedure is enough to reproduce essentially all the data of Refs. 14
and 23-26 with remarkable accuracy.""”*”" In Fig. 1, we show a col-
lage of experimental data from Refs. 14 (a), 23 (b), 26 (c), and 25 (d),
along with a fit to an Arrhenius curve (solid line), demonstrating the
agreement between the data and the theory described above.

Nevertheless, as noted in Ref. 41, from an Arrhenius fit alone,
one cannot determine with absolute certainty if the illumination only
changes the temperature without changing the activation energy or
contributes to both effects (a point that was later raised also by
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FIG. 1. Experimental data (symbols) and a fit (lines) using the classical Arrhenius
theory of Eq. (1), showing remarkable agreement between theory and experiment.
Data are collected from Refs. 14 (a), 23 (b), 26 (c), and 25 (d). Figs are reproduced
with permission from Sivan et al., Science 364, eaaw9367 (2019). Copyright 2019
AAAS (a) and reproduced with permission from Sivan et al., Chem. Sci. 11, 5017
(2020). Copyright 2020 Royal Society of Chemistry (b)—(d).

Jain®”’’) Thus, in order to gain further support to the pure thermal

interpretation, the fits shown in Fig. 1 were then validated with inde-
pendent thermal calculations, which accounted for the details of the
metal NPs used (shape, size, density,...), the host material, and illumi-
nation via an effective medium theory. The excellent agreement
between the values of the calculated and fitted photothermal conver-
sion coefficient a (e.g., Ref. 53) indicates that one does not need to
invoke any mechanism of change in the activation energy in order to
explain the experimental results.

On the importance of understanding temperature gradients.
The remarkable reconstruction of the experimental data with
Arrhenius theory confirms that there is a substantial difference
between the temperature of the catalysts (T) and the measured temper-
ature (T)) in the studies analyzed in Fig. 1. The reconstruction is also
based on the assumption that one can characterize the catalysts using
a single temperature. But what is this temperature and how does it
relate to the reality of the experiments? These questions led us to a
comprehensive inquiry into the experimental procedures of the papers
we analyzed."***>*° We discovered a series of flaws in the experimen-
tal setups, which may have led the authors of these papers to exagger-
ate the importance of “hot” electrons compared to thermal effects. A
detailed account of proper experimental practices required to separate
thermal from “hot” electron contributions has been given by us*' and
by others.****'

Here, we wish to stress what we believe is a key issue in all experi-
ments attempting to separate thermal from non-thermal contribu-
tions, namely, the correct account for temperature gradients. This
topic has been discussed at length in Refs. 44 and 54 and so we wish to
demonstrate its importance via an example. Consider a (rather stan-
dard) photo-catalysis experiment, where an ~1 mm sample is
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illuminated from above and heated from below. How would one go
about and isolate the non-thermal contribution to the reaction rate? A
naive approach would be to measure the reaction rate under illumina-
tion, record the surface temperature, measure the reaction rate at the
recorded temperature in the dark, and subtract the latter reaction rate
from the former. Such a protocol has indeed been employed on vari-
ous works to extract the “hot” electron contribution to the reaction

However, there is an essential flaw in this protocol, as it
completely neglects temperature gradients,”* and here is why. When
the reaction rate is measured under illumination, the surface of the
sample is much hotter than its bulk because the penetration of light is
rather small (typically tens of micrometers). Thus, effectively, the bulk
of the sample will contribute to the catalysis at a reaction rate, which is
defined by Eq. (1) with a temperature that is much lower than the sur-
face temperature.

On the other hand, heating the sample using an external heater
(i.e., in the dark) typically leads to a more uniform temperature distri-
bution (in fact, there might be temperature gradients in the reverse
direction to the illuminated case, see Ref. 44 in the presence of a bot-
tom heater; this possibility is ignored for the sake of simplicity). In
these cases, when heating to the surface temperature, the entire bulk is
at the surface temperature recorded in the photocatalysis experiment.
Therefore, subtracting from the illuminated reaction rate, the reaction
rate in the dark at the surface temperature is meaningless. Similarly,
the non-negligible transverse gradients (see Ref. 55) are likely to cause
additional differences between the experiment and its control; higher-
order moments of the temperature distribution may be playing a role,
yet to be understood.""”*

The only way around this problem, at least for thick samples, is
to have a thermal control experiment in the dark that fully reproduces
the temperature gradient under illumination. While attempts in this
direction have been made,* in reality, this is probably an impossible
task, essentially because of the exponential sensitivity of the reaction
rate on the temperature. The remaining alternative is to perform a
thermocatalysis control in which the sample is hotter than in the pho-
tocatalysis experiment, see, e.g., Ref. 73; this approach may highlight
the contribution of the “hot” electrons but is incapable of properly
quantifying it.

