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Plasmon-induced photocatalysis can drive photochemical processes with an unprecedented control of

reactivity, using light as sole energy source. Nevertheless, disentangling the relative importance of thermal

and non-thermal features upon plasmonic excitation remains a difficult task. In this work we intend to

separate the role played by the photogenerated charge carriers from thermal mechanisms in the plasmo-

nic photo-oxidation of a model organic substrate in aqueous solution and using a metal-semiconductor

hybrid as model photocatalyst. Accordingly, we present a simple set of experimental procedures and
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Introduction

Plasmonic photocatalysis and plasmon-induced photosensiti-
zation of semiconductors have the potential to drive chemical
reactions in a greener and more efficient manner by using
solar light as only fuel thanks to the ability of noble
metal nanoparticles (NPs) to support collective electronic
oscillations.”™ When used as photocatalysts and photosensiti-
zers, plasmonic NPs can modulate chemical reactivity through
the generation of excited charge carriers,”” the local enhance-
ment of the electromagnetic field at their surfaces®” or by the
photothermal generation of heat.® The hot charge carriers
(electrons and holes) produced upon plasmonic excitation are
particularly relevant since they can modulate chemical selecti-
vity,” opening a new landscape of reactivity that cannot be
achieved with classical thermally-induced catalysis."® Along
these lines, redox reactions involving the generation of elec-
tron-hole pairs or chemical processes that do not have appreci-
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simulations that allow us to discard the thermal dissipation upon plasmonic excitation as the main driving
force behind these chemical reactions. Moreover, we also study the photogeneration of reactive oxygen
species (ROS), discussing their fundamental role in photo-oxidation reactions and the information they
provide regarding the reactivity of the photogenerated electrons and holes.

able reaction rates in the dark (even at high temperatures) are
perfect candidates for hot charge carrier-driven photocataly-
sis.'’ Nevertheless, the elucidation of the mechanisms behind
plasmon-induced photocatalysis remains elusive given that
multiple photoactivation processes can coexist in the same
system.">'* Recent examples demonstrate that the photoacti-
vation mechanism driving a given plasmon-induced photoche-
mical reaction depends on several parameters such as the reac-
tion under study, the shape, size and composition of the plas-
monic resonator, its surface functionalization and the
irradiation conditions used.">'®

In the last years, a passionate debate has risen amongst the
scientific community with respect to the physical processes
behind plasmonic photocatalysis. Even though a general con-
sensus exists with respect to the important role played by hot
charge carriers as main driving force in many photocatalytic
transformations, several authors claim that the importance of
thermal dissipation upon plasmonic excitation has been
underestimated for certain bond-dissociation reactions."”™°
Under this premise, the potential interest of non-thermal plas-
monic photocatalysis for the promotion of novel reaction path-
ways would be secondary. Such exciting debate, together with
the lack of a complete mechanistic understanding behind hot
electron/hot hole generation processes exemplify the need for
a better fundamental insight in plasmonic photocatalysis if
this field is to be developed further.”® Accordingly, the
implementation of simple experimental techniques that

This journal is © The Royal Society of Chemistry 2022
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discriminate between thermal contributions and non-thermal
plasmonic effects (generation of hot charge carriers and
plasmon-induced energy transfer processes) is a necessary step
in this direction."**®*%>!

In our group, we have investigated the synergistic combi-
nation of plasmonic metals and wide bandgap semiconductors
leading to the formation of broadband photocatalysts with
enhanced activities and efficiencies.>** The population of hot
electrons created at the metal component upon electro-
magnetic excitation can be subsequently transferred to a nearby
n-type semiconductor, leaving a population of hot holes at the
Fermi level of the former. In this manner, an efficient separ-
ation of charges with prolonged lifetimes that can be used to
drive chemical reactions is created. In addition to this
phenomenon, the plasmonic NPs are constantly heating their
environment as the plasmonic excitation dephases.>* Here we
present an explicit exploration of this effect, presenting an
upper limit for its contribution in a typical laboratory photo-
catalytic setup.

