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ABSTRACT 

Plasmonic materials are intensively used in order to extend the photoactivity of large bandgap semiconductors 

into the visible light region. In this framework, the present study examines the joint role played by the 

morphology and composition of plasmonic nanoparticles in their photosensitizing capabilities. The critical 

influence of these parameters is evidenced by the effect of Au and core-shell Au@Ag nanorods on a TiO2-

driven photochemical probe reaction. In this case, the use of the bimetallic composites leads to a remarkable 

increase in the photocatalytic activity of the semiconductor compared to that found for the monometallic Au 

sensitizers. The mechanism behind this observation has then been computed theoretically concluding that, in 

terms of hot electron injection, the contribution of the transversal modes of the Au@Ag NRs together with the 

low damping of these nanostructures are responsible for the photocatalytic properties reported herein. The 

great potential of these architectures is confirmed by their notable performance toward photocatalytic 

hydrogen generation, rendering this approach an appealing strategy in the search of efficient solar-driven 

energy systems. 

 

 

Noble metal nanoparticles (NPs) present outstanding optical properties given their strong interaction with light 

in the visible and NIR ranges of the electromagnetic spectrum.1 This coupling arises due to the coherent 

oscillation of conduction electrons of the metallic objects in resonance with the incoming electromagnetic 

field, an effect known as localized surface plasmon resonance (LSPR).2 As a result, a short-lived population 

of charge carriers (“hot” electrons) is created, being thermalized within the crystalline lattice of the metal on 

the femtosecond time scale.3,4 Recent reports have shown that the combination of plasmonic objects with 

acceptor species such as organic molecules or semiconductors can lead to the exchange of charge carriers and 

hence to the possibility of using such species to drive chemical processes of interest.5 Along these lines, 

plasmonic photosensitization has been identified as a promising interaction between a noble metal and a large 

bandgap semiconductor towards the formation of hybrid photocatalysts with improved efficiencies and 

broadband activity.6,7 In this manner, the Schottky barrier created between both materials extends the lifetime 

of the hot carriers, thus leading to an accumulation of electrons at the conduction band of the semiconductor 



and holes at the Fermi level of the metal that can be used in chemical processes such as water splitting, 

pollutant degradation or CO2 reduction.8 Two important parameters have to be mastered in order to achieve 

an efficient hot electron injection: formation of a physical interface and correct band alignment between the 

Fermi level of the metal and the conduction band of the semiconductor. Moreover, the extent of 

electromagnetic field enhancement at the interface has proven to play a major role in the density of hot 

electrons tunneling through the Schottky barrier, thus affecting the final activation of the acceptor.9,10 All these 

parameters are strongly related with the chemical composition of the plasmonic entity. In this manner, a careful 

choice of the plasmonic material can lead to an enhanced electron injection and an overall improved 

photosensitization. 

Even though Au is the most widely studied plasmonic metal, it is generally accepted that Ag colloids present 

higher electromagnetic field enhancement values and overall improved plasmonic responses, thus finding an 

important niche of applications in fields such as SERS spectroscopy or plasmonic sensing.11 The main 

difference between both metals is related with the relative values of their respective interband transitions, 

intrinsic features of metals that can lead to non-radiative plasmonic damping and the loss of their unique 

optical properties.11,12 In addition, Ag presents interband transitions of relatively high energy, hence blue-

shifted with respect to the plasmon mode, reducing substantially any detrimental effect over the optical 

properties of these NPs. On the other hand, Au presents a relatively low energy threshold for the same type of 

transitions (2.5 vs. 3.8 eV in the case of Ag), leading therefore to a more prominent damping of the plasmon 

signal. 

In order to evaluate the role played by the type of the plasmonic component in the hot electron injection 

mechanism and hence, in the overall photosensitization process, we have chosen Au NRs as the reference 

optical absorber. The multiple synthetic protocols available today account for an easy control over the 

dimensions and aspect ratio of these objects, thus ensuring a fine tuning of the longitudinal absorption band 

position in the visible and NIR ranges of the electromagnetic spectrum.13 Interestingly, Au NRs can be used 

as templates for the growth of an homogeneous Ag shell, therefore allowing the formation of high quality 

Au@Ag NRs in which the thickness of the outermost metal can be also easily controlled.14 Previous works 

have highlighted the synergistic effects stemming from this core@shell geometry, leading to the formation of 



nanomaterials with improved properties in several catalytic and sensing applications.15–18 Moreover, 

bimetallic Au-Ag nanostructures have shown enhanced performances for the generation of charged carriers 

when compared to their monometallic counterparts.19–23 Following this approach, we have synthesized Au and 