More systematic evaluation of the temperature distribution in
plasmon-assisted photocatalysis samples. In Ref. 55, we generalized
the discussion of the temperature calculations for plasmon-assisted
photocatalysis samples. First, we validated the effective medium
approach presented in Ref. 41, and provided a simple analytical for-
mula for the temperature rise in characteristic samples. This formula
enables an immediate evaluation of the importance of the thermal
effects; it also opens the way to the inclusion of fluid dynamics effects,
see below. Then, we studied the dependence of the temperature distri-
bution on the various parameters of the system. We showed that since
typically these samples are designed to absorb all the incoming light,
the steady-state temperature distribution shows overall insensitivity to
the illumination spectra, temporal pattern, particle density, size, and
shape; this result contradicts a wide range of popular claims that can
be found in the prior literature and verbally presented conceptions,
which usually do not follow from a proper thermal analysis. In that
sense, the temperature distribution is determined by macroscopic con-
siderations, i.e., the balance of total heat generated in the sample and
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the heat transfer to the surroundings (rather than by the microscopic
details). This also shows that while the use of metal nanoparticles for
heating was initially motivated by the localized nature of heat genera-
tion at the nano-proximity of the particles, in practice, the (steady-
state) temperature distribution generated by an ensemble of NPs is not
so different from that created by an external heat source.

The results of this analysis reflect some rather intuitive conclu-
sions. First, thermal effects accumulate with the number of NPs,
whereas “hot” carrier effects do not—for a given level of illumination,
they are independent of the number of NPs. This implies that further
to the local considerations presented above (see Ref. 5) reactions in
dense systems of NPs are more likely to be catalyzed by heating rather
than by non-thermal effects.

Second, while the initial intention was to speed up chemical pro-
cesses with high activation energy (e.g., Ref. 23) these are particularly sen-
sitive to increasing temperatureS ° [via the Arrhenius law (1)].
Conversely, low activation energy reactions (i.e., those which are typically
efficient at room temperature) are those that may benefit much more
from “hot” electrons; this was indeed demonstrated recently in Ref. 47.

All the above implies, somewhat ironically, that “hot” electrons
are (typically) useful only under conditions that are the exact opposite
to those in which they were originally envisioned to be efficient!
Whether there is a practical advantage for speeding up chemical reac-
tions occurring across a large volume using such dilute suspensions of
metal NPs remains to be proven.

Outlook. Our re-interpretation, " as well as similar work by
others,” °"”* shows that thermal effects are frequently important and
even dominant factors in plasmon-assisted photocatalysis such that
their quantification is essential for the understanding of the mecha-
nisms underlying every specific chemical reaction. However, while the
simplistic thermal theory (1) was sufficient to explain several “high-
profile” studies, there are quite a few studies it cannot explain. When
such a discrepancy is observed, the catalytic enhancement is usually
ascribed to non-thermal carriers, see, for example, Refs. 44, 47, 50, 73,
75, and 76, to name just a few. However, the exponential sensitivity
mentioned above implies that in order to rectify such conclusions, one
has to improve the model’s validity and reach a quantitative match of
the theory to the experiments.

First, the quantitative thermal theory has to be complemented
with a quantitative model of chemical interactions, including electron
transfer between the NPs and the chemical moieties as well as the reac-
tion dynamics. This is essential for the isolation of thermal and non-
thermal contributions when they co-exist. For instance, in Ref. 26,
employing a Kinetic Isotope (KIE) measurement showed that the
strong (~100%) thermal contribution is accompanied by a small
(~1%-3%) contribution, which was interpreted as non-thermal action
(although a thermal origin for this effect has been suggested, see dis-
cussion in Ref. 41) Another example is low activation energy reactions
in which the thermal channel is simultaneously relatively efficient and
insensitive to further illumination.”” A third example is reactions that
exhibit both temperature-dependent reaction rates and photo-
selectivity, which cannot be simply explained with Arrhenius the-
ory.">’*>’%7% This extension of the theory will also allow one to take
into consideration the type of chemical reaction; specifically, as so far
we have re-analyzed studies involving only bond dissociation, it would
be interesting to also examine reduction-oxidation reactions in which
charge transfer is an integral part of the reaction.
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Second, while our work discussed at length photo-catalysis
experiments in hydrostatic and dry conditions, many of the experi-
ments in the field involve fluid flow and electro-chemical charge trans-
fer (in solution).”” * Understanding these experiments requires
inclusion of various experimental elements such as heat convection
and stirring,” reactant pressure and distribution within the catalyst
bed,” the thermal properties of the electro-chemical cell, charge trans-
fer properties (including the effects of voltage bias), etc. First steps
towards achieving this were accomplished in Ref. 55 (where the effec-
tive medium thermal calculations of Ref. 41 were rectified vs exact
simulations, as a first step towards combining heat and fluid dynam-
ics) and in Ref. 82 (where a formulation combining heat and charge
transfer was described).