In parallel to this, we have recently postulated the impor-
tant role played by exciton-driven reactive oxygen species (ROS)
generated under irradiation in the plasmonic photosensitiza-
tion of semiconductor photocatalysts in aqueous solutions.>®
ROS are a family of highly reactive, oxygen bearing molecules
(mostly radicals) that form through the interaction between
H,0 and O, with the photoexcited electrons and holes pro-
vided by a heterogeneous photocatalyst.>®>” These species play
an important role in many biological processes such as oxi-
dative stress or cellular signaling.”®*° Four molecules are
usually considered as the most relevant: hydroxyl radical
(OH"), hydrogen peroxide (H,0,), superoxide radical ("O,”) and
singlet oxygen (0,). Since ROS are transient intermediates
formed under photocatalytic conditions, their identification
can provide information about the relative importance of the
photogenerated hot electrons and holes and, ultimately, shade
light on the physical processes behind plasmon-induced
photocatalysis. In the particular case of TiO,, the most widely-
used semiconductor for heterogeneous photocatalysis in
aqueous solutions, the most important photoactivation reac-
tions are the reduction of O, by electrons situated at the con-
duction band to form "O,” and the oxidation of H,O to gene-
rate OH" by the holes formed in the valence band.?® The latter
species is also generated by the multistep reduction of O, at
the conduction band of the semiconductor. Nevertheless, we
cannot exclude the concomitant generation of other transient
species, and the important repercussions that their presence
may entail to the photosensitization process.

In the present work we discuss two fundamental aspects
involved in the plasmonic photosensitization of large bandgap
semiconductors: the role played by thermal contributions and
the nature of the photogenerated ROS, using a colloidal hybrid
as model photocatalyst. These objects are formed by the
assembly of TiO, NPs and Au nanorods (NRs). In this manner,
simple experiments are performed in order to discern the role
of temperature in the photodegradation of rhodamine B (RhB)
as a model reaction.?® In parallel, theoretical modelling allows
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us to predict the temperature increase expected under the
photocatalytic conditions presented herein. In a second set of
experiments, we identify the ROS formed through the
interaction between photogenerated charge -carriers and
water/oxygen molecules, discussing their relevance in the
framework of the photocatalytic transformations under study.
Accordingly, these studies allow us to discern the relative
importance of the hot electrons transferred to the conduction
band of the semiconductor and the hot holes produced at the
Fermi level of the metal in the photocatalytic organic trans-
formation under study.

Results and discussion

The model photocatalyst is formed by the electrostatic assem-
bly of Au NRs and 5 nm TiO, NPs (anatase phase) onto 500 nm
silica spheres (Fig. 1a, S1 and experimental details in the ESI}
), which has proven to be a reliable material for the study of
the photophysical interaction between a plasmonic and a
semiconductor component.>>** The hybrid formed with such
geometry, named SiO,@AuNR@TiO, ensures a homogeneous
distribution of both active components onto the inorganic sub-
strate (Fig. 1b) and the formation of a physical interface
between them (Fig. S2t). This characteristic is of paramount
importance for an efficient hot electron transfer process
through which electrons with sufficient kinetic energy can tra-
verse from the metal to the semiconductor. Moreover, the use
of the colloidal substrate ensures the easy recovery of the
photocatalyst after the photochemical reaction. The longitudi-
nal plasmon band of the Au NRs is red shifted from 818 nm
when they are isolated in aqueous solution to 884 nm when
adsorbed onto the silica substrates, also in water (red line in
Fig. 1c), which is below the energy barrier between the Fermi
energy of Au and the conduction band of TiO, (~1 eV =
1240 nm). This absorption signature is accompanied by a
strong scattering contribution of the silica spheres and the
excitation band of TiO, at lower wavelengths. As a reference
sample, we have synthesized a photocatalyst without the plas-
monic component (SiO,@TiO,) that is active only in the UV
segment of the solar spectrum (Fig. 1b and c).

