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Important efforts are currently under way in order to implement plasmonic phenomena in the 

growing field of photocatalysis, striving for improved efficiency and reaction selectivity. A 

significant fraction of such efforts has been focused on distinguishing, understanding and 

enhancing specific energy transfer mechanisms from plasmonic nanostructures to their 

environment. Herein we report a synthetic strategy that brings together two of the main physical 

mechanisms driving plasmonic photocatalysis into an engineered system by rationally 

combining the photochemical features of energetic charge carriers and the electromagnetic field 

enhancement inherent to the plasmonic excitation. We do so by creating hybrid photocatalysts 

that integrate multiple plasmonic resonators in a single entity, controlling their joint 
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contribution through spectral separation and differential surface functionalization. This strategy 

allows us to study the combination of different photosensitization mechanisms when activated 

simultaneously. Our results show that hot electron injection can be combined with an energy 

transfer process mediated by near-field interaction, leading to a significant increase of the final 

photocatalytic response of the material. In this manner, we overcome the limitations that hinder 

photocatalysis driven only by a single energy transfer mechanism, and move the field of 

plasmonic photocatalysis closer to energy-efficient applications. Furthermore, our multimodal 

hybrids offer a test system to probe the properties of the two targeted mechanisms in energy-

related applications such as the photocatalytic generation of hydrogen and open the door to 

wavelength-selective photocatalysis and novel tandem reactions. 

1. Introduction 

In the last decades, plasmonic metal nanoparticles (NPs) have gained relevance as 

photosensitizers given their ability to extend the photocatalytic efficiency of large bandgap 

semiconductors, such as TiO2, to a broader range of the electromagnetic spectrum. As a result, 

metal-semiconductor nanoarchitectures have been promoted to the forefront of the rapidly 

developing fields of photovoltaics, photochemistry and photoelectrochemistry.[1–6] Along these 

lines, these hybrid nanosystems can be exploited in order to increase the overall performance 

of solar cells,[7–9] drive different organic transformations,[10,11] or boost water splitting 

efficiency.[12,13] 

Plasmonic photosensitization of semiconductors results from the ability of metal NPs to support 

collective electronic oscillations, also known as localized surface plasmon resonances (LSPRs), 

excited upon light irradiation. The plasmonic excitations of coinage metals (Ag, Au, Cu) are 

strong, narrow, and highly tunable through changes in the geometry of the NPs, leading to 

absorption signatures with high versatility that span through the visible and near-infrared (NIR) 

regions of the electromagnetic spectrum.[14] Moreover, LSPRs confer these metallic objects 

with very high absorption cross-sections[15] and the ability to behave as light concentrators by 
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holding strong electromagnetic field enhancements at their surfaces, features that render them 

ideal candidates in sensing and theranostic applications.[16] Once excited, plasmonic resonances 

can transfer their energy to a nearby acceptor thanks to the ability of metal NPs to create a 

population of excited “hot charge carriers” upon visible and/or NIR irradiation.[17–21] The term 

“hot charge carriers” describes the non-thermal distribution of electrons and holes created upon 

optical excitation of a plasmonic resonator. Even though they are short-lived in nature (< 100 

fs), under continuous wave (CW) illumination they are being constantly excited, hence ensuring 

the formation of a steady-state population. Interestingly, hot carriers can be injected through the 

Schottky barrier created at a metal-semiconductor interface, avoiding relaxation through 

thermalization processes.[22,23] This effect, known as hot electron injection (HEI), allows the 

electrons to propagate to the conduction band of the semiconductor, leading to a privileged 

catalytic site for reduction reactions, while the holes created below the Fermi level of the metal 

can be used to drive oxidation reactions.[24] 

It is generally accepted that a correct band alignment and the formation of a physical interface 

between the metal and the semiconductor are essential parameters in order to obtain an efficient 

HEI process.[25] However, the use of hot electrons as a powerful means to photosensitize large 

bandgap semiconductors faces important limitations. Firstly, plasmonic excitations are mostly 

composed of low energy electronic states, hence leading to a majority of charges not having 

sufficient energy to overcome the Schottky barrier.[26] Accordingly, the number of hot electrons 

that can be extracted from a given plasmonic resonator is intrinsically limited. Moreover, even 

in those scenarios in which an efficient HEI across the Schottky barrier can be attained, another 

limitation related to the metal concentration is observed. Along these lines, when exceeding a 

certain metal concentration threshold, a further rise in the amount of photosensitizer induces a 

decrease in the photocatalytic efficiency. Previous reports explain this effect as a consequence 

of the electron-hole pair recombination under specific metal concentrations.[27–29] In this case, 
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metal components behave as recombination centers, providing an additional decay channel for 

the excited carriers in the semiconductor, reducing substantially the lifetime of the electron-

hole pairs that contribute to the overall photocatalytic activity. 

