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Abstract

Solar-driven plasmonic photocatalysis has emerged as a powerful tool to enhance chemical
reactivity, improving the efficiency and selectivity in a large number of transformations.
Plasmonic nanoparticles are often implemented in photocatalysis as colloidal dispersions but they
face issues related to the reduced photoactivation of the metallic surface in concentrated solutions
and poor long-term colloidal stability. To overcome these limitations, we introduce 3D plasmonic
supercrystals created through the depletion- and evaporation-induced self-assembly of metal
nanoparticles as novel heterogeneous plasmonic photocatalysts. They present large
electromagnetic field enhancements associated to the formation of regular arrays of plasmonic hot
spots, leading to improved chemical reactivities through the generation of hot charge carriers. To
demonstrate this, we chose two challenging organic transformations, an oxidative polymerization
and different C—C cross-coupling reactions, that can be activated by modifying the chemical
composition of the assemblies. Interestingly, the anisotropic shapes of the building blocks lead to
the formation of 3D supercrystals exposing different crystalline facets. Importantly, by performing
operando Surface-Enhanced Raman Spectroscopy at the single supercrystal level, we unveil the
face-dependent reactivity of each individual plasmonic superstructure. Our combined
experimental and theoretical approach provides with key insights into structure-function

correlations and offers guidelines for the rational design of versatile supercrystal photocatalysts.
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Introduction

Plasmonic photocatalysis holds the potential to drive chemical reactivity with an unprecedented
control over efficiency and selectivity.! Such unique photocatalytic features derive from the
generation of non-thermalized charge carriers and high electromagnetic field enhancements in
noble metal nanoparticles (NPs) under localized surface plasmon resonance (LSPR) excitation.?
Over more than one decade, plasmonic photocatalysis has been implemented to drive a large
variety of chemical processes, including organic transformations, the activation of small molecules
for the production of renewable fuels and the growth/etching of inorganic nanostructures.?> Many
of the studies reported to date implement plasmonic NPs as colloidal solutions whose catalytic
performances are highly dependent on the surface area of the material exposed to irradiation and
available to interact with a given molecular species. Unfortunately, several experimental issues
can have a negative impact on their efficiency. For instance, the photodesorption of the stabilizing
ligands can cause the aggregation of the objects, resulting in loss of colloidal stability and
subsequent deterioration of their optical and photocatalytic features.®’ In order to overcome such
limitations, the rational assembly of plasmonic NPs into larger structures has been recently
postulated as an alternative approach for their use as heterogeneous photocatalysts. In this way,
self-assembled superstructures can be exploited as heterogeneous catalysts with improved
chemical features related to their collective properties, such as the large electromagnetic field

enhancements obtained through the generation of interparticle hot spots.®1°

A recent report by Cortés and coworkers describes the use of binary 2D superlattices as antenna-
reactor systems formed by the assembly of spherical Au and Pt NPs as outstanding catalysts for
the photo-induced generation of H> from formic acid.!! In these structures, the specific disposition

of ultra-small Pt NPs at the hot spots generated between neighbor Au resonators leads to an
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increase in the catalytic activity of the former upon plasmonic excitation through an energy transfer
process. Another recent work describes the implementation of self-assembled monolayers of Ag
nano-octahedra for the photocatalytic conversion of N2 into NHs3.'? Here, hot electron injection is
at the origin of the enhanced catalytic activity, while the specific organization of the NPs within
the superlattices (square versus hexagonal arrangement) has a strong effect on their final features
due to the different intensities of the electromagnetic field enhancements produced. These two
examples evidence the advantages associated to the implementation of 2D assemblies of plasmonic
objects over extended surfaces, producing improved activities and prolonged stabilities with

respect to colloidal dispersions.

3D plasmonic supercrystals (SCs) are versatile platforms in which the symmetry, lattice spacing,
crystal habit and shape can be easily modulated by simply changing the individual building blocks
and the assembly processes implemented, resulting in tailored optical properties.'® In this manner,
3D SCs have been used as highly sensitive and adaptable sensing platforms due to their high
density of hot spots, even for the detection of analytes with low affinities for the plasmonic
component.*!> We believe that such adaptability can be implemented for the development of a
rich chemical reactivity in which the collective properties of the SCs can provide with extra
degrees of freedom to modulate efficiency and selectivity. Along these lines, 3D arrangements
lead to the exposition of different crystalline facets and hence, the catalytic activity derived from
them can be modified through the rational control of the assembly process.!'® Moreover, by simply
modulating the chemical composition of the plasmonic resonators, one can target a vast number
of chemical reactions, including a plethora of organic transformations.*!”!® These features,
together with their ability to generate exotic crystallographic patterns by simply modulating the

1921

size and shape of their building blocks, confer 3D plasmonic SCs with the potential to become
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a new class of versatile photocatalytic platforms. For instance, Lemineur and coworkers have
recently implemented 3D SCs composed by spherical core-shell Ag@Pt NPs as photocatalysts for
the hydrogen evolution reaction.?? Unfortunately, fast erosion and corrosion of these materials
occurred under photocatalytic conditions due to the presence of defects at the crystalline interface

between the two metals.

In the present work we report on the use of 3D plasmonic SCs made by the self-assembly of
noble metal nanorods (NRs) as heterogeneous photocatalytic platforms for organic reactions
driven by sunlight. Besides, the chemical composition of the individual objects has been tuned,
allowing the activation of different organic transformations. Such assembly process leads to the
formation of two different orientations of the NRs with respect to the substrate, each exposing
different crystalline facets with varying optical features, electromagnetic field intensities and
spatial patterns. These differences produce distinct efficiencies for specific photochemical
processes. In order to study the facet-dependent properties of these materials, we have followed
their reactivity at the single SC level and in operando conditions by means of Surface-Enhanced
Raman Spectroscopy (SERS). The experimental data obtained is complemented by simulations on
the optical response and surface electron dynamics of the assemblies, leading to structure-function
correlations. Together, these findings show the promising properties of plasmonic SCs for
photocatalytic applications while providing insights into the roles of composition, plasmonic

coupling and SCs orientation in determining their performances.