When working with colloidal systems, as opposed to gas-
phase photocatalysis, individual resonators do not lead to the
formation of strong thermal gradients when illuminated at low
light fluencies, as the thermal conductivity of water is one
order of magnitude higher than that of air, thus allowing an
efficient heat removal by conduction. Moreover, stirring the
colloidal solution can enhance heat and mass transport, thus
smoothing the macroscopic thermal distribution.""*' Such
scenario is particularly interesting for us since the total temp-
erature increase of the system can be monitored by introdu-
cing a thermocouple in the solution during irradiation. In our
experimental setup we have minimized any possible thermal
effects by performing all our photocatalytic tests with a ther-
mostatic reactor (under magnetic agitation) that allows to keep
a stable reaction temperature (in our case at 20 °C) (Fig. S37).
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(a) Schematic representation of the assembly process leading to the formation of the photocatalytic hybrids. (b) TEM images and (c) extinc-

tion spectra of SiO,@AUNR@TIO, (red) and SiO,@TiO, (gray), respectively. (d) Normalized reaction rates obtained from the photodegradation
profiles of RhB at 20 °C in the presence of SiO,@TiO; (dark gray), SiO,@TiO, mixed in solution with Au NRs (orange) and SiO,@AuUNR@TIO; (red).
The photodegradation reactions have been performed with a 150 W SLS401 xenon short-arc light source and a range of 360—2400 nm. The normal-
ized reaction rate is obtained from AAbs = Abs(t = 180) — Abs(t = 0); R = AAbs/AADbS,¢.

Under these specific experimental conditions, we can assume
that the photocatalytic activity can only be the result of the
generation of hot charges and/or plasmon-induced energy
transfer since there is no variation of temperature at the
macroscopic level.

We performed a number of control catalytic and photo-
catalytic experiments in order to elucidate the role played by
plasmonic thermal dissipation in our system. Among them,
the photodegradation of RhB has proven to be a reliable
means to quantify the photocatalytic activity of Au-TiO,
hybrids, allowing straightforward monitoring with simple
spectroscopic techniques.>** Firstly, we tested the degra-
dation profile of RhB when exposed to high temperatures in
the dark (in the absence of photocatalyst). As can be seen in
Fig. S4a,t the organic dye remains stable when exposed to
60 °C over a prolonged period of time (8 hours), proving that
the chosen model reaction cannot proceed in the dark even at
macroscopic temperatures well above those expected from
plasmon-induced heating (vide infra). Moreover, when the
same dye is irradiated in the presence of SiO,@TiO, at two

1614 | Nanoscale, 2022, 14, 11612-11618

different temperatures (20 and 40 °C), no apparent difference
in the photodegradation profile can be observed (Fig. S4b¥).
The partial degradation of the dye is the result of the direct
activation of the semiconductor with 1: 360-385 nm. As we will
see, 40 °C is well in excess of the photo-temperature achieved
by plasmonic photoheating in our setup. Consequently, this
second experiment shows that the thermal activation of the
photocatalyst under irradiation is not responsible for the
increase in efficiency of the chemical transformation. Finally,
we have monitored the photocatalytic reaction with the same
catalyst (SiO,@TiO,) alone or accompanied by a plasmonic
resonator in two different configurations: either functionalized
with a layer of Au NRs forming a Schottky barrier with the
semiconductor (SiO,@AuNR@TIO,) or by adding the same
amount of Au NRs to the solution (SiO,@TiO, + Au NRs). In
Fig. 1d we present the normalized reaction rates (R) obtained
from the photodegradation profiles of RhB under irradiation,
assuming a linear fit with R = AAbs/AADs,.r, where AAbs = Abs
(t = 180) — Abs(t = 0) (for more details, please refer to
Fig. S4ct). As we have seen in previous studies, the formation

This journal is © The Royal Society of Chemistry 2022
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of a hybrid photocatalyst with a physical interface between the
photosensitizer and the semiconductor leads to an improved
activity (red column in Fig. 1d).”* In the absence of a physical
connection between the materials the photosensitization
mechanism does not function and the activity of the catalyst
(orange column in Fig. 1d) is the same previously observed for
the SiO,@TiO, hybrid alone (gray column in Fig. 1d). This, of
course, highlights the importance of using materials, such as
TiO,, with reaction-appropriate redox potentials. Moreover,
this last result further demonstrates that the temperature
increase associated to the thermal dissipation of the plasmo-
nic resonators cannot be the main parameter behind the
photo-oxidation of RhB.