Au@Ag NRs, in the latter case using small Au NRs as templates in order to obtain hybrid plasmonic resonators 

with very similar morphological features to those of the monometallic counterpart. Indeed, anisotropic NPs 

with very similar aspect ratios (2.1 and 2.3, respectively) are obtained (Figure 1a-f, see Supporting Information 

for details). The in-depth characterization of these plasmonic resonators has been previously described in the 

literature. These works pay special attention to their 3D atomic arrangement and the elucidation of their 

exposed facets.14,24–26 Concerning the crystalline structure of monometallic single-crystalline Au NRs, it has 

been established that these objects hold an octagonal cross-section, thus exposing high-index {520} facets.24,25 

On the other hand, the reduction of Ag ions onto the preformed Au NRs induces a transformation of the original 

octagonal geometry toward the formation of a square prism that exposes {100} facets on the Ag shell (Figure 

S1).14,26 Due to this morphological transition, the rounded corners observed in monometallic Au NRs transition 

to the formation of flat apexes in the bimetallic structures. It is also important to highlight that these 

morphologies have been chosen so that their respective longitudinal plasmon bands are centered at the same 

wavelength: 640 nm (Figure 1g). In the particular case of the Au@Ag NRs, the transversal hybrid mode (T-

mode) is split in three signatures centered at 342, 400 and 475 nm, respectively.27,28 These modes are clearly 

associated with the Ag shell, since the Au-based T-modes are typically less intense due to strong interband 

damping. Along these lines, the T2-mode (400 nm) is the Ag plasmon oscillation between the lower and upper 

parts of the Ag-shell. On the other hand, the T1-mode (342 nm) is the oscillation within the Ag shell between 

the two Ag surfaces (Figure 1k and S7). Moreover, there is also some hybridization of the modes between the 

Ag and Au components given the dynamic electric currents at ~400 nm supported by the latter. The third band 

centered at 475 nm may come from the polydispersity of the thickness of the Ag shell within the Au@Ag NRs. 

Although the theory does not provide the exact triplet structure of the blue peaks in the Au@Ag NRs (Figure 

1h), it matches almost perfectly the intense T1 and T2-modes in the experimental Au@Ag spectrum (Figure 

S7). 



 

Figure 1. (a, b) TEM images, (c-f) size histograms, (g) experimental, and (h) theoretical extinction spectra of 

the Au NRs (red) and the Au@Ag NRs (green). Morphological features for the simulation of (i) Au NRs, and 

(j) Au@Ag NRs (being r1, r2 and r3 the radii of curvature for rounding edges). (k) Near-field enhancement 

maps of the plasmonic modes of the Au and Au@Ag NRs. 



Once the morphological and optical features of these plasmonic resonators are fully characterized, their 

capabilities as hot electron generators can be studied and comparisons between them can be inferred. In this 

way, the intrinsic singularities of the Ag coating in the framework of plasmonic photosensitization can be 

discussed. Consequently, we here implemented the different optical features of the monometallic and 

core@shell plasmonic NPs by integrating them into hybrid photocatalysts. As a result, the combination of Au 

and Au@Ag NRs with TiO2 NPs leads to the perfect scenario in which the photosensitization of the latter can 

be directly correlated with the ability of the plasmonic component to generate hot carriers at the metal-

semiconductor interface. Accordingly, hybrid nanocomposites have been obtained by taking advantage of the 

layer-by-layer assembly protocol, using electrostatic interactions as the main driving force (see the Supporting 

Information for details). With this aim, colloidal silica NPs with a diameter of 500 nm have been used as 

substrates for the deposition of TiO2 NPs, leading to a homogeneous shell of 5 nm TiO2 NPs (Figure 2a). In a 

subsequent step, the plasmonic component (either Au or Au@Ag NRs) is adsorbed, leading to the completion 

of the hybrid. This geometry ensures an easy control of the metal/TiO2 ratio, a parameter of utmost importance 

in the photosensitization mechanism.9 Moreover, the multilayer structures presented herein ensure a good 

interface between the active components, thus facilitating electron tunneling across this interface. In this 

manner, the controlled adsorption of different amounts of the given plasmonic component leads to the 

formation of a sandwich structure in which they are distributed over the entire surface of the substrate (Figure 

2 and Figure S2 and S3). Interestingly, the optical properties of the final hybrids show the longitudinal plasmon 

band slightly red-shifted to 650 nm for both plasmonic materials. On the other hand, the transverse plasmon 

bands are hidden by the strong scattering contribution of the silica support (Figure S4). 