Results and Discussion

Structural and optical characterization. Plasmonic NRs have been synthesized following

established seed-mediated growth protocols with some modifications (for more details, please
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refer to the Materials and Methods section).?*?* Pentatwinned (PTW) Au NRs have been chosen
instead of single-crystalline ones given their low polydispersities and convenient manipulation of
their aspect ratios,® while also permitting the deposition of an homogeneous Pd shell for the
formation of core-shell Au@Pd NRs.?* Accordingly, Au NRs presenting an aspect ratio of 4.4
(Figures S1 and S3 in the Supporting Information) have been implemented for the photo-oxidation
of an organic substrate.* In the case of the core-shell NRs, we will take advantage of the catalytic
properties of Pd in C—C cross-coupling reactivity.>> Given that the plasmonic properties of Pd are
relatively poor due to the large imaginary part of its dielectric function in the visible and NIR
regions, the thickness of the Pd layer has been kept as thin as possible in order to minimize
damping of the original plasmonic signature from the Au NRs. This method enables the formation
of a well-defined Pd shell with a thickness of ca. 10 nm on the tips and 2 nm on the sides, with a
final aspect ratio of 4.4 (see Figures S2a-c and S3). Even though the deposition of the Pd shell
alters the optical properties of the materials, Au@Pd NRs still display a plasmonic response in the
visible and NIR regions (Figure S2d), hence potentially exhibiting photocatalytic features under

solar radiation.

Both Au and Au@Pd 3D SCs have been obtained via evaporation-induced self-assembly by
drop-casting concentrated colloidal solutions of NRs on glass or silicium substrates as schematized
in Figure S4. For this, we have taken advantage of the interplay between depletion forces and
electrostatic interactions, enabling tuning of the SC structure by varying experimental parameters
such as temperature, humidity or depletant concentration.?®” This approach leads to the formation
of micron-sized assemblies of NRs for both compositions (Figure 1). As can be observed in the
SEM images, the size of the crystalline domains in the Au SCs is always larger than that of the

Au@Pd assemblies. Such difference may come from inhomogeneities in the Pd shell, as surface
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roughness can affect negatively the depletion attraction between the NPs and their assembly.?®%

The presence of cetyltrimethylammonium-based micelles in suspension (either CTAC or CTAB
have been chosen as depletants) generates an attraction force between the NRs. As the solvent
evaporates, electrostatic repulsion weakens progressively due to charge screening, which
combined with the increasing strength of depletion forces, leads to the formation of SCs. Two
distinct orientations can be observed in both samples, with the NRs parallel or perpendicular with
respect to the substrate on the outer or center part of the deposit, respectively (Figure 1a, d). Such
behavior has been previously reported by other authors for the assembly of Au@Ag NRs.>3! The

different dispositions patterns might be explained by the so-called coffee ring effect.’?

During the
drying process, liquid evaporating from the edge is replenished by liquid from the interior inducing
a flow which could orient the SCs.* In line with this, we found the SCs to be radially oriented on
average at the edge of the deposit, while the SCs towards the center are randomly scattered on the
substrate (Figure 1 a,d). The resulting SCs consist in 3D arrays of NRs lying horizontally with
respect to the substrate that can attain thicknesses close to 1 pum (Figure 1b, e for Au and Au@Pd,
respectively). At the center of the deposit, all SCs consist of NRs standing on the substrate,

composed of 2-3 vertically-stacked monolayers.>* SEM images of these deposits show the

pentagonal cross-section of the metal NRs within assemblies of trapezoidal shapes (Figure lc, f).

Small-Angle X-ray Scattering (SAXS) characterization of the deposits demonstrates the
presence of a hexagonal arrangement both at the center and at the edge of the samples (Figure 1 g,
1). Interestingly, SAXS curves taken at the edge of the deposit present additional Bragg peaks
consistent with the parallel orientation of the NRs with respect to the substrate. Moreover, Fast
Fourier Transforms (FFTs) were performed on the SEM micrographs of the vertically standing

assemblies and confirmed the hexagonal ordering of the NRs for both the Au and Au@Pd SCs
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(Figure 1h, j). Hexagonal packing is usually observed in SCs made of NRs with single-crystalline
structures.® It has been proven experimentally that the spontaneous assembly of Au@Ag NRs
with pentagonal cross-sections leads to ice-ray and Diirer packings with rectangular symmetry,
together with other intermediate polymorphs from these two configurations.?! The fact that we do
not observe such crystallographic arrangement but rather a hexagonal packing, as evidenced by
SAXS and electron microscopy, is likely due to the small diameter of the NRs and the presence of

capping ligands, resulting in an effective circular cross-section of the building blocks.
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Figure 1. a, d) SEM images of the edge of Au (a, red) and Au@Pd (d, blue) deposits. b, €) and c,
f) Enlarged SEM images of regions [1;3] and [2;4] showing horizontally and vertically standing
assemblies of NRs, respectively. The insets in ¢) and f) show the pentagonal cross-section of the
Au and Au@Pd NRs constituting the SCs. g, 1) SAXS spectra of the Au an Au@Pd SCs taken at
different positions of the deposit as indicated in the insets. h, j) SEM images and corresponding

FFTs of standing Au and Au@Pd NR SCs, respectively.

The optical properties of the SCs have been characterized using hyperspectral imaging with a dark-
field microscope in reflection mode, enabling optical mapping with sub-micrometric resolution,
for elucidating the optical response of single SCs. The scattering spectra obtained for both Au and
Au@Pd SCs are presented in Figure 2. Firstly, we compared the optical signatures at the single
SC level for a given conformation. Our results show the excitation of different plasmon modes of
the SCs, depending on the relative orientation of the NRs within the assemblies. For instance,
vertical Au@Pd SCs display a broad band centered at 728, 692 and 682 nm for SCs i, ii and iii,
respectively (Figure 2a). In contrast, when studying their lying counterpart, the spectra red-shifted,
with the maxima at 846, 843 and 834 nm for iv, v and vi SCs, respectively (Figure 2b). These
measurements are in agreement with the orientation of the NRs in the assemblies with the lying
SCs displaying a noticeable red-shift (ca. 140 nm) of the plasmon modes compared to standing
SCs. Moreover, the optical response for a given orientation are very similar in terms of width,
intensity and position of the bands across the sample, indicating SCs uniformity. Changing the
chemical composition of the NRs also has an important impact on the optical features of the SCs.
The plasmon band of a standing Au@Pd SC is broaden and red-shifted compared to that of an Au
SC in the same configuration (Figure 2c). These results demonstrate that both Au and Au@Pd SCs