Plasmonic photosensitization can be also achieved through mechanisms not involving a charge 

transfer between the different components. In fact, the electromagnetic field enhancement 

associated to a given plasmonic excitation can drive an enhanced photosensitization of a nearby 

acceptor such as a large bandgap semiconductor.[25] The nature of this interaction, which will 

be referred to as plasmon-induced energy transfer (PET), is generally associated with the ability 

of noble metal NPs to focalize the incoming photons onto their immediate surfaces, hence 

increasing the local photonic density of states and as a result, the effective absorption cross-

section of the acceptor.[30] Other works discuss this interaction in terms of a dipole-dipole 

coupling established between the absorption signature of the plasmonic resonator and the 

excitation band of the semiconductor, leading to the non-radiative excitation of the latter.[31,32] 

In contrast to HEI, PET processes can be active in geometries in which the plasmonic sensitizer 

and the semiconductor are separated by an insulating material. The optimum thickness of such 

insulator remains a source of discussion: while some works claim that the near-field effect 

becomes insignificant beyond 3 nm,[30] others alternatively point out to an optimum distance of 

10 nm by asserting that shorter distances may increase back-energy transfer from the 

semiconductor to the metal NP.[25] Attending to the physical description of the PET effect, this 

optimal thickness should depend on different characteristics of the system. Among those, the 

strength and spatial extension of the near-field enhancement of the resonator are likely to be 

relevant factors given their sensitivity to the geometrical features of the NP, such as the surface 

curvature. 

Different examples in the literature show that the photocatalytic activity of plasmonic NPs can 

be driven by thermal effects, hot charges or the electromagnetic field enhancement; depending 
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on the chemical reaction under study, the chemical composition and morphology of the 

resonator and the illumination conditions.[33–35] Moreover, the plasmonic photosensitization of 

a large bandgap semiconductor depends strongly on the surface functionalization of the metal 

and the relative disposition of the different materials forming the hybrid.[28,36,37] Along these 

lines, the rational design of a composite material in which the relative importance of HEI and 

PET mechanisms could be carefully monitored, would represent a relevant accomplishment.[38] 

Pre-designed cooperative effects between different mechanisms can allow for a more efficient 

photosensitization in systems currently suffering from the limitations inherent to each 

mechanism when operating independently. Among the few reports tackling this issue, Cushing 

and coworkers have developed a hybrid architecture in which HEI and PET mechanisms 

coexist.[39] In this work, when both photosensitization mechanisms are allowed by the geometry 

of the system and the nature of the materials involved, the latter is found to be responsible for 

the majority of the photocatalytic activation of the semiconductor. The authors explain this 

result in terms of transfer efficiency: the near field effect efficiency being very similar to that 

of the direct excitation of the semiconductor while that of charge transfer is usually limited 

(vide supra). In a different work, You and coworkers reach similar conclusions when developing 

a theoretical model to characterize the relative importance of HEI and PET.[40] The authors find 

that HEI exhibits a low efficiency as a result of the energy distribution of the hot electrons on 

the plasmonic metal. Even though these examples can work as a generic compass allowing the 

prediction of the relative importance of both processes in some systems, important issues 

concerning the cooperative integration of different photosensitization mechanisms and their 

combination towards the development of a hybrid photocatalyst with improved performances 

have yet to be addressed. 

In this work we provide new insights into HEI and PET mechanisms when participating 

simultaneously in the photosensitization of a large bandgap semiconductor. With this aim, we 

present a new class of metal-semiconductor hybrids in which two different types of plasmonic 
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resonators coexist. In this way the unique cooperative interactions found in these 

superstructures (Scheme 1) can be rationally predicted and engineered. Along these lines, the 

photocatalytic activity of a system in which HEI has reached its maximum photosensitization 

capacity can be enhanced by the controlled integration of a PET-operated pathway, moving this 

technology towards energy-efficient applications. As an example of their relevance, these 

distinctive photoactivation features have been implemented to maximize the solar-driven 

generation of hydrogen, a renewable-produced energy vector of particular interest in the current 

global energy context.[41] Moreover, the combination of plasmonic resonators with well-

differentiated signatures can lead to multimodal hybrids with wavelength-selective 

photosensitization capabilities, opening the door to more advanced features such as 

photocatalytic tandem reactions. 
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Scheme 1. (a) Representation of the different steps of the assembly process used for the 

formation of the hybrid photocatalysts containing two different plasmonic resonators and TiO2 

NPs. (b) Hybrid system composed by the combination of Au NRs and Ag NPs, being HEI the 

main photosensitization mechanism for both materials. (c) Hybrid system composed by the 

combination of Au NRs and Ag NPs coated with a SiO2 shell, being HEI and PET the key 

operating mechanisms, respectively. 

