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ABSTRACT: Plasmonic metal nanoparticles (e.g, Ag, Au, and
Cu) constitute a class of materials that interact with light via the
excitation of localized surface plasmon resonance (LSPR).
Numerous studies have reported substantial enhancements in the
rates of chemical reactions on illuminated plasmonic nanoparticle
catalysts compared to corresponding systems in the absence of
illumination. There are two mechanisms that have been proposed
to explain the LSPR-induced chemical reactivity. One mechanism
assumes a local plasmon-induced hot charge-carrier-mediated
activation of the reactants, while the other assumes an LSPR-
induced equilibrium heating of the catalyst, which leads to energy
transfer to and chemical reaction of the adsorbed reactants. In this
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contribution, we developed a setup amenable to accurate in situ catalyst temperature and kinetic reaction rate measurements. We
employed this setup to study the LSPR-induced rate enhancement in a case study of the CO oxidation reaction on plasmonic,
monometallic Ag nanoparticle catalysts supported on a-Al,O;. We explored various Ag loadings and clustering levels. Our data show
that the equilibrium heating of the catalyst cannot fully explain the illumination-induced plasmonic rate enhancements. This is the
case even for high loading and clustering of Ag nanoparticles, where the equilibrium heating significantly increases. Based on the
analysis, we propose that local effects, related to the plasmon-induced activation of adsorbates (reactants) via electronic excitation of

the reactant or photothermal heating of the reactants that is highly
driving LSPR-induced chemical reactions.

B INTRODUCTION

Plasmonic metal nanoparticles (e.g., Ag, Au, and Cu) represent
a class of materials that interact strongly with hght via localized
surface plasmon resonance (LSPR) excitation. Y2 LSPR is
characterized by large optical extinction cross sections of the
plasmonic metal nanoparticles and the generatlon of elevated
electric fields, mainly confined to their surfaces.”* Over the
past decade, it has been well established that under conditions
of LSPR, these nanomaterials can activate photocatalytic
reactions due to their ability to harvest and redirect the
supplied light energy to drive chemistry on their surfaces.’”’
Numerous studies have reported substantial reaction rate
enhancements on illuminated plasmonic nanoparticle catalysts
compared to corresponding rates under nonilluminated
conditions.””~"”

There is an interest to understand and quantify the
mechanisms responsible for the observed plasmon-induced
reaction rate enhancements.*'*7>% In general, the fundamental
outstanding questions are related to the mechanisms and
pathways by which light energy moves through a plasmonic
catalytic system to induce chemical reactivity. For chemical
reactions to take place, the reactant must be heated (i.e., its
vibrational states excited). We note that here we are referring
to nonredox gas-phase thermal reactions and not to electron-

© 2022 American Chemical Society
19990

WACS Publications

localized to the individual nanoparticles, play a critical role in

transfer electrochemically driven reactions. In a plasmonic
system, this can occur via selective heating of the reactant as
hot charge carriers (electrons or holes that are not
thermalized), produced in the decay of LSPR, scatter through
the molecule via the hot charge-carrier mechanism. This
scattering of nonthermalized, energetic charge carriers through
adsorbates can lead to vibrational heating and chemical
transformation of the adsorbates, without the equilibrium
heating of the catalyst."®'” We note that the scattering of the
nonthermalized hot charge carriers through an adsorbate can
take place via excitation of charge carriers in the nanoparticle
and their ballistic transfer to the adsorbate or via the direct
excitation of energetic charge carriers at the nanoparticle—
adsorbate interface.”” Alternatively, the reactants can be heated
as energy is transferred from the catalyst phonon modes to the
reactant vibrational modes via the photothermal heating
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Figure 1. Annular reactor design. (A) Side view of the reactor showing the reactor inlet and outlet locations as well as the positioning of the
thermocouples within the catalyst bed; (B) top-down view of the reactor, showing the catalyst loading configuration, with half of the annular region
loaded with the active material and the other half of the annular region loaded with an inactive material of identical particle size (here, a-ALOs);
and (C) photograph of a sample reactor loading; the image shows the half of the reactor loaded with the active catalyst material.

mechanism.> In this mechanism, the decay of LSPR leads to
excited charge carriers within the nanoparticle, which are
thermalized with the phonon modes of the nanoparticle and its
surroundings before they scatter through the adsorbates,
resulting in equilibrium catalyst heating that yields enhanced
reaction rates. The practical difference between these two
mechanisms is that while charge-carrier-driven processes may
modify the reaction pathway, photothermal heating should act
only by increasing the effective temperature of the catalytic
system, and therefore the reaction selectivity should not be
affected.”