Third, one has to account for the effect of high illumination
intensities and high temperatures on the optical properties of the sys-
tem. Indeed, in many cases, the ambient temperature is increased sig-
nificantly, to increase the (dark) reaction yield, so that the material
permittivities change significantly (see, e.g., Refs. 87-89 for some
recent high temperature ellipsometry studies of metals). Furthermore,
in some experiments (e.g., Ref. 14) the light-induced heating reached
several and even many hundreds of degrees Kelvin so that the reaction
rate ceased to grow linearly (see detailed discussion in Ref. 56, p. 271
as well as in Refs. 41 and 54) Since the thermal nonlinearity of the
metal NPs (and even of the host dielectric) may be relatively strong
(see Refs. 90-92) it is likely to be stronger than non-thermal effects.

Finally, the theory should include, when necessary, also consider-
ations related to the non-locality of the electron response, as well as
quantum mechanical considerations associated with electron state dis-
cretization,””>”***"% electron tunneling out of the metal NP,”*" etc.,
all of which are essential for the quantification of the reaction process
as a whole. One of the immediate applications of such theory would be
a quantification of the efficiency of promising pathways such as the
elongation of excited carrier lifetimes—via hole scavengers,”” dielectric
cores (in the spirit of photodetection experiments),”” or core-shell
antenna-reactor structures.”’

Many of the above elements were already developed. However, a
complete theory that includes all these components is yet to be com-
piled and implemented for a quantitative comparison to experimental
data. This will allow us, as a community, to embark upon a proper re-
evaluation of past results, on one hand, and to design meaningful
experiments and interpret them thoroughly, on the other hand.

In parallel to the extension of the theoretical framework, the
experimental characterization of the temperature profile has to be
improved. Indeed, measuring the temperature at only two points (as
e.g. in Refs. 44 and 78) gives no information on unavoidable™ trans-
verse gradients. Such gradients may strongly affect reaction rates, yet
are many times unaccounted for. High resolution thermometry tech-
niques have been developed”” "’ and implemented in the context of
photocatalysis;”” however, they are far from being sufficiently
robust.'”* Indeed, similar difficulties to measure the temperature dis-
tribution were also observed in other contemporary problems in nano-
photonics, in particular, in perovskite films, see Refs. 104 and 105 and
the ongoing exchange.

While the above elements are necessary for the characterization
of the macroscopic properties, many recent experiments addressed the
challenging problem of measuring the reaction rate on the single NP
level.™'*"'%” Beyond the obvious difficulty to obtain a measurable
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reaction rate from such small entities, this context poses several addi-
tional challenges such as the need to quantify distributions and cur-
rents created by gradients of local electromagnetic fields, temperature
and charge, heat transfer on the particle level (including the Kapitza
resistance), etc. Furthermore, reactions in the presence of single nano-
particles are sensitive to the specific shape, size, and composition,
which affects the catalytic properties of the nanoparticle; e.g., sharp
edges and corners are known to contribute to the catalytic enhance-
ment—with and without “hot” electrons." '

The comprehensive critical studies published over the last year or
so (see Refs. 41, 53, 54, and 56-61) and the vibrant ongoing discussion
in the field seem to have re-directed the study of plasmon-assisted
photocatalysis into a more reliable, quantitative scientific routine.
Detailed thermal calculations are becoming more common and acces-
sible (e.g., Refs. 41,47, 55, 58, and 73) and the awareness to the charac-
teristics of the temperature distribution’"””” and to proper
temperature measurements has grown, **>%77 102103 1L A dyanced
techniques are being developed, and the use of fluorescence and
Raman techniques is becoming more abundant in the context of
plasmon-assisted photocatalysis.”””*'**'?*'*!1* Indeed, several con-
vincing demonstrations of “hot” electron-driven reactions with proper
thermal control have been reported.”””*”*”

Yet, some problematic practices still persist, for instance, the use
of different samples for the photocatalysis experiment and the thermo-
catalysis control,”® incorrect normalization by catalyst mass’™® (see
detailed discussion in Ref. 54) and wrong extraction of “hot” electron
contribution to the reaction rates.”" Additional common misconcep-
tions (such as the incorrect claim on the dominance of non-thermal
effects over thermal effects at low illumination intensity, the absence of
transverse temperature uniformities, the dependence of the number of
“hot” electrons on the particle size and shape (see correction of Ref. 64
in Ref. 5) or the ability of gas flow to eliminate temperature gradients)
still need to be corrected.

We wish to end this Perspective with a more general note. We
believe that the ongoing debate reviewed above proves that there is
room within the current publishing climate for more critical (self-)
reflective research of the type that we described in our recent manu-
scripts; this may even be considered as a sort of necessary gadfly.
Thus, addressing the scientific criticism in one’s own papers, encour-
aging debate, and publishing controversial (and sometimes editorially
inconvenient) papers will catalyze uprooting of incorrect claims,
unfounded beliefs, and wrong practices.
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