The photocatalytic efficiency of the composites has been evaluated through the photodegradation of 

rhodamine B (RhB) as a model reaction, monitoring the decrease in absorbance of this dye as a function of 

time (Figure 2e, i) under irradiation with a solar simulator (λ: 350‒2400 nm). It is important to remark that a 

partial photodegradation of RhB is observed in a reference sample formed by the functionalization of silica 

spheres with TiO2 NPs alone (Figure S5). This residual degradation (12%) is the result of the direct 

photoexcitation of TiO2 NPs with the small fraction of UV photons. On the other hand, the use of plasmonic 

NPs by themselves cannot account for the photodegradation of the aromatic dye (Figure S5). Subsequently, 

hybrid photocatalysts have been irradiated using different metal/TiO2 ratios (0.05, 0.1 and 0.2) while keeping 



constant the amount of semiconductor. In this setting, the use of monometallic Au NRs leads to a relatively 

poor degradation of the organic dye after 180 min, with a maximum of 32% for a metal/TiO2 molar ratio of 

0.1. Interestingly, when the same experiment is performed using a filter that blocks all excitation wavelengths 

below 400 nm, a very small decrease in the photodegradation of RhB is observed (25%, Figure S6). This result 

shows the minimal effect of the direct activation of TiO2 compared to that of the plasmon-driven hot electron 

injection mechanism. Finally, the use of Au@Ag NRs leads to a quantitative degradation of the dye (99.4%) 

after the same irradiation time (Figure 2i), proving that the presence of an Ag shell on the Au NRs leads to an 

important improvement in the photoactivation of the semiconductor. Interestingly, when the amount of the 

plasmonic component is increased above a certain threshold (metal/TiO2 molar ratio > 0.1 for both 

nanocomposites), a loss in the photocatalytic activity is observed. Such a detrimental effect has been 

previously explained as a consequence of a shorter lifetime of the excited electron-hole pairs, since metals can 

behave as recombination centers under specific conditions.29 Moreover, given the particular geometry of the 

nanohybrids presented herein (the plasmonic objects are adsorbed onto the TiO2 NPs) a reduction in the 

number of catalytic sites can take place, thus resulting in lower photocatalysis above a certain number of metal 

nanoparticles. 

An additional probe reaction has been performed in order to ascertain the hot electron injection capabilities of 

the different plasmonic resonators. In this case, photocatalytic hydrogen generation assisted by formic acid 

has been followed using the hybrid nanomaterials as photocatalysts (Figure 2j). Interestingly, the core@shell 

NRs show an improved activity towards H2 generation with respect to the monometallic NRs, confirming the 

results obtained for the photodegradation of the aromatic dye. 



 

Figure 2. (a) Scheme depicting the layer-by-layer assembly of the hybrid photocatalysts. In a first stage, TiO2 

NPs are adsorbed onto 500 nm SiO2 spheres. Subsequently, the chosen plasmonic component is added. (b-d) 

TEM images and (e) photocatalytic activity profiles of the hybrid photocatalysts formed with different 

amounts of Au NRs, leading to metal/TiO2 molar ratios of: 0.05 (black); 0.1 (red) and 0.2 (grey). (f-h) TEM 

images and (i) photocatalytic activity profiles of the hybrid photocatalysts formed with different amounts of 

Au@Ag NRs, leading to metal/TiO2 molar ratios of: 0.05 (black); 0.1 (green) and 0.2 (grey). (j) Photocatalytic 

hydrogen generation assisted by formic acid in the presence of SiO2@TiO2 (grey) and SiO2@TiO2 

nanocomposites photosensitized by Au NRs (red) and Au@Ag NRs (green). Irradiation: 350‒2400 nm; T=35 

ᴼC; P=1.0 atm; Metal/TiO2=0.1 (where applicable). Scale bars in the TEM images are 100 nm. 