In principle, if the photothermal mechanism dominates, then
by measuring the temperature of the catalyst under
illumination (due to the equilibration of the system temper-
ature, the reactant is at the same temperature as the catalyst),
we should be able to account for the LSPR-induced increases
in reaction rate. On the other hand, if the hot charge-carrier
mechanism plays a role, then the LSPR-induced changes in the
catalyst temperature should not be able to completely account
for the changes in the reaction rate. While evidence in the form
of kinetic isotope studies, unique reaction product selectivity
under illumination, and other phenomena have suggested that
energetic charge carriers often play an important role in the
enhancement mechanism,”'”'***?* few works have attempted
to rigorously quantify and isolate nonthermal and photo-
thermal contributions in the functioning catalysts, where
plasmonic nanoparticles are packed in three-dimensional
macroscopic reactor beds.”***

A significant challenge in quantifying the relative importance
of the different LSPR-induced rate enhancement mechanisms,
in part, lies in the inherent difficulties in measuring equilibrium

photothermal heating under illumination in these catalysts.”***

Accurately measuring the temperature of a catalyst under
illumination is not trivial since the catalyst is usually packed in
a three-dimensional bed that is most often illuminated from
one side, inducing significant light-induced temperature
gradients in the bed. To measure the temperature of the
catalyst bed, either a thermocouple or infrared (IR) camera is
typically employed,”®** and both techniques pose some risk for
inaccuracies.”® For instance, in the case of infrared measure-
ments, it is necessary to have a reliable understanding of the
catalyst’s emissivity to obtain accurate surface temperature
measurements. Unfortunately, due to the strong light—matter
interactions that are highly sensitive to the catalyst (nano-
particle) geometry and concentration, it is difficult to
accurately assess the emissivity of plasmonic nanoparticles
packed in a three-dimensional catalyst bed. Furthermore, since
IR cameras mainly probe the surface temperature of the
catalyst—the region typically most impacted by illumination—
these measurements are better suited for two-dimensional
systems and may overestimate the average temperature in a
three-dimensional catalyst bed. Measurements relying on
thermocouples can also overestimate the temperature of the
catalyst bed, as many thermocouples respond to light
illumination by temperature changes due to the optical
excitations within the thermocouple materials. This is
especially problematic when the thermocouple is not fully
embedded in the catalyst layer and is exposed more directly to
the light source. For instance, we found that directly
illuminating an OMEGA stainless steel sheathed K-type
thermocouple (the same thermocouple we use in our catalyst
temperature measurements) using a broadband visible light
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Figure 2. Characterization of Ag nanoparticle catalysts. (A) Bright-field STEM image of the nanoparticles shows the formation of spheres with an
average diameter of 64 nm; (B) UV—vis extinction spectrum of Ag particles dispersed in water shows the plasmon peak around 420 nm, consistent

with Ag nanospheres of this size.

source with its peak intensity at 400 mW/cm?* can lead to

artificially inflated measured temperature by tens of degrees.
We found that for accurate measurements, it is critical to wrap
the thermocouple with light-reflective materials, as described in
the Experimental Section. For a more in-depth discussion of
the limitations of these approaches, we direct the reader to a
few recent review articles, which explore these issues of
experimental technique in comprehensive detail.”***

Another issue in designing meaningful experiments where
the temperature of the catalyst can be correlated to the
reaction rates is that the measurements must be performed in
the so-called kinetic regime, where the measured rates are not
controlled by the mass transport of reactants to the reactive
catalyst surface. In general, this requires reactor systems where
the rate of mass transport to the active catalytic sites can be
controlled. In addition, it is desired to have a catalyst bed that
is not overly thick or thin, so that at least a large fraction of the
bed is interacting with light and that, at the same time, a large
fraction of light does not penetrate through the reactor without
interacting with the catalyst.”***%3