possess optical properties in the visible-NIR range and are therefore suitable as plasmonic
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photocatalysts. Importantly, the reproducibility of the optical signatures is a significant asset when
characterizing the photocatalytic features of the samples at the single SC level and in operando

conditions (vide infra).
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Figure 2. Hyperspectral images (top) and corresponding scattering spectra (bottom) of a) vertically
standing SCs of Au@Pd NRs, b) horizontally lying SCs of Au@Pd NRs and c) vertically standing
SCs of Au and Au@Pd NRs. The rectangles in the optical images of the top panel show the

analyzed assemblies.

Photocatalytic features in solution. Once the structural and optical features of the SCs were
fully characterized, we probed their photocatalytic capabilities to drive organic transformations.
In the particular case of Au SCs, we targeted a model oxidation reaction, given the ability of this
metal to generate activated Oz species under irradiation.>® Accordingly, we have investigated the
photocatalytic properties of Au SCs for the oxidative polymerization of aniline into polyaniline
(PANI), a challenging transformation that is usually produced from the chemical oxidative
polymerization of the monomer in a strong acidic solution and using an oxidant (e.g., ammonium
persulfate) to initiate the reaction.’’*® We conducted the experiments at room temperature under

O atmosphere, using dimethylsulfoxide (DMSO) as solvent, in the presence of the Au SCs and

11
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under irradiation with a solar simulator during 72 hours (Figure 3a). In these conditions, a gradual
change of color was observed, with the aniline solution turning from colorless to orange (Figure
S5a). The reaction mixture was analyzed by gas chromatography coupled to mass spectrometry
(GC-MS), revealing 90 % conversion of aniline. When randomly deposited PTW Au NRs (also
referred to as non-organized) were used as photocatalysts, only 36 % of the aniline was consumed
in the same reaction time (Figure 3b). We conclude that the higher photocatalytic efficiency of the
Au SCs is due to the formation of plasmonic inter-particle hot spots in these structures. More
precisely, the resulting enhancement of the electric field at the surface of the SCs increases the
generation of hot charge carriers, improving the catalytic activity of the materials.>® This result is
particularly interesting given that the Au SCs present a drastically lower amount of catalytic
surface sites available with respect to the non-assembled photocatalyst in which a deposit of mostly
randomly oriented Au NRs is observed on the substrate (Figure S6a). Additionally, the
recyclability of the catalyst has been also studied since the use of Au SCs deposited on a glass
slide enables its facile recovery from the reaction medium. It is worth noting here that the SCs
remained attached on the substrate during the reaction without any leaching of plasmonic objects
into the solution. Interestingly, the conversion rate of aniline (> 80 %) remains high after 5 catalytic
cycles (Figure 3c), demonstrating the validity of our approach to form stable and reusable

heterogeneous photocatalysts.

The absorption spectrum of the reaction mixture was recorded and compared to the spectra of
other potential reaction products in dimethylsulfoxide (DMSO), such as nitrobenzene or
azobenzene (Figure S5b).*° Since no match could be found for any of these species and their
signatures were not detected by chromatography techniques, we conclude that they are not

produced in our experiments, highlighting the selectivity of the photochemical process. The overall
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aspect of the reaction mixture spectrum (sharp peak at 254 nm, broad and less intense peak at 330
nm and small absorption between 425 and 525 nm) coincides with the absorption spectrum of
polyaniline (PANI) synthesized under microwave irradiation of an aniline solution.*! HRTEM
images of the post-catalytic reaction mixture show the presence of a dense network of pseudo-
spherical NPs with crystalline domains ranging between ca. 5 and 20 nm (Figure S5c). The
distances measured from the electron diffraction patterns of these NPs can be indexed to the atomic
distances of the emeraldine form of PANI according to a pseudo-orthorhombic indexation (Figure
S5¢).* Hence, GC-MS, absorption spectroscopy and HRTEM demonstrate that the Au SCs enable
the oxidation of aniline under simulated solar irradiation, leading to its polymerization under mild
conditions. Importantly, the transformation of aniline is accompanied by the concomitant oxidation
of DMSO into dimethyl sulfone (DMSO>) (Figure 3d). This finding suggests the presence of
reactive oxygen species (ROS) in our reaction medium through the interaction between the
photogenerated charge carriers and oxygen molecules* towards the formation of DMSO>, which
is likely to be the species responsible for the polymerization of aniline. The lack of reactivity when
the reaction is performed in other solvents such as cyclohexane or ethanol also supports this

hypothesis (Figure S7).
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Figure 3. a) Aniline oxidation reaction under standard photocatalytic conditions. b) Photocatalytic
activities of different catalysts for the reaction performed under O> atmosphere and at 25 °C for
72 h. ¢) Recyclability tests of Au SCs for 5 photocatalytic cycles. d) Gas chromatographs of the

reaction medium before and after the reaction.