 

  



Theoretical modeling has been performed in order to allow a correct interpretation of the optical and 

photochemical data obtained experimentally. In order to do so, two types of calculations have been performed 

using electromagnetic and quantum frameworks, respectively (Figure 3). With this aim, COMSOL software 

has been used to compute the optical features of both types of nanorods (mono- and bimetallic). The small 

morphological differences between the Au NRs and the Au@Ag NRs have been taken into consideration in 

the simulated extinction spectra of both structures, leading to theoretical values that match almost perfectly 

the experimental data (Figure 1h and Supporting Information). The appropriate dielectric constant of water 

for visible light (εwater = 1.8) has been taken as matrix medium, while the dielectric constants of Au and Ag 

have been taken from the literature.30 Geometrical parameters have been selected according to the data 

obtained from the TEM characterization of the individual NRs (Figure 1i, j). In particular, the lengths of the 

NRs have been chosen as: 59 nm in the case of Au and 64 nm for Au@Ag. Since the colloidal crystals are 

dispersed in solution, the calculated spectra are averaged over the three directions of light incidence, thus 

leading to spectra with both transverse and longitudinal plasmon peaks. Other essential parameters and 

information concerning the geometries of the NRs can be found in the Supporting Information. 

Along with the classical electromagnetic calculations, the rates of generation of high-energy hot electrons 

have been computed using the quantum formalism developed in previous works.10,31,32 This framework is used 

to calculate the surface-assisted generation of hot electrons, being particularly relevant to describe the injection 

of energetic electrons from a given plasmonic component onto the conduction band of a large bandgap 

semiconductor such as TiO2 (Figure 3a, b). Therefore, the following equation has been used to compute the 

rates of hot-electrons transferred through the Schottky barrier: 
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Where Eω,normal is the normal electric field inside a nanocrystal, which should be computed near the surface, 

EF is the Fermi energy of the given metal and ΔEbar = 1 eV is the Schottky barrier height for the NP-TiO2 

interface. The monochromatic rates presented in Figure 3a have been computed for a moderate light flux of 

3.6×103 W/cm2. Moreover, electronic parameters of Au and Ag such as the Fermi energies, can be found in a 

recent paper.32  



Theoretical calculations have proven to be particularly valuable to understand the important difference in the 

photocatalytic behavior of the two types of plasmonic NRs. Firstly, the computed plasmonic signatures for 

the absorption and the hot-electron injection rates have been studied. Accordingly, given that the volumes of 

the computed NRs are very similar for both types of objects and Ag presents a plasmon-peak broadening that 

is a few times smaller than that of the one observed for Au, the Au@Ag NRs produce much stronger plasmonic 

resonances than the monometallic objects. Moreover, and in order to calculate the hot-electron rate at the 

plasmon resonance, a simple model consisting of a small spherical nanocrystal in which Rateat the plasmon peak α 

1/Γ2
plasmon (where Γplasmon is the width of the plasmon peak) can be used.10,32 For gold and silver, Γplasmon is 

given by the Drude dissipation parameter, hence 0.078 and 0.020 eV, respectively. From the above numbers, 

one would expect a stronger plasmon peak for the generation of hot electrons in the Au@Ag NRs. Indeed, the 

core@shell NRs present a computed longitudinal plasmon-peak rate that is 2.6 times larger than that obtained 

for the monometallic Au NRs (Figure 3a). 

Since the rates of the photocatalytic reaction have been measured for the broadband solar-like illumination 

using the spectral region above 350 nm, the monochromatic rate (1) should be integrated with the solar 

spectrum (with maximum excitation wavelength set at 1240 nm, that corresponds to the minimal photonic 

energy needed to excite an electron across the Schottky barrier). Hence: 
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where the function Isolar(λ) contains the black-body radiation spectrum at the temperature of the sun surface 

and A is a constant proportional to the total exciting flux. Since the integration starts at 350 nm (gray dotted 

line in Figure 3a), all the spectral features of the plasmonic objects within the integration interval have to be 

considered. In this manner, two prominent structures in the averaged-over-orientation spectra of the Au@Ag 

NRs are observed: a strong longitudinal plasmon resonance at 640 nm and a strong double-peak resonance 

centered at ~ 370 nm that corresponds to the hybrid transverse plasmonic resonances (green line in Figure 1h). 