 

2. Results and discussion 

As previously mentioned, the physicochemical properties of a plasmonic object are particularly 

important to understand its interaction with a given semiconductor. Along these lines, the 
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composition, morphology, size and surface functionalization of the metal will dictate the 

dominant photosensitization mechanism of the hybrid obtained and its overall efficiency.[28,37] 

For this reason, three types of plasmonic NPs have been synthesized in order to fabricate the 

hybrid metal-semiconductor nanostructures reported herein. In this way, the different 

interactions between the metal and the semiconductor and thus, the distinctive 

photosensitization mechanisms established in these architectures, may be assessed separately 

(Figure S1). Accordingly, two plasmonic resonators showing a dominant HEI-based 

photosensitization have been selected: (i) Au nanorods (NRs) with an aspect ratio of 4 (53.8 nm 

x 13.3 nm) and a longitudinal plasmon band centered at 818 nm in water and (ii) spherical Ag 

NPs with a 42 nm diameter displaying a plasmonic signature centered at 417 nm in water. For 

the PET-based mechanism, Ag NPs functionalized with a 10 nm SiO2 layer (Ag@SiO2 NPs) 

and showing a plasmon signature red-shifted to 436 nm have been selected. 

In order to develop a model platform in which the interaction between the different components 

can be easily controlled and analyzed, we have made use of the layer-by-layer assembly 

protocol.[42] SiO2 particles with a 500 nm diameter have been used as colloidal substrates, 

providing a homogeneous interface for the assembly of the plasmonic objects and the 

semiconductor (TiO2 NPs) (Scheme 1).[28] More precisely, a first layer of the chosen plasmonic 

entity is deposited through electrostatic interactions, while a second layer of 5 nm TiO2 (anatase 

phase) NPs is adsorbed in a subsequent step (see Experimental Section for details). Importantly, 

the hybrids formed in this way present high colloidal stability and are easily recoverable from 

the reaction medium by simple centrifugation. 
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Figure 1.  TEM images (a-c) and extinction spectra (d, f and h) of the nanohybrids formed with 

Au NRs (red), Ag NPs (blue) and Ag@SiO2 NPs (green) with 100 nmol of metal/mg SiO2. (e, 

g and i) Photocatalytic activities with different metal concentrations using the degradation of 

RhB after an irradiation time of 180 min at 25 °C with a solar simulator as model photochemical 

reaction. 

Figure 1a-c and Figure S2 show TEM images of the hybrids obtained from the three different 

plasmonic entities. In all cases we can observe the formation of a smooth layer of TiO2 NPs 

covering the entire surface of the composite, thus ensuring a good contact between the 

photosensitizer and the semiconductor. Interestingly, the extinction spectra of each nanohybrid 

shows an important scattering contribution coming from the colloidal SiO2 particles that hides 

the excitation band of TiO2. Nevertheless, the plasmonic signature of each metal NP is easily 

discernible (Figure 1d, f, h). The redshift of the main plasmonic signatures with respect to the 

original plasmon band of the metal NPs in aqueous solution can be ascribed to the modification 

of the refractive index when adsorbed onto the SiO2 spheres and coated with a thin layer of 

TiO2 NPs (Figure S3). In the particular case of the hybrids created with Au NRs, the longitudinal 
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plasmon band is kept well below hω = 1 eV, thus exciting carriers to energies that are sufficient 

for them to overcome the potential created between Au and TiO2. 

In order to ascertain the photocatalytic features of the different hybrids, we have used the photo-

transformation of rhodamine B (RhB) in aqueous solutions as a model reaction. This dye is 

transformed into rhodamine 110 through the action of reactive oxygen species (ROS).[43] 

Accordingly, the oxidation of water molecules by the holes generated through HEI and PET 

processes (Scheme 1) leads to the formation of hydroxyl radicals with high oxidative potential 

that are responsible for the photo-transformation of the dye. These radicals can also be 

generated at the conduction band of TiO2 by the multistep reduction of oxygen.[44] The 

degradation of RhB can be quantified by following the decrease in absorbance (% of 

degradation) as a function of irradiation time. With this purpose, a solar simulator has been used 

as a light source, having an irradiation spectrum that covers the region between 350 and 2400 

nm. Moreover, the photocatalytic experiments are performed at 25 °C, using a jacketed reactor 

in order to minimize any possible thermal contributions. Along these lines, disentanglement 

between thermal processes and carrier-induced catalysis is a major point to take into 

consideration in plasmon-induced photocatalysis.[19,45–47] As a control experiment, the 

photocatalytic activity of SiO2 spheres functionalized solely with TiO2 NPs has been tested 

(Figure S4). These objects present a reduced degradation of RhB after 180 min of irradiation 

(12%) that comes from the direct activation of TiO2 with the UV irradiation of the solar 

simulator. The same photocatalytic reaction in the presence of SiO2 spheres functionalized only 

with Au NRs, Ag NPs or Ag@SiO2 NPs (without semiconductor) lead to no degradation (Figure 

S4), evidencing that heat dissipation through plasmonic excitation alone cannot explain the 

photo-transformation of the probe. These results also demonstrate the absence of direct 

injection of carriers from the metal to the molecular species. Moreover, plasmonic objects in a 

HEI configuration could work as electron sinks, increasing charge separation lifetime in TiO2 
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and improving the photocatalytic activity.[48] We excluded this competing contribution in 

complementary experiments by subtracting the direct activation of the semiconductor using 

filters that block light below 400 nm (vide infra). 