To develop a setup amenable to accurate in situ catalyst
temperature and kinetic reaction rate measurements, we
designed and built an annular quartz tube photoreactor that
addresses the above-mentioned issues and deficiencies that
have hampered previously employed commercial reac-
tors.>”'”*” We employed this reactor to study the rate
enhancement for the CO oxidation reaction over plasmonic,
monometallic Ag nanoparticle catalysts supported on a-Al,O;.
We explored the effect of the Ag nanoparticle density and
clustering on equilibrium photothermal heating by comparing
plasmonic rate enhancements across a range of catalyst
loadings of 1.5, 3, 6, and 12 wt % Ag on a-ALO; (the
percentage loading of Ag nanoparticles in the catalyst bed by
weight). Our findings suggest that the equilibrium heating of
the catalyst bed cannot account for the magnitude of the
reaction rates observed for the illuminated catalyst bed. This is
the case even for high loading and clustering of Ag
nanoparticles, where equilibrium heating increases signifi-
cantly. Our analysis suggests that local processes—including
plasmon-induced activation of adsorbates (reactants) via their
electronic excitation or heating of these adsorbates that

remains highly localized to the individual nanoparticles—are
the drivers of the measured LSPR-induced chemical reactivity.

B EXPERIMENTAL SECTION

The annular quartz reactor consisted of two tubes of different radii
oriented coaxially. The design of the reactor (Figure 1) was aided by
fluid flow simulations performed with COMSOL Multiphysics
software, which was employed to solve the governing fluid flow
equations. This allowed us to assess the utility of the reactor in
measuring meaningful reaction rates. In short, the simulations were
used to understand the residence time distribution and flow patterns
in an annular reactor to ensure that under operating conditions the
reactor geometry allowed for the plug flow conditions required to
accurately measure kinetic rates.*® Details of the model setup are
provided in the Supporting Information.

Ag nanoparticles of spherical shape ~60 nm in diameter were
synthesized using a previously described polyol method.”*~*" The Ag
nanoparticle catalysts were supported on a mechanically stable,
optically and chemically inert, low-surface-area a-Al,O; support at
different Ag weight loadings using a method previously reported.'”
Further details of nanoparticle and catalyst preparation and
characterization are available below in the text and in the Supporting
Information.

The photoreactor design, shown in Figure 1, provided an annular
region of 2 mm thickness. The catalyst was loaded into the reactor,
which we operated in a vertical configuration. The reactor was heated
from the interior of the reactor using a cartridge heater positioned in
direct contact with the internal quartz tube. The temperature of the
catalyst bed within the reactor was monitored using a thin stainless
steel sheathed thermocouple embedded directly within the catalyst.
We loaded half of the annular region in the azimuthal direction with
the catalyst and the other half was loaded with an inert @-Al,O; of
equivalent particle diameter (Figure 1b). For photothermal operation,
the catalyst-loaded portion of the annular photoreactor was
illuminated externally using two adjacent Dolan—Jenner Fiberlite
180 light sources, both equipped with IR cutoff filters. The peak
intensity of the light was measured to be ~400 mW/cm? at the inside
surface of the exterior tube (i.e., where the catalyst sits), and the
wavelength profile of the light source (spanning from ~200 to 800
nm) is provided in the Supporting Information. When obtaining
photothermal rate data, the temperature control system was
maintained at a constant heater power, i.e., the feedback mechanism
was disabled so that the power supplied to the cartridge was constant
in each given set of thermal and photothermal measurements. This
allowed us to compare thermal and photothermal rates at a constant
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Figure 3. Imaging and quantification of Ag particle clustering on a-Al,O; support. (A—D) High-angle annular dark-field images of Ag nanoparticle
catalysts of 1.5, 3, 6, and 12 wt % Ag loading deposited on the a-AL,O, support; (E—H) corresponding nanoparticle clustering distribution for each
catalyst loading, suggesting that only at high loadings does large Ag cluster formation (>10 particles per 0.15 ym?*) become prevalent.

external heater temperature. Chemically and optically inert quartz
wool was used to keep the catalyst bed in place, ensure a uniform bed
thickness, and prevent channeling or other flow irregularities. The
catalyst layer was typically measured to be between 4 and S mm in
length.