In order to study the photocatalytic activity of Au@Pd SCs we have chosen the Stille reaction,
a cross-coupling process widely used in organic synthesis that involves the interaction between an
organohalide and an organostannane using a Pd(0)-catalyst, usually a Pd-bearing phosphine ligand
in homogeneous conditions.*** Accordingly, we investigated the photocatalytic performance of
Au@Pd SCs for the Stille coupling between bromobenzene (BB) and tributyl(vinyl) tin (TBVT)

in toluene at 90 °C, leading to styrene as cross-coupling product (Figure 4a). After 24 hours of
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irradiation under these conditions we observe the conversion of 66 % of styrene (Figure 4b). For
comparison, when the same reaction is repeated using a deposit of non-organized Au@Pd NRs
(same volume and concentration) in comparison with the SCs (Figure S6b), the production of
styrene was found to be of 40 %, leading to a 40 % decrease with respect to the organized Au@Pd
SCs (Figure 4b). As previously discussed for the oxidative polymerization of aniline in the
presence of Au SCs, the higher photocatalytic efficiency of the regular assemblies compared to
randomly deposited NRs is the result of the strong electromagnetic hot spots present in the former
and the subsequent improvement of hot charge carrier densities generated under continuous
illumination. Again, it is important to remember that the SCs present a much smaller surface-to-
volume ratio of exposed active metal, highlighting the important underestimation of the improved
activity observed in the Au@Pd SCs with respect to the random deposits. Moreover, the
hydrophilic nature of the Au@Pd NRs impedes their use as colloidal photocatalysts under these
particular reaction conditions without a tedious post-synthetic surface functionalization process
with hydrophobic ligands. Conversely, when the reaction is performed in the dark with external
heating at 90 °C as the sole energy input to activate the cross-coupling reaction, only a negligible
quantity of styrene is produced (Figure 4c). This result indicates that the efficiency of the coupling
under our experimental conditions can be attributed to non-thermal plasmonic effects generated

upon irradiation of the SCs, rather than external heating.

Unexpectedly, benzaldehyde (BA) and benzyl alcohol (BOH) are also produced in a significant
amount under irradiation (Figure 4c). Since these products are usually obtained at the industrial
scale through chlorination of toluene and subsequent hydrolysis, we investigated how they can be
formed under in this reaction. To do so, we performed the same photocatalytic process without the

organostannane compound (Figure 4c). Given that both BA and BOH are produced under these
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conditions, hence without the generation of styrene, we hypothesize that the two by-products stem
from the oxidation of toluene upon irradiation. Likewise, monitoring the products formed during
the early stages of the reaction demonstrates that these two species do not derive from the oxidation
of styrene, given that their formation does not lead to a concomitant transformation of the latter
(Figure S8). Such findings are also confirmed by the fact that BA and BOH are not produced when
the reaction occurs in the presence of the two coupling agents in the dark (Figure 4c). A plausible
explanation for the oxidation of toluene can be the introduction of an oxidant in the reaction
medium, as it has already been reported by Shoukat and coworkers.*® As for aniline oxidation, the
presence of ROS is directly related to the formation of hot charge carriers under plasmonic
excitation. To assess the importance of these transient species, the Stille coupling has been carried
out in the presence of 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO), a ROS scavenger. In these
conditions, only styrene is produced (Figure 4c), confirming that ROS are responsible for the
oxidation of toluene into BA and BOH. Nonetheless, the presence of TEMPO also leads to a
significant decrease in the production of styrene (34 % of the expected quantity), suggesting that

such ROS may also play a role in the cross-coupling reaction.
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Figure 4. a) Stille cross-coupling reaction under standard photocatalytic conditions. b)
Photocatalytic activities of different photocatalysts for the reaction performed under air
atmosphere at 90 °C for 24 h. ¢) Quantification of the different products obtained when performing
the Stille coupling at 90 °C for 24 h under different experimental conditions. The standard
conditions correspond to the use of air atmosphere and irradiation. No TBVT means that only BB

is used as reagent. TEMPO indicates that the experiment is carried out in presence of the ROS

inhibitor.

Photoreactivity at the single SC level. While we showed that the photoreactivity can be boosted
by using faceted SCs, the facet-dependent reactivity of these assemblies remains an open question.
To address this aspect, a second cross-coupling reaction was monitored by using operando
SERS*”# and at the single supercrystal level by using Au@Pd SCs as heterogeneous
photocatalysts. To do so, solutions of 4-bromothiophenol (4-BTP) and m-tolylboronic acid (TBA)

were drop-casted sequentially onto the Au@Pd SCs, which were then irradiated with a 633 nm
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laser to induce the coupling while recording SERS spectra (Figure 5a). Thanks to the small
diameter of the laser beam (ca. 1 um), we can precisely target a specific SC among the hundreds
forming the deposit. In this manner, the influence of the relative orientation of the NRs constituting
the SC, i.e. lying horizontally vs. standing vertically on the substrate, with respect to the laser beam
on the reactivity of the photocatalyst can be monitored. The SERS spectra recorded at different
reaction times on horizontal Au@Pd SCs are shown in Figure 5b. The first spectrum (light grey)
shows the vibrational fingerprint of 4-BTP on the SCs, with the characteristic peaks at 1076 cm™!
(ring deformation), 1181 cm' (C-H deformation) and 1556 cm™ (C-C stretching).’® Upon
prolonged laser irradiation, an asymmetric broadening of the 1556 cm™! peak due to the appearance
of a shoulder around 1580-1600 cm! is observed, as depicted in the black spectrum of Figure 5b.
The latter signal can be assigned to the cross-coupling product, 3'-methyl-4-mercapto-biphenyl
(MMBP) (Figure S9).°! By measuring the intensity ratio between the 1580-1600 cm™ and 1556
cm! peaks over time (referred to as Iproduct / Ireactant), We are able to study the kinetics of the cross-
coupling reaction at the single SC level. Accordingly, the Iproduct / Ireactant ratio has been obtained at
different times of the reaction for both types of Au@Pd SCs (Figure 5¢), as represented in Figure
5d. Depending on the exposed facet of the SCs, very different reaction kinetics are observed.
Indeed, when the reaction is performed on standing NRs (dark blue), the intensity ratio slightly
increases over time to a value of 0.2 after 160 s of irradiation. In contrast, for the reaction carried
out on NRs lying horizontally and prone to tip-to-tip longitudinal coupling (light blue), the
intensity ratio increases steeply to 0.9 in 120 s and then reaches a plateau. For comparison
purposes, when Au SCs are used instead of Au@Pd, very sluggish reaction kinetics are observed

for the transformation of 4-BTP, suggesting a very inefficient coupling between these molecules
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even for much longer irradiation times (Figure S10). This result emphasizes the fundamental role

played by the thin Pd layer and the secondary role played by thermal effects in this reactivity.