We have verified the optimal amount of metal component needed for a maximum 

photosensitization of the semiconductor. To this end, the amount of photosensitizer has been 

adjusted while keeping constant the remaining parameters (i.e., same amount of TiO2 and SiO2 

support). The photodegradation of RhB after 180 min of irradiation is presented in Figure 1e, g 

and i for hybrids containing Au NRs, Ag NPs and Ag@SiO2 NPs, respectively (the 

photocatalytic profiles are presented in Figure S5). Along these lines, the two nanohybrids in 

which the plasmonic element forms a Schottky barrier with the semiconductor (Au NRs and 

naked Ag NPs) present an increase in the catalytic activity until a maximum level is reached 

(100 nmol of metal/mg SiO2), leading in both cases to a degradation of 53% (Figure 1e, g). 

Above this concentration, a partial loss in activity is observed. As previously stated, such effect 

can be ascribed to the role played by the metal NPs as recombination centers, acting as acceptors 

for excited charge carriers in the semiconductor, and thus leading to the faster annihilation of 

the electron-hole pair in a HEI process. Interestingly, only the hybrid in which HEI can be ruled 

out due to the insulating layer between the plasmonic NP and the semiconductor (Ag@SiO2 

NPs) presents an increase in the catalytic activity above that critical threshold, consistent with 

a PET process (Figure 1i). 

The HEI and PET mechanisms can be modeled in terms of the hot electron generation rate 

(which serves as a proxy of the injection rates) and the electromagnetic field enhancement for 

each plasmonic resonator. As shown in previous works, the excitation of plasmonic bands 

creates the conditions for the excitation of large numbers of hot carriers in the metal NPs (Figure 

2a). As mentioned above, these excited hot carriers differ from those participating in the 

collective plasmonic wave in that they have larger energies, up to the total energy of the 
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incoming photons. This can occur due to the interaction of electrons and holes with the metal 

phonons[49] and, importantly, the surface of the NPs.[50] The rates of generation of such intraband 

hot carriers can be subdivided in two different components, according to whether they have 

enough energy to surpass the Schottky barrier separating the metal and semiconductor, with a 

height of ~1 eV in our case.[51,52] The comparison of the hot carrier generation rates between 

Au NRs and Ag NPs in Figure 2a showcases again their spectral differences, and also identifies 

the Ag NPs as the better resonator for exciting the larger numbers of hot carriers. This contrast 

arises from the difference of material composition and the averaging of the strong longitudinal 

plasmonic mode of the Au NR with its significantly weaker transversal mode.[26] On the other 

hand, Au NRs provide a stronger electromagnetic field enhancement around them,[28] as 

quantified by averaging this magnitude in the volume immediately surrounding them (Figure 

2b). This is caused by their strong and spatially extended main dipolar mode (see Figure S3d). 

Ag NPs also present a high density of hot charges and an electromagnetic field enhancement 

that coincide with the plasmonic signature of these objects (Figure 2a, b). In opposition to Au 

NRs, the latter effect appears in the vicinity of the absorption wavelengths of TiO2, implying 

that both effects (HEI and PET) can participate in the photoactivation mechanism. Although the 

average field enhancement outside of the Ag NP is significantly smaller than that of the Au NR 

due to the weaker dipolar moment of its plasmon, it is sufficient to achieve an effective 

enhancement above 1 order of magnitude. Even after considering an insulating SiO2 layer, the 

computed electromagnetic field of the Ag@SiO2 NPs leads to an averaged enhancement factor 

of ~6 at the LSPR wavelength (Figure 2b). Although the light concentration at the surface of 

the 10 nm SiO2 layer is reduced with respect to the naked Ag NP, it can still support the non-

radiative excitation of the nearby semiconductor (Figure 2c). 
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Figure 2. (a) Calculated rates of generation of hot electrons for both Au NRs and Ag NPs, in a 

homogenous dielectric medium simulating the environment with SiO2 and TiO2 in the hybrid. 

A second set of curves are included, indicating the rates of generation of high-energy hot 

electrons, or those with excess energies larger than the height of the Schottky barrier, taken in 

this calculation as Ebarrier = 1 eV. (b) Spectra, in logarithmic scale, of the total field 

enhancement (𝐹𝐸 = |𝐄|2/𝐸0
2) around the plasmonic systems, calculated as an average value 

within a layer of 10 nm surrounding the nanostructures. (c) Color map of the FE (in logarithmic 

scale) for the Ag@SiO2 NP. The black dashed line denotes the outer surface of the 10 nm SiO2 

coating, outside of which we can still observe regions where the enhancement surpasses 1 order 

of magnitude. 

Once the optimum amount of plasmonic photosensitizer has been established (100 nmol/mg 

SiO2), we proceeded with the synthesis of new hybrids with a higher degree of complexity. In 

this case, multiple plasmonic components are included in the same material, thus leading to a 

new scenario in which HEI and PET pathways can be combined rationally (Scheme 1). 