To measure the temperature within the catalyst at different
positions, thermocouples were embedded in the catalyst bed. The
thermocouples were wrapped in several layers of PTFE sealant tape to
minimize artificial temperature increases measured when light
impinges directly on the thermocouple.*” Through a few control
experiments detailed in the Supporting Information, we found that
wrapping the thermocouple with PTFE tape reduced the measured
temperature increase under illumination, which we attribute to the
direct light-induced heating (or even electronic excitations) of the
stainless steel thermocouple sheath. As described in the Supporting
Information, even with these precautions, it is likely that our
photothermal catalyst temperature measurements, particularly at the
point in the reactor closest to the light source, may still slightly
overestimate the true macroscopic steady-state temperature by no
more than S or 6°.

We studied CO oxidation as a probe reaction. The experiments
were conducted at 100 sccm and 5% CO and 5% O,, with a balance of
nitrogen. Reaction data were collected under a kinetically limited
regime at conversions typically below 5%, which was maintained by
keeping our weight hourly space velocity relatively high. We note that
this excludes just two data points where the plasmonic enhancements
pushed the reaction conversion to values higher than 5%. Reaction
products were examined using gas chromatography (Agilent 7890B).
More details regarding conversion for each catalyst are provided in
the Supporting Information.

All catalysts were pretreated by calcination at 200 °C in 20% O,,
balance N, for 3 h to burn off residual organic stabilizer, and were
subsequently reduced at 200 °C in 20% H,, balance N, to reverse any
surface oxidation imposed during the calcination step. Afterward, the
catalyst was subjected to the initial reaction conditions and allowed to
reach steady-state overnight (typically 12 h) before collecting reaction
rate data. The reactor was operated at atmospheric pressure.

19993

B RESULTS AND DISCUSSION

Figure 2a shows as-synthesized Ag nanoparticles imaged using
bright-field scanning transmission electron microscopy
(STEM). The image shows that Ag nanoparticles are spherical
with an average diameter of 64 + 9.5 nm.*" Figure 2b shows
the UV—vis extinction spectrum of the nanoparticles
suspended in water, demonstrating a plasmon resonance near
420 nm. As described above, these Ag nanoparticles were
supported on a-Al,Os. Figure 3a—d shows the representative
high-angle annular dark-field (HAADF) STEM images of the
Ag/a-Al,O; catalysts with 1.5, 3, 6, and 12 wt % Ag
nanoparticle loadings.

A visual inspection of the STEM images in Figure 3 reveals
that higher-loaded catalysts exhibited not only a higher average
particle density but also a higher propensity for particles to
aggregate and cluster. To confirm this qualitative observation,
we developed a procedure to quantify the extent of
nanoparticle clustering via an imaging analysis approach
using Image] and MATLAB. We analyzed multiple representa-
tive images from each catalyst sample and calculated the
percentage of nanoparticles for each weight loading that was
found in clusters of different sizes. The detailed approach is
provided in the Supporting Information. Briefly, each STEM
image was divided into 16 equally spaced rows and columns to
yield 256 smaller “tiled” images of the identical area (each tile
corresponding to a 0.15 ym” region). The number of particles
residing in each tile was counted. Technically speaking, based
on the dimensions of the tiles, any two or more particles
separated by ~387 nm or less were considered members of the
same cluster. However, we found that the particles determined
to reside within the same cluster were typically very close
neighbors, separated by less than 10 nm. This was especially
true for higher-loaded catalysts. We found that while nearly all
nanoparticles in the 1.5 and 3 wt % catalysts were isolated or in
very small clusters of 2—5 nanoparticles, clustering was very
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Figure 4. Measured rates of CO oxidation on Ag/a-AL O catalysts. (A) Thermal rate data for the CO oxidation reaction on 1.5, 3, 6, and 12 wt %
Ag/a-AlLO; catalysts demonstrate similar rates per gram of catalyst for each loading, consistent with operation in a kinetically limited regime; (B)
photorates for each catalyst loading between 1.5 and 6 wt % remain similar, suggesting the absence of loading-dependent collective effects at these
low to moderate loadings; for the 12 wt % catalyst, the photorates increase substantially, suggesting the increase of collective effects; and (C)
enhancement factors for each catalyst loading calculated by dividing the photothermal rates by respective thermal rates measured under identical
external heat supply; all error bars represent the standard deviation for data collected from multiple reactor loadings.