In order to obtain further insight into our experimental findings, we performed calculations to
compute the generation rates of hot charge carriers for both dispositions of the Au@Pd SCs onto
the substrate, implementing the quantum formalism developed by Govorov and coworkers.’>>3
The model system is based in a 2-layer hexagonal arrangement of Au@Pd NRs whose dimensions
are in accordance with the experimental data (see the Materials and Methods section for further
details). The simulations show that when the entire surface of the NRs within the SCs is taken into
consideration, the vertical ones present the highest generation of hot charge carriers of the two
arrangements, in contrast to our experimental results (Figure S11). As discussed previously in this
work, we believe that the surface of the NRs located in the interior of the SC are not accessible to
the molecular substrates, hence limiting the catalytic activity of these structures to the most
superficial plasmonic layers. Consequently, we analyzed the computational data considering the
penetration depth of the reagents along the z-axis (taken perpendicular to the substrate),
parametrizing the generation rate of hot electrons (Rateng) as a function of maximum penetration
along this axis. In particular, we highlight the results for values of |Az| that correspond only to the
surface of the first layer of NRs that is directly exposed to the environment, with a penetration
depth of 13 nm for the vertical SCs and 23 nm for the horizontal ones (Figure 5e). In this scenario,
the relative importance of the computed hot electron generation efficiency among the two
dispositions is reversed, as the highest population is obtained for the horizontal SCs (Figure 5f).
Strikingly, when the relative rates of excitation are compared with the experimental ratios of the
chemical transformation obtained via SERS after 160 s of irradiation, i.e. once the plateau is

reached, we observe a very strong agreement between theory and experiment (3.92 vs. 4.43,
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respectively) (Figure 5g). The differences in the photocatalytic profiles between horizontal and
vertical SCs suggest that the efficiency of the reaction depends on the intensity and spatial
accessibility of the interparticle plasmonic hot spots, as previously postulated. Along these lines,
electromagnetic field enhancement maps of both configurations show the strong inter-particle
coupling achieved in both geometries (Figure S12-S13). When considering only the topmost
surface, the strong tip-to-tip hot spots in the horizontal SC, as well as the staged arrangement
resulting from the close packing of the NRs, produce the strongest photocatalytic enhancement.
As discussed before, hot spots induce a higher rate of carriers that leads to improved photocatalytic
activities.*® The vertical arrangement would be an advantageous configuration, per unit area, if all
the interstitial spaces could be exploited in driving the reaction, but presents the intrinsic difficulty
of having an inversely proportional relationship between the interparticle spacing, which allows

free reagent flow, and hot spot enhancement, which drives the chemical process more efficiently.
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Figure 5. a) Schematic representation of the reaction at the surface of an Au@Pd SC. b) SERS
spectra recorded on a horizontal Au@Pd SC at different irradiation times. ¢) SEM images of the
edge of a deposit with the top and bottom panels showing the vertical (dark blue) or horizontal
(light blue) assemblies, respectively. d) Photocatalytic activities of the Au@Pd SCs depending on
the relative disposition with respect to the substrate and under operando SERS. Irradiation
conditions: Aexc: 633 nm, 100x obj., 0.92 mW power + 20 s acquisition time. (¢) 3D models used

for the simulation of the optical spectra and generation of hot charge carriers. The zoom-ins present
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the unit cells and the penetration depth of the first monolayer for the horizontal (23 nm) and vertical
(13 nm) SCs. f) Theoretical generation rates of hot electrons as a function of the penetration depth
in the SCs along the z-axis (normal to the irradiation). g) Comparison of the normalized hot
electron generation rates and the normalized experimental reactivity for operando SERS at 160 s

for the vertical (dark blue) and horizontal (light blue) Au@Pd SCs.

Conclusions

This study highlights the significant potential of 3D plasmonic SCs made from self-assembled
noble metal NRs as effective heterogeneous photocatalysts for organic reactions. The anisotropic
nature of the objects and their arrangement into ordered assemblies play a crucial role in enhancing
photocatalytic performance, as demonstrated by the efficient polymerization of aniline and the
cross-coupling reactions enabled by these materials. Our results also reveal that the facet-
dependent reactivity of these assemblies is a key factor in their catalytic efficiency. Detailed
analysis using operando SERS and complementary simulations show that distinct orientations of
the NRs (horizontal vs. vertical) within the SCs can impact significantly reaction kinetics. Our
results underscore the importance of optimizing NR packing and arrangement to maximize
plasmonic coupling and, consequently, photocatalytic efficiency. The study also points to the
potential challenges and opportunities in improving the accessibility of active sites in these
structured assemblies, as certain regions of the SCs are less accessible to reactants due to their
dense packing, thus reducing substantially the effective surface area of the heterogeneous catalyst.
Overall, this work demonstrates how the design and assembly of 3D plasmonic SCs can open new
avenues for highly efficient photocatalysis, offering insights into the role of nanostructure

orientation and plasmonic coupling in enhancing photocatalytic processes. Future research may
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focus on further tuning the composition and arrangement of these SCs to explore their potential in

a broader range of catalytic applications.

Materials and methods

Synthesis of the plasmonic building blocks

Seeds. Citrate-capped pentatwinned (PTW) seeds were synthesized using a procedure reported by
Sanchez-Iglesias and coworkers with some modifications.?*>* Initially, HAuCls (100 uL, 25 mM)
was added to a 10 mL aqueous solution containing 5 mM of citric acid and 50 mM of CTAC. The
mixture was vigorously stirred at room temperature to form a vortex in the center of which NaBH4
(250 pL, 25 mM) was introduced. After 2 min of vigorous stirring, the mixture was placed in a

water bath at 90 °C for 2 h under gentle magnetic stirring.

PTW Au NRs. The NRs were synthesized using the procedure described by Sanchez-Iglesias and
coworkers.?* An initial aqueous solution of 500 mL containing CTAB (375 mg) and CTAC (66.1
mL, 0.76 M) was prepared and carefully sonicated until complete dissolution of the former.
Subsequently, HAuCls (2.5 mL, 25 mM) was introduced in the binary surfactant mixture. The
solution was sonicated and then left undisturbed at a given temperature for 30 min. Afterwards,
the reducing agent, AA (976 pL, 0.1 M, AA/Au*" molar ratio of 1.5), was quickly injected in the
mixture which was then vigorously shaken by hand. Finally, the seeds were rapidly introduced
(Au**/Au® molar ratio of 133) and the solution was immediately thoroughly shaken again for 30 s.
Then, the growth solution was left undisturbed for 1 h in a thermostated water bath at the same
temperature than the one used for the thermalization of the HAuCls/CTAB/CTAC mixture. At the
end of the reaction, the NPs were centrifuged (8000 rpm, 30 min) and redispersed in 0.1 M CTAC.