Moreover, the precise manipulation of the relative importance of both processes allows to create 

a model system in which their coexistence can be scrutinized. Along these lines, such a hybrid 

allows to understand the effect that the controlled integration of the PET mechanism will have 

in a system predominantly operated by a HEI-driven activation process that has already reached 

its maximum effective contribution (i.e., maximum metal concentration threshold). 
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In order to synthesize such material, we have reproduced the assembly process previously 

described with the difference that two plasmonic catalysts (100 nmol of metal/mg SiO2 of each 

one) are introduced in the same system. We have fabricated two complex hybrids with Au NRs 

and Ag NPs, the only difference between them being the surface functionalization of the latter 

(with or without an insulating SiO2 layer). Scanning transmission electron microscopy (STEM) 

and energy-dispersive X-ray spectroscopy (EDX) characterization demonstrates again the 

homogeneous distribution of all inorganic materials (plasmonic components and TiO2 NPs) 

onto the surface of the SiO2 beads (Figure 3a, b). Moreover, EDX mapping helps to identify the 

homogeneous SiO2 coating surrounding the Ag NPs in the second hybrid. The optical properties 

of both materials are very similar, with the main plasmonic contributions of Ag NPs and Au 

NRs clearly distinguishable. In this manner, the shoulder corresponding to Ag or Ag@SiO2 NPs 

is located in the 420–430 nm range while the signature of Au NRs appears at ~890 nm (Figure 

3c, d). When the two plasmonic components present a “naked” surface state (Figure 3a) HEI-

based activation from both materials is the major contribution responsible for the photocatalytic 

activity, while PET activation from Ag plays a secondary role. However, when the Ag 

component is functionalized with a SiO2 shell, it participates in the photoactivation by means 

of PET alone, making Au NRs the only HEI-operated component. 

The catalytic activities of these complex hybrids have been analyzed once again using the 

photodegradation of RhB as a model reaction (Figure 3e). In this manner, we can compare their 

performances with respect to the reference hybrids containing a single plasmonic entity with 

100 nmol of metal/mg SiO2. The material composed by the combination of Au NRs and Ag NPs 

(without SiO2 shell) shows a reduction in its catalytic activity (44% of degradation, grey column 

in Figure 3e) with respect to the systems in which Au NRs and Ag NPs are used independently 

(53% for each one). This difference can be explained as a result of the higher number of metal 

centers capable of capturing excited carriers in the TiO2 which contribute effectively to faster 

recombination kinetics in a photosensitization process. When Ag@SiO2 NPs are added in 
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combination with Au NRs, an important increase in the catalytic activity is observed (88% of 

degradation, black column in Figure 3e), matching the sum of both components when used 

separately (53% with the Au NRs and 33% for the Ag@SiO2 NPs). This system surpasses 

substantially the value reached through a purely HEI-driven mechanism (53% for the system 

comprising Au NRs), highlighting the absence of a negative effect stemming from increasing 

the metal concentration beyond the maximum activity threshold found when using Au NRs 

alone (i.e., above the threshold for faster recombination kinetics). More importantly, this finding 

proves that a purely PET-driven mechanism can expand the photosensitization of a metal-

semiconductor hybrid in which HEI has been optimized and reached its maximum activity. 

The comparative analysis between the different photocatalysts has also been carried on the 

photogeneration of hydrogen assisted by the decomposition of formic acid. Interestingly, this 

process produces the same trend that has been reported for the photodegradation of the organic 

dye (Figure 3f). On one hand, the combination of Au NRs and Ag NPs in the same hybrid leads 

to a clear decrease in the amount of photogenerated hydrogen, with a H2 production rate (μmol 

of H2 per mg of catalyst in 1 hour) of 0.21 vs. 0.32 and 0.3 when these plasmonic objects are 

used separately. On the other hand, the combination of Au NRs and Ag@SiO2 NPs permits the 

cooperative activation of both HEI and PET processes, leading to a production rate of 0.43 that 

matches their activity when used independently (0.32 and 0.1, respectively). Such findings 

corroborate the cooperative behavior of HEI and PET processes, regardless of the model 

photochemical reaction used, when the hybrid photocatalyst is rationally designed to combine 

both effects. 
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Figure 3. STEM images (bright field) and EDX mapping of the hybrid materials composed by 

(a) the assembly of Au NRs, Ag NPs and TiO2 NPs and (b) by the assembly of Au NRs, 

Ag@SiO2 NPs and TiO2 NPs onto the SiO2 beads. (c, d) Extinction spectra of the hybrid 

nanostructures based on Au NRs + Ag NPs and Au NRs + Ag@SiO2 NPs, respectively. 