prominent in 12 wt % catalysts. The distributions of the
number of nanoparticles in clusters as a function of cluster size
for each catalyst loading are shown in Figure 3e—h. We also
analyzed our catalyst postreaction to confirm that the
morphology of individual nanoparticles and clusters did not
change significantly over the course of the reaction studies.
Additional STEM images confirming an absence of significant
morphological changes to the catalyst are provided in the
Supporting Information. We attribute this catalyst stability to
the mild operating conditions (temperatures and pressures)
used in our experiments.

Data in Figure 4a show that the CO oxidation rates,
measured at temperatures between 100 and 150 °C (no light
illumination), were similar for the four catalysts with different
Ag loadings. This consistency in the measured rates is
reassuring since it indicates that the reactor is operating in a
kinetic regime, wherein the observed rate is not influenced by
mass transfer limitations, even at higher weight loadings. Data
in Figure 4b show the photorates on different catalysts plotted
as a function of thermal rates. The photorate was calculated by
subtracting the reaction rate measured under thermal
conditions (plotted in Figure 4a) from the respective rates
measured under photothermal conditions at the same power
supply to the external heater. The data show that the
photorates normalized per gram of Ag are very similar for
catalyst loadings of 1.5, 3, and 6 wt %, suggesting that any
collective nanoparticle interactions (collective effects) do not
appear to emerge for these low-loading samples. By “collective
effects”, we are referring to any process that changes the
reaction rate per mass of the material as the loading of Ag
nanoparticles changes. We note that at higher loading we
observe enhanced levels of particle clustering. One example of
these collective processes can be collective heating, where due
to the nanoparticles’ proximity to one another, the particles
mutually heat each other. Alternatively, this proximity can
cause an increase in the rates of electronic excitations that take
place due to elevated local fields between the nanoparticles. In
other words, the data suggest that each nanoparticle operates
relatively independently under illumination for catalysts of low
loading. On the other hand, for the 12 wt % catalyst, we find

that the photorates normalized per gram of Ag exceed those of
the lower-loaded catalysts. The data show that at this higher
loading collective effects intensify, giving an additional boost to
the reaction rates. We hypothesized that at these higher
loadings, the Ag clustering could lead to more pronounced
collective effects, which can drive up the reaction rate per gram
of Ag under illumination.” This hypothesis is consistent with
previous findings that showed collective heating tends to be
prominent at high nanoparticle densities,”* that at low
intensities the effect of photothermal heating can be negligible,
and that the plasmonic rate enhancement observed in these
systems must be attributed to nonthermal processes (charge-
carrier-driven chemistry).”’ A similar trend in the enhance-
ment factor (Fppotothermat/ Tthermal) @S @ function of thermal rate is
provided in Figure 4c.

To further explore the relationship between nanoparticle
clustering, equilibrium heating, and the observed photorates,
we embedded thermocouples in the catalyst bed to measure
the temperature increase for the four catalysts under specific
reaction conditions. Before illuminating the catalysts, we set up
an external thermal setpoint of 100 °C (this is the setpoint at
which the corresponding thermal measurements were
performed). We applied the same heater power when
performing corresponding photocatalytic measurements. We
used thin PTFE-wrapped thermocouples placed as close to the
light source as possible (at the exterior wall of the annular
region) and as close to the heater as possible (at the interior
wall of the annular region) to measure the thermal and
photothermal temperature gradients for each case. An
illustration of this setup is provided in the inset of Figure Sa.
As noted above, we found that the PTFE-wrapped
thermocouple does tend to overestimate the temperature
reading of the catalyst under illumination, by ~5-6 °C, when
positioned near the light source. We nonetheless report the as-
measured temperature readings from this thermocouple
without any additional corrections to avoid any possibility of
underestimating the macroscopic (equilibrium) photothermal
temperatures.