This process was repeated two more times. Given that PTW Au NRs were accompanied by an
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undesired population of more isotropic NPs (spheres and octahedra), purification was performed
by flocculation. Typically, the washed NPs were concentrated in a small volume (< 2 mL) of
CTAC 0.12 M in a glass test tube that was left undisturbed overnight. After this, PTW Au NRs
precipitated at the bottom of the tube while the smaller and more isotropic NPs remained in
solution and could be removed. The precipitate was then redispersed in 0.1 M CTAC. The
dimensions obtained from TEM were 100.8 & 6.6 nm of length and 22.8 + 1.2 nm of width (aspect
ratio: 4.4). To obtain PTW Au NRs with a longitudinal plasmon band centered at ca. 800 nm, we

performed the growth at 20 °C.

Synthesis of Au@Pd NRs. The core-shell NRs were synthesized using a seed-mediated growth
method adapted from the literature and consisting in the reduction of a palladium salt onto PTW
Au NRs used as seeds.?* Prior to the experiment, a 5 mM H,PdCls solution was prepared by
dissolution of PdCl; (8.87 mg) in an aqueous solution of HC1 (10 mL, 10 mM). Typically, a given
amount of PTW Au NRs (longitudinal plasmon band centered at ca. 800 nm) previously washed
and redispersed in 10.8 mM CTAB was introduced in an aqueous solution of CTAB (10.8 mM) in
order to obtain a final concentration of 510 M in 3 mL. Subsequently, HoPdCls (19.5 uL, 5 mM)
was added under sonication. Then, HCI1 (55.7 pL, 0.1 M) was injected under sonication to adjust
the pH of the growth solution to ca. 5, followed by the addition of AA (139 pL, 40 mM). The
solution was left undisturbed in a water bath at 60 °C for 1 h. The Au@Pd NRs were then washed
by centrifugation-redispersion cycles (8000 rpm, 30 min, 3 times) and redispersed in 2.5 mM
CTAC or CTAB. After confirming with TEM that the Pd shell was homogeneous and thin enough,
the synthesis was scaled-up to produce a sufficient amount of Au@Pd NRs for the self-assembly
process. The dimensions of the Au@Pd NRs were of 118.2 + 5.1 nm in length and 27.0 £ 1.0 in

width (aspect ratio: 4.4).
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Self-assembly of PTW Au and Au@Pd NRs

In a typical procedure, PTW Au NRs and Au@Pd NRs were washed several times in 2.5 mM
CTAC or CTAB and then the solutions were concentrated to obtain a final metal concentration of
16 mM. Prior to the deposition, the substrates were washed with aqua regia and rinsed in water,
EtOH and then acetone (10 min under sonication for each cycle). The substrates were then dried
in an oven and cleaned under oxygen plasma (0.3 mbar, 30 s). Then, 10 pL of the NRs solution
were drop-casted, either on a silicon wafer or a glass slide, which was then introduced in a Petri
dish in the presence of water droplets. The solutions were left undisturbed until complete drying
(several days). The presence of water in the Petri dish permitted to slow down the evaporation
process and to form well-organized PTW Au and Au@Pd NRs SCs. Before any photocatalytic
experiments, organic molecules were removed from the Au and Au@Pd SC surfaces by oxygen

plasma cleaning (0.3 mbar, 30 s) and soaking in EtOH (10-20 seconds).

Theoretical methods

The commercial software package COMSOL Multiphysics, based on the Finite Element Method
(FEM), was used to solve Maxwell’s equations in order to obtain the optical and electrodynamic
response of the metallic NPs. The 3D geometries of the Au and Au@Pd NRs used in the models
were created following TEM images and statistical data of their sizes from the experimental
samples. The modelled Au NRs are 100.5 nm long and 22.5 nm wide; and the pentagonal-shaped
Au@Pd NRs are 117.2 nm long and have a vertex to side width of 26.9 nm and vertex to vertex
size of 17.1 nm. The permittivity of the objects was modelled using the experimental bulk
permittivity of Au® and Pd.>® The boundary between the two metals in the bimetallic Au@Pd NRs

was considered sharp, i.e. no alloy gradient was modelled. The hexagonal pattern found in the
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SEM images of the SCs was replicated in the models by designing a unit cell and implementing
periodic boundary conditions (PBC). These periodic SCs were immersed in a dielectric medium
of permittivity € = 1 (air). The spectra in the manuscript show the average response of two
orthogonal polarizations (aligned or orthogonal to the longitudinal axis of the rod, if in horizontal
arrangement; a single polarization if in vertical), to account for the average among relative
orientations between laser and SC in the experiment. The periodic models used are comprised of
two layers. Independently of the relative disposition of the NRs (parallel or perpendicular), the
unit cell used has a rectangular shape and contains a total of 4 NRs, 2 per layer (Figure Se in the
manuscript). The unit cell includes several NRs to account for the NR positions in a close-packed

arrangement. The interparticle distance between adjacent NRs in all the models is 2.5 nm.

Hot carrier excitation rates (Ratemg) were computed using a semi-classical formalism which
models the optical transitions of electrons that can occur in a metal due to the loss of translational
symmetry arising from collisions of the excited electrons with the boundaries of the object. A

detailed description of this formalism can be found in previous publications.’>> Numerically:

2 EEF 1
Ratey; () = L —~ L (Fm))a

where Enomal(r, ®) 1s the component of the electric field normal to the NP s outer surface, measured

‘Enonnal (r’ ﬂ))r dS

immediately inside the metal; Er is the Fermi energy of the metal at the outer surface; ho is the
energy of the incoming photon; and S is the outer surface of the NP. To be able to compare the
Ratenk of different periodic models, we normalized the computed rates by the area of the horizontal

section of the unit cell (Acen) used in each periodic model (Ratens / Acen [1/(nm?es)]).