Comparison of the activity of the different hybrids synthesized in the present work in two 

different reactions: (e) photocatalytic degradation of RhB after 180 min of solar-simulated 

irradiation at 25 °C and (f) photocatalytic H2 generation assisted by formic acid after 60 min of 

solar-simulated irradiation at 35 °C. Plasmonic components: 100 nmol/mg SiO2 of Au NRs 

(red), 100 nmol/mg SiO2 of Ag NPs (blue), 100 nmol/mg SiO2 of Ag@SiO2 NPs (green), 100 

nmol/mg SiO2 of Au NRs + 100 nmol/mg SiO2 of Ag NPs (grey); 100 nmol/mg SiO2 of Au 
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NRs + 100 nmol/mg SiO2 of Ag@SiO2 NPs (black). The white column in the left represents the 

reference sample with SiO2 particles solely functionalized with TiO2 NPs. The amount of TiO2 

is kept constant in all the hybrids. All experiments have been performed at least three times 

(error bars are included). 

We can go one step forward in the analysis of the catalytic activity of the complex hybrids 

containing two different plasmonic resonators by isolating the photoexcitation of each 

component, disentangling the performance of the different metals independently. In order to do 

so, two different glass-colored filters have been used to isolate different excitation ranges (400‒

700 nm targeting the resonance of the Ag components and 700‒2400 nm targeting the 

longitudinal plasmon band of Au NRs (Figure 4a, c and S6). In the latter case, previous studies 

have shown that the transversal mode of Au NRs plays a negligible role on the photoactivation 

of TiO2,
[28] leaving the longitudinal one in the NIR as the only strong contribution. In the case 

of the Ag NPs in the complex Ag NP-Au NR nanohybrid an important reduction in the 

photocatalytic activity is observed with respect to the activation of the individual resonator with 

the entire solar spectrum (39% vs. 53%). A similar effect is observed when the Au NRs are 

excited with the NIR component (λ: 700‒2400 nm), leading to a total degradation of 34% 

(Figure 4b). When the same experiment is run again with the hybrid nanostructures containing 

Au NRs and Ag@SiO2 NPs we observe a similar trend (Figure 4c). In this case, when the visible 

component is used (400‒700 nm) we observe that the original 33% photodegradation observed 

for Ag@SiO2 NPs alone with the entire solar spectrum has been reduced to 23%. Similarly, the 

degree of degradation of RhB is reduced to 41% when only the NIR region (700‒2400 nm) is 

used (Figure 4d). The partial decrease in photocatalytic activity with respect to the original 

values of the isolated plasmonic resonators can be explained by two major factors. Firstly, the 

photocatalytic activities obtained when using the optical filters are underestimated since their 

use induces a ~10% decrease in light transmittance (Figure S6). Secondly, the use of the filters 

leads to the loss of the direct photoexcitation of TiO2 from the UV segment of the solar simulator 
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(12% degradation after 180 min). Besides these experimental dissimilarities, the wavelength-

dependent activation indicates that the hybrid photocatalysts allow for the selective activation 

of the plasmonic resonators, an operational feature with great potential when aiming at 

developing novel processes in wavelength-selective photochemistry or tandem photochemical 

reactions. 

 

Figure 4. (a) Extinction spectra of the hybrid nanostructures containing Au NRs and Ag NPs 

and (b) their photocatalytic degradation capabilities of RhB with different excitation ranges. (c) 

Extinction spectra of the hybrids composed by the combination of Au NRs and Ag@SiO2 NPs 

and (d) their photocatalytic degradation capabilities of RhB with different excitation ranges. In 

both cases the irradiation with a solar simulator proceeds at 25 °C for 180 min. 

3. Conclusions 

A layer-by-layer assembly protocol has been developed in order to produce complex 

photocatalytic hybrid nanostructures in which multiple plasmonic resonators are combined 
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together with a large bandgap semiconductor. In this way, a distinctive scenario in which 

multiple photoactivation mechanisms are available in a single catalyst can be achieved. This 

approach allows the simultaneous operation of HEI and PET processes, producing an overall 

increase in the photocatalytic response of the system compared to that found when exploiting 

these mechanisms separately. The enhanced photosensitization of the semiconductor is the 

result of the simultaneous integration of both activation processes, overcoming current 

limitations in the use of hot charges in photochemical reactions. We believe that these results 

will contribute to a better understanding of the photocatalytic features of plasmonic metals, 

hence paving the way to the implementation of these materials as catalysts in a wide array of 

green and cost-effective chemical processes using sunlight as sole energy source. 

 

4. Experimental Section/Methods 

Materials: Tetrachloroauric acid (HAuCl4·3H2O), hexadecyltrimethylammonium bromide 

(CTAB), sodium borohydride (NaBH4), silver nitrate (AgNO3), hydrochloric acid (HCl), L-

ascorbic acid (AA), poly(allylamine hydrochloride) (PAH, MW: 17500 g/mol), sodium 

chloride (NaCl), poly(styrenesulfonate) (PSS, MW: 14900 g/mol), tannic acid (TA), formic 

acid (FA), tetraethylorthosilicate 98% (TEOS), ammonium hydroxide solution 28−30% 

(NH4OH) and sodium citrate (Na3C6H5O7), were purchased from Sigma-Aldrich. TiO2 

nanoparticles of 5 nm were purchased from Nanoamor. Pure grade ethanol and Milli-Q grade 

water were used in all preparations. 