Interestingly, the latter feature presents strong intensity while the transversal plasmon band of the Au NRs is 

damped due to interband transitions (Figure 1h). Accordingly, the nanocrystals coated with a Ag shell present 

a weak interband damping in the 370‒400 nm interval, leading to strong plasmonic signatures. In this manner 



the Au@Ag NRs presented herein hold transverse plasmons at ~370 nm that create an electromagnetic field 

concentrated in the Ag shell, thus avoiding plasmonic decay. Such a feature is an advantage of the Ag-based 

materials over monometallic Au nanocrystals, as can be observed in the computed absorption cross sections 

and rates of hot electron injection presented in Figure 1h and Figure 3a, respectively. Accordingly, the solar 

integral presented in (2) covers the two plasmonic structures of both types of NRs. Under these conditions an 

increase of the ratio between the solar rates for the Au and Au@Ag NRs is found to be 2.24.  

The physical reasons behind the higher rates of hot-electron generation in the Au@Ag NRs as compared to 

the monometallic Au NRs can hence be ascribed to the relative importance of both plasmonic signatures 

(longitudinal and transverse).  Firstly, the rate calculated following (2) is inversely proportional to the Drude 

broadening parameter,10 hence leading to a more efficient formation of charge carriers in those nanorods with 

the sharper and stronger longitudinal plasmon bands. Moreover, the transverse signature in Au is strongly 

damped due to the interband transitions, whereas the hybrid transverse modes in the core@shell structure are 

very strong and active in the formation of charge carriers (Figure 3a). In order to prove experimentally the 

importance of the transversal plasmon modes of the Au@Ag NRs in the electron injection mechanism, the 

photodegradation tests have been repeated using a filter that blocks the excitation wavelengths below 500 nm, 

hence excluding the activity of the transversal modes of the bimetallic structures (Figure 3b). Interestingly, an 

important reduction in the photodegradation of RhB with respect to the broadband irradiation is observed 

(from to 99.4 to 50.9% after 180 min). This observation shows the important role that the hybrid transverse 

modes play in the photosensitization of the semiconductor in the Au@Ag structure. On the other hand, 

previous experiments with monometallic Au NRs have shown the null effect played by the tranverse plasmon 

signature in that case.9 



 

Figure 3. (a) Calculated rates of generation of hot electrons for the Au and Au-Ag NRs. (b) Photocatalytic 

activity profiles of the hybrid photocatalyst formed with Au@Ag NRs (metal/TiO2 molar ratio of 0.1) using 

the entire spectrum of the solar simulator (dark green) and only the 500‒2400 nm range (light green). (c) 

Schematic representation of the mechanism of hot-electron injection and the distribution of excited electrons 

in the optically-driven Fermi sea of electrons in a metal nanocrystal. (d) Comparison of the calculated hot-

electron rates and the measured photocatalytic rates for the degradation of RhB. Note that the theoretical 

model can only take a single structure into account rendering ineffective the simulation of material ratios. All 

rates have been normalized with respect to the data obtained for monometallic Au NRs. 



Finally, Figure 3d summarizes the calculated results and the experimental data obtained from the averaged 

photocatalytic reaction rates for the degradation of RhB presented in Figure 2. In order to compare both sets 

of data, the reaction rates of the two families of nanohybrids have been derived from the experiments following 

Rateexperimental = Δ(Dye %)/Δt, where the time interval is Δt = 180 min. For practical purposes, these rates have 

been normalized with respect to the values obtained for the monometallic Au NRs. Overall, semi-quantitative 

agreement is found between the calculated hot-electron rate and the experimental photocatalytic data. Such a 

result is reasonable taking into consideration the vast differences between the theoretical model that could not 

take into account the various ratios of materials and the complex photocatalytic reaction. While the former 

describes a simple framework in which the generation of high-energy electrons is calculated inside a given 

plasmonic object (Figure 3c), the photocatalytic degradation of a polycyclic molecule is a complex multi-step 

process in which reaction rates can be strongly influenced by experimental parameters.  

In summary, we have investigated the role played by the nature of the plasmonic component in the 

photosensitization of TiO2. We demonstrate that the use of bimetallic Au@Ag NRs ensures an improved 

photocatalytic activity with respect to monometallic Au NRs with similar geometries. Calculations show that 

the stronger plasmonic resonances and the limited interband damping effect in Ag ensure elevated hot-electron 

injection rates and hence, improved photosensitization of the semiconductor material. Accordingly, the present 

study demonstrates how the careful selection of the type and geometry of the plasmonic component can be 

used to engineer hybrid systems with enhanced optochemical capabilities, thus opening the door to their 

implementation in different areas of photocatalysis and photovoltaics such as environmental remediation, 

water splitting, CO2 conversion, and organic solar cells. 
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