The spectra of Ratenr obtained by integrating over all the external surfaces of the NRs forming the

SCs, independent of depth, is shown in Figure S11. In an hypothetical scenario in which all the
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deep structure of the SC would contribute to the photocatalysis, using the vertical arrangement
would be advantageous. Nevertheless, the reactions are expected to take place in the top layer of
the SCs. For this reason, we computed the Rateng integrating the surface of the top layer of the
multilayer models, and for different highs (values of the z-coordinate). We repeated this integration
to analyze the dependence of the Ratenk / Acen at the SERS wavelength (633 nm) on the range of

values taken for the z-coordinate (Figure Se).

The field enhancement (FE) achieved by the metal NPs in the two different dispositions was

quantified using the following expression:
2 /2
FE=[E(r) /E

where E(r) is the electric field at point r, and Ey is the amplitude of the electric field of the incoming

planewave (Figure S12-S13).
Photocatalytic studies

The SCs (Au or Au@Pd depending on the chemical reaction under study) deposited on a glass
slide were placed in the reaction medium after homogenization under magnetic stirring. We
consider [Au] = 16 mM for both Au and Au@Pd SCs. Photocatalytic experiments were conducted
in a quartz cuvette (1 cm optical path) under magnetic stirring. The irradiation source was a LOT
solar simulator (300 W Xe lamp, A = 350-2400 nm) equipped with an optical fiber (output power
density: 50 mW/cm?). In order to ensure a good control of the irradiation conditions and the
temperature of the photocatalytic cell, the experiments were performed inside a cuvette holder
(QPOD-3) from Quantum Northwest (USA) that allows the control and monitoring of the

macroscopic temperature.

27

https://doi.org/10.26434/chemrxiv-2024-rmdqj ORCID: https://orcid.org/0000-0001-8471-5510 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-rmdqj
https://orcid.org/0000-0001-8471-5510
https://creativecommons.org/licenses/by-nc-nd/4.0/

Oxidation of aniline. 2 pmol of aniline were added to 2 mL of DMSO in a 4 mL quartz cuvette.
The reaction was performed at 25 °C, under irradiation and magnetic stirring for 72 h, in the
presence of Au SCs as photocatalysts. When needed, the experiment was conducted while
bubbling O2 in the solution. The reaction products were analyzed by absorption spectroscopy, GC-
MS and HRTEM. Control experiments were carried out using PTW Au NRs (same amount)

randomly deposited on a glass slide.

Stille cross-coupling reaction. BB (0.01 mmol) and tributyl(vinyl)tin (TVBT, 0.01 mmol) were
mixed in 3 mL of toluene in the presence of Au@Pd SCs. The mixture was irradiated for 24 h at
90 °C under magnetic stirring. The reaction products were analyzed and quantified by GC-MS.
Control experiments were performed using Au@Pd NRs (same amount) randomly deposited on a

glass slide.

Operando SERS reactivity. SERS spectra were recorded using a LabRAM HR Evolution Nano
spectrometer (600 line mm™). Experiments were conducted at room temperature using a 633 nm
He-Ne laser source (100x objective, 0.92 mW output power). Prior to the experiment, an EtOH
solution of 4-bromobenzenethiol (4-BTP, 10* M) was deposited on the Au@Pd SCs. 4-BTP was
chosen instead of BB to ensure a correct adsorption of the molecules onto the metal surface. The
excess of 4-BTP was removed after drying by plunging the SCs into an EtOH bath and a second
solution of m-TBA (10 M) in EtOH was subsequently deposited. The excess of m-TBA was also
removed by EtOH rinsing. The reaction kinetics were followed by measuring the intensity ratio
between the 15801600 cm™ and 1556 cm™ peaks over time (referred to as Iproduct / Ireactant). In
Figure 5d, we consider that at t=0 the ratio Iproduct / Ireactant = 0. Nevertheless, this cannot be
established experimentally since the first SERS spectrum recorded already implies the irradiation

of the substrate for 20 s.
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Chemicals

Aniline 99% (CsHsNH.), bromobenzene > 99% (CeHsBr, BB), 4-bromothiophenol 95%
(BrCsHasSH, 4-BTP), cetyltrimethylammonium bromide > 96.0% (CH3(CHz2)1sN(Br)(CHz)s,
CTAB), cetyltrimethylammonium chloride solution 25 wt.% (CH3(CH2)1sN(CI)(CHa)s,
CTAC), citric acid 99% (HOC(COOH)(CH2COOQOH)), dimethyl sulfoxide ((C2Hz3)2SO,
DMSO0), hydrochloric acid 37 wt.% (HCI), L-ascorbic acid (CeHsOs, AA), m-tolylboronic acid
97% ((CH3)CsH4B(OH)2), m-TBA), palladium(ll) chloride 99% (PdCl>), sodium borohydride
(NaBH®.), tetrachloroauric acid (HAuUCl4-3H20) and tributyl(vinyl)tin 97% ((C4Hg)sSn(C2Ha),
TBVT) were purchased from Sigma-Aldrich. Toluene (CsHsCHzs) and cyclohexane (CeHi2)
were purchased from Carlo Erba. Milli-Q water (resistivity 18.2 MQ.cm at 25 °C) was used in
all syntheses.

Characterization techniques

UV-visible-NIR spectroscopy
UV-visible-NIR absorbance spectra were collected with a Perkin Elmer Lambda 1050

spectrophotometer (A = 200-2500 nm) using quartz cuvettes with a 0.5 cm optical path length.

Electron microscopies

SEM images were obtained using a ZEISS Gemini SEM 360 instrument equipped with an
Oxford Instruments Ultim Max 170 mm2 detector and working at an acceleration voltage of 5
kV. TEM and HRTEM images were obtained using a JEOL 2100+ transmission electron
microscope operating at an acceleration voltage of 200 kV.