Data in Figure Sa show measured temperature increases for
each catalyst under illumination for the two different regions of
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Figure S. Spatial temperature and rate measurements in the annular reactor. (A) Temperature increase measured under illumination for all four
catalyst samples at the reactor interior (closest to the heater, black bars) and exterior (closest to the light source, white bars) under CO oxidation
conditions. The inset figure shows a sketch of the relative thermocouple positions at the interior and exterior of the catalyst bed; (B) experimentally
measured temperatures under thermal (red) and photothermal (blue) conditions as a function of thermal setpoint for the 12 wt % catalyst; (C)
thermal and photothermal temperature profiles in the annular reactor; the photothermal temperature profile suggests that most of the heating takes
place closest to the light source; (D) experimentally measured thermal (red dashed line) and photothermal (blue dashed line) reaction rates
compared to thermal (solid red line) and photothermal (solid blue line) Arrhenius rates, modeled in the reactor as a function of distance, assuming

that the reactants are at the measured equilibrium temperatures.

the reactor, with the heater kept at the power setpoint identical
to that required for the thermal measurements at 100 °C. As
expected, the extent of measured heating under illumination is
more significant directly under the light source (reactor
exterior) compared to far from the light source (reactor
interior). The data show that there were relatively similar
temperature increases for the 1.5, 3, and 6 wt % cases, with
only small changes in temperature observed with increasing
loading. We believe that the gas flowing throughout the reactor
convectively cools these catalysts, limiting the extent of
temperature increase as measured by the thermocouple
under light. On the other hand, our measurements also
indicate that the 12 wt % loading case exhibits a significantly
larger increase in temperature under light. This is consistent
with a regime in which highly clustered, high-density
nanoparticle catalysts yield stronger collective effects, including
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equilibrium heating, that can be observed at the macroscopic
level.

We performed identical measurements, as in Figure Sa,
measuring the thermal and photothermal temperature profiles
in the annular reactor for thermal setpoint temperatures
ranging between 100 and 150 °C (i.e., the catalyst temperature
controlled by the external heater under thermal conditions in
the absence of illumination). In these measurements, we
focused on two catalyst loadings (the 6 and 12 wt % Ag
loadings). The data in Figure Sb show the measured
temperatures recorded at the interior and exterior annular
reactor positions under thermal conditions (red) and photo-
thermal conditions (blue) for the 12 wt % catalyst. The
corresponding data for the 6 wt % catalyst are included in
Figure S10 and follow a similar trend. If we assume a linear
temperature gradient between the two positions in the
reactor—this assumption is reasonable since the reactor has
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a very short radial length of ~2 mm**—we can obtain
estimated temperature profiles across the reactor. One of these
temperature profiles is shown in Figure Sc for the 12 wt %
catalyst at a thermal setpoint of 100 °C. The Supporting
Information provides the corresponding temperature profiles
at different thermal setpoints for the 6 wt % catalyst (Figure
S11) and the 12 wt % catalyst (Figure S13).

We next analyzed if the extent of the measured illumination-
induced equilibrium heating could describe the plasmonic rate
enhancements that we experimentally measured (Figure 4)
under illumination for the CO oxidation reaction. Using the
Arrhenius rate constant measured in the temperature-depend-
ent thermal studies (data provided in Figure 4a) and the
temperature profiles in Figures Sc, S11, and S13, we calculated
the anticipated photothermal rate as a function of the position
in the reactor for the 6 and 12 wt % catalysts assuming that the
photothermal reaction is driven solely by the illumination-
induced equilibrium temperature enhancement. Figure Sd
shows the calculated Arrhenius reaction rates under thermal
and photothermal operation for the 12 wt % catalyst at a
thermal setpoint of 100 °C. The Supporting Information
provides the corresponding data for the 6 wt % catalyst (Figure
S12) and supplementary data for the 12 wt % catalyst at other
thermal setpoint temperatures (Figure S14).