The experimental data are complemented with theoretical
simulations of the thermal contributions of the system under
the irradiation conditions presented above. Our simulations
analyze both the macroscopic and microscopic response of our
photocatalytic system. For the latter, we have first simulated
the optical response of an individual Au NR with the same
dimensions of the ones obtained experimentally, as measured
by TEM (Fig. S5). These data, alongside additional theoretical
characterization of the hot electron excitation properties of Au
NRs, are presented in the ESL.f We have also simulated the
microscopic response of a SiO,@Au nanohybrid, modelled
with a random distribution of 36 Au NRs onto a 500 nm SiO,
sphere (the Au/SiO, ratio has been calculated with respect to
the concentrations used in our experiments). Subsequently, we
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have used the simulation results for the hybrid, together with
experimental information, to calculate the total photoheating
due to the plasmonic NRs in the macroscopic system. This
ensemble calculation was conducted by simulating the
thermal response of the solution in a model of the cuvette that
included relevant experimental factors influencing its thermal
evolution (Fig. 2a). Two factors are particularly relevant: (i) as
mentioned above the cuvette was surrounded by a thermal
bath at Tioom = 20 °C, so that the computational model has
fixed the temperature of the external lateral walls of the
cuvette at that value; and (ii) the experiment was conducted
under continuous magnetic stirring, justifying the approxi-
mation of taking the heat input as being homogeneously dis-
tributed across the volume of the solution. The total heat
input has been calculated as the fraction of the power irra-
diated from the lamp absorbed by the solution, taken as the
complementary of its transmittance, 7'(4), computed through
the Beer-Lambert law:***

P

Qinput = J (2) - (1 = T(2))da

lamp

T( ﬂ.) — e (ldwmr(ﬂ)ﬂfabs.hyhrid (/1)~nhybrid)lcuveue

Here, Qinpuc is the total heat absorbed by the solution and
Piamp(4) is the emission spectrum of the lamp, as provided by
the manufacturer, and which has a total output power of 1.3 W.
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Fig. 2 Thermal simulations. (a) Model of the cuvette holding the photocatalytic solution. Inset: model of a SiO,@AUNRs hybrid. (b) Transient data
of the temperature increase in the middle of the solution’s volume (marked in inset), as the system progresses to the steady-state temperature.
(c) Temperature increase map on a cross-section of the system, in the steady state. One should note that the outer lateral walls of the cuvette are
fixed at T,oom to model the experimental thermal bath. (d) Temperature increases along a vertical line crossing the center of the cuvette (see
diagram on the right). (e) Microscopic temperature increase, with respect to the macroscopic temperature of the sample, in a single SiO,@AuNRs

hybrid under linearly polarized light.
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The light traverses the solution in a cuvette with a depth of
leuvette, and the total absorbance of the sample accounts for
the absorbance of water, piyater(4), and that of the hybrids, com-
puted as the product of the absorption cross section of the
SiO,@AuNRs hybrid (Gaps hybria), and the total number of such
hybrids in solution, nnyhriq, obtained from the experimental Au
concentration in the sample.

1 0]
Gabs,hybrid = — IM[epu] — |E[*dV
0

I 2 J AuNRs in hybrid

Au has a complex permittivity e5,, @ is the frequency of the
incoming radiation, I, is the incoming light’s intensity, E is
the electric field, and the volume integral is computed into all
the AuNRs covering the SiO, sphere.

Having defined the heat input in the solution, we can
compute the thermal evolution of the system, of which we
present a summary of results in Fig. 2. Panel b showcases the
progressive heating up of the solution, as measured at a point
in the middle of its volume, in which we can see the system
reaching a steady state excess temperature, AT = Tmacro —
Troom; Of approximately AT = 2.3 K after ~3 minutes. The
remaining panels (Fig. 2c-e) show the temperature distri-
bution in the steady state. As expected, the highest values of
this magnitude are found in the middle of the solution’s
volume, given the temperature conditions imposed at the
outer walls of the glass cuvette by the thermal bath in our
setup. As mentioned above, this increase in temperature is
much smaller than the increments taken exploring the
thermal response of RhB in water (Fig. S4at) and in a solution
with the SiO,@TiO, catalyst (Fig. S4bt).

The possibility remains, however, that the photoheating of
Au NRs generate steep thermal gradients in their immediate
environment. If that were the case, one could expect that mole-
cules adsorbed to the metal surface would be excited to modes
commensurate with a higher temperature. Besides arguing
that the relatively high thermal conductivity of water does not
facilitate such steep gradients and noting that this possibility
was ruled out experimentally (see above), we can also lean on a
computational approach to show the local gradients in temp-
erature. We return then to the microscopic model of our
system and in Fig. 2e we show the steady-state increase in
temperature, over that of the solution in the background, at
the surface of a SiO,@AuNRs hybrid under linearly polarized
light. The simulation was performed with a background temp-
erature equal to the macroscopic steady-state temperature
found above, Tiacro = Troom + AT = 22.3 °C. As we can see, the
maximum temperature reached at these Au NRs is in the order
of 107* K over that of the rest of the sample, a clearly insuffi-
cient difference to drive the chemical reaction. When irradiat-
ing a large group of mostly non-interacting NPs, the most
important parameter directing the variation of temperature is
not the absorption of the NP but rather the absorbance of the
sample as a whole. Thus, by virtue of the large number of NPs
involved, the collective effect is several orders of magnitude
higher than the single NP contribution.

11616 | Nanoscale, 2022, 14, 11612-11618
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As postulated previously, the plasmonic activation of a large
bandgap semiconductor in aqueous solution leads to the for-
mation of ROS (Fig. 3a). The identification of their nature will
give us information about the relative importance of the hot
electrons transferred to the conduction band of TiO, and the
hot holes generated below the Fermi level of Au on the chemi-
cal reaction under study. Herein, we investigate the presence
of the four most important ROS in the reaction medium by
using molecular scavengers that interact selectively with each
one of them. Firstly, we assessed the formation of OH" by
using the transformation of terephthalic acid (TPA) into the
fluorescent product 2-hydroxyterephthalic acid (2-HTPA)
(Fig. 3b). Secondly, 'O, was detected using 9,10-anthracene-
diyl-bis(methylene) dimalonic acid (ABDA) (Fig. 3c), while
H,0, was detected by the photo-assisted decomposition of
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Fig. 3 Schematic representation of the photocatalytic experiments for
the elucidation of the radical species present in the reaction medium
and in the presence of the chosen photocatalyst: SiO,@AUNR@TIO,
(red) and SiO,@TiO, (gray). (b) Formation profile of 2-HTPA by the reac-
tion of TPA with OH" by fluorescence spectroscopy. (c) Detection profile
of Y0, by the reaction with ABDA by absorption spectroscopy. (d)
Detection of H,O, by the phototransformation of PBSF by fluorescence
spectroscopy. (e) Detection of "O,™ by its reaction with NBT by absorp-
tion spectroscopy. The blue dots represent the phototransformation of
the scavenger in the absence of photocatalyst. The dashed lines are a
guide to the eye.
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pentafluorobenzenesulfonyl fluorescein (PBSF), leading to the
formation of the fluorescent dye fluorescein (Fig. 3d). Finally,
the transformation of Nitro Blue tetrazolium (NBT) into its for-
mazan form was used for the detection of "O,~ (Fig. 3e). All
these reactions are presented in the ESI (eqn (S1)-(S4)t). Our
results demonstrate that the four species are found under the
photocatalytic conditions reported previously. In all cases, the
concentration of ROS is enhanced in the presence of
SiO,@AUNR@TIO, hybrids with respect to SiO,@TiO, due to
the prolonged excitonic lifetimes within a broader electromag-
netic spectrum.