Synthesis and functionalization of SiO2 beads: Monodisperse SiO2 spheres (501 (±1) nm) were 

prepared using a modified Stöber method.[53] Typically, a TEOS solution (1.7 mL, 1.2 M) was 

added to a solution containing ethanol (18.12 mL), ammonium hydroxide (1.96 mL), and water 

(3.21 mL). This mixture was stirred at room temperature for 2 h. The excess of reagents was 

removed by three centrifugation-redispersion cycles with ethanol (2800 g, 20 min). 
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Subsequently, PAH was dissolved in a 0.5 M NaCl aqueous solution (pH 5.0) with a final 

polymer concentration of 1 mg/mL. Then, 25 mL of the positively charged PAH solution were 

added to the SiO2 NPs (20 mg) and stirred at room temperature for 30 min. The excess of 

reagents was removed by three centrifugation-redispersion cycles with water (4000 g, 20 min). 

Synthesis of Au nanorods (Au NRs) and PSS coating: Au NRs with localized surface plasmon 

resonance (LSPR) centered at 818 nm were synthesized by the seed-mediated growth method 

as described elsewhere.[54] The dimensions obtained from TEM were 53.8 (±4.1) nm of length 

and 13.3 (±1.1) nm of thickness (aspect ratio 4.05). The Au NRs were subsequently coated with 

a layer of a negatively charged polyelectrolyte (PSS) in order to proceed to the deposition onto 

the positively charged PAH functionalized silica beads.[55] 

Synthesis of Ag nanoparticles (Ag NPs) and SiO2 coating: Ag NPs were synthesized as 

described elsewhere.[56]  The size was fixed at 42.7 ± 3.4 nm by adjusting the concentration of 

AgNO3, Na3C6H5O7 and TA to 1 mM, 2.45 mM and 0.2 mM, respectively. The Ag NPs were 

subsequently coated with a thin layer of silica (10.0 ± 0.5 nm) by following a previously 

published procedure.[57]  

Au NRs@PSS, Ag NPs and Ag NPs@SiO2 onto functionalized SiO2 beads: The solution of NPs 

(0.5, 1 and 2 mL of AuNRs@PSS 0.5 mM; 0.21, 0.42 and 0.84 mL of Ag NPs 1.19 mM; 0.5, 1 

and 2 mL of Ag NPs@SiO2 0.5 mM) were added to 5 mg of functionalized silica NPs (50, 100 

and 200 nmoles of metal per mg of SiO2 in all cases). The mixture was stirred at room 

temperature for 3 h and washed by three centrifugation-redispersion cycles (4000 g, 20 min). 

The product was redispersed in 5 mL of water.  

Assembly of Ag NPs and Ag NPs@SiO2 onto SiO2@Au NRs: 0.42 mL of Ag NPs 1.19 mM and 

1 mL of Ag NPs@SiO2 0.5 mM were added to 5 mg of SiO2@Au NRs (100 nmoles of Au per 

mg of SiO2) functionalized with PAH. The samples were stirred for 3 h and washed by three 
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centrifugation-redispersion cycles with water (4000 g, 20 min). Finally, each product was 

redispersed in 5 mL of water.  

Deposition of TiO2: 50 mg of TiO2 (5 nm) redispersed in 100 mL of a sodium citrate solution 

(2,5 mM) was sonicated for 1 h with an ultrasonic tip. The aggregates of TiO2 NPs were 

removed by centrifugation (1340 g, 10 min). Then, 5 mL of the SiO2@NPs solution coated with 

another layer of PAH was added to 4 mL of the solution of TiO2 and stirred at room temperature 

for 60 min. The excess of TiO2 was removed by three centrifugation-redispersion cycles (4000 

g, 20 min). Finally, the product was redispersed in 5mL of water. The ratio TiO2/SiO2 was 2.1 

± 0.1 wt% (ICP analysis). 

Chemical, structural and optical characterization: TEM images were obtained using a JEOL 

JEM 1010 transmission electron microscope operating at an acceleration voltage of 100 kV. 

STEM images (Bright Field detector) and EDX maps were obtained in a probe-corrected FEI 

ChemiSTEM electron microscope operating at 200 kV. UV-visible-NIR spectra were obtained 

with Hewlett-Packard HP8453 and Cary 5000 spectrophotometers. 

Photocatalytic Study: The photocatalytic activity of the hybrids was evaluated with two 

different photochemical reactions: the degradation of rhodamine B (RhB) and the 

photogeneration of hydrogen assisted by the decomposition of FA. 