Small-angle X-ray scattering (SAXS)

SAXS was performed at the SWING beamline of the SOLEIL synchrotron (Saint-Aubin,
France), at a beam energy of 16 keV with a sample-to-detector distance of 6.14 m. The beam
size was approximately 500 um x 200 um (horizontal x vertical). All measurements were done
at room temperature (295 K). To obtain NP form factor data, dilute aqueous NP suspensions
were put in round borosilicate glass capillaries with diameter d = 1.6 mm, which were then
placed standing upright in sample holders. To obtain SC structural data on the drop-casted
samples on glass slides, the slides were placed on sample holders such that the incident X-ray
beam was perpendicular to the plane of the glass. For each sample, a series of points were

measured along a radial line of the sample droplet, starting from the glass outside the droplet,
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then at the droplet edge, then at the center of the droplet and finally some distance past the
center. Data treatment was done using the Foxtrot software developed at the beamline

(https://www.synchrotron-soleil.fr/fr/lignes-de-lumiere/swing).

Hyperspectral microscopy

Hyperspectral imaging was used to characterize the optical properties of the assemblies at the
single SC level. This analysis was performed with a hyperspectral microscope (Cytoviva) via a
push-broom method with an acquisition time of 1 s per line. Hyperspectral images provide a
spectral map of the backward scattering of the plasmonic SC. The acquisitions were made in

dark field mode using either x10 or x100 dark-field objectives (reflection mode).

Gas chromatography coupled to mass spectrometry (GC-MS)

Reaction products from photocatalytic transformations were analyzed by a GCMS-QP 2010 SE
Shimadzu gas chromatograph-mass spectrometer equipped with an AOC-20i auto-injector and
a SH-Rxi-5ms capillary column (0.25 mm, length: 30 m, 5% diphenyl/95%

dimethylpolysiloxane). The main parameters used for the GC-MS analysis are reported in the

tables below.
Column oven Injection o
Injection Injection mode
temperature (°C) temperature (°C)
conditions : S
50 250 Split (split ratio 100)
- Flow control Pressure Total flow | Column flow | Purge flow
arrier
mode (kPa) (mL mint) (mL mint) (mL min™)
gas . .
. Linear velocity
conditions 81.8 144.4 14 3.0
(42.9cms?)
Initial temperature Final temperature Ramping rate
Column )
(°C) (°C) (°C min)
conditions
50 250 10
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Figure S1. Characterization of the Au NRs. a) TEM image of PTW Au NRs. b) Normalized
extinction spectra of PTW Au NRs synthesized at different temperatures showing that the
aspect ratio increases as the temperature of the growth step decreases. In the present work, we
have chosen Au NRs synthesized at 20 °C.
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Figure S2. Characterization of the Au@Pd NRs. a, b) TEM and c) HRTEM images of the
Au@Pd NRs. d) Normalized extinction spectra of the NRs before (red) and after (blue)
deposition of Pd.
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Figure S3. Histograms of the size distribution of a, b) Au NRs and ¢, d) Au@Pd NRs.
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Figure S4. Schematic representation of the evaporation- and depletion-induced formation of
SCs together with a photograph of the resulting deposit on a glass slide. Adapted from

o O~ i‘\
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Figure S5. a) Photographs of the reaction medium before (left) and after (right) irradiation in
the presence of Au SC photocatalysts. b) UV-visible spectra of the reaction medium, aniline
and different possible products recorded in DMSO. ¢) TEM and HRTEM images of the reaction
product, together with the corresponding FT. The table on the right shows the atomic distances
measured which correspond to those of pseudo-orthorhombic PANI.2
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Figure S6. SEM image of random deposits of a) Au and b) Au@Pd NRs onto silicium
substrates.
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Figure S7. Reaction conditions of the control experiment for aniline photo-oxidation in
cyclohexane. The reaction medium remains colorless after 72 hours of irradiation in the
presence of the photocatalyst. GC-MS demonstrates that aniline concentration remains constant
and no product was observed by TEM or absorption spectroscopy. The same result has been

obtained in ethanol.
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Figure S8. Kinetic study of the Stille reaction under standard conditions in order to follow the
relative amount of the three different products formed.
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laser + vertical Au@Pd SC

1450 1500 1550 1600 1650

Wavenumber (cm™)
Figure S9. Relative contributions of 4-BTP (gray) and the cross-coupling product (black) at
different reaction times obtained from the C—C cross-coupling reactivity on the Au@Pd SCs
monitored in operando conditions. These fitted curves obtained from the deconvoluted SERS

spectra are used to quantify the reaction Kinetics after background subtraction.
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Figure S10. Monitoring of C—C cross-coupling via operando SERS on Au SCs. a) Schematic
representation of the reaction at the surface of an Au SC. b) Raman spectra recorded on a
horizontal Au SC at different irradiation times. Irradiation conditions: Aexc: 633 nm, 100x obj.,

0.92 mW power + 20 s acquisition time.
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Figure S11. Calculated populations of hot electrons obtained from the integration of the entire
surface of the Au@Pd NRs within the SC. The line represents the irradiation wavelength of the
laser in the SERS experiments.
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Figure S12. (a-d) Electromagnetic field enhancement maps for the 2-layer horizontal array of
Au@Pd NRs. The wavevector k indicates the propagation direction of the incoming linearly-
polarized planewave, with electric field E (a-b: polarized along the x-axis; c-d: polarized along
the y-axis ). b, d) The xy planes are taken at a [Az| = 23 nm from the top point of the top layer.

The axes indicated as insets show the orientation of the cross-sectional maps.

https://doi.org/10.26434/chemrxiv-2024-rmdqj ORCID: https://orcid.org/0000-0001-8471-5510 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-rmdqj
https://orcid.org/0000-0001-8471-5510
https://creativecommons.org/licenses/by-nc-nd/4.0/

Excitation A = 633 nm
Field enhancement (FE)

a
E || x
- >

v

k|l -z

100
90
80
70
60

Figure S13. (a-c) Electromagnetic field enhancement maps for the 2-layer vertical array of
Au@Pd NRs. The wavevector k indicates the propagation direction of the incoming electric
field E (polarized along the x-axis). ¢) The xy plane is took at |Az| = 13 nm from the top point

of the top layer. The axes indicated as insets show the orientation of the cross-sectional maps.
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