In order to ascertain the relative importance of the hot
charge carriers in the photo-oxidation of RhB, we have
repeated the photocatalytic reaction in the presence of two
short-chain alcohols: tert-butanol (tBuOH) and isopropanol
(iPrOH). While the former is broadly used as OH" scavenger,
the latter can also act as an electron donor, reacting with the
photogenerated holes.>*” Fig. 4a shows that the degradation
of RhB is quenched when any of these two scavengers is intro-
duced in the reaction medium. In the same way, when we
repeated the photocatalytic transformation of TPA into 2-HTPA
in the presence of tBuOH, using SiO,@AuNR@TiO, as photo-
catalyst, we observe that the reaction is deactivated (Fig. 4b).
These results lead us to assume that the photogenerated holes
created at the Fermi level of the plasmonic resonator upon
excitation are responsible for the photo-oxidation of the
organic substrate. At this point, one could argue that OH" rad-
icals can also be generated at the conduction band of the semi-
conductor through the multistep reduction of O, (equation in
Fig. 3a). In this manner, the hot electrons could also partici-
pate in the phototransformation of the organic substrate. To
clarify this, we repeated the photodegradation of RhB under
argon atmosphere in order to eliminate any presence of O,
and therefore of OH" formed by the hot electrons at the con-
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Fig. 4 Photocatalytic experiments for the elucidation of the relative
importance of the photogenerated hot electrons and holes. (a)
Normalized reaction rates for the photo-oxidation of RhB in the pres-
ence of SiO,@AUNR@TIO, hybrids with and without different hole and
OH" scavengers (iPrOH and tBuOH). (b) Normalized reaction rates for
the formation of 2-HTPA by the reaction of TPA with OH" with and
without tBUOH as a radical scavenger. (c) Normalized reaction rates for
the photo-oxidation of RhB under air (red) and under argon (pink). The
normalized reaction rate is obtained from AAbs = Abs(t = 180) — Abs(t =
0); R = AAbs/AAbs, in the case of RhB and from AEm = Em(t = 180) —
Em(t = 0); R = AEm/AEm,¢ in the case of 2-HTPA.
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duction band of TiO,. In this case, the dye degradation rate is
very similar to that obtained under air (Fig. 4c). This last result
excludes the generation of OH™ from the transformation of
‘O,” as a major driving force behind the photocatalytic trans-
formation of RhB. As a consequence, we can conclude that
TiO, plays here the role of an electron sink that prolongs the
lifetime of the electron-hole pair, rather than being the active
photocatalyst in the photo-oxidation of the organic substrate.

Conclusions

In this work we address two important issues related with plas-
monic photocatalysis in aqueous solutions: the role played by
thermal effects and the importance of photogenerated ROS in
the activation of an hybrid Au-TiO, catalyst. The first issue is
investigated following simple experimental procedures, using
a theoretical model to corroborate our assumptions. Our
results show that dissipation of temperature at the macro-
scopic level is sufficient to remove any possible thermal contri-
bution induced by plasmonic excitation from the photo-
catalytic reaction. In parallel to this, we investigated the nature
of the ROS generated upon plasmonic photosensitization of
TiO,. In this vein, the presence of OH", H,0,, ‘0,~ and 'O, has
been confirmed by selective reactivity with scavengers under
photocatalytic conditions. Experimental evidence demon-
strates that the OH" radicals generated by the hot holes formed
at the Fermi level of Au NRs are the main driving force for the
photo-oxidation of RhB.

The present study does not intend to justify the role played
by hot charge carriers on a broad spectrum of photocatalytic
plasmonic systems nor it is translatable to a vast number of
chemical processes. Rather, it is proposed to demonstrate the
importance of plasmonic charge carriers as the main driving
force behind the photo-oxidation of organic substrates in
aqueous solutions when the plasmonic-semiconductor hybrid
presents a Schottky junction. Other chemical processes in
which thermal effects are relevant may allow their rational
combination with the photogeneration of hot charges and/or
plasmon-induced energy transfer, leading to interesting syner-
gies and improved activities.">*® We believe that the elucida-
tion of the physical and chemical processes behind any
plasmon-induced photocatalytic reaction should be performed
on a case-by-case basis. Similarly, a better understanding of
ROS reactivity must be considered a major step towards the
implementation of these transient species in other photo-
catalytic applications.
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