The data in Figure 5d show that the predicted Arrhenius
photothermal rate (solid blue line) is well below the
photothermal rate experimentally measured when we study
the catalysts under illumination (dashed blue line). This is very
different compared to the thermal measurements (no
illumination), for which, as expected, the measured temper-
atures accurately predict the magnitude of the reaction rates.
The data in Figure 5d clearly show that steady-state
equilibrium heating cannot completely capture the behavior
of the systems and that localized effects need to be invoked.
Identical observations were made for the case of the 6 wt %
catalyst, with the data provided in the Supporting Information.

A comparison of the data in Figures 5d, S12, and S14 shows
that as the catalyst loading changes from 6 to 12 wt %, the total
photorate per gram of Ag attributed to these non-Arrhenius
effects also increases. We attribute the increase to a few
potential factors. For instance, dense regions of highly
clustered nanoparticles could give rise to the emergence of
stronger localized nonthermal mechanisms that are confined
near the clusters and spaces between adjacent nanoparticles.
These may involve the elevated electric fields between
nanoparticles that lead to increased local charge-carrier-driven
processes at the adsorbate/metal interfaces.”>'* Charge
carriers can participate in the reaction via their excitation by
either the so-called indirect or direct charge-transfer
mechanisms. In the indirect mechanism, light excites electrons
or holes within the metal, which then transiently populate the
electronic states of an adsorbate (reactant). The adsorbate is
temporarily moved to a transient negative ion state, resulting in
the activation of chemical bonds and ultimately the chemical
transformation of the adsorbate. In the direct mechanism, also
referred to as chemical interface damping, the decay of the
high fields at the interface between the nanoparticle and
adsorbate results in direct charge-carrier excitation at the
adsorbate—metal interface, again facilitating a chemical trans-
formation of the adsorbate.® Furthermore, we and others have
previously demonstrated that nonthermal charge-carrier-driven
processes can become more efficient at elevated temperatures
due to the temperature-dependent coupling of electronic and
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vibrational excitations of molecules on the surface of plasmonic
nanoparticles.”'”*"* Ultimately, the data clearly show that
while photothermal equilibrium heating may play some role in
observed plasmonic rate enhancements under conditions of
broadband continuous illumination, there are significant
additional contributions that cannot be described by the
equilibrium heating of the catalyst bed.

B CONCLUSIONS

In conclusion, we designed an annular photoreactor that
allowed us to accurately measure the steady-state equilibrium
temperature under reaction conditions in different parts of the
catalyst bed while concurrently allowing us to measure the
reaction rates in the kinetic regime. Our measurements of the
CO oxidation rates across four different weight loadings of
plasmonic Ag/a-Al,O; catalysts suggest that under the studied
illumination conditions, collective effects arising when
plasmonic Ag nanoparticles (~64 nm diameter) interact with
neighboring nanoparticles induce a significant change in the
reaction rate for Ag/a-ALO; loadings above 6 wt % (..,
clusters of nanoparticles begin to exceed 10 particles
condensed within an ~0.15 um?® imaged region). Lower
weight loadings do not demonstrate any loading-dependent
collective contributions to measured reaction rates under
illumination. In other words, for low Ag loading samples, the
measured photorates per catalyst surface area are similar,
suggesting that each particle behaves relatively independently
of one another. We also observed that the equilibrium heating
of the catalyst cannot fully explain the illumination-induced
plasmonic rate enhancements. This holds true even for dense
and highly clustered loadings of Ag nanoparticles, where
equilibrium heating becomes more significant. Based on the
analysis, we propose that highly localized effects play a critical
role in driving LSPR-induced chemical reactions. These effects
may consist of plasmon-induced activation of adsorbates
(reactants) via electronic excitation of the reactant or
photothermal heating of adsorbates that remains highly
localized to the individual nanoparticles.
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