Photodegradation of RhB: an aqueous solution of the dye is placed inside a controlled water 

bath at 25 ºC for 180 min under light irradiation from a LOT solar simulator (300 W Xe lamp) 

with λ = 350–2400 nm. The solutions were prepared mixing 200 µL of an aqueous solution of 

RhB (1 mM), 4 mL of the hybrid solution (1 mg/mL) and 15.8 mL of Milli-Q water. The 

mixtures were stirred for 1 h in the dark to blend well and allow the adsorption-desorption 

equilibrium before the irradiation. Aliquots of 2.5 mL were taken with intervals of 30 min 

during the experiments in order to measure the variation in the absorbance. When necessary, a 

glass colored filter was introduced in the solar simulator (filter FM201 with λ = 400–700 nm 
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and 90% of transmittance, to evaluate the photocatalytic activity in the visible region of the 

spectrum; filter 700FH 90 with λ = 700–1100 nm and 90% of transmittance, to evaluate the 

photocatalytic activity in the NIR region of the spectrum) (Figure S6). 

Photogeneration of hydrogen: Typically, 8 mg of catalyst dispersed in 4.8 mL of water were 

mixed with 200 μL of FA in a 13 mL reactor. The gases were purged with Ar for 2 min before 

sealing the flask. The dispersion was magnetically stirred inside a water bath at 35 °C under 

light irradiation with the solar simulator. After 1 h, the gases were analyzed with an Agilent 

7820A gas chromatographer in order to measure the volume of hydrogen generated. 

Theoretical methods: The simulations obtained the optical response of the plasmonic systems 

within a classical electrodynamics framework, numerically solved using finite element methods 

(FEM) as implemented by the COMSOL commercial software package. The models of the NPs 

had sizes chosen in accord with the average ensemble sizes in the experiment (Figure S1) and 

with their optical profiles (Figure 1). The models for the nanorods are 53 nm × 13 nm in size, 

while the Ag NPs are 45 nm in diameter, and their external SiO2 coating has a thickness of 10 

nm. The complex permittivity of Au and Ag were extracted from published experimental 

datasets.[58,59] The refractive index of the medium was taken as either that of water (nW=1.33), 

or a weighted average of the materials surrounding the plasmonic systems in the hybrids 

(resulting in nhybrids≈1.5). An incidence intensity of 3.6.103 W/cm2 was assumed in the 

calculations. The field enhancement (FE) magnitude that is presented in the main text is defined 

as 𝐸 = |𝐄|2/𝐸0
2, where E0 is the electric field’s amplitude of the incoming radiation. The rates 

of generation of intraband hot carriers were calculated using a quantum formalism that accounts 

for the effect of the surface of the NPs, critical for allowing the excitation of high-energy hot 

carriers without violating the conservation of linear momentum. Full description of this 

formalism can be found in previous publications.[28,50,60] 

 

Supporting Information 
Supporting Information is available from the Wiley Online Library or from the author. 
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We report the synthesis of hybrid plasmonic photocatalysts in which the two most important 

physical mechanisms behind plasmon-induced photocatalysis (energetic charge carriers and 

electromagnetic field enhancement) can be activated simultaneously. Our results show that hot 

electron injection can be combined with an energy transfer process, leading to an important 

increase of the final photocatalytic response of the system. 
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Figure S1. TEM images, dimensions and experimental (solid) and theoretical (dotted) 

extinction spectra of the individual components used for the formation of the hybrids: Au NRs 

(red), Ag NPs (blue) and Ag@SiO2 NPs (green). Scale bars: 50 nm. 
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Figure S2. TEM (a-c) images of the hybrids formed by the adsorption of TiO2 NPs and Au NRs 

(red), Ag NPs (blue) and Ag@SiO2 NPs (green) onto SiO2 spheres. 

 

 

Figure S3. Theoretical results for the three type of plasmonic NPs considered in this work: Au 

NRs (a, d) Ag NPs (b, e), and Ag@SiO2 NPs (c, f). Panels a-c show extinction and scattering 

cross-sections in two situations: aqueous solution and in a homogeneous solution with 

permittivity chosen to mimic a mixture of SiO2, TiO2 and water. Panels d-f show the electric 

field distribution of the main plasmonic modes of these structures, taken at the resonant 

wavelength and in simulations reproducing the hybrid systems with SiO2 and TiO2. The dashed 

line in panel f marks the outer surface of the SiO2 layer. 
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Figure S4. Photocatalytic degradation profiles of RhB in the presence of SiO2 NPs 

functionalized either with TiO2 NPs (black), Au NRs (100 nmol/mg SiO2; red), Ag NPs (100 

nmol/mg SiO2; blue) or Ag@SiO2 NPs (100 nmol/mg SiO2; green). Excitation range: 350–2400 

nm. 

 

 

Figure S5. Photocatalytic profiles of the hybrids formed by the adsorption of TiO2 NPs and 

different amounts of Au NRs (a), Ag NPs (b) and Ag@SiO2 NPs (c) onto SiO2 spheres. 
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Figure S6. Transmission of the glass colored filter FM201 (green line) and FH700 (red line) 

used for the independent excitation of each plasmonic signature